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Abstract

Cancer is a persistent public health-care issue of modern life that poses a global
challenge. It comprises several diseases that basically involve abnormal cell
growth and have a potential to invade or metastasize to other distant organ
systems, spreading the disease to other part(s) of the body. Development of
resistance to conventional therapies and disease recurrence are some common
phenomena encountered in almost all types of cancer. Understanding “hallmarks
of cancer” and “tumor microenvironment” is therefore important for development
of successful therapy for cancer. Numerous drugs have been designed and tested
for their anticancer efficacy over decades to find out a complete cure for this lethal
disease, but without desirable success so far. The concept and role of “stem cell”
therapy in oncology research have drawn considerable interest in recent years.
Thus, emphasis has been given on proper identification and characterization of
the “cancer stem cells” and “other stem cells” for elucidation of the signaling
cascades involved in the process of cancer limitation and progression (and
resurgence). In the introductory part of this book, an attempt has been made to
provide an overall idea on different aspects of cancer stem cells, optimization of
rate and type of cell growth, and their associative cure strategy by adopting a
well-defined scientific perspective.
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Abbreviations

AML Acute myeloid leukemia

CSC Cancer stem cell (CSC)

DNA Deoxyribonucleic acid

EMT Epithelial to mesenchymal transition
EPC Endothelial progenitor cell

FACS  Fluorescence-activated cell sorter
HSC Hematopoietic stem cell

HSCT  Hematopoietic stem cell transplant
MET Mesenchymal-epithelial transition
MSC Mesenchymal stem cell

NSC Neural stem cell

ROS Reactive oxygen species
SSC Somatic stem cell
TSG Tumor suppressor gene

HSCTs Hematopoietic stem cell transplants

1.1 Cancer and Cancer Stem Cells

Cancer is a global public health challenge, and according to the latest GLOBOCAN
report in 2018, approximately 18.1 million new cases and 9.6 million deaths were
recorded [1]. Epidemiological studies showed smoking, alcohol, irregular and unhy-
gienic food habits, lifestyle, genetic polymorphism, susceptible alleles, oncogene
regulation, chromatin remodeling, and environmental and genotoxic stress to be the
major causes of developing cancer. The knowledge of cancer has now extended
toward understanding of “tumor microenvironment,” and over the years, genomic,
epigenomic, transcriptomic, and proteomic databases of around 33 cancer types have
also been established [2]. Overall findings of the pan-cancer atlas reflect the six
“hallmarks of cancer” [3] and role of ~140 driver genes which are classified into
12 major cancer signaling pathways [4]. Hence, this new era of translational cancer
research is focused on early diagnosis and targeted cancer treatment. For targeted
therapy, the aim is to employ single molecule or pathway inhibitors with or without
conventional treatment.

The conventional treatments for cancer are surgery, chemotherapy, radiotherapy,
and hormone therapy. On the initial stage of chemoradiotherapy treatment, tumor
shrinkage commonly takes place, but sooner or later tumor growth is reestablished at
the original and/or in new sites [5]. Further, when cancer is diagnosed at its advanced
stages, most of the conventional therapies fail, and most patients in due course of
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treatment develop chemoradiotherapy resistance with the ultimatum toward death
[6]. This alarming situation necessitates the immediate attention for understanding
the “hidden mechanism” of disease recurrence for better treatment and management
of therapy resistance.

Cancer is a heterogeneous disease phenotypically and genotypically controlled.
The heterogeneous nature of this disease is evident even within a single patient. It is
evident that the intra- and inter-tumor heterogeneity is due to mutational landscapes in
the “driver genes.” These driver genes are either tumor suppressor genes (TSGs) or
oncogenes. The TSGs are functionally involved in transcription regulation, signal
transduction, and angiogenesis. In cancer, the TSGs are inactivated due to genetic and
epigenetic alterations. The genetic alterations of TSGs include (1) mutation and
(2) deletion [7]. The epigenetic inactivating events are (1) methylation, (2) deregulated
imprinting, (3) altered splicing, (4) histone modification, and (5) decreased mRNA
stability through miRNA or other processes [3, 4, 7]. Therefore, it can be said that
“loss-of-function” mutations in TSG contribute to cancer development. Retinoblas-
toma is a classic example which occurs due to loss of function of Rb-TSG gene.

An oncogene is capable of transforming normal cells into cancerous one, both for
cells growing in cell culture in vitro or in animal models in vivo. Oncogenes are said
to be derived from their normal cellular counterparts called proto-oncogenes. A
classic example is the Ras gene (a proto-oncogene) that encodes for an intracellular
signal transduction. The mutant form called the rasD gene (oncogene) is derived
from the original Ras. In this way, the encoded mutant protein thus produced is
responsible for uncontrolled cell growth [8]. Cellular transformation of a proto-
oncogene into an oncogene occurs due to “gain-of-function” mutation by following
any of the mechanisms, namely, (1) point mutation, (2) chromosomal translocation
and (3) amplification [8].

According to the “Clonal Evolution Model” of cancer development, the driver
gene mutations stimulate cell dedifferentiation and phenotypic regression with loss
or gain of function, uncontrolled proliferation, and inability to activate cell death
pathways. Whereas the “Alternative Model” of cancer development says, every
tumor comprises a rare population of cells termed as cancer stem cells (CSCs) or
cancer-initiating cells. The CSC hypothesis also says, within the tumor microenvi-
ronment, only a subpopulation of cells with self-renewing and tumorigenic
properties are responsible for the generation of cancer cells and their hierarchical
organization [9].

The CSCs were first identified in acute myeloid leukemia (AML) by Bonnet and
Dick [10]. The population of AML-CSCs (~0.1-1% of the overall tumor population)
identified with surface marker CD34 + CD38 was found to develop cancer in mice
[10]. The CSCs are identical in nature with normal stem cells in respect of their
common self-renewal and differentiation properties [10, 11]. The CSCs were also
demonstrated to have the role in developing resistance to conventional cancer
therapies and may play a role in developing metastasis [12]. Epigenetic
reprogramming mechanism can lead to the metabolic and phenotypic changes to
convert non-CSC population into CSC to develop therapy resistance [13]. For tumor
invasion, the mechanism of epithelial to mesenchymal transition (EMT) can be a
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major factor in which epithelial cells lose their original characteristics and gain
mesenchymal properties [14]. The EMT has also been suggested to have the ability
to induce intravasation, the process by which cancer cells enter the bloodstream for
invading healthy tissue. The reverse program of EMT that is called mesenchymal to
epithelial transition (MET) can promote new tumor formation [15, 16]. Therefore,
understanding these molecular events associated with CSC is very important for
targeted cancer therapy [17].

CSCs are a small proportion of cells within a tumor that is self-sufficient to trigger
tumorigenesis. These cells have the ability of self-renewal and can produce different
lines of cancer cells [18]. In support of the molecular events associated with CSC as
mentioned above, the loss of E-cadherin with a concomitant rise of N-cadherin,
expression of transcription factors like Snail and Twist and signal proteins VEGF
and TGFp, and overexpression of Sox2, Oct4, and Nanog are the induction factors to
initiate EMT, believed to be a major driving force for metastasis [19]. The stemness
pathways like Wnt/p-catenin, JAK-STAT, Notch, etc., are abnormally regulated
contributing to resistance to apoptosis, progression, and propagation of cancer
cells. In addition to maintaining the ends of chromosomes by expressing the
hTERT gene, their microenvironment composed of blood vessels and stromal cells
supports the multiplication of tumor cells [20, 21]. Further, the potentiality to
produce free radical scavengers to scavenge the reactive oxygen species (ROS)
and combat oxidative stress is of prime importance for the sustenance of cells by
avoiding DNA damage.

Cell surface markers like CD34+ and intracellular markers like aldehyde dehy-
drogenase 1 have shown a light to detect their presence and distinguish them from
normal stem cells [22, 23]. Methods such as DNA barcoding for tracing CSCs using
FACS provide an attempt to separate CSCs from the heterogeneous population of
cells. Detecting circulating CSCs to determine the recurrence in patients suffering
from cancer, transplanting the isolated CSCs into the mouse model, and colony
formation assay are other ways to characterize their nature [10]. Researchers have
also found strategies to knock down the gene encoding TERT proteins that lead to
cell cycle arrest and modified T cells called chimeric antigen receptors for detecting
CSCs which direct another way of evoking our immune system to fight infections
[24]. To end the deep-rooted cause of progression of cancers, nowadays, clinical
trials are underway to target the stemness pathways for long-term outcomes.

In this short introductory section, we will endeavor only to focus briefly on an
overall idea about CSCs and how these are different from the normal stem cells.

“Stem cell,” as the name indicates, may be defined as the cell characterized by the
unique ability of self-renewal for an indefinite period of time. These cells are
endowed with the capability to form single cell-derived clonal cell population.
These cells can also differentiate into several other cell types. The property of self-
renewal in the stem cell pools plays pivotal roles in tissue regeneration and homeo-
stasis [25, 26]. Stem cells can further be categorized as “embryonic stem cells”
(ESCs) or “somatic stem cells” (SSCs). The SSCs, also called adult stem cells, are
multipotent in nature and bear the potentiality to differentiate into any other cell type
of particular lineage. These might include neural stem cells (NSCs), hematopoietic
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stem cells (HSCs), mesenchymal stem cells (MSCs), endothelial progenitor cells
(EPCs), and many others [27].

Embryonic stem cells (ESCs), just like that of pluripotent cells, can differentiate
into many cell types and are thus immensely used as standards for detection of
pluripotent cultured cells in vitro with some restriction of usage in scientific studies
and clinical trials in human pertaining to ethical considerations [28]. ESCs are now
being replaced by induced pluripotent stem cells (iPSCs). These iPSCs are
reprogrammed adult somatic cells which have enforced expression of pluripotency
factors. Embryo destruction is not required for iPSC establishment. iPSCs are like
ESCs, except for the fact that they lack immunogenic or ethical limitations, and
therefore, they bear the possibility for clinical application more than ESCs [29].

Neural stem cells (NSCs) are a type of stem cells which can self-renew and
differentiate into neurons, astrocytes, oligodendrocytes, etc., and express Sox2,
nestin, and other classic markers and have been deployed to treat brain, breast,
prostate, and lung tumors [30-32].

Mesenchymal stem cells (MSCs), known to be derived from bone marrow, are
able to differentiate into mesodermal cells, including bone, cartilage, muscle, stroma,
adipose tissue, connective tissue, and tendon. MSCs can be isolated easily, and they
are known to propagate in vitro and have huge application in cancer therapy.

Hematopoietic stem cells (HSCs) belong to the most primitive of all the blood
lineage cells. They are predominantly found in bone marrow and generally known to
produce mature blood cells by proliferation and differentiation of lineage-restricted
progenitor cells. HSC transplantation has clinical implication over the last four
decades.

Endothelial progenitor cells (EPCs) are primarily concerned with vascular regen-
eration and thereby have potentiality in cancer therapy by coupling with antitumor
drugs or performing transfection or acting with angiogenesis inhibitors [33].

Parthenogenetic stem cells, pluripotent stem cells (PSCs), have now been derived
parthenogenetically from activated human oocytes. These cells represent similar
characteristics as displayed in the human embryonic stem cells (hESCs) which
include the infinite division and in vitro and in vivo modes of differentiation into
germ cell lineages [34]. The human parthenogenetic ESCs (pESCs) consisting of
homozygous human leukocyte antigen (HLA) are known to strongly increase the
degree of matching and significantly increase the histocompatibility among cohorts
of cells in human population [35]. The main strategy lies therein is to activate the
oocyte artificially without the ample extrusion of second polar body. Further, the
events of early recombination in oocyte also results in heterozygous pESC
formation.

Now, the question is: how and what properties distinguish the normal stem cells
from CSCs? The cellular niche or the surrounding cellular environment helps to
maintain the “stemness” property. When a normal stem cell divides to give rise to
two daughter cells, a balance is maintained. Among the two daughter cells, one
acquires the “self-renewal” property and remains as the stem cell, whereas the other
one goes for expansion and differentiation to develop into mature cell. In both cases,
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the cells prevent to acquire “tumorigenic” property by sustaining a fine balance of
“proliferation inhibition” and “proliferation promotion” [36]. The imbalance may be
caused due to mutational “hit” that makes a normal cell to acquire the CSC
phenotype. Mutation is a random process, and the frequency to generate a normal
stem cell into CSC phenotype varies from cell to cell and organ to organ. It can be
said that the greater the number of stem cells, the higher the chances of developing
CSC phenotype as well as cancer [37]. Further, as said earlier, the cellular niche or
the surrounding cellular environment is also associated with developing the CSC
phenotype. Cancer is not just a mass of malignant tumor cells but a complex mix of
several components which contribute to its development. This includes the immune
cells, cancer-associated fibroblasts, endothelial cells, and blood vessels. These
nonmalignant components can comprise up to >50% of the primary or metastatic
tumor mass which play a major role as “microenvironment” and in acquiring the
CSC phenotype [3]. Some important features of CSCs are their expressivity of the
stemness genes, their self-renewal property, and their ability to differentiate and
proliferate into other non-stem cancer cells and resist traditional mode of cancer
treatment. Non-CSCs in the tumor have been reported to proliferate at a faster rate
than that of CSCs but have little tumor-initiating potential [38].

1.2 Identification and Characterization of Cancer Stem Cells

CSCs are cancer cell subpopulation having stem-like properties that can be identified
by cell surface markers. The CSCs can be isolated following standard practice from
tissues of a patient and cell lines derived from different cancer types. Some of the key
features of CSCs for identification, isolation, and characterization can be
summarized as follows:

(a) CSC sorting based on biomarkers: CSC subpopulations can be distinctly sorted
out from other cancer cells based on their surface markers. Flow cytometric
sorting of CSCs is done from the total cancer cell population of a patient’s
primary tissue as well from cancer cell lines by specific markers, e.g., CD44+,
CD133+, Cd117, ALDHI1+, Pakt+, Oct4, Sox2, Nanog, ABCG2, ABCCl,
Mrpl, Nrf2, BMI 1, etc. The sorted cell populations can be grown in ultralow
attachment plates with Matrigel embedded conditions (3D culture condition) for
sphere forming assay [39]. In breast cancer of non-responding cases, after
neoadjuvant chemotherapy, prevalence of CSCs having CD44+ and CD24—/
low has been reported [40]; further, these cells showed CSC renewal and
mesenchymal features [41].

(b) Tumor growth study in mice: The flow cytometry-based sorted cell populations
can be transplanted in immunodeficient mice (tumor xenograft). The CSCs have
the tumorigenic potential and develop tumor when transplanted into immuno-
deficient mice. The CSCs when they form tumors contain both the tumorigenic
and non-tumorigenic cells [38]. In head and neck squamous cell carcinoma
(HNSCC), CD44 molecule was first identified as the surface marker of CSC, and
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it was also found in only <10% CD44-positive cells with tumorigenic potential
but not in the CD44-negative cells [42].

1.3  Cancer Stem Cell Signaling Pathways

Like normal stem cells, CSC follows three major self-renewal pathways, namely,
Hedgehog, Wnt, and Notch. Key regulatory genes of these signaling pathways are
associated with cancer, and targeting these pathways can be one of the important
strategies for cancer therapy [43]. Key regulatory genes of these signaling pathways
can be summarized as follows. The Hedgehog pathway genes are HHIP, PTCH1,
Smo, SuFu, and Gli-1. The Wnt pathway genes are DKK1, Wnt, f-catenin, Axin-2,
GSK-3p, and APC. The Notch pathway genes are Jagl/2, Hey 1, Hes 1, Tace, and
presenilin. Increased expression of Gli-1 was observed in HNSCC tumors after
developing resistance due to long-term treatment of epidermal growth factor receptor
(EGFR) inhibitor [44]. In HNSCC cell line after chemotherapeutic treatment
(bortezomib and etoposide), increased frequency of CSC population and
overexpression of Wnt signaling proteins DKK1 and AXIN2 were found [45]. Simi-
larly, overexpression of SMO has been recorded in a HNSCC cell line after treatment
with cyclopamine [46]. The accumulating data indicates that there is preferential
selection of CD44+ CSC populations after treatment with neoadjuvant chemother-
apy in HNSCC along with alterations of these self-renewal pathways, particularly
Hedgehog and Wnt. Development of chemoresistance in HNSCC might be due to
alterations in these CSC pathways. It also seems likely that the prevalence of CD44+
CSCs may be the indicator or biomarker of chemoresistance after neoadjuvant
chemotherapy. Increased expression of CD44 might be due to overexpression of
Gli/p-catenin, the effector protein of Hedgehog/Wnt pathways [47, 48]. High expres-
sion of a Notch signaling ligand DLL4 was reported from HNSCC patients
undergoing radio-chemotherapy [49]. Agrawal and his research group have
identified mutation in Notchl mutation in HNSCC patients. Their study further
revealed in HNSCC types that Notchl acted as tumor suppressor rather than
oncogene [50].

1.4  Role of Stem Cell and CSC in Developing Disease
and Therapy Resistance: Therapeutic Implications
and Future Directions

Stem cell therapy is generally based on transplantation of living cells into an
organism either to repair a tissue/organ or to restore their optimal functioning
which might have been lost completely. Human embryonic stem cells (hESCs) are
in use for several cell therapy procedures which accounts for 13% of cases reported
so far. However, on the contrary, fetal stem cells (fESC) are used only in 2% of
cases. Further, record of usage of umbilical cord stem cells is only 10%, and adult
stem cells are in use for treating 75% of cases [51]. Cardiovascular and ischemic
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diseases, diabetes, diseases related to liver and hematopoietic organs (more than
25,000 cases of Hematopoietic stem cell transplants (HSCTs)/year and counting),
orthopedics, etc., are a few types among myriads of other diseases which are being
treated with stem cell transplantation globally [52, 53].

The most common stem cells that are modified by multiple mechanisms for
potential use in cancer therapies are NSCs and MSCs which may vary from
including the therapeutic enzyme/prodrug system or using a nanoparticle or
introducing an oncolytic virus delivery on tumor site. Enzyme/prodrug therapy/
suicide gene therapy is one of the promising applications of stem cell against cancer.
The NSCs and MSCs can express enzymes which can convert nontoxic prodrugs
into cytotoxic products by bioengineering. These modified stem cells, when
transplanted into tumor-bearing models, quickly localize to tumor tissues where
the exogenous enzyme aided prodrug conversion to cytotoxic molecules ultimately
damages the tumor cells [54]. Further, stem cells can overcome the limitations of
common cancer therapy and function as in situ drug factories by secreting antitumor
agents [55] and through delivery of virus by MSCs toward bio-targets by combining
the oncolytic activity with that of the immunoprivileged and tumor-tropic properties
of the MSCs [56].

The use of nanoparticles as potent drug delivery systems is now the current trend
of treatment of different diseases like diabetes [57—60], cancer [61-65], cardiomy-
opathy [66, 67], anti-genotoxic [68] and anti-inflammatory [69], based on their
bioactive targeted delivery, increased penetration, reduction in drug-dose ratio,
sustainable release, faster action, and protection against degradation due to harsh
biological environment at administration. However, the efficacy of stem cells as
nanoparticle delivery agents has now been a futuristic approach owing to the
reduction in unrestricted uptake of different nanoparticles by them, increase in
intra-tumor drug distribution, and protecting the drugs from host immunologic
reactions [70].

Traditional therapies of cancer cannot eliminate CSCs while they can kill
non-stem cancer cells. Chances of relapse of tumors remain usually high when the
CSCs which had not been killed during therapeutic processes proliferate and differ-
entiate. Thus, strategies for targeting CSCs may solve several clinical issues of drug
resistance and recurrence [71, 72]. Evidences from several studies indicate that the
CSCs can develop and maintain different categories of human malignancy which
imply great opportunities for assessment of oncologic therapeutic strategies to
impart a better life to cancer patients. There exists a minute analysis and comparison
between CSC and cells derived from normal tissue. The CSC-targeted therapeutic
arsenal often comes across several potential hurdles, like normal stem cell cytotox-
icity and acquisition of resistance against the treatment, which need to be addressed
to maximize the chances of success [73].

The CSCs have different mechanisms of defense against chemotherapy and
radiation. Here, we have highlighted two major mechanisms. CSCs produce antioxi-
dant enzymes to protect against radiation-induced damages. One of the routine
treatments of cancer is radiotherapy that produces free radical as a natural byproduct
of oxygen metabolism. This oxidative damage causes the damage to DNA to kill
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cancer cells. In some studies, increase of resistance to radiotherapy has been
accompanied with enhanced DNA repair, less damage to DNA, reduced apoptosis,
and increase of angiogenesis [74].

The other mechanism of CSC is through detoxification enzymes which play a role
in resistance to chemotherapy. Drug detoxification is done in three stages; in the first
stage, detoxification is done through cyto p450, which removes OH ™ and free radical
O, species. In the second stage, toxins are conjugated using glutathione,
glucuronic acid, or sulfate catalyzed by glutathione S-transferase, uridine disulfate,
glucuronosyltransferase, and sulfatase. Finally, drug and toxin are also pumped out
of the cell through intermembrane channels [74].

Identification of similarities and dissimilarities between normal stem cells, CSCs,
non-tumorigenic cells, and normal differentiated cells based on differences in their
immunophenotype shall allow the development of CSC-targeted therapeutic
strategies which shall definitely impart a relatively low risk toward normal cellu-
lar/tissue level cytotoxicity. Evaluating the efficacy of such targeted molecule
treatments shall require the advent of modern approaches to determine the CSC
frequency and their degree of viability within tumor mass. However, resistance due
to clonal selection and tumor microenvironment such as hypoxia might pay hin-
drance toward the development of the cure and needs utmost care and precautions.

In view of the tremendous importance of CSCs in the management and control of
cancer, subsequent chapters of this book have been assigned to deal elaborately and
critically with several important aspects, such as types of CSCs, how CSCs can
contribute to the development of different types of cancer, isolation and characteri-
zation of CSCs, role of other tumor microenvironmental factors in association with
CSCs in cancer development, controversies of acceptance for the CSC hypothesis,
new strategies or alternative therapies for targeting CSCs for cancer treatment, and
some other emerging issues.
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biology due to the intrinsic role of CSCs in the initiation, progression or relapse of
cancers. The identification of different types of CSCs has given a great opportu-
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of CSCs or cancers, and has also added an extra dimension in the development
of innovative approaches or therapeutics to specifically target CSCs. The mor-
bidity and mortality caused by various cancers have started to decline rapidly in
the past couple of decades. Furthermore, the life expectancy of cancer patients
have increased with the invention of modern state-of-the-art technologies, besides
rapid advances in the development and preclinical testing of new drugs that target
CSCs. Additionally, more insights into the molecular biology of CSCs was made
possible, when unique cell markers, which are specific to a particular type of
tumor was deciphered. Importantly, the characterization and evaluation of key
signalling pathways in CSCs are critical, as emerging evidence indicate that CSCs
play a key role in dissemination during cancer metastasis or relapse. In this
chapter, we discuss about CSCs that are specific to ovarian, thyroid, melanoma
and pancreatic cancers. We also discuss about the key CSC signalling pathways,
as understanding them will advance the therapeutic strategies, or evaluation
of efficacy of novel CSC-targeting drugs that could be used in the treatment
of cancer patients.

Keywords

Cancer stem cells (CSCs) - Cell surface markers - Drug targets - Ovarian cancer
stem cells (OCSCs) - Thyroid cancer stem cells (TCSCs) - Melanoma cancer stem
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factor-p (TGF-P) - Nuclear factor-kB (NF-kB) - Insulin-like growth factor
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2.1 Introduction

Cancer stem cells (CSCs) or tumor-initiating cells (TICs) were brought to the
limelight after the identification and characterization of a subpopulation of cells,
which possess the properties of stem cells in several types of malignant tumors. The
comprehensive studies on CSCs gained momentum after the discovery of stem-like
cells that can form heterogenous population of cells in the development and pro-
gression of cancer [1]. The cancer stem-like cells were initially identified in acute
myeloid leukemia (AML), which attracted the attention of many researchers across
the world, and later, it was discovered that CSCs/TICs are responsible for the relapse
and metastatic potential of various cancers due to their self-renewing capacity [2].
Available reports suggest that CSCs are involved in the initiation and progression
of carcinomas; however, the provenance of CSC is equivocal [1]. Since CSCs are
responsible for the most lethal events that lead to more cancer mortality such as
metastasis and relapse, it is imperative to find the origin of CSCs [3]. There are
various theories that have been postulated by scientists during different time points
on the origin of CSCs. The origin and the biology of CSCs require better under-
standing to develop efficient therapeutics, and therefore, several theories including
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cell fusion, horizontal gene transfers, genetic instability, and the influences of
cellular microenvironment have been hypothesized [4].

Recent studies on CSCs suggest that oncogenic hit or mutation in the stem cells
along with the dysfunction of proto-oncogenes, apoptotic factors, and various genes
involved in DNA repair during mitosis may result in the formation of CSCs/TICs
[5]. The mutation depends on both extrinsic and intrinsic factors including smoking,
alcohol and substance abuse, unhealthy lifestyle, and dysfunctional DNA repair
machinery due to the epigenetic alterations in the oncogenes and/or tumor
suppressors. Current developments in molecular biology have led to the discovery
of unique cell surface markers, which can be used in the identification and charac-
terization of different types of tumors [6]. CSCs possess the characteristics of
sustained self-renewal and the ability to differentiate into heterogenous population
of cells, which promote initiation, progression, and dissemination of carcinomas.
Importantly, the isolation of CSCs using cell surface markers has opened the
opportunity to categorize the subtypes of different tumors [7]. In this chapter, we
discuss the strategy to identify and isolate the CSCs, their cell surface markers, and
key CSC signalling pathways in ovarian, thyroid, melanoma and pancreatic cancers.

Among the several cancers, ovarian cancer contributes to most cancer deaths in
women, and the 5-year survival rate of patients with locally advanced and metastatic
stages is 26% [8]. Though, both extrinsic and intrinsic factors are involved in the
initiation of ovarian carcinogenesis, the loss of heterozygosity (LOH) in the breast
cancer type 1 or 2 (BRCAI or BRCA2) gene, and the dysregulation of different
intrinsic signalling mechanisms, namely, Wingless type (Wnt)/p-catenin, Hedgehog,
Notch, and transforming growth factor-p (TGF-f) pathways, are mostly responsible
for the progression of ovarian cancers [9]. The early identification of ovarian
CSCs (OCSCs) using a combination of various stem cell markers, namely, cluster
of differentiation 133 (CD133), CD117, CD44, CD24 and aldehyde dehydrogenase
1 (ALDH1) or ALDH1 family member A1 (ALDH1A1) could help in the diagnosis
or prognosis of cancer, or better treatment outcomes for patients with metastatic
ovarian cancers [10, 11].

Thyroid cancer is the most prevalent endocrine cancer that is responsible for high
morbidity and mortality among other endocrine-related cancer cases combined.
Amid various causative factors, a subpopulation of thyroid CSCs play a pivotal
role in the initiation and progression of thyroid malignancy due to the unlimited
replication potential of these CSCs [12]. The thyroid CSCs (TCSCs) seize the
control of multiple distinctive signalling cascades for their survival and develop-
ment. In thyroid carcinoma, the thyroid CSCs are used as morphological markers, to
define the tissue characteristics of both well-differentiated thyroid tumors like
follicular and papillary cancers as well as more aggressive undifferentiated tumors,
including anaplastic thyroid tumors. Several biomarkers such as CD13, CD133,
epithelial cell adhesion molecule (EpCAM), ALDH, and stage-specific embryonic
antigen 1 (SSEA-1) are identified and used as diagnostic markers as they account for
poor prognosis in metastatic and chemoresistant thyroid tumors. Aberrant activation
of the key signalling such as insulin-like growth factor 1 (IGF1), Hedgehog, Notch,
signal transducer and activator of transcription 3 (STAT3) and
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Whnt/B-catenin pathways, plays a critical role in the maintenance of thyroid CSCs
that promote the initiation and progression of different subtypes of thyroid cancers.

The 5-year survival rate for melanoma is 98% during its localized stages;
however, the percentage substantially drops to 64% for regional and 23% for distant
metastatic melanoma lesions [13]. Dysregulation of various signalling pathways
such as Notch, Hedgehog and bone morphogenetic proteins (BMPs) are involved
in the carcinogenesis. These signalling pathways regulate multiple stem cell markers
that are used in the identification of melanoma CSCs (MCSCs) such as CD133, and
ATP binding cassette (ABC) transporter family members like multidrug resistance
1 (MDR1), ABC subfamily G member 2 (ABCG2) and ABC subfamily B member
5 (ABCBS5). CD133 marker is highly expressed during the metastatic dissemina-
tion of cancer, whereas ABCG2 and ABCB5 serve as markers of tumor
progression [14].

Pancreatic cancer is the fourth common cause of death amongst all the
carcinomas. It is an aggressive cancer that is mostly asymptomatic in nature, until
the cancer has metastasized to distant sites. The patient survival rate for pancre-
atic carcinoma is as low as 80%, because most often the cancer is diagnosed only at a
very advanced stage in pancreas or metastatic stage in distant organs [15]. Although
extensive research on different carcinomas has led to new therapeutics, some
improvement in patient survival or treatment outcome, the average survival time of
patients with metastatic pancreatic cancer is merely 2-3 months. Recently, the
identification of CSC markers such as CD44, CD24 and epithelial-specific antigen
(ESA) in pancreatic tumors have led to the identification of pancreatic CSCs
(PCSCs) and have increased the chances of early diagnosis. The CD44*, CD24*
and ESA™ cells have multifold tumorigenic potential in pancreatic cancers as they
favour the survival of CSCs and promote the progression of tumors [16]. There are
multiple signalling pathways, including Wnt/p-catenin, HH, Notch and
phosphoinositide 3-kinase (PI3K)/RAC-alpha serine/threonine-protein kinase
(AKT)/mammalian target of rapamycin (mTOR), which are hyperactivated in pan-
creatic cancers, and they enable the CSCs to self-renew and differentiate into
different types of tumour cells [17]. In the subsequent sections, we discuss more
about these CSCs, their markers in different carcinomas and the signalling
mechanisms that drive the tumor progression and metastasis.

2.2  Ovarian Cancer Stem Cells (OCSCs)
2.2.1 Origins and Markers of OCSCs

Ovarian cancer is one of the deadliest cancers amongst gynecological malignancies,
and accounts for most cancer deaths in women globally, because of its high rate of
relapse after treatments. It is also one of the widely studied cancers. Ovarian cancer
study has lead to the discovery that CSCs, which are a small subpopulation of cells in
tumour were responsible for the metastasis, drug resistance, cancer relapse and high
mortality rates [18]. CSCs are found in most of the primary ovarian tumors and
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ovarian cancer cell lines. The study by Stewart et al. [19] reported that freshly
isolated cells from the ovarian cancer ascites express high levels of CSC markers,
which represent the CSC population in the malignant ovarian ascites.

There are a diverse number of CSC markers that are distinct to ovarian cancers,
which are clinically used to predict the nature and the invasiveness of the tumours.
The OCSC markers such as CD24, CD44, CD117, CD133 and ALDH1/ALDH1A1
are used to define the identity and classification of the tumor subtypes, which help in
the prognosis, and to determine the clinical outcomes of cancer patients, when
using more precise treatment strategies to target the CSCs and tumor [20]. CD44"
and CD117" cells are isolated from the human ovarian adenocarcinomas, using the
cell surface markers CD44 (hyaluronic acid receptor) and stem cell factor recep-
tor (SCFR) also known as CD117 or ¢-KIT. These subpopulations of cells, i.e., the
OCSCs that were isolated from the ovarian adenocarcinomas, upon injection into
mice were able to form full blown tumors, due to their tumor-initiating capacity [21].

CD44* and myeloid differentiation primary response 88 (MYD88)" cells isolated
from the ovarian tumor ascites or the tumor itself, and EpCAM™ and CD24™ cells
from the ovarian cancer cell lines manifest the molecular characteristics of CSCs/
TICs. Interestingly, CD24™ cells isolated from the tumor samples of the malignant
ovarian cancer patients showed enhanced properties of CSCs, i.e, a higher metastatic
and cancer relapse potential due to their self-renewing capacity, which doubles the
rate of progression of tumours [22]. Furthermore, these cancer patients showed
increased resistance to conventional chemotherapy, which resulted in inefficient drug
treatments in these malignancies. Importantly, CD133* and ALDHI1™ cells are
associated with ovarian carcinogenesis, particularly in the development of tumor
during the initial stages, and these markers correlate with poor prognosis of cancers
in patients and their overall disease-free survival rates [23].

2.2.2 Identification, Isolation and Characterisation of OCSCs

The OCSCs are extremely plastic in nature due to their distinct gene expression
pattern and molecular phenotype. The OCSCs possess the characteristics of normal
stem cells, but do not follow established pathways or signalling mechanisms
[24]. Hence, CSCs can self-renew which promotes carcinogenesis. Additionally,
CSCs can also undergo differentiaton to give rise to different cell types in the
tumour, resulting in tumour heterogeneity and increased resistance to therapies.
Besides, OCSCs have the capacity to survive and resist hypoxia, and proliferate
under nutrient starvation (e.g., without glucose) [25]. Researchers have started to
better understand about the role of OCSCs in tumor initiation and progression, after
their isolation from the ovarian tumours or ascites using multiparametric flow
cytometry [26]. The ascitic fluid of patients with ovarian cancer served as a source
for the isolation of OCSCs [27]. The mixture of OCSCs and primary ovarian cancer
cells in the stem cell medium was separated on a ficoll density gradient by centrifu-
gation [28]. Then, the OCSCs fraction was purified by fluorescence-activated cell
sorting (FACS) using the cell surface markers CD117, CD133, EpCAM, RORI,
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ALDH, SOX2, octamer-binding transcription factor 4 (Oct4), Nanog, MYC,
ABCB1 and ABCG2 [29-31]. Additionally, Lin28 and Oct4 were identified as
molecular targets, and then used for the isolation of OCSCs [32]. Dye exclusion
assays, cell surface antigen identification, tumour sphere assay and clonogenic
assays were used for in vitro characterisations of OCSCs [33].

An in-depth knowledge about CSCs surface markers and their unique ability to
express in accordance with the tumor types, have opened up the possibilities of
targeting specific-tumours with higher precision. The expertise gained
from immuno-phenotyping of normal stem cells in tissues or organs has immensely
helped in standardizing the optimal protocols in the isolation and identification of
CSCs [34]. The highly plastic and multi-potency of OCSCs provide them the ability
for chemoresistance against different mono or combination therapies. OCSCs
can evade cellular apoptosis mechanisms, and enter the phase of active proliferation,
by activating the pathways responsible for maintaining adult stem cell
homeostasis [35].

Under normal physiological conditions in cells, a fine balance is maintained in the
expression of oncogenes versus tumour suppressors or signalling by pro-apoptotic
versus anti-apoptotic pathways. But, in ovarian CSCs/TICs, the fine balance
between pro-apoptotic versus anti-apoptotic signalling is altered, thereby prolonging
the survival of tumour cells or leading to relapse or recurrence of cancers. Notably,
OCSCs possess an innate ability to undergo dormancy. The quiescent state increases
OCSC’s chance of survival and helps to maintain their altered genomes, which
establishes their metastatic niche to support ovarian tumour growth. Conversely,
OCSC:s can reverse their self-induced quiescence or dormancy, which accounts for
their metastatic secondary tumours or tumour recurrences and increased mortality
rates of ovarian cancer patients [36]. Moreover, OCSCs unlimited differentiation
potential and aggressive invasiveness sustain the tumour growth in an extremely
stressful alien-metastatic-environment, to establish themselves and their secondary
tumours by actively proliferating and also releasing chemokines and growth factors,
an indicator of their own better survival [37].

2.2.3 Signalling, Self-Renewal, Metastasis and Differentiation
in Ovarian Cancer

Various signalling pathways such as Wnt/pB-catenin, HH, Notch, and TGF-f are
involved in regulating the self-renewability and maintenance of CSCs/TICs. The
inhibition of specific targets in these pathways using specific molecules/inhibitors
was shown to be of potential therapeutic value for recurrent malignancies.
Dysregulated Notch signalling is highly correlated with poor prognosis of ovarian
cancer patients, and in most cases, the Notch signalling molecules are
highly expressed in OCSCs. The overexpression of critical Notch signalling
molecules, can initiate dysregulation of the pathway and lead to ovarian
tumourigenesis. Multiple Notch signalling target genes such as peroxisome
proliferator activated receptor gamma (PPARG), cyclin D1 (CCNDI), and runt-
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related transcription factor 1 (RUNXI) undergo epigenetic modifications, including
DNA methylation in most of the high-grade ovarian serous adenocarcinomas
[38]. Unlike the knowledge available on signalling pathways in CSCs from other
organs/tisues, the core OCSC’s signalling is still unclear [39]. Therefore, in this
section we have discussed primarily on signalling pathways in ovarian cancer.

Aberrant activation of the Hedgehog signalling pathway is involved in the
development of several cancers, including different grades of ovarian cancers.
Hedgehog signalling is highly implicated in the regulation and growth of spheroid
forming cells/OCSCs, and in the progression of ovarian tumours [40]. Notably, the
inhibition of Hedgehog signalling resulted in the suppression of spheroid-forming
capacity in ovarian cancer cells. Interestingly, the molecules of HH signalling path-
way were shown to cross-talk with Wnt signalling pathway, and upregulate the key
WNT molecules such as WNT2B and WNTS5A. The target genes of Hedgehog
signalling pathway such as leucine-rich repeat-containing G-protein coupled recep-
tor 5 (LGRS), CD44, CD133, and other Wnt genes were reported to facilitate the
process of tumor growth and progression [41].

The inflammatory cytokine pathway mediated by Nuclear Factor - kB (NF-xB)
signalling, is essential for the survival of OCSCs. The inhibition of NF-kB signalling
pathway through the tumour necrosis factor-alpha (TNF-a) mediated blockage
resulted in apoptotic death of CD44" ovarian cancer cells. The activation of
TGF-f signalling in OCSCs was shown to induce epithelial to mesenchymal transi-
tion (EMT) and promotes metastasis [42].

2.2.3.1 Wnt/pB-Catenin Signalling Pathway in Ovarian Cancer
Whnt/B-catenin signalling is one of the evolutionarily conserved signalling pathways
that regulates the process of embryogenesis, cell proliferation and maintenance of
adult stem cell homeostasis [43]. It has wide range of functions, and it is also impor-
tant for CSCs renewability, as it has to maintain the mesenchymal phenotype in
order to differentiate into various other subset of cells [44]. The
Wnt/p-catenin canonical pathway has multiple key signalling molecules, and the
pathway is activated by binding of Wnt ligand to its receptor for the initiation of the
downstream signalling mechanism. The destruction complex in the cytoplasm
is comprised of different proteins such as AXIN, adenomatous polyposis coli
(APC) and glycogen synthase kinase-3f (GSK-3p), which phosphorylates
[B-catenin, followed by ubiquitin-mediated proteosomal degradation. During the
activation of the pathway, the unphosphorylated f-catenin accumulates in cyto-
plasm, which then enters the nucleus and binds to the T-cell specific transcription
factor/lymphoid enhancer binding factor (TCF/LEF) family of transcription factors
to induce its target genes expression [45]. Wnt/B-catenin pathway regulates cancer
stemness, invasion and growth, and plays a key role in various cancers [46, 47] includ-
ing ovarian cancer, as it regulates OCSCs by enhancing their self-renewal capac-
ity and plasticity to differentiate into heterogenous tumor cell types [48]. The
Whnt/B-catenin signalling pathway involves several proteins that regulate key cellular
events, and the expression of most of these proteins are altered
during carcinogenesis [49].
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The Wnt/B-catenin signalling is activated when the WNT ligand binds to the
Frizzled receptor (FZD) and low-density lipoprotein receptor-related protein 5/6
(LRPS)/LRP6. In most of the malignant ovarian cancer cases, the FZD is
overexpressed than in the normal ovary, and the survival rate of cancer patients
with FZD-positive tumors was worse [50]. Furthermore, Wnt/pB-catenin pathway can
be inhibited by various antagonists such as Wnt inhibitory factor 1 (WIF1),
Dickkopf family (DKK) proteins and secreted frizzled-related protein (SFRP).
Importantly, SFRPS5 directly binds to the WNT ligand or FZD receptor and inhibits
its action, but the low expression of SFRPS is associated with chronic aberrant
activation of Wnt/B-catenin pathway and progression of aggressive ovarian
cancers [51].

The cytoplasmic and nuclear accumulation of p-catenin is considered as the
hallmark of Wnt pathway activation, and higher levels of p-catenin are
often observed in multiple cancers. Likewise, mutations in the [-catenin
(CTNNBI) gene is frequently observed in endometrioid ovarian cancers, and
overexpression of fB-catenin in the nucleus showed significant positive correlation
with high-grade serous ovarian cancers [52]. APC, AXINI and AXIN?2 are the key
cytoplasmic proteins that encompass the destruction complex and regulate the Wnt
pathway upon phosphorylation. Importantly, mutations in APC, AXINI and
AXIN2 genes are observed in multiple cases of ovarian endometrioid
adenocarcinoma [53].

2.2.3.2 Notch Signalling Pathway in Ovarian Cancer

Notch signalling was initially discovered in Drosophila, and later, it was identified to
have roles during embryogenesis and neural development in many species, including
mammals [54]. Notch pathway has important function in mammalian cells ranging
from cellular proliferation to apoptosis. It is responsible for cell fate determination
and differentiation, and is also shown to influence cell division. Notch is a cell-
surface transmembrane receptor that transduces its downstream signalling by bind-
ing to the ligands such as Delta-like (DLL1, DLL3, DLL4) and Jagged (JAGI,
JAG2) on neighboring cells. There are basically four types of Notch receptors that
are expressed in humans: NOTCH1, NOTCH2, NOTCH3, and NOTCH4 [55]. The
binding of a ligand to its Notch receptor causes a conformational change in the
receptor, which induces proteolytic cleavage of the receptor by TNF-a-converting
enzyme (TACE) and y-secretase, followed by release of the Notch intracellular
domain (NICD) that leads to the downstream signalling and gene regulation. The
Notch signalling regulates several genes of the Hairy/Enhancer of Split (HES)
family, and the HES protein is related to YRPW motif-like protein (HEY) family
of basic helix-loop-helix (bHLH) transcription factors, such as cyclin D1 and
¢-MYC that regulate the differentiation and survival of cells.

Recent insights into dysregulation of Notch signalling are highly correlated with
many cancers, and genomic alterations in Notch pathway is prevalently seen in
ovarian carcinomas [56]. Both in vitro and in vivo studies on inhibiting this pathway
using small molecules and other blockers like y-secretase inhibitors (GSIs) have
demonstrated significant antitumor effects. Notch pathway plays a wide-range of
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role in ovarian cancer progression. The dysregulation of this pathway is linked to
poor patient survival, and it promotes metastasis and angiogenesis. Notch path-
way influences, C-X-C motif chemokine receptor 4 (CXCR4) also called as stromal
cell-derived factor-1a receptor (SDF1a), which mediates its signalling to enhance
the proliferation and migration of ovarian cancer cells [57]. NOTCHI1 and HES1
proteins are overexpressed in most of the ovarian tumours studied. While the
overexpression of JAG2, DLLI1, Manic Fringe (MFNG) and transducin-like
enhancer of split-1 (TSL1) were frequently observed in ovarian adenocarcinomas,
the Deltex, Mastermind (MAM), and Radical Fringe (RFNG) were often
overexpressed in adenomas [58, 59]. y-Secretase inhibitors (GSIs) are used to inhibit
the Notch signalling pathway, and is therefore, tested in many clinical trials of
different cancers, including ovarian cancers (Table 2.1).

2.2.3.3 Hedgehog Signalling Pathway in Ovarian Cancer

Hedgehog signalling pathway contributes to ovarian tumorigenesis along with the
Wnt signalling pathway [60]. Aberrant activation of Hedgehog signalling is
observed in most of the ovarian carcinomas. In the serous ovarian tumor samples,
the Wnt target gene, AXIN2, was significantly expressed along with the
overexpression of Hedgehog receptor patched homolog 1/2 (PTCH1/2), ligands
such as Indian Hedgehog (IHH), Sonic (SHH) and several transcription factors.
These over expression of the various signalling and target components of HH
pathway are responsible for the hyperactivation of Hedgehog signalling, which
also enhances the apparent cross-talk with the Wnt pathway [60]. Glioma-associated
oncogene 1 (GLI1), a transcription factor and patched receptor (PTCH) are the

Table 2.1 Clinical trials using different signalling pathway inhibitors of ovarian cancer

Signalling pathways/inhibitors Phase of clinical
used Mode of action trial

1. Sonic hedgehog

Cyclopamine SMO inhibitor Phase I
Sonidegib Inhibits dissemination of metastatic FDA approved
cells

Vismodegib (GDC-0449) Inhibits the function of SMO Phase II

2. Notch
LY900009 Inhibits tumor progression Phase |
Cediranib maleate Prevents angiogenesis Phase |

3. Wnt
Ipafricept (OMP-54F28) Acts as a decoy receptor of Wnt ligands | Phase |

4. EpCAM

Catumaxomab Decreases tumor development and Phase II1
invasion



24 G. Chengizkhan et al.

major molecular components of this crucial pathway. Liao et al. [61] reported that
overexpression of GLI1 and PTCH1/PTCH?2 proteins in ovarian cancers correlated
with poor patient survival. Smoothened (SMO) is an important receptor that
regulates Hedgehog signalling. Notably, the treatment of ovarian cancer cells
in vitro with SMO inhibitor, cyclopamine, resulted in the suppression of cell growth
and invasion, but lead to accelerated apoptosis. The altered regulation of Hedgehog
signalling contributed to rapid invasiveness and metastasis. Furthermore, Hedgehog
signalling along with Notch signalling facilitated tumor growth via neoangiogenesis
and epithelial to mesenchymal transition (EMT), and increased the potential for
tumor relapse. Studies on Hedgehog signalling have unraveled the basic understand-
ing of this pathway and its role in cancer progression, leading to the identification of
specific therapeutic targets, and the development of several inhibitors targeting the
pathway for ovarian cancer treatments [62].

2.2.3.4 Transforming Growth Factor (TGF)-B Signalling Pathway
in Ovarian Cancer

Hypersignalling of TGF-p plays an essential role in the dissemination of ovarian
cancers. TGF-p signalling promotes tumor progression via immune evasion,
neoangiogenesis and enhanced EMT [63]. TGF-f superfamily has diverse members,
and they play an essential role in the normal physiology of the ovaries, and also aid
in the development of follicles. It also mediates important communication between
different cell types in the ovary such as the oocyte, granulosa and theca cells
[63]. The depletion of forkhead box protein O1/3 (FOXO1/3) and phosphatase and
tensin homolog (PTEN) in granulosa cells increased the level of activin, and that
resulted in the increased phosphorylation and activation of Sma- and MAD (mothers
against decapentaplegic) homolog 2/3 (SMAD?2/3), resulting in the active prolifera-
tion of granulosa cells and formation of tumors in the ovary. Furthermore, condi-
tional SMAD1 and SMADS5 double or SMAD1, SMADS, and SMADS triple
knockout mice developed metastatic granulosa cell tumors, substantiating the
involvement of BMP-SMAD1/5/8 signalling in the initiation and formation of
ovarian cancers [64]. Interestingly, the inhibition of the ligand-receptor binding
using TGF-p receptor type I and II (TGFBRI and TGFBRII) dual inhibitors resulted
in decrease in the size of tumors, highlighting the importance of this pathway. The
TGFPRII and SMAD signalling are regulated by cancer-associated fibroblasts
(CAFs), which promotes the invasiveness of ovarian cancer cells through the
activation of NF-«B signalling pathway and other factors such as CD44 and matrix
metalloproteinase 9 (MMP9) [65].

