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Abstract

Purpose of Review Gastrointestinal cancers are a major health concern worldwide and include oesophageal, gastric, colo-
rectal, liver, and pancreatic cancers that may have unfavourable patient prognoses and frequently lead to death due to cancer.
The function of cancer stem cells (CSCs) in tumour growth, propagation, migration, metastasis, and recurrence has been
reported in the literature, and finding effective markers for these cells is highly desirable.

Recent Findings These cells may display properties such as self-renewal, symmetric and asymmetric divisions, low reac-
tive oxygen species, efflux of compounds and toxins, heightened capacity for DNA damage repair, and tumour growth and
propagation in immunodeficient mouse models. Furthermore, CSCs dynamically interact with the tumour microenviron-
ment and, in addition, may impact processes like tumour progression, aggressive behaviour, migration, disease relapse, and
recurrence, hence becoming clinically important.

Summary Based on this background, this review aimed to obtain a deeper understanding of the properties of CSCs across
five gastrointestinal cancers and to discuss their specific characteristics and markers. A better understanding of CSCs may
ultimately contribute to improving patient prognoses and treatment outcomes and ultimately enhance the quality of life of
gastrointestinal cancer sufferers.
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Abbreviations NSG NOD-SCID gamma

ALDH1 Aldehyde dehydrogenase 1 PDAC Pancreatic ductal adenocarcinoma

BAMBI BMP and activin membrane-bound inhibitor PAF1C  RNA polymerase II-associated factor 1 complex
CR-1 Cripto-1 ROS Reactive oxygen species

CBX7 Chromobox protein homolog 7 TME Tumour microenvironment

CSCs Cancer stem cells TRAPP  Transformation/transcription domain-associated
ESA Epithelial-specific antigen protein

ESCC Oesophageal squamous cell carcinoma WASH  Wiskott-Aldrich syndrome protein and SCAR
ECSC Oesophageal cancer stem cells homologue

GCEPs  Gastric cancