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Abstract: Cancer is becoming the leading cause of death all around the world. To develop better therapeutic options against
cancer, we need a thorough understanding of tumor development and dissemination. As our knowledge increases, it becomes
apparent that cancer is a very complex disease and this complexity is partially due to the great level of heterogeneity even
within the same tumor mass. Therefore, there is a pressing need to decipher complex regulations and interactions of the tumor
cells that lead to different hierarchies. Concepts of tumor-initiating and self-renewing stem cells have long been proposed to
explain the emergence of a vast number of progenies within monoclonal neoplastic growth. It is now known that cancer stem
cells which are found in many cancers have many roles in tumor development and dissemination. Many fascinating properties
of cancer stem cells draw further attention to clarify their involvement in tumor cell plasticity, epithelial to mesenchymal
transition, chemotherapy resistance and to develop therapeutic strategies for their targeting. Here we summarized recent efforts
to illustrate the progress in our understanding of the biology of cancer stem cells.
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Ozet: Kanser tiim diinyadaki 6liimlerin en 6nde gelen sebebi olma yolunda ilerlemektedir. Kansere kars1 daha etkili tedavi
segenekleri gelistirmek igin timor gelisimi ve yayilmasinin ¢ok daha iyi anlagilmasi gerekmektedir. Konuyla ilgili bilgilerimiz
arttik¢a kanserin ¢ok karmasik bir hastalik oldugu ve bu karmagikligin kismen ayn1 tiimér kitlesinde dahi goriilebilen yiiksek
heterojenlik diizeyine bagl oldugu ortaya ¢ikmaktadir. Bu nedenle, farkli hiyerarsilere yol agan tiimér hiicreleri arasindaki
karmasik diizenleme ve etkilesimlerin agikliga kavusturulmasi i¢in artan bir ihtiya¢ s6z konusudur. Tiimor baglatan ve kendini
yenileyen kdk hiicre kavramlari, monoklonal tiimér gelisiminde goriilen ¢ok sayidaki neslin ortaya ¢ikisini agiklamak i¢in uzun
zamandan beri ileri siiriilmektedirler. Artik giiniimiizde ¢ogu kanser tipinde bulunan kanser kok hiicrelerinin timér gelisimi ve
yayilmasinda ¢ok sayida rolleri oldugu bilinmektedir. Kanser kok hiicrelerinin sahip olduklar1 pek ¢ok ilging 6zellikleri, timor
hiicresi plastisitesi, epitemezenkimal doniisiim ve kemoterapi direncindeki rollerinin agikliga kavusturulmasi ve yeni tedavi
stratejilerinin gelistirilmesi i¢in daha da ilgi ¢ekmektedir. Bu ¢alismada kanser kok hiicresi biyolojisi ile ilgili bildiklerimizde

yasanan gelismeleri ortaya koyabilmek i¢in yapilan son galigmalar dzetlenmistir.

Basic definitions: tissue stem cells vs. cancer stem cells

Stem cells (SCs) are described as having unlimited
growth and division potential. They are hence called self-
renewing cells of different adult tissues (Merrell & Stanger
2016). Although their regenerative potential is not as high
as in the case of embryonic SCs (ESCs), tissue SCs can still
differentiate into various cell types within a given tissue
and therefore considered as being pluripotent (Grompe
2012). SCs are less differentiated relative to their
increasingly better differentiated descendants. In contrast to
SCs, normal somatic cells usually get arrested in a post-
mitotic state where they will never return back to cell
division cycle (Merrell & Stanger 2016). In normal tissue
hierarchy, SC divisions usually give rise to two daughter
cells, one of which remains to be a SC while the other is
destined to be differentiated. This type of division is called
asymmetrical since it does not yield identical daughter cells
in contrast to symmetrical divisions (Morrison & Kimble
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2006). The daughter cell which exits SC state is called
progenitor cell or transit-amplifying cell since it still has the
ability to continue cell division for a limited period of time.
Many tissues, such as stomach, intestine and hair follicles,
have examples of such intermediate cells before the
emergence of fully differentiated descendants of the SCs
(Rangel-Huerta & Maldonado 2017). Since the
progenitors/transit-amplifying cells can continue to divide
and form differentiated cells in the tissue, SCs do not need
to divide continuously but periodically to generate
progenitor cells which are responsible for most of the cell
divisions occurring in the tissue (Rangel-Huerta &
Maldonado 2017). By doing so, SCs are protected from
mutations and other stressful insults associated with highly
proliferative state.