2.2.3.5 Nuclear Factor (NF)-«B Signalling Pathway in Ovarian Cancer

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF)-kB, also known
as nuclear factor (NF)-kB, is a transcription factor that has been shown to mediate
proinflammatory signalling in many cancers [66, 67]. The activation and
dysregulation of key molecules in the NF-kB signalling are responsible for the
promotion of chemoresistance, immune evasion, metastasis in ovarian cancers, and
most importantly, the maintenance of OCSCs. It is reported that hypersignalling of



2 Types of Cancer Stem Cells 25

TGF-f and its cross-talk with NF-kB signalling results in the dissemination and
metastasis of ovarian cancers [68]. The role of NF-kB signalling in anti-apoptotic
and pro-angiogenic pathway in many different cancers is well-established, and is
also shown to be pivotal in ovarian cancer progression. The inflammatory
chemokines or cytokines in the tumor microenvironment (TME) activate the canon-
ical NF-kB signalling through the V-Rel avian reticuloendotheliosis viral oncogene
homolog A (RELA), also called as NF-xB 65-kilodalton (kDa) subunit (p65) protein
[69]. Moreover, increased p65 phosphorylation and pro-tumor macrophage type
2 (M2) infiltration drives the activation of the canonical NF-xB signalling, and
thereby induce the advancement of ovarian tumors as observed in the mouse
model. Importantly, inhibition of the NF-xB signalling regresses the tumor
along with a decrease in the M2 and an increase in the antitumor macrophage type
1 (M1) infiltrations [70]. Importantly notably, the loss of p65 in the xenograft mouse
model significantly inhibited spheroid formation, ALDH expression and activity,
chemoresistance and tumorigenesis. These studies suggest that canonical NF-xB
signalling can be utilized by the OCSCs for their self-renewal, and therefore, the
inhibition of ALDH expression can potentially shutdown NF-xB pathway
[71]. Therefore, molecules that are involved in the NF-kB pathway can serve
as therapeutic targets to develop novel and potent inhibitors/regulators to treat or
cure therapy-resistant ovarian cancers.

2.2.4 Ovarian Cancer/OCSC-Specific Therapeutics and Outcomes

Most of the available therapies such as chemotherapy and radiotherapy do not target
the OCSCs; rather, they target the differentiated cells among the heterogenous
population of ovarian cancer cells. Additionally, surgical debulking of the tumor is
only possible with the lower-grade ovarian tumors. In the case of metastatic ovarian
cancer, surgical debulking is not an option. It is not possible to get a clear margin of
the ovarian cancer, just from morphological observation to excise all of the cancer
cells, even with advanced precision surgical instruments and debulking procedure.
The conventional therapies are designed to target only the differentiated ovarian can-
cer cells, but not the OCSCs, because of their tumor niche [72]. The OCSCs are
tightly encapsulated and well protected within their TME making it arduous to target
OCSCs with conventional therapies and eliminate them to treat or cure ovarian
cancer. While the tumor shrinks initially upon treatment with chemo- or/and radio-
therapy, the OCSCs that are protected in their niche may revert from their quiescence
or dormant state after prolonged chemo- or radiotherapy, which ultimately leads to
the development of chemoresistance or radioresistance in ovarian cancer [73].
Cancer relapse is the critical issue in any type of cancer treatment, but its
significance could depend on various factors. CSCs are responsible for the cancer
relapse in most cancers, including ovarian cancer. Although the 5-year survival rate
for ovarian cancer is comparatively high, the survival rate declines dramatically
in metastatic and relapsed ovarian cancers [74]. The relapsed ovarian cancers are
often chemoresistant because of their earlier drug treatment regimes. Therefore, a
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comprehensive understanding of the ovarian CSCs/TICs will throw more light in
combating ovarian cancer metastasis and relapse. Hence, targeting the ovarian
CSCs/TICs will be a better therapeutic strategy (Fig. 2.1) than the conventional
therapies, and therefore, could serve as a novel therapeutic option for the treatment
of ovarian cancer patients in the future. In Chap. 16 of this book, “Targeting
Therapies for Cancer Stem Cells” are discussed in more detail.

2.2.5 Clinical Trials for Ovarian Cancers

At present, there are numerous therapeutic approaches available for the treatment of
ovarian cancer. Apart from the conventional treatments such as chemo- and radio-
therapy, immunotherapy is also currently being used in the treatment of ovarian
cancer. The conventional therapies do not target the CSCs, and hence, metastasis and
cancer relapse are still a major issue in ovarian cancer treatment. Therefore, new
strategies are being devised to target various signalling pathways that are involved in
ovarian carcinogenesis. The signalling pathways are inhibited using knockout/
knockdown strategies, aptamers or small molecule inhibitors. The clinical trials
conducted using different inhibitors for ovarian cancer are listed in Table 2.1
[75, 76].
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Fig. 2.1 Schematic representation of the strategy for potential combined therapies for diagnosis/
prognosis of targeted-treatment of ovarian cancer. Since the discovery of cancer stem cells (CSCs)/
ovarian cancer stem cells (OCSCs) and demonstration of their roles in tumorigenesis by scientists,
CSCs/OCSCs are now being isolated, characterized, and used by clinicians in the diagnosis/
prognosis of different types of cancer, including ovarian cancer. Though, OCSCs are already
used in the diagnosis/prognosis, targeting the OCSCs in combination with other conventional
therapies for ovarian caner treatment, may provide some advantages. It may likely lower the rate
or chance of ovarian cancer relapse and/or resistance, and thereby increase the survival rate of
patients
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2.3  Thyroid Cancer Stem Cells (TCSCs)
2.3.1 Origins and Markers of TCSCs

Thyroid cancer is the most prevalent endocrine cancer worldwide, and it is classified
based on the histopathological characteristics [77]. According to the World Health
Organization (WHO) classification, thyroid cancer is diversified into four subtypes,
namely, follicular thyroid carcinoma (FTC), papillary thyroid carcinoma (PTC),
medullary thyroid carcinoma (MTC), and anaplastic thyroid carcinoma (ATC).
PTC and FTC are differentiated thyroid cancers (DTC) and are responsible for
almost 90-95% of cases among the other subtypes [78]. MTC originates from the
parafollicular cells or C cells of the thyroid gland. The prognosis of MTC is
comparatively worse than the DTC (PTC and FTC). Moreover, the MTC patients
with distant metastases have poor survival. Apart from various environmental carci-
nogenic factors and contributions from genetics, TCSCs are involved in the active
differentiation of heterogenous population of cells due to their mesenchymal
properties and facilitate rapid tumor growth and adversity. The role of TCSCs in
the progression of thyroid cancer is well documented, and it was shown to be
responsible for malignancy, resistance toward various therapies, and cancer relapse
[79]. Different theories have been hypothesized, to explain the two different pro-
posed models on the origin of the thyroid CSCs: multistep carcinogenesis model, and
fetal cell carcinogenesis model. The theory for the multistep carcinogenesis
model postulates that the thyroid cancer cells originate from the thyrocytes, which
had undergone epigenetic mutation due to exposure to multiple carcinogenic
factors or xenobiotics (Fig. 2.2a). However, the theory for the fetal cell carcinogen-
esis model states that fetal thyroid cells such as thyroid stem cells, thyroblasts, and
prothyrocytes acquire the plasticity and the properties of CSCs due to oncogenic
mutations (Fig. 2.2b) [80].

The thyroid CSCs can be identified by their ability to form thyrospheres in an
in vitro study and tumors in in vivo study. Several biomarkers are used to identify
different types of tumor, and they help in better therapeutic treatment [12]. The
thyroid CSCs are distinguished from the non-cancer cells based on the different
biomarkers such as CD133 (prominin-1), Oct-4, Sox2, Nanog, and ALDH. Further,
there are different stemness genes that drive the intrinsic signalling pathways in the
maintenance of these thyroid CSCs, which include Notch (HES1, JAG1) and Wnt
(MYC, JUN, and FZD5) signalling pathways [81]. Although the identification of
these markers has shown a clear outline in the detection of thyroid tumors, these
thyroid CSCs acquire their invasive phenotype during the EMT. The thyroid CSCs
lose the properties of cellular adhesion and polarity and gain their mesenchymal
characteristics that give them the plasticity. The decrease in E-cadherin expression
and increased expression of N-cadherin and other markers like Snail, Slug, and zinc
finger E-box binding homeobox 1 and 2 (ZEB1, ZEB2) are highly associated with
the EMT process [82].
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Fig. 2.2 Origin of thyroid cancer stem cells (TCSCs). Different theories have been put forward to
explain the two models on the origin of TCSCs, viz., multistep carcinogenesis model and fetal cell
carcinogenesis model. (a) Multistep carcinogenesis model—To explaind this model, the theory
hypothesizes that the differentiated thyroid follicular cell undergoes epigenetic alteration(s) due to
various factors leading to the deregulation and activation of diverse key signalling pathways, which
actively promote the progression of normal differentiated thyroid cells to thyroid cancer cells. The
intial tumour that is formed can be cancerous or benign like a follicular adenoma. However, aberrant
activation of key signalling pathways in the initial tumour can induce it to quickly progress and
develop into a differentiated carcinoma including the follicular or papillary thyroid carci-
noma (FTC/PTC). Furthermore, these differentiated cancers can undergo genetic mutation(s) and
dedifferentiation to develop into an aggressive and undifferentiated form of cancer called anaplastic
thyroid carcinoma (ATC). (b) Fetal cell carcinogenesis model—To explain this model, the theory
postulates that there are different types of thyroid gland cells, which regulate the normal physiolog-
ical processes of an adult thyroid gland. During these processes, the adult thyroid gland gives rise to
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2.3.2 Identification, Isolation and Characterisation of TCSCs

Different methods are used in the identification and isolation of the thyroid CSCs
among other heterogenous population. Shimamura et al. [8§3] demonstrated that there
are no common CSCs in the eight different thyroid cancer cell lines they studied.
Despite that fact, there are various other markers such as CD326 (also
called EpCAM), 166, 133, 117, 90, 44, 44v, 24, 15 (also called SSEA-1), 13, and
ALDH which are identified as potential candidates to characterize thyroid CSCs, and
there are diverse techniques that are involved in the isolation and their
characterization [84].

FACS is the most common technique employed in the isolation of a distinct cell
type from a heterogenous population of cells using the cell surface markers [85]. In
addition to that, Hoechst dye efflux is also used to exclude the side population of the
cells (differentiated cells) as these cells are capable of excluding the DNA binding
dye Hoechst 33342 using the ABCG?2 drug transporter. But this technique has its
own limitation due to the toxicity of the dye. The sorted and separated cells from the
FACS and Hoechst dye efflux are further subjected to in vitro and in vivo studies,
and the cells were able to form spheroids in vitro and tumors when injected into the
immunocompromised mice [86]. ALDH plays a key role in developing resistance
against chemotherapy and increasing the metastatic potential of the thyroid tumors.

There are specific biomarkers that are expressed at various time points during the
cancer progression. MDRI1, ATP-binding cassette super-family G member
2 (ABCG2), and multidrug resistance-associated protein 1 (MRP1) are other
biomarkers based on which the cells can be isolated and characterized among the
therapeutic resistant tumors. Using fine needle aspiration (FNA) biopsy, the tumor
cells are analyzed for these biomarkers for the detection of multidrug-resistant
tumors [86]. In an in vitro study, prolonged culture of HTh74R cell line with low
concentrations of anticancer drug, doxorubicin, resulted in the development of
resistance in these cells when compared to the parental cell line. Interestingly, the
parental cell line showed no significant expression of these multidrug-resistant
biomarkers [87]. Among the other markers, CD15, 24, 44, and 133 are widely
used in the detection of thyroid CSCs. The CD15/SSEA-1 is used as a marker for
the EMT as the SSEA-1" cells are predominantly expressed during this transition.
The CD24" and CD44™ cells are responsible for spherogenic/tumorigenic potential,
and they were significantly expressed in most of the aggressive thyroid cancer cell
lines. CD133* cells express high levels of intrinsic stemness genes (Oct-4, Sox2, and
Nanog) and drug-resistant genes (ABCG2, MDR1, and MRP), which are responsible
for the self-renewability and chemoresistance of thyroid CSCs [88].

<<
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Fig. 2.2 (continued) precursors of fetal thyroid stem cells, fetal thyroblasts and prothyrocytes.
These three types of cells can undergo spontaneous genetic mutations and develop into three differ-
ent types of thyroid carcinomas. An oncogenic hit on the fetal thyroid stem cells can progress to
ATC, and further mutation in the fetal thyroblasts and prothyrocytes can form papillary and
follicular thyroid cancers, respectively
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2.3.3 Signalling, Self-Renewal, Metastasis and Differentiation
of Thyroid Cancer

Multiple signalling mechanisms such as insulin-like growth factor 1 (IGF1), Hedge-
hog, Notch, and Wnt/p-catenin play a pivotal role in the maintenance of thyroid
CSCs, which support the initiation and progression of thyroid carcinomas. These
signalling pathways are responsible for the maintenance of normal cellular physiol-
ogy; however, aberrant activation of these pathways enhances the survival of CSCs
and thus the development and progression of tumors [89]. Similar to OCSCs, the
core TCSCs signalling pathways are yet to be understood well. Hence, in this section
we have discussed mainly on signalling pathways in Thyroid cancer.

2.3.3.1 Insulin-Like Growth Factor (IGF)1 Signalling Pathway in Thyroid
Cancer

IGF1 signalling pathway promotes the growth of thyroid cancer due to its mitotic
and antiapoptotic properties. IGF1 is an endogenous hormone which is produced by
various organs and has predominant role in the metabolism and growth [90]. On the
contrary, the elevated levels of IGF1 in the circulation are highly correlated to
various kinds of carcinomas including thyroid, breast, and prostate. It is also well-
established that IGF1 is indeed involved in the formation of differentiated thyroid
cancers. The IGF1 ligands and receptors (IGFIR) are overexpressed in the thyroid
cancer cells which leads to the hyperactivation of this pathway [91]. In normal
condition, the binding of the ligand to the receptor activates the downstream
signalling molecules and stimulates the thyrocyte proliferation. Contrarily, the
altered regulation of this IGF1 signalling pathway results in the rapid proliferation
of thyrocytes, evading the cellular checkpoints during cell division and forming
neoplasm in the thyroid gland. Further, the cross-talk between the IGFIR and
thyroid-stimulating hormone (TSH) enhances the activation of IGF axis. In fact,
the tumor-initiating potential of TSH is countered by other growth factors, but IGF1
stimulates the pro-tumorigenic effect [92]. Furthermore, the PTC spheres showed
increase in IGFIR and IGF1/2 expressions, and interestingly, the activation of IGF1
pathway enhanced the size and number of the spheroids [93].

2.3.3.2 Hedgehog Signalling Pathway in Thyroid Cancer

Hedgehog (HH) signalling contributes to the chemoresistance and radioresistance in
several cancers, and this signalling is critical in maintaining the thyroid CSCs
[94]. Hedgehog signalling pathway renews the thyroid CSCs through the expres-
sion of SNAIL protein, and use of HH inhibitors in ATC cell line resulted in
increased sensitivity toward the chemotherapy and radiotherapy due to decreased
CSC renewal [95]. Furthermore, the Hedgehog signalling is shown to increase the
aggressiveness of thyroid cancers by activating different pathways such as AKT and
¢-MET through cross-talk mechanism [96].
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2.3.3.3 Notch and JAK-STAT3 Pathways in Thyroid Cancer

The Notch signalling’s crucial target gene, Hes1, a bHLH transcriptional repressor,
is significantly expressed in the thyroid and regulates the expression of sodium/
iodide symporter (NIS) [97]. Different levels of Notch signalling genes are
expressed in the normal and cancerous thyroid. In thyroid cancer, NOTCHI1 expres-
sion differs among tumor subtypes. The expression of NOTCHI1 was higher in
human PTCs (classic and follicular variants, microcarcinomas) when compared
with the normal thyroid and peritumoral tissues [98]. However, NOTCHI1 expres-
sion was decreased in human ATC [99]. Importantly, several components of Notch
signalling pathway were upregulated in human PTC as determined by microarray
analysis [100]. Furthermore, Yamashita et al. [101] demonstrated an upregulation of
NOTCHI1 expression in PTC samples derived from human as well as transgenic
animals. Interestingly, they showed that treatment of PTC cells with siRNA
for NOTCHI1 or GSI significantly reduced the cell proliferation and increased the
apoptosis.

CD133" ATC cells showed activation of the Janus Kinase (JAK)-STAT3 path-
way, which regulates the process of tissue development and homeostasis. Some
functions of JAK-STAT3 pathway are mostly similar to that of Notch signalling
except for most critical functions like hematopoiesis, immune development, mam-
mary gland development and lactation, adipogenesis, and sexually dimorphic
growth. Shiraiwa et al. [102] demonstrated that treatment of ATC cells with
cucurbitacin I, a STAT3 inhibitor, suppressed the thyrosphere-forming ability
in vitro and tumor growth in nude mice, highlighting this pathway as one of the
therapeutic targets.

2.3.3.4 Wnt/pB-Catenin Signalling Pathway in Thyroid Cancer

The higher expression of f-catenin in the cytoplasm and nucleus is observed in most
of the carcinomas including thyroid carcinomas. The mutation and deregulation of
the genes such as APC and AXIN1 and the accumulation of B-catenin in cytoplasm
and nucleus are seen in well-differentiated PTC and FTC. Higher incidences of
thyroid cancer recurrence and metastasis rates are positively correlated with the
constitutive activation of this specific pathway as Wnt/p-catenin pathway supports
the survival of thyroid CSCs. Furthermore, continuous activation of the pathway
along with the downregulation of E-cadherin has significant positive correlation with
increased migration capacity of cancer cells and metastasis in most of the undiffer-
entiated thyroid tumors. Importantly, Wnt/B-catenin pathway plays a key role in
thyroid cancer aggressiveness [103]. For additional information on cancer
aggressiveness refer to “Chap. 8: CSCs and Tumour Aggressiveness” in this book.

2.3.4 TCSC-Specific Therapeutics and Outcomes
The identification and the isolation of the TCSCs using diverse biological markers

specific to thyroid cancer have led to the discovery of numerous therapeutic targets
in order to completely regress the tumor and prevent the tumor relapse [104]. From
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the above discussed topics, it is obvious that there are multiple signalling cascades
and genes that are altered in the process of carcinogenesis. Various kinds of
therapeutic approaches including small molecule inhibitors, blockers, aptamers,
and conditional knockout strategies are currently used to shut down different
pathways that fuel and drive the TCSCs and thereby target the tumors [105]. The
current therapies do not directly target the TCSCs as they are tightly encapsulated in
the TME. The critical reason for the tumor relapse after the chemo- and radiotherapy
is that these therapies fail to target the CSCs in the course of treatment. The CSCs
repopulate the heterogenous population of cells, and regrowth of the tumor at the
primary site occurs, which further complicates along with resistance toward these
therapies [106].

2.3.5 Clinical Trials for Thyroid Cancers

Thyroid cancer is one of the dreadful cancers which accounts for most death among
endocrine cancers. The disease progresses rapidly as it is mostly asymptomatic or it
starts to present itself only during the locally advanced or metastatic stage, making it
arduous to decide on the treatment regime [107]. Tumor resection is one of the
common clinical procedures that is done for the early stages of this carcinoma and
followed by the conventional chemo- and radiotherapy. But still the patient survival
rate declines as there is high chance of thyroid cancer recurrence and
chemoresistance due to the TCSCs. Current insights into the nature of CSCs in the
tumor development have opened various channels of research in targeting the
TCSCs for complete regression of tumor and to curb the chances of recurrence
[108]. As discussed previously, multiple signalling cascades and diverse number of
genes are involved in the thyroid cancer initiation and progression. Therefore,
targeting those crucial genes will eventually shut down the pathway and could be
a strategy to develop therapeutics. There are different types of compounds that are
being researched in targeting the pathways, and few of them have given promising
results in the thyroid cancer cure. The drugs that are tested in the clinical trials are
given in Table 2.2 [109-111].

24 Melanoma Cancer Stem Cells (MCSCs)

Melanoma is one of the severe subtypes of skin cancer. The discovery of melanoma
cancer stem cells (MCSCs) has helped the researchers to have a greater understand-
ing of the underlying signalling mechanisms that lead to the tumorigenic transfor-
mation of normal melanocytes into melanoma (Fig. 2.3). MCSCs or melanoma-
initiating cells were discovered by Fang group using the sphere-forming assay, in
which CD20™ cells were isolated from metastatic human melanomas with stem cell-
like properties [112]. Later, Schatton et al. [113] reported that the MCSC population
expresses ABC transporter ABCBS. The prevailing theory suggests that therapeutic
targeting of MCSCs could eliminate tumor progression to melanomas
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Table 2.2 Clinical trials using different signalling pathway inhibitors of thyroid cancer

Phase of
Type(s) of thyroid clinical
Drug cancer Role of the drug trial
1. Axitinib MTC, DTC Inhibits VEGF-R, PGDF-R, and c-Kit | Phase II
2. Cabozantinib MTC Inhibits VEGF-R, c-Kit, RET, and Phase 111
MET
3. Lenvatinib DTC Inhibits RET-KIF5B, CCDC6-RET, Phase III
and NcoA4-RET
. Motesanib MTC Targets VEGF receptors and RET Phase II
5. Sorafenib DTC, ATC Targets VEGF receptors, RET, and Phase 111
BRAF
6. Imatinib ATC Blocks BCR-ABL, PDGF, c-KIT, and Phase II
RET

[114]. Specific-targeting of MCSCs in melanomas is challenging because of the low
number of MCSCs with specific markers, intratumoral and intertumoral heterogene-
ity in MCSCs population, immune evasion, and chemoresistance properties of
MCSC:s. A proper understanding of the molecular biology, signalling mechanisms,
and underlying epigenetic regulation will facilitate the specific targeting of MCSCs
and therefore the development of effective melanoma-targeting therapeutics [115].

2.4.1 Origins and Markers of MCSCs

Several biomarkers for MCSCs have been reported, but CD271 (neural crest nerve
growth factor receptor) is the most significant marker [116]. Other MCSC markers
that are prominent in the 3D culture conditions are Nanog, Sox-10 and Oct-3/4
transcription factors, CD20 and CD133 cell surface receptors, and ALDH1. ABCB1,
ABCBS, and ABCG2 were also reported to mark MCSCs in a study that used 3D
melanospheres and cell lines [117]. Another important marker for MCSCs is the
H3K4 demethylase JARID1B. Musashi-1 (Msi-1), Nestin, CD30, and Tenascin-C
are biomarkers that are often associated with highly proliferative JARID1B* mela-
noma cells [118, 119]. PD-1, VEGFR1, and CXCR6 are some additional surface
markers involved in self-renewal, immune evasion, and vascular mimicry [120].

2.4.2 Identification, Isolation and Characterisation of MCSCs

MCSCs are an extremely small sub-population of cells in the melanoma, which
show self-renewal, tumour initiation and metastasis or drug resistance. Hence, the
isolation and characterisation of MCSCs are essential to understand the melanoma’s
development, metastasis, relapse, drug resistance and therapeutics. The very few
number of MCSCs in a melanoma and limited amount of melanoma tissue biopsy
materials available have made the isolation and characterisation of MCSCs as an
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extremely challenging task in melanoma research. Therefore, many different
techniques have been tried and employed in the isolation and characterisation of
MCSCs [121, 122]. In the direct labelling technique, a cocktail of fluorescent-
labelled specific-antibodies was used to bind to various cell surface marker antigens
such as ABC transporters, CD20, CD133 (prominin-1), CD271 (NGFR/p75
neurotrophin receptor), JARID1B, etc., and then sorted by FACS to highly enrich
for MCSCs. Another method employed was the magnetic bead cell-sorting tech-
nique, in combination with a unique subtractive or elimination approach. In this
technique, an antibody cocktail was used to bind to haematopoietic cells including
red blood cells (RBCs), endothelial cells, etc., and their cellular debris, to remove
unwanted contaminants from MCSCs, leading to the enrichment (of pure popula-
tion) of MCSC:s for (use in) downstream applications or analysis [123].

2.4.3 Signalling Pathways Regulating MCSCs

Melanoma is the most aggressive and lethal subcategory among skin cancers, and
treatment against it continues to remain elusive. The signalling pathways in MCSCs
are being intensely investigated to dissect the molecular mechanisms associated with
the tumorigenesis of melanomas. MCSCs share common embryonic stem cell
pathways similar to that of normal stem cells in regulating self-renewal and differ-
entiation. TGF-P maintains the plasticity of the MCSCs. TGF-f binds to the type
I TGF-B receptor (TGFBR?2), which then binds to type I TGF-f receptor (TGFBR1)
and forms a heterodimeric complex. The activated TGFBR1 phosphorylates the
SMAD proteins that result in cascade of events resulting in the activation
of TGF-B-responsive genes (Fig. 2.3). Hedgehog (Hh) pathway plays an essential
role in the initiation and progression of melanoma [124], and inhibition of this
pathway suppresses the self-renewal of ALDH™ MSCS [125]. GLI1/2 is implicated
in the regulation of transcription of E2F1, which is critical for MCSC cell prolifera-
tion and progression to melanomas [126]. MCSCs show enhanced expression of the
Whnt receptor and are often associated with increased metastasis [127].

Notch signalling exerts a key role in MCSC proliferation. Kumar et al. [128]
showed an increased Notchl activation and signalling in the CD133+ MCSC
population. Inhibition of Notch signalling pathway with inhibitors of y-secretase
and TNF-a-converting enzyme (TACE) led to the downregulation of NICD2 and
Hes, which in turn inhibited the proliferation of MCSCs [129, 130]. Notch4 is
responsible for the invasion and metastasis of MCSCs [131]. Several signalling
cascades including the TGF-p and PI3K/AKT pathways are reported to induce EMT
in MCSCs [132]. The summary of all the key molecular signalling pathways that
play essential roles in MCSCs and in tumor progression to melanomas is depicted in
Fig. 2.3.
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2.4.4 MCSC-Specific Therapeutics and Outcomes

Surgical resection, radio- and chemotherapy, and immunotherapy are the currently
available treatment options for melanoma. As melanoma could be lethal, there is an
urgent need to develop effective MCSC-specific targeting strategies to treat and cure
melanoma patients. One strategy that targets MCSCs (expressing CD133, CD20,
ABCB5, CD271, and ALDH1 markers), with monoclonal antibodies, showed some
success as they significantly reduced melanoma growth. Another therapy that
involved combination treatment with bevacizumab and etoposide was able to signif-
icantly induce apoptosis and abolished the sphere-forming ability of CD133*
MCSCs [133, 134]. Additionally, targeting MCSC-specific signalling pathways
(Fig. 2.3) with inhibitors such as DAPT (Notch inhibitor), cyclopamine
(Hh signalling inhibitor) and XAV939 (Wnt signalling inhibitor) could serve as
alternative strategies to treat melanoma patients [135, 136].

2.4.5 Clinical Trials for Melanomas

The drugs that are in clinical trials for melanomas are (1) XmAb20717 (Phase I), (2)
entrectinib (Phase I/II), (3) encorafenib (Phase I/II), (4) binimetinib (Phase I), (5)
DCC-2618 (Phase I), (6) LGK974 (Phase I), (7) Nivolumab (Phase II), etc. Although
there have been some advancements in the last few years in the FDA-approved
therapies (dacarbazine, cobimetinib, pembrolizumab, vemurafenib, tipifarnib, etc.)
for melanomas, more effective and further major advancements in immunotherapies
to treat melanomas are anticipated in the coming years. The reader can refer to the
recent articles on this topic for additional information [137, 138].

2.5 Pancreatic Cancer Stem Cells (PCSCs)

Pancreatic cancer stem cells (PCSCs) were identified by Li group using the xenograft
mouse model [16]. Like normal stem cells, the PCSCs display the potential to
undergo self-renewal and differentiation. The PCSCs represent only a very small
fraction of the tumor (0.2-0.8% of the pancreatic cancer cell population), and were
distinguishable from the bulk tumor population based on a unique cell surface
marker signature (CD44"CD24"ESA™) [139]. In a parallel study, Hermann group
identified CD133" as an additional cell surface marker for PCSCs and also showed
that CDI133 had 14% overlap with pancreatic cancer cells expressing
CD44*CD24"ESA* [140]. Although PCSCs constitute a small portion of the
tumor, they mostly contribute to the invasive and metastatic potentials of pancreatic
cancers, and resistance to conventional cancer therapies or cancer relapse after
treatment.
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2.5.1 Origins and Markers of PCSCs

To evaluate the efficacy of PCSCs in tumor initiation and growth, PCSCs were either
flow or magnetically sorted, and then, injected into immunocompromised mice
[141]. CD133, CD44 and CD24 are the most widely accepted markers of PCSCs.
There are also other markers such as OCT4, sex-determining region Y-box
2 (SOX-2), tyrosine-protein kinase KIT (c-KIT) or CD117, homeobox protein
NANOG, ATP binding cassette (ABC) subfamily B member 1 (ABCB1), ABC
subfamily G member 2 (ABCG2), CD3, integrin a6p4, claudin-7, epithelial-specific
antigen (ESA), Nodal/Activin, doublecortin and CaM kinase-like 1 (DCLK1),
nestin, C-X-C motif chemokine receptor type 4 (CXCR4) and leucine-rich repeat-
containing G-protein coupled receptor 5 (LGRS) [142]. Additionally, ALDH1 is
reported to mark the stemness of PCSCs, and ALDH" cells are reported to have
enhanced tumorigenic potential than ALDH ™ cells. Furthermore, CD133*/CXCR4*
PCSCs have been shown to exhibit enhanced invasiveness [143]. Although many
different markers of PCSCs have been discovered so far, still there is a lack of one or
a group of unique markers to detect all of the PCSCs in a tumor. However, CD24*/
CD44*/ESA*/CD133*/CXCR4" and ALDHI1"" are the most widely accepted
markers that are used to enrich the PCSCs population “from the bulk
pancreatic cancer”.

2.5.2 Identification, Isolation and Characterisation of PCSCs

To characterize PCSCs, they were first isolated from patient tumour tissue samples
by incubating with dissociation buffer consisting of type IV collagenase and dispase,
and then, the digested mixture containing tumour cells was subjected to centrifugal
separation on a ficoll density gradient [144]. Subsequently, PCSCs were enriched
from the gradient cell fraction using several PCSC markers (e.g., ABCB1, CD24,
CD44, CD133, CXCR4, DCLK1, EpCAM and OCT4) by FACS [145]. The mor-
phology of PCSCs expressing the cell surface markers such as CD44 and CD24 is
different from pancreatic cancer and was used for characterisation of PCSCs [146].
In addition to these protein markers, the pancreatic cancer stemness-specific miRNA
markers (miR-17-92, miR-335, miR-1181 and miR-1246) were used for additional
characterisation of PCSCs [141].

2,5.3 Signalling Pathways Regulating PCSCs

Studies on the signalling pathways and their complex interactions in normal stem
cells have provided a framework, to understand the molecular biology of the cellular
signalling mechanisms in PCSCs. Some of the well-studied signalling
mechanisms that regulate the maintenance of PCSCs population include the
Whnt/B-catenin, Hedgehog, NF-xB, Notch, and PI3K/AKT/mTOR pathways
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Fig. 2.4 Schematic representation shows the stepwise progression of normal cells to pancreatic
intraepithelial neoplasia (PanIN) and to pancreatic tumor, and the pathways regulating PCSCs. Left
figure: A model showing progression of pancreatic cancer. Stepwise progression of normal epithe-
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drive PCSCs, and its targetable cell surface markers are depicted in the schematic figure. A list of
inhibitors (shown in red) play a specific role in targeting different pathways associated with PCSC
signalling and are potential therapeutics

[146]. A list of generally used compounds that inhibit different signalling pathways
in PCSCs are depicted in Fig. 2.4.

2.5.3.1 Wnt/B-Catenin Signalling Pathway in PCSCs

Whnt/B-catenin signalling pathway plays an important role in the pancre-
atic tumorigenesis and therapeutic resistance. Wnt signalling pathways can either
be p-catenin dependent (i.e., canonical) or p-catenin independent (i.e., noncanoni-
cal). Abnormal activation of the canonical Wnt/p-catenin signalling contributes to
the pancreatic adenocarcinoma [148]. When WNT ligands are available, they bind to
the Wnt-receptor complex. The Wnt-receptor complex is comprised of a seven-
transmembrane receptor of the Frizzled (FZD) family and a single-pass low-density
lipoprotein receptor-related protein 5/6 (LRP5/6). The WNT ligand-receptor com-
plex then interacts with the destruction complex, which contains
AXIN, APC and GSK-3p, leading to the repression of f-catenin activity, while the
AXIN-binding molecule Dishevelled (DVL) represses p-catenin phosphorylation
(Fig. 2.4). This causes p-catenin accumulation and nuclear translocation, followed
by binding to TCF/LEF family of transcription factors, and activation of target genes
that can lead to tumorigenesis (Fig. 2.4). However, in the absence of Wnt ligands,
[-catenin gets phosphorylated at serine (Ser) and threonine (Thr) amino acid residues
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by casein kinase 1 (CK1) and GSK3p, which form a complex with APC and axin,
leading to the destruction of f-catenin [149]. The expressions of Wnt genes
are upregulated in pancreatic tumor cells. Hence, more studies are warranted to
develop novel Wnt pathway inhibiting molecules that could be used to attenuate the
proliferation of PCSCs and target pancreatic cancers.

2.5.3.2 Hedgehog Signalling Pathway in PCSCs

Hedgehog (HH) pathway plays a critical role in the maintenance of human PCSCs.
Aberrant activation of Hh signalling is reported in pancreatic cancer [149]. There are
three ligands for HH signalling, namely, Indian (I), Desert (D), and Sonic (S) HH.
These ligands bind to the receptors called Patched (PTCH1 and 2). Binding of HH to
its receptor inhibits the activation of a seven-transmembrane protein named Smooth-
ened (SMO), which in turn activates the GLI protein to translocate into the nucleus
(Fig. 2.4). Lee et al. [150] reported that the CD44*CD4*ESA* PCSCs showed a
46-fold increased expression of SHH transcripts compared to the normal pancreatic
epithelial cells or the CD44 CD24 ESA™ pancreatic cancer cells. Moreover, inhi-
bition of HH ligands with cyclopamine (Hh antagonist) leads to the inhibition of
metastasis (Fig. 2.4). Similarly, treatment with inhibitor IPI-269609 (not indicated in
Fig. 2.4) was reported to decrease the metastasis of human pancreatic adenocarci-
noma cell lines [151].

2.5.3.3 Notch Signalling Pathway in PCSCs

Notch signalling is a critical determinant in the regulation of cell fate determination
via cell-cell interaction, stem cell maintenance and differentiation. Hyperactivation
of the notch pathway resulted in enhanced self-renewal of the CSCs in pancreatic
adenocarcinoma [152]. Notch signalling is turned-on, when any of the four
NOTCH (NOTCH1-4) membrane anchored receptor proteins interact with any of
the five canonical transmembrane ligand family members, Delta-like (DLL1, DLL3,
DLL4) and Jagged-1 (JAG1, JAG2). The interaction between the NOTCH receptor
and the ligand induces conformational changes leading to proteolytic cleavages of
NOTCH receptors by TNF-a-converting enzyme (TACE), a member of a disintegrin
and metalloprotease domain (ADAM) family of metalloproteases (not shown in
Fig. 2.4) and y-secretase (Fig. 2.4). The cleavage releases the intracellular domain
of NOTCH (NICD), followed by nuclear translocation and subsequent activation of
the target genes; Hey and Hes heterodimerize with the DNA-binding protein CSL
(RBP-Jk) and co-activators. Inhibition of the Notch pathway in pancreatic ductal
adenocarcinoma (PDAC) cells led to a significant decrease in the percentage of
PCSCs and the overall tumor formation. A significant challenge in developing an
efficient NOTCH inhibitor-based strategy for cancer treatment is to develop a
CSC-specific targeted inhibition of NOTCH without perturbing the signalling and
physiology of the normal somatic stem cell population [152].
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2.5.3.4 PI3K/AKT/mTOR and Other Signalling Pathways in PCSCs
Phosphoinositide 3-kinase (PI3K)/RAC-alpha serine/threonine-protein
kinase (AKT)/mammalian target of rapamycin (mTOR) signalling pathway
(Fig. 2.4) play an important role in PCSC proliferation. CD133™&" PCSCs showed
elevated levels of mTOR signalling; however, the inhibition of mTOR signalling
using rapamycin (not shown in Fig. 2.4) inhibited the PCSC proliferation [153].

In addition, to the embryonic signalling networks mentioned above, there are
different other signalling pathways involved in autophagy, interleukin
8 (IL8/CXCRI), forkhead box protein M1 (FOXM1) signalling, Nodal/Activin,
and the K-RAS/c-Jun-NH2-kinase (JNK) signalling pathways that are reported to
be involved in the regulation of PCSCs function. However, future investigations are
required to clarify and explore the interactions between these pathways in PCSCs to
better understand the significance of complex signalling networks during pancreatic
tumorigenesis [154].

2,54 PCSC-Specific Therapeutics and Outcomes

Strategies involving targeting PCSCs were shown to involve interruption of critical
stem cell survival and functioning pathways [154]. Targeting pancreatic stem cell
niche by changing the TME to overcome drug resistance or targeting cell surface
markers or disruption of the supportive vascular niche could sensitize CSCs to the
effects of conventional cytotoxic radio- or chemotherapy and/or potentiate the
effects of other CSC-targeted therapies. Numerous nonclassical drugs or inhibitors
or other molecules indicated in Fig. 2.4 have been shown to inhibit the various
signalling pathway components or other stemness-related proteins in PCSCs at
varying degrees.

2.5.5 Clinical Trials for Pancreatic Cancers

In addition to many chemotherapeutics that are currently used to treat pancreatic
cancer, there are several recently developed new drugs, which are being tested for
pancreatic cancer treatment. These drugs that are being tested for safety and efficacy
will have to undergo different phases of various trials, before it is approved by the U.
S. Food and Drug Administration (FDA) or other similar agencies in different
countries, before it is available commercially to health care providers to treat
pancreatic cancer patients. Some of the promising drug candidates being tested for
pancreatic cancer are (1) Gemcitabine/nab-paclitaxel (Phase II), (2) GVAX pancreas
vaccine (with Cyclophosphamide) +/— nivolumab and urelumab (Phase I & II), (3)
nal-IRI/S-FU/LV and oxaliplatin (Phase II), (4) Pembrolizumab (Phase II), (5)
Niraparib (Phase II), etc. [155, 156]. Furthermore, novel nucleic drugs that could
potentially be used as a monotherapy or combination therapy to target pancreatic
cancer are also being developed with the help of next generation sequencing
technology based genetic screening or diagnosis.
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2.6 Conclusions

Cancer is a complex disease in which alteration of genetic, epigenetic or inflamma-
tory factors can contribute to the process of carcinogenesis. Impaired DNA repair
mechanisms or suppressed immune system or activation of oncogenes or inactiva-
tion of tumour suppressor genes can initiate or promote the growth of cancer. CSCs
possess the characteristic of stemness, which provides them the self-renewal capac-
ity and high plasticity. Hence, CSCs exhibit tumour aggressiveness, and after
metastasis from the primary tumour, CSCs can initiate tumours at distant secondary
sites in organs/tissues and also cause cancer relapse post-treatment. CSCs can
differentiate into different types of tumour cells and this contributes to tumour
heterogeneity. Furthermore, CSC’s role in metastatic dissemination, tumourigenesis
and tumour relapse is attributed to the hyperactivation of key signalling pathways
such as Hedgehog, Notch, TGF-p and Wnt/B-catenin. CSCs utilize these signalling
pathways for their self-renewal and survival, and hence, these pathways are critical
for CSCs. Importantly, these hyperactivated CSC signalling pathways are shown to
alter the expression and function of crucial genes, including the oncogenes and
tumour suppressor genes, and thus, favour tumourigenesis. The discovery of the
CSC markers and more focused research on them over the past two decade has
enhanced our understanding about the CSC types. Nonetheless, emerging evidence
indicates that CSCs are well nurtured and protected within their TME, making CSC-
specific targeted therapy to eliminate CSCs, an arduous task in many different cancer
treatments. Hence, improvements in CSC-specific stem cell markers or signalling
pathways targeting therapy or other innovative approaches, followed by rigorous
experimental and clinical studies are vital for the development of future cancer
treatments to improve the life expectancy of the cancer patients or cure cancers.
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Abstract

The tumour-initiating cancer stem cells (CSCs) are neoplastic cells which pro-
duce self-renewable and heterogeneous population of pluripotent stem cells. The
exploration on stationary and coursing CSCs because of protection from regular
treatments and powerlessness in complete annihilation of malignant growth is
basic for creating novel helpful systems for a progressively successful decrease in
the danger of tumour metastasis and disease repeat. This chapter incorporates data
about various strategies for discovery and separation, side population, cell
markers and establishment of CSC culture, as well as attributes of CSCs, for
example, tumorigenicity, and pathways related with self-restoration and the
ability of the histological tumour recovery in different malignant growths.

Keywords

Cancer stem cells - Cellular markers - Self-renewal - Side population -
Tumorigenicity

3.1 Introduction

Malignant growth of cancer stem cells (CSCs) has been recommended as the
primary cause of cancer. The hypothesis of the presence of CSCs in a tumour
populace was first proposed by Bonnet et al. In leukaemia, they distinguished a
small cloning cell populace with comparative attributes to the immature
microorganisms of the circulatory system. CSCs are motile tumour cells with
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moderate cell cycles, have the capacity to self-renew (boundless cell division and
upkeep of the undifferentiated cell pool), and have separate tumour prognosis
(tumorigenicity). These cells make up a couple of level of the malignant cells inside
a tumour, regularly 0.01-1.0% [1]. Breast, colon, ovarian, lung, and head and neck
carcinomas and also few other tumours contain CSCs [2]. CSCs are responsible for
protecting the body against tumour growth after chemotherapy and also tumour
entry into vessels and neighbouring organs. The origin of CSCs stays a disputable
issue so far [3]. Three primary speculations have been raised about the starting point
of CSCs: the arrangement of typical undifferentiated stem cells, transition of grown-
up but undeveloped cells into pluripotent malignant cells through an epithelial-to-
mesenchymal transition [4]. Considering the significant highlights of CSCs, they
extraordinarily tranquilize obstruction, have obtrusive and metastatic capacity and
tumorigenicity and are self-renewable. CSCs are segregated depending on properties
that separate these cells from different cells in tumour mass chiefly from two sources:
malignant growth cell lines and tumour tissues. The grown malignant cell lines are
widely applied for CSC separation and isolation [5, 6]. As a result of culture
adjustment and hereditary modifications occurring through subculturing of the
cells, the biological features of primary CSCs are not reflected under hyperoxic
conditions [7]. Applying powerful systems for producing such essential cell lines
from tumour tissues may provide important methods to advance the investigations
[6, 8—18]. With advancement in the available biomarkers, it is easy to target the
CSC-associated pathways using this cell line with diverse drugs [9, 19]. Various
strategies are utilized to separate these malignant stem cells. Some of them are set up
dependent on the utilization of cell surface markers. Isolation and separation of these
CSCs utilizing putative surface markers have been a need of research in cancer.
Other strategies rely for the most part upon the functional aspects of CSCs [10—
14]. This chapter will provide current approaches for isolation and identification
of CSCs.

3.2 Features of Malignant Stem Cells

CSCs are vigorous cells which may have procured attributes like their typical tissue.
The ABC transporter outflow with increased telomerase and glutathione synthetase
is a prominent feature of typical CSCs that is copied to their offspring [20-25] that
consider cell endurance and multiplication even after introduction to anticancer
therapeutics. For instance, certain gastrointestinal disease cell lines show expanded
protection from oxidative pressure by means of communications among CD44 and
cell surface cysteine—glutamate trade transporters which bring about expanded
combination of diminished glutathione, a key particle included in the balance of
responsive oxygen species [15]. The CSCs are involved in metabolic
reprogramming and also [16, 26] rapid repair of DNA damage [17, 27], with
enhanced ABC transporters involved in drug excretion [28] of chemotherapeutic
agents and also other anticancer drugs. Even the small populace of these cells,
bypass anticancer treatment and stay undetected even when there is a tumour mass
relapse leading to the recoverywhole tumor [29, 30]. Kurtova et al. discovered that



3 Isolation and Characterization of Cancer Stem Cells (CSCs) 53

apoptosis was activated in healthy cells via certain chemotherapeutic drugs
discharging prostaglandin E2, instigating the dormant keratin 14+ CSCs in bladder
for multiplication [31]. Overcoming the hyper-aggressive nature of CSC, found after
incomplete therapy, is the need of the hour for development of novel therapeutics.

3.3 Identification of CSCs Through Specific Biomarkers

No specific or sensitive biomarkers have been developed to detect CSCs. Table 3.1
shows the CSCs and their corresponding markers in various cancers.

3.4 Surface Markers for CSC Isolation

The CSCs are characterized by few proteins outflow. Diverse cell surface markers
act as important contender for CSCs identification and targeting in various diseases.
The articulation designs of these markers and their degree of articulations fluctuate
among various tumor mass; in any case, no unmistakable markers have been
presented. In malignant growth investigate; the markers of CSC subset such as
proteins are most of the time used to construct a profile for separating the CSC
populace from the mixed population of cells [51]. These markers generally have a
place with the characterization of layer proteins [52]. For recognizing and
disconnecting CSCs, choice of proper CSC surface markers is the principal need.
At that point, these markers are utilized to detach potential CSCs by fluorescence-
initiated cell arranging (FACS) or attractive enacted cell arranging (MACS)
procedures [53]. Several surface markers, for example, prominin-1 (otherwise called

Table 3.1 CSCs and their corresponding markers in various cancers

Cancer class Markers References

Leukaemia/lymphoma CD34*, CD47*, CD96", CD25*, CCL-17, [5, 32-36]
CD38~

Head and neck squamous cell CD44*, BMI1*, CD24*, CD133* [37-39]

carcinoma

Glioblastoma CD133*, CD49f*, JAM-A, HER2", [40-44]
EGFRvVIIT*

Lung CD44*, CD133" [45, 46]

Breast CD44*CD24~""°" and ALDH1"*, CD133*, [44-52]
CD61*

Ovarian CD44*, CD117* [53]

Pancreas CD44*, CD24, ESA* [54, 55]

Gastric CD44*, CD133*, ABCB1*, ABCG2* [56, 57]

Colorectal CD44*, CD133", CD166%, CD24* [58-61]

Prostate CD44*, CD133*, ALDH* [62-64]

Bladder CD44*, CD90*, CD49f* [65-67]

Melanoma CD20", CD271%, ABCB5™ [68-70]
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CD133), CD24, CD16, CD13, CD44, CD38, CD34, epithelial-explicit antigen
(EpCAM/ESA), CD20, CD176 and CD66¢ alone or in combination, have been
used for sorting CSCs distribution in various malignancies [54]. Huge numbers of
the surface receptors applied for CSC arranging have been distinguished observa-
tionally which were recognized on ordinary undifferentiated cells (SCs, for example,
embryonic stem cells ESCs) and adult stem cells (ASCs) [54]. Additionally, separa-
tion of the tumor tissue into a solitary suspension of cells may prompt disability of
antigen on the surface and reduced productivity of CSC detachment [55]. Besides,
the cells may become unavailable upon protein treatment and in the wake of
arranging forms. Cell arranging itself has affirmed to be wrong technique in which
1-3% of tumorigenic cells debasing the non tumorigenic populace [56]. One of the
powerful techniques is the way towards creating mono suspension of cells from
tumour tissues followed by immunizer based stream cytometric measure. In correla-
tion with different techniques, separation dependent on cell markers is more explicit
than the side population (SP) measure and the development of spheroids, be that as it
may, there are a few disadvantages including predetermined number of detached
cells and conceivable harm of surface markers during test handling utilizing protein
lysing compounds. Complex, tedious and costly handling alongside low feasibility
of confined cells is an inconveniences of surface marker—subordinate separation of
CSCs, which is a limiting factor for utilization of this technique [57-63]. The
utilization of CSC markers is famous in the guess of disease. As, most of the
inadequately separated tumors have the most noteworthy weight of breast CSCs,
in their malignant growth [61]. Additionally, in colon malignant growth, CD133
articulation is a marker of poor visualization which is connected to metastasis of the
liver [64—66]. Raised CD133, an antagonistic marker of prognosis in the cancer of
pancreas, is related with lymph hub attack [67, 68]. CD133 articulation is related
with poor clinical result in ovarian disease [69]. Additionally, CD44 over articula-
tion was connected with poor prognosis in pancreatic cancer patients [71-73].

