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Cancer stem cells (CSCs) fuel tumor growth, metastasis and resistance to therapy in colorectal cancer (CRC).
These cells therefore represent a promising target for the treatment of CRC. This review addresses the complexity
of studying CSCs in CRC research and developing clinically effective treatments to enable CRC patients to achieve

a short and long-term therapeutic response.

colorectal cancer cancer stem cells drug resistance

| 1. Introduction

Colorectal cancer (CRC) is the fourth leading cause of cancer-related death worldwide . While the occurrence
and mortality rates of CRC is declining in the European countries, these rates are increasing in rapidly transitioning
countries, such as many African and South Asian countries 2. The tumor—-node—-metastases (TNM) classification
allows the stratification of patient groups according to the stage of the disease, based on anatomical information £
@ The location and stage of the tumor enable both the assessment of the patient’s prognosis and the
determination of the therapeutic approach, depending on the patient’s overall health as well as the status of the
tumor in terms of mutation and mismatch repair (MMR) &, Therapeutic options for the treatment of CRC are
surgical resection, systemic therapy including chemotherapy, targeted therapy and immunotherapy, local therapy
for metastases and palliative therapy X8, Importantly, surgical resection is the only curative treatment, if all
macroscopic and microscopic tumor foci can be removed I8l Unfortunately, even after well directed curative
treatment, some patients experience treatment failure that may be associated with the development of multidrug
resistance (MDR) during or after treatment. In addition, despite initially successful therapy, the development of drug
resistance often leads to relapse in cancer patients, known as minimal residual disease (MRD) . Both MDR and
MRD can be attributed to a subpopulation of tumor cells with self-renewal and multi-lineage differentiation
capabilities, the cancer stem cells (CSCs), known as colorectal cancer stem cells (CCSCs) for CRC [Bl. CSCs
contribute to tumor initiation and dissemination, treatment resistance and metastasis development. Tumor
microenvironment (TME) and metabolic plasticity may also be involved in therapeutic failure by imposing selective
pressures on cancer cells that lead to chemoresistance and cancer progression H19. Therefore, the development
of new therapies targeting CSCs, taking into account the TME and tumor metabolism, represents an interesting

approach to overcome resistance to therapies 1.

| 2. Colorectal Cancer Stem Cells
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The CSC theory suggests that tumor growth is driven by a small number of dedicated stem cells (SCs), the CSCs
8. By definition, a CSC has the ability to self-renew in order to expand its pool and to generate all the differentiated
cells that comprise the tumor (multi-potency). The transformation of a colorectal stem cell into CCSC requires the

acquisition of tumor-related features.

2.1. Colorectal Cancer Stem Cell Origin

The history of CSCs began two decades ago with the discovery of CSCs in human acute myeloid leukemia (AML)
by Dick and colleagues 12, For the first time, a cell capable of initiating human AML in immunodeficient mice and
possessing differentiation, proliferation and self-renewal capabilities was described. A few years later, using similar
experimental approaches, the presence of CSC was demonstrated in solid cancers such as colorectal cancer. The
origin of CSCs in CRC is controversial, and several hypotheses have been proposed. CCSCs are associated with
the acquisition of malignant molecular and cellular changes either due to the accumulation of genetic and
epigenetic alterations in restricted stem/progenitor cells and normal tumor cells, or to the dedifferentiation of
somatic cells caused by various genetic and environmental factors 2415 CSCCs exhibit tumor-related
characteristics such as uncontrolled growth, tumorigenicity and therapy resistance, and may constitute the small
reservoir of drug-resistant cells that are responsible for relapses after chemotherapy-induced remission, known as
MRD, and distant metastasis X, Thus, CCSCs play a key role in the initiation, invasion and progression of CRC
as well as resistance to therapy. These CCSCs give rise to heterogeneous tumors that can be serially transplanted
into immunodeficient mice that resemble the original tumor X8, In addition, CCSCs have the ability to form
disseminated metastatic tumors due to their extensive proliferative potential 2. One of the main challenges in the
study of CCSCs is their isolation, due to their low percentage within the tumor 8. However, the CCSC population
appears to be phenotypically and functionally heterogeneous and dynamic, which is another barrier to their
isolation [, Therefore, the development of therapies that selectively eradicate CCSCs offers promising

opportunities for a sustainable clinical response but requires effective technologies to detect and isolate them 1],