Previously, SCs were thought to be mostly composed
of quiescent SC niches which may be a significant fraction
of the cells in different tissues (Clayton et al. 2007).
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However, recent studies have put forward that in some
epithelial tissues, like in intestine and stomach, SCs may
be actively dividing throughout the life of the organisms
(Barker et al. 2007, Barker et al. 2010). SCs also do not
necessarily show asymmetric mitotic processing all the
time (Batlle & Clevers 2017). In contrast to the classical
view of asymmetric division, SC division may result in
cells with different fates due to a process called neutral
competition (Leushacke et al. 2013, Snippert et al. 2010,
Doupe et al. 2010). The neutral competition occurs due to
availability of different niches in the given tissue and may
result in all SCs, all differentiated cells or mixed cell
populations. The process of neutral competition is highly
variable in outcomes yet it depicts great plasticity of SC
niches in generating tissues like epidermis, intestine and
stomach (Batlle & Clevers 2017). Overall, all SCs and the
resulting daughter cells show great levels of plasticity in
which even fully differentiated cells can re-gain stemness
(hence called quiescent stem cells) or they may substitute
upon loss of stem niche in various tissues (Li & Bhatia
2011). In some extreme cases with highly regenerative
tissues like in liver, fully-differentiated hepatocytes can
restore the lost tissue without reverting back to SCs
(Stanger 2015). In most tissues, with rare exceptions like
in hair follicle cells and nerve cells, it is not possible to
find a quiescent SC (Hsu et al. 2014, Morizur et al. 2018).
Therefore, it seems that nature has evolved diverse ways
for tissue maintenance and repair in tissues of different
origins even within the same organism.

Current efforts in cancer research have focused on
understanding if mechanisms responsible for the tissue
organization are functioning similarly in tumors as well.
Thus, a similar model has been adopted by researchers
trying to identify the interrelations of the cells within a
tumor (Weinberg 2013). In this model, the tumor-
initiating cells, which have the limitless self-renewal
ability to generate vast number of neoplastic progenies are
termed as cancer stem cells (CSCs). As we will explore in
the following parts in more detail, CSCs are the only cell
population in a given tumor which has the ability to
initiate the formation of a whole new tumor when
transplanted elsewhere or in a new organism (Nassar &
Blanpain 2016). Indeed, surface marker sorted cell
transplantation experiments resulted in identification of
CSC populations in various cancers (Doulatov et al. 2012,
Clevers 2011). Although CSCs and their progeny are
genetically identical as in the case of asymmetric cell
division in normal tissues, CSCs are the only cells with
tumor-initiating and self-renewal potentials. The progeny
cells, on the other hand, have lost their tumor-initiating
abilities most probably due to being devoid of self-
renewing capacity yet they may still be observed as highly
proliferative (analogous to transit amplifying cells) during
tumor progression. As our understanding on the cellular
mechanisms regulating CSCs increases, it turns out to be
more ostensible that these mechanisms are very similar to
the ones that operate in normal tissue stem cells
(Weinberg 2013). Hence, tumors do not develop new SC
programs altogether. Instead they apply the basic rules
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operating in tissue SCs to adapt to the ever-changing

conditions within the tumor microenvironment (Goktuna
et al. 2018).

Identifying CSCs from tumors: transplantation vs.
lineage-tracing

Xenotransplantation Experiments

Tumor progression usually occurs in a multistep
manner in which tumor cells progressively acquire
mutations leading to novel characteristics so that they can
advance from benign to malign during the process.
Moreover, not only different tumors from the same patient
differ in composition of the cells but also high level of
heterogeneity is observed even within the same tumor
(Goktuna et al. 2018). All these different cells with
different evolutionary history may lead to different cell
populations  harboring  distinct  mutations  and
characteristics (Magee et al. 2012). While some cells are
highly proliferating, others can be observed to be
senescent or dormant, yet others may be invasive and still
others can be apoptotic all within the same tumor mass
(Marusyk 2012). Although tumors arise from gradually
altered normal tissue cells, many previous efforts to
understand the origins of tumor cells have put forward that
tumors are usually monoclonal (Novelli et al. 2003). In
other words, tumors usually originate from a single
ancestor cell which crosses over the border between
normal and abnormal growth. The differences among
tumor cells happen later on during the tumor development
due to the highly mutagenic state of the tumor cells arising
from fast proliferation (Nassar & Blanpain 2016).
Especially, a recent report showed that intratumoral
diversification occurs at the cellular level in colorectal
tumors which have vastly increased their ability to mutate
in a series of clonal expansion (Roerink et al. 2018).
Clonal succession model is wusually ascribed to
explanation for this phenomenon. The model states that a
mutant tumor cell, originated from the monoclonal tumor
mass, may generate a vast number of progenies, and
among these progenies, subsequent mutational events will
cause additional floods of clonal expansion to generate
new tumor subclones (Weinberg 2013). Therefore, the
differences that lead to heterogeneity are gained later on
during tumor progression.

