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Abstract »

Cancer is a disease where there is aberrant cellular behaviour characterized by uncontrolled
growth and cellular signalling. Cancer though is viewed as a homogeneous pathology,
does not show uniformity at the cellular level - there is difference in the characteristics
within cells of a tumour. A major caveat in understanding the biology of cancer is the
paucity of information on the origin and perpetuation of cancers. Towards salvaging
these two models of cancer genesis and progression have been proposed: ‘Stochastic’
and ‘Cancer stem cell’ theories. The stochastic model holds that all cells in a tumour are
identical while the cancer stem cell theory supports the existence of a subset of cells
called cancer stem cells in a tumour that are responsible for the origin and perpetuation
of the disease. Cancer stem cells are implicated in various aspects of cancer including
metastasis, recurrence and therapeutic resistance. Though cancer stem cells have been
reported from many cancers methods to identify and characterize them still rely on animal
transplantation models along with surface protein studies. However better techniques of
characterization of these cells would play a positive role in elucidating these cells better.
The characterization of cancer stem cells would play an important role in the research
and clinical management of the disease.
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Stem cells

Human body is made up of 10'? to 10 cells. Recently
with a bibliographical and mathematical approach the total
number of cells in the human body was averaged to be 3.72
x 10Y!, A preprint data from Weizmann Institute, Israel,
hints at a revised estimate of the number of human cell in
a ‘reference man’ of 70kg to be 3 x 10" % An estimated
108 cells die in an adult per day’® and have to be replaced
daily. With such huge number of cells turned over it is of
paramount importance to maintain the number and quality
of cells. Homeostasis is important as there is constant loss
of differentiated cells because of their limited lifespan. This
is verified under in vitro conditions where cultured normal
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somatic cells undergo only a certain number of cell divisions
beyond which they undergo senescence and apoptosis; a
phenomenon called ‘Hayflick’s limit™. Loss of cells and the
subsequent need for replenishment in the body might also
be due to normal wear and tear, injury or degeneration. The
production and replacement of cells undergoing senescence
and apoptosis with healthy and viable cells is a process that
is well regulated, where a small population of cells called
‘stem cells’ serve as the reservoir, which can give rise to
proliferating progenitors and terminally differentiated cells.

Stem cells are a small subset of cells within any kind of

tissue in the body that have the capacity for long term
self-renewal, asymmetric cell division, and differentiation
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into one or more lineages> ©. These cells subscribe to a

178 wherein a small fraction of stem cells

hierarchical mode
having the above mentioned capacities maintain their cell
numbers by self-renewing and when required as in tissue
injury or homeostasis, can give rise to daughter cells that
can proliferate extensively to accommodate the need for high
cell numbers (Figure 1). Examples of well-studied systems
in the body for the hierarchical stem cell model are the

haematopoietic system’ and gut'’.
Figure 1 — Stem Cell Hierarchy
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There exists a stem cell which has the capacity for long-
term self-renewal and thus maintaining the stem cell
pool. This stem cell can divide and give rise to transit
amplifying cells which are committed progenitor cells
which differentiate into the terminally differentiated
cells of the tissue of origin. After their limited life span
these cells undergo senescence, apoptosis and death.
Thus stem cells are characterized by three properties:
@ long term self-renewal, @ extensive proliferation and

J

®) differentiation into multiple lineages.
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Generally stem cells are categorized as ‘Embryonic stem
cells” and ‘Adult stem cells”®. Embryonic stem cells were
first described almost three decades ago'!!?
in the inner cell mass of the blastocyst. These cells are

and are seen

pluripotent and can form any organ of the body but not the
whole organism. While embryonic cells are predominantly
responsible for the complete development of the foetus,
‘Adult stem cells’ or ‘Somatic stem cells’ take active role in
meeting the body’s cell requirements after birth. These adult
stem cells have been demonstrated in almost all of the tissues
of the human body including rapidly dividing intestinal

¢ as well as slowly recycling tissues

tract'?1> bone marrow!
like muscle'’. One of the ways of identifying normal adult
stem cells from various human tissues is by their surface

markers for e.g. normal colonic stem cells are reported to
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be positive for Lgrr5S expression on the surface which is
a Leucine rich protein receptor'*'®, Haematopoietic stem
cells are characterized by CD34+CD38-""2°. Underlying
these differences are multiple molecular signalling pathways
involved in a well regulated physiology from stem cell to
differentiated cell distribution in any tissue.