2.2. Colorectal Cancer Stem Cell Isolation Methods

Different methods are used to isolate CCSCs, based either on the expression pattern of CCSC markers, the
functional aspect of CCSCs, or their biophysical features [1&. The objective of this chapter is to present the

techniques currently in use with the advantages and disadvantages of each approach.

2.2.1. CCSC Isolation Based on Phenotypic Features

Many stem cells markers were found to be associated with CCSC features. However, the heterogeneous and
dynamic nature of CCSCs challenges their isolation and enrichment. The first publications from the literature
identifying subpopulations of CSCs in CRC are summarized in Table 1. Experimental models, CCSC isolation
methods and characterization techniques used by the authors are detailed in this table. Studies conducted by
O’Brien et al. and Ricci-Vitiani et al. identified the first CCSC marker: the five-transmembrane glycoprotein CD133
(191201 However, its use has become controversial as the tumorigenic and clonogenic potential of CD133*-CSCs

depends on the positivity for a specific glycosylated epitope of the CD133 protein 21,
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Table 1. Experimental models, markers and CCSC isolation and characterization methods used in the first
publications identifying CSCs in CRC.

-~ CCsC
] Identified CCSC ) CCsC
References Experimental Models ) Isolation o
Subpopulations CharacterizationAssays
Methods
CRC patient tissues
Flow cytometry
) ) MACS
O’Brien et CRC cells from patient ) )
CD133* and Immunohistochemistry
al. 29 tumors
FACS
) ) Tumorigenicity assay
Animal model (mice)
CRC patient tissues )
Sphere formation
CRC cells from patient assay
T tumors MACS
Ricci-Vitiani . Flow cytometry
CD133 and
et al. 19 .
Primary tumor cell FACS ) )
Immunohistochemistry
cultures
) ) Tumorigenicity assay
Animal model (mice)
CRC patient tissues ALDH assay
EpCAMNMS/CD44*
Dalerba et ] P
| 22 CRC xenograft lines FACS Flow cytometry
al. .
EpCAM"9"/CD44*/CD166*
Single-cell suspensions Tumorigenicity assay
Animal model (Ah-
LacZ analysis
Barker et al. cre/Apco¥ox and Lgr5- . Y
. Lgr5 /
(23] EGFP-IRES- : -
Immunohistochemistry
creERT/APCoX/ox mice)
Sangiorgi Animal model (Bmil- Bmil* / LacZ analysis
and IRES-Cre-ER mice)

Immunohistochemistry
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. CCsC
] Identified CCSC ] CCSsC
References Experimental Models ) Isolation o
Subpopulations CharacterizationAssays
Methods
Capecchi
@
Sphere formation
assay
CRC patient tissues
CD133*/CD24" In vitro differentiation
CRC cells and single-cell- MACS assay
Vermeulen ) . .
= derived cultures from CD447/CD166 and
et al. [ _ _ _
patient tumors FACS Immunohistochemistry
CD24*/CD29"*
Animal model (mice) Flow cytometry
Tumorigenicity assay
Sphere formation
. . assay
CRC patient tissues
. CD133*/CD26" MACS  In vitro invasion assays
Pang et al. CRC cells from patient
[26] and
tumors N " H .
CD1337/CD267/CD44 FACS Chemotherapeutic
treatments
Animal model (mice)
Tumorigenicity assay
Todaro et al. CRC patient tissues CD44v6* MACS Immunofluorescence
[27]
and
Sphere-derived adherent FACS  Immunohistochemistry
cultures magnetic-
Invasion assay
CRC cells from patient
tumors or spheres high + Sphere formation tumor in
assay 1 EPCAM
Animal model (mice
(mice) [22] Wlights an
s in the