Surprisingly, further experiments have proven that the
cells resulting from a single clone were not always
displaying the same characteristics and also not all of
them were capable of generating new progenies within the
neoplastic growth. In these experiments, human tumor
cells were separated into distinct subpopulations via
FACS which uses differential expression of various cell
surface markers in diverse cell populations (Ugkun et al.
1995). The first experiments were carried out in
hematological malignancies due to inherent qualities like
less intratumoral heterogeneity and extensive knowledge
of hematological cell surface markers. The first cancer
where cell sorting utilized was acute myelogenous
leukemia (AML) in which cells were sorted according to
more or less differentiated phenotypes (Lapidot et al.



Cancer Stem Cell Biology

1994). Majority of the sorted cells were granulocytes and
monocytes and these cells had very limited ability to
proliferate in vivo while less well differentiated
CD34*CD38  cells (less than 1%) were actively
proliferating and were able to form tumors when injected
into immuno-compromised nude mice. Hence, only a
small fraction of the tumor cells in AML was composed
of tumorigenic and self-renewing cells which were later
described as CSCs (Lapidot et al. 1994, Bonnet & Dick
1997). For a long time, similar observations in other
hematological malignancies solidified CSC hypothesis.
However, in solid tumors, CSCs could not be proven until
successful sorting of breast cancer tumors yielded that
about 2% of the cells were CSC (CD44*CD24"°%) and
only 200 of such cells (as opposed to 10.000 cells from
the original tumor mass) were sufficient to form tumors in
xenotransplant experiments (Al-Hajj et al. 2003). This
time, on the contrary, majority vs. minority of the sorted
cell populations were showing comparable activity in
their cellular growth while they were observed to display
great differences in their tumorigenic abilities. Later on,
self-renewing CSC subpopulations were demonstrated to
be present in many other solid malignancies like
hepatocellular, brain, lung, pancreatic, colorectal, head
and neck cancers (Enderling et al. 2016, Nassar &
Blanpain 2016). Therefore, results of all these
experiments propose that organization of tumor cells
shows similarities to normal tissues where minor groups
of self-renewing stem cells can generate large number of
cells while descendant cells have limited ability to do so.
Currently, we also understand that these minority cell
populations within tumors express distinct cell surface
markers than that of non-SCs which further illustrates that
these two cell populations most probably reside at
different levels of differentiation.

Accumulating evidence from previous reports suggest
that not in all cancers development of tumors were
adhering to CSC model. As some critics of
xenotransplantation assays reported that mouse leukemia
cells, instead of human AML, were transplanted into
immunocompetent mice and the CSC frequency was
observed to be very high at about 10% or more (Kelly et
al. 2007, Williams et al. 2007). Still other contrasting
claims have resulted from serial transplantation
experiments in mice. For instance, the percentage of
tumor initiating cells in melanoma may vary dramatically
depending on the applied technique. CSCs from
melanoma samples were previously claimed to be very
rare at about one cell in a million (Schatton et al. 2008,
Quintana et al. 2008). However, about a quarter of
melanoma cells can form tumors in xenotransplantation
assays (Boiko et al. 2010). Hence, it is possible to
conclude that either melanoma cells do not fit to CSC
model or most melanoma cells behave like CSC within
tumors (Clevers 2011). Similarly, serial xenograft studies
in pancreatic cancer suggested that tumor growth is
normally not sustained by CSC but rather by transiently
activated tumor initiating cells in pancreatic tumors (Ball
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et al. 2017). As these examples have suggested,
determining minority subpopulations as CSC may not be
relevant in all cancers since not all cancers fit to the
frequency dependent CSC model. Previous studies with
leukemia were only successful due to less intratumoral
heterogeneity than in solid cancers. Coupled with
extensive knowledge on cell surface antigens, functional
differences within genetically homogenous populations of
leukemia cells could easily be determined (Clevers 2011).
However, most of the cancer cell behaviors and the
surface marker expressions in solid tumors were
determined due to cell-to-cell and cell-to-ECM
interactions within the tumor microenvironment (Batlle &
Clevers 2017). Nevertheless, these inherent differences
make it impossible to model such interactions in any
transplant experiments. Consequently, due to technical
limitations of xenotransplant experiments and the
differences in conditions of the microenvironment in
spontaneous vs. grafted tumors, these types of approaches
were not found to be very effective in identifying CSCs in
most cancers.

Lineage-Tracing Experiments

Analysis of tissues through genetic-lineage tracing
become the standard for identifying adult tissue SCs in
recent years. In general, lineage tracing allows us to
determine SCs in solid tissues within living organisms
without disturbing the original tissue. Lineage tracing
usually relies on finding a marker gene (like Lgr5 in
intestinal SCs) which enables specific expression of an
inducible recombinase (like Cre recombinase). The latter
helps to facilitate stable activation of a reporter gene (like
LacZ, GFP or RFP) in the progeny of a desired cell
population which can be further tracked and studied due
to continued expression of the reporter gene (Barker &
Clevers 2010, Kretzschmar & Watt 2012). SC like
properties of the progeny cells can be assessed within a
given subclone by the use of this approach. In parallel to
observations with CSCs, adult SCs behave quite different
than transplanted SCs. For instance, in mouse hair follicle
SCs, transplanted hair follicle SCs were observed to turn
into any epidermal lineages whereas they could only
produce hair follicle lineages in lineage tracing
experiments (Morris et al. 2004). All these findings
collectively support that the transplantation-based
approaches are not sufficient to understand the fate and
potential of adult SCs in situ (Batlle & Clevers 2017).
Genetic-lineage tracing-based approaches, on the other
hand, may be limited due to the availability of SC markers
yet they provide unprecedented amount of information
about the true characteristics of SCs and their progeny in
organizing tissue hierarchy and architecture.