3.4.1 Magnetic-Activated Surface Antigen-Based Cell Sorting
(MACS)

MACS technique permits the enrichment and isolation of stem cells without
staining. Cells that are labelled and conjugated to magnetic nanomaterials with
antibodies are transmitted upon a section of highly compatible magnetic field. All
through this procedure, cells the antigen expressing cells are attracted to the mag-
netic dots and stay attached to the column, yet the various negative cells for the
antigen will fall off the column [74]. Consequently, the cells of interest will be eluted
from the column from varied populations of the cells. This method relies on mono
parameter separation requiring cell suspension. However MACS is a simple strategy
in CSC disengagement with the ability of isolating Small populace of the tumour
mass cells [75-77].
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3.4.2 Fluorescence-Activated Cell Sorting (FACS)

FACS is another cell confinement technique which can separate the cells utilizing
fluorescent labelled markers focusing on specific surface proteins or intracellular
surface markers through immune staining. This strategy permits a cellular sample or
particles in suspension to be isolated through a limited fluid stream. As the sample
goes through a laser, it takes into account the recognition of granularity, size and
fluorescent properties of individual cells/particles [78]. For the most part, FACS
partition utilizes fluorochromes straightforwardly conjugated with either essential or
optional antibodies with various emanation wavelengths. FACS commonly requires
more cells, as a huge division of the sample might be lost. In many cases, the total
number of CSCs available for a biopsy test or in the patient blood might be
exceedingly low. Therefore, an increasingly effective procedure to advance CSCs
from an uncommon example is required. FACS is multiparametric strategy
contrasted with MACS. Despite the fact that MACS is less difficult and requires
less complicated instrument than FACS, it is mono-parametric and cannot isolate
cells by means of numerous markers at the same time [79, 80]. Additionally, the
adequacy of CSC disengagement by FACS is respectably satisfactory.

3.5 Functional Assays to Identify CSCs

CSCs have some natural properties, including self-reestablishment, tranquillity, and
uneven cell division, slow multiplication phenotype, high ABC transporter articula-
tion, aldehyde dehydrogenase 1 (ALDHI1) action, and diminished mitochondrial
action in many malignant growths. These useful highlights are utilized to allow
productive CSC separation and create recognizable proof methods as depicted in
Fig. 3.1.

3.5.1 Spheroid Formation Assay

Screening cancer medication in vitro is usually done via 2D cell culture model which
cannot duplicate the 3D microenvironment of the tumour in the human body, for
example, cellular interactions and other matrix interactions between cell and the
extracellular matrix (ECM), tissue-explicit engineering and various other signs that
are fundamental for tissue explicit capacities. These issues have been overcome
through copying of tumour tissue properties over 3D tissue cultures. The metabolic
spherical culture status has undergone developmental changes in the layers of the
culture, namely, inward layer with hypoxia and acidic conditions with necrotic cells,
intermediate layer that included quiet cells, and outer layer with high multiplication
cells due to excess supply of oxygen and other nutrients [81]. It is demonstrated that
generation and testimony of matrix proteins are higher in spheroids when contrasted
with two-dimensional culture [68, 82, 83]. The capability of spheroid coculturing of
malignant growth cells with various kinds of cells in tumour expanded cell-to-cell
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Fig. 3.1 Functional assays to identify CSCs

association through cell—cell connection and development factors [69, 70]. These
attributes make spheroid development test perhaps the best contender for assessment
of cutting edge anticancer medications in decades ago. Four principal circular
malignant growth models dependent on culture techniques have been created:
tumour spheroids with multiple cells, tumour circles, tissue-determined tumour
circles and organotypic multicellular spheroid models. Multicellular spheroids are
characterized as the whole of mono diseased cellular spheroids or coculturing of
malignant cells with other cell types, which is referred to as multitypic spheroids or
embedded cells developed in frameworks in a 3D culture. Circle size contingent
upon cell type and circle age techniques can be fluctuated between under 100 pm and
3 mm in width with an enhanced size of 200-500 pm in distance across. Single cell
suspension culture is used for creating spheroids within the sight of fetal bovine
serum (FBS) and with no external matrix protein [84]. At present, a few multicellular
tumor spheroid (MCTS) strategies are accessible for creation of spheroid, including
hanging drop, spinner cups, fluid overlay and cellulose-based microparticles. In
spheroid tumour examination, the tumour tissue sample to be tested is separated to
mono cell suspension through compound or mechanical power. From the mono cell
suspension the platelets are removed for further processing. After this, the
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suspension of cells is cultured in media without serum which is enhanced by
including epidermal growth factor (EGF) for development of thecells and basic
fibroblast growth factor (b-FGF) in less amount. All these conditions are essential
for the growth of cells as clonal round groups [48, 49, 85]. Despite the fact that
tumour sphere science is not notable, it has been indicated that tumorsphere model
does not completely imitate in vivo tumour structure and microenvironment. Age of
organotypic multi-cell spheroids rather than tissue-determined tumour circles
(TDTSs) does not have disassociation step. Tumour tissue in the wake of cutting
into pieces with 0.3-0.8 mm width is refined in tissue culture cups covered with
0.75% agar in moulded media enhanced with 10% FBS and superfluous amino acids.
It has been indicated that after cryopreservation of glioma spheroids, their histologi-
cal attributes stayed steady and just minor genotypic and phenotypic changes were
seen subsequent to defrosting. Recognizable proof of stem and ancestor cells from
strong tumour presents remarkable difficulties to getting a functional single cell
suspension. Since immature microorganisms are regularly rather uncommon popu-
lace of a strong tumour, it is basic to upgrade every confinement venture to augment
result [71-75].

3.5.2 Clonogenic Assay

Colony formation assay is a quantitative strategy in vitro to assess the self-
restoration limit of a cell in a colony of at least 50 cells through clonal development
[76]. This assay is a strategy for recognizable proof of CSCs which is broadly used to
assess adherent cells in a two-dimensional culture [77]. To assess clonogenic
capacity, the colonies derived from CSCs are plated as single cell in a soft agar
which is incubated for 21 days and are stained with crystal violet or nitro-blue
tetrazolium (NTB). The total number of colonies obtained is isolated and determined
with colonies got from the non-CSC portion. The colonies derived from CSCs have a
larger size than the colonies derived from the non-CSCs. Many technical changes
can affect clonogenic assay, namely, the autoclaved medium must contain diluted
cells when the temperature is cool enough not to kill cells, yet at the same time warm
adequate to be filled wells; appropriate dilution is hazardous to affirm that every
colony results from a solitary cell; additionally, the toxicity of agar to the cells must
be considered or it may impact the result. In spite of the fact that the component by
which CSCs explicitly structure clonal circles is commonly obscure, the investiga-
tion is made on a serum-free suspension for estimating the self-renewal populace of
tumour cells [78-81].

3.5.3 Tumorigenicity
Tumorigenicity is the most effective and popular gold standard method for identifi-

cation of therapeutically responsive CSCs in biology [75-77]. Limiting dilution
assay (LDA) is the best tumorigenicity strategy that is ordinarily utilized for
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assessment of dynamic CSC recurrence [82, 86]. In this test, the valuable extreme
limiting dilution analysis (ELDA) programming is utilized; it is conceivable to
register subpopulations with 0-100% reactions [83]. In any case, the aftereffects
of this strategy are influenced by the cellular quantity, the cell carrier, the site and
time of incubation and implantation [86]. High-throughput screening cannot be
utilized in this technique [87-90]. In rats, it is hard to examine the microenvironment
impacts on the CSC work since the vasculature is the controller of human CSC
development [83, 86, 87].

3.5.4 Lipophilic Dye Retaining Method

PKH26 and PKH6 are lipophilic fluorescent cell membrane connecting dyes which
after cell division separate similar daughter cells. Holding a fact that a moderate cell
division can proficiently hold the dye, there is an instantaneous dilution in the dye
from the membrane of rapidly dividing cells. The dye retaining labelling technique
via PKH26 has been utilized to distinguish CSCs. These labels remain to the CSCs
because of their longer asymmetric divisional period to form daughter cells. The
osteosarcoma and breast cancer CSCs are segregated utilizing this procedure
[91, 92]. Bromodeoxyuridine (BrdU) labelling depends on a similar label mainte-
nance approach. When contrasted with differentiated cells, CSCs hold more BrdU
than the dividing cells [93]. Carboxyfluorescein succinimidyl ester (CFSE) dye has
also been utilized to follow the cell division recurrence in few solid tumours. Current
examinations have discovered that CFSE labelling can be utilized for recognizing
and confining moderate dividing cells from glioblastomas [93-99]. The cerebral
tumour pathology can be successfully studied through these dyes because of their
retention property [96-98].

3.5.5 Activity of Aldehyde Dehydrogenases (ALDHs)

These isoenzymes of cytosolic origin are engaged in oxidation of intracellular
aldehyde [100]. ALDH isoforms in human have 19 different types. ALDHI
catalyses the conversion of retinol to retinoic acid during malignant transformation,
and it also affects the proliferation and differentiation of these malignant stem cells
[101-103]. ALDHI1 enzyme additionally actuates Wnt/B-catenin movement through
activation of Akt signalling pathway. CD44 expression is related with ALDHI
which, on the other hand, protects normal cells from chemotherapy due to
overexpression of ALDHI. From the outset of cells, the immature stem cells can
be separated using ALDHI for regenerative medicine with potential applications.
The proteins from CSCs act as reliable markers in various solid tumours due to the
movement of cytosolic ALDHI. Cell populace with high ALDHI levels can be
distinguished by ALDEFLUOR assay or utilizing FACS examination [104]. Investi-
gation of the ALDHI-positive cells utilizing these two strategies showed expanded
spherical arrangement ability, self-reestablishment properties, tumorigenicity and
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high expression of stemness qualities contrasted with negative ALDHI cells
[105]. The reaction product of ALDEFLUOR assay collects in undifferentiated
cells that are associated with ALDH movement [106—-109]. The response allows
viable cells to incorporate changing of ALDH substrate, BAAA (BODIPY-
aminoacetaldehyde), into the fluorescent product BAA (BODIPY-amino acetic
acid derivation). Significant levels of ALDHI inside the cells become splendidly
fluorescent and recognized by flow cytometry [110]. The ALDHI specific substrate
is reacted upon by ALDEFLUOR forming an immune reaction specific for the
recognition of CSCs. The ALDEFLUOR test discovers epithelial tumour CSCs
[111-113]. The other impediment utilizing this assay is that the osteosarcoma
ALDHI-positive cells are enriched in the sphere formation with an obtrusive
population of cells under investigation [93, 103]. Poor prognosis of various tumours
is associated with increased expression of ALDHI1 [83].

3.5.6 Side Population Assay

The response incorporates changing of a substrate into fluorescent product which is
held in viable cells. Brightly fluorescent high ALDH-containing cells are distin-
guished by flow cytometry or improved by cell arranging for more purification
[110]. The substrate for ALDHI reaction is provided by ALDEFLUOR reagent to
which an ALDHI1 specific antibody can be utilized to recognize CSCs in clinical
examples [111]. ALDHI1 may not be an appropriate CSC marker for all tumour
types, for example, liver and pancreas [112, 113]. The other impediment utilizing
this measure has been exhibited in bone cancer ALDH1-positive cells enhanced in
the circle framing division and related with a progressively intrusive populace [32—
34]. The absence of a tumour-explicit phenotype has made trouble in the recognition
of CSCs [84, 93]. SP segregation is a promising strategy for recognizing undifferen-
tiated cells and various malignant growths. Mouse bone marrow cells for side
population assay were measured using FACS. This strategy distinguishes CSCs by
efflux of organic DNA binding dyes such as Hoechst 33342 and Rh123. This is
achieved by ABC transporters and multidrug resistance (MDR) mechanism situated
inside the cell. Cells inside this population were designated “SPs” due to their area in
the flow cytometry peak plot. The outflow of ABC multidrug efflux transporters in
stem cells is raised as a vital defensive component against cytotoxic substances.
Fundamental individuals from this family are ABCB1 (Multidrug Resistance-1,
MDR1), ABCC1, ABCF2, ABCB2, ABCC7, ABCG2 and ABCAS, which are
upregulated in various tumours. The SP cells have some striking highlights that
contrast them from other cell populace. They can initiate tumour formation at a high
recurrence with the capacity to experience deviated division to build detachment
amount in both SP part and non-SP portion. These cells have clonogenic limit,
tumorigenicity, multipotency and chemoresistance [14]. Recognizable proof and
confinement of stem cells through SP assay have superior goals than ordinary
immunostaining measure with antibodies against ABC transporters that gives the
exact discovery of uncommon SP portions (<0.5% of the absolute cell populace)
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inside heterogeneous examples. In addition, utilitarian portrayal of the cells in vitro
and in vivo utilizing different DNA-restricting dyes is troublesome; however, the SP
test being performed on practical cells gives simpler and dependable strategy to
describe the cell populace [103].

3.5.6.1 Hoechst 33342 Dye

The stem cell isolation relies on the Hoechst SP assay strategy. The fluorescent
Hoechst dye binds to AT-rich areas of the nucleic acids particularly to the minor
groove of DNA. The cell plasma membrane can also be accessed via Hoechst
staining of the living cells [73]. Upon excitation, Hoechst at 405 nm transmits a
blue signal that is gathered with a 450/40 nm band and passes through filter with
excitation as red fluorescence at 610/20 nm filter. The SP can be characterized as the
number of cellular population with negative for both Hoechst blue and red [59]. As
indicated by an examination of STA-ET-1 cell line of Ewing sarcoma, there is a
relationship between the grouping of Hoechst colour and also the distinguishing
ability to disconnect the undifferentiated cells [48].

3.5.6.2 Rhodamine 123 (Rh123)

Rh123 is a mitochondrial dye which is utilized in SP measure that stains activated
cells with higher resolution than the other cells. The force of fluorescence of Rh123
shows the activation state as well as the multidrug efflux pump activity related with
the mass of mitochondria. Expanding efflux of Rh123 prompts the lesser dye
accumulation inside cells [93]. Lesser cytotoxicity and excitation at 488 nm is
effective for practical use of Rh123. A double colour efflux procedure utilizing
Hoechst 33342 and Rh123 might be appropriate to separate cells with the high action
of hematopoietic undifferentiated cell. Point mutation carrying cells at the R482
position are more resistant to chemotherapeutics with elevated Rh123 efflux which
limits their utilization by these cells [103].

3.5.6.3 Other Fluorescent Dyes

SP examination can also be done with other fluorescence colours, for example, dye
cycle violet (DCV), a cell-porous and DNA-binding dye which is excited by a violet
laser at a wavelength of 395410 nm. Contrasted with the violet laser which is
accessible on most flow cytometry instruments, UV lasers are not accessible.
Accordingly, this dye alternates other organic dyes like Hoechst used in SP assay
[80—84]. Indoline colour ZMB793 is another dye with fluorescent nature, which is
energized at 488 nm and emitted at wavelengths of 600 nm and longer. The limiting
factor is that this dye cannot be utilized in certain higher instruments apart from flow
cytometer [100—104].

3.5.7 Identification of CSCs Through Centrifugation

Gradient centrifugation using density as a factor is a strategy of partition for different
types of cells and confinement of physical properties dependent on CSCs. This
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strategy utilizes distinctive density gradient media which will influence the viability
based detachment of cells [112]. For an hepatocellular carcinoma (HCC) model, at
the end of centrifugation depending on the thickness of the cells, four portions with
assorted properties and levels of biomarker articulation were obtained utilizing
percoll consistent gradient centrifugation. Among the acquired portions the presence
of malignant stem cells was confirmed, the part which has higher nuclear to
cytoplasm proportion and furthermore high expression levels of SC markers.
There are comparable outcomes for the segregation of stem cells utilizing this
strategy. For instance, progenitor bone marrow cells from are more confined to
percoll gradient using this strategy [75-79].

3.6 Controversies of Cancer Stem Cells

As depicted above, developing proof has been collected to support the CSC model.
In many cases, there is still debate with respect to CSCs. It is as yet vague how CSCs
are created. It has been hypothesized that typical undifferentiated cells in different
tissues are malignantly changed by various factors, for example, hereditary and
epigenetic transformations [49, 53]. It isn’t comprehended whether tumour move-
ment driving hereditary occasions aggregates just in CSCs. Although most strong
tumours show broad genomic instability, there is no data with respect to genomic
soundness in CSCs. An ongoing report recommends transformation among CSCs
and non-CSCs [73]. These authors showed the likelihood that the dedifferentiation
of malignant cells brings about the generation of CSCs. This versatility may
represent the present irregularities observed in the CSC model.

Another irregularity generally seen is that CSCs are constantly uncommon; this
view depends on the first information on acute myeloid leukemia (AML) stem cells
[106]. Nonetheless, the mice microenvironment of mice is inappropriate for human
malignant cells growth causing tumour relapse, limiting the life expectancy to
2 years. A few examinations have announced intends to conquer the underlying
issue of xeno-transplantation. In the HCC mouse model, CD133 + CD45— subpop-
ulation caused cancer in naked mice strain [67]. Different animal model has to be
developed for further examination and elucidation of malignant stem cells.

3.7 Concluding Remarks

These stem cells are evident in cancer biology for causing tumour genesis. CSC
chosen through chemical screening methods from established cell lines is useful for
performing and analyzing in vitro experiments. Since the mechanisms of action of
CSCs on patients remain unexplored, future studies are required to investigate them
through clinical specimens. Although the contributions of CSCs to cancer develop-
ment remain unclear, the conventional chemotherapies are not able to eliminate
CSCs. Targeting CSCs may pave a new way in drug development for treating
metastasis and recurrence.
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Abstract

The most prominent cause of deaths due to cancer is lung cancer that typically
includes the failure of treatment, reoccurrence of cancer, and dispersion that is
only possible due to the existence of cancer stem cells (CSCs). The current
development in translational and molecular investigation on lung cancer
postulates the unique data and detailed comprehension of lung cancer biology
and various treatment approaches. Targeting lung CSCs with detailed focus on
specific markers of lung CSCs may give a conception to eliminate lung cancer
without reoccurrence and may finally improve long-lasting clinical outcome.
Prostate cancer (PCa) is the most prevalent type of cancer and the major cause
of mortality in males around the globe. It is a heterogenous condition attributed to
instability of genome and mechanisms related to epigenetics resulting in cellular
differentiation. The previous decade has seen evidences that have clearly revealed
the critical role of PCa stem cells (PCSCs) in PCa. Metastasis, till date, remains a
big challenge in the treatment of these cancer types due to limited survival
advantage of the second-generation drugs as observed in sufferers. Molecular
mechanisms reveal that mutations in tumor suppressors together with oncogenic
activation are capable of inducing a major mechanism termed as partial
epithelial-mesenchymal transition (EMT), which provides plasticity to cancer
stem cells (CSCs) and eventually contributes to metastasis. Thus, a clearer
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understanding of fundamental stem cell mechanisms pointing toward the various
signaling pathways that regulate the fate of cell during development is crucial to
improve stem cell-based regenerative medicine and anticancer strategies for both
PCa and lung cancer.

In this chapter, we encapsulate our present understanding of normal stem/
progenitor cells of prostate and lung cancer that highlight the recent progress that
has been made on CSCs and discuss the properties and hallmarks of biology of
prostate and lung CSCs and their involvement in resistance to therapy, tumor
progression, and metastases.

Keywords

Prostate cancer - Lung cancer - Cancer stem cells - Metastasis - Cancer stem cell
markers - Signaling pathways - EMT - Drug resistance

4.1 Introduction

Cancer is one of the leading causes of mortality worldwide. The most life-
threatening among all cancer types is lung cancer, which is responsible for 20% of
cancer-related deaths globally with unfavorable diagnosis mostly due to late stage
disease presentation. This cancer is now contemplated as a pandemic which is
accountable for highest mortality rate among all the types of cancers, i.e., one in
four cancer deaths with major social and financial consequences [1]. This cancer has
been categorized into two groups based on its pathological features: (a) small cell
lung cancer (SCLC) found in 20% of all types of lung cancers and (b) non-small cell
lung cancer (NSCLC) found in about 80% of lung cancers [1]. NSCLC is found to be
very lethal which is again categorized into large cell carcinoma, adenocarcinoma,
and squamous cell carcinoma that revealed the 5-year survival rate of about 17.8%
only, and high incidence of new cases is diagnosed annually with low survival rate
[2]. Today, it is a well-known fact that the continuous buildup of multiple alteration
in genes of normal cells leads to malignant phenotypes, and also various theories
have been anticipated to elucidate the origin of cancer. Cancer stem cells (CSC) are
considered as a seed of cancer that exhibit high tumorigenic potential, expression of
specific markers and genes, resistance to chemotherapy, and high migration and
invasion characteristics and also share some specific characteristics of normal stem
cells like differentiation capability (asymmetric cell division) and self-renewal and
utilization of common signaling pathways. Based on aforesaid descriptions of the
CSC population, CSCs becomes a leading reason of disease reversion and sows the
barriers in all the present-day used curative approaches involving surgery and
chemo-, radio-, and targeted therapy for lung cancer management.

Another major type of cancer is prostate cancer (PCa) which has been consistent
in holding the banner for the most prevalent cancer identified in males and also the
second important malignancy of cancer-associated morbidity in the United States
and Europe [3]. The prostate gland comprises three essential types of cells: luminal
(secretory), basal, and neuroendocrine cells with each type identifiable by a
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characteristic expression of markers. Moreover, there is a tiny group of intermediary
cells that express both basal and luminal cell markers [4]. These cell types possess
diverse characteristics. Most of the luminal epithelial cells have been shown to
manifest the androgen receptor (AR), secrete prostate-specific antigen (PSA) along
with prostatic acid phosphatase (PAP), and need AR signaling for sustenance. Basal
epithelial cells are AR negative and therefore not subtle to castration [5]. In the
luminal epithelial layer, there are neuroendocrine cells which are rare cells and are
distributed in prostatic glands constituting less than 1% of prostatic epithelium.

High-grade prostatic intraepithelial neoplasia (HGPIN) develops PCa that
progresses to locally invasive carcinoma and then to metastatic cancer [6]. Early-
stage PCa cells are primarily composed of differentiated glandular structures positive
for androgen receptor (AR) and prostate-specific antigen (PSA); however, undiffer-
entiated or poorly differentiated cells are largely negative for PSA and AR expres-
sion. Also, a distinct cell subpopulation, i.e., PSA+ AR+, PSA+ AR—, PSA— AR+,
and PSA— AR—, has been found to be well documented [7].

4.1.1 Features of Cancer Stem Cells

Characterization and identification of human CSCs are based on numerous
characteristics: capability to (a) differentiate, (b) self-renew, and (c) form secondary
or tertiary tumors when these CSCs are transferred to immunodeficient rodent
[8]. Figure 4.1 represents the different properties of cancer stem cells. Like normal
cells, tumors are made up of diverse populations that are dissimilar in relation to
phenotypic and morphological profiles that also include differentiation and prolifer-
ation capabilities [9]. Inside the tumor, the development of every cell differs
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Fig. 4.1 Cancer stem cells (CSCs) properties. CSCs (red) can dedifferentiate and selfrenew within
tumours to form CSCs pool again and non-tumorigenic cancer cells (blue) have restricted
proliferative ability. With the tumour growth, CSCs can either have reduced benign growth or
dispersed malignancies and are chemotherapy resistant that leads to cancer relapse
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Fig. 4.2 The figure depicts developmental differences between luminal cells and cancer stem cells.
Tissue stem cells undergo regular differentiation into luminal cells. Stem cells are transformed into
cancer stem cells for further self-renewal to evade various tumor suppressor pathways. Mutations in
various genes leads to irregular characteristics. The cells thereafter undergo de-differentiation and
enter a state of rapid division

CELL POSITIVE SELECTION ‘” FERENTION
T

independently; for example, some cells are categorized into the cycling or
non-cycling tumor cells, and some cells may be in dormant state [10]. Therefore,
the targeting of specific CSCs becomes a challenging task due to the diversity of
tumor heterogeneity that urges to look for exclusive lung markers that can recognize
the CSC population only in lung cancers.

Lung cancer is the most complicated type of cancer due to the production of
different histological and genotypic tumors within the same tissue by lung CSCs
which needs to be explored further. The proposed origin of CSCs of lung cancer
includes several places like from airway stem cells, basal/mucous secretary bron-
chial progenitor cells, neuroendocrine progenitor cells, and bronchiole alveolar
progenitor cells, which consequently resulted into the formation of region-specific
lung cancers or cancer subtypes having specific CSCs [11].

Similarly, PCa displays heterogeneity similar to other types of cancer. Out of the
different cell types, a little cell population is critical in progression and PCa
formation, and therefore, it results in the development of the heterogeneous PCa
cell mass. This distinctive population of cell is defined as PCa stem cells (PCSCs).
Normal stem cells that are found in the basal layer of prostate gland give rise to
prostate cancer stem cells as shown in Fig. 4.2. In the usual condition, the second
population of cells is generated by the stem cells which then differentiate into mature
secretory cells [12]. In previous literature, it has been suggested that during the
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process of carcinogenesis, the normal stem cells go through mutations to form
metastasis—initiating cancer stem cells and highly tumorigenic cells [13]. However,
out of the number of basal subtype cells found in the prostate, determining which
basal subtype cell contains the chief stem cell niche in the prostate of an adult is still
elusive. A study by Goldstein et al. [14] reported that a certain panel of specific
markers functionally discriminate between the two diverse subpopulations of basal
cells. The elevated levels of Trop2 were expressed only in basal cells, and they
possessed stem cell type features in the human and murine prostate. The expression
of CD133 (also known as Prominin-1) is the characteristic of stem-cell populations
in the adult human prostate [15]. Similarly, Wang et al. identified a small subset of
luminal cells that survive castration (thus called CARNSs for castration-resistant
Nkx3.1-expressing cells), which possess self-renewal properties in vivo and rede-
velop a prostate in renal grafts [16].

In the current scenario, the debate is: which subpopulation of the cells represents
the real PCa cell of origin? Approximately 95% of histopathology data reveals that
untreated primary PCa (i.e., adenocarcinoma) is confined to luminal AR and PSA
expressing cells predominantly and basal-like cells are rare [4]. So normal prostate
luminal cells may serve as a driving force for oncogenic transformation for PCa.
Shen’s group demonstrated that PTEN-deleted prostate cells in a mouse model give
rise to high-quality PIN and carcinoma after castration [16]. Pooled together, these
studies indicate that prostate luminal cells are the cells of origin for PCa. Interest-
ingly, a current study showed that fibroblast cells associated with cancer expressing
integrin a2f1 derived from prostate basal cells of human regenerate tumor grafts
[17]. All these evidences suggest that both human and mouse prostate basal cells can
also serve as cells of origin for PCa. Figure 4.2 depicts the generation of prostate
cancer stem cells.

4.1.2 Origin and Biology of CSC

Many theories have been suggested to elucidate the origin and exact function of
CSCs in cancer including horizontal gene transfer, cell fusion, cell microenviron-
ment and mutations, autoreactive T-cells, etc. [18].

4.1.2.1 Cell Fusion Theory

Cell fusion theory describes that the CSCs are formed by the fusion between tumor
cell and bone marrow-derived cells (BMDC). These BMDCs arise from tissue
distress with chronic inflammation. These consequential hybrid cells generate cells
which are radiotherapy resistant and with upgraded cell repair mechanisms. This
concept was supported by outcomes of an animal model study in vivo [19].

4.1.2.2 Horizontal Gene Transfer (HGT) Theory
HGT theory revolves around the fact that DNA outside the cell is capable of flowing
in the eukaryotes until it finds its appropriate recipient cell. CSCs can add more
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genetic alterations that powered up the cancer through environmental carcinogens,
inheritance, errors in DNA replication, and resistance through HGT [20].

4.1.2.3 Cell Microenvironment

Cell microenvironment comprises the extracellular matrix (ECM), neighboring cells,
hormones, and varied forces due to the movement of the host that affect the cell
environments and performance directly or indirectly [21]. The control on microen-
vironment of stem cells plays an important role in keeping the agility of the cell. Any
faults in this control could be responsible for dedifferentiation of stem cells, thus
causing cancer. According to some reports, inflammatory microenvironments help in
developing precancerous lesion growth and tumorigenesis. Microenvironments of
tumor hold such factors that can indirectly assist the tumor heterogeneity and
chemotherapy resistance [22].

4.1.2.4 Autoreactive T-Cells

Autoreactive T-Cells may develop CSCs if these T-cells manage to evade the weak
immune system of host [23]. This concept gives us new insights in cancer treatment
where we should concentrate on augmenting the immune system instead of
diminishing it.

4.2 Cancer Stem Cells in Lung Cancer

The role of CSC in lung biology is still less studied; some of the CSC markers related
with resistance to anticancer therapies have been studied, which include CD133,
aldehyde dehydrogenase 1 (ALDHI1), CD44, CD117, CD87, and side population
(Hoechst negative). The variability of CSC phenotype and relapse of markers on cell
surface due to intertumoral heterogeneity and plasticity becomes a great obstacle in
identification of novel lung CSC markers.

4.2.1 Different Methods of Identification of CSCs

The isolation and identification of CSCs can be done by using functional experiment
like side population (SP) assay and by CSC surface marker expression.

4.2.2 Side Population (SP) Assay

In SP analysis, the cells are distinguished on the basis of cellular differential
potential to outpour a DNA-binding dye (fluorescent Hoechst) through the
ATP-binding cassette (ABC) transporters [24]. The SP cells taken from cell lines
of lung cancer exhibit boosted invasive ability compared to the non-SP cells, are
more tumorigenic, show high expression of ABCG2 and other ABC transporters, are
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resistant to multiple chemotherapeutic drugs, and present the self-renewal feature
with the capability to produce floating spheres with high proliferative potential [25].

4.2.3 Surface Marker Expression

Only limited lung CSC markers have been authenticated till now, although extensive
studies have reported identification of numerous CSCs that vary from other cells in
the tumor. Most CSCs exhibit various markers at the same time, and using only one
marker to define particular CSC is not promising as seen in Table 4.1.

4.2.3.1 CD133

CD133 is a glycoprotein of cell surface and is made up of two large glycosylated
extracellular loops and five transmembrane domains. It is considered an important
stem cell marker of nervous system and the hematopoietic system. CD133+ cells
showed better capability of drug resistance, tumor initiation, and self-renewal. In
other study by Chen et al., it was established that in CD133+ cells derived from lung
cancer, expression of Oct-4 maintained the cancer stem-like features. Oct-4
manifestations are generally seen in pluripotent and totipotent stem cells of
pre-gastrulation embryos. It signifies that Oct-4 shows a critical role in keeping
cancer stem-like and chemo, radioresistant features in CD133+ cells derived from
lung cancer [26].

4.2.3.2 CD90
GPI-anchored glycoprotein CD90 (Thy-1) expression is primarily seen in leukocytes
and also in the cell-matrix and cell-cell connections. In one experimental study by
Yan et al., CD90 was used as a marker for probing the lung CSCs and established
sturdier proliferation and self-renewal capabilities and high level of expression in
cell lines [27].

Table 4.1 List of markers used for identification of CSC in various tumour

Markers Tumour

CD133 (prominin-1) Lung, colon and brain

CD133+ ESA Lung

CD44 (membrane-bound Lung

glycoprotein)

Aldehyde dehydrogenases Lung, liver, leukemia, breast, pancreas and colon
cancers

CD90 Lung

CD87(uPAR) Lung

Side population Lung

CD166+ EpCAM+ and CD166+ Lung

CD44+
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4.2.3.3 CD44

CD44 is another membrane-bound glycoprotein and is a CSC marker initially
suggested for colorectal cancer that plays imperative roles in cell adhesion, modula-
tion of cell-matrix interaction and cell migration and shows association with various
signaling pathways that explain its involvement in cancer initiation and enhance-
ment [28, 29]. Furthermore, it has been stated that CD44 augments cancer cell
invasiveness and multidrug resistance. It is also found that CD44+ functions like a
tumor initiator marker in cells of lung cancer when examined both in vivo and
in vitro [30].

4.2.3.4 CD166

CD166 is a CSC marker for lung cancer in addition to other solid tumor in which this
marker is extensively studied, but CD166 expression and its role in lung cancer are
not much studied. One comprehensive study by Zhang et al. showed the function of
CD166 as a marker in lung CSCs and its potential for the determination of CSCs in
NSCLC [31]. CD166 shows high self-renewal potential and high in vivo tumor-
initiating capability as compared to CD44+ and CD133+ isolated from the same
cells. Therefore, the marker CD166 is contemplated as the sturdiest CSC marker in
determination of lung cancer.

4.3 What Is Stem Cell Niche?

Several studies suggest the presence of microenvironments that are capable of
supporting CSCs known as the CSC niche. This tumor niche generates the signals
that are responsible for survival, self-renewal, ability to invade tissues, and the
metastasis of CSCs. Interestingly, attenuated total reflection-Fourier transform infra-
red (ATR-FTIR) spectroscopy analysis by Giinnur Giiler et al. demonstrated that the
lipid composition and dynamics of prostate CSCs are different as compared to other
cell types such as differences in their major cellular macromolecules, including
protein content and abundance of nucleic acids (DNA/RNA), altered nucleic acid
conformation, and carbohydrate composition [32]. Collins et al. [33] identified
prostate CSCs derived from primary human PCa such as CD44" a,p; MCD133+.
Reports also suggest that PCSCs that originated from primary human PCa express
the cancer resistance protein ABCG?2 of breast. PCSCs have also been spotted in cell
lines of PCa with the help of cell surface markers from epithelial cells of
immortalized human prostate and xenograft tumors and demonstrated upregulations
in stemness genes, including OCT3/4, BMII1, and B—catenin.

A recent study by Mateo et al. [34] found out that the invasiveness of a cancer
stem cell is determined by a subpopulation of non-CSC resulting in a significant
increase in tumorigenicity and metastasis of cancer stem cells. Thus, the
subpopulations of cancer cell can start networking with other normal cells which
are existing in the environment of tumor and assisting with them for benefits.
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4.3.1 Signal Transduction Guided Lung Cancer Stem Cell Activity

Hedgehog pathway (HH), Notch pathway, and Wnt pathway that control differenti-
ation and proliferation during the process of embryogenesis are also related with the
CSC self-renewal.

4.3.1.1 Hedgehog (HH) Pathway

The Hedgehog (HH) signaling pathway helps in controlling homeostasis, morpho-
genesis, and repair of stem cells in the human body. In one study, it was found that
this pathway was triggered in both small cell lung cancer and non-small cell lung
cancer [2]. HH pathway can intensify the chemo-resistance, thus triggering chemo-
therapy breakdowns in lung cancers. HH pathway with continuous accumulation of
mutations gives way in progression and activation of tumorigenic path and CSC
ultimately commanding the development of cancer [35]. The three ligands that take
part in HH pathway are Sonic Hedgehog (SHH), Indian Hedgehog (IHH), and
Desert Hedgehog (DHH) that have numerous temporal and spatial manifestation
levels along with their role as mitogens and stimulate differentiation and cell division
[36]. The key ligand receptor in this pathway is the Patched receptor that is expressed
around nearby origin place of the HH signals and represses the action of other
transmembrane protein known as Smoothened (Smo) when HH signals are not
present there [37]. On interaction with any of the three ligands to the Patched
receptor, accumulation of Smo occurs that stimulates the GLI family transcriptional
factors which will then go inside the nucleus and finally trigger the HH target genes
as represented in Fig. 4.3.

4.3.1.2 Wnt Signaling Pathway

The pathway of Wnt signaling is very complicated in mammalian cells in which the
ligands of Wnt bind to a receptor complex on a cell surface triggering the Dishev-
elled family protein (Dsh) phosphorylation. This, in turn, stimulates GSK-3 or
glycogen synthase kinase 3 and CK1 or casein kinase 1, which helps in deprivation
and buildup of f-catenin molecules in the cytoplasm from where a certain amount of
B-catenin is capable of moving inside the nucleus and starts interacting with the
transcription factor/lymphoid enhancer-binding factor 1 (TCF/LEF) family tran-
scription factors to stimulate the expression of specific gene. It is demonstrated in
some earlier reports that Wntl and Wnt2 are overexpressed in the primary tumors
and NSCLC cell lines [38].

4.3.1.3 Notch Signaling Pathway

An evolutionarily conserved Notch signaling pathway plays distinct roles in normal
tissue development and homeostasis. This pathway includes four receptors
(Notch1-4) and five ligands, JAG1, JAG2, DLLI1, DLL3, and DLL4 in humans.
Several evidences suggested the Notch pathway is linked to cancer in some way
which includes that triggering mutations in Notchl can cause T-cell leukemia and
various factors involved in this pathway are related to the advancement and metas-
tasis of solid tumors [39].
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Fig. 4.3 Hedgehog (Hh) signalling pathway. (a) Without ligand, patch receptor inhibits SMO
accumulation and allows the phosphorylation of GLI2 and GLI3 by PKA, CK1 and GSK3p that
generates the binding site for E3 ubiquitin ligase p-TrCP and finally generates the repressor form
(GLI3,™) which go inside the nucleus and starts inhibiting the transcription of HH target genes and
(b) With ligand, patch receptor relives the SMO repression and allows the accumulation of GLIFL
(full length form) and activation of signalling cascade and GLIA (active form) inside the nucleus
induce transcription of HH target genes

4.3.2 Signal Transduction Guided PCSC Activity

Evidences of signal transduction pathways involved in regulation of PCSC activity
are emerging. For example, Nanog which is a homeodomain transcription factor is
vital for PCSC activity and tumorigenicity. Related studies reveal that miR-34a
negatively regulates CD44+ and tumorigenic and metastatic PCSCs [40]. PCSC
stemness might also be controlled by the NF-xB and PTEN/PI3K/AKT pathways
[41]. Thus, these regulators of PCSCs reported earlier may all become remedial
targets or tools for the treatment of PCa, especially in the perspective of castrate-
resistant prostate cancer (CRPC).

4.3.2.1 Metabolic Reprogramming of PCSC

Emerging evidence on PCa reveals that metabolic reprogramming in PCa stem cells
is one of the hallmarks of PCa progression. In prostate tumors, cancer-associated
fibroblasts (CAFs) are responsible for inducing reprogramming of common metabo-
lism in stroma and tumor cells. This all comprises a shift in metabolism of CAFs
toward glycolysis with accelerated manifestation of glucose transporter GLUT1
along with added secretion and production of lactic acid. In turn, CAF-generated
lactate is involved in stimulating biogenesis in mitochondria and aerobic metabolism
in PCa cells, also known as the reverse Warburg effect, and is related with a decline
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in expression levels of GLUTI transporter and stimulation of lactate upload
[42]. Various evidences propose that CAFs induce EMT and stemness in PCa
through the upregulation of inflammation gene signature in PCSCs, and chronic
inflammation plays a key role in the development of aggressive PCa [43].

4.3.2.2 Hallmarks of PCSC Metabolism

Reprogramming of cellular energy metabolism is vital for tumor initiation, progres-
sion, and resistance to therapy. Compared to healthy epithelial cells, PCa cells have a
high level of citrate oxidation followed by oxidative phosphorylation (OXPHOS),
controlled by AR signaling [44, 45]. In order to meet high energetic demands,
rapidly proliferating tumor cells also follow Warburg effect. Moreover, mutations
in mitochondrial DNA and tumor suppressor genes like PTEN and TP53 result in a
metabolic shift from OXPHOS to aerobic glycolysis [46]. This metabolic
reprogramming and maintenance of embryonic stem cells and PCSCs require
enhanced MYC expression [47]. Recent findings shed light on the fact that targeting
MYC has been seen to inhibit PCSC maintenance and tumorigenicity [48]. Figure 4.4
represents the hallmarks of PCSC metabolism.

Fig. 4.4 Detailed description of how reprogramming of cellular energy metabolism play crucial
role in tumor initiation and progression. Citrate oxidation and AR signaling regulates oxidative
phosphorylation in the mitochondria. Tumor cells exhibit Warburg effect to, promote cell prolifer-
ation. Moreover, mutations in mitochondrial DNA and tumor suppressor genes like PTEN and
TP53 causes metabolic shift, further enhancing tumor progression. MY C over-expression promotes
glucose transporter GLUT1, promoting production of Lactate and also controls Glutamine metabo-
lism produces malate, and converts to pyruvate and further to lactate
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4.3.2.3 PCSC and Tumor Microenvironment

Epithelial-mesenchymal transition (EMT) is a phenomenon of interchanging from
the characteristics of epithelial cell to mesenchymal phenotype which is more
migratory that is related with thrashing of the epithelial markers (e.g., E-cadherin)
and addition of mesenchymal signatures (e.g., vimentin, fibronectin, N-cadherin).
EMT is a crucial process for embryogenesis and wound healing; it is newly
documented as one of the drivers of metastases and tumor progression [49]. Increas-
ing evidences corroborate that EMT plays a crucial role in the PCSC regulation,
metastatic ability, and therapy resistance of PCa cells [50].

4.3.2.4 Prostate Cancer Bone Metastasis
Most of the sufferers of advanced PCa develop bone metastases. The development of
bone metastases occurs when the bone microenvironment releases a wide range of
cytokines and growth factors that bind to the prostate tumor cell receptors and are
responsible for regulating their growth and survival [51]. In turn, bone PCa cells can
generate pro-osteolytic factors like IL-1, IL-6, parathyroid hormone-related protein
(PTHrP), and PSA that activate the osteoclast formation and stimulate bone matrix
resorption [52]. Metastasis is held accountable for more than 90% of cancer-
associated mortality and continues to be a great deal in cancer research. Stromal
cell-derived factor-1 (SDF-1) and chemokine receptor (CXCR4) directs PCa metas-
tasis to the bone. In hTERT-immortalized human prostate CD133+ epithelial cells,
cells displayed stemness accompanied by the increase in expression of CXCR4.
Recent pieces of evidence pooled together demonstrate the CSC’s role in general
and specifically PCSCs as “seeds” of metastasis, in part via the SDF-1/CXCR4 axis.
Interestingly, elevated levels of SDF-1 are observed in bone marrow, liver, lung, and
lymph nodes which are the common organs of metastasis.

4.3.2.5 Role of PCSCs in Castrate-Resistant Prostate Cancer (CRPC)
CRPC represents one of the major clinical challenges, but the underlying mechanism
of its origin remains elusive. PCSCs may throw some light on CRPC development.
The emergence of CRPC mainly involves AR and AR signaling and increased
AR-independent and survival pathways [53]. PCa stem cells are resistant to radio-
therapy, chemotherapy, and hormonotherapy. Therefore, the cancer reoccurrence
may be due to killing of preferential and more differentiated cells while leaving the
undifferentiated cancer stem cells. Various mechanisms responsible for the CRPC
development have been explained; many of them are centered on the regulation of
AR signaling. Thus, directing toward the dysregulation of AR signaling in PCa cells
has been among the chief interests in PCa research.

The main reason behind cell survival post androgen deprivation therapy but
eventually leading to tumor relapse is elusive as well as intriguing. Tumor relapse
along with metastatic potential has been associated with epithelial-to-mesenchymal
transition (EMT) phenotype. Furthermore, EMT phenotype is associated with appli-
cation of androgen deprivation therapy [54].

The discovery of a more effective and promising therapy for advanced PCa
capable of targeting CSCs is the need of the hour. Interestingly, metformin, a
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common orally administered drug used in the treatment of type 2 diabetes, has been
established to possess anticancer effects as well. Metformin acts by reducing the
production of ATP in the mitochondria by oxidative phosphorylation, which is the
major source of in CSC energy Liu et al. [48].

4.4 Challenges and Perspectives

The CSC idea has been drawing a lot of interest, and CSCs have been examined in
different tumor systems, including PCa and lung cancer. One of the strategies in
increasing the cancer therapeutics is to overcome the lung CSCs as it is related to
poor diagnosis. The CSC heterogeneity has now become a great challenge in
recognizing conspicuous CSC subpopulation in lung as it comprises complex
structure with various morphologies that function differently and are responsible
in balancing the fluid in lung, in facilitating gas exchange, in detoxifying foreign
materials, and stimulation of inflammatory responses due to damage [55]. Further-
more, we cannot always rely on available surface markers to identify CSCs because
some markers may not be precise in affecting the CSC, and this is revealed in one
study in which single marker of CD133+ and CD133— displayed similar CSC
features like self-renewal, differentiation, colony formation, and invasion. In addi-
tion, heterogeneity of the cells and involvement of various genomic pathways also
cause a challenge in targeting lung CSCs. Therefore, our present exploration is in
struggling phase in sighting selective approach to constrain the CSCs and their
characteristics because CSCs share a comparable feature with the normal stem
cells, where targeting the CSCs might also influence the normal stem cells that can
be noxious to human health.

Similarly, a thorough understanding of the functional and phenotypic properties
along with the PCSC molecular regulators would help us to better apprehend the
mechanisms and etiology responsible for the development of PCa. Majority of the
evidences of PCSCs that have been reported so far are a result of studies on xenograft
models, long-term cultured cell lines, or murine PCa models. For instance, in various
well-characterized xenograft models, specific PCa cell subpopulations have been
stated that are augmented in the activity of PCSC including PSA—/lo, CD44 + a2f1
+, and CD44+ cells. Till now, less reports are available on whether different patient’s
tumors may have distinct PCSCs and whether the human primary PCa also ports
tumorigenic SC-like cancer cells. In PCa treatment, CRPC signifies one of the major
challenging stages. Current studies have provided evidences that some
subpopulations of PCSC may express low levels of AR and intrinsically be resistant
to castration, although PCSCs that are castration resistant have not yet been revealed
in samples of primary human PCa. The expansion of such cells may promote
development of CRPC that is quite feasible. Consequently, these PCa cells that are
castration resistant may signify potential cellular targets for development of novel
drug. To detect castration-resistant PCSCs in patient tumors at different clinical
stages, there is a need for scientific research with improved tumor-reconstitution
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protocols and model systems, and the accomplishment of which will aid the future
therapeutic development and benefit the patients with PCa.