EpCANIY/CD44* population 221, Using lineage-tracing experiments in mice, Clevers and coworkers identified stem

cells in the small intestine and colon using the marker gene Lgr5 28 and proposed them as the cells-of-origin of

intestinal cancer 23, At the same time, Sangiorgi and Capecchi’s study found another intestinal stem cell marker in
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(24] B ccsc ling SCs,
] Identified CCSC ] CCSsC
Referencesl[231[24] Experimental Models ] Isolation o ary CRC
Subpopulations CharacterizationAssays
Methods markers,
[25] a2 apable of
Tumorigenicity assay .
increased
- [26] 5* cells in

the primary tumor of patients without distant metastases at that time may predict future distant metastases,
highlighting a critical role of CSCs in the progression of metastatic cancer and important clinical implications 28],
The transmembrane glycoprotein CD44 has several splicing variants, including CD44v6, which appears to
negatively impact the prognosis of CRC patients (2229 Todaro et al. demonstrated that all identified CCSCs
express the CD44v6 marker, which supports their migration and promotes metastasis [24. Each of these markers

has its own function and role in the prognosis of CRC, as shown in Table 2.

Table 2. Functions and roles in CRC prognosis of CCSC markers.

CCSC Markers Functions Roles in Prognosis of CRC References

Polycomb-repressor

) protein High expression of Bmi-1 is associated with poor [23][24][31]
Bmi-1 ) 132]
survival
Involved in self-renewal
CDh24 Cell adhesion molecule
Strong cytoplasmic expression of CD24 is [25][33]
(Heat stable Alternative ligand of P- correlated with shortened patient survival
antigen 24) selectin
Cell adhesion glycoprotein Elevated-CD26 expression is associated with
CD26 advanced [26][34]
Promote invasion and
metastases tumor staging and worse overall survival
CD29 Transmembrane Overexpression of CD29 is correlated with poor
proteininvolved in cell prognosis and aggressive clinicopathological [25][35)]
(Integrin-p1) adhesion features
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CCSC Markers Functions Roles in Prognosis of CRC References
Transmembrane . . .
CD44 overexpression is associated with lymph
lycoprotein
geop node
CD44 [36][37][38]
Regulate cell interactions, .
metastasis, distant metastases and poor
. o rognosis
adhesion and migration prog
Bind hepatocyte growth
factor High level of CD44v6 has an unfavorable impact
CD44v6 [27][29][38]
Promote migration and on overall survival
metastases
Cell surface glycoprotein o ) ]
CD133 CD133 expression is correlated with low survival
[21][39][40]
o Regulate self-renewal and ) )
(Prominin-1) ) ) in CRC patients
tumor angiogenesis
CD166
. Cell adhesion molecule Overexpression of CD166 is correlated with
(Activated
shortened
leukocyte ) . 22)[25]{41]
y Mediate homophilic
. interactions atient survival
adhesion P
molecule)
EpCAM
Transmembrane
lycoprotein Loss of EpCAM expression is associated with
(Epithelial cell aveep i " _ S
tumor stage, lymph node and distant metastases ~ [22[E742]
: Regulate cell adhesion, i
e g and poor prognosis
proliferation and migration
molecule)
Lgr5 Seven-transmembrane Lgr5 expression is associated with lymph node @%B—Y]

protein

and
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separation method that requires cell labelling and is unable to separate cells based on the variable expression of

markers [44145]

-z .
Antibodies coupled to g% ’
magnetic beads

recognizing CSC markers ..} .-'

|
.dc
/ \

MACS column
in a magnetic fie

P,

Labelled cells

° .