The value of understanding SC characteristics through
lineage tracing is not different in tumors. Therefore, many
studies recently focused on identifying CSC markers and
tracing CSC behaviors in mouse and human models of
spontaneous tumor development and dissemination. The
first such study was carried out with a mouse model of
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carcinogen induced papilloma, in which SC like clones
within tumor were tracked with an inducible basal cell
specific Krt14-Cre driver system (Driessen et al. 2012).
In this model, most of the label retaining cells disappeared
since these cells were terminally differentiated and lost
their SC like properties. However, some label retaining
cells within traced clones kept surviving and produced
large flocks of progeny cells in benign growths. In the
same study, mathematical models generated from lineage
tracing data demonstrated that CSCs may divide
symmetrically or asymmetrically in stochastic patterns to
give rise to CSCs or progeny cells in a similar manner to
adult tissue SCs within normal epidermis. Moreover,
similar observations were made for the identification of
intestinal CSCs in a different model of mouse adenoma
(Schepers et al. 2012, Kozar et al. 2013). In one study, a
mutant floxed Apc gene (Apc™™) was specifically induced
in cells expressing intestinal SC specific Lgr5 marker by
the use of Lgr5-EGFP-lIres-cre-ER™ knock in allele
(coding for a cre recombinase in Lgr5 expressing cells
upon tamoxifen induction). Upon activation, Apc mutant
cells could be observed through the use of tdTomato (red)
fluorescent reporter (Schepers et al. 2012). After these
cells initiated the growth of tumor mass, another inducible
reporter gene (R26R-Confetti) was activated via
tamoxifen injection which turned Lgr5 positive cells into
random colors, in one case some of the red Apc mutant
cells turned into blue upon tamoxifen induction and later
on it was observed that most of the tumor mass was
occupied by these blue cells (Schepers et al. 2012). This
and similar other experiments provided the support for
hierarchical organization of cells within tumors and the
presence of only a minor part of Lgr5 expressing
neoplastic cells acting as CSCs in intestinal tumors. In a
mouse model of breast cancer with MMTV-PyMT, it was
shown, by the use of multi-colored lineage tracing via
intravital imaging, that some colonies were observed to
initially grow but later disappeared while other colonies
quickly expanded to become dominant growth within
tumors (Zomer et al. 2013). These studies nicely illustrate
intratumoral cell dynamics and tumor heterogeneity as
well as the presence of CSCs in mouse breast tumors.

Some preliminary transcriptomic studies suggested
that human colorectal tumors are also organized into
subpopulations as in the case of normal epithelia (Merlos-
Suarez et al 2011). These studies also provided
approaches to analyze CSCs in organoids (Dalerba et al.
2011). Later on, other studies put these principles in
application involving patient-derived and CRISPR/Cas9
edited organoids, together they solved the problem with
inability to model human cancer for lineage tracing and
CSC identification. Similar to mouse experiments,
xenografts made up of Lgr5 expressing (stem cell like)
organoids were observed to generate large amount of
progeny cells for longer time before eventually
differentiating while xenografts with differentiation
marker expressing (like Krt20) organoids stopped
growing and usually disappeared (Cortina et al. 2017,
Shimokawa et al. 2017). Therefore, lineage tracing
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experiments can predict the true nature of CSCs within the
tumor microenvironment in both mice and human models
of tumorigenesis. These studies also provide strong tools
for understanding cancer development and suggesting
potential therapeutic applications.

CSC plasticity: Stemness, tumor microenvironment
and EMT

CSCs and Stemness

Even though most of the tumors arise from a single
cell with unlimited proliferative ability, various functions
of tumors from tumor initiation to progression and
metastasis are all achieved through ability of the tumor
cells to differentiate or de-differentiate into other cell
niches by the help of tumor cell plasticity (Marusyk et al.
2012, Magee et al. 2012). The great level of plasticity of
CSCs is the reason behind their ability to adapt to ever-
changing and harmful conditions within the tumor
microenvironment  (Beck &  Blanpain  2013).
Heterogeneity within tumors is not only due to cellular
plasticity but also their ability to alter tumor
microenvironment through complex interaction of various
cell types like tumor cells, stromal cells and immune cells
(Goktuna et al. 2018). Therefore, we need thorough
understanding of mechanisms leading to tumor cell
plasticity to fully appreciate CSC behavior in various
cancers. The mechanism of plasticity is governed by
several factors within the tumors, such as mutability,
stemness and trans-differentiation, epithelial to
mesenchymal transition (EMT) and creation of an
inflammatory microenvironment (Goktuna et al. 2018).
All these factors act in a synchronized manner favoring
continuous tumor development and metastasis.