45 Conclusions

Due to chemodrug resistance and relapse of cancer, it becomes very complicated to
treat lung cancer with an ease. Therefore, it is a crucial requisite to know the basics of
CSC development and maintenance so that appropriate step can be taken against
cancer progression, tumorigenicity, and chemotherapeutic resistance before it would
be too late. Consequently, CSCs are now becoming an important clinical target in
cancer therapeutics in modern time. Although, it is not an easy assignment to target
CSCs and get rid of any type of cancers forever. We have to bear in mind the fact that
every type of tumor involvesdistinct types of stem cell which is controlled by various
molecular based pathways, and it is much more complicated in case of lung cancer
due to the existence ofdifferences in the manifestations of the markers in the lung
cancer subtypes. Therefore, this chapter focusses on understanding the origin, CSC
properties, markers of lung CSC, role of signaling pathways, and the novel
therapeuticapproaches which all conclude that a detailed knowledge of basics in
cancer biology and gene expression of these stem cells is needed with respect to
targetedtherapy in combination with conventional therapy, ultimately boost the
efficacy.

Similarly, recent pieces of evidence support a better understanding of the role of
PCa stem cells in tumorigenesis. Although the stem cell therapy has unraveled
mysteries of cancer cell heterogeneity within tumor mass, a thorough knowledge
of the properties and characteristics of PCa cells is warranted to provide new insights
into the origin of PCa. However, there still is an urgent requirement for the identifi-
cation of exclusive markers for cancer stem cell in order to distinguish the normal
stem cells from the cancer stem cells. But the most crucial requirement in the
forthcoming years would be the development of novel and efficient stem cell-
directed drugs and reduction of the threat of relapse.
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Abstract

Breast cancer is one of the most frequently occurring cancers in women world-
wide. Enormous evidences emphasized that tumorigenesis is steered by a sub-
population of tumor cells known as cancer stem cells (CSCs). These CSCs play a
pivotal role in cancer cell growth and metastasis. They show resistance to
therapies and are also responsible for tumor recurrence. Substantial studies
revealed a crucial role of microRNAs (miRNAs) in modulation of tumorigenic
potential. This chapter emphasizes mainly on those miRNAs which modulate the
stemness property of breast cancer stem cells (BCSCs). miRNAs are a class small
non-coding single-stranded RNAs (~20-24 nucleotides) which usually bind to
3'UTR of target mRNAs. This binding eventually inhibits protein synthesis by
repressing translation and/or decaying the target mRNAs. This chapter elabo-
rately discusses the various miRNAs (e.g., miR-200c, miR-34c, miR-214,
miR-21, etc.) which not only act as either oncomirs or tumor suppressors but
also regulate stemness property along with epithelial-mesenchymal transition,
invasion, and metastasis. This study also enlightens the involvement of various
crucial signalling pathways (e.g., Notch, Wnt, and PI3K-Akt) in miRNA-
mediated regulation of BCSCs. Thus, expression profile of a specific miRNA or
a set of specific miRNAs could be used as a diagnosis and/or prognosis marker for
breast cancer. Moreover, targeting these specific miRNAs (e.g., miR-200c,
miR-34c, miR-21, etc.) either by antagomir or mimic miRNA seems to be a
promising therapeutic strategy for breast cancer treatment.
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5.1 Introduction

Tumors are heterogeneous in nature, and they exhibit stem cell-like properties. The
ability of self-renewal is a hallmark of stem cells. The stem cells divide asymmetri-
cally, and thus, out of two of the daughter stem cells, only one becomes capable of
differentiation. There are numerous factors which govern these complex
mechanisms including various transcription factors, epigenetic alterations, and
other associated hormones. Stem cells are broadly classified into two types: the
embryonic stem cells (ESCs), which are present in the early onset of development,
and the somatic or adult stem cells, which persist all throughout. The ESCs are
pluripotent in nature, thereby enabling the cells to differentiate into all three germ
layers. On the other hand, the somatic stem cells are multipotent in nature and have
the capability to divide into specific cell types, originating from specific tissue or
organ [1]. There is a concept that initiation of cancer occurs due to a certain type of
stem cells called cancer stem cells (CSCs). CSCs are malignant in nature, and they
are highly resistant to drugs, thereby facilitating the tumor progression and metasta-
sis [2]. Recent advances highlight that stem cells possess distinct miRNA profiles.
These miRNAs have a major role in the reprogramming of cells, maintenance of
pluripotency, and self-renewal and in many more aspects contributing to the regula-
tion of stem cells. The miRNA profiles vary largely when considered in CSCs as
compared to the normal non-tumorigenic stem cells. Some miRNAs are upregulated,
while some are downregulated in the normal stem cells. This chapter throws light
into the role of the miRNAs in affecting the human breast cancer stem cells
(BCSCs). It focuses on the dysregulation of the miRNAs in human BCSCs and
how it targets the genes disrupting different signalling pathways associated with
it. Thus, the expression levels of certain miRNAs seem to be used as a potential
biomarker for cancer prognosis and diagnosis. This book chapter not only
summarizes the stem cell markers of breast cancer stem cells (BCSCs) but also
highlights those miRNAs which can modulate the stemness property.

5.2 Breast Cancer Stem Cells and Their Biomarkers

Identification of CSCs is a very important and basic requirement to study the
characteristics of CSCs and also a difficult task to distinguish it from the rest of
the heterogenous tumor population. The CSC population constitutes a very limited
proportion of the total tumor cell population, and hence, it becomes very challenging
to mark them specifically. Therefore, keeping in mind about the fundamental
characteristics of the CSCs, scientists have developed various in vitro and in vivo
assays to recognize the CSCs. In order to identify the BCSCs, there are various
techniques which include the aldehyde dehydrogenase assay, specific cell surface
markers, side population dye exclusion, and culture of tumorsphere and label-
retention assays like PKH staining. For the recognition of BCSCs in vivo, serial
transplantation assays are useful to assess the differentiation and self-renewal capac-
ity. It is reported that when the dye exclusion assay is performed, some populations
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Table 5.1 Different Stem cell markers References
markers of breast cancer CDa4 (7. 18-24]
stem cells
CD24 [7, 18-24]
ALDHI1 [7, 18-22, 24]
CD133/Promininl [20, 23-25]
ITGA6 [19]
CD49f [20, 21, 23, 24]
CD90 [20]
SOX2 [21]
CD29 [23]
CD34 [23]
CD61 [24]
PROCR [26, 27]
ESA [26]
CD cluster of differentiation, ALDH aldehyde dehydrogenase,
PROCR protein C receptor, ESA epithelial specific antigen
Fig. 5.1 Different cell CD24

surface breast cancer stem cell
(BCSC) markers

Breast cancer stem
cells (BCSCs) £

of cells have the capability to efflux dyes like Rhodamine or Hoechst because these
populations of cells feature high expression of the ATP-binding cassette transporter
proteins like ABCG2/BCRP1. Now, this dye exclusion activity exhibited by a small
population of stem cells (also known as the side population, SP fraction) can be
quantified with the help of flow cytometry [3]. These SP populations were then
studied in detail and were found out to have stem cell-like property, predicted to be
present in different human breast cancer types [4—6]. There are several cell surface
markers which are present in the BCSCs, and they can be easily identified by flow
cytometry. The most common among the different cell surface markers elaborated in
Table 5.1 and Fig. 5.1 are CD24 and CD44 [7]. These cell surface antigens seem to
be used extensively to identify and/or isolate the BCSCs from the tumorigenic
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population [7]. A study conducted in 2010 reported that other than the CD24—/
CD44+ and CD24+/CD44+ cell population, another population of tumor cells
consisting of CD44+ CD49f 1,; CD133 y; showed high level of tumorigenicity and
stemness property in vivo [8]. Other cell surface markers like CD29 and CD49f
together with CD24 or EpCAM show more specificity in identifying the mammary
stem cells [9, 10]. The aldehyde dehydrogenase (ALDH) activity is another reliable
way to detect the BCSCs from the bulk tumor population. ALDH is an enzyme
involved in the intracellular oxidation of aldehydes playing a crucial role in the
differentiation of stem cells following the retinoic acid metabolism pathway
[11]. Aldefluor assay measures the ALDH activity for various types of cancer, breast
cancer being one of its eminent types [12]. Tumorsphere assays are another way of
detecting the BCSCs setting up gold standards. This assay is performed by plating
the cells in either petri dishes or flasks in serum-free media consisting of B27,
insulin, hydrocortisone, epidermal growth factor (EGF), and fibroblast growth factor
(FGF) under low attachment criteria. Those cells only grow in the media which have
the potential to self-renew and hence form tumorspheres and therefore can be
identified as the BCSCs [13]. Another well-established procedure to determine the
BCSCs is the cell membrane label-retaining assay [14]. A PKH fluorescent dye
is used in this assay which binds to the lipid bilayer of the cell membranes, and it is
determined that the stem cells have the potential to retain this PKH dye which is
further detected by flow cytometry [15, 16]. The PKH26 dye stains both the normal
and malignant mammary epithelial cells, but later in the mammosphere culture, the
PKH26p,1, cell populations when sorted determine the stem cell-like properties
[14, 17].

5.3  Biogenesis of miRNAs

MicroRNAs are described as a class of conserved non-coding regulatory RNAs of
20-24 nucleotides which are expressed in both animals and plants and are known to
regulate various biological processes [28]. miRNAs recruit the RNA-induced silenc-
ing complex (RISC) to its appropriately related target sites and regulate the mRNA
stability and production of proteins. Mainly the miRNAs play a role in the post-
transcriptional gene expression and its regulation. The regulation of these mRNA by
a well-organized process where the miRNAs recognize the target sites of the mRNA
which are located on the 3’ untranslated region (3'UTR) and base pairing occurs
between 2 and 8 bps of the miRNA, called the seed sequence and the cognate mRNA
sequence [29, 30]. The change in the expression of miRNAs also contributes to the
rise of various human diseases, one of the crucial diseases being cancer [1]. miRNAs
initially exist as primary transcripts (pri-miRNAs) that are long and are produced in
the nucleus by either of the RNA polymerases, which are RNA polymerases II and
III. A hairpin structure of the pri-miRNA is formed in most mammalian miRNAs.
This hairpin structure is later identified by the RNase III processing complex formed
by Drosha which is an RNase III enzyme and the other being an important factor of
Drosha, Dgr8, finally giving rise to the formation of pre-miRNA hairpin inside the
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nucleus [31]. For this whole molecular event to be carried out, specific proteins
regulate every specific miRNA such as p53, SMAD, hnRNPA1, and Lin28 [29]. The
pre-miRNA hairpin is transported to the cytoplasm by a nuclear RNA-export factor,
exportin 5 (Exp5) which is further cleaved by Dicer, another RNase III enzyme
producing a short double-stranded duplex of 22-24 nucleotides [32]. A RISC
complex is then formed along with the Argonaute proteins. The RISC complex
charged with specific miRNA targets the appropriate mRNA by the miRNA-seed
sequences and inhibits translation and mRNA degradation [29].

5.3.1 miRNA and Stem Cells

Recent findings have thrown light on the fact that miRNA plays a role in the
regulation of stem cell functions, and this had led to the identification of different
stem cell-specific miRNAs [33]. Depending on the functions of the miRNA on
translation inhibition, miRNAs have been noted to play a significant role in
regulating the fate of stem cells and various other functions associated with
it. Distinct pattern of expression of miRNA is seen in embryonic stem cells
(ESCs). It is reported that around 60,000 copies/cell or more miRNAs are expressed
in the ESCs [1]. Out of these, the most abundantly expressed miRNAs in ESCs are
miR-290-295, miR-302, miR-17-92, miR-106b-25, and miR-106a-363 which cover
almost 70% of the total miRNAs expressed in the ESCs [1]. Lin-4 and let-7, the key
regulators that are responsible for the proper maintenance of the developmental
lineage, are known to be the founder of the miRNA family and are the first source of
evidence depicting the essential role of miRNAs in the developmental processes
[29]. The fact that miRNAs play a role in the stem cell regulation was first found out
when a knockout experiment was performed where Dicer and DGCRS, the two most
crucial genes responsible for the mature miRNA generation, were knocked out, as
the ablated Dicer '~ or Dger8 '~ ESCs showed abnormal differentiation of stem
cells [2, 29, 34]. It was noted that the Dgcr8_/ ~ ESCs did not differentiate into the
germ layers when experimented on mouse models and remained arrested in the G1
phase with a downregulation of the differentiation and proliferation markers.
Another evidence that proves the involvement of miRNA in stem cell regulation is
the expression level of the self-renewal genes that include SOX2, OCT4, and
NANOG which generally have low expression during the differentiation but in
Dgcr8 '~ ESCs are found to be highly expressed [2]. The genes OCT4, SOX2,
c¢cMYC, and KLF4 are the four major transcription factors, also known as Yamanaka
factors, facilitating reprogramming and also are primarily responsible for the pro-
duction of iPSCs (induced pluripotent stem cells) [35]. miRNA is noted to play arole
in both self-renewal and differentiation which eventually leads to the identification
of cell fate; for example, in self-renewing human ESCs, there is a low expression of
miR-145, but its expression increases during the differentiation process [29]. Stem
cell reprogramming is governed by the miRNAs. It mainly is associated with the
regulation of the reprogramming efficiency of the iPSCs. The miR-290 and miR-302
family incites the reprogramming of the iPSCs by its overexpression. Even the
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human orthologs of the miR-290 and miR-302 family referred to as miR-372 are also
reported to increase the reprogramming efficiency of stem cells [34]. miRNAs are
potent enough to reprogram the somatic cells into iPSCs directly, for instance, the
cluster of miR-302 reprograms the human skin cancer cells into a pluripotent
cell [34].

5.3.2 miRNA and Cancer Stem Cells

A subgroup of cancer cells that possess the potential of self-renewal, promote the
growth of cancer cells, and help in metastasis and the recurrence of tumor, thereby
making the cancer cells resistant against drugs, are known as cancer stem cells
(CSCs). The microRNAs are known to be dysregulated in many human cancers, and
recent advances suggest that the miRNAs have gained a potency of stem cell-like
properties and are also showing a wide association in the reprogramming and
regulation of CSCs during tumorigenesis. Studies suggest the well-known fact that
the cancer cells are known to express miRNAs, and it has been reported that if cancer
cells are cultured under hypoxic condition, they express an elevated level of ESC
with more miRNAs than it does in normal conditions [36]. This gives further insight
to the researchers to keep a check on the miRNAs and use them as a therapeutic tool
to target the CSCs, thereby leading to the reduction of tumorigenesis. miRNAs not
only act as oncogenes which promote rapid cell proliferation but also are responsible
for controlling growth acting as tumor suppressors [37]. For example, miR-21 acts as
a tumor promoter, whereas miR-200c blocked cell proliferation, and miR-214
showed a dual role in tumorigenesis [38]. Some statistical evidences and miRNA
profiling have suggested that there are many miRNAs which are present in the
nearby chromosomal breakpoints, some genomic regions associated with cancer,
and some fragile sites where mutations/deletions can occur. Therefore, miRNAs are
believed to be very closely associated with an important role in the generation of
CSCs [39]. The miRNAs that are playing a role in the process of differentiation can
perform their role in two ways. First, it can subdue the state of self-renewal directly,
or it can suppress the pluripotency markers like Nanog, POU5f1, commonly known
as Oct4, and Klf4 which are responsible for the maintenance of pluripotency of the
ESCs. Second, it can stabilize the cell fate of the differentiated cells by aiming at the
transcripts regulated by the transcription factors of pluripotency which include
Nanog, Oct4, Tcf3, and Sox2 [39]. A miRNA associated with tumorigenesis,
miR-17-92 polycistron, regulates the expression of c-Myc and speeds up the tumori-
genic process in different types of cancer such as prostate, stomach, colon, lung,
pancreatic, and breast cancer. Some clusters of miRNAs such as miR-290, miR-302/
367, and miR-371 alter the cell cycle in the human ESCs and thereby inhibit the
transition from the state of self-renewal to the differentiated state. The miR-302
family reprograms the human skin carcinoma cells into the pluripotent ESC-like
state [36, 39]. In hepatocellular carcinoma, miR-371-373 cluster is found to be
upregulated, while in breast cancer, the miR-371-373 and the C19MC clusters are
reported to target CD44 and become very aggressive promoting the tumor metastasis
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and invasion [36]. The tumor growth of human pancreatic cancer cells with the CSC
biomarkers CD44+ and CD133+ was reported to be suppressed when the miR-34
was restored; the tumor growth was inhibited both in vitro and in vivo. These
pancreatic CSCs lack the expression of miR-34 normally, and therefore, the expres-
sion of Bcl-2 and Notch, the genes targeting the p53 tumor suppressor, becomes high
as it is reported that miR-34 regulates the Bcl-2 and Notch target genes and further
activates caspase-3 and brings on apoptosis [36, 37, 39].

The miR-130b is found to be elevated in the liver cancer stem cells that are
CD133+, while the overexpression of miR-130b enhances the tumorigenic potential
and heightens the resistance to chemotherapeutic drugs [36]. The tumor suppressive
role of miRNA was evidenced when the E2F3 level was reduced on the artificial
elevation of miR-34 in neuroblastoma inhibiting the cell proliferation, depicting a
tumor suppressive role of miR-34 [37]. Studies conducted in 2013 suggested that
there are 43 miRNAs whose differential expression targets different genes like p53,
Notch, ErbB1, TGF-p, and Wnt which are involved in different crucial signalling
pathways of the stem cells, thereby regulating cell death, cell proliferation, and
development and functioning of cancer and stem cells, especially in
glioblastoma [39].

The ESC-enriched miRNA plays a significant role in the CSC functioning, but it
also shows an inhibitory effect on CSCs by suppressing the pluripotency. The
members of the let-7 family possess a tumor suppressor role; it targets K-Ras and
c-Myc and represses their expression in different CSCs such as breast, lung, head,
neck, and liver. Let-7 regulates the breast CSCs, when it is overexpressed; it reduces
the stemness property of the CSCs and upregulates their chemosensitivity and
decreases the proliferation, tumor formation, and metastatic potential [36]. The
miR-200 family plays an important role in the induction of iPSCs and is found to
be downregulated in CSCs isolated from ovaries, lung, head and neck, pancreas,
breast, and liver cancer stem cells. miR-200 majorly activates the MET (mesenchy-
mal to epithelial transition) by targeting the mesenchymal markers, thereby
downregulating the expression of EMT (epithelial to mesenchymal transi-
tion) markers [36]. Recent advances have pointed that there are similar properties
shared between the CSCs and the cells undergoing EMT [40]. Notchl inhibits
miR-200b and miR-200c and enhances the induction of EMT with the constant
expression of the CSC markers in the case of pancreatic cancer cells. Considering
breast cancer and ovarian cancer, miR-200 family also restrains migration, metasta-
sis, and invasiveness in these cancer types as well [36].

5.3.3 miRNAs and Breast Cancer Stem Cells

Among all the types of cancer, breast cancer is reported to be the most prevalent
cancer to be diagnosed, and it is one of the leading causes of cancer death worldwide.
The human breast tumors are heterogeneous in nature; hence, they possess different
histological patterns and can be classified broadly into various types and subtypes
based on their different gene expression profiles, and this heterogeneity of the breast
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tumors can be explained well in the cancer stem cell models [41]. The existence of
stem cell-like property in human solid tumors is difficult to find; however, the breast
cancer stem cells are the cancer stem cells which were found first from the solid
human tumors [42]. Breast cancer stem cells possess certain characteristics which
include differentiation, self-renewal capacity, capability to metastasize and show
tumorigenic potential, and resistance to chemotherapies [43]. Al-Hajj et al. in 2003
were the first to specifically describe the breast cancer stem cells (BCSCs) [41]. Iso-
lation of the cancerous subset of the human breast tumors led to the identification of
certain cell surface markers: CD44+, CD24, and ESA (epithelial specific antigen)
[41, 43, 44]. This was the first strong evidence evicting the fact that there is an
existence of the CSCs in breast cancer, and it proposed that only a small proportion
of the breast cancer cells possessing a CD44+, CD24, and ESA expression are
capable of generating new tumors [43, 44]. Another cell surface marker known as
aldehyde dehydrogenase 1(ALDH1) was later found out in 2007 by Ginestier et al.
which is later claimed to be a characteristic for breast CSCs along with the other
above-mentioned crucial cell surface markers [43, 45]. Other than these prominent
breast cancer stem cell markers, there are many other markers associated in the
identification of the BCSCs, and they are listed in Table 5.1. Few researchers
established a cell culture system in vitro where they cultured the non-adherent
human mammary epithelial cells and they discovered that under these conditions,
the cells which possessed the stem cell-like properties were only capable to survive.
These cells which survived proliferate to form mammospheres, which are defined as
the multicellular structures that possess both cells having properties of stem cells and
progenitor cells [41]. Later, researchers claimed that some markers which are used to
identify the breast cancer-initiating cells in vitro do not complement with the in vivo
system [46, 47].

Hence, in order to determine the specific markers of BCSCs, it was found that
miRNAs play a role in breast cancer progression by changing their stemness
property, further leading to tumor formation, differentiation, metastasis, self-
renewal, and resistance to chemotherapy, and they can be targeted to treat breast
cancer. Since cancer cells are heterogeneously found in a tumor and the miRNA
expression in the tumorigenic population is also differential between the cancer stem
cells (CSCs) and the non-tumorigenic cancer cells, the CSCs are found in minor
proportion in the human breast cancer population. When the breast CSCs were
isolated from the breast cancer patients surgically, there were different types of
miRNAs which got identified. The major families of miRNAs involved in human
breast cancer with their prominent roles in BCSC regulated are listed in Table 5.2.
The most critically occurring miRNAs, some of which are upregulated while some
are downregulated in breast cancers, are described below.

5.3.3.1 Let-7 Family

The expression of miRNAs in BCSCs was identified in 2007, and the expression
profiles of the miRNAs were compared between the differentiated BCSCs and the
self-renewing BCSCs that were obtained from the breast cancer samples derived
from the primary breast tumors. The researchers injected the breast cancer cell line
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Table 5.2 miRNAs involved in BCSC formation, self-renewal, and differentiation
Target gene(s)/ Signalling
S.no. | miRNAs | transcription factors | pathways Role References
1. miR-200 | ZEB1 and ZEB2 Notch Inhibits the BCSC | [71-74]
growth and tumor
progression
2. miR- ZEB1, BMI1 Whnt/p-catenin | Inhibits the BCSC | [74-77]
200c¢/ phenotype
141
3. miR-140 | SOX9, ALDHI1 Targets the Reduces BCSC [78]
phenotypic formation
markers of
BCSCs
4. miR-34a | p53, Notchl, Notch and the | Suppresses BCSC | [79-82]
ALDHI1, CD44 phenotypic formation
markers of
BCSCs
5. miR-205 | Ligand jaggedl, Notch and the | Inhibits the BCSC | [83-85]
Hairy and enhancer | phenotypic phenotypes and
of split-1, Notchl, markers of stemness
Notch2, CD44, BCSCs
ALDH1
6. miR-7 STAT3, SETDB1 STAT Decreases BCSC [86]
formation
7. miR-29 KLF4, SPIN1 Whnt/B-catenin | Inhibits the [87, 88]
reprogramming
and maintenance
of BCSCs
8. miR-34c | Notch 4 Notch Inhibits BCSC [89]
formation
9. miR-93 STATS3, INKI1, STAT Depletion of [90]
HMGAZ2, SOX4, BCSCs
EZH1
10. miR-99a | Rapamycin PI3K/AKT Reduces the self- [91]
(mTOR), HIF1 renewal capacity
of BCSCs
11. Let-7 E2F2, c-Myc, Targets Inhibits [92]
KRAS directly proliferation of
BCSCs
12. miR-33b | SALL4, Twistl, Not Inhibits stemness [93]
HMGA2 specifically of BCSCs
known
13. miR-16 Wipl DNA damage | Inhibits [94]
signalling proliferation and
differentiation of
BCSCs
14. miR-600 | SCDI1 Whnt/B-catenin | Inhibits stemness [95]

of BCSC

(continued)
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Table 5.2 (continued)

S. no.
15.

16.

20.

21.

22.

23.

24.

25.

26.

miRNAs
miR-128

miR-181

miR-183

miR-142

miR-495

miR-214

miR-221

miR-
125a

miR-
146a
miR-21

miR-
221/222
miR-
106b-25

Target gene(s)/
transcription factors

BMI1, ABCCS,
SNAIL, CSF1,
KLF4, LIN28A,
NANOG

ATM

SNAI2, SMAD4,
p-catenin, and
BMI1

APC

E-cadherin,
REDDI1, JAM-A

Ezh2, p53, TFAP2,
PTEN, BIM, and
p-catenin

Ataxin-1

LIFR

KLF8, NUMB,
CD44, and ALDH1
HIF1-a

ZEB1

SMAD7

S. Bandyopadhayaya and C. C. Mandal

Signalling
pathways
TGF-f,
STAT, PI3K/
AKT

TGF-p

Whnt/p-catenin

Whnt/p-catenin

TGF-p

Wnt/p-catenin

Targets the
phenotypic
markers of
BCSCs

Hippo

Notch

AKT, ERK1/
2, TGF-p

PI3K/AKT

TGF-p

Role

Inhibits the
clonogenicity and
tumorigenicity of
BCSCs

Increases the
BCSC phenotype
Activates EMT
and the self-
renewal in BCSCs
Promotes BCSC
proliferation
Promotes invasion
and metastasis to
maintain BCSC
properties
Enhances cell
differentiation,
stemness,
apoptosis, and
invasion of
BCSCs
Stimulates the
stemness of
BCSCs

Targets the
phenotypic
markers of BCSCs
Increases BCSC
traits

Induces BCSCs

Causes BCSC
formation

Promotes tumor
initiation

References
[63, 96]

(971

[61, 98,
99]

[100]

[101-103]

[38, 55]

[104]

[105]

[106]

[107]

[59, 108]

[109]

ZEB Zinc finger E-box-binding homeobox 1, TGF-f transforming growth factor-f, SOX
sex-determining region Y-box, ALDHI aldehyde dehydrogenase 1, STAT signal transducer and
activator of transcription, SETDBI SET domain bifurcated 1, KLF Kriippel-like factor, LIFR
leukemia inhibitory factor receptor, JNK Janus kinase 1, HMGA2 high mobility group AT-hook
2, EZHI Enhancer of zeste 1 polycomb repressive complex 2 subunit, SALL4 Sal-like protein
4, TWISTI Twist-related protein 1, REDDI DNA damage-inducible transcript 4 protein, WIPI
wild-type p53-induced phosphatase 1, BMII B cell-specific Moloney murine leukemia virus
integration site /, SCD Stearoyl-CoA desaturase, ATM Ataxia telangiectasia mutated, ABCC5

ATP-binding cassette subfamily C member 5
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SKBR3 possessing BCSCs into NOD/SCID mice and treated them with chemother-
apeutic agents. When they isolated the tumor cells from the mice, they found that the
tumors contained a high level of CD44+/CD24 and the cells had a mammosphere
forming capability as well [48]. With the study of the miRNAs, they found that the
miRNA let-7 is to be the most promising miRNA, since it was downregulated in the
tumor-initiating population of cells compared to the cells having a self-renewing
capacity. Let-7 that acts as a tumor suppressor targeting the oncogene RAS was first
identified in C. elegans, which involved in the regulation of the larval stage to adult
stage of C. elegans [42]. An increased expression of let-7 is noted in the cells
differentiating to non-tumorigenic cancer cells. The tumor suppressive potential of
let-7 is well identified, as when it was introduced lentivirally, it resulted in dimin-
ished mammosphere formation, less proliferation, and less stem cell differentiation,
and it also reduced the tumorigenic and metastatic potential of NOD/SCID mice
in vivo [41]. So, let-7 being a tumor suppressor has been reported to be
downregulated in many cancers, and its restoration helps in inhibiting cancer,
thereby establishing it as a potential molecular marker and a therapeutic target for
BCSC. Lin-28 protein, a member of the let-7 family, blocks the generation of let-7,
thereby increasing the chances of tumorigenicity in breast cancer cells. This Lin-28
targets the let-7 via STAT3 signal transducer and activator of transcription factor
3 pathway, and let-7 further targets HMGA2 which enhances the expression of
mesenchymal markers, thereby causing EMT. Therefore, it can be concluded that
this let-7 miRNA is involved in the regulation of self-renewal and differentiation of
breast cancer cells [41].

5.3.3.2 miR-200 Family

miRNAs also occur in the genome in the form of clusters and then are later
transcribed into multi-cistronic primary transcript. The genes of miRNA occur in
the form of clusters as well, usually having two to three miRNA genes in a cluster,
but there are larger clusters of genes also present in some, for example, clusters of
miR-17-92 and miR-106a-363 consisting of six members [42]. miR-17-92 cluster
was the first polycistronic miRNA cluster which was reported to play a role in
tumorigenesis [49]. The most extensively studied miRNA cluster in the human
genome is miR-200. miR-200 family is the most conserved family of miRNAs of
the animal kingdom [50]. There are five members in the family of miR-200:
miR-200a, miR-200b, miR-200c, miR-141, and miR-429 [41, 42]. Based on the
different gene clusters, the family of miRNAs can be subdivided into different
locations on two different chromosomes: miR-200b/miR-200a/miR-429 is located
on chromosome 1 in human and on chromosome 4 in mouse, while on chromosome
12 in human and chromosome 6 in mouse lies the miR-200c/miR-141 gene cluster
[41, 42]. Tt is reported that the miR-200 family has a close association in the
maintenance and regulation of BCSCs. When a comparison was made between the
tumorigenic and non-tumorigenic population of human breast cancer cells, it was
found that out of the different miRNA expression levels, the miRNA clusters that
remained downregulated were miRNA-200c-141, miR-200b-200a-429, and
miR-183-96-182, thereby suggesting their role in the self-renewal and differentiation
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of cancer stem cells. In fact, miR-200c was also reported to suppress the
clonogenicity of BCSCs in vitro and inhibited the formation of mammary ducts
and tumorigenic potential of BCSCs, suggesting that the downregulation of
miR-200c has a role in cancer stem cell regulation [41]. The expression of
miR-200 which is depicted in mammospheres is reported to be regulated epigeneti-
cally, and it is predicted that when miR-200 is re-expressed in those stem cells which
have downregulated expression of miR-200, it led to the introduction of non-stem
cell-like phenotype and the cells also became capable of performing mesenchymal-
to-epithelial transition (MET) [51].

miR-214

miR-214 is evinced to have an important role in proliferation, stemness, metastasis,
invasion, and apoptosis. miR-214, present in the human chromosome 1, is reported
to be either upregulated or downregulated in human tumors [38, 42]. However, in
human breast CSCs, miR-214 is found to be upregulated, especially in the luminal A
and triple-negative types. The ablation of miR-214 in mice though is found fertile
and viable but hampers proper cardiac function and leads to cardiac failure
[42]. miR-214 has a varying role in different types of cancer, for example, in
ovary cancer, it enhances the CSC property by targeting the Nanog expression
[52] while in hepatocellular carcinoma, it represses the stem cell-like properties
[53]. In breast cancer, it was documented that a low level of miR-214 increases the
expression of oncogenic EZH2, which is a component responsible for the catalysis
of PRC2, a causative of breast cancer malignancy [54]. MiR-214 downregulates p53
and causes and increases the invasion in breast cancer [55].

miR-221-222 Cluster

The cluster of miR-221-222 comprises miR-221 and miR-222 and is found on
chromosome Xpl1 in human [56]. The seed sequence of miR-221 and miR-222 is
the same, and they behave as both oncogenes and tumor suppressors in different
human tumors, for example, as oncogenes in human epithelial tumors and as tumor
suppressor in erythroleukemia. The miR-221-222 cluster is found to be upregulated
in many cancer types like human breast CSCs and pancreas and glioblastoma cells
[42, 57, 58]. miR-221-222 inhibits PTEN and helps in the formation of BCSCs
[59]. So, this suggests that miR-221-222 has a significant role in regulating
stemness, cell cycle progression, migration, and apoptosis.

5.3.3.3 miR-30 Family

In the mammospheres, alongside the let-7 family, it is detected that the miR-30
family is downregulated in the tumor-initiating human BCSCs. In the miR-30
family, miR-30e particularly plays an important role. It is shown that the
downregulation of miR-30e leads to the enhancement of the self-renewal capacity
not only in breast cancer but also in lung cancer. Other studies conducted on breast
cancer suggest a significant role of miR-30 in both adhered and non-adherent
mammospheres. miR-30a plays an effective role in the regulation of the growth of
non-attachment mammospheres [60]. It is noted that the overexpression of miR-30a
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led to the reduction of the mammosphere formation ability while when inhibited, it
increased the number of mammospheres. These evidences from literatures suggest
that miR-30 family plays an important role in cell proliferation and apoptosis of
BCSCs [41].

miR-142

The expression of miR-142 is detected largely in the hematopoietic lineages playing
a crucial role in hematopoiesis; however, it is found to be expressed highly in human
BCSCs and not detectable in normal stem cell population. The miR-142 follows the
canonical Wnt signalling pathway targeting the APC, and it leads to the further
activation of miR-150 which is also simultaneously upregulated in human breast
CSCs [42].

miR-16

Another family of miRNA responsible for the maintenance of the proliferation,
differentiation, and stemness potential of mammary CSCs is the miR-16 family. A
low level of miR-16 is detected in human breast cancer as depicted by the number of
mammospheres formed. miR-16 is regulated by the Wipl (wild-type p53-induced
phosphatase 1) oncogene, thereby leading to the increase of the Wip1 protein in the
mammospheres. Overexpression of miR-16 leads to the repression of cell prolifera-
tion in MCF-7 human breast cancer cell line [41].

miR-183

The miR-183 cluster of miRNAs is reported to be upregulated incessantly in
different types of cancer, though mainly it plays a role in the maturation of sensory
organs [61]. However, literature reports that there is a downregulation of miR-183
cluster in human BCSCs which suggests that this downregulation is responsible to
maintain the stem cell property of cancer cells [42]. This miR-183 cluster consists of
miRNA-183,-96,-182 bearing a homology in their sequence and is mainly located on
chromosome 7 in human and on chromosome 6 in mouse [62]. The suppression of
miR-183 cluster in the human BCSCs drives the EMT activation and self-renewal
property targeting the Wnt signalling [42].

miR-34c

miR-34c¢ is basically a tumor suppressor, and it is reported to have a reduced
expression in human breast cancer cell lines such as MCF-7 and SK-third which
are enriched for BCSCs. Hypermethylation occurs in the promoter sites of BCSCs
which leads to the downregulation of miR-34c, thereby leading to the increment of
EMT and stemness property of the breast cancer cells. In fact, when this miR-34c is
expressed in the BCSCs ectopically, it leads to the inhibition of EMT and stemness
property, and also the mammosphere formation was also reduced. Migration was
also reported to be hindered, which further strengthened the idea that miR-34c¢ can be
a positive target for BCSCs [41].
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miR-181

The level of miR-181 in different breast cancer cell lines such as MDA361, MCF-7,
and BT474 was found to be high in the mammospheres of tumor origin rather than
those which are non-tumorigenic in origin. miR-181 targets the TGF-f and plays a
crucial role in the regulation of BCSC and helps in the formation of
mammospheres [41].

miR-128

In BCSCs, both isolated from breast cancer patients and the breast cancer cell lines
like SK-third and MCF-7, the level of miR-128 is reported to be reduced, and this
reduction of miR-128 increases the expression of its target genes, Bmi-1 and
ABCCS5 (ATP-binding cassette subfamily C member 5) [41]. In fact, it is noted
that when miR-128 is expressed ectopically, it leads to the decrease in the Bmi-1 and
ABCCS levels in BCSCs, thereby depicting the therapeutic potential of miRNA.
There are many literatures in support of this fact that forced or ectopic expression of
miR-128 leads to the reduction of tumor growth and induces apoptosis in vivo and
decreases the mammosphere size in in vitro cell culture model, respectively [41, 63].

miR-495

The upregulation and/or downregulation of different miRNAs are involved in the
BCSC regulation, it was reported that miR-495 is upregulated, thereby predicting a
significant role of its involvement in BCSC regulation. To predict its role, literatures
suggest that the overexpression of miR-495 led to the enhanced colony formation
in vitro and also reduced the tumor forming potential in vivo in human BCSCs. The
upregulation of miR-495 targets those genes which downregulates the genes
involved in EMT like E-cadherin and REDDI1 (short for regulated in development
and DNA damage responses) and maintains the stemness property in breast
cancer [41].

5.4 Signalling Pathways Involved in miRNA-Mediated
Regulation of BCSCs

Till now, the crucial role of various miRNAs associated with BCSCs was discussed
where in some cases, the miRNAs enhanced the tumorigenic potential while in some
cases, they acted as a tumor suppressor. Now, the target genes and their signalling
pathways which are regulated by various miRNAs which are discussed below.

5.4.1 Notch Signalling Pathway

The Notch signalling pathway plays a significant role in self-renewal and apoptosis
of BCSCs. It is well involved in the cell fate regulation in the development of
mammary gland and shows a strong association with tumor initiation and prolifera-
tion. The Notch receptors bind to different Notch ligands like the Delta-like
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1 (DLL1), Delta-like 3 (DLL3), and Delta-like 4 (DLL4), Jaggedl (JAGI), and
Jagged2 (JAG?2) and activate the Notch signalling. After the activation, the intracel-
lular domain of Notch localizes in the nucleus of the cell, thereby activating its target
gene expression which includes the cell cycle progression genes like cyclin D1 and
p21 [64]. It is reported that if the Notch pathway is inhibited, it reduces the number
of BCSCs significantly and also the metastasis of breast cancer to brain
[65]. Literatures report that miR-34a helps in the downregulation of the Notchl
receptor and inhibits the stemness property in breast cancer as noticed in MCF-7
cells. miR-200 inhibits the Notch signalling by means of targeting the Notch ligands
like JAG1 and other important co-activators, MamlI2 and Maml3 [42, 65]. miR-9
and miR-34c expression when induced leads to the suppression of the Notch
signalling, and it helps in the reduction of the metastatic potential of the triple-
negative breast cancer cells (TNBC) [66]. Upregulation of miR-146a in human
BCSC is also associated with the suppression of the Notch signalling, thereby
proving the fact that Notch signalling is one of the most essential signalling
pathways involved in the regulation of human BCSC [42].

5.4.2 WNT Signalling Pathway

Whnt signalling (canonical and noncanonical) plays a crucial regulatory role in the
cell proliferation, differentiation, migration, adhesion, and the renewal of stem cells
[67]. The development of the mammary glands is governed by the Wnt signalling
pathway, and simultaneously, it also plays a role in the regulation of the differentia-
tion of stem cells. It also plays a role in stabilization of the quantity of the BCSCs
[68]. There are several miRNAs which are involved in targeting the Wnt signalling
pathway and disrupt its signalling by targeting APC such as miRNAs like miR-125,
miR-135, miR-129, miR-27, miR-663, miR-142, let-7, miR-155, and miR-106b.
When TNBC is taken into consideration, it is reported that miR-29b expression is
correlated negatively to the BCSC potential and it inhibits the proliferation,
stemness, and invasion of the TNBC cells by downregulating the Wnt signalling
pathway [42]. The miR-29 targets Dikkopf-1 (Dkkl), secreted frizzled-related
protein 2 (sFRP2), and Kremen?2, which are the negative regulators of Wnt signalling
[65]. Let-7, another important family of miRNAs, has a downregulated expression in
the BCSCs and targets the Ras oncogene and MYC proto-oncogene, thereby having
a feedback effect on LIN28 gene expression, which is known to be the downstream
effector gene in the Wnt pathway, hence affecting the self-renewal process [65]. The
human breast CSC also expresses miR-142, and it targets APC and it activates the
canonical Wnt signalling pathway [42]. Another miRNA, miR-150, though specifi-
cally expressed in the mature lymphocytes [69], is also identified to be expressed
highly in the breast CSCs. The upregulation of miR-142 is linked with the higher
expression of miR-150 as the Wnt signalling is activated by the upregulation of
miR-142 which results in the miR-150 expression [42]. The differentiation of
BCSCs is enhanced by another family of miRNA, miR-600, involving the modifi-
cation of Wnt pathway proteins, further inhibiting the Wnt signalling [70]. miR-146
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has been predicted to be one of the promising diagnostic markers of human breast
CSCs following the Wnt pathway which is stabilized by miR-146a by the help of
Snail and p-catenin [42]. miR-200 family which is downregulated in the human
BCSCs also functions as the suppressor of the Wnt signalling pathway by targeting
[-catenin [42].

5.4.3 PI3K/AKT Signalling Pathway

miR-221/222 as mentioned earlier is one of the miRNAs responsible for the increase
of BCSC:s. It suppresses the PTEN (phosphatase and tensin homolog) protein and
thereby inhibits the phosphorylation of AKT and thus enhances the cell stemness.
miR-99a and miR-30a are also responsible for targeting the PTEN-PI3K/AKT
signalling pathway in BCSCs [65]. Another miRNA, miR-595, promoted the breast
cancer progression following the PI3K/AKT signalling pathway [43]. So, these
miRNAs can be believed to be the potential target of the PTEN-PI3K/AKT signal-
ling pathway involved in the human BCSCs (Fig. 5.2).

miR-214
miR-142
miR-150
miR-181
miR-495

miR-221/222

Breast cancer
stem cells
(BCSCs)

Downregulated miRNAs

Upregulated miRNAs

=y Signalling pathwayss="
involved T——

= f.. )

Fig. 5.2 Various miRNAs and their signalling pathways involved in the regulation of breast cancer
stem cell (BCSC) markers
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5.5 miRNAs as Cancer Therapeutics

As discussed previously in this chapter, that the miRNAs are a potential therapeutic
target in treating cancer, it is noted that there are numerous small RNA-based drugs
which have undergone clinical trials, one of which is fomivirsen. Fomivirsen, an
example of an RNA-based FDA-approved drug, was used to treat cytomegalovirus
retinitis [110]. Similarly, MRX34, a drug designed to mimic the tumor suppressor
miRNA, miR-34, was discovered [111]. Mimic miR which stimulates the miR
and/or the antagomir is a new measure of immense potential to fight cancer. There
are certain chemically available molecules, for example, 2'-O-methoxyethyl
oligonucleotides, peptide nucleic acids, and locked nucleic acids, which protect
the in vivo action of the mimic miR [111]. In vivo delivery of the miRNAs seems
to be a difficult task, and therefore, liposomes and synthetic polymers such as
nanoparticles made up of biodegradable polymers of chitosan and polylactate-co-
glycolate came into use [112]. Another method of miR delivery is the use of
dendrimers, which are very toxic delivery vehicles having positive charge, thus
enabling cell lysis and disability [38]. Exosome-mediated delivery of miRNA has
been evidenced to be more effective than the other methods of delivery. miRNA
let-7a is successfully delivered to breast cancer expressing EGFR via exosomes with
GE11 peptide or EGF [113]. Exosomal delivery of miRNA lessens the chances of
immunogenic responses in patients and is highly efficient. Though there is progress
in the field of miRNA therapeutics, still there is an enormous scope for improvement.
For better prognosis of breast cancer, the CSC-targeting therapy needs to be more
polished, and it should be seen that these drugs are particularly targeting the BCSCs
rather than the normal stem cells. This budding miRNA therapeutics approach to
treat cancer will lead to immense positive effect in eradicating cancer progression
and metastasis in the near future.

5.6 miRNA Resistance to Chemotherapy

The study of miRNAs and their strong association with the CSCs discussed so far
thus throws light into the fact that they can be a potential therapeutic target helpful to
diagnose cancer. Targeting the miRNAs can help put an end to the CSC self-renewal
capacity and anti-apoptosis, thereby essentially improving the resistance against
tumorigenesis. The major obstacle in the treatment of breast cancer is its resistance
to chemotherapy, and the main responsible factor is the BCSCs. miRNAs play a
crucial role in the regulation of the BCSCs; therefore, they generate chemoresistance
against breast cancer. For example, the downregulation of BMI1 in breast cancer
cells leads to the reduction of the CD44+/CD24- cells in the BCSC population by
means of miR-200c. This induces apoptosis and also increases the sensitivity of
breast cancer cells to 5-fluorouracil [114]. The proliferation of BCSCs is suppressed
by the chemosensitivity to paclitaxel (PTX), an anticancer chemotherapeutic drug
with the overexpression of miR-34a, targeting the Notch pathway [43]. MiR-125b
which induces the activation of the Akt signalling enhances the sensitivity toward
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letrozole and facilitates the letrozole resistance. Chemotherapeutic resistance toward
doxorubicin which leads to enhanced cell viability and anti-apoptosis is governed by
the downregulation of miR-128 [43, 65]. Similarly, the overexpression of miR-16
creates resistance to doxorubicin in MCF-7 cells [43, 65]. The BCSCs exhibit a high
expression of ALDHI, and based on this idea, when a cohort of breast cancer
samples were treated with paclitaxel and epirubicin-based chemotherapy sequen-
tially, it was found out that those expressing high ALDHI1 expression showed low
response pathologically and resistance to chemotherapy [115]. The BCSCs are
believed to be the essential drivers of breast cancer progression and invasion,
while the miRNAs are the critical regulators of BCSCs. Out of the variety of
miRNAs, some behave as onco-miRNAs such as miR-146a, miR-125, miR-526b,
miR-106b-25, miR-888, and miR-22, while some as tumor suppressive miRNAs
(anti-onco-miRNAs) such as miR-99a, miR-200, miR-34, miR-140, miR-16, miR-7,
and miR-93. Those miRNAs behaving as oncogenes can be inhibited, while those
behaving as tumor suppressors can be enhanced to inhibit breast cancer [43].

5.7 Future Direction

At present, scientists have paid their attention to miRNAs for their use as diagnosis
and prognosis markers for cancer. Targeting CSCs is still a huge challenging task to
the cancer researchers. Thus, the researchers are now inclined to focus on those
miRNAs which especially regulate the function of CSCs. It is more important to
identify those miRNAs that are dysregulated in CSCs and also play a vital role in
cancer metastasis, therapy resistance, and tumor recurrence. For example, miRNAs
like miR-200c, miR-34c, miR-214, and miR-21 regulate the stemness property,
metastasis, and therapy resistance. Some miRNAs like miR-214 show dual nature
in tumorigenesis depending on tissue types. Similarly, miR-200c prevents EMT of
cancer cells; however, the role of this miRNA in cell proliferation is also context
dependent. Thus, we should identify a set of miRNAs which are dysregulated in
CSCs, instead of a particular one or two miRNAs. The change of a set of miRNAs
profile will definitely give a better prediction for diagnosis and/or prognosis of the
diseases.