Unlabelled cells

&) Cancer cells

Cell suspension
@ Cancer stem cells

1‘*’ ‘b
e

)

Antibodies coupled to

CSC labelling . fluorochromes
izing CSC markers
.} ' s TECOgNizing
Flow cytometer
Cell separation
o with sheath fluid
laser
detectors
WA
3\
Cell elution .
< o7
Labelled cells Unlabelled cells

https://encyclopedia.pub/entry/10674

7/18



Cancer Stem Cells in CRC | Encyclopedia.pub

Figure 1. Phenotypic sorting of CSCs through the expression of CSC markers recognized by antibodies coupled to
either magnetic beads, MACS (1), or fluorochromes, FACS (2). Once the antibodies are added, the cell suspension
is passed through either a MACS column in a magnetic field that retains the antibody-labeled cells (1) or through a
flow cytometer that distinguishes and isolates labeled cells from unlabeled cells (2). CSC: cancer stem cell; MACS:

magnetic-activated cell sorting; FACS: fluorescence-activated cell sorting.

FACS uses fluorescently labeled antibodies that target the cell surface or intracellular markers to isolate CCSCs
441 Antibodies are conjugated to fluorochromes and recognize the marker of interest within a cell suspension, as
shown in Figure 1 panel 2 ¥4l The cell suspension is then hydrodynamically focused into a stream of individual
cells by the flow cytometer and passed through a laser which provides information on the size, granularity and
fluorescent properties of single cells 18, Fluorochromes with different emission wavelengths can be used
simultaneously to allow multiparameter separations 44, Both technologies allow the sorting of CCSCs with high
purity but require the availability of antibodies and cell labeling, which can modify their properties and induce cell
differentiation 1611441461 |n addition, phenotypic characterization is insufficient to define a CCSC because these

markers are also expressed by normal SCs.

Therefore, in order to confirm the detection and isolation of CCSCs, their functional capabilities need to be

evaluated by in vitro and in vivo assays 18],
2.2.2. CCSC Isolation Based on Functional Features

CCSCs have many intrinsic properties that can be used to identify them, such as their capacity for self-renewal,
multi-lineage differentiation, detoxification due to aldehyde dehydrogenase 1 (ALDH1) activity and dye exclusion
ability, colony/sphere formation and tumorigenicity, which are illustrated in Figure 2. These functional
characteristics have been used to develop effective methods for isolating CCSCs. The ALDH activity assay is
based on the use of a fluorescent and non-toxic ALDH substrate that freely diffuses into intact and viable cells (47,
Then, in the presence of the detoxifying enzyme ALDH, the substrate is converted into a negatively charged
fluorescent product that is retained inside the cells. Thus, cells with high ALDH activity become brightly fluorescent
and can be measured by flow cytometry as presented in Figure 2 panel 1a #4148 CCSCs increase their ALDH1
activity to resist to chemotherapeutic agents and prevent apoptosis by maintaining low levels of reactive oxygen
species 1. The advantage of the ALDH assay is high stability compared to the use of surface markers, but its

specificity is low due to its expression in both normal SCs and CSCs [48],
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Figure 2. Functional sorting of CSCs due to their specific properties such as enhanced detoxification (1), ALDH
(1a) and SP (1b), in vitro self-renewal and differentiation capacity, colony- (2) and sphere-forming (3) assays, and
the ability to form tumors in vivo, tumorigenicity assay (4). CSC: cancer stem cell; ALDH: aldehyde dehydrogenase;

SP: side population.