Since most CSCs follow the basic rules operated in
normal tissues, we start our discussion with plasticity of
SCs in normal tissues to understand those mechanisms
governing tumor cell plasticity in general. In normal
tissues, plasticity is usually due to ability of SCs to change
their positions through vertical up or down movements
within tissue hierarchy (Batlle & Clevers 2017). Recent
advances in lineage tracing have revealed that plastic
potential of tissue SCs is much greater and common than
previously appreciated. In colonic epithelium, for
example, secretory lineage cells or enterocytes can readily
shift and replace SC niche upon loss of Lgr5 positive SC
compartment (Tian et al. 2011, van Es et al. 2012, Tetteh
et al. 2016). Other studies also put forward that
upregulation of signaling pathways such as Notch and
Whnt from neighboring cells are essential in maintaining a
SC niche in colonic crypts (Sato et al. 2011). In a more
recent study, it was also observed that Glil expressing
stromal cells can also assist SC differentiation program
through expression of Wnt ligands (Degirmenci et al.
2018). Therefore, neighboring Paneth cells or enterocytes
are not the only factors in their confinement to SC like
properties through widely enhancing plasticity within
colonic epithelium. In other tissues like trachea and
kidney epithelium, similar observations with lineage
tracking showed that SC compartment can be
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compensated by the other cell within the same tissue
(Rock et al. 2009, Kusaba et al. 2014). Consequently,
mechanisms regulating trans-differentiation can quickly
adapt different types of cells to changes in tissue
microenvironment so that plasticity or stemness is not
limited to a given niche (like SCs) but can also be
activated in other cell types on a demand basis.

Like in normal SCs, plasticity is not the inherent
property of CSCs in tumors. In other words, both CSCs
and other tumor cells are plastic and make necessary
phenotypic transitions upon activation under suitable
environmental cues or signals. This phenomenon has been
illustrated in different cancer models of breast, and
colorectal cancers (Gupta et al. 2011, Schwitalla et al.
2013). The first studies were carried in breast cancer cell
lines from which different cell populations of cells with
SC, basal or luminal-like phenotypes were obtained. It
was observed that all these cell populations were able to
shift to other phenotypes and repopulate missing niches
proportional to stochastic ratios found in the original cell
line (Gupta et al. 2011). Regardless of these observations,
only SC like cells showed tumorigenic abilities fitting to
CSC definition. However, when the environmental cues
were altered through co-culturing experiment, all these
three cell populations could become equally tumorigenic
to be able to form xenotransplants efficiently. Hence, we
can conclude that breast cancer cells like in normal tissues
are not fixed in certain niches and that they may change
their  phenotypic properties to adapt changing
environmental signals to further tumor development.

CSCs and Tumor Microenvironment

Tumor microenvironment is very important in shaping
tumor development and is the source for plasticity of
tumor cells. Tumor microenvironment shapes every facet
of the tumor cell plasticity through interactions between
tumor cells in different populations and also their
interplay with stromal and immune cells. Signaling
machinery activated through interactions of these cells
with each other and with the surrounding extracellular
matrix (ECM) gives rise to spatiotemporal changes in
stemness, de-/trans-differentiation and EMT programs to
adapt tumor cells to differing conditions within tumor
microenvironment (Goktuna et al. 2018). Many studies in
colorectal cancer provided support for the importance of
CSC functions in tumor cell plasticity. Since Wnt ligand
expression in crypts is critical for sustaining an
undifferentiated state in intestinal SCs (ISCs), most
colorectal tumors are initiated upon constitutive Wnt
activation which leads to a cryptic progenitor phenotype
in resulting cancer cells. Consequently, supporting
bottom-up hypothesis of colorectal tumorigenesis, Wnt-
activated I1SCs were proposed to be the source of
colorectal cancer and all the subpopulation of tumor
clones should be coming from these progenitors (Barker
et al. 2009).