Based on this miRNA profile and their functional activity, a set of specific
miRNAs can be targeted together by antagomir and/or mimic miRNA for enhancing
the anticancer potential. In addition, specific drug which targets the key signalling of
CSCs may be combined with antagomir/mimic miRNA to improve further treatment
efficacy.
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Abstract

Stem cells (SCs) are responsible for maintaining and regenerating tissues and
show unique defining characteristics, including self-renewal, asymmetrical cell
division, low proliferation rate, and clonogenic potential. Niches of epidermal
SCs have been identified in the bulge of hair follicles, the basal layer of the
interfollicular epidermis, and the base of sebaceous glands. Accumulating evi-
dence suggests that multipotent bulge cells generate hair follicles under physio-
logical conditions and regenerate the epidermis and sebaceous glands in response
to skin injury. In contrast, SCs of the interfollicular epidermis and sebaceous
glands are lineage specific and generate their respective tissues without recruiting
SCs from the bulge compartment. Cancer stem cells (CSCs) represent a class of
tumor cells exhibiting stem cell-like properties and ability to initiate tumors. They
are derived from SCs or from non-stem cells that acquire self-renewal potential.
Likely SCs, CSCs express regulatory factors of self-renewal, such as SOX2,
MYC, and OCT4, and some common ‘“‘stemness” pathways, such as Wnt signal-
ing. In contrast, they could not be multipotent and lead to single lineage tumors,
such as squamous cell carcinoma (SCC) (epidermal lineage), various follicular
tumor types (hair follicle lineage), and sebaceous gland tumors (sebaceous
lineage). Currently, several studies on CSC biology have been performed to
develop new targeted therapies for patients with skin tumors with poor prognoses.
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6.1 Introduction

In the last decade, excellent and pioneering studies have been performed to charac-
terize the role of epidermal and dermal stem cells (SCs) in melanoma and
non-melanoma skin cancers (NMSCs), including basal cell carcinoma (BCC) and
squamous cell carcinoma (SCC). The epidermis is a stratified squamous epithelium
that is continuously replenished by heterogeneous populations of tissue-resident
stem cells in follicular region (HF), which is the epidermis enriched of
pilosebaceous units, and interfollicular compartment (IFE) [1]. HF and IFE have
been demonstrated to be differently involved into tissue homeostasis or restoration
of wounded skin. HF bulge stem cells give rise to transit-amplifying (TA) cells, that
are committed progenitors that remain undifferentiated, subsequently dividing to
expand the progenitor cell population while sparing continued SC division. These
multipotent slow-cycling and label-retaining cells (LRCs) contribute to the anagen
phase of the hair growth and to the repair/regeneration of damages. In contrast, IFE
exerts an active role during routine epidermal cell renewal but not under injury [2]. A
balance of proliferation and differentiation between stem and progenitors guarantees
anormal epidermal cell turnover every 2—4 weeks [3]. The disruption of it is reported
as a hallmark of skin cancer.

6.2 Epidermal Stem Cells (ESCs)

ESCs are present in the hair follicle bulge, the basal layer of interfollicular epidermis,
and the base of sebaceous glands [4]. Like stem cells of other tissues, they play a
central role in homeostasis and wound repair, while under pathological conditions,
they exert a key role in tumor initiation. According to the most universally accepted
criteria, keratinocyte stem cells are slow or rarely cycling and showing self-renewal
potential, proliferative activity, and ability to preserve skin integrity. Based on long-
term labeling of skin cells with a DNA precursor such as [°H]Thymidine or
bromodeoxyuridine (BrdU), the slow-cycling stem cells have been identified as
label-retaining cells (LRCs) [1]. According to Watt and co-workers [5], stem cells
within interfollicular epidermis express integrin 31, have high clonogenic potential-
ity, and are more vulnerable to environmental insults than basal cells present at the
bottom of the deep rete ridges [6]. In contrast, Kaur and co-workers [7] report that a6
integrin is more specific for keratinocyte basal cells and is a useful marker to purify
stem cells from transit-amplifying cells (TAC), which rapidly amplify the pool of
differentiated cells produced at each stem cell division [3]. Currently, it is not known
whether each TAC is committed to differentiate along one specific lineage or various
lineages. Under normal conditions, SCs from interfollicular epidermis and seba-
ceous glands are lineage specific and generate their respective tissues without
recruiting bulge stem cells. Besides generating hair follicles, the follicular SCs
from hair bulge regenerate the epidermis and sebaceous glands in response to skin
injury [4]. A requirement for the survival of stem cells is that the quiescent state is
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strictly controlled by signaling cascades, including sonic hedgehog (SHH) and Wnt
pathway.

Under resting conditions, SHH ligand binds to its membrane-spanning receptor,
called Patched (Ptch), inhibiting Smoothened (Smo), a transmembrane protein. SHH
is an important regulator of HF bulge stem cells and dermal papilla [8]. Mutations in
human Ptch are implicated in the basal cell nevus syndrome, which is a dominant
autosomal condition characterized by a complex set of developmental defects and
high incidence of basal cell carcinomas [9].

Whnt ligands are secreted glycoproteins that bind to Frizzled receptors for trigger-
ing the displacement of GSK-3f from the APC/Axin/GSK-3f complex, leading to
B-catenin stabilization, Racl nuclear translocation, and recruitment of LEF/TCF
DNA-binding factors [10]. Wnt signaling controls the commitment of HF bulge
cells in mouse to maintain the stem state or permit entry into a differentiation
pathway. Notch and epidermal growth factor receptor (EGFR) signaling contribute
to the development of IF epidermis. In particular, Notch signaling is active within
epidermal basal layer and regulates the differentiation process of keratinocytes
[11]. Several miRNAs, which are small (~19-24 nucleotides) noncoding RNAs,
are demonstrated to exert specific functions in skin. For instance, miR-203 is
expressed at high levels only in the suprabasal epidermis or the inner root sheath
of the HF, but not in progenitor/stem cells of HF epidermis, in both HF bulge and HF
matrix [12]. Using transgenic mice, it has been demonstrated that the primary role of
miR-203 in the epidermal basal layer is related to the differentiation of the transit-
amplifying cells or to limit their proliferative life span. Interestingly, miR-203 has
been shown to repress the expression of tumor protein p63 (p63), a putative stem cell
marker of epidermal keratinocytes, promoting cell cycle arrest during the transition
of cells to suprabasal layers [12] through the transcriptional regulation of Dicer and
miR-130b [13]. Moreover, knocking down miR-125b in transgenic mice results into
the alteration of stem cell differentiation provoking enlarged sebaceous glands,
thickened epidermis, and lacking of hair coat [14]. Potential targets of miR-125b
include vitamin D receptor (VDR) [14].

6.2.1 Hair Follicle Stem Cells

The hair follicle is a structure that projects down into the dermis and undergoes
intermittent cycles of growth, regression, and quiescence [15]. During each cycle of
growth, the follicle is generated from stem cells that are located in the hair bulge,
which is a not well recognizable structure in human. The human hair follicle cycle
takes about a decade and expresses CD200 (cluster of differentiation 200), a type I
membrane glycoprotein containing two immunoglobulin domains [16]. In contrast,
keratin 15 (K15) is a reliable marker in mouse bulge cells, but not in human
[17]. Two different bulge Kl15-positive stem cell subpopulations have been
identified in human epidermis: CD200+/CD34—/K15bri (basal), forming larger
clonal growth colonies, and CD200+/CD34—/K15dim (suprabasal) [18]. CD34
(cluster of differentiation 34), a single-pass transmembrane sialomucin protein, has
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been not identified in human bulge tissue [19], but only in murine follicles, wherein
CD34+ cells are label retaining and clonogenic [20]. Keratin 19 (K19) and K15
promoter are also detected in mouse LRCs [21]. The region between the bulge and
the IF epidermis in murine epidermis also contains putative stem cells that are
MTS24+/Lrigl +/a6dim cells and highly clonogenic [22]. Sca-1+ cells are present
in the infundibulum [23] and repopulate the IF epidermis. Lrigl+ cells are quiescent
in the junctional zone [24] and are demonstrated in reconstitution assays to give rise
to all epidermal cell lineages [24].

6.2.2 Sebaceous Gland (SG) Stem Cells

SG is an important structure of epidermis that is produced in mouse from stem cells
located at HF above the CD34+/K15+ bulge region and expressing LGR6 [25]. This
population is multipotent and is able to replace epidermis (HF and IF) and SG
structures in mouse [25]. However, they are not label retaining and can renew the
sebaceous gland and sebaceous gland stem cells Blimp-1 positive [26]. The bulge
area also contains melanocyte stem cells and stem cells with neural crest
properties [27].

6.2.3 Other Epidermal Stem Cells

Bone marrow-derived stem cells (BMSCs) are found in the epidermis during
epidermal regeneration. Several studies suggest that BMSCs are able to derive
in vivo from both dermal and epidermal cells [28] and, only under ex vivo settings,
fuse with keratinocytes [29].

6.3 Skin Cancer Stem Cells

Cancer stem cells (CSCs) are tumor cells exhibiting self-renewal potential, stem cell-
like properties, and abilities to initiate tumors. To date, CSCs from skin are
hypothesized to originate from immature compartments [30] or from reprogrammed
differentiated cells [31]. Genic alterations in hair follicle bulge potentially promote
the development of tumors representing lineages of epidermis, hair follicles, and
sebaceous glands, while lineage-committed mutant stem cells generate only tumors
from that lineage. For instance, interfollicular SCs typically generate squamous cell
carcinomas (SCCs), while transit-amplifying cells of the hair follicles and mutant
sebaceous gland SCs promote sebaceous tumors and cause hair follicle tumors
[32]. The fate of CSCs is reported to be strictly controlled by stromal niche signals
and cell-cell interactions with immune cells, cancer-associated fibroblasts, and
endothelial cells [33]. The niche has been recently defined as a stromal template
that acts not only to maintain the “stemness” grade of skin [34] but also for the
epithelial organ maintenance and regeneration through the simultaneous release of
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proliferative and differentiative cues [35]. Hedgehog signaling pathway is known to
be active in stromal niches and specifies the expression of secreted chemical signals.
Notably, mutations leading to cell-autonomous activation of the Hedgehog pathway
in primary tumor cells drive the development of basal cell carcinoma (BCC) [36]. In
squamous cell carcinoma (SCC), distinct CSC populations coexist, and their tumor
initiation and metastatic potential may be uncoupled. Cancer cells become
hyperproliferative [37] due to the stimulation of niche factors, such as transforming
growth factor-f3 (TGFp) [38] and vascular endothelial growth factor (VEGF) [39], or
due to an upregulated expression of SOX2 [40] or mutations in Kras and Smad4
genes [41]. White et al. [41] demonstrated that CSCs are rare in primary SCCs, but
their number dramatically increases in metastatic SCCs or tumors showing epithelial
to mesenchymal transition. Depending on tumor type, cancer stem cells express
putative cell surface markers that can be either shared with or distinct from normal
stem cells (Table 6.1), such as CD34, a cell surface marker of bulge SCs or
SCCs [53].

Table 6.1 Skin stem cell markers

Structural Epidermal stem cells Epidermal stem cells Mesenchymal stem cells
proteins (basal layer) (hair follicle bulge) (dermis)
K5 + Fuchs [42] + | Bose and Shenoy | —
[43]
K14 + Fuchs [42] + | Bose and Shenoy | —
[43]
K15 — + Bose and Shenoy + Forni et al. [44]
[43]
E-cadherin + |Jamoraetal. [45] |+ |Jamoraetal. [45] | —
LGRS — + Kretzschmar and —
Watt [46]
LGR6 — + | Snippert et al. -
[25]
CD29 + Martin et al. [47] + | Inoue et al. [18] —
CD34 + Kretzschmar and + |Jang et al. [48] + | Wong et al. [49]
Watt [46]
CD49f + Yang et al. [50] + Jang et al. [48] —
CD44 — - + Klimczak and
Kozlowska [51]
CD73 - - + Klimczak and
Kozlowska [51]
CD90 — — + Forni et al. [44]
CD105 — — + | Forni et al. [44]
CD117 — + Jang et al. [48] + Kang et al. [52]
CD200 — + | Jang et al. [48] —
CD271 - + | Inoue et al. [18] + | Klimczak and

Kozlowska [51]
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6.3.1 Skin Cancer Niches

The epidermis renewal under physiological conditions is commonly attributed to a
single type of stem cells. When external insults, genic mutations, impairment of
immune system, and skin barrier occur (Fig. 6.1), the proliferation and differentia-
tion processes could be affected and skin cancers are developed. Both BCC and SCC
are reported to arise from a self-renewing cancer-initiating cell (CIC), a stem or
progenitor cell that, showing innate self-renewal, is primed by minor genetic
alterations for transformation into a self-renewing cancer SC (CSC).

Besides HF and IFE SCs, more differentiated cell populations can undergo
malignant transformation with a “progenitor-like” signature. In the epidermis,
benign tumors, rather than carcinomas, readily form in response to oncogenic
mutations arising in committed cells. Malignant conversion of skin papillomas
originating from differentiated cells to carcinomas is a rare event that is characterized
by the altered expression of markers, such as TGF-f, Keratin-13, and a6p4 integrin
[54]. Benign tumors showing high risk of malignant conversion are primarily
derived from cells located within HF, although the nature of CICs remains the
major determinant of malignant potential. Research findings have reported the
implication of Grainyhead-like 3 (Grhi3) gene in the formation of SCC from
differentiated cells. Grhl3 is a transcription factor that is involved in the expression
of structural proteins and lipid metabolizing enzymes (e.g., Transglutaminase 1;
TGasel) related to epidermal barrier formation and terminal differentiation
[55]. Grhl3 deficiency has been demonstrated in mice to cause the loss of TGasel
expression, epidermal acidification, altered organization of stratum corneum, pup
dehydration, and death immediately after birth [56]. Moreover, the induction of
epithelial-to-mesenchymal transition (EMT) is also observed in differentiated
suprabasal epithelial cells. Interestingly, the regression of epidermal barrier does

Fitzpatrick skin type
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lonizing radiations
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Fig. 6.1 Inherited and environmental factors related to the onset of melanoma and non-melanoma
skin cancer
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not occur in adults when Grhl3 is deleted, suggesting that, although Grhl3 is
essential for barrier establishment, it is not required for maintaining epithelium
integrity [57].

6.3.2 Plasticity and Heterogeneity of Skin Cancer Cells

CSCs display functional heterogeneity and ability to rapidly respond to environmen-
tal cues acquiring specific genic and immunophenotypic profile. Because of their
“dynamic stemness,” SCC tumors demonstrate to contain multiple CSC populations
with a proliferative (Side Population/SP) or migratory phenotype (CD34+/CD49f+).
Although both SP and CD34+/CD49f+ populations are tumorigenic, only tumors
originated from SP cells undergo EMT and metastasize [41]. A substantial amount of
literature recognizes among CSCs a great heterogeneity for the expression of CD44
glycoprotein, metabolites, and growth factors impacting on the effectiveness of
antitumoral drugs. In the past few years, the development of non-melanoma skin
cancers has been reported as dependent on a “bottom-up” and “top-down” mecha-
nism of tumorigenesis. The “bottom-up” model involves a cancer stem cell arising in
the basal epidermis, which houses progenitor cells contributing to wound healing
and normal cell turnover of overlying epidermal layers. The “top-down” concept
involves a more differentiated cell that undergoes genetic modifications and
dedifferentiates to CICs. BCC derives from pluripotent keratinocytes presumably
located in the basal layer of the hair follicles, while SCC seems to originate from
keratinocytes possibly located in the suprabasal layers of the epidermis. UV radia-
tion suppresses the immune response in the skin, starting the malignant transforma-
tion of epidermal cells. Upon light exposure, keratinocytes upregulate the expression
of RANK ligand, a receptor activator of NF-kB ligand, that, in turn, induces the
proliferation of immunosuppressor T-cells (Tregs). UV light is known to induce
DNA breaks in exposed cells. Most DNA breaks or local DNA damages are repaired
by the p53 tumor suppressor gene, which is regarded as the “guardian of the
genome.” When DNA damage is not restored, keratinocytes undergo apoptosis
activated by p53 protein and BCL2 family proteins. Under pathological conditions,
some individuals show a lower DNA repair capacity and thus develop precancerous
skin lesions leading to malignant transformation. Unfortunately, p53 gene could be
itself mutated by UV irradiation promoting an uncontrolled cell proliferation and
loss of apoptosis in mutated cells. Loss-of-function mutation of p53 has been
detected in about 56% of BCC and in >90% of SCC [58].

6.3.3 Molecular Profiling of Skin Cancer Stem Cells

According to cancer stem cell theory, tumor stem cells are slow cycling and not
impacted by anticancer agents [59]. Mutations in rarely dividing long-lived stem
cells lead to the accumulation of genetic changes that overcome cell control and lead
to cancer growth. To date, the molecular profile of tumor stem cells is still lacking
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although accumulating body of evidence suggests that the tumor-initiating cells
express CD133, and the cancer stem cells located along the dermal/tumor interface
are integrin positive and CD34bright/dim [60]. Other protein markers identify
putative cancer stem cells, such as Aldehyde dehydrogenase (ALDH) in melanoma
cells [61] and CD44 (hyaluronic acid receptor) in squamous cell cancer stem cells
[62]. Negative expression of CD24 is observed in postmitotic human keratinocytes
[63]. The marker protein profile observed in BCC is consistent with a hair follicle
origin of the tumors [64]. Moreover, the level of LGRS, an HF stem cell marker, is
increased in most BCCs [65] (Table 6.2).

Table 6.2 Relevant markers in melanoma and non-melanoma cancer stem cells (CSCs)

Melanoma stem cells

(Me-SCs)
Molecular NANOG
markers
OCT3
OCT4
CD20
CD133
CD271
Wnt
Notch
SHH

ALDHI1

SOX2

Perego et al.

[66]

Perego et al.

[66]

Perego et al.

[66]

Lang et al.
[71]

Roudi et al.
[61]
Civenni

et al. [74]
Katoh [75]

Venkatesh
et al. [77]

Kumar et al.

[79]
Roudi et al.
[61]

Santini et al.

[82]

Basal cell carcinoma
stem cells (BCC-SCs)

K14

K15

K17

K19

CD29

CD200

P63

LGRS

LGR6

SHH

PDGF

SOX9

Tenascin-

C

Bmi-1

Follistatin

Peterson
et al. [67]
Sellheyer
[64]
Peterson
et al. [67]
Al-Garf
et al. [72]
Sellheyer
[64]
Peterson
et al. [67]
Al-Garf
et al. [72]

Jang et al.

[48]
Zhang

et al. [14]
Callahan
et al. [80]
Sellheyer
[64]
Sellheyer
[64]
Sellheyer
[64]
Sellheyer
[64]
Sellheyer
[64]

Squamous cell
carcinoma stem cells

(SCC-SCs)

TGFp Schober and
Fuchs [68]

MYC Jian et al. [69]

OCT4 Kim et al.
[70]

CD34 Trempus et al.
[20]

CD44 Lapouge et al.
[73]

CD49f | White et al.
[41]

CD133 | Olivero et al.
[76]

CD200 | Stumpfova
et al. [78]

Wnt Jian et al. [69]

SOX2 Boumahdi
et al. [81]
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6.4  Skin Cancers and Immunosuppression

Immunosuppression exerts a pivotal role in skin carcinogenesis [83]. NMSCs are
frequently infiltrated by immune cells, but the immune system often shows to be
unable to eradicate the tumor. In SCC, the local tumor-specific immunity is
compromised by the downregulation of E-selectin, recruited regulatory T cells,
and malfunctioning intratumoral myeloid dendritic cells. In BCC, the absence or
downregulation of MHC-I and the presence of regulatory T cells are observed. Due
to the heterogeneous expression of class I HLA proteins in SCC, immunosuppres-
sion increases the SCC risk 65-fold, while BCC risk only tenfold [84]. Yesantharao
et al. [85] proposed SCC cancer cells have an abnormal membrane expression of
HLA-G protein in immunosuppressed patients allowing tumoral cells to negatively
regulate Natural Killer- and T lymphocyte-mediated destruction and cytotoxic
response, as already demonstrated in other cancers (melanoma, breast, colon, lung,
and renal). In addition, suppressive effects on skin immunity have been reported by
UV irradiation. Indeed, it has been reported that UV radiation-induced photolesions
such as cyclobutane pyrimidine dimers (CPDs) affect immune system, inhibiting
mast cells, cytotoxic T cells, and memory T cells and activating regulatory B
lymphocytes, T lymphocytes, and natural killer cells [86]. Furthermore, molecules
with immunosuppressive properties such as IL-10, prostaglandins, platelet-
activating factor, and ROS are also stimulated. In addition, UV radiation also affects
Langerhans cells (LC), lowering the number of LC in the skin promoting LC
migration to the draining lymph nodes [87].

6.5 Concluding Remarks

Skin tumors are the most common malignancy worldwide. Current therapies based
on chemotherapeutic agents, or surgical methods, are not specific and limited by
high economic burden and uncontrolled side effects. To date, the univocal molecular
signature of the cell of origin (Table 6.2) is the main goal for the development of
targeted therapies for more effective treatment of melanoma and non-melanoma skin
cancers.

References

—

. Bickenbach JR (1981) Identification and behavior of label-retaining cells in oral mucosa and
skin. J Dent Res 60(Spec C):1611-1620. https://doi.org/10.1177/002203458106000311011

2. Blanpain C, Fuchs E (2006) Epidermal stem cells of the skin. Annu Rev Cell Dev Biol
22:339-373. https://doi.org/10.1146/annurev.cellbio.22.010305.104357

3. Tumbar T, Guasch G, Greco V et al (2004) Defining the epithelial stem cell niche in skin.
Science 303:359-363. https://doi.org/10.1126/science.1092436

4. Levy V, Lindon C, Harfe BD, Morgan BA (2005) Distinct stem cell populations regenerate the

follicle and interfollicular epidermis. Dev Cell 9:855-861. https://doi.org/10.1016/j.devcel.

2005.11.003


https://doi.org/10.1177/002203458106000311011
https://doi.org/10.1146/annurev.cellbio.22.010305.104357
https://doi.org/10.1126/science.1092436
https://doi.org/10.1016/j.devcel.2005.11.003
https://doi.org/10.1016/j.devcel.2005.11.003

120

5.

6.

7.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

M. Piccione and R. Di Liddo

Watt FM (1998) Epidermal stem cells: markers, patterning and the control of stem cell fate.
Philos Trans R Soc B Biol Sci 353:831-837. https://doi.org/10.1098/rstb.1998.0247
Bickenbach JR, Stern MM (2005) Plasticity of epidermal stem cells: survival in various
environments. Stem Cell Rev 1:71-77. https://doi.org/10.1385/scr:1:1:071

Kaur P, Li A (2000) Adhesive properties of human basal epidermal cells: an analysis of
keratinocyte stem cells, transit amplifying cells, and postmitotic differentiating cells. J Invest
Dermatol 114:413-420. https://doi.org/10.1046/j.1523-1747.2000.00884.x

. Schmidt-Ullrich R, Paus R (2005) Molecular principles of hair follicle induction and morpho-

genesis. Bioessays 27:247-261. https://doi.org/10.1002/bies.20184

. Murone M, Rosenthal A, De Sauvage FJ (1999) Sonic hedgehog signaling by the patched-

smoothened receptor complex. Curr Biol 9:76-84. https://doi.org/10.1016/S0960-9822(99)
80018-9

. Eckert R, Adhikary G, Balasubramanian S et al (2014) Biochemistry of epidermal stem cells.

Am J Biosci 2:22-34. https://doi.org/10.1016/j.bbagen.2012.07.002.Biochemistry

Lowell S, Jones P, Le Roux I et al (2000) Stimulation of human epidermal differentiation by
Delta-notch signalling at the boundaries of stem-cell clusters. Curr Biol 10:491-500. https://doi.
org/10.1016/S0960-9822(00)00451-6

Yi R, Poy MN, Stoffel M, Fuchs E (2008) A skin microRNA promotes differentiation by
repressing “stemness”. Nature 452:225-229. https://doi.org/10.1038/nature06642

Su X, Chakravarti D, Cho MS et al (2010) TAp63 suppresses metastasis through coordinate
regulation of dicer and miRNAs. Nature 467:986-990. https://doi.org/10.1038/nature09459
Zhang L, Stokes N, Polak L, Fuchs E (2011) Specific microRNAs are preferentially expressed
by skin stem cells to balance self-renewal and early lineage commitment. Cell Stem Cell
8:294-308. https://doi.org/10.1016/j.stem.2011.01.014

Myung P, Ito M (2012) Dissecting the bulge in hair regeneration. J Clin Invest 122:448-454.
https://doi.org/10.1172/1C157414

Ohyama M, Terunuma A, Tock CL et al (2006) Characterization and isolation of stem cell-
enriched human hair follicle bulge cells. J Clin Invest 116:249-260. https://doi.org/10.1007/
978-1-61779-815-3_24

. Bose A, Teh MT, Mackenzie IC, Waseem A (2013) Keratin K15 as a biomarker of epidermal

stem cells. Int J Mol Sci 14:19385-19398. https://doi.org/10.3390/ijms 141019385

Inoue K, Aoi N, Sato T et al (2009) Differential expression of stem-cell-associated markers in
human hair follicle epithelial cells. Lab Invest 89:844-856. https://doi.org/10.1038/labinvest.
2009.48

Boehnke K, Falkowska-Hansen B, Stark HJ, Boukamp P (2012) Stem cells of the human
epidermis and their niche: composition and function in epidermal regeneration and carcinogen-
esis. Carcinogenesis 33:1247-1258. https://doi.org/10.1093/carcin/bgs136

Trempus CS, Morris RJ, Ehinger M et al (2007) CD34 expression by hair follicle stem cells is
required for skin tumor development in mice. Cancer Res 67:4173—4181. https://doi.org/10.
1158/0008-5472.CAN-06-3128

Morris RJ, Liu Y, Marles L et al (2004) Capturing and profiling adult hair follicle stem cells. Nat
Biotechnol 22:411-417. https://doi.org/10.1038/nbt950

Nijhof JGW, Braun KM, Giangreco A et al (2006) The cell-surface marker MTS24 identifies a
novel population of follicular keratinocytes with characteristics of progenitor cells. Develop-
ment 133:3027-3037. https://doi.org/10.1242/dev.02443

Jensen UB, Yan X, Triel C et al (2008) A distinct population of clonogenic and multipotent
murine follicular keratinocytes residing in the upper isthmus. J Cell Sci 121:609-617. https://
doi.org/10.1242/jcs.025502

Jensen KB, Collins CA, Nascimento E et al (2009) Lrigl expression defines a distinct
multipotent stem cell population in mammalian epidermis. Cell Stem Cell 4:427-439. https://
doi.org/10.1016/j.stem.2009.04.014


https://doi.org/10.1098/rstb.1998.0247
https://doi.org/10.1385/scr:1:1:071
https://doi.org/10.1046/j.1523-1747.2000.00884.x
https://doi.org/10.1002/bies.20184
https://doi.org/10.1016/S0960-9822(99)80018-9
https://doi.org/10.1016/S0960-9822(99)80018-9
https://doi.org/10.1016/j.bbagen.2012.07.002.Biochemistry
https://doi.org/10.1016/S0960-9822(00)00451-6
https://doi.org/10.1016/S0960-9822(00)00451-6
https://doi.org/10.1038/nature06642
https://doi.org/10.1038/nature09459
https://doi.org/10.1016/j.stem.2011.01.014
https://doi.org/10.1172/JCI57414
https://doi.org/10.1007/978-1-61779-815-3_24
https://doi.org/10.1007/978-1-61779-815-3_24
https://doi.org/10.3390/ijms141019385
https://doi.org/10.1038/labinvest.2009.48
https://doi.org/10.1038/labinvest.2009.48
https://doi.org/10.1093/carcin/bgs136
https://doi.org/10.1158/0008-5472.CAN-06-3128
https://doi.org/10.1158/0008-5472.CAN-06-3128
https://doi.org/10.1038/nbt950
https://doi.org/10.1242/dev.02443
https://doi.org/10.1242/jcs.025502
https://doi.org/10.1242/jcs.025502
https://doi.org/10.1016/j.stem.2009.04.014
https://doi.org/10.1016/j.stem.2009.04.014

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Skin Stem Cells in Cancer 121

Snippert HJ, Haegebarth A, Kasper M et al (2010) Lgr6 marks stem cells in the hair follicle that
generate all cell lineages of the skin. Science 327:1385-1389. https://doi.org/10.1126/science.
1184733

Horsley V, O’Carroll D, Tooze R et al (2006) Blimpl defines a progenitor population that
governs cellular input to the sebaceous gland. Cell 126:597-609. https://doi.org/10.1016/j.cell.
2006.06.048

Sulewski R, Kirsner RS (2010) The multipotent nature of hair bulge cells. J Invest Dermatol
130:1198. https://doi.org/10.1038/jid.2010.81

Deng W, Han QIN, Liao L et al (2005) Engrafted bone marrow-derived Flk-1. Tissue Eng
11:110-119

Baxter MA (2004) Study of telomere length reveals rapid aging of human marrow stromal cells
following in vitro expansion. Stem Cells 22:675-682. https://doi.org/10.1634/stemcells.22-5-
675

Morris RJ, Fischer SM, Slaga TJ (1986) Evidence that a slowly cycling subpopulation of adult
murine epidermal cells retains carcinogen. Cancer Res 46:3061-3066

Jamieson CHM, Ailles LE, Dylla SJ et al (2004) Granulocyte-macrophage progenitors as
candidate leukemic stem cells in blast-crisis CML. N Engl J Med 351:657-667. https://doi.
org/10.1056/NEJMo0a040258

Owens DM, Watt FM (2003) Contribution of stem cells and differentiated cells to epidermal
tumours. Nat Rev Cancer 3:444-451. https://doi.org/10.1038/nrc1096

Roberts KJ, Kershner AM, Beachy PA (2017) The stromal niche for epithelial stem cells: a
template for regeneration and a brake on malignancy. Cancer Cell 32:404-410. https://doi.org/
10.1016/j.ccell.2017.08.007

Lander AD, Kimble J, Clevers H et al (2012) What does the concept of the stem cell niche really
mean today? BMC Biol 10:1-15. https://doi.org/10.1186/1741-7007-10-19

Shin K, Lim A, Zhao C et al (2014) Re: Hedgehog signaling restrains bladder cancer progres-
sion by eliciting stromal production of urothelial differentiation factors. J Urol 19426:521-533.
https://doi.org/10.1016/j.juro.2015.04.038

Sekulic A, Migden MR, Oro AE et al (2012) Efficacy and safety of vismodegib in advanced
basal-cell carcinoma. N Engl J Med 366:2171-2179. https://doi.org/10.1056/NEJMoal 113713
Song IY, Balmain A (2015) Cellular reprogramming in skin cancer. Semin Cancer Biol
32:32-39. https://doi.org/10.1111/mec.13536.Application

Oshimori N, Oristian D, Fuchs E (2015) TGF-f promotes heterogeneity and drug resistance in
squamous cell carcinoma. Cell 160:963-976. https://doi.org/10.1016/j.physbeh.2017.03.040
Beck B, Driessens G, Goossens S et al (2011) A vascular niche and a VEGF-Nrp1 loop regulate
the initiation and stemness of skin tumours. Nature 478:399-403. https://doi.org/10.1038/
nature10525

Siegle JM, Basin A, Sastre-Perona A et al (2015) SOX2 is a cancer-specific regulator of tumor
initiating potential in cutaneous squamous cell carcinoma. Nat Commun 5:139. https://doi.org/
10.1016/j.physbeh.2017.03.040

White RA, Neiman JM, Reddi A et al (2013) Epithelial stem cell mutations that promote
squamous cell carcinoma metastasis. J Clin Invest 123:4390-4404. https://doi.org/10.1172/
JCI65856

Fuchs E (2009) Finding One’s Niche in the skin. Cell Stem Cell 4:499-502. https://doi.org/10.
1016/j.stem.2009.05.001

Bose B, Shenoy SP (2014) Stem cell versus cancer and cancer stem cell: intricate balance
decides their respective usefulness or harmfulness in the biological system. J Stem Cell Res
Ther 4. https://doi.org/10.4172/2157-7633.1000173

Forni MF, Lobba ARM, Ferreira AHP, Sogayar MC (2015) Simultaneous isolation of three
different stem cell populations from murine skin. PLoS One 10:1-16. https://doi.org/10.1371/
journal.pone.0140143


https://doi.org/10.1126/science.1184733
https://doi.org/10.1126/science.1184733
https://doi.org/10.1016/j.cell.2006.06.048
https://doi.org/10.1016/j.cell.2006.06.048
https://doi.org/10.1038/jid.2010.81
https://doi.org/10.1634/stemcells.22-5-675
https://doi.org/10.1634/stemcells.22-5-675
https://doi.org/10.1056/NEJMoa040258
https://doi.org/10.1056/NEJMoa040258
https://doi.org/10.1038/nrc1096
https://doi.org/10.1016/j.ccell.2017.08.007
https://doi.org/10.1016/j.ccell.2017.08.007
https://doi.org/10.1186/1741-7007-10-19
https://doi.org/10.1016/j.juro.2015.04.038
https://doi.org/10.1056/NEJMoa1113713
https://doi.org/10.1111/mec.13536.Application
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1038/nature10525
https://doi.org/10.1038/nature10525
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1172/JCI65856
https://doi.org/10.1172/JCI65856
https://doi.org/10.1016/j.stem.2009.05.001
https://doi.org/10.1016/j.stem.2009.05.001
https://doi.org/10.4172/2157-7633.1000173
https://doi.org/10.1371/journal.pone.0140143
https://doi.org/10.1371/journal.pone.0140143

122

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

M. Piccione and R. Di Liddo

Jamora C, DasGupta R, Kocieniewski P, Fuchs E (2003) Links between signal transduction,
transcription and adhesion in epithelial bud development. Nature 422:317-322. https://doi.org/
10.1038/nature01458

Kretzschmar K, Watt FM (2014) Markers of epidermal stem cell subpopulations. Cold Spring
Harb Perspect Med 4:1-14

Martin MT, Vulin A, Hendry JH (2016) Human epidermal stem cells: role in adverse skin
reactions and carcinogenesis from radiation. Mutat Res/Rev Mutat Res 770:349-368. https://
doi.org/10.1016/j.mrrev.2016.08.004

Jang BG, Lee C, Kim HS et al (2017) Distinct expression profile of stem cell markers, LGRS
and LGR6, in basaloid skin tumors. Virchows Arch 470:301-310. https://doi.org/10.1007/
s00428-016-2061-3

Wong VW, Levi B, Rajadas J et al (2012) Stem cell niches for skin regeneration. Int J Biomater
2012:1. https://doi.org/10.1155/2012/926059

Yang R, Wang J, Chen X et al (2020) Epidermal stem cells in wound healing and regeneration.
Stem Cells Int 2020:1-14. https://doi.org/10.1155/2020/9148310

Klimczak A, Kozlowska U (2015) Mesenchymal stromal cells and tissue-specific progenitor
cells: their role in tissue homeostasis. Stem Cells Int 2016:4285215. https://doi.org/10.1155/
2016/4285215

Kang HY, Hwang JS, Lee JY et al (2006) The dermal stem cell factor and c-kit are
overexpressed in melasma. Br J Dermatol 154:1094-1099. https://doi.org/10.1111/j.1365-
2133.2006.07179.x

Trempus CS, Morris RJ, Bortner CD et al (2003) Enrichment for living murine keratinocytes
from the hair follicle bulge with the cell surface marker CD34. J Invest Dermatol 120:501-511.
https://doi.org/10.1046/j.1523-1747.2003.12088.x

Youssef M, Cuddihy A, Darido C (2017) Long-lived epidermal cancer-initiating cells. Int J Mol
Sci 18:18. https://doi.org/10.3390/ijms 18071369

Cangkrama M, Ting SB, Darido C (2013) Stem cells behind the barrier. Int J Mol Sci
14:13670-13686. https://doi.org/10.3390/ijms 140713670

Fluhr JW, Kao J, Jain M et al (2001) Generation of free fatty acids from phospholipids regulates
stratum corneum acidification and integrity. J Invest Dermatol 117:44-51. https://doi.org/10.
1046/j.0022-202X.2001.01399.x

Darido C, Georgy SR, Wilanowski T et al (2011) Targeting of the tumor suppressor GRHL3 by
a miR-21-dependent proto-oncogenic network results in PTEN loss and tumorigenesis. Cancer
Cell 20:635-648. https://doi.org/10.1016/j.ccr.2011.10.014

Erb P, Ji J, Kump E et al (2008) Apoptosis and pathogenesis of melanoma and nonmelanoma
skin cancer. Adv Exp Med Biol 624:283-295. https://doi.org/10.1007/978-0-387-77574-6_22
Al-Hajj M, Clarke MF (2004) Self-renewal and solid tumor stem cells. Oncogene
23:7274-7282. https://doi.org/10.1038/sj.onc.1207947

Patel SS, Shah KA, Shah MJ et al (2014) Cancer stem cells and stemness markers in oral
squamous cell carcinomas. Asian Pac J Cancer Prev 15:8549-8556. https://doi.org/10.7314/
APJCP.2014.15.20.8549

Roudi R, Korourian A, Shariftabrizi A, Madjd Z (2015) Differential expression of cancer stem
cell markers ALDHI1 and CD133 in various lung cancer subtypes. Cancer Invest 33:294-302.
https://doi.org/10.3109/07357907.2015.1034869

Prince ME, Sivanandan R, Kaczorowski A et al (2007) Identification of a subpopulation of cells
with cancer stem cell properties in head and neck squamous cell carcinoma. PNAS
104:973-978. https://doi.org/10.1073/pnas.0610117104

Bergoglio V, Larcher F, Chevallier-Lagente O et al (2007) Safe selection of genetically
manipulated human primary keratinocytes with very high growth potential using CD24. Mol
Ther 15:2186-2193. https://doi.org/10.1038/sj.mt.6300292

Sellheyer K (2011) Basal cell carcinoma: cell of origin, cancer stem cell hypothesis and stem
cell markers. Br J Dermatol 164:696-711. https://doi.org/10.1111/j.1365-2133.2010.10158.x


https://doi.org/10.1038/nature01458
https://doi.org/10.1038/nature01458
https://doi.org/10.1016/j.mrrev.2016.08.004
https://doi.org/10.1016/j.mrrev.2016.08.004
https://doi.org/10.1007/s00428-016-2061-3
https://doi.org/10.1007/s00428-016-2061-3
https://doi.org/10.1155/2012/926059
https://doi.org/10.1155/2020/9148310
https://doi.org/10.1155/2016/4285215
https://doi.org/10.1155/2016/4285215
https://doi.org/10.1111/j.1365-2133.2006.07179.x
https://doi.org/10.1111/j.1365-2133.2006.07179.x
https://doi.org/10.1046/j.1523-1747.2003.12088.x
https://doi.org/10.3390/ijms18071369
https://doi.org/10.3390/ijms140713670
https://doi.org/10.1046/j.0022-202X.2001.01399.x
https://doi.org/10.1046/j.0022-202X.2001.01399.x
https://doi.org/10.1016/j.ccr.2011.10.014
https://doi.org/10.1007/978-0-387-77574-6_22
https://doi.org/10.1038/sj.onc.1207947
https://doi.org/10.7314/APJCP.2014.15.20.8549
https://doi.org/10.7314/APJCP.2014.15.20.8549
https://doi.org/10.3109/07357907.2015.1034869
https://doi.org/10.1073/pnas.0610117104
https://doi.org/10.1038/sj.mt.6300292
https://doi.org/10.1111/j.1365-2133.2010.10158.x

65.

66.

67.

68

69.

70.

71.

72.

73

74.

75.

76.

77

78.

79.

80.

81.

82.

83.

Skin Stem Cells in Cancer 123

Tanese K, Fukuma M, Yamada T et al (2008) G-protein-coupled receptor GPR49 is
up-regulated in basal cell carcinoma and promotes cell proliferation and tumor formation. Am
J Pathol 173:835-843. https://doi.org/10.2353/ajpath.2008.071091

Perego M, Tortoreto M, Tragni G et al (2010) Heterogeneous phenotype of human melanoma
cells with in vitro and in vivo features of tumor-initiating cells. J Invest Dermatol
130:1877-1886. https://doi.org/10.1038/jid.2010.69

Peterson SC, Eberl M, Vagnozzi AN et al (2015) Basal cell carcinoma preferentially arises from
stem cells within hair follicle and mechanosensory niches. Cell Stem Cell 16:400—412. https://
doi.org/10.1016/j.physbeh.2017.03.040

. Schober M, Fuchs E (2011) Tumor-initiating stem cells of squamous cell carcinomas and their

control by TGF-f and integrin/focal adhesion kinase (FAK) signaling. Proc Natl Acad Sci U S
A 108:10544-10549. https://doi.org/10.1073/pnas.1107807108

Jian Z, Strait A, Jimeno A, Wang X (2017) Cancer stem cells in squamous cell carcinoma. J
Invest Dermatol 137:31-37. https://doi.org/10.1016/j.jid.2016.07.033.Cancer

Kim BG, Kim MI, Lee JW et al (2015) Expression of cancer stem cell marker during
4-nitroquinoline 1-oxide-induced rat tongue carcinogenesis. Int J Oral Maxillofac Surg 44:
e244—-e245. https://doi.org/10.1016/j.ijom.2015.08.184

Lang D, Mascarenhas JB, Shea CR (2013) Melanocytes, melanocyte stem cells, and melanoma
stem cells. Clin Dermatol 31:166—178. https://doi.org/10.1016/j.clindermatol.2012.08.014
Al-Garf AK, Ibrahim Assaf M, Abdel-Gawad Nofal A, Abdel-Shafy AS (2013) Expression of
microRNAs in basal cell carcinoma. Br J Dermatol 19:290-303. https://doi.org/10.1111/j.1365-
2133.2012.11022.x

. Lapouge G, Beck B, Nassar D et al (2012) Skin squamous cell carcinoma propagating cells

increase with tumour progression and invasiveness. EMBO J 31:4563-4575. https://doi.org/10.
1038/emboj.2012.312

Civenni G, Walter A, Kobert N et al (2011) Human CD271-positive melanoma stem cells
associated with metastasis establish tumor heterogeneity and long-term growth. Cancer Res
71:3098-3109. https://doi.org/10.1158/0008-5472.CAN-10-3997

Katoh M (2017) Canonical and non-canonical WNT signaling in cancer stem cells and their
niches: cellular heterogeneity, omics reprogramming, targeted therapy and tumor plasticity
(review). Int J Oncol 51:1357-1369. https://doi.org/10.3892/ij0.2017.4129

Olivero C, Morgan H, Patel GK (2018) Identification of human cutaneous squamous cell
carcinoma Cancer stem cells. Methods Mol Biol 1879:415-433

. Venkatesh V, Nataraj R, Thangaraj GS et al (2018) Targeting notch signalling pathway of

cancer stem cells. Stem Cell Investig 5:5. https://doi.org/10.21037/s¢i.2018.02.02

Stumpfova M, Ratner D, Desciak EB et al (2010) The immunosuppressive surface ligand
CD200 augments the metastatic capacity of squamous cell carcinoma. Cancer Res
70:2962-2972. https://doi.org/10.1158/0008-5472.CAN-09-4380

Kumar D, Gorain M, Kundu G, Kundu GC (2017) Therapeutic implications of cellular and
molecular biology of cancer stem cells in melanoma. Mol Cancer 16:1-18. https://doi.org/10.
1186/s12943-016-0578-3

Callahan CA, Ofstad T, Horng L et al (2004) MIM/BEG4, a Sonic that potentiates
Gli-dependent transcription. Genes Dev 18:2724-2729. https://doi.org/10.1101/gad.1221804.
2724

Boumahdi S, Driessens G, Lapouge G et al (2014) SOX2 controls tumour initiation and cancer
stem-cell functions in squamous-cell carcinoma. Nature 511:246-250. https://doi.org/10.1038/
nature13305

Santini R, Pietrobono S, Pandolfi S et al (2014) SOX2 regulates self-renewal and tumorigenicity
of human melanoma-initiating cells. Oncogene 33:4697-4708. https://doi.org/10.1038/onc.
2014.71

Moloney FJ, Comber H, O’Lorcain P et al (2006) A population-based study of skin cancer
incidence and prevalence in renal transplant recipients. Br J Dermatol 154:498-504. https://doi.
org/10.1111/j.1365-2133.2005.07021.x


https://doi.org/10.2353/ajpath.2008.071091
https://doi.org/10.1038/jid.2010.69
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1073/pnas.1107807108
https://doi.org/10.1016/j.jid.2016.07.033.Cancer
https://doi.org/10.1016/j.ijom.2015.08.184
https://doi.org/10.1016/j.clindermatol.2012.08.014
https://doi.org/10.1111/j.1365-2133.2012.11022.x
https://doi.org/10.1111/j.1365-2133.2012.11022.x
https://doi.org/10.1038/emboj.2012.312
https://doi.org/10.1038/emboj.2012.312
https://doi.org/10.1158/0008-5472.CAN-10-3997
https://doi.org/10.3892/ijo.2017.4129
https://doi.org/10.21037/sci.2018.02.02
https://doi.org/10.1158/0008-5472.CAN-09-4380
https://doi.org/10.1186/s12943-016-0578-3
https://doi.org/10.1186/s12943-016-0578-3
https://doi.org/10.1101/gad.1221804.2724
https://doi.org/10.1101/gad.1221804.2724
https://doi.org/10.1038/nature13305
https://doi.org/10.1038/nature13305
https://doi.org/10.1038/onc.2014.71
https://doi.org/10.1038/onc.2014.71
https://doi.org/10.1111/j.1365-2133.2005.07021.x
https://doi.org/10.1111/j.1365-2133.2005.07021.x

124 M. Piccione and R. Di Liddo

84. Chang CC, Campoli M, Ferrone S (2003) HLA class I defects in malignant lesions: what have
we learned? Keio J Med 52:220-229. https://doi.org/10.2302/kjm.52.220

85. Yesantharao P, Wang W, Ioannidis NM et al (2017) Cutaneous squamous cell cancer (cSCC)
risk and the human leukocyte antigen (HLA) system. Hum Immunol 78:327-335. https://doi.
org/10.1016/j.humimm.2017.02.002

86. Chen AC, Halliday GM, Damian DL (2013) Non-melanoma skin cancer: carcinogenesis and
chemoprevention. Pathology 45:331-341. https://doi.org/10.1097/PAT.0b013e32835f515¢

87. Schwarz A, Noordegraaf M, Maeda A et al (2010) Langerhans cells are required for
UVR-induced immunosuppression. J Invest Dermatol 130:1419-1427. https://doi.org/10.
1038/jid.2009.429


https://doi.org/10.2302/kjm.52.220
https://doi.org/10.1016/j.humimm.2017.02.002
https://doi.org/10.1016/j.humimm.2017.02.002
https://doi.org/10.1097/PAT.0b013e32835f515c
https://doi.org/10.1038/jid.2009.429
https://doi.org/10.1038/jid.2009.429

Check for
updates

Upasna Upadhyay, Raaghav Sen, Swathi Kaliki,
and Jaganmohan R. Jangamreddy

Abstract

Cancers affecting the eye are rare and can be either initiated in the eye, primary
intraocular cancers, or invaded into the eye as a malignant tumor started elsewhere,
secondary intraocular cancers. Melanoma and non-Hodgkin lymphoma in adults and
retinoblastoma and medulloepithelioma in children are the most common intraocular
cancers. Similar to other cancers, cancer stem cells are reported among retinoblas-
toma, lymphoma, and melanomas that can be malignant even though are very rare in
occurrence. Here, we explore the cancers of the eye and cancer stem cells with the
perspective of advanced therapeutic applications for vision and globe salvage.
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7.1 Introduction

Despite the current advancements in cancer treatment, the recurrence and metastasis of
tumor at site or at distant site is prevalent. The available treatment options besides
eliminating the cancer cells also target the normal healthy cells, resulting in the tissue
damage and recurrence of the tumor due to residual cancer cells. Similar to the stem
cell population, existence of cancer stem cell (CSC) subpopulation initiating the tumor
and driving its proliferation are widely reported. Like normal stem cells, CSCs have
the ability to self-renew, preserve the undifferentiated stem cells, and regulate their
quantity, generate a range of tumor cells at different stages of differentiation. Within
the tumors, the CSC can be characterized using specific markers and differentiated
from those of normal stem cell population. These CSC subpopulations exhibit similar
pluripotency and proliferation characteristics mimicking normal stem cells [1]. The
current approach to chemotherapy demands a strategy inclined toward targeting
specifically the CSC population to prevent the recurrence of the tumor. The CSC
differentiates into different tumor components through the stemness pathways that
control many important biological processes. In CSC these stemness pathways are not
strictly regulated resulting in differentiation of various tumor components [2, 3].
This book chapter outlines ocular stem cells and cancer stem cells emphasizing on
marker characterization with genetic mutations affecting cancer stem cells, their
regulation via various signaling pathways, and resistance to chemotherapy.

7.2 Stem Cells

Stem cells are ascribed for their extensive self-renewal, differentiation, and clonally
regeneration properties within tissues they inhabit [4, 5]. Stem cells undergo
repeated divisions producing undifferentiated stem cell and differentiated progenitor
cells with not all stem cells having infinite self-renewal potential (see [6]). Like stem
cells from trabecular meshwork, orbital and sclera whose regeneration potential
is not completely understood experimentally. On the other hand, limbal, corneal,
conjunctival, and retinal stem cells have been exploited for their application in
regeneration and treating degenerative disorders in animal and human clinical trials
[1]. Limbal stem cells are widely recognized for their repair and regeneration of
cornea-related diseases [7].

The repair and regeneration process of stem cells involves replenishing the lost
cells with healthy regenerated cells. The injury caused at the site reduces stem cell
population resulting in many diseases associated to its deficiency [8]. Stem cell
population involves many intricate interactions of cytokines and growth factors
regulating modulation of fibroblasts and epithelial cells.
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7.3 Cancer Stem Cells (CSCs)

A tumor is an abnormal indefinite growing mass of cells. The rapid indefinite
proliferating ability of cancer stem cells through accumulation of mutations leads
to tumor development [9]. CSCs exhibit similarities of normal stem cells with regard
to ability to proliferate, self-renew, and trigger epithelial to mesenchymal transition,
giving rise to differentiated cells. Similar to normal cells, CSCs also undergo
aberrant differentiation due to continuous accumulation of mutation leading to
heterogeneity of cells. The heterogeneity also arises through the clonal origin with
diverse phenotypic expression of tumorigenic cells. The phenotypically variable
expression of tumorigenic cells with CSCs to possess indefinite as well as limited
or no proliferative potential explains the self-renewal and differentiation properties,
respectively, as retained by the normal stem cells [10]. The occurrence of such
combined subpopulation of CSCs in a tumor makes tumor targeting difficult and
thus leaving the subpopulations of CSC’s undisturbed during chemotherapy
sessions. Thus the CSC subpopulation retained would maintain and reinitiate the
tumor growth exhibiting metastasis to distant areas and attaining resistance to
chemotherapy [11] (Table 7.1).

7.4  The Types of Eye Cancer

In this chapter, the types of ocular cancer shall be broadly categorized into the
following:

. Eyelid tumors.

. Conjunctival tumors.
. Corneal tumors.

. Orbital tumors.

. Intraocular tumors.
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Table 7.1 Markers of ocular stem cell and cancer stem cell of the eye

Ocular cancers
(name the cancer
and CSC
associated)
Cornea (limbus
and stroma)

Conjunctiva
Iris

Ciliary body

Trabecular
meshwork

Retina

Choroid

Sclera

Orbit

Eye lid (sebaceous
gland carcinoma)

Stem cell markers

Limbus: ABCG2 (ATP binding
cassette subfamily G member 2)
[12], a-enolase, cytokeratin

(CK) 19, Musashi-1, vimentin [13]
Stroma: ABCG2, Bmi 1, CD166,
C-kit, Pax6, Six2, and notch 1

CK19 positive
CK3 AND CK12 negative [16]

Expression for nestin, Msi, Pax6,
Chx10, rho, Otx2, and Olig2 [17]

Expresses neuronal/retinal markers
nestin, Chx 10, Pax6, Sox2, Lhx2,
Dachl, and Six3 [18]

Expresses mesenchymal cell-
associated markers CD73, CD90,
and CD105 [19] and stem cell
markers ABCG2, notch 1, OCT-3/
4, AnkG, and MUCI. AQPI,
CHI3L1, and TIMP3 have been
differentiation markers [20]
Retinal pigment epithelium (RPE)-
derived positive markers include
nestin, notch 1, CHX2, Map2,
CRALBP, tyrosinase, and tyrosine-
related protein 1 and 2 [21]
Expressing markers Sca-1,
CD90.2, CD44, CD105, CD73,
ABCG2, six 2, notch 1, and Pax

6 [22]

Expresses ABCG2, Six2, PAX6,
and notch 1 [22]

Epithelial cell markers CD34 and
zonal occludin-1 and
differentiation markers CK3 and
CK19 [23]

ALDHI, CD133, CD44, ABCG2
(cytoplasmic marker)

Sox4, Sox9, and slug (nuclear
marker) [24]

Differentiation markers

CK 3/12, connexin 43, and
involucrin [14]

Upon differentiation, stromal stem
cells expressed keratocan,
ALDH3A1, CXADR, PTDGS, and
PDK4 [15]
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7.4.1 Eyelid Tumors

Eyelid tumors are of various types and are the most common type of ocular-related
cancers [25]. Most of the neoplasms that originate in the eyelids (between 65% and
85%) are reported benign in nature [25-28]. Eyelid tumors affect all population
demographics across the world. Eyelid tumor is a very broad category containing
multiple different types of cancers which can be divided on the basis of tissue/cell of
origin and as benign or malignant [26]. Some of the benign epithelial tumors are
squamous papilloma, seborrheic keratosis, inverted follicular keratosis, etc. Basal
cell carcinoma and squamous cell carcinoma are some of the malignant-type epithe-
lial tumors [29]. Many other types of tumors exist which are categorized as eyelid
tumors too.

7.4.1.1 Metastasis of Eyelid Tumors

Metastasis of eyelid tumors is very rare. Different reports have studied the occur-
rence of these tumors and traced it to the point of origin. Most of these reports agree
that the most common primary site is breast cancer [30, 31] but list other sites which
too cause eyelid metastasis like the lungs [30], gastrointestinal tract, and kidneys
[32]. These metastatic eyelid tumors clinically appear as cutaneous nodules and
swellings. It is also noted that the upper and lower eyelid may be equally affected
[33]. Eyelid metastasis seems to have problems of diagnosis associated with them
such as cases where the eyelid tumor became symptomatic before the primary breast
tumor was even detected [34] as reported by Ian Hood et al. and issues of misdiag-
nosis as a chalazion as reported by both J. Kanitakis et al. and G. W. Weinstein et al.
[30, 35].

On the other hand, the spread of eyelid cancer has been researched extensively
too. Retrospective studies have shown that basal cell carcinoma has very low
chances to metastasize with less than 0.5% of cases showing spread [36]. The
metastasis is as high as 24% in squamous cell carcinoma of the eyelid or periocular
skin with very high incidence of local recurrence (35%), moderate number of
regional nodal metastasis (24%), and very few distant metastasis (6%) [37].

7.4.2 Conjunctival Tumors

A thin membrane which covers the eye and the inner layer of the eyelid is called the
conjunctiva. Tumors which grow on this membrane are called the conjunctival
tumors. The most common of these diseases are squamous carcinoma, malignant
melanoma, and lymphoma [38]. These tumors occur in older individuals who have
long exposure to sunlight due to outdoor activities [39]. Important factors which
seem to play a vital role in the development of this type of tumor include ultraviolet
radiation exposure, vitamin A deficiency, ocular injury, exposure to petroleum
products, and chronic HIV, HPV, or hepatitis B infection [40].



U. Upadhyay et al.

130

MTITIOW e ALY e WItM s P

%IL
paungy
%l
Wirag
el
SAUBLNIYY
AL 18 RN
[eAnduUnfuo) & [E1IGIO [eUI0D w  JEND0CNU| e PIPAT e
%68
PioA3

%z
Jendoesu|
%l> %>
jeanauniuo)y %6 |eauso)

1e3q40

|leanduniuo)

pue [eauso) Jejnaoesnu| 1eUqI0 IELE]
%90000 %000 =
%200

%LL0

sJ22ued Jo Jaqunu
|e303 03 paJedwod sadejuadsad Jaoue)

J0uE) A3 10Ue) ARIS0I s0ue) Sum Jue) isedg

%0Z'0 —
%166
%¥6°CL

%6E'SL

J3ue) Jo safejuadiagd

%000
%200
%00
%900
%800
%010
%Cl 0
%PL0
%910
%8L0

%000
%002
%00y
%009
%008
%0001
%0021
%00 ¥L
%0091
%0081



7 Ocular Cancer Stem Cells: Advances in Therapeutic Interventions 131

7.4.3 Corneal Tumors

The sclera and cornea are important barriers which prevent spread of neoplasms to
other parts of the body. It is very rare for corneal tumors to arise [41, 42]. Even
among the corneal tumor types, epithelial tumors are more common than corneal
stromal tumors [43]. These tumors, though rare, are of two types, the congenital and
the acquired lesions. Acquired lesions are further subdivided based on the origin of
the mass like epithelial, vascular, fibrous, neural, etc. [44]. Exposure to ultraviolet
radiation causes growth of carcinoma in the eyelids and neoplasms [45, 46] on the
corneal region and is considered the primary cause for acquired lesions.

7.4.3.1 Metastasis of Conjunctival and Corneal Tumors

Metastatic tumors rarely occur in the conjunctiva [43]. Primary sites which cause
metastatic conjunctival tumors are again mainly the breast and lung cancer appearing
over a very wide window ranging from 8 to 100 months [47]. In cases of advanced
stage of organ metastasis, conjunctival masses appear. A study carried out by C. L.
Shields showed that the conjunctival primary-acquired melanosis or nevus has lower
risk of death and metastasis than de novo melanoma [48].

Conjunctival malignant melanoma is a fatal tumor with recurrence rates at 35%,
metastasis reported in 25% patients, and nearly 15% deaths [49]. The same study
used the Kaplan-Meier survival estimates, and at 10- and 15-year follow-ups,
recurrence rose to 51% and 65%, respectively. The patients who did develop
metastasis showed growth in the facial lymph nodes, lungs, brain, and liver. Other
research which studied the conjunctival squamous cell carcinoma reported deep
corneal invasion, intraocular extensions, and orbital invasions [50]. Hence conjunc-
tival tumors show aggressive capabilities to metastasize.

Very few reports mention any form of corneal metastasis at all. Most studies,
which do analyze corneal tumors, mention clearly that no evidence of metastasis
ever surfaced in the patients.

7.4.4 Orbital Tumors

Orbital tumors are rare, and metastatic orbital tumors can spread from a variety of
different sites like the breast, lung, melanoma [51], etc. Jerry A. Shields et al. have
shown that reports which study the orbital tumors are biased toward the interest of
the reviewer. For example, neural tumors like meningioma and optic pathway
glioma will appear under neurosurgical study. On the other hand, reports from
otolaryngology will include mucocele, paranasal sinus neoplasms, and other sec-
ondary lesions [52]. Even orbital bone cancer, which constitute between 0.5% and
2.0% of total orbital cancer, is studied under orbital tumors [53]. In this chapter, we
shall focus mainly on those tumors which affect the stem cell present in the orbit.
Orbital tumors are a heterogeneous group of neoplasms [54, 55] including cystic
lesions, neural tumors, histiocytic tumors, bone and cartilage tumors, etc. and hence
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require diagnosis based on clinical analysis, imaging, and other studies before the
suitable treatment is administered.

7.4.4.1 Metastasis of Orbital Tumors

Orbital metastasis occurs mainly due to primary growth in the breasts, lungs,
gastrointestinal tract, and prostate [30, 56, 57] with nearly 45% of orbital tumor
cases presenting signs of systemic cancer. The orbital tumor conditions in children
are shown to be very different by a case study done by Daniel M. Albert et al. They
found that children with orbital tumor metastasis were either suffering from neuro-
blastoma or Ewing sarcoma which affects bones and had no occurrence of intraocu-
lar metastasis from a solid tumor [58]. The findings were very different in adults,
who frequently had cases of intraocular metastasis [59, 60].

The metastasis of orbital tumors is well documented by multiple studies. Robert
A. Goldberg et al. found that in around 25% patients, the onset of ocular cancer is the
manifestation of systemic disease and displacement of the eyeball due to change in
its volume (enophthalmos) was frequently seen in patients [S1]. A study done by
Gunalp et al. showed that the average detection time for secondary site was shortest
for lung cancer (2 months) and longest for breast cancer (34 months) making follow-
up checks extremely important for these patients [61]. In senior adult population,
orbital tumors were malignant in up to 65% of the cases with 25% developing
systemic problems.

7.4.5 Intraocular Tumors

Intraocular melanoma is a malignant form of cancer which happens in the tissues of
the eye. These occur in the wall of the eye. The wall comprises of three parts, the
sclera (outer layer), the uvea (middle layer), and the retina (inner layer).

The uveal tract is divided into three parts too, the iris, ciliary body, and choroid.
Iris melanoma is generally a small neoplasm and hardly ever spreads. These are very
rare with occurrences as low as 3% of all uveal melanomas, and reports show that an
elevated intraocular pressure influences the iris melanomas [62]. The ciliary body
gives rise to neoplasms which are larger and more capable of spreading, while the
choroidal neoplasms are the largest and most likely to spread [63, 64].

Retinal neoplasms are of different types. The most common of these is retino-
blastoma, an aggressive childhood affliction with occurrence 1 per 15,000 to 20,000
children [64, 65]. Other retinal cancers exist like vasoproliferative retinal tumor
which typically manifests at ages 20 to 25 [66] and retinal hemangioblastoma which
is usually detected between ages 40 and 60 [67]. Exposure to sunlight and ultraviolet
rays seem to be the primary reason for the cause of these intraocular malignant
melanomas [68].

7.4.5.1 Metastasis of Intraocular Tumors
Intraocular tumors usually arise in the uveal tract and the choroid due to their high
vascularity, making uveal and choroidal neoplasms the most common malignancy in
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adults. Patients with this kind of posterior choroidal metastasis have low life
expectancy, but over the last few decades life expectancy has progressively
improved [59, 60]. Primary cancers which lead to choroidal metastasis are mainly
breast (40-47%) and lung (21-29%) cancer [59, 69, 70] which cover two third of
reported cases. The remaining one third of patients shows no sign of primary cancer
at the time of diagnosis [70].

As for spread of intraocular tumors, 45% of patients develop metastasis in the
liver, often many years later. Most cases show the liver growth within 5 years, but
frequently the cases arise 20 years after the initial diagnosis [71]. The progress of this
metastasis is rapid, and hence this remains the most common cause for death in
patients with uveal melanoma [60, 71]. In cases of retinoblastoma, if the patient
shows optic nerve invasion, then metastasis is expected. If invasion is beyond the
lamina cribrosa layer, there is a far greater risk of metastasis [72, 73].

7.5 Regulation of Stem Cells and Cancer Stem Cells

Normal stem cells and cancer stem cells have the self-renewal capability with many
common classical pathways regulating the stem cell and cancer stem cell develop-
ment [10]. Signaling pathways such as Notch, Sonic hedgehog, and Wnt associated
with tumor regulation and development are also associated with normal stem cell
regulation [74]. These signaling pathways when dysregulated result in
tumorigenesis. The CSC attracts the normal stem cells through cytokine secretion,
further enhancing the cancer cell metastatic movement and risk of tumor formation
[75].

Signaling Normal stem cell/progenitor cells— Cancer stem cells—pathway
pathway pathway regulated dysregulated

Wnt Development of epidermal and other tissue | Epidermal tumors

Sonic Neural development Basal cell carcinoma
hedgehog

Notch Neural development

7.6 Conclusions

Compared to other cancers in the rest of the organs, cancers related to the eye are at
lower percentage, and the metastasis both intraocular and spread to other organs is at
lower percentage. While melanomas constitute melanomas among eye cancers, other
cancers such as retinoblastoma, eye lid cancers, and choroidal cancers are also
frequently observed. The presence of cancer-specific stem cells among eye cancers
as of now reported is very few except for the retinoblastoma, melanoma, and
squamous carcinoma. While common markers CD44, CD133, and SOX2 and
other cancer stem cell-specific markers are reported, further studies are needed to
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propose the aggression of tumors and the ambivalence of the currently established
markers in tumor progression in eye cancers.
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Abstract

Tumours are groups of cells, consisting of heterogeneous types of cells that
exhibit abnormal cellular characteristics and behaviours. The molecular
characteristics of tumour cells can be used to classify the tumour types. In a
tumour, the complexity of the population of cell types involved and their diverse
gene expression patterns, contribute significantly to tumour heterogeneity,
growth, metastasis and aggressiveness. Cancer stem cells (CSCs) are a small
population of cells in a tumour that are highly plastic in nature and possess self-
renewing capacity. The CSCs can differentiate into different cell types, and play
crucial roles in tumour initiation, growth and progression. CSCs drive metastasis,
therapeutic resistance and recurrence of cancers, and thus act as the key regulators
of tumour aggressiveness. The CSCs trigger the epithelial to mesenchymal
transition (EMT) of cells in the tumour, which leads to increased invasiveness of
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these cells. These unique subpopulations of cells can communicate with their
tumour microenvironment (TME) or niche, and stimulate their niche to secrete sev-
eral intrinsic factors, which triggers neoangiogenesis to promote metastasis. The
multipotent and tumour-initiating abilities of CSCs stimulate or alter various
signalling networks to cause extravasation of primary cancer cells that result in
cancer metastasis. Consequently, the CSCs promote tumour aggressiveness,
which can lead to relapse of cancers after various treatments, and thus, pose
critical problems in designing novel therapeutics to specifically target and elimi-
nate CSCs. Therefore, CSCs and tumour aggressiveness still remain as one of the
major challenges in curing cancer, despite recent advancements in therapeutic
approaches to treat various cancers. Here, we discuss the key roles of CSCs in the
regulation of EMT, metastasis, cancer metabolism and critical signalling pathways
that influences tumour aggressiveness.

Keywords

Cancer stem cells - Self-renewal - Tumour initiation - Epithelial to mesenchymal
transition - Invasiveness - Angiogenesis - Metastasis - Tumour aggressiveness

8.1 Introduction

Cancer is a major lethal and universal ailment that kills millions of people every year
throughout the world. In cancer, there is alteration of cell and tissue architecture [1],
and if cancer is not treated at an early stage, it spreads from the primary site of
tumour to various organs, which acts as its secondary site [2, 3]. This progression by
which cancer cells disseminate to other parts of the body is called metastasis. There
are various factors and processes involved in metastasis.

Cancer cells can spread to different parts of the body through various steps such
as by simple invasion into neighbouring normal tissues or migration via the lym-
phatic or blood vessels from the primary site of tumour to distant secondary sites (i.e.
different organs or tissues) for colonization. The formation of new blood vessels
(neoangiogenesis) provides additional blood supply for more nutrients and growth
factors, which would help in tumour growth or metastasis [4, 5]. The tumour is
complex in nature as it contains a heterogeneous population of cells encapsulated
inside the tumour that is surrounded by blood vessels, extracellular matrix (ECM),
fibroblasts, immune cells, etc., which forms a distinct tumour microenvironment
(TME), called niche [6]. The emergence of the existence of the cancer stem cells
(CSCs) and recent evidence have widely opened a whole new approach in the
understanding of this heterogeneous disease. The initiation and the development of
the tumour are driven by these CSCs, the specialised cell subtypes, which are
multipotent in nature and also possess self-renewing capacity [7]. CSCs are respon-
sible for the differentiation and migration of the cancer cells along with the tumori-
genicity. The CSC subpopulations are protected inside their niche, which acquires
the necessary growth factors, and derive energy in the form of ATP from the
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Fig. 8.1 Hallmarks of cancer. This illustration explains the unique characteristics of cancer during
its initiation and growth. An extensive study on the hallmarks of cancer have been performed in the
past decade, and has led to a better understanding of various steps in oncogenesis

glycolytic pathway and oxidative phosphorylation (OXPHOS) depending on their
necessity.

In most cancer types, the unifying process that accounts for increased mortality is
metastasis. Metastasis is a multi-step process. It involves different phases of cells,
and it initially starts with mutation at a molecular level by an oncogenic hit due to
genetic or environmental cause [4]. Recent insights in the field of cancer biology
highlight the complex nature of this biological process, and helped in organising the
intricacy based on defined principles called cancer hallmarks [8]. The hallmarks of
cancer are depicted in Fig. 8.1.

Cancer cells rarely metastasise to skeletal muscle, and specific factors encourage
comprehensive muscle wasting, which results in a condition known as cachexia,
wherein the zinc gets hoarded in skeletal muscles through abnormal upregulation of
the metal ion transporter ZRT- and IRT-like protein 14 (ZIP14). This phenomenon is
the critical mediator of metastatic cancer-induced muscle wasting [9]. Epithelial to
mesenchymal transition (EMT) is a process by which the CSCs obtain their mesen-
chymal phenotype, which favours the progression and aggressiveness of the
tumours, resulting in metastasis.

Most of the tumours are comprised of normal cells along with other different cell
types which help in driving the phenotypic heterogeneity and malignancy of cancer.
An important part of the cancer cells and the so-called metastasis inducers are
characterised by CSCs [10]. In the tumour mass, these cells are capable of self-
renewal and differentiation. CSCs are also responsible for the metastatic properties
of cancer cells [11]. The CSCs secrete cytokines which are important in preparing
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the tumour microenvironment (TME) and employing the myeloid cells to strengthen
the cancer progression. Cancer-associated fibroblasts (CAFs) and activated tumour-
associated macrophages (TAMs) release high amounts of matrix metalloproteinases
(MMPs), growth factors and cytokines to withstand angiogenesis and to encourage
the CSC invasion [12-14].

The cytokines, chemokines and growth factors secreted in the TME boost the
migration capability of cancer cells and enhance the angiogenesis [15]. Also, CSCs
can easily escape from the immune system [16] by altering the protein expres-
sion of intrinsic molecules including programmed cell death ligand 1 (PD-L1)
[17], which further ensures the formation of the immunosuppressive microenviron-
ment [18]. Also, most importantly, the cell surface markers of CSCs, like CD44 and
CD133, are very vital molecules that confer the specificity in CSCs’ binding and
targeting properties on the other tumour cells [19]. CSCs share genetic and epige-
netic intricacy along with other cancer cells but adapt to survival challenges which is
a vital property of these cells in escaping the cancer chemotherapy. Moreover, with
their slow cell proliferation rate, when compared to other cancer cells, CSCs are
believed to gain survival tactics, while the fast-growing cancer cells are destroyed by
the various therapeutic treatments [20].

CSCs possess the ability to hijack the intrinsic signalling pathways such as
Whnt/B-catenin, Hedgehog and Notch pathways [21]. These pathways are the key
regulators of the adult stem cell homeostasis, and the CSCs impede the normal
mechanism of the pathway and exploit its function over maintaining its own
plasticity [22]. Interestingly, these subpopulations of cells evade apoptosis and
take control of the immune system by inhibiting the function of the immune cells.
Although it is potentially possible to treat cancers in its early stages, the metastasis
and the cancer relapse are still the major issues even with all the cutting-edge state-
of-the-art technology. CSCs undergo dormancy after they form a colony at a distant
site, and are well protected inside their TME. Hence, the current therapies that target
only actively proliferating cancer cells are unable to target and eliminate
CSCs [23]. The tumour has heterogeneous populations of cells, and therefore, the
treatment regimes fail to target CSCs. Eventually, the tumour regresses responding
to treatment, but it relapses with high metastatic ability along with resistance towards
the therapies, which leads to the high mortality rate in cancer patients. CSCs are
resistant to many therapies because of their chemoresistance, radioresistance and
immunosuppressive properties. Numerous laboratories and pharmaceutical
companies are currently focusing on developing therapies to specifically target
CSCs. Significant ways aimed at eliminating CSCs would impact ominously on
cancer treatment, by countering metastasis and cancer relapse [24]. This chapter
discusses some of the important roles of CSCs in modulating the metastatic poten-
tial, metabolic alterations and key signalling pathways and thus, tumour
aggressiveness.
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8.2 Cellular Behaviour and Niche

Aberrant activation in the cell signalling networks along with the production of
different essential growth factors are necessary for the initiation of tumour. Further-
more, synthesis of angiogenic proteins by the tumour itself decides the fate of
aggressiveness of the tumour [25]. Not all subtypes of tumours are highly metastatic
in nature. The behaviour of the cells depends on the habitat where the tumour exists.
The niche provides an enriched environment with the supply of all the intrinsic
factors to the TME that drives the progression of the tumour in its growth and
adversity [26]. The principal characteristics of the CSCs along with its phenotypic
plasticity are well protected within the niche against the classical immune system
and therefore promote the metastasis. Stem cell markers are functionally specific
proteins that help in the process of identification of different tumour subtypes. There
are various stem cell markers such as CD44 [27], CD133 [28], CD49f [29], ALDH
[30], etc., which have specific roles in the development of different tumours. The
characteristics of these stem cell markers are represented in Table 8.1.

In the primary carcinoma, the lack of oxygen in tumour cells increases the
production of reactive oxygen species (ROS) due to impaired vascularisation inside
the TME. The cellular stress due to hypoxia and the increased ROS levels initiate the
CSC’s stress signalling pathway to boost the cancer cell survival and also, to main-
tain its stemness [31]. The mesenchymal stem cells (MSCs) along with the CSCs
produce intrinsic chemokines, cytokines and other angiogenic growth factors to
initiate neoangiogenesis, thereby, directing more blood supply to the tumour and
increasing the plasticity of CSCs. Furthermore, it compromises the immune system
by suppressing the cytotoxic functions of the immune cells [32].

In the normal cellular physiology, the MSCs establish a normal stem cell niche
with various stemness factors to support stem cell survival. But the oncogenic hit
transforms the normal stem cell niche to a CSC niche that triggers the initiation of the
tumour. In the TME, the CSCs can activate the EMT pathway in the adjacent normal

Table 8.1 Stem cell markers, tumour types and their characteristics

Stem cell

markers Tumour types Characteristics

CD44 Breast, pancreas, Found in the CSCs; glycoprotein that has role in
prostate, head and neck | inflammation, tumour progression and metastasis

CD133 Brain, prostate and Five transmembrane domain cell-surface glycoprotein
colon that helps in disease progression

CD49f Breast and colon Acts as an inflammation sensor to regulate

differentiation, adhesion and migration
ALDH Haematopoietic and Maintenance and differentiation of stem cells; promotes

breast chemoresistance and survival mechanisms in CSCs

The table enlists the key stem cell markers and their unique expression in different types of tumours.
Each stem cell marker possesses specific characteristics, which enables the isolation and analysis of
CSCs. Moreover, this helps to understand the role of these stem cell markers in CSCs and tumour
progression
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tissue and transform them into tumour cells to invade further and to grow at a new
site with a separate niche to support the CSCs at that distant site [33]. Also, the
primary CSCs can control the potential metastatic sites by releasing exosomes to
facilitate the arrival of invading tumour cells. The exosomes along with other
necessary growth factors prepare the metastatic niche and favour CSCs to establish
a new colony at a distant site through the process of extravasation [34].

8.3 Conjunction Between CSCs and Tumour Aggressiveness

CSCs share the common characteristics of normal stem cells such as self-
renewability and multi-lineage differentiation that have the capacity to drive tumour
growth. The role of CSCs starts early during tumour initiation and sustains through-
out the progression of the carcinoma. CSCs play a critical role in the metastasis and
tumour relapse due to its high plasticity. The CSCs utilise various signalling
pathways to evade immune cells, and also impede immune cell function against
cancer cells. However, during normal metabolism, the systemic immune cells
target cancer cells exhibiting high levels of cellular stress and ROS production [35].

In most of the currently available cancer therapies, the treatment regime is
designed to usually target the whole organ for radiotherapy or the whole body
for chemotherapy. But in advanced treatment programme such as the proton beam
therapy, the tumour is targeted specifically [36]. But even with this treatment, the
normal tissues are affected in an insignificant manner, whereas in other treatments,
the damage done by the therapy is far worse causing overall deterioration of the
body. Since the present therapies follow a holistic approach in their treatment regime
and the CSCs are encapsulated and well protected within their niche, it becomes
difficult to target the CSCs [37]. On the contrary, when the treatment kills cancer
cells and the tumour shrinks eventually, the CSCs may go to a dormant state, and
develop resistance towards that drug. In a few years, the tumour may relapse with
enhanced resistance towards that drug treatment and exhibits aggressive metastatic
potential.

CSCs play an integral role in oncogenesis by promoting tumour initiation,
invasion and metastasis. CSCs initiate cancer due to their stemness which is acquired
due to accumulation of genetic or epigenetic alterations and oxidative stress. CSCs
establish their communication network with the TME, which favour their survival
and migration, and also promote angiogenesis for metastasis [38].

8.4 Impact of Metastatic Potential on Tumour Aggressiveness

Metastatic dissemination of cancer cells is the ability of the malignant cells to initiate
the invasion from the primary site to form a colony at a distant site. This invasiveness
of the cancer cells involves various cascades of events such as intravasation, EMT
and hijacking of different signalling pathways. These events enable the CSCs to gain
their self-renewing property, which under normal physiological condition is
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primarily used for the maintenance of adult stem cell homeostasis, wherein the
epithelial cells acquire mesenchymal characteristics [39]. While the tumour
develops, it is intrinsic for the tumour cells to sustain growth and function in the
hypoxic environment with the recruitment of the cellular components and modula-
tion of their extracellular matrix.

The tumour acquires its vasculature through angiogenic factors and retains its
blood supply for the growth of tumour. The tumour cells invade the normal tissues,
and upon reaching the blood vessels, the tumour cells infiltrate through the endothe-
lial barrier of the blood vessel, and enter into the circulation by the process called
intravasation. After intravasation, the blood vessels in the tumour estab-
lish connections between the tumour and other organs, thereby providing a route for
the circulating tumour cells (CTCs) to extravasate into the circulation for metasta-
sis [40] (Fig. 8.2). CTCs possess epithelial properties, and cannot escape the
microenvironment until they gain mesenchymal properties. EMT is one of the key
events necessary for the extravasation of the CTCs into the vascular system. While
the CTCs in circulation adhere and secure themselves in the adjacent organs, the
entire process of tumour development at primary tumour sites are driven by CSCs,
and the release of the CTCs is an active process that supports metastasis to distant
secondary sites. Also, the CSCs prepare the metastatic niche at distant second-
ary sites with the help of necessary growth factors, before the arrival of the CTCs
and its development to form secondary tumours [41].

The growth of the tumour after colony formation at the distant site is one of the
crucial events in the process of metastasis. But in most cases, the CTCs after
adhering at a distant organ enter a state of dormancy (Fig. 8.2). Metastatic dormancy
is one of the major reasons for the tumour to relapse after cancer therapy [42]. Can-
cer treatments are often developed to target the tumour at the primary site. Though,
the treatment kills most of the tumour cells and the tumour regress, it does not kill all
the CSCs in the tumour. Few of the CSCs at the primary tumour often escape
death from the treatment or enter a dormant state. Also, some tumour containing
CSCs can often escape even from a successful precision surgery. The dormant
tumour cells at a distant site or CSCs at a primary site can remain resilient towards
a treatment regime, and can relapse to a full-blown tumour again in a few years.
In relapsed cancers, the metastatic cells are dominant and are more fatal with mesen-
chymal properties, and their aggressiveness is doubled due to their acquired resis-
tance to the therapies [43].

8.5  Factors Influencing Tumour Aggressiveness

The CSCs are influenced by various components such as hormones, enzymes,
cytokines and growth factors (Fig. 8.3). Several studies have shown that hormones
hasten the process of oncogenesis in different tumour conditions. The
hormones, oestrogen and progesterone influence the growth of breast cancer cells
by binding to their specific receptors in the cells. These hormones increase cancer
cell division and rapidly promote tumour growth in a very short period of time,
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Fig. 8.3 Various factors that influence tumour aggressiveness. Several factors influence the
initiation and progression of tumour. These include both intrinsic and extrinsic factors that drive
tumour growth and aggressiveness. The extrinsic (modifiable) factors include smoking, consump-
tion of alcohol, unhealthy diet and lifestyle, which can be modified. The intrinsic factors include
enzymes, hormones, growth factors, nutrients, chemokines, cytokines and tumour niche, which
contribute to the rapid progression and dissemination of the tumour. Cancer cells are represented
with serrated margins. Red coloured cell with serrated margins is CSC. Green and yellow coloured
cells with serrated margins are different tumour cells, which are represented to show the tumour
heterogeneity. The blue or black coloured nucleus represents heterogeneity in the cancer
genomes. TGF-f transforming growth factor-beta, PDGF platelet-derived growth factor, VEGF
vascular endothelial growth factor, MMPs matrix metalloproteinases, PGKI phosphoglycerate
kinase 1, PKM?2 pyruvate kinase M2

making it one of the aggressive forms of tumour. Furthermore, hormones such as
testosterone, oestrogen and progesterone enhance drug resistance and metastasis of
hormone-dependent tumours [44].

Along with hormones, growth factors, cytokines and chemokines play a crucial
role in the progression of tumours. The TME contains different types of cells that
undergo hypoxia and cellular stress as the tumour grows, and so the tumour itself
releases the necessary growth factors such as transforming growth factor-beta
(TGF-p), platelet-derived growth factor (PDGF), vascular endothelial growth factor
(VEGF), etc., in order to form new vasculatures (neoangiogenesis) for the tumour to
supply blood and nutrients [45]. Additionally, there are few enzymes such as matrix
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metalloproteinases (MMPs), phosphoglycerate kinase 1 (PGK1) and pyruvate kinase
M2 (PKM2), which affect the tumour cell behaviour and accelerate their progression
by breakdown of the extracellular matrix (ECM), and fuelling the tumour cell
metabolism to aid the invasion of cancer cells, by rapidly promoting peritoneal
dissemination to the distant sites [46].

The crucial factor that is involved in tumour progression and development is the
hypoxia caused due to increased proliferation, and thus, elevated cellular stress. The
uncontrolled cell division creates an unfavourable environment inside the TME,
which eventually leads to poor nourishment of cells. This initiates the need for
excess growth factors and nutrients to cells, and therefore, the tumour itself secretes
necessary angiogenic factors to construct new vasculatures (neoangiogenesis) inside
the tumour, which enables blood supply to the tumour. Also, alteration in tumour
metabolism is a key factor that determines the tumour growth and
aggressiveness [47].

The CSCs control the switch between using the glycolytic and OXPHOS
pathways to extract ATP. It is also based on the niche, which partly chooses the
pathway for the ATP production. During the tumour initiation, the CSCs use the
glycolytic pathway, but they switch to the OXPHOS pathway during tumour progres-
sion. Metastasis requires elevated energy expenditure as cells have to migrate to a
distant site, and so, it depends on both the pathways [48]. Also, in few carcinomas,
hormones act as critical factors, which double the invasiveness of tumour. Although
several molecular mechanisms play vital roles in the initiation and progression of
tumour, the environmental carcinogens influence the growth of tumour in the form
of DNA damage due to higher ROS production and increased cellular stress. More
importantly, modifiable risk factors including smoking, alcohol consumption, eating
junk food and unhealthy lifestyle (e.g. obesity) increase the risk of cancers (Fig. 8.3)
as these factors can also promote metastasis [49].

8.6 Molecular Mechanisms Involved in EMT

EMT is a process by which epithelial cells acquire mesenchymal characteristics by
undergoing several changes including the loss of cell polarity. The acquisition
of mesenchymal phenotype is influenced by different signalling factors, which
are necessary to evade apoptosis and increase the migration potential of the cells.
It also increases the secretion of degrading enzymes to penetrate the ECM, and this
process promotes the invasiveness of cells [50]. EMT activates and maintains the
stemness of the cells, and it plays a key role in the transition of normal stem cells to
CSCs, by acquiring the invasive mesenchymal characteristics.

The EMT is a two-way process, and it can be reversed. EMT can change in either
direction, and the conversion from mesenchymal phenotype to epithelial phenotype
is called mesenchymal to epithelial transition (MET) (Fig. 8.4). It involves multiple
signalling pathways such as Wnt/pB-catenin, Hedgehog (Hh) and Notch signalling.
The interaction between these signalling pathway and the immune cells, enables the
normal stem cells to develop and maintain their plasticity. Various transcriptional
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Fig. 8.4 Effect of current therapies on CSCs and future treatment perspectives. The normal stem
cells undergo oncogenesis due to accumulation of mutations, and the dysregulation of oncogenes
and tumour suppressor genes of the cell cycle, which lead to active proliferation of the mutated cells
and development of tumour. The current therapeutics do not specifically target the CSCs, and
therefore, tumour relapses with multidrug resistance. The CSCs are very plastic in nature, and they
possess the characteristics of self-renewability due to their control over key signalling pathways
such as Wnt/p-catenin, Notch and Hedgehog. Ongoing research specifically target CSCs, and have
shown some promising results in the eradication of tumour. Cancer cells are represented with
serrated margins. Red coloured cells with serrated margins are CSCs. Green and yellow coloured
cells with serrated margins are different tumour cells, which are represented to show the tumour
heterogeneity. Pink coloured cell with serrated margins depicts the dead targeted CSC. The blue or
black coloured nucleus represents heterogeneity in the cancer genomes. CSCs cancer stem cells

factors such as Slug, Snail, Twist, Sox-9, etc. are involved in the transition from
epithelial to mesenchymal cell characteristics [51]. The epithelial cells lose certain
important characteristics, while acquiring invasiveness and metastatic properties.
The epithelial phenotype markers [including E-cadherin, desmoplakin, Muc-1,
cytokeratin-18, occludins, claudins and zonula occludens] are lost, while mesenchy-
mal markers [including N-cadherin, vimentin, fibronectin, vitronectin, a-smooth
muscle actin (a-SMA) and fibroblast-specific protein 1 (FSP1)] are acquired during
EMT [52].

Importantly, growth factors and inflammatory cytokines, including interleu-
kin (IL)-8 [an activator of the Janus-activated kinase/signal transducer and activator
of transcription 3 (JAK/STAT3) pathway] are secreted by the stromal fibroblasts,
and they promote tumour progression and account for the aggressiveness of cancers
[53]. Nevertheless, the aberrant activation of the signalling pathways varies with
cancer types. Few proteins, which have tumour suppressor property in one type of
cancer are known to initiate and cause invasiveness in a different type of cancer. But,
genetic instability or mutations and epigenetic alterations can activate oncogenes
or inactivate tumour suppressor genes via metabolic reprogramming, which in turn
can lead to increased cell proliferation, malignant transformation, metastasis or
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cancer relapse. Furthermore, CSC’s heterogeneity and the process of EMT are con-
sidered to largely contribute to the complexity and organ-specific metastasis of
cancers [54].

8.7 Metabolic Alterations in Tumour Survival

Due to the complex nature of various TMEs, the CSCs tend to depend on different
sources for energy. It has been identified that glucose- and oxidative-based
metabolisms, feed the CSCs with energy derived from vital nutrients, along with
amino acids like glutamine and lysine, which act as alternative fuel sources. In a
normal cell, mitochondria produce ATP using their tricarboxylic acid (TCA) cycle
coupled with OXPHOS, to catabolise acetyl-CoA produced from glycolysis and
fatty acid oxidation [55]. But, CSCs tend to increase the glycolytic flux in aerobic
condition, thereby increasing the production of ATP multifold to feed the anabolic
demands of cancer cells (Fig. 8.5). The supply of essential growth factors and
nutrients from the energy provided by the oxidative and glycolytic metabolisms,
favour cancer cells to survive in unfavourable hypoxia condition, and helps them to
proliferate, differentiate and evade apoptosis more efficiently [56].

Metabolic alterations in the cells are considered as one of the hallmarks of cancer.
Glucose is a key nutrient that is necessary for the CSCs to survive in their microen-
vironment. It also favours the active proliferation of CSC populations as glucose
induces the transcription of specific genes associated with the pathways of glucose
metabolism (c-MYC, Glut, HK-1, HK-2 and PDK-1) in CSCs [57]. Growing evi-
dence suggest that the mitochondrial oxidative metabolism is highly favoured for
energy production in CSC populations. CSCs are metabolically plastic in nature as
they can switch between either glycolytic or OXPHOS pathway, depending on their
anabolic needs (Fig. 8.5).

Most of the quiescent CSCs, during the initial stages of tumour development, use
the oxidative metabolism to match the demands of ATP requirement by the tumour.
The higher rate of oxidative metabolism results in increased oxygen consumption,
along with higher mitochondrial mass and increased ROS production in the
mitochondria, but with lower glycolytic rate. On the contrary, the proliferative
cancer cells (i.e. non-stem cells) use the glycolytic pathway which results in higher
glucose uptake, but lower oxygen consumption with the least mitochondrial mass
and ROS production. This helps in efficient cell differentiation, leading to increased
invasiveness [58]. Interestingly, the proliferative CSCs during metastasis get their
energy from both the pathways, as more energy is required for the cancer cells to
migrate and colonize a new site to form a secondary tumour. The aggressiveness of
the carcinoma during metastatic dissemination or cancer relapse is doubled, due to
energy availability from both the glycolytic and OXPHOS pathways.
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Fig. 8.5 Molecular mechanisms and metabolic alterations that drive CSCs in tumour development.
The tumour cells in the primary site invade the normal tissues using various enzymes and cross the
endothelial barrier, before entering into blood vessels for circulation. The tumour cells undergo
EMT to gain mesenchymal properties, which aid in their rapid invasion. The circulating tumour
cells (CTCs) intravasate to enter into blood vessels, then extravasate and undergo MET, which are
required for dissemination and colonization of cancers at distant secondary sites in other tissues or
organs. The tumour at the primary site uses the glycolytic pathway for the production of ATP,
which is used as energy by cancer cells for their rapid growth. But, the tumour at the metastatic site
uses both glycolytic and OXPHOS metabolisms for the production of ATP, and the tumour cells
can switch the pathways depending on their need. Cancer cells are represented with serrated
margins. Red coloured cells with serrated margins are CSCs. Green and yellow coloured cells
with serrated margins are different tumour cells, which are represented to show the tumour
heterogeneity. Orange coloured cells with serrated margins represent tumour cells with altered
metabolism (i.e. using both glycolytic and OXPHOS pathways), whereas yellow coloured cells
represent tumour cells using only glycolytic pathway. The blue or black coloured nucleus represents
heterogeneity in the cancer genomes. ATP adenosine triphosphate, EMT epithelial to mesenchymal
transition, CTCs circulating tumour cells, MET mesenchymal to epithelial transition, OXPHOS
oxidative phosphorylation

8.8 Signalling Pathways that Drive CSCs

CSCs and MSCs employ common mechanisms, which enable them to retain their
stemness and plasticity. The most crucial mechanisms that are involved in CSC self-
renewal are Wnt/B-catenin, Notch and Hedgehog (Hh) signalling pathways.
Wnt/B-catenin signalling is a conserved pathway present in different organisms,
and it plays a key role during development. It is an essential pathway that is
required for the maintenance of adult stem cell homeostasis. The intercellular
Whnt signalling molecules that are usually involved in the embryonic development,
are altered during EMT, which leads to continuous activation of Wnt signalling and
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persistent synthesis of oncogenic proteins, thereby enhancing CSC’s self-renewal
potential [59].

[-Catenin is the key molecule, which regulates the activation of the Wnt signal-
ling pathway. Importantly, aberrant activation of Wnt/B-catenin pathway plays a cru-
cial role in cancer growth, invasion, stemness and angiogenesis [60, 61]. In the
absence of Wnt ligand, the multi-protein destruction complex containing Axin,
adenomatous polyposis coli (APC) and glycogen synthase kinase-3f (GSK-3p)
phosphorylates p-catenin, which is followed by ubiquitination and proteasomal
degradation of -catenin. However, when Wnt ligand bind to its receptor, conforma-
tional change occuring at its binding site activates downstream signalling, and
B-catenin molecules are released from its destruction complex and accumulates in
the cytoplasm. Later, the accumulated cytoplasmic f-catenin is imported into the
nucleus, where it binds to the transcription factor Tcf/Lef, and activates Wnt
target genes transcription. The target genes of Wnt/B-catenin signalling such as c-
Myec, cyclin D1, MMP-7, CD44, COX-2, Axin2, etc. upon expression promote the
adhesion and migration of CSCs. Furthermore, Wnt target gene expression
also promotes the cellular differentiation and proliferation of CSCs, which lead to
increased invasiveness of CSCs [62].

Notch signalling pathway plays a key role in cell-to-cell communication during
the developmental stages. It also regulates cellular proliferation and differentiation,
and apoptosis. It is essential for neural stem cell maintenance, immune regulation
and normal haematopoiesis. The Notch signalling pathway is activated during cell-
to-cell communication, when membrane-bound Jagged or Delta ligand bind to
its specific receptor. The Notch receptor is a heterodimer, which is composed of
non-covalently bound extracellular and transmembrane domains. After the bind-
ing of ligand to Notch receptor, the receptor undergoes a conformational change,
which leads to its proteolytic cleavage by the metalloproteinase and y-secretase, and
the release of extracellular and intracellular fragments. The proteolytic cleavage of
the heterodimeric Notch receptor releases the Notch intracellular domain (NICD)
into the cytoplasm, which upon translocation into the nucleus activates transcription
factors, resulting in the upregulated expression of Notch target genes such as c-Myc
and HES-family members [63].

The Hedgehog (Hh) signalling pathway is intrinsic for stem cell maintenance as it
controls tissue polarity and maintains patterning during embryogenesis. The genetic
or epigenetic alterations in cells can generate CSCs, which hijacks the Hh signalling
pathway for the maintenance of its plasticity or tumour growth. In the inactive state,
the absence of Hh ligand results in the inhibition of Smoothened (Smo) receptor by
the transmembrane receptor Patched (Ptch). This in turn activates a series of events
in the cytoplasm, which subsequently phosphorylates and degrades Glil/2 through
proteasomal degradation. When adjacent cells secrete Hh, it binds to its receptor Ptch
and activates Smo. Then, Glil/2 molecules, which are bound to the complex in the
cytoplasm are released from the Smo protein complex and translocate into the
nucleus. This, results in the activation of transcription factors and the expression of
Hh-associated genes [64]. The activated genes also include various genes that are
directly and indirectly involved in the maintenance of the CSCs. Hh signalling
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upregulates JAG2, and also indirectly upregulates bone morphogenic protein
4 (BMP4) via FOXF1. Hh pathway can crosstalk with Wnt pathway, and can
upregulate crucial Wnt proteins such as Wnt2B and WntSA. Furthermore, Hh
signalling can induce stem cell markers such as LGRS, CD44 and CD133, upon
interaction with Wnt and other signalling pathways [65].