Cancer

The World Health Organization (WHO) defines cancer as
a generic term for a large group of diseases that can affect
any part of the body, the defining features of which are the
rapid creation of abnormal cells that grow beyond their
usual boundaries, and invade adjacent parts of the body
and spread to other organs®'. Cancer is the second largest
non-communicable disease; a leading cause of death around
the world with 70% of related mortality seen in low and
middle income countries. While 30% of cancers could be
prevented, deaths due to cancer worldwide are projected to
increase to an estimated 12 million deaths in 2030 (The
global burden of disease: 2004 update, WHO). There were
7.6 million deaths related to cancer in 2008 alone. One in
four deaths in the United States is due to cancer®’. In India
cancer incidence is reported to be increasing®.

Six hallmark features of cancer were described by Hanahan
and Weinberg more than a decade ago: Self-sufficiency
in growth signals, insensitivity to anti-growth signals,
resistance to apoptosis, limitless reproductive potential,
sustained angiogenesis, and tissue invasion and metastasis*’.
Over the years the understanding of the hallmarks have
been furthered with the addition of two more features:
re-programming of energy metabolism and evasion of
immune destruction®. There is also the emerging concept
of metabolic hallmarks of cancer that serves to elucidate
the disease from the perspective of energy and nutrition.
A recent perspective describes six metabolic hallmarks of

cancer?®

that serves to elucidate more on the energy dynamics
in cancer. These hallmarks are also believed to be influenced
by the extracellular matrix associated with tumour cells?.
There is also the contrarian view that that proposes that
carcinogenesis is due to interaction of cells with extracellular
matrix”®. Taken together, all these point to the growing
complexity of the disease, its origin which ultimately has

therapeutic ramifications.

Cancer perpetuation

Though there are many reports describing the aberrant
cellular and molecular signalling in cancers and in the
process of carcinogenesis, the putative cell that succumbs
to the initial transformation event is yet to be elucidated
clearly. There is paucity of information on the exact origin

Ann. SBV, July-Dec 2015;4(2)



of the disease. In spite of the various hallmark features of
cancer and the factors associated with carcinogenesis being
described in many reports, the initial transformation event
which results in tumorigenesis is still not clear. Towards
reckoning this lack of clarity about the biology and genesis
of cancer two broad models have been posited. These two
models that attempt to explain carcinogenesis or the
initiation of cancer are the ‘stochastic’ and the ‘cancer stem
cell’ models?®*° (Figure 2).

Figure 2 — Theories of cancer genesis
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The stochastic model states that every cell in a tumour
has the capability to re-initiate and maintain a tumour
whereas the cancer stem cell model attributes this
capacity only to a limited subset of cells within the
tumour bulk.

Stochastic theory

The ‘stochastic model” does not subscribe to the speciality or
uniqueness of any particular cell subtype and states that every
cell in a tumour bulk is equally endowed with the potential
to propagate the tumour and form new tumours. This model
associates randomly accumulating genetic changes in the
DNA along with micro environmental selections with
carcinogenesis and cancer progression. Thus this model
aims to address tumours as a heterogeneous mixture of cells
but without any the biological differences which could have
any implication on tumour progression or recurrence. Thus
this model attributes no inherent differences between the
constituent cells in a tumour to maintain the disease.

Cancer stem cell theory

On the other hand, the Cancer Stem Cell (CSC) model
is a hierarchical model*'** where a particular cell called
the ‘cancer stem cell’ has the capacity to self-renew and
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proliferate thus giving rise to a host of transit amplifying
cells which form the bulk of the heterogeneous tumour mass;
this feature parallels the normal stem cell biology in a tissue,
where they maintain their cell number in low frequency but
also proliferate and give rise to terminally differentiated cells
as in case of an injury or normal homeostasis. The CSC model
posits the existence of a small subpopulation of CSC within a
tumour that exclusively harbours this capacity to initiate and
propagate the disease. This model attributes the qualities
of tumour initiation, maintenance and propagation to only
a biologically distinct subpopulation of cells occurring in
low frequency within a tumour called CSC?**. A corollary
of this has been that these CSC are also responsible for
metastasis and for resistance to conventional chemotherapy
and radiotherapy Like normal stem cells which self-renew
and proliferate to produce terminally differentiated cells,
CSC also have the capability to maintain their numbers
by self-renewal and by proliferation give rise to a host of
transit amplifying cells which form the heterogeneous
tumour bulk®® (Figure 3). To surmise this model subscribes
to the theory that a tumour arising from a cancer stem cell
is composed of cancer stem cells in low frequency and the
non-stem cells as the tumour bulk.