Other studies in colorectal cancer models have
suggested that non-CSCs can also form neoplastic
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growths just like their SC partners. In one such study, it
was found that regardless of having the same activating
mutations for Wnt signaling, tumorigenic ability of tumor
cells was found to be affected by Wnt expression levels in
each cell (Brabletz et al. 2001). Parallel to these
observations, non-CSCs were observed to acquire
tumorigenic and self-renewing abilities upon HGF signals
from stromal cells (Vermeulen et al. 2010). Finally, in our
previous work with Wnt-driven tumor models in mice, we
have shown that top-down model of tumorigenesis where
non-SCs can also generate neoplastic growths in tumor
subclones was equally plausible (Schwitalla et al. 2013).
During colorectal cancer initiation, active-NF-xB
signaling can initiate a chronic inflammatory
microenvironment which can trigger de-differentiation on
non-SCs to a more SC like phenotype. In this study, we
used an inducible Xbpl-Villin-Cre-ER™ mediated
activation of both Wnt (Apc™™ and NF-xB (lkba™™)
signaling specifically in differentiated cells which de-
differentiated into a SC like phenotype and promoted
neoplastic growths up in the villi (Schwitalla et al. 2013).
In another study, Elp3 signaling in Dclkl* (Tuft cell
specific marker) was found to be essential in maintaining
Lgr5* CSC niche. Although Dclkl was previously
identified as a terminal differentiation marker and its
absence had no observable phenotype in normal colonic
epithelium, Dclk Lgr5* CSCs or organoids were observed
to be largely lacking of regenerative and tumorigenic
abilities (Ladang et al. 2015).

Studies with human colorectal organoids also further
support the importance of the microenvironment driven
plasticity in tumor development (Shimokawa et al. 2017,
de Sousa e Melo et al. 2017). In one study with human
colorectal cancer organoid xenografts, it was observed
that human colorectal cancer cells can behave much
similarly to tumor cells in mouse models. An inducible
suicide gene (Casp9) was inserted into human colorectal
organoids through CRISPR/Cas9 editing (Shimokawa et
al. 2017). This inducible gene is activated selectively in
Lgr5* cells so that SCs are totally eliminated and
organoids halted growing. Upon removal of the inducer,
organoids resumed growing from remaining terminally
differentiated cells. Further studies revealed that
terminally differentiated Krt20* cells repopulated Lgr5*
niche which supports tumorigenic phenotype in organoid
xenotransplants (Shimokawa et al. 2017). In a similar
study with diphtheria toxin induced Lgr5 ablation in
human organoids, removal of diphtheria toxin resumed
tumor growth in original tumor but not in distant
metastases of the same tumor (de Sousa e Melo et al.
2017). Therefore, tumor microenvironment can affect
plasticity differently in the original site and the metastatic
colonies. However, in other cancers like glioblastoma,
plasticity within cell populations was observed to be very
limited and no replacement of CSCs niche by other cells
was observed in a mouse model of glioblastoma (Suva et
al. 2014). Therefore, the level of tumor cell plasticity
varies greatly depending on the context, tissue of origin,
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site of growth and the interactions between different cells
within the tumor microenvironment.

Signaling machinery activated through interaction
within the tumor microenvironment is also very important
for maintaining SC populations for further tumor growth.
As tumor cells interact with each other to maintain self-
renewal and to enhance their tumorigenic potential, they
also interact with other cell types within the tumor
microenvironment. Previously, we mentioned about the
importance of their interaction with stromal cells which
help them to maintain stemness or de-differentiation
(Degirmenci et al. 2018, Vermeulen et al. 2010).
Inflammation in the tumor microenvironment is another
important component of plasticity. Although we have
mentioned that over-activated NF-xB signaling is
important for de-differentiation of non-SCs in tumors,
hyper-activated NF-«B signaling may also lead to
myeloid specific anti-tumor response in a mouse model of
IKKk specific ablation (Goktuna et al. 2014). Moreover,
IKKk (NF-xB) ablation in tumor associated fibroblast
potentiates them to secrete more HGF which was
previously shown to be increasing de-differentiation into
SC like phenotype in tumor cells (Pallangyo et al. 2015,
Vermeulaen et al. 2010). Chronic inflammation can still
benefit the tumor growth in a cell and context dependent
manner as revealed by studies with IKKk or IKKk specific
ablations in Wnt-driven models of tumorigenesis (Greten
et al. 2004, Goktuna et al. 2016). All these findings
illustrate that we urgently need to extend our
understanding of tumor cell plasticity not only via tumor
specific isolated model but also by finding ways to
simulate complex interactions within the tumor
microenvironment.