In most types of cancers, CSCs hijack all the signalling pathways, which are
functionally related to the maintenance of the adult stem cells, thereby promoting
the growth and invasiveness of tumour. Recent studies suggest that CSCs are mostly
maintained and driven in the TME with the help of these signalling pathways.
Therefore, targeted inactivation of these pathways in most carcinomas may have
clinical implications, as it would inhibit the self-renewability of CSCs. This
approach could be used to target both CSCs and tumour to inhibit metastasis
and tumour relapse, and therefore, would enable effective future treatments and ulti-
mately cure for cancers [66].

8.9 Conclusions

CSCs possess the plasticity and self-sustaining ability to survive longer in dormant
state within the TME, by evading cell death and remaining refractory to cell
signalling or communication mechanisms. Importantly, CSCs can initiate tumours
and cause relapse of cancers, which subsequently could lead to more aggressive
carcinomas with increasing resistance to treatments. Cancer patients show poor
survival rate, when they have metastatic cancer and cancer relapse, because these
cancers possess CSCs. Hence, patients with metastatic and relapsed cancers can-
not be cured with currently available cancer therapies. Therefore, developing
advanced novel therapeutics, which can specifically target and eliminate CSCs in
tumours, is an urgently required endeavour to treat, cure and eradicate cancers in the
future.
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Abstract

Most of the conventional cancer treatments have limited selectivity, are tempo-
rarily effective, and have adverse side effects. The potential of cancer stem cell
(CSC)-based therapies has recently attracted much attention to override the
detrimental impact of conventional therapies. Here we have highlighted potential
strategies including identification of cancer stem cell biomarkers, interfering with
circuitry network associated with drug resistance, sensitization of CSC to chemo-
therapy, and radiation therapy through protein targeting. CSCs display differen-
tial metabolic activity, specific signaling pathway activity in tumor initiation,
metastasis, and drug resistance. Thus identification of CSC-specific markers
distinct from the total cancer cell population is essential. Given the fact that the
stem cell is one of the key components of organogenesis and maintenance of
homeostasis throughout life, improvement of treatment modalities based on CSC
therapies holds wish for better overall survival and better quality of life of cancer
sufferers, specifically for patients with metastatic disorder. Therefore, in this book
chapter, we have mainly discussed aberrant regulation of gene expression and
some signaling pathways in CSCs and implication of CSC surface markers for
designing new therapies for better clinical outcome.
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9.1 Introduction

Cancer development is a multistep process which includes dysregulation in the
complex network of genes like accumulation of series of mutations and epigenetic
changes in tumor suppressors and proto-oncogenes in addition to other hallmarks
like sustained proliferative signal, apoptosis resistance, metastatic ability, etc.
[1]. With the fact that normal stem cells has self-renewal property, cancer stem
cells (CSCs) may exhibit replicative potential for many cancer types [2, 3]. CSCs
originate from tumor which sustain proliferative signal and clonal selection as in the
case of normal malignancies [4, 5]. With the fact that the stem cell is one of the key
components of organogenesis and maintenance of homeostasis throughout life,
improvement of treatment modalities based on CSC therapies needs proper
in-depth understanding of biological consequences of existing therapies for better
patient outcome.

9.2  Roles of Stem Cells in Regulation of Key Biological
Functions

Stem cells have profound biological significances like being pioneer of progenitor
cells required for repair of the tissues of particular germ line. It is one of the key
component of developmental processes like organogenesis and maintenance of
normal homeostasis. Pluripotent cells which are embryonic stem cell by origin [6]
give rise to a variety of cell types of the body, including regeneration of blood, skin,
or intestinal tissues [7].

9.2.1 Characteristic Features of Cancer Stem Cells and Its
Biomarkers

Cancer stem cells exhibit a small fraction of the entire population of tumor cells with
distinct characteristic features of stemness, display of differential metabolic activity,
distinct molecular switch activity regulating cell signaling, and deregulation in cell
cycle function [8, 9]. Identification of such population of cells may hold tremendous
potential for targeted therapies. Various cell surface proteins like ABCG2, ALDHI,
CD44, CD24, and CD133 are overexpressed as stem cell markers [10, 11]. Interest-
ingly, these cell surface markers segregate subsets of CSC population in multiple
types of solid tumors. This variation in CSC phenotype in patient tumors of the same
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subtype raises the question whether difference in clinical outcomes within the tumor
subtype is due to variation in CSC population.

A comprehensive list of common marker proteins of CSCs and their roles in
normal biological processes is represented in Table 9.1.

9.2.2 Molecular Players of CSCs Stemness

The diagnostic and prognostic significance of CSCs is documented through gene
expression profiling authenticated by various molecular techniques. For instance, the
molecular analyses of leukemia stem cell populations from AML patients showed a
pattern of gene expression that was found to be a strong predictor of poor prognosis
[12]. In colorectal cancer, EphB2-positive CSC population was identified in tumors
correlated with patient relapse [13]. Subsequent clinical and laboratory studies of
patients in multiple tumors based on these signatures’ involvement of CSC in drug
resistance and cancer metastasis are well documented now [14].

9.2.3 Therapeutic Targeting of CSCs

Cancer stem cells can be selectively targeted without disturbing the homeostasis of
adjacent normal cells. These strategies include molecular players of various
hallmarks of cancer such as self-renewal pathways, resistance to various types of
radio- and chemotherapies, and targeting various CSC-specific cell surface proteins.
For instance Notch and Hedgehog signal transduction pathway-associated pharma-
cological inhibitor -based targeted therapies in human and mouse leukemia inhibited
the expansion of imatinib-resistant CML [15]. Thus CSC-based targeted therapies
are gaining much attention due to the inefficiency of conventional cancer therapies,
failure to kill CSCs, thereby resulting in multiple malignancies, and also toxic to the
healthy tissues [16]. Various approaches of targeting CSC are summarized below.

9.3  Signaling Pathways

Various inhibitors have been developed for targeting signal transduction pathways
including Hedgehog (Hh), Notch, Wnt/b-catenin,, Bcl-2, Bmi-1, etc. (Fig. 9.1) in
CSCs and are a promising step in cancer therapeutics [17-19]. However, these
inhibitors have adverse effect on the normal stem cells. Therefore, improvisation
in drug formulations is required with other CSC-targeting therapies for better
therapeutic outcomes.

The goal of the current therapeutic regimen should be to target circuitry network
of CSCs to trigger CSC-specific apoptosis and alter the microenvironment (niches)
supporting these cells. Toward this goal, modifications in ABC superfamily,
antiapoptotic factors, detoxifying enzymes, DNA repair enzymes, and histone
deacetylation [20, 21] play a very important role. For example, the PI3K/AKT
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Table 9.1 A comprehensive list of common marker proteins of CSCs and their roles in normal
biological processes is represented

Cancer types

Glioma/medulloblastoma,
head and neck cancers, lung,
prostate, melanoma,
osteosarcoma

Glioma/medulloblastoma,
head and neck cancers, lung,
breast, pancreas, bladder,
prostate

Glioma/medulloblastoma,
head and neck cancers,
breast, pancreas, bladder,
prostate, ovarian,
osteosarcoma, leukemia

Glioblastomas, prostate,
gastric, and breast

CSC markers
ABCG2
(ATP-binding
cassette
transporter)

A1/ALDHIA1
(aldehyde
dehydrogenase

1Y)

CD44

CD133/
Prominin-1

Role of CSC markers

ABCG?2 is a protein that plays | Guo et al.
arole in host detoxification of | [10]
various xenobiotic substrates
in various organs like the
liver, intestine, placenta, and
blood-brain barrier. The bone
marrow is reported to express
ABCG2

ALDHs are NAD

(P)" —dependent enzymes, in
the human system. ALDH1
oxidizes retinaldehyde to
retinoic acid and
acetaldehyde to acetic acid
and is expressed in the
epithelia of the brain, liver,
testis, eye lens, and cornea

CD44 is a multistructural and | Wang et al.
multifunctional cell surface [21]
molecule and hyaluronic acid
receptor, whose role is
primarily governed by
various posttranslational
modifications

CD44 is involved in cell
proliferation; differentiation;
migration; angiogenesis;
presentation of cytokines,
chemokines, and growth
factors to the corresponding
receptors; and docking of
proteases at the cell
membrane, as well as in
signaling for cell survival.
Such biological properties are
essential not only for the
physiological activities of
normal cells but also for the
pathologic activities of cancer

Reference

de Beca
et al. [50]

cells

CD133 are hematopoietic Yasuda
stem cells, endothelial et al. [51]
progenitor cells, glial stem and Brescia
cells, and kidney, mammary et al. [52]

gland, salivary gland, testes,
and placental cells. However,
CD133 is also reported being
expressed by glioblastomas

(continued)
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Table 9.1 (continued)

Cancer types CSC markers Role of CSC markers Reference
and pediatric brain tumors
and gastric and breast CSCs
Head and neck cancer CD44+ Prince et al.
[53]
Pancreatic CD133+, Liet al.
CD44+, [47] and
EpCAM+, Simeone
CD24+ [54]
PTEN

Hedgehog Q éy Wnt/B-catenin

(>

JAK/STAT :> Cancer stem cell <:| PI3K/Akt
ABC ﬁ %
superfamily L

Notch

Fig. 9.1 Cancer stem cells associated different types of signal transduction pathways. The various
molecular players such as tumor suppressors, apoptosis regulators, cell survival genes and drug
transporter mechanism along with epigenetic pathways becomes defective during cancer stem cell
formation

signaling pathway which is involved in numerous cancers, including leukemia,
induces resistance to apoptosis through Bcl-2 overexpression and the phosphoryla-
tion of the pro-apoptotic protein BAD. A summary of new CSC-targeted therapeutic
strategies is shown in Fig. 9.2.
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*Targeting CD44
* Targeting CD90
*Targeting CD133
* Targeting CD33

*Notch «Verapamil
Targetin

« Hedgehog cagmerg «MS-209

*Wnt stem cells *VX-710

*NF-kB * Tariquidar

*CXCL12/CXCR4
*VEGF/VEGFR
*Weakly acidic pH

Fig. 9.2 Emerging trends for targeting cancer stems cells. Identification of cancer stem cells with
surface markers helps in targeting complex signalling networks such as—inhibiting drug
transporters, alteration in tissue microenvironment targeting with nanoparticles, natural products
and miRNAs

9.3.1 Nucleic Acid-Based Targeting CSC Markers

Certain cytotoxic drugs like Bcl-2 inhibitors, angiogenic inhibitors, short hairpin
RNA molecules, antibodies, DNA methyltransferase inhibitors, etc. might be a better
choice of treatment by targeting CSCs, for example, downregulation of CD133*
CSCs using short hairpin RNA in human metastatic melanoma [22]. Similarly,
breast cancer cells can be targeted with an anti-CD44 antibody-conjugated gold
nanorod which displays significant cancer stem cell characteristics [23].
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9.3.2 Cancer Stem Cell Targeting by Inhibitors of Detoxifying
Enzymes and Drug Efflux Pumps

Cancer aggressiveness can be reduced, and sensitivity of cancer cells to chemother-
apeutic drugs can be enhanced using specific drug detoxifying inhibitors like
diethylaminobenzaldehyde (DEAB) or all-trans retinoic acid (ATRA), ALDH inhib-
itor against breast CSCs [24]. Similarly, some novel ABC transporter inhibitors like
MS-209 and VX-710 [25, 26] have shown promising results in enhancing drug
sensitivity in various solid cancers [26].

9.3.3 Role of Tissue Microenvironment Niche of CSCs

The advancement of in situ applications of in vitro reprogrammed stem cells and
targeted tissue-specific stem cell expansion in tissue regeneration .requires under-
standing of how abnormal microenvironments can contribute to cancer initiation and
progression. The extracellular matrix (ECM) and stromal cells enriched with a
variety of proteins, growth factors, etc. of bone marrow and secondary lymphoid
organs favor disease progression and resist conventional therapies [27]. Tumor
angiogenesis is well known for CSC survival and drug resistance. For example,
brain tumor stem cells and leukemic stem cells promoting blood vessel formation
can be targeted by angiogenic inhibitor VEGF-neutralizing antibody bevacizumab
that reduces CSC pools followed by tumor growth.

9.3.4 Emerging Trends of Noncoding RNA as Potential Drug
for CSCs

Certain noncoding RNAs including micro-RNAs have been found to be the direct
targets of CSC markers. MiRNA-mediated targeting like miRNA mimics, miRNA
antagonists, and nano-delivery of synthetic oligos [28] to suppress oncogenes or
activate tumor suppressor proteins was reported which plays significant regulatory
roles in CSC apoptotic and antiapoptotic pathways, proliferation, survival, differen-
tiation, migration and invasion, drug resistance, and radiation resistance [29, 30].

9.3.5 Natural Product-Based Targeting of CSCs

Natural products are the products obtained from plants or any other organism and
have always been a rich source of novel compounds that can be used for cancer
therapeutics. In this scenario, curcumin, a key compound obtained from the rhizome
of Curcuma longa (turmeric), holds promising outcome as anticancer agent by
inhibiting metastasis, suppressing cancer signaling pathways, sensitizing tumor
cells to cancer treatment, and finally inducing apoptosis [31]. Besides curcumin,
other natural products, like chrysotoxine isolated from Dendrobium species and
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parthenolide isolated from the shoots of feverfew (Tanacetum parthenium), possess
anticancer features that include targeting various cancer hallmarks in lung cancer.

9.3.6 Dissecting the Role of Apoptotic Players in CSC Stemness

One of the major obstacles of cancer chemotherapy is resistance to apoptosis and
drug resistance. Majority of the cancer types including colon cancer, pancreatic
cancer, glioblastoma, and prostate cancer are typically resistant to cancer chemo-
therapy due to intrinsic defects or post-chemotherapy effects [32, 33]. There are
several mechanisms by which CSC triggers drug resistance including mitochondrial
defects, mutations of death receptors, overexpression of antiapoptotic Bcl-2 family
members and inhibitors of apoptosis proteins (IAPs), etc. [34]. Monensin and
salinomycin ionophore antibiotics are currently recognized as promising anticancer
agents in CSC apoptosis [35]. Obatoclax, a pan-Bcl-2 inhibitor, was recently shown
to overcome resistance to the histone deacetylase inhibitors SAHA and LBH589 and
to act as a radiosensitizer in patient-derived GSCs [36].

9.4 Relevance of CSC-Based Targeted Therapies in Different
Malignancies

9.4.1 Leukemia

One of the most commonly diagnosed malignancies in people of all age groups [37],
leukemia has different subcategories such as acute myeloid leukemia (AML),
chronic myeloid leukemia (CML), acute lymphoblastic leukemia (ALL), and multi-
ple myeloma (MM). There is distinct patient-to-patient variation in the morphology
of leukemic blast cells within these groups. Stem cell markers like CD34, CD38,
HLA-DR, and CD71 have been reported in leukemic cells [38, 39]. A few of the cell
surface markers, for instance, CD90 (Thy-1), are differentially expressed between
normal hematopoietic stem cells and leukemia CSCs, with CD90 underexpression in
leukemia [39, 40] indicating the potential of CD90 as a differentiating marker of
leukemic CSC subpopulations [39, 41]. Loss of expression of CD117, also known as
c-kit, is a prominent characteristic of AML CSCs (CD34"c-kit ™) [42]. A monoclonal
antibody, CSL360, targeting CD123 was the first-in-human trial (NCT00401739) in
high-risk AML patients. In multiple reports it was evidenced that hematological
neoplasms, a fusion protein like SL-401, made up of human IL-3 and diphtheria
toxin truncated version of the protein directly target CD123 [17]. These studies
reveal some novel approaches of targeting CD123 for leukemia treatment.
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9.4.2 Breast Cancer

Continuously holding the banner for the second most deadly malignancy for females
is breast cancer, where one out of eight women have a tendency to develop this
malignancy in their lifetime [37]. Breast cancer is most prevalent in Afro-Americans
compared to other ethnic groups where the ratio of prevalence stands at 121 per
100,000. A minor subpopulation of breast cancer cells known as breast CSCs
(0.1-1%) is found in primary tumors. Upon transplantation into NOD/SCID mice,
a rare subtype of breast CSCs possesses a high tendency for self-renewal and has the
capacity to initiate tumorigenesis [4, 43]. CD133, CD44, ALDH, c-kit, ESA, and
ABCG?2 are among the most common CSC markers reported in primary breast
cancer samples [44]. Targeting BCSC populations with glutathione S-transferase
omega 1 apart from other cell surface marker, resulted in elevated levels of intracel-
lular calcium and activation of STAT3 signaling, along with enriched BCSC micro-
environment and reduction in metastasis.

9.4.3 Pancreatic Cancer

Presently the fourth major reason for mortality in the United States is pancreatic
ductal adenocarcinoma [37] which is among the most lethal malignancies, with a
S5-year survival rate of <5% [45]. Less than 1% of all pancreatic cancer cells are
cancer stem cells with important attributes like self-renewal and uncontrolled poten-
tial of differentiated progeny. CD44*, CD24", and epithelial-specific antigen (ESA)*
are important cell surface markers expressed by pancreatic CSC populations
[43, 46]. These pancreatic cancer CSC phenotypic cells also demonstrate a signifi-
cant upregulation of Sonic hedgehog (SHH) and the polycomb group (PCG) gene
family member Bmi-1, unlike normal pancreatic epithelial cells and non-CSC-like
cancer cells. All of these have been well known for maintaining CSC characteristics
[46, 47].

9.4.4 Lung Cancer

More than two lakh people are diagnosed with lung cancer every year in the United
States, with a yearly morbidity rate of 160,000 individuals [37]. Tremendous growth
has been witnessed in the past decade pertaining to the diagnosis and management of
this condition; however due to factors such as resistance to treatment, uncontrolled
tumor growth, and metastatic capacity, the prognosis still remains poor. One of the
main reasons behind the aggressive phenotypes of lung cancer is the presence of a
small subpopulation of lung CSCs capable of expressing certain stem cell markers,
such as CD133, CD44, ALDH, Oct4, and Nanog [48, 49].

It is interesting to note that the development of immunotherapy has led to
scientific advancements in using CSC-specific antigen presentation in addition to
targeted small molecule inhibitors for the improvement of cancer therapies.
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9.5 Conclusion

A substantial amount of evidence reveal that a puny CSC population has been
known to be associated with an aggressive phenotype of tumors portraying vital
characteristic features such as increased cell survival, migration, invasion, metastatic
capacity, treatment resistance, and tumor recurrence eventually contributing to poor
prognosis. Regardless of the number of efforts that have been made toward charac-
terization of CSCs, their pathogenesis and molecular interactions in the tumor
microenvironment are still elusive. Identification, isolation, and characterization of
CSCs and CSC-specific markers in malignant tissues will enhance our knowledge
and assist us in designing strategies for the development of chemotherapeutics aimed
at reducing tumor aggressiveness by targeting CSCs. Recent evidence states that
preclinical and clinical trials have highlighted the cruciality of CSC markers in
cancer detection, screening, and CSC-based targeted therapies such as epigenetic
targeting and immunotherapy which is aimed at improving patient outcomes. Cur-
rent scientific advancement on CSCs has widened our horizons and provided a new
dimension in developing new strategies in order to curb malignancies, thereby
allowing researchers and clinicians to alleviate the burden of cancer.
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Abstract

Glioblastoma (GBM) is a deadly brain tumor with poor prognosis despite the
improvement in the diagnosis of GBM and innovative treatment strategies.
Chemotherapy and radiotherapy could only help the GBM patients to a mean
survival of 15 months. One of the key reasons for this poor outcome is a complex
tumor heterogeneity and the presence of cancer stem cells (CSCs). CSCs in GBM
(GSCs) are responsible for drug resistance and relapse. Cancer cells (non-GSC)

D. Ezhilarasan
Department of Pharmacology, Saveetha Dental College and Hospitals, Saveetha Institute of
Medical and Technical Sciences, Chennai, Tamil Nadu, India

Biomedical Research Unit and Laboratory Animal Research Centre, Saveetha Dental College and
Hospitals, Saveetha Institute of Medical and Technical Sciences, Chennai, Tamil Nadu, India

R. I. Kumaran
Biology Department, Farmingdale State College, Farmingdale, NY, USA

1. Ramachandran
Department of Endocrinology, Dr. ALM PG Institute of Basic Medical Sciences, University of
Madras, Taramani Campus, Chennai, Tamil Nadu, India

Department of Obstetrics and Gynecology, David Geffen School of Medicine, University of
California at Los Angeles, Los Angeles, CA, USA

S. Yadav
Aging Centre, Tulane University, New Orleans, LA, USA

Louisiana Cancer Research Center, New Orleans, LA, USA
e-mail: Syadav]1@tulane.edu

M. Anbalagan (D<)
Louisiana Cancer Research Center, New Orleans, LA, USA

Department of Structural and Cellular Biology, Tulane University, New Orleans, LA, USA
e-mail: manbalag @tulane.edu

© The Editor(s) (if applicable) and The Author(s), under exclusive license to 167
Springer Nature Singapore Pte Ltd. 2020

S. Pathak, A. Banerjee (eds.), Cancer Stem Cells: New Horizons in Cancer

Therapies, https://doi.org/10.1007/978-981-15-5120-8_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5120-8_10&domain=pdf
mailto:Syadav1@tulane.edu
mailto:manbalag@tulane.edu
https://doi.org/10.1007/978-981-15-5120-8_10#DOI

168 D. Ezhilarasan et al.

are normally sensitive to drug treatment, whereas GSCs are resistant to treatment.
This chapter describes the complexity of GSC and their microenvironment niche,
GSCs as a therapeutic target, and details on clinical trials that target GSCs. This
knowledge may help us in better understanding CSCs in glioblastoma and
developing new therapeutic strategies for this deadly disease.
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10.1 Introduction

Gliomas are a group of aggressive and most common types of primary central
nervous system cancers. The incidence and mortality of gliomas have increased
globally during the last two decades [1]. Histologically, glioma can be classified as
high-grade glioma [glioblastoma (GBM)] and low-grade glioma (astrocytoma and
oligodendroglioma) [2]. According to the cell of origin, gliomas can be classified as
astrocytic  tumors (astrocytoma, anaplastic astrocytoma, and GBM),
oligodendrogliomas, ependymomas, and mixed gliomas [3]. Based on histopathol-
ogy and level of malignancy, the World Health Organization (WHO) classified
glioma under grade I to IV. Grade I glioma is less proliferative and can be treated
by surgical procedures, while grade II to IV types are highly invasive and fatal. Due
to the high malignancy and aggressiveness, WHO designated GBM as grade IV
astrocytoma [3, 4]. Glioblastoma is one of the fatal and malignant forms of tumors
from a glial origin in the human brain with a median survival period of 16-21 months
[5]. Glioblastoma accounts for >60% of all brain tumors in adults with high
mortality rate and a poor prognosis due to the infiltration and migration of GBM
cells, high degree of intratumoral cellular heterogeneity and plasticity, and a high
degree of recurrence [6, 7]. In a cancer perspective, GBM is a rare tumor with a
global incidence rate from 0.59 to 3.69/100,000 population [8]. However, due to
poor prognosis, GBM has a survival rate of 14-15 months and only <5% of patients
reportedly surviving 5 years after diagnosis [9]. The incidence of GBM directly
proportional to age and the median diagnosis age was reported as 64 [8]. Epidemio-
logical studies revealed that the male population is highly prone to GBM than
females [10]. Previous studies suggested that gliomas have higher incidence only
in developed western countries [10]. However, according to a recent study, the
highest gliomas incidence has been reported in eastern countries like China and
India [1]. Geographic variations in the GBM incidence have been studied in the US
population, and the findings revealed that South Americans are highly affected by
GBM than that of other regions [11]. Among White non-Hispanic, Black
non-Hispanic, Asian/Pacific Islanders non-Hispanic (API), and Hispanic adults
GBM patients, a better survival rate was observed in API patients when compared
to other races and ethnicity [12]. These studies indicate that GBM incidence and
patient survival are dependent on race, ethnicity, and geographic region. The exact
etiology of GBM remains unclear. However, studies have shown that high dose
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exposure to ionizing radiation is considered as confirmed etiological factor. Though
mobile phone radiation is associated with an increased risk of low-grade glioma [13],
there is no conclusive evidence reported for the risk factors such as mobile phone
radiation or electromagnetic field [3, 14]. Occupational risk factors such as exposure
to toxic chemicals such as carbon tetrachloride have been associated with the
progression of GBM [15]. Glioblastoma is a highly aggressive and invasive cancer,
and therefore, even with surgery and radio/chemotherapy, there is poor prognosis in
GBM patients [16]. In the last two decades, several drugs such as temozolomide
(TMZ) and bevacizumab are used in GBM patients as adjuvants along with radio-
therapy to improve quality of life and survival [17, 18]. TMZ is recommended for
newly diagnosed GBM patients, while bevacizumab is used to treat recurrence
[18]. Currently, TMZ is used as a potential chemotherapeutic agent for the treatment
of GBM. TMZ metabolites are reportedly causing DNA damage; off-target effects
and its continuous administration caused ineffectiveness in GBM patients due to
resistance [16].

10.2 Glioblastoma Stem Cells (GSCs)
10.2.1 Historical Perspective of GSCs

A pioneering study from Bonnet and Dick (1997) confirmed the existence of
heterogeneity of tumor cells, and they successfully isolated the leukemia-initiating
cells, and they were considered as the first purification of cancer stem-like cells
[19]. To the best of our knowledge, the human neural stem and progenitor cells
(NSPCs) were first isolated by Uchida et al. (2000) using the marker CD133, and this
study paved the way in the quest of brain tumor cells that shared the characteristics of
NSPCs [20]. Since then, several studies described the cancer stem cells (CSCs) in a
variety of brain tumors such as glioblastoma, anaplastic and pilocytic astrocytoma,
ganglioglioma, medulloblastoma, and ependymoma [21-24].

10.2.2 Nomenclature

The heterogeneity of the cell populations within CNS tumors is well documented.
Several terms are used to describe these cell populations; however, individually they
have unique characteristics and functions. The brain CSC nomenclature is used
interchangeably. However, they have unique -characteristics. For instance,
(1) tumor or glioma or brain tumor stem cells have the capacity to self-renew and
give rise to differentiated progeny. Their functional characteristics include tumor
generation upon secondary transplantation, and progeny contains CSCs and
non-stem tumor cells; (2) fumor or glioma or brain tumor-initiating cells have the
ability to initiate tumor after transplantation; (3) tumor or glioma or brain tumor-
propagating cells have the ability to propagate tumor after serial transplantation.
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10.2.3 Origin of GSCs

Ample evidences reported that a variety of cancers have a population of cells with
stem cell characteristics that are CSCs [25]. Brain tumors consist of heterogeneous
cell populations and are reported to arise from CSCs (Fig. 10.1). Clinically, GSCs
have been functionally identified in brain tumors in humans [23, 26]. These stem
cells have been reported to mediate treatment resistance to chemotherapy [27, 28],
radiotherapy [25], and also resistant against markers involve in angiogenesis, inva-
sion, and recurrence [28]. In origin point of view, it has been reported that GBM may
arise from (1) a subpopulation of neural stem cells (NSCs), (2) transformation and
proliferation of differentiated astrocytes in the subventricular zone (SVZ), and
(3) the increased somatic mutations in NSCs in the SVZ [29, 30]. Moreover, an
innovative experimental and clinical finding from Lee et al. (2018) confirmed that
astrocyte-like NSCs in the SVZ are the cell of origin, which is the main driver
mutation in human GBM [31]. This study reported that the acquirement of the
telomerase reverse transcriptase (TERT) promoter mutation allows the prolonged
self-renewal ability of NSCs and subsequent somatic mutation development causes
GBM [31]. However, the origin of GSCs is still subjected to debate, and more
studies are warranted on these lines.

Conventional Therapy

IChemotherapy or Radio therapy)

- -Glioblastoma cells

Self renewal properties

Glicblastoma stem cells of GSC

Tumeor heterogeneity

STEM cell
targeted therapy
in combination of

Chemo or radio

therapy. Differentiated progeny

x Tumor relapse
go@

Tumeor inhibition

Fig. 10.1 GBM is heterogeneous which contains cancer cells and a small subset of CSCs. The
CSCs can be distinguished from other cell populations. In this model, CSC-specific targeted
therapies are proposed in combination with conventional chemo- and radiotherapies to kill both
CSC and other cancer cells to prevent subsequent relapse
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10.2.4 Cellular Hierarchy of Brain Tumors

The embryonic stem cells are the most primitive cells derived from the inner mass
cells of the human embryo. They are pluripotent and capable of differentiating into
any type of cells in an organism. Downstream from embryonic stem cells are
multipotent progenitor cells that include NSCs, endothelial progenitor cells,
hematopoietic stem cells, and mesenchymal stem cells (MSCs). These cells have
restricted differentiation potential and self-renewal. The multipotent NSCs can give
rise to more downstream progenitor cells with restricted self-renewal potential,
differentiation, and mitosis [32]. In a hierarchical viewpoint, CSC cancer models
reported to arise from CSCs by mutations in embryonic stem cells or in progenitor
cells at birth or accumulate over time resulting in cells possessing the ability for
uncontrolled growth and propagation [33, 34]. Studies have also shown that
non-CSCs can also dedifferentiate into CSCs through epigenetic and environmental
factors, thereby increasing the complexity of the tumor and thus the treatments [35].

10.2.5 Biomarkers of GSCs

Prominin-1 (PROM1/CD133), SSEA-1 (CD15), integrin-a6, and L1 cell adhesion
molecule (LICAM) are considered as markers for GSCs. PROMI is a
S5-transmembrane (5-TM) protein first recognized in the prominin family [36], and
its expression was identified as a tumor initiator in a variety of cancers including
GBM. Experimental studies proved the tumor-propagating potential of PROM1*
cells in immunodeficient xenograft mice model [37]. Ironically, PROM1 ™ cells also
contributed to the tumor initiation [38]. This study indicates that PROMI1 is not only
related to tumor initiation. PROM1* GSCs are tumorigenic and exhibit self-renewal
and differentiation properties [39]. Clinically, overwhelming evidences indicate that
PROM1 expression and neurosphere formation were associated with short survival
of GBM patients and PROM1 expression was correlated with short survival of mice
transplanted with tumor cells [39, 40]. Therefore, PROM1 could serve as a prognos-
tic marker for GBM.

Some studies have also reported the expression of stage-specific embryonic
antigen-1 (SSEA-1) or CD15 in cells with tumor initiation. It has been experimen-
tally and clinically proven that CD15 expression has been found in PROM1 ™~ tumors
and nearly 40% of the freshly isolated GBM specimens did not contain CD133-
positive cells [41, 42]. CD15-positive cells have the ability to generate the cellular
heterogeneity of the primary tumor [43]. An experimental study from Kenney-
Herbert et al. (2015) reported that CD15 was not a useful marker to distinguish a
fast-proliferating, tumorigenic, or stem-like population in GBM [44]. Further,
overexpression of CD44 was related to poor survival rates, and studies suggest
that CD44 could act as an independent prognostic factor in patients with
low-grade gliomas [45]. In GBM, high CD44 expression in GSCs promotes the
tumor progression and invasion, which lead to short survival [46]. A recent study
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demonstrated that high CD44-expressing GSCs in GBM are resistant to radiotherapy
leading to therapeutic failure [47].

Integrins play a pivotal role in CSC biology. GSCs with high integrin-a6 expres-
sion are highly tumorigenic [48]. Integrin-a6 was reported to promote
radioresistance [49]. In a recent experimental study, the functional role of integrin-
alOP1 was established. siRNA-mediated knockdown of integrin-a10 in GBM cells
decreased the neurosphere formation and migration and reduced the viability
[50]. The neuronal cell adhesion molecule LICAM (L1, CD171) regulates the
growth, migration, and survival of neural cells and is essential for preserving the
proliferation and survival of CD133-positive glioma cells with stem-like properties
[43]. SRY-related HMG-box 2 (SOX2) is a glioma stem cell marker [51], and its
high expression is implicated in tumor formation and chemotherapeutic resistance
[52]. In a recent clinical study, Takashima et al. (2019) reported that nearly 22 sets of
genes including LICAM and sirtuin 1 can be used as the prognostic markers of
GBM [53]. Though these markers help to identify the GSCs, the conclusive evidence
linked to a stem cell phenotype remains elusive.

10.3 Isolation and Cultures of Primary GSCs

Fresh brain tumor specimens can be collected from patients who underwent surgical
resection of histologically confirmed GBM. Specimens can be collected after
obtaining necessary human ethics committee permission and with the 1964 Helsinki
Declaration. Then, the collected specimen can be immediately transported in
phosphate-buffered saline containing antibiotics (preferably 10-15% penicillin/
streptomycin). GSCs can be isolated from the fresh tissue with trypsin. Under the
sterile conditions, tumor tissue can be cut into small pieces and placed in trypsin-
ethylenediaminetetraacetate solution (0.25%) and incubated for 10—15 min at 37 °C.
After incubation, Dulbecco’s modified Eagle’s medium (DMEM)/F12 culture
medium containing 10% fetal bovine serum (FBS) can be added to stop trypsin
activation and then centrifuged at 3000 rpm for 10 min to recover the cells from the
enzyme. The supernatant is discarded, and complete medium is added to the cell
pellet, mixed well, and filtered through a 70-um cell strainer. Then the filtered cells
are washed by centrifugation, and fresh culture medium containing 10% FBS and
penicillin (100 U/mL), and streptomycin (0.1 mg/mL) is added. Further, 0.1 mL of
cell suspension and 0.1 mL of trypan blue solution are added, mixed well, and
counted under the inverted microscope using a cell counter. Then approximately
1 x 10° cells are seeded in culture flask containing complete medium and incubated
in a standard culture condition at 37 °C and 5% CO,. After 72 h of incubation, the
flask can be observed for cell adherence and sphere generation, and the medium can
be replaced until enough cell confluency is attained for passage [54, 55]. Then, the
characterization should be done for the expression of tumor stem cell markers
reported. Glioblastoma stem cells are cultured in Neurobasal medium supplemented
with epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) to
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stimulate growth, maintain the stem cell-like characteristics, and preserve the genetic
profile of the GSCs [56].

10.4 Glioblastoma Cell Lines

Rat gliomas cell lines such as C6 and RG2 [D74] are commonly used to study the
GBM due to their high angiogenic, migratory, and invasive properties [57]. Other
human GBM cell lines such as R1, T2, A-172, T98G, U-251, U-87, A172, U-118,
U-138, LN-229, and SNB-19 are characterized and also used by several workers for
in vitro GBM research [58, 59]. These cell lines have unique angiogenic, migratory,
invasiveness, and in vivo metastatic ability after transplantation in animals and
xenograft cancer properties. For instance, LN-229 xenografts were reported to
grow faster than U-251 and U-87 cell lines. Similarly, U-251 xenografts increased
the tumor size. A well-defined cancer mass in the brain parenchyma was established
after the transplantation of the U-87 cell line [59]. Currently, several new human-
derived GBM cell lines developed by various research groups are characterized
[58, 59]. However, none of the studies have recommended any GBM cell line as the
ideal one, and the selection of cell lines is under the discretion of individual
researchers.

10.5 Glioblastoma: Microenvironment and Niche

The niche concept was developed to describe the location of GSCs in the tumor and
where the tumor microenvironment (TME) exerts its maximum influence. It is an
established fact that GSCs in tumor reside in the niche that is like those hosting
normal NSCs in the SVZ. The astrocytes and ependymal cells present in SVZ
regulate stem cell niche, as the former establish close contacts with all cell types
and with blood vessels, sensing and integrating any signals from germinal regions
and vasculature within stem cell niche. The paracrine role of the niche plays a vital
role in the survival of GSCs and resistance to therapy. Cells like neuroblasts, transit-
amplifying cells, and quiescent NSCs also occur in the same niche [60]. These
niches are surrounded by ependymal cells projected towards the ventricle and are
essential for stemness maintenance.

Evidences suggest that perivascular space as a niche for GSCs survival, resistance
to therapy, progression, and dissemination. The perivascular niche of GBM includes
endothelial cells, astrocytes, differentiated and undifferentiated tumor cells, immune
cells, pericytes, vascular basement membrane glioma-associated microglia/
macrophages, myeloid cells, fibroblasts, and obviously, GSCs and normal NSCs
[61, 62]. Upon specific stimuli, GSCs can transdifferentiate into pericytes or endo-
thelial cells and directly contribute to the perivascular niche. Perivascular niches are
represented by capillaries or arterioles where ECs are in direct contact with stem
cells. Larger vessels like transport vessels cannot be considered as niches as they do
not have direct contact with GSCs and endothelial cells [60, 63]. When niches are
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found in the most invasive area of the tumor, they are called invasive niches
[63]. Oxygen concentration plays a pivotal role in maintaining the stemness of
GSCs defining perivascular and the hypoxic niches [64]. The existence of enriched
hypoxic region GSCs has been reported as one of the hallmarks of GBM [65]. Hyp-
oxia in GSCs involve plasticity and self-renewal and modulate the functions of
non-GSCs via metabolic reprogramming and transcriptional regulation by activation
of hypoxia-inducible factors la and 2a (HIF1a, HIF2a), Notch signaling, and
epigenetic regulations [66, 67] (Fig. 10.2). Hypoxia in GSCs induces the secretion
of various soluble factors such as transforming growth factor-p (TGF-f), vascular
endothelial growth factor (VEGF), etc. which are crucial for dedifferentiation and
angiogenesis in the tumor microenvironments [67]. Hypoxia condition also induces
factors like C-X-C motif chemokine receptor 4, glucose transporter 1, hypoxia-
inducible gene 2, serpin B9, octamer-binding transcription factor 4, and lysyl
oxidase for the stemness maintenance and proliferation of GSCs [65]. The niche
cells are responsible for the synthesis of a variety of signaling molecules, and at the
same time, they respond to the stimuli from paracrine signaling.

10.6 Signaling Pathways Involved in GSC Regulation

Several signaling molecules secreted by the cells in tumor niche are responsible for
tumor suppression and also pro-tumorigenic potential. TGF-f signals via its down-
stream serine/threonine kinase receptors to activate messenger proteins (SMADs)
and induce the upregulation of several genes/proteins associated with the progres-
sion of GBM [68]. High TGF- expression is involved in tumor cell proliferation,
invasiveness, immunosuppression, and renewal of GSCs [69]. Interacting with
fibroblast growth factor (FGF) and VEGF, TGF-f contributes to angiogenesis for
rapid tumor growth [70]. Moreover, TGF-f also induces radioresistance [71]. In
human GBM, the isoforms of TGF-f; and TGF-f, levels were found 33- and
11-fold, respectively, higher than in the healthy brain, and their expressions were
inversely correlated with overall survival (OS) of GBM patients [70]. Bone morpho-
genetic protein (BMP) signaling is also a part of the TGF-} family. In GSC’s point of
view, BMP induces differentiation of these cells and is reported as a tumor suppres-
sor [72, 73]. For instance, it has been reported that BMP 7 could induce the
transcription factor Snail and decrease the tumor growth via activation of astrocytic
differentiation in GSCs in an orthotopically xenografted immunodeficient mouse
model. The same study has used a GBM cell line in vitro and confirmed the
repression of the TGF-PB; promoter upon Snail binding through its N- and
C-terminal domains that interact with BMP and SMADs of TGF-f signaling
[74]. These studies have proposed that BMP agonist can be developed as promising
GBM-suppressive drugs. However, BMP signaling extends beyond the GSC com-
partment and fosters tumorigenesis in neoplastic astrocytes through the promotion of
proliferation and invasion, and this experimental study suggested the differential
regulation of BMP in GSCs and in other GBM compartments [75].
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Fig. 10.2 Characteristic features of glioblastoma stem cells (GSCs). Neural stem cells (NSCs), L1
cell adhesion molecule (LICAM), Sonic hedgehog (SHH), transforming growth factor beta
(TGF-p), bone morphogenetic protein (BMP), nitric oxide (NO), hypoxia-inducible factors
(HIFs), vascular endothelial growth factor (VEGF), stromal cell-derived factor-lo (SDF-1a),
epidermal growth factor receptor (EGFR), hepatoma-derived growth factor (HDGF), ephrin type-
A receptor 2 (EphA2), matrix metalloproteinases (MMPs), C-X-C motif chemokine receptor
4 (CXCR4), octamer-binding transcription factor 4 (OCT 4), telomerase reverse transcriptase
(TERT), SRY (sex-determining region Y)-box 2 (SOX2)
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Notch and Wnt/p-catenin signaling pathways are strongly implicated in GBM
progression. Notch signaling via NO plays a critical role in both GSC maintenance
and GSC radioresistance [76]. Gersey et al. (2019) reported the increased Notch
activation and expression in human GBM cell lines [77]. Wnt/p-catenin and Notch
signaling are involved in tumor progression by promoting proliferation and
clonogenic ability and inhibiting neuronal differentiation in GSCs. This has been
confirmed in a study in which dual inhibition of Wnt/p-catenin and Notch signaling
in GSCs that express high levels of the proneural transcription factor ASCL1 leads to
robust neuronal differentiation and inhibits clonogenic potential [78]. However,
studies have also demonstrated that treatment with Wnt ligands and p-catenin
overexpression may induce neuronal differentiation and inhibit the proliferation of
primary GBM cells [79]. Several studies illustrated the Wnt activation in human
GBM and suggested the novel Wnt signaling antagonists for the treatment of
GBM [80].

GSCs secrete several cytokines or growth factors, such as epidermal growth
factor receptor (EGFR) and VEGF, to promote angiogenesis through endothelial
cell proliferation and recruitment [76]. Like other cancers, EGFR and VEGF
expressions are strongly implicated in human GBM. Increased expression of
EGFR has been reported in GSCs, and EGFR is essential for proliferation, survival,
and invasiveness of GSCs [81]. In an in vitro study, ZR2002 (a small-sized and
novel inhibitor developed with haloalkyl arm capable of reacting with the receptor
itself and with DNA and bases and crossing the blood-brain barrier) induced
cytotoxicity in GSCs resistant to TMZ and gefitinib, a clinical EGFR inhibitor
[82]. The VEGF is a highly specific endothelial cell mitogen that has been shown
to promote vascular endothelial cell proliferation, migration, and survival, resulting
in tumor angiogenesis, a requirement for glioma [83]. In another study, glioma stem
cell-derived exosomes promoted the angiogenic ability of endothelial cells through
miR-21/VEGF signal growth [84].

10.7 Glioblastoma Stem Cells as a Therapeutic Target

Glioblastoma is highly heterogeneous involving several cell types, and GSCs secrete
a variety of cell signaling molecules and respond to various paracrine signaling.
Therefore, targeting with a single agent is a challenging task. However, studies have
reported targeting specific GSC receptors and came out with promising results. For
instance, in an epigenetic point of view, histone deacetylases (HDACs) are
implicated in several cancer cell types including GBM. Therefore, HDAC inhibitors
such as TSA and SAHA have been tested against the U§7-MG cell line and primary
tumor (GBMO11) cells. HDAC activity blockade downregulates the GBM progres-
sion due to the modulation of plasticity in vitro [85]. Integrin-o7 (ITGA7), a major
laminin receptor in GSCs, has been identified as a therapeutic target in GBM
patients. Targeting of ITGA7 by RNAI or blocking mAbs impaired laminin signal-
ing and delayed tumor engraftment and invasion [86]. TGF-f inhibitors like
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AP12009, LY2157299, and GC1008 have been tested in clinical trials; however,
they had limited therapeutic potential in GBM patients [87].

In the hypoxia perspective, GSCs are maintained in the hypoxic niche and are
responsible for GBM initiation, progression, and recurrence. Notch pathway is
important for hypoxia-mediated maintenance of GSCs, and therefore, inhibition of
Notch signaling or depletion of HIFs can inhibit the hypoxia-mediated maintenance
of GSCs. In previous studies, blocking Notch signaling through y-secretase
inhibitors caused depletion of CD133™ in GSCs, decreased neurosphere formation,
and inhibited xenograft tumor growth through decreased Akt and STAT3 phosphor-
ylation [88]. Combination therapy using Notch and Akt inhibitors, MRKO003 and
MK-2206, respectively, tested in the GBM cell line indicates that combination
therapy is useful in controlling invasion but not the proliferation of GBM cells
[89]. However, a phase 1 clinical trial encountered Notch inhibition via RO4929097,
gamma-secretase inhibitor in glioma patients, and reported that the inhibition of
Notch signaling alone is insufficient to fully control tumor progression; however,
this study is not GSC specific [90].

Epithelial-to-mesenchymal transition (EMT)-like process is considered to play an
important role in the invasiveness in GBM. In a study, metformin has been reported
to inhibit the self-renewal ability of GSCs and decrease the expression of stem cell
markers such as Bmil, Sox2, and Musashil, indicating that metformin could inhibit
cancer stem-like properties of GBM cells. Metformin also inhibited the Akt and
TGF-p2 and its downstream SMAD signaling [91, 92]. Interestingly, a plant-derived
drug resveratrol is reported to inhibit EMT-assisted self-renewal capacity of GSCs
and EMT-induced cancer stem cell markers Bmil and Sox2. These effects were also
confirmed in the xenograft experiments in vivo [93].