Figure 3 — Stem cells in tumours and normal tissue
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The stem cell hierarchy in the tumour tissue
parallels that of normal tissue. Like normal tissue the
cancer stem cells model also states the existence of
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a small subset of stem cells which gives rise to the
heterogeneous tumour populations and the atypical
cells of the tumour.

\ J

Cancer stem cells markers

One of the earliest hints for the cancer stem cell theory
came from the publication of the ‘Trophoblast theory of
cancer’ in the year 1902%°. This theory states that cancer is
a germ cell disorder wherein remnant foetal trophoblasts in
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the adult can get activated to form cancer upon sufficient
activation by environmental and chemical cues thus hinting
at the stemness nature in cancer. Though this theory was not
promptly accepted at that time, in retrospect its proponent
John Beard is considered one of the pioneers of the present
day theory of cancer stem cells*.

Many plausible mechanisms for the origin of CSC have been
put forth?>"?. One of the ways suggested for the origin of
CSC is said to be the activation of a normal resident stem cell.
In a report by Dean?” activation of a stem cell is proposed
to be a good target for subsequent genetic hits leading to
a complete transformation resulting in an autonomous
growth and acquisition of cancer cell phenotype. This
cell is transformed while retaining the stemness property.
Activation of a stem cell according to this theory can occur
in ways: (a) the stem cell might be naturally dividing as
in an embryo or haematopoietic system thus rendering
it vulnerable to accrue genetic errors during replication,
(b) hormonal activation of stem cells can be another way
as in the case of oestrogen and ovarian cells and lastly (c)
tissue damage caused by injury, inflammation, infection or
chemical exposure like asbestos etc. In all these conditions a

Figure 4 — Plausible mechanisms of cancer stem cell genesis
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Plausible mechanisms of the origin of cancer stem cells
include (a) Genetic mutation in a resident tissue stem
cell, (b) De-differentiation of a mature differentiated
cell in a tissue (c) Fusion of a mutated haematopoietic
stem cell with a mature differentiated cell and @
Senescence by-pass wherein a senescent giant cell
undergoes multiple genetic changes and results in a

Ktransformed cancer stem cell.
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resident stem cell is activated and stimulated to divide thus

increasing the probability of acquiring genetic mutations
due to errors of DNA repair. Even the dedifferentiation of
a mature cell with concomitant acquisition of self-renewal
ability can result in the formation of a cancer stem cell.
Another way of a cell acquiring CSC phenotype reported in
this paper as well as in Costea er «/*® is the dedifferentiation
of mature differentiated cell which acquires the ability of
self-renewal. Apart from direct stem cell transformation
and dedifferentiation Costea et 2/°® have also report two
additional ways in which the origin of CSC can be envisaged
to happen in the context of oral squamous cell carcinoma:
(a) fusion of a mutated haematopoietic stem cell with a
keratinocyte (differentiated cell) can result in a heterokaryon
and might give rise to a CSC and (b) Exposure of senescent
cells to chemicals can also result CSC like cells (Figure 4).

In 1937 one of the early proofs for the existence of cancer
initiating property within subpopulation of cells came of
the work of Furth and co-workers®, where inoculation of
single cells from inbred leukaemic mice into mice of the
same type resulted only a small fraction (5%) of animals
developing leukaemia. In the early nineteen fifties some
studies with solid tumours also yielded similar results
indicating the involvement of a subset of cells in the
process of carcinogenesis®*2, The actual term ‘cancer stem
cell’ was popularized after Carney e z/*> demonstrated the
tumorigenicity of patient derived lung cancer cells grown
as tumour cell colonies on soft agarose, when injected into
athymic nude mice. It was just around the same time that the
involvement of stem cell compartment in leukaemogenesis
was reported**®. The first definitive description of such a cell
was in acute myeloid leukaemia, where it was shown that
cells which were characterized to be CD34+/CD38-, when
transplanted into SCID mice, could stably re-initiate and
sustain the disease™. There have subsequently been many
reports trying to prove and identify these cells in tumours of
diverse origin including breast (CD44+/CD24-/Lineage-)",
pancreas (CD44 +/CD24 +/ESA+)*, colon (CD133 +, CD44
and Lgr5+)"7%, and prostate (CD44 +/2201 Integrin-hi/
CD133+)".
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CSC reported in many cancers corresponds to the stem cell
theory in being of low percentages in the tissue. Ricci-
Vittiani et 2/>> and Dalerba et 2/°° showed that the percentages
of CSC in colon identified by CD133 and CD44 respectively
were around 0.7 — 2.5%. In the samples analyzed by O'Brien
et al®, CSC identified by Lgr5 were also found to be as
high percentage as high as 24.5% in one of the samples.
Similarly CSC in breast, identified by CD44+C,CD24-
,ESA + was found to be 2-4%"7. CSC in AML identified by
CD34+CD38- was reported to be 0.2%°". CSC percentages
have been reported in many other cancers including liver’®,