CSCs and EMT

When neoplastic growths reach to a certain size, their
further expansion is usually restricted by the surrounding
tissues and the basal lamina (Goktuna et al. 2018). Then
it becomes increasingly difficult to keep the pace of the
proliferation due to limiting factors like lack of space,
nutrients, and oxygen supply. At this stage, epithelial to
mesenchymal plasticity (EMP) helps tumor cells quickly
adapt these new conditions, granting them the ability to
shift their phenotypes from epithelial to mesenchymal for
motility and invasion or back to epithelial phenotype for
colonizing distant locations (Kalluri & Weinberg 2009).
Although EMT and mesenchymal to epithelial transition
(MET) are natural processes during development, growth
and wound healing mechanisms, tumor cell may hijack
these machineries to provide themselves with many
advantages. During the process of EMT, tumor cells
constantly acquire new characteristics like anchorage
independent growth, orchestrating immune or endothelial
cells in immune tolerance or induction angiogenesis,
matrix remodeling, vascularization to intravasate into the
blood circulation (Kalluri & Weinberg 2009). Most of
these changes are related to mesenchymal phenotype
since only fibroblast like cells can activate molecular
pathways related to phenotypic changes in EMT through
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alteration of cytoskeleton dynamics and shifts in cell to
cell or cell to ECM interactions (Friedl & Alexander
2011). Although mesenchymal state is essential for
invasion and motility, it is not suitable for the proliferation
of the tumor cells (Mejlvang et al. 2007). Epithelial state,
on the other hand, increases the efficiency of autocrine
and paracrine growth signals due to the densely packed
epithelia and helps rapid proliferation of tumor cells both
in the primary and in metastatic growths. Therefore, EMP
is essential for tumor cells to adapt and change their
phenotypes depending on external signals and ever-
changing dynamics of the tumor microenvironment
(Polyak & Weinberg 2009).

As EMT is associated with migration, invasion,
metastasis and chemotherapy resistance, it is not
surprising that the relation between CSCs and EMT has
been the focus of large amount of studies. As a result of
such studies, it has been put forward that EMT also
enhances stemness and tumor initiating potential in
different cancer cell lines (Puisieux et al. 2014). More
notably, tumor cells expressing high levels of EMT
marker Snaill were found to have elevated tumor
initiating and metastatic capabilities in mouse and human
models of breast cancer (Ye et al. 2015). Initially, most of
such observations were interpreted as the specific
induction of EMT in CSC niche, yet later studies have
clearly identified that CSCs just have different EMT
programs than those operated in other tumor cells (Guo et
al. 2012). Furthermore, many recent studies have
demonstrated that metastatic cancer cells retain their
epithelial phenotype in distant locations and even EMT
may not be necessary for the metastasis altogether (Nieto
et al. 2016, Zheng et al. 2015). Indeed, many reports
support the notion that EMT repression is necessary for
metastatic colonization as mesenchymal like cells were
found not metastasizing efficiently (Celia-Terrassa et al.
2012, Tran et al. 2014, Tsai et al. 2012, Ocana et al.
2012). Additionally, intravital imaging in a mouse model
of breast cancer confirmed previous claims with EMP as
the tumor cells were observed to undergo MET upon
metastasizing to distant organs (Beerling et al. 2016).
Moreover, other studies have shown that Twist1 and Zebl
expressions are differentially regulated during the course
of tumor initiation, progression and metastasis and
intermediary levels of these EMT regulators are required
for tumor initiating CSC phenotypes in breast and skin
cancers (Beck et al. 2015, Schmidt et al. 2015, Chaffer et
al. 2016). Consequently, all the studies presented above
have clearly demonstrated that CSC phenotypes are not
fixed but highly plastic in nature and subject to change for
adapting  various  conditions in  the  tumor
microenvironment.

Targeting CSCs for Cancer Therapy: Premises and
Pitfalls

Most of the chemotherapeutic strategies aiming to
target highly proliferating cancer cells usually result in
failure due to resistance development. As in many other
cases of natural selection, surviving populations cause the
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relapse of the tumors with highly chemotherapy-resistant
tumor cells (Holohan et al. 2010). In most cases, these
chemotherapy-resistant cells are found to contain
disproportionate fractions of CSCs (Batlle & Clever
2017). Extraordinary chemo- or radiotherapy resistance in
tumors may depend on diverse mechanisms provided by
upregulation of drug-pumps, enhanced DNA-repair
capacity or protection from stress mechanisms (genotoxic
stress, ER stress or ROS) in CSCs (Li et al. 2008, Diehn
et al. 2009, Borst et al. 2012). Notably, plasticity of CSCs
(for tumor development and dissemination) and their
ability to adopt a quiescent state (upon stressful
conditions) drive drug resistance in many different
cancers. Studies in hematologic malignancies have
focused on associating hierarchical organization of tumor
cells with the drug resistance development (Clarkson
1969). In some pioneering works with leukemia, it was
observed that slowly proliferating SCs were the reason for
tumor relapse (Clarkson & Fried 1971). Later on, genetic
fate mapping experiments in oxaliplatin resistant
colorectal tumors demonstrated that tumor relapse after
therapy is largely due to populations generated by
quiescent CSCs (Kreso et al. 2013). Slowly proliferating
CSCs in glioblastoma were found to be responsible for
temozolomide resistance whereas ablation of these cells
in tumors resensitizes glioblastoma to the drug (Chen et
al. 2012). Similarly, cisplatin resistance results from
slowly proliferating CSCs which found to show dormancy
due to TGF[! rich microenvironment in tumor fronts
(Oshimori et al. 2015). Similar observations in models of
bladder, breast and skin cancers also documented that
slowly proliferating quiescent CSCs are the reason for
drug resistance and tumor relapse after initially successful
anti-proliferative therapy (Kurtova et al. 2015, Creighton
et al. 2009). On the other hand, studies of tumor cell
populations from highly proliferative tissues like stomach
and intestine have demonstrated that SC pool can be
regenerated from differentiated tumor cells after
chemotherapy (Stange et al. 2013, Wei et al. 2016). As
previously discussed in tumor cell plasticity,
differentiated cells in various cancers may be acting as
quiescent SCs to drive drug resistance in these cancers.