The side population (SP) assay relies on the differential ability of the cells to efflux dye via ATP-binding cassette
(ABC) transporters 49, Hoechst33342 is a fluorescent dye that binds all nucleic acids and has the particularity of
passing through the plasma membrane of living cells. When excited by UV lights, Hoechst dye emits a
fluorescence that can be detected by a flow cytometer (43, SP cells are capable of actively removing the dye from
the cell and have a unique low Hoechst fluorescence emission, as shown in Figure 2 panel 1b. CCSCs highly
express efflux transporters, such as multidrug resistance protein 1 (ABCB1), multidrug resistance-associated
proteins (ABCC1) and breast cancer resistance protein (ABCG2), to protect themselves against cytotoxic
substances and therefore look like SP cells 18 The SP assay is an easy and reliable method that does not require
cell labeling, but due to its low purity and specificity, the SP assay is often combined with cell labeling to

significantly increase the purity of sorted CSCCs [181149],

Colony and sphere formation assays evaluate in vitro the self-renewal and differentiation capacities of individual
cells in two (2D) and three (3D) dimensions, respectively, which are shown in Figure 2, panels 2 and 3 Y51, Both
assays are based on non-adherent cultures using either a soft agar layer (2D) or low adherent plates (3D) 52153l |n
the soft agar method illustrated in Figure 2 panel 2, the suspension of individual cells is mixed with the soft agar

which may, after several weeks of incubation, give colonies that can be stained with crystal violet to determine their
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number and size BAUB2 |n comparison, in the 3D culture shown in Figure 2 panel 3, the individual cells in
suspension are grown at very low cell density and in serum-free medium (DMEM/F12 medium) supplemented with
growth factors (human recombinant basic fibroblast growth factor and human recombinant epidermal growth
factor), N2 supplement, glucose, insulin and optionally antibiotics such as penicillin/streptomycin for several weeks
to obtain spheroids B34, The produced spheroids mimic various characteristics of solid tumors, such as growth
kinetics, gene expression pattern and cellular organization with the outer layer containing highly proliferative cells,
the middle layer with senescent or quiescent cells and the inner layer comprising necrotic cells due to a lack of
oxygen and nutrients 231, CCSCs can be identified in both techniques as they have the ability to form larger and
more numerous colonies and are capable of giving rise to a tumor sphere (colonosphere) resembling the primary
sphere when passed in series, due to their ability to grow and divide independently of their environment which
normal cells are unable to do because of anoikis 83255 Thus, in vitro, 3D models appear to be a relevant
preclinical model for testing new drugs, evaluating potential combinations and understanding drug resistance, by
mimicking CSC-containing tumors in vitro, before testing them in vivo 2853158 However, these models require

well-established protocols and appropriate cell dilution to certify that each colony/sphere is derived from a single
cell (18],

The tumorigenicity assay is considered the gold standard method for studying the CSC properties of human tumors
in vivo 28581, This approach allows to determine the tumor-initiating ability of cancer cells in immunodeficient mice
and their capacity for self-renewal in vivo after the dissociation of primary tumors and transplantation in secondary
recipient mice, as illustrated in Figure 2 panel 4 7. In vivo limiting dilution is the best method for identifying the
lowest concentration of cells capable of forming a tumor and determining the frequency of CSCs W858l
Importantly, only CSCs have the ability to generate a xenograft that is histologically similar to the parental tumor
from which it originated, to be serially transplanted in a xenograft assay due to their long-term self-renewal
capacity, and to generate daughter cells B8I381. However, the use of mouse models requires ethical consideration
and complicated laboratory equipment. In addition, the results of xenograft experiments are highly dependent on
the number of cells, the implantation site and the incubation period, which leads to certain limitations 18],

Nevertheless, mouse models remain unique models for studying the biology of CSCs in vivo BI58],
2.2.3. CCSC Isolation Based on Biophysical Features

The development of enrichment and isolation methods for CCSCs without cell labeling offers new perspectives,
such as sorting techniques based on biophysical characteristics. The sedimentation field-flow fractionation (SdFFF)
is a gentle, non-invasive and label-free method that prevents interference for further cell use and the allows
separation of cells according to their size, density, shape and rigidity 28591, Cell separation by SdFFF depends on
the differential elution of cell subpopulations submitted both to the action of a parabolic profile generated by the
mobile phase in the channel and to a multigravitational external field generated by the rotation of the channel, as
presented in Figure 3 18159 |n the past decade, SAFFF cell sorting has been adapted and applied in many fields
such as neurology, oncology and stem cells [1616061162] The study by Mélin et al. describes a strategy, based on
SdFFF elution, to obtain activated and quiescent CSC subpopulations from eight different human CRC cell lines