1859 prostate®, kidney®'. It is generally accepted

pancreas
that the percentages of CSC in tumours are low because these
cells are quiescent, slow cycling and express high levels of

29,39

anti-apoptotic proteins®*??, all of which are also implicated

in resistance to conventional chemotherapy.

Quiescence is one of the properties that are seen in stem cells
and essential for maintaining their numbers. Quiescence
enables the stem cells to go into a reversible state of minimal
metabolic behaviour without cell division, the deregulation
or loss of which could affect the number of resident stem cell
numbers in a tissue and can lead to depletion of the same.
GO phase in the cell cycle is an irreversible state where cells
like those undergoing senescence or differentiation, while
stem cells go into quiescence which is a reversible GO phase®
(Figure 5). As indicated previously in Costea ¢f 2/°® it is at

Figure 5 — Quiescence in stem cells
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Normally a cell undergoing cell cycle goes into
GO phase upon reaching a point of senescence (a
dysfunctional state reached because of limited life span
or accumulated errors) or differentiation into mature
cells. This is an irreversible stem except for the cancer
stem cell genesis. Normal stem cells have the property
of entering and leaving the GO phase as dictated by the
homeostatic cues. Both normal and cancer stem cells
by entering into quiescence are shielded from agents

targeting cell cycle components.
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this point that malignant transformation can occur where
a senescent cell or differentiated cell can through multiple
genetic hits acquire the property to enter the cell cycle
again thus activating their ability for quiescence . There
are many factors that regulate quiescence. This confers
the cells with the ability to escape any cytotoxic agent
acting via DNA replication mechanism or cell division
protein inhibition. Quiescence has been well described in
hematopoietic stem cells®**
an influence on quiescence.

and the various factors having

Consequently characterization of these cells are of paramount
importance in the context of therapeutic oncology; and these
cells unlike other tumour cells need unique techniques of
isolation and characterization which include 7z situ, in vitro
and in vivo approaches.

Cancer stem cells characterization

In Situ Identification using Surface Markers

Identification of CSC using surface markers is one of
the widely employed techniques because of the availability
of a repertoire of antibodies. One of the techniques
exploiting the surface antigen chemistry of cells is flow
cytometry which depends on treating live or fixed cells with
monoclonal antibodies tagged with fluorescent tags®*
as fluorescein isothiocyanate (FITC), phycoerythrin (PE),
allophycocyanin (APC) and peridinin-chlorophyll protein
Cy5.5 (PerCP Cy5.5). Identification using surface markers
gives the advantage of specificity and sensitivity. The use
of flow cytometry assisted cell surface profiling gives the

such

advantage of qualitative as well as quantitative analysis of
cells based on surface markers. This approach would not
only help elucidate the presence or absence of markers; this
can also successfully identify fluctuations in the marker
expression. Flow cytometry based surface profiling has been
used in studying CSC in cancers affecting various tissues
including oral mucosa®, colon® and breast®’.

Fluorescence microscopy® is another important tool
that is successfully used for the study of CSC. This technique
gives us the flexibility of analyzing a fixed and stored tissue
and gives us the advantage of analyzing single cells visually.
Immunofluorescence based study of CSC has been employed
for studying the topographical distribution of cells of our
interest in a tissue. Thus Immunofluorescence microscopy
helps us to correlate the location, frequency and distribution
of stained cells with the tissue histology. This makes it a
vital tool for studying CSC.
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Surface markers and their utility in studying CSC have been
used in another technique: magnetic activated cell sorting
(MACS). It uses surface protein differences to differentially
enrich or deplete cells of concern. The best functional study
for CSC is animal transplantation and MACS serves purify
cells of our interest based on surface markers. Thus surface
marker based identification is one fruitful avenue for the
study of different types of CSC.

In Vitro Assays for Cancer Stem Cells

Many techniques and ways have been reported to isolate and
study cancer stem cells. Chiou ef a/ suggest three ways in
which CSC can be isolated and studied: Immunophenotyping
by flow cytometry, Hoechst 33343 exclusion based side
population (SP) assay and Sphere formation™.