Understanding of drug resistance mechanisms due to
CSCs provided us with better strategies to target tumors.
The first successful story came from studies with
leukemia which laid the foundation for using anti-CSC
therapy in treating cancers (Novak et al. 2009). As we
mentioned above, most leukemic cells are arrested in a
quiescent undifferentiated state. Therefore, it was
hypothesized that induction of terminal differentiation
with all-trans retinoic acid could be beneficial for
sensitizing tumors to chemotherapy. Results were
massively successful and all-trans retinoic acid became
the standard therapy for treating acute promyelocytic
leukemia. The success of this strategy influenced many
other studies in developing alternative ways to target
CSCs in hematologic and solid malignancies. For
example, targeting epigenetic regulators of stemness like
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Lsdl or Bmil were found to give favorable results
abrogating CSC niches in AML or colorectal cancer
models, respectively, without causing noticeable side
effects (Harris et al. 2012, Kreso et al. 2014). Even some
Lsd1 inhibitors are currently in phase 2 clinical trials for
treating AML. As previously mentioned, genetic ablation
of CSCs in glioblastoma, squamous cell carcinoma and
colorectal cancer prevents tumor growth (Chen et al.
2012, Boumadhi et al. 2014, Shimokawa et al. 2017).
These studies are currently being tried for preclinical
application. For instance, the use of Lgr5 antibody in
combination  with  cytotoxic  chemotherapy  (in
combination with cetuximab, an anti-EGFR antibody)
yielded favorable results in colorectal cancer therapy
(Shimokawa et al. 2017). Similarly, antibody-drug
conjugates targeting Notch signaling successfully
eliminated tumor initiating CSCs in a xenograft model of
pulmonary neuroendocrine cancer (Yen et al. 2015;
Saunders et al. 2015). Although above strategies
exemplify successes in eliminating tumor initiating CSC,
it is still a big challenge to target quiescent CSCs in drug
resistance. However, in one study with chronic
myelogenous leukemia (CML), ablation of quiescent state
by targeting Myc inhibitor Fbxw7 rendered CML
sensitive to imatinib (Takeishi et al. 2013). In a reverse
strategy with a model of bladder cancer, Cox-2 inhibitors
were used to block the entry of CSCs into a quiescent state
which rendered them susceptible to chemotherapy
(Kurtova et al. 2015). Targeting CSC metabolism also
yielded fruitful results in abrogating chemoresistance in
models of melanoma, pancreatic and oral cancers (Roesch
et al. 2013, Viale et al. 2014, Pascual et al. 2017).

Future Directions

From the early observations of tumor development
and dissemination, we started to notice that tumors are
composed of cells of different hierarchies reminiscent of
the organization in the normal tissues. Tumors from
different cancers harbor self-renewing CSC niches which
regenerate tumors or turn themselves into various other
types of cells within the tumors. By applying the simple
principles we have learned from normal SCs and by
identifying  tumor  microenvironment  dependent
requirements of CSCs in each tissue and cancer
separately, we can fashion better therapeutic strategies
through modulating CSC behaviors in cancers.

In early studies, allografts and xenografts were crucial
for understanding CSC behaviors in the tumors. However,
with the advance of more powerful molecular and
imaging techniques, lineage tracking became the standard
for the identification of CSCs. Coupled to further
developments in intra-vital imaging, high-end genome
editing tools and the use of organoid models, we learned
a great deal of CSC functions in tumor development and
dissemination in many cancers. From these observations,
we could deduce that SCs are not always rare, dormant or
fixed to a certain niche. The great level of variability of
CSCs is indeed due to the plasticity of the tumor cells
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which provides adaptation of tumors to constantly
changing conditions within the tumor microenvironment.
The tumor cell plasticity within tumors is forged through
adaptations arising from mutations, EMT, and other
interactions within the tumor microenvironment. Hence,
inflammation and tumor to immune cell interactions are
essential components of the mechanisms leading to
plasticity.

While not all tumors in every cancer follow the CSC
hierarchy or dynamics, there is a great level of plasticity
between different populations of cells ultimately leading
to great level of heterogeneity within tumors. Besides, the
tumor cell plasticity brings about many challenges for our
understanding of CSC in tumor development and
dissemination. There are still many questions left to be
answered by future studies. We still do not know how
tumor cells define the CSC niche? We also do not know
to which extent the tumor cell phenotypes within tumors
can be switched? How do different states of tumor cells
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