In the immunology perspective, GBM patients have been targeted with several
immune modulators. For instance, cetuximab, trastuzumab, and panitumumab are
EGFR monoclonal antibodies that have shown effectiveness in preclinical studies.
However, in phase 2 clinical trial, cetuximab had no therapeutic effect and no
changes in OS [94, 95]. GSCs specifically express SOX6 and are killed by cytotoxic
T lymphocyte (CTL) primed against SOX6-derived peptides [96], and therefore,
GSC antigen peptides recognized by CTL can be applied to immunotherapy that
targets GSCs [97]. Dendritic cell-based vaccination-induced CTL recognized GSCs
and prolonged the survival of tumor-bearing xenograft animals [98]. The AC133
epitope of CDI133 is a vital GSC marker for GBM; therefore recombinant
ACI133 x CD3 bispecific antibody was developed. This bispecific antibody
redirected to polyclonal T cells to CD133+ GSCs and decreased colony-forming
ability of human glioma cell line (U-251), induced their lysis, and prevented the
xenograft growth in vivo [99]. Similarly, several immune targets have been tried in
GSC for the treatment of GBM. Clinical trials targeting GSCs in GBM condition has
been listed in Table 10.1.
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10.8 Conclusions

Till now, GBM is the most deadly and aggressive cancer. Several types including
GSCs in the TME contribute to the progression and relapse. Available studies
demonstrated that GBM microenvironment has a variety of CSC population includ-
ing GSCs which display stem-like properties. GSCs are resistant to chemo- or
radiotherapy, and hence, GSC-specific targeted therapies are need for the hour.
Three main features of the GBM that hamper the treatment are (1) occurrence of
chemo- or radioresistant GSCs in the TME, (2) heterogeneity of tumor, and (3) the
microenvironment and the niche responsible for the secretion of various onco-
genic soluble factors. Often, glioma treatments with various strategies affect the
normal cells residing near the cancer environment. Till now, only a basic under-
standing of plasticity, differentiation, and colony formation of GSCs has been
reported and the results derived from such studies are inconsistent. Though studies
have reported the modulation of several cell signaling molecules in GSCs, several
aspects have not yet been fully established. For instance, BMP is differentially
expressed in GSCs as well as in other areas like solid tumors. The reason behind
this kind of discrepancies needs to be addressed soon. Some plant-derived drugs
have high molecular weight with poor bioavailability that hamper its ability to cross
the blood-brain barrier. Therefore, care should be taken on drug size and bioavail-
ability. Moreover, most of the therapeutic interventions are tested against in vitro and
in vivo using xenograft animal models. Such studies are useful for interpretation of
the results, and per se they will not recapitulate the TME of humans, and it will not
give the conclusive evidence, and therefore, more studies are warranted on GBM
patients.
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Abstract

Angiogenesis is a highly regulated process of formation of new blood vessel from
preexisting blood vessel during fetal development, ovulation, and wound healing.
Tumor growth and maintenance are critically controlled by tumor angiogenesis by
facilitating the ingress of tumor cells into the circulatory system and in turn
metastatic spread of the tumor. Apart from self-renewal and proliferating
capabilities, cancer stem cells (CSCs) are also involved in tumor angiogenesis.
CSCs establish a vascular niche by expressing vascular-related mediators to induce
neovascularity around tumors. Developing antiangiogenic agents that also targets
CSCs and evaluating its effect on a three-dimensional (3D) angiogenesis spheroid
model are significant cancer therapeutic measures as the interactions between niche
and CSCs and the heterogeneity can be understood better by using 3D spheroid.
Furthermore exploiting the antiangiogenic effect of phytochemicals is beneficial
over other available conventional drugs as they have relative pharmacological
safety and target multiple molecular pathways to exert its anticancer effect.
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Abbreviations

ABCG-2  ATP-binding cassette subfamily G member 2

ALK1 Activin A receptor-like type 1

BM Basement membrane

BMP Bone morphogenic proteins

BMPR Bone morphogenetic protein receptor

COX-2 Cyclooxygenase-2

CSC Cancer stem cell

EC Endothelial cell

ECM Extracellular matrix

EGCG Epigallocatechin gallate

EPC Endothelial progenitor cell

FGF Fibroblast growth factor

LGRS Leucine-rich repeat-containing G-protein coupled receptor 5
MVD Microvessel density

PD-ECGF Platelet-derived endothelial cell growth factor 1
PDGF Platelet-derived growth factor

PGE2 Prostaglandin E2

SDF-1 Stromal cell-derived factor 1

TGF Transforming growth factor

TNF-a Tumor necrosis factor-a

VEGF Vascular endothelial growth factor

VEGFR-2 Vascular endothelial growth factor receptor 2

11.1 Angiogenesis

Angiogenesis is a complex process that involves the activation, proliferation, and
directed migration of endothelial cells to form new capillaries from existing blood
vessels [1]. This highly regulated process occurs during various physiological
conditions like human development, reproduction, and wound repair [2]. Angiogen-
esis also has its role in pathological conditions like cancer, rheumatoid arthritis,
psoriasis, and proliferative retinopathy [3]. Various factors like soluble polypeptides,
cell-cell and cell-matrix interactions, and hemodynamic effects influence angiogen-
esis. Various inducers of angiogenesis include vascular endothelial growth factor
(VEGF) family, angiopoietins, transforming growth factors (TGF), platelet-derived
growth factor (PDGF), tumor necrosis factor-a (TNF-a), interleukins, and members
of the fibroblast growth factor (FGF) family [4, 5]. Among these VEGF-A is the
most potential proangiogenic protein which helps in induction of proliferation,
sprouting, and tube formation of endothelial cells (ECs). Under hypoxic condition
VEGF binds to its tyrosine kinase receptors (VEGFRs) present on endothelial cells
and triggers the signal transduction pathways that kindle the cells to undergo
sprouting angiogenesis [6, 7].
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11.1.1 Tumor Angiogenesis

Angiogenesis plays a key role in the metastatic spread of the tumor by facilitating the
ingress of tumor cells into the circulatory system and hence instrumental in the
formation of pre-metastatic vascular niche [8]. As the tumor progresses, it becomes
malignant and attains the hypoxic condition. Hypoxia induces the release of angio-
genic growth factor molecules. This dominating proangiogenic signaling turns on
the angiogenic switch. Upon binding of these growth factors to the endothelial cell
receptors of the blood vessels in close proximity arises new blood vessel that invades
the tumor and aids in its progression [9] (Fig. 11.1). The blood vessels formed during
tumor angiogenesis are different from the normal vessel in that the walls of tumor
vessels are made of both tumor cells and ECs [11]. Peripheral blood vessels are often
devoid of functional pericytes [12] and thus an incomplete basement membrane
which makes those vessels to be leaky and dilated [13]. Analogous to normal
angiogenesis, tumor angiogenesis also relies on VEGF and other angiogenic proteins
for tumor vasculature maintenance. Elevated expression of VEGF and its receptor
VEGFR-2 was reported in many cancers, including metastatic human colon
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Fig. 11.1 ©Tumor-influenced angiogenesis. The stepwise process of angiogenesis begins with
ECM and BM breakdown, followed by EC proliferation, EC migration, and finally re-formation of
stable blood vessel. Tumor cells will secrete a variety of factors to ensure that the new blood vessels
formed are fed directly to the tumor tissue [10]
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carcinomas, which results in enhanced tumor vascularization [14]. Ang-2
(angiopoietin-2) expresses greatly in ECs of tumor vessel than in normal vessels.
It imparts plasticity to developing vasculature in the presence of VEGF and plays an
important role in initial stages of tumor angiogenesis [15, 16]. TGF-p signaling
activates tumor growth and metastasis through induction of stromal reaction by
neoplastic cells which results in the promotion of angiogenesis and tumor growth
[17-19].

11.2 Cancer Stem Cell (CSC) and Angiogenesis

Apart from self-renewal and proliferating capabilities, CSCs are also involved in
tumor angiogenesis. CSCs establish a vascular niche by expressing vascular-related
mediators to induce neovascularity around tumors [20]. Tumor heterogeneity is
influenced extrinsically by a major factor called tumor microenvironment or niche.
A niche is a composition of stromal cells, immune cells, endothelial cells, and cancer
cells per se, as well as connective tissue components, growth factors, and cytokines
[21]. Niche plays an essential role in the maintenance/enrichment, preservation of
the phenotypic plasticity, immune surveillance, differentiation/dedifferentiation,
angiogenesis activation, and invasion/metastasis of CSC [22-24]. CSCs and angio-
genesis thus exhibit positive feedback and contribute to tumor angiogenesis.

11.2.1 Molecular Interplay of CSC and Angiogenesis

At both normoxic and hypoxic conditions, CSCs secrete greater levels of VEGF than
the non-CSC population. Such CSC-mediated VEGF production leads to enhanced
endothelial cell migration and tube formation in vitro (Fig. 11.2). These newly
generated vessels supply nutrients for the growth and development of cancer
[25]. Diverse studies confirmed the potential of CSCs to encourage angiogenesis
and produce angiogenic cells that interact with vascular niche and promote angio-
genesis through the secretion of VEGFs, stromal-derived factor 1 (SDF-1), and

Fig. 11.2 Interplay of CSC
and angiogenesis
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tumor microvesicles [26—28]. As to confirm this, Grange et al., in 2011, showed that
microvesicles that shed from CSCs from human renal cell carcinoma carry a set of
proangiogenic mRNA and microRNA, which bestow the angiogenic phenotype to
the normal human endothelial cells and thus trigger angiogenesis by promoting their
growth and vessel formation.

11.2.1.1 Signaling Pathways Linking CSC and Angiogenesis

To understand how vascular endothelial cells maintain CSC proliferation, it is
essential to be aware of the signaling pathways that relate CSC and angiogenesis.
BMP (bone morphogenic protein) signaling is one such critical pathway. BMP
which is known to help in bone formation is also involved in angiogenesis inhibition.
BMP-9/ALKI1 inhibits angiogenesis by suppressing VEGF expression through
BMP-9 which is against the effect of the TGFp1/ALKS pathway that enhances
VEGF expression and angiogenesis. BMP-4 balances these two pathways and
maintains the vascular integrity [29]. This BMP-4 is also shown to exert anti-
tumorigenic effect through BMP-4/BMPR/SMAD signaling pathway in glioblas-
toma cancer stem cells [30].

Notch signaling pathway is yet another pathway that relates CSCs and angiogen-
esis. Vascular development and survival of normal stem cell are supported by the
Notch/NICD/Hes/Hey signaling pathway [31, 32]. Studies show that renewal of
CSCs and angiogenesis in glioblastoma are also supported by Notch pathway.
Inhibition of this Notch pathway using DAPT (y-secretase inhibitor) reduced the
number of CD133+ tumor cells and the ability of CSCs to self-renew. Vascular
markers such as CD105, CD31, and von Willebrand factor also exhibited reduced
expression [33].

11.2.1.2 CSCs Expressing Angiogenic Markers

A variety of CSCs that express vascular endothelium markers to support tumor blood
vessel formation have been discussed in this section. Nestin+/CD133+ brain cancer
(oligodendroglioma and glioblastoma) stem cells are in close interaction with endo-
thelial cells and provide factors that are responsible for self-renewal mechanisms of
CSCs. Further these stem cells are to be found in close proximity to CD34+
capillaries and correlate to microvessel density (MVD) [34]. In malignant gliomas,
Bao et al. observed that CD133-enriched SCLGC (stem cell-like glioma cells) are
located near blood vessels. CD133+ SCLGC enhanced tumor vascularity, necrosis,
and hemorrhage when compared to CD133- SCLGC. CD133+ SCLGC also elevated
VEGF expression around 10- to 20-fold, and vascular density was significantly
increased [25]. Yang et al., in 2010, showed that in hepatocellular carcinoma, the
MVD and angiogenic factors like VEGF and PD-ECGF are dramatically expressed
in the high hepatic stem/progenitor cell (HSC/HPC) profile group (CD133, nestin,
CD44, and ABCG2) than in the low HSC/HPC profile group. In the tumors of
glioma condition, huge CSC population recruits enormous amount of endothelial
progenitor cells (EPC) which in turn stimulates VEGF and SDF-1 and thereby brings
about local angiogenesis and mobilizes EPC. These data are partly an indication to
the fact that cancer stem cells induce tumor angiogenesis by introducing angiogenic
factors to the cancer microenvironment (Table 11.1).
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Table 11.1 CSCs expressing angiogenic markers

Angiogenic
Tumor type CSC marker marker Function
Malignant glioma CD133 VEGF Cause MVD increase
Oligodendroglioma and CD133, nestin CD34 Cause MVD increase
glioblastoma
Hepatocellular CD133, ABCG2, VEGF, CSC and angiogenic
carcinoma nestin CD44 PD-ECGF markers co-expressed
Glioblastoma Nestin VEGF, Induce angiogenesis
SDF-1
Pancreatic cancer CD133 VEGEF-C Cause MVD increase

Angiogenesis inhibitor-
Disrupts angiogenesis and
tumor growth

Cell migration
Selfrenewal
Cell survival

Endothelial proliferation
Vascularisation
Tumor growth

Tumor blood vasculature

Angiogenesisinhibitor-
Disturbs vascular derived
CSCmaintenance

Fig. 11.3 Antiangiogenic therapy by targeting CSCs and tumor angiogenesis

11.3 Antiangiogenic Therapy by Targeting CSCs as a Significant
Therapeutic Measure

Tumor vasculature that regulates the tumor microenvironment also contributes to
stem and progenitor cell formation [35]. Angiogenesis inhibitors are thus expected
not only to disrupt vessel formation but also target the CSC that contributes to tumor
angiogenesis (Fig. 11.3). The available antiangiogenic agents like bevacizumab,
thalidomide, sorafenib, sunitinib, and pazopanib along with targeting the vascular
niche are also involved in the commotion of the CSC microenvironment [36]
(Fig. 11.3). Antiangiogenic therapy in treating brain cancers is executed by targeting
VEGF, which inhibits the tumor vasculature, partly disturbs the CSC vascular niche,
and ablates self-renewing cancer stem cells [34]. Celecoxib, an anticancer drug, is
cytotoxic for CSCs. It exerts anticancer effect by inhibiting the COX-2/PGE2/VEGF
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and WNT/LGRS stemness pathways. COX-2 produces prostanoids PGE2, which are
released by tumor and stromal cells. PGE2 acts in an autocrine/paracrine manner
binding to surface members of the prostanoid receptor family (EP1-4) to increase
cancer cell stemness and angiogenesis (via production of VEGF and FGF) [37]. All
the above findings infer the fact that developing antiangiogenic agents that also
target CSCs is a significant cancer therapeutic measure. Such a combination of
therapy serves the dual purpose of depriving the tumor of vascular supply and
preventing the recurrence of tumor by debulking the tumor mass.

11.3.1 Implications of Phytochemicals as Potential CSC-Targeting
Therapeutics

Phytochemicals are naturally occurring bioactive compounds derived from plants.
They represent a good candidate for chemopreventive and chemotherapeutic
applications. Phytochemicals are also reported to modulate the CSC phenotype by
intervening the signaling pathways critical for stemness maintenance of CSCs
[38]. Cyclopamine, initially found in the corn lily, targets hedgehog signaling [39-
42], while EGCG and retinoic acid inhibit Wnt/—catenin signaling [43—45] and
Notch signaling [46, 47], respectively. These signaling pathways are responsible for
CSC self-renewal, differentiation, and invasive abilities. Furthermore,
phytochemicals from turmeric (curcumin) and long pepper (piperine) are known to
bring about anticancer effect upon targeting breast CSCs by inhibiting Notch and/or
Whnt/—catenin signaling [48]. On the basis of the above accumulating evidence, it is
evident that phytochemicals have beneficial effects against CSCs as well as cancer
cells. However there seems to be no studies supporting the effect of phytochemicals
on targeting CSCs expressing angiogenesis markers. Future studies should hence be
directed toward identifying antiangiogenic phytochemicals targeting CSCs as use of
phytochemicals is beneficial over other available conventional drugs as they are
naturally present in edible plant materials and have relative pharmacological safety.
Moreover they bring about anticancer effect by targeting multiple molecular
pathways.

11.4 Angiogenesis Spheroid Models: Connecting Vascular
Niche and CSCs

The interactions between niche and CSCs and the heterogeneity can be understood
better by using three-dimensional (3D) spheroid. 3D spheroids recapitulate the
spatial dimension, cellular heterogeneity, and the molecular networks of the tumor
microenvironment. Sophisticated 3D models are proposed with the potential to
further understand the CSCs in a more appropriate condition resembling the
in vivo microenvironment. In vitro spheroid forming ability is considered as a
substitute to examine the functionality of CSCs as CSCs pose the tendency to
propagate as spheroid bodies [49]. As the spheroid models mimic the in vivo cancer
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microenvironment, it is essential for any anticancer drug to be tested upon the 3D
spheroid models than the 2D monolayer cultures. Any antiangiogenic drug thus
developed needs to be checked upon the angiogenesis spheroid model to test the
antiangiogenic effect by its ability to inhibit sprouting (tube formation) of blood
vessels as well as spheroid development which is an indication of cancer stemness.

11.4.1 Sprouting Spheroid-Based 3D Angiogenesis Model

A 3D spheroid system involving co-culturing of endothelial cells, fibroblasts
(fibroblasts in direct contact with endothelial cells allow formation of endothelial
cell tubules in vitro), and the tumor cell line mimics the complex cancer-stromal
interactions and tumor angiogenesis condition. This model system bridges the gap
between 2D monoculture and in vivo systems and serves as potential platform to test
the efficacy of various antiangiogenic drugs on a 3D in vitro model of tumor [50].

A 3D spheroid co-culture system is generated by adding HUVECS, fibroblast
cells, and tumor cells to each well of a 96 U-well suspension plate. The cells form
spheroids overnight at 37 °C. The spheroids are then transferred to a collagen type-I-
coated 24 well plates. Angiogenesis inhibitors were added to the wells, and the
spheroids were allowed to form sprouts for 2 days at 37 °C. Spheroids incubated in
type-I collagen form capillary-like sprouts that mimic early stages of tumor angio-
genesis. Angiogenic sprouting can be evaluated by analyzing the sprouts arising
from the spheroid core using phase contrast microscope. Number of sprouts and
length (mean and cumulative values) of the sprouts are the important parameters to
be analyzed. Further the spheroid cells can be sorted using FACS for identification of
altered angiogenic and CSC markers upon drug treatment [51] (Fig. 11.4).

11.5 Perspectives and Future Direction

Critical progress has been made in the field of cancer stem cell biology over the
years. The accumulating evidences stated in this chapter reveal the importance of
antiangiogenic phytochemicals targeting the CSC population. Application of in vitro
angiogenesis spheroid models that mimic the capillary-sprouting mechanism and
cancer stemness of tumor microenvironment in anticancer drug development has
significant ramification for the future of cancer therapeutics.

Clinical manipulation of the interplay between CSCs, angiogenesis, and the
tumor vasculature opens up new therapeutic windows in the area of tumor biology
to provide antitumor effect. Integrating antiangiogenic therapy with anti-CSC ther-
apy in treatment paradigm may improve the efficacy of current cancer therapies.
Furthermore, it is essential to take into account that this integrated therapeutic
strategy should have minimal or no effect on normal stem cells. As there are no
studies reporting the role of phytochemicals in targeting CSC expressing angiogenic
markers, future studies should be directed toward involving the antiangiogenic
phytochemicals as a novel paradigm for potential CSC-targeting therapeutics.
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Fig. 11.4 Angiogenesis spheroid assay

CSCs often exhibit EMT (epithelial-mesenchymal transition) properties. EMT
confers tumor angiogenesis by upregulated expression of the proangiogenic factor
VEGF-A. In recent years studies are involved in delineating the complex EMT
network using CRISPR/Cas technology [52, 53]. Therefore as an alternative
approach, further research is warranted to apply emerging CRISPR/Cas9 gene
editing technology to target EMT expressing CSC-related genes to alleviate the
tumor burden.
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Abstract

Cancer is one of the leading causes of death worldwide. Recent report from the
World Health Organization suggested that, globally, one in six deaths is owing to
cancer. In 2018, it was accountable for nearly 9.6 million deaths, and it is
expected to be 14.6 million by the year 2035. The worldwide burden of cancer
increase is due to aging and growth of population. In addition, cancer-associated
lifestyle choices like smoking, sedentary habits and westernized diets increases
the risk. Metastasis is complex and multistep process that results in the spread of
cancerous cells from the primary site of the tumor to the surrounding tissues and
to distant organs. Metastatic cancer is the primary cause of cancer morbidity and
mortality. Several studies suggest that tumor has heterogeneous cell population
and have numerically less cancer stem cell (CSC) population with self-renewal
characteristics. CSCs are shown to drive tumor initiation, progression, metastasis,
recurrence, and resistance. In addition, acquisition of epithelial-mesenchymal
transition, expression of aberrant RNA-binding proteins, dysregulated
microRNA expression, and increase in intercellular transfer of molecules via
exosome cargo have been correlated with tumor progression, invasion, metasta-
sis, poor survival, and an increased risk of cancer recurrence. Given the tumor
initiating capacity, resistance, migratory potential and invasiveness, CSCs are the
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seeds of metastasis. This review article attempts to provide the details of the
critical importance of CSCs on metastatic process and to offer a basis for the
investigation of novel targets to curtail this deadly disease.

Keywords

MicroRNA - Epithelial-mesenchymal transition - Exosomes - RNA-binding
proteins

12.1 Introduction

Cancer is one of the leading causes of death worldwide [1]. Recent report from the
World Health Organization suggested that, globally, one in six deaths is owing to
cancer. In 2015, it was accountable for nearly 8.8 million deaths, and it is expected to
be 14.6 million by the year 2035. The worldwide burden of cancer increase is due to
aging and growth of population. In addition, cancer-associated lifestyle choices like
smoking, sedentary habits, and westernized diets increases the risk. Cancer is a
complex disease with various cellular alterations that will result in self-sufficiency in
growth signal leading to abnormal cell growth, evading apoptotic and growth
suppressor signals, and increased angiogenesis, wherein, network of blood vessels
develop and penetrates into the tumor to supply nutrients and oxygen for the
cancerous cells. Some of the tumor cells invade surrounding tissues and distant
organs through the blood circulation or lymph vessels. This spread of cancer cells
from primary tumor to other sites is termed metastasis, which is shown to be
responsible for more than 90% of cancer-related death. Cancer stem cells (CSCs)
are cells within a tumor that exclusively have self-renewal capacity and can give rise
to all cancer cell lineages within a tumor and are exclusively tumorigenic in vivo.
They undergo asymmetric/symmetric cell division, can maintain and expand them-
selves, and also have a distinct profile of surface marker expression that has been
linked to poor prognosis [2]. Intriguingly, it has been shown that CSCs drive tumor
initiation, progression, metastasis, recurrence, and resistance. Identification of
CSC-specific surface markers has provided opportunity to characterize CSCs and
their role in tumor progression and metastasis. In addition, acquisition of epithelial-
mesenchymal transition (EMT) features, expression of aberrant RNA-binding
proteins, dysregulated microRNA expression, and increase in intercellular transfer
of molecules via exosome cargo have been correlated with tumor progression,
invasion, metastasis, poor survival, and an increased risk of cancer recurrence.
Given the tumor initiating capacity, resistance, migratory potential and invasiveness,
CSCs are the seeds of metastasis [3]. This review article attempts to provide the
details of advances in the role of CSCs on metastatic process that will aid in better
understanding of the involvement of cancer stem cells (CSCs) in the metastatic
processes and to offer a basis for the investigation of novel targets to curtail this
deadly disease (Fig. 12.1).
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Fig. 12.1 Schematic representation for cancer metastasis

12.2 Epithelial-Mesenchymal Transition in Regulation of CSCs
and Metastasis

Epithelial-mesenchymal transition (EMT) is a process where the cancer epithelial
cells lose many of their epithelial characteristics and acquire various mesenchymal
cell characteristics such as cell morphology, cytoskeletal organization, and cell
junctions that will enable cell invasion and migration. Cancer cells have been
observed in the circulation, whether as single or in clusters; these cells display
signs of at least partial epithelial-mesenchymal transition [4]. Earlier reports have
provided evidence that in the tumor, only CSC-enriched subpopulation exhibits
aspects of EMT-related gene activation [5, 6]. In addition, induction of
EMT-related gene expression in epithelial tumor cells has increased their capacity
for tumor progression and metastasis [7]. Eliminating CSCs alone will not be
sufficient to prevent tumor recurrence as the non-CSCs can undergo EMT and
dedifferentiate into CSCs [8]. Therefore, for effective cancer therapeutic strategy,
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Table 12.1 Cell surface markers of CSCs in different types of cancer

Cancer types
Acute Myeloid Leukemia

Cervical cancer

Bladder cancer

Oral squamous cell
carcinoma

Renal cell carcinoma
Hepatic/liver cancer

Esophageal squamous cell
carcinoma

Colon cancer
Lung cancer

Thyroid cancer
Breast cancer

Ovarian cancer

Gastric cancer
Pancreatic cancer
Glioblastoma multiforme
Melanoma cancer
Prostate cancer

Brain cancer

Cell surface markers of CSCs
CD34", CD38~

CD133" and CD49F

CD44" and CD67LR
CD44*

CD133*, CXCR4, CD105*
Laminin-332

CD133*, ALDH", CD45,
CD90*, and CD44*
Integrin X7 (ITGA 7)

CD133", CD44", and CD24*
CD133", ABCG2 (high)

CD133" and CD144"

CD44", CD24~, CD133", and
ALDH"

CD44*/CD117*

CD44*

CD44", CD24", and ESA™
CD133"

CD20"

CD44*/CD24~

CD133"
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both CSCs and non-CSCs should be simultaneously targeted. We have listed the
most important CSC markers for various cancer subtypes (Table 12.1).
The traits of EMT are the loss of epithelial cell surface marker, E-cadherin, and

the gain of mesenchymal traits [28]. The initiating factors are seen to be mostly
because of networks of transcriptional, translational, posttranscriptional, and post-
translational modifications seen in the cells [29]. The ALDH+ cells strongly
displayed stem cell-like properties plus higher invasiveness, EMT, and antiapoptotic
phenotypes [30]. In the case of human breast cancer cells, it was observed that a
small population of cells, which exhibited EMT, also displayed stem cell-like
phenotypes. Fascinatingly studies performed in transgenic cancer models in combi-
nation with S100A4 lineage tracing have stated that EMT of the breast cancer cells is
not responsible for their metastasis to the lungs, but they had a significant role in
promoting chemoresistance. The lowering the levels of E-cadherin in the mouse
models showed that inhibition of the epithelial traits may promote migration but
does not result in metastasis [31]. CD44 is a popular cell surface glycoprotein, which
is strongly associated to the stemness of the cancer and its aggressiveness. In the case
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of ovarian cancer cells, the overexpression of CD44 resulted in population of cells
with mesenchymal-like phenotypes (CD44S) and decreased the number of
epithelial-like cells. The downregulation of ESRP1 and upregulation of TGFPs1
promoted EMT, invasiveness, and the gain of stem cell-like phenotypes and
chemoresistance in CD44 cells [32].

In the colorectal cancer cells, abnormal expression of miR-26b induced EMT and
stem cell-like characteristics. Lymphatic metastasis shows significantly upregulated
levels of miR-26b. miR-26b directly targets many tumor suppressors along with
phosphatase and tensin homolog (PTEN) and wingless-type MMTYV integration site
family member SA (WWT5A) [33].

The role of IncRNAs was evaluated in two sets of cells: colorectal cancer with
liver metastasis and colorectal cancer without liver metastasis. The expression levels
of UICLM (upregulated in colorectal cancer liver metastasis) IncRNA was
upregulated in the CRC with liver metastasis, and the knockdown of UICLM
prevented cell proliferation, invasion, epithelial-mesenchymal transition, and CRC
stem cell formation. Further experiments found that IncRNA UICLM regulated
ZEB2 [34, 35].

MYC (c-Myc) is regarded as a very strong proto-oncogene observed to be highly
expressed in many cancers. The (PARPI)-poly (adenosine diphosphate (ADP))
ribose polymerase inhibitor effect on triple-negative breast cancer can be chemically
improved upon a blockade of MYC. Dinaciclib a cyclin-dependent kinase inhibitor
downregulates Myc expression; this, administered along with PARPI-niraparib,
downregulated EMT by reducing homologous recombination which resulted in
reduced cancer stem cell-like phenotype. Also dinaciclib re-sensitized TBNC cells
which displayed resistance toward niraparib. This combination of therapy also
worked on ovarian, prostrate, pancreatic, lung, and colon cancer cells [36].

Claudin-6 (CLDNG®) is a tight junction protein functioning as a tumor suppressor
and also a stem cell marker. Triple-negative breast cancer (TNBC) cells show low
levels of CLDNG6. A study involving the overexpression of CLDNG6 in TNBC cells
(MDAMB231 cells) showed increase in epithelial marker E-cadherin and reduction
in vimentin (mesenchymal marker); stem cell markers such as OCT4, SOX2, and
Nanog were upregulated [37].

Another long noncoding RNA called the nuclear-enriched abundant transcripts
(NEATS) plays a significant role in Non-small-cell lung carcinoma (NSCLC) stem
cells. Experimental results suggest that NEAT1 was overexpressed and copper
transporter 1 (CTR1) was downregulated in the NSCLC stem cells. NEAT1 knock-
down reduced the cancer stem cell-like phenotype in these cells. NEAT1-expressing
cells also exhibited Wnt pathways and EMT process [38].

In triple-negative breast cancer cell line SUMI159pr, low expression of miR-105
was recorded. Its targets were identified to be VEGFA, Erb33, Zabl1, Fyn, and Lyn
A/B, thus reducing cell proliferation and c-Myc with upregulated levels of
participants.

Overexpression of MiR205 inhibited the anchorage-independent growth, migra-
tory and invasive nature of SUM159PT cell line with activated src kinases, and low
levels of MMPs. The pathways and proteins associated with EMT like CD44, TAZ,
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E2AE12, twist, Snail A, and CK5 were also highly reduced with the expression of
miR-205. The miR-205 also plays a critical role, and its co-expression along with
anti-miR-205 reverted back all the reduced and the inhibited pathways of the triple-
negative breast cancer cell line SUM159PT [39]. Ursodeoxycholic acid is an epimer
of chenodeoxycholic acid found in the mammalian bile secretions, commonly
abbreviated as UDCA. Reactive oxygen species (ROS) plays a critical role in cancer
progression and advancement, and UDCA inhibited intracellular ROS. Pancreatic
cancer cell lines treated with 0.2 mM UDCA showed elevated levels of E-cadherin
and lower levels of N-cadherin and downregulation of sex-determining region
Y-box 2 (SOX2). It reduced the sphere-forming abilities; thus it is evident as an
effector inhibitor of cancer stem cell-like and EMT phenotypes [40].

Carnosol (CAR) is naturally found in our body that inhibits the MDM2/p53
complex. Its effects on US7TMG, a glioblastoma-derived cancer stem cell line,
showed that it reduced the CSC formation and promoted apoptosis of the cancer
stem cells by functionally reactivating P53. Furthermore it also controlled the effects
of TNF-alpha/TGF-beta and inhibited the effects of cytokines associated with
EMT-regulating genes (slug, Snail, twist, ZEB1). It also promoted the activation
of miR-200c, which is associated with EMT; adding on this it also increased the
antiproliferative effects of temozolomide (TMZ) [41]. Lagunas et al. demonstrated
that telomere DNA damage signaling regulates cancer stem cell evolution and
metastasis. Telomeres are protected by the double-stranded DNA-binding protein
TRF2 and maintained by telomerase or a recombination-based mechanism known as
alternative lengthening of telomeres (ALT). Loss of TRF2 and Terc expression gives
telomere DNA damage, severely decreases CD34+ and Lgr6+ cancer stem cells, and
induces terminal differentiation of metastatic cancer cells [42]. The natural
sphingolipid phytosphingosine (PHS) suppresses the stem cell-like phenotype and
EMT-associated proteins and the highly malignant basal-type breast cancer cells
(CD44+/CD24-) by downregulating EGFR/JAK1/STAT3 [43]. Slug and twist are
important transcriptional factors that are highly associated with EMT; they are found
to be regulated by two processes, namely, ubiquitination and degradation. Slug and
twist are found to be in very stable conditions inside the cancer cells. It can be
speculated that the stabilization of the slug and twist is because of the loss of
ubiquitin by deubiquitinase (DUB). DUB3 was identified to be the deubiquitinase
for both slug and twist. The upregulation of DUB3 amplified the expression levels of
slug and twist in a dosage-dependent manner, also protecting the two genes from
being degraded. IL-6, which plays a significant role in the metastasis of breast cancer
cells, seemed to induce the expression of DUB3. Thus DUB3 is identified to play a
critical role in stem cell-like phenotype, metastasis, and invasive and migratory traits
in breast cancer cells [44].

Fusobacterium nucleatum has been identified to play a role in colorectal cancer.
A study was conducted on stage 3 CRC patients. The Fusobacterium nucleatum
levels were significantly high and were associated with the invasion, lymph node and
metastasis and distant metastasis. Analysis showed the presence of Nanog, OCT4,
and SOX2 (stem cell markers) and N-cadherin levels [45]. SOX8 was overexpressed
in tongue squamous cell carcinoma (TSCC) resistant to cisplatin, which exhibited
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EMT and CSC-like (Wnt) phenotypes. It is found to be upgraded in chemoresistant
patients affected by tongue squamous cell carcinoma (TSCC) and also correlated
with normal lymph node metastasis [46].

12.3 Role of MicroRNAs on CSCs and Metastasis

The microRNAs are short noncoding segments of RNA with 21-25 nucleotides seen
in plants, animals, and certain viruses. Their function is “RNA-mediated gene
silencing” at the posttranscriptional stage by attacking the 3’-untranslated regions
of the “target gene,” thereby degrading the specific mRNA [47]. miRNAs play a
vital role in the human cancer progression and metastasis. The expression levels of
the oncogenic miRNAs can be observed to be increased as cancer progresses. The
improper regulation of the expression of the miRNAs influences the processes of the
progression like antiapoptotic activity, drug resistance, tissue invasion, and metasta-
sis [48] (Table 12.2).

12.3.1 miR-200 Family

miR-200a, miR-200b, miR-141, and miR-429 are the members of the miR family.
Their regulations have a strong association with the cancer stem-like features and
metastasis via EMT [63]. Experiments on human mammary epithelial cells show that
these cells were able to transit from non-stem like to stem like upon the loss of miR
family [64]. A strong connection between the levels of miR-200s and E-cadherin in
the cancer cell lines and clinical samples showed that miR-200s maintained tumor
epithelial traits and prevented EMT. This was achieved by the direct interaction of
miR-200s with ZEB1 and ZEB2 transcription factors. Suppression of metastasis has
been observed upon the upregulation of miR-200s, but the miRNAs are also known
to promote metastasis by recent studies as higher concentration of miR-200s pro-
moted the development of metastasis in breast cancer patients and promoted inva-
sion of the lung by murine breast cancer cells. The direct downregulation of Sec23a
resulted in loss of expression of metastasis-suppressive proteins IGFBP4 and
Tinagll in the murine breast cancer cells [63].

Tumor suppressor p53 is shown to be associated with both EMT and breast CSCs
associated with EMT by transcriptionally activating the miRNAs associated with
stemness including miR-200C. The loss of P53 in mammary epithelial cells
downregulated miR-200C expression and initiates EMT and increases CSCs. It
also directly interacts with EMT and increases CSCs. It also directly interacts with
the protein line ZEB1, ZEB2, and BMI1 [65].
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Table 12.2 miRNA involved in cancer stem cell metastasis

Functions in CSCs-

Cancer type miRNA Targets Metastasis References
Breast cancer miR-199a FOXP2 Enhanced CSC properties | Lei Zhou et al.
[49]
miRNA- PORCN Differentiation Rita El Helou
600 et al. [50]
miR-200c BMI1 Inhibit the clonal Zheng-ming
expansion Wang et al.
[51]
Let-7 H-RAS Suppresses self-renewal Yohei
and and differentiation Shimono et al.
HMGA2 [52]
miR-205 BMI1 Regulate EMT, migration, | Xiao et al. [53]
and invasiveness
miR-141 BMI1 Regulate the self-renewal Yohei
miR-183 abilities Shimono et al.
[52]
Pancreatic cancer miRNA- CCNG2 Chemoresistance and Sabrina
1246 stemness Bimonte et al.
[54]
Acute Myeloid miRNA-22 TET2 Self-renewal and Ryou-u
Leukemia (AML) transformation Takahashi
et al. [48]
Colon miR-193 PLAU Inhibition of Ryou-u
miR-145 and tumorigenicity and Takahashi
miR-200 K-RAS invasiveness et al. [48]
miR-203 ZEB1 Maintenance of stemness Sabrina
EMT activation Bimonte et al.
[54]
Lung cancer miR-145 OCT4 Inhibited the proliferation | Hu et al. [55]
Prostate cancer miR-143 FNDC3B | Differentiation of prostate | Xinlan Fan
cancer stem cells and et al. [56]
promoted prostate cancer
metastasis
miR-34a CD44 Inhibit prostate cell Zheng-ming
proliferation, tumor WANG et al.
regeneration, and [51]
metastasis
miR-708 CD44 Regulate the proliferation Can Liu et al.
and [57]
miR-199a-
3p
Hepatocellular miR-22 PTEN, Reduces cell growth, Bin Bao et al.
carcinoma p21, and invasion, and metastasis [58]
pS3
Head and neck miR-200c BMmI1 Regulating self-renewal, Yu et al. [59]
squamous cell radio/chemoresistance and
carcinoma metastatic properties
Brain tumors miR-34a c-met Induce the differentiation X JLietal.
of CSCs [60]

(continued)
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Table 12.2 (continued)

Functions in CSCs-

Cancer type miRNA Targets Metastasis References
Ovarian cancer miR-199a ABCG2 Increased the Yongchao
chemosensitivity of Wang et al.
ovarian CSCs [61]
Glioblastoma miR-128 BMII Inhibit glioma stem cell Can Liu and
proliferation Dean G. Tang.
[62]
Gastric cancer miR-34 p53 Control the biological Can Liu and
properties of gastric CSCs | Dean G. Tang.
[62]

12.3.2 miR-203

miR-203 inhibits the colony formation, migration, and invasion of many cancer
cells. Enhanced regulation of Snail and downregulation of miR-203 in CD44+
human colorectal carcinoma cell lines showed higher metastasis; further miR-203
is suppressed by Snail [66].

miR-203 reduced the sphere-forming ability of the nearby cells by indirectly
prompting DKK 1 (inhibitor of Wnt signaling) [67]. The effects of miR-203 are
observed in CD44+/CD88— leukemia cancer stem cells by directly interacting with
BMI1/survivin [68].

12.3.3 miR-34a

miR-34a has been called as a “star” miRNA in cancer research, acts as tumor
suppressor, and is downregulated in many human cancers, and also studies have
shown that the aberrant miR-34a expression has been linked to chemotherapy
resistance in a variety of cancers [69].

miR-34a is a mediator of the p53 transcriptional network and has been identified
as a tumor suppressor that contributes to the inhibition of the invasion and metastasis
in various types of epithelial cancers [69]. miR-34a expression is significantly
downregulated in primary tumors from head and neck cancer patients as well as in
head and neck cancer cell lines. Ectopic expression of miR-34a in head and neck cell
lines significantly inhibited tumor cell proliferation, migration, and colony formation
by downregulating the expression of E2F3 and survivin [70]. Expression of miR-34a
in bulk can inhibit prostate cancer cells (CD44") through inhibition of clonogenic
expansion, tumor regeneration, and metastasis, and expression of miR-34a
antagomirs in CD44 ™ prostate cancer cells promoted tumor development and metas-
tasis [71], and miR-34a performs a key role in suppressing colorectal cancer
metastasis by targeting and regulating Notch signaling [72].
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12.3.4 miR-22

miR-22 epigenetically promoted stem-like traits and metastasis in breast cancer
cells. Studies have shown miR-22 capable to directly inhibit TET expression and
EMT induction in breast cancer. Ten eleven translocation (TET) enzyme has been
linked to the demethylation of miRNA-200 promoter region. miR-200 is an anti-
metastatic microRNA that inhibits stemness and EMT, and miR-22 is observed to
be in association with TET family, thus promoting CSC-like properties and metas-
tasis by repressing miR-200 family [48].

12.3.5 miR-17

Significant overexpression of miR-17 was seen in CD133+ cells of glioblastoma cell
lines. The miR-17 is said to directly target calmodulin-binding transcriptional
activator (CAMTAL1), which is a transcription factor of antiproliferation cardiac
hormone natriuretic peptide A. Downregulation of miR-17 in these cells reduced
neurosphere formation and promotes cell differentiation. This shows that miR-17 is
significantly correlated to stem (CD133+)-like traits in cells [48]. In osteosarcoma
the levels of miR-17 were seen to be higher, and its inhibition resulted in reduced or
suppressed cancer cell proliferation, migration effects, and invasion/metastasis.
PTEN homolog was identified to be directly targeted by miR-17 [73]. PTEN levels
are critical in maintaining stemness, and its suppression leads to promotion of cancer
stem cells [74]. However, A549/DDP (cisplatin resistance) non-small cell lung
cancer cells showed downregulated levels of miR-17, miR-20a, and miR-20b. The
downregulated levels suppressed the TGF-beta signaling pathways and inhibited
EMT pathways, thus affecting metastasis [75]. Cancer stem cells seem to have
developed their stem-like properties via stem cell pathways like Wnt, TGF-beta,
STAT, and Hippo-YAP/TAZ [76]. Colon cancer cells that overexpressed phospha-
tase of regenerating liver 3 (PRL-3) inducing the expression of miR-21, miR-17, and
miR-19 by activating STAT3 [77]. Cancer stem cells are strongly associated with
stemness-related STAT pathway [76]. Thus these miRNAs have increased the
proliferation of primary colon cancer cells and the metastatic growth [77]. In ovarian
cancer metastasis, the expression of miR-17 is inversely related to the levels of
ITGAS and ITGBI1. Lower level of ITGAS and ITGBI1 suppressed peritoneal
metastasis. The abnormal expression of miR-17 in ovarian cancer resulted in
lowered expression of ILK phosphorylation and MMP-2. Thus higher levels of
miR-17 suppress ovarian cancer cell peritoneal metastasis [78].

12.3.6 miR-124

SNAI2 has been found to be upregulated in glioblastoma cells, and miR-124 has
SNAI2 as its functional target. SNAI2 has also been associated with stemness.
Experimental evidences showed that upregulation of miR-124 and SNAI2
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knockdown reduced neurosphere formation, and the expression of stem cell markers
like BMI1, Nanog, and Nestin was substantially reduced, and the effects can be
reverted by the re-expression of SNAI2 in in vivo [79]. miR-124 was also seen to
directly target STAT3 signaling. STAT3 is identified to have positive effects on T-
cell-mediated suppression in tumor microenvironment. miR-124 is observed to be
lost in all grades and in all pathological types of gliomas. The upregulation of
miR-124 in glioma cancer stem cells (GCSCs) resulted in the inhibition of
STATS3, and it reversed the GCSC-associated immunosuppression of T cells and
the induction of FOXP3 and regulatory T cells (Tregs). T cells from
immunosuppressed glioblastoma patients when treated with miR-124 resulted in
upregulation of interleukin (IL-2), IFN-gamma, and TNF-alpha [80]. The abnormal
expression of miR-124 in MDA-MB-231 cells (known for high invasiveness)
suppressed spindle formation, invasive capacity, and adhesion to fibronectin and
anoikis. These results show that miR-124 plays a critical role in the multistep process
of metastasis in breast cancer cells [81].

12.3.7 miR-128

Patients with advanced glioma show downregulation of miR-128. miR-128 targets
BMI1 [48]. miR-128 is reported to target VEGF-C and reduce the proliferation and
the invasive properties of bladder cancer cells. The knockdown of miR-128
upregulates VEGF-C and induces proliferation, migration, and invasion of bladder
cancer (BC) [82]. The metastatic and the stem cell-like properties of the hepatocel-
lular carcinoma were inhibited by the upregulation of miR-128, and they were
identified to target ITGA2 and ITGAS [83]. The chemosensitivity is increased and
invasive properties of prostate cancer cells were inhibited following upregulation of
miR-128. Experimental results suggest that miR-128 directly targets zinc finger E-
box-binding homeobox 1 (ZEB1) in prostate cancer cells and induces the sensitivity
toward cisplatin and inhibits invasion [84].

12.3.8 miR-199b-5p

Studies show that miR-199b-5p is downregulated in medulloblastoma which results
in its invasive properties. This happens by targeting HES1 transcription factor in
Notch signaling pathways, thus inhibiting the self-renewal properties of Glioma Stem
Cells (GSCs) by targeting the CD133+ cells [48]. But its expression plays an opposite
role in the case of human osteosarcoma. The elevated levels of miR-199b-5p correlate
to cell proliferation, invasion, and migration of these cells. Its expression levels are
seen amplified in the higher grades of osteosarcoma [85]. In breast cancer cells,
miR-199b-5p suppresses HER2 expression by negatively conferring with ERK1/2
and AKT pathways. This shows loss of migration, wound healing, and colony
formation. This has also improved the sensitivity of HER?2 cells towards trastuzumab,
thus hampering cells’ migratory and clonogenicity properties [86]. miR-199b-5b
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targets N-cadherin and promotes cell aggregation and suppresses migration/invasion
of hepatocellular carcinoma (HCC). This inhibits metastasis of tumor xenografts. It
was also shown to reduce the effects of TGF-beta-induced AKT phosphorylation
which results in EMT features [87].

12.3.9 miR-451

The lower expression of miR-451 shows enhanced levels of cyclooxygenase-
2 (COX2) and macrophage migration inhibitory factor (MIF); this results in acquisi-
tion of stem cell-like properties. COX2 and MIF have been shown to be associated
with Wnt pathway, which is a major regulator of cancer stem cells [48].

Papillary thyroid carcinoma with lymph node (PTCLN) metastasis shows
amplified expression levels of four miRNAs: miR-2861, miR-451, miR-193b, and
miR-1202. When compared with PTC without lymphoid metastasis, it was found
that PTCLN had high levels of miR-2861 and miR-451 especially in lateral and
lymph node (LLN) [88]. Zhang et al. reported that miR-144/451 re-expression
markedly suppressed the migration and invasion of breast cancer and HNSCC
cells through ADAMI10 and ADAMTSS modulation. PAX4 promoted migration
and invasion in human epithelial cancers by decreasing miR-144 and miR-451
(miR-144/451) expression levels.

Paired box gene 4 (PAX4) has been promoting metastasis in human epithelial
cancer by downregulating miR-144 and miR-451, while miR-144/451 has been
observed to inhibit cancer migration even in PAX4-expressing cells by targeting a
disintegrin and metalloproteinase (ADAM) protein family members in ADAMTSS
and ADAMI0 [89]. MiR-451 has also been shown to suppress cell proliferation and
metastasis by targeting chemokine ligand 16 (CXCL16) in osteosarcoma patients
[90]; it has been shown to promote significant metastasis in various cancer types like
hepatocellular carcinoma by targeting c-Myc [91]. In neuroblastoma miR-451 has
been shown to target macrophage migratory inhibitory factors [92], in A549 lung
cancer cells miR-451 inhibits metastasis by targeting PSMBS8 and NOS2 thereby
reducing the expression of MMP-2, MMP-9, VEGF. miR-451 has also been
associated with stemness and CXCR4 [93]. This miR-451 plays a vital role in
inhibition of stem cell-like features by inhibiting stem cells and metastasis through
numerous pathways.

12.3.10 miR-320

The miR-320 directly targets Wnt/beta-catenin expression in prostate cancer stem
cells. Thus the expression of CD44+ PCa cell expressing Wnt is inversely propor-
tional to miR-320 level [48]. Fatty acid synthase (FAS) was previously reported to
be correlated with various clinicopathological features of cancer. Overexpression of
FAS in NSCLC has been shown to be significantly associated with bone metastasis.
Thus miR-320 contributes to cell proliferation, migration, and invasion by directly
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targeting FAS in NSCLC, and overexpression of miR-320 in NSCLC cell lines
inhibits cell proliferation, migration, and invasion via downregulation of FAS.
miR-320 may act as a tumor suppressor by inhibiting the oncogenic activity of
FAS [94]. In addition, miR-320 inhibited migration by targeting FOXM1 in cervical
cancer cells [95].

12.4 Functions of RBPs on CSCs and Metastasis

RNA-binding proteins (RBPs) act as epigenetic regulators of various RNA
processing events, such as splicing, localization, stabilization, and translation, and
can regulate various types of stem cells. Many RNA-binding proteins are
overexpressed in cancers [96, 97]). Deregulation of RBPs affects every step of
cancer development, such as sustained cell proliferation, inhibition of the apoptosis
process, avoiding immunosurveillance, inducing angiogenesis, and activating
metastasis. Some RBP proteins recognize cis-acting elements to translationally
regulate proto-oncogenes, cytokines, and growth factors [98]. RNA-binding proteins
that are abnormally expressed in cancers are the IMP-3, the CRD-BP/IMP-1, the
p62, as well as members of the ELAV/Hu protein family, e.g., HuR. Upon binding to
the AU-rich instability element (ARE) in the 3'Untranslated region (UTR) of rapidly
degraded mRNAs of proto-oncogenes, cytokines, and growth factors, HuR regulates
nucleocytoplasmic transport, stability, and translation. However, only very few of
these RNA-binding proteins have been demonstrated to regulate tumor progression
and metastasis and control the cancer stem cell self-renewal [97].

12.4.1 RBM3

Colorectal cancer mostly demonstrates the overexpression of Wnt/beta-catenin in the
colon cancer st