Immunophenotyping by flow cytometry is certainly a strong
tool for studying CSC because of the ease of performing and
also because of the availability of a wide range of antibodies
against a wide range of surface proteins. This technique
easily gives signature surface profiles across multiple samples
and hence is a valuable tool in the study of CSC as well.

Hoechst 33342 is DNA binding dye which can be used to
stain live cells. Hoechst 33342 dye based SP assay exploits
the fact that ABC transporters especially ABCG2 efflux this
dye from cells. Thus there would be differential staining
between stem cells expressing high levels of ABCG2
and non-stem cells showing low levels of this transporter
when treated with this chemical”. This protocol was first
established for bone marrow derived haematopoietic stem
cells which is successfully adapted to other types of stem
cells and also to cancer stem cells.

Sphere formation assay is another important way to study
CSC from any tissue. This technique relies on the fact that
non stem cells fail to survive and grow under an anchorage
independent or serum starved condition with growth factors,
while normal stem cells and CSC remain not only remain
viable in these conditions but also form spheres of cells
indicating their ability to proliferate and clonally expand.
The ability of these cells to self-renew can also be inferred
by generating secondary spheres from dissociated primary
spheres’?.

CSC have been successfully identified by label retaining
assays like the DNA intercalating bromodeoxyuridine
(BrdU) as these cells have a low turnover thus labelling
the long term non-dividing cells®. Tritiated thymidine,
which exhibits a similar DNA binding ability, has also
been used to label slow cycling cells or quiescent cells”.
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There has been lot of technological advancement and histone
protein based labelling systems have been developed like
H2B-green fluorescent protein (H2B-GFP)’* where the
histone protein are genetically modified by the addition of
a green fluorescent protein for easy visualization. Some other
approaches that identify CSC include RNA content, lack of
proliferation markers, elevated anti-apoptotic proteins etc.
These techniques though pick up slow cycling cells and help
elucidate the quiescent behaviour it has become apparent
that other techniques to identify CSC are used in tandem
to get significant results.

In Vivo Assays for Cancer Stem Cells

Normal stem cells are endowed with properties of self-renewal
and lineage capability. CSC paralleling on normal stem cells
have properties of self-renewal and tumour propagation.
Thus a technique that can successfully demonstrate these
features would certainly be of a huge impact”. Thus amidst
all the other techniques serial orthotopic xenotransplantation
is still hailed as the gold standard in experimental CSC
biology”. Though no xenotransplantation model exactly
replicates the host tissue environment, they give the
advantage of studying the putative CSC under question in
an environment that gives a milieu and microenvironment
at least distantly similar to native tissue from which the CSC
is derived. One of the concerns to bear with while using
this assay is the inherent difference in the transplantation
site especially the lack of stromal cell signals, which are
also described to impact the development and propagation
of CSC™. This caveat can be addressed and improved by
co-engrafting the putative CSC with stromal cells. Another
factor to be aware of is the cell preparation and the process
of transplantation; these can to some degree introduce
some mechanical stress but in any case this would true of
other assays as well. Xenotransplantation is nevertheless
considered the best functional test for CSC.

Another important development is the newer and
better models of in vivo experimentation are being
designed from time to time for tumour transplantation
studies’®. Development of mice models that more
immunocompromised than SCID and NOD/SCID show
greater transplantability with cancer cells. This suggests
altogether a different perspective on the methodologies to
estimate the frequencies of CSC. Quintana ¢f #/” have shown
this in melanoma by injecting single melanoma cells into
two types of immunocompromised animals (NOD/SCID
and NOD/SCID with Interleukin 2 deficiency) and showing
that the former model can underestimate the frequency of
CSC. Thus a combined and informed way of isolating and
studying CSC is imperative.
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Conclusion

Development and perpetuation of cancers is highly debated
with both stochastic and stem cell model of cancer being
identified as plausible models to explain the genesis.
Cancer stem cell model has been repeatedly supported by
multiple studies attempting the isolation of cancer stem

cells from tumours. However a unique, all-encompassing
marker for isolation, characterization of CSC has not yet
been available which engenders the necessity for the use
of multiple techniques — both i vitro and in vivo — in the
analysis of CSC. Thus elucidation of CSC would require
a host of techniques and further validation of presently
available techniques towards harnessing the knowledge of
stem cells in cancer research and therapy.
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