(26 The combination of cell sorting by SAFFF with the grafting of these CSC-enriched fractions into chick embryo

https://encyclopedia.pub/entry/10674 10/18



Cancer Stem Cells in CRC | Encyclopedia.pub

chorioallantoic membrane (CAM) model demonstrates the potential of SAFFF to produce innovative matrices for
the study of carcinogenesis and the analysis of treatment sensitivity L€/63]. The advantages of this isolation method
are the use of biophysical characteristics for cell sorting without cell labeling; however, this technique requires a
large number of cells and is time consuming ¢!,

& Cancer cells
' Cancer stem cells

. Call elution profile

Absorbance units full scale

Retention time (minutes)

Figure 3. Biophysical sorting of CSCs according to their size, density, shape and rigidity using the SdFFF
technique, which does not require cell labelling or fixation. The SAFFF is composed of a pump (1) to transport the
mobile phase (PBS) and the cells, an injector (2) to introduce the cell suspension, a motor (3) to rotate the
separation channel (4) and a detector (5) coupled to a computer to obtain the elution profile of the cell suspension
(6). Psi is a common unit of pressure. CSC: cancer stem cell; SAFFF: sedimentation field-flow fractionation; PBS:

phosphate-buffered saline; Abs: absorbance.
2.2.4. CCSC Isolation Methods: Discussion

Taken together, this chapter provides an overview of the techniques commonly used to identify and sort CCSCs,
which are summarized in Table 3. The use of cell surface markers remains the most widely used in cancer
research, however, it remains controversial due to the lack of a universal marker for CCSCs. Moreover, nowadays,
none of the CSC isolation techniques are capable of 100% enrichment of CCSCs due to the shared properties
between normal SCs, non-CCSCs and CCSCs 1417l As an example, Shmelkov and colleagues have shown that
CD133 expression in the colon is not limited to SCs but is also expressed on differentiated tumors cells 41, In
addition, the authors found that both CD133" and CD133" isolated from metastatic colon tumors are capable of
initiating tumors in a serial xenotransplantation model B4, A few years later, the study by Kemper et al.
demonstrated that CD133 is expressed on the cell surface of CSCs and differentiated tumor cells but is
differentially glycosylated 21, Similarly, using the ALDH activity assay, Huang et al. found that ALDH1 is a marker
of both normal and malignant human colonic SCs 8!, Consequently, cell surface markers and ALDH activity cannot
be used alone to sort and define CSCs. Thus, the SAdFFF technique offers new perspectives for CSC sorting that
does not require cell labeling or fixation and thereby allows the combination of this technique with other CSC
characterization methods. Therefore, the combined use of CCSC isolation methods can provide a more powerful
and efficient tool for identifying and sorting CCSCs. The advantages and weaknesses of each method must be

known in order to select the best method based on the experimental question, as shown in Table 3.
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Table 3. Advantages and disadvantages of CCSC isolation methods.

Features Isolation Methods Advantages Disadvantages References
No universal CCSC
High specificity marker [18]131]
MACS (32]
Fast and easy method Monoparameter
separation
Phenotypic
] o No universal CCSC
High specificity
marker
FACS [18][31]
Multiparameter ]
) Require large number of
separation
cells
ALDH activity assay High stability Low specificity [47][48]
Side population assay No cell labelling required Low purity and specificity [49]
Absence of standardized
No need for complicated protocol
Colony and sphere [50](52]
Functional . [53]
formation assay . .
laboratory equipment Require proper cell
dilution
Complicated laboratory
equipment
Tumorigenicity assay Gold standard method auip [56][58]
Ethical consideration
No cell labelling required
[16][46]
Biophysical SdFFF . . Time consumin
phy Cell size and density g (9]
separation
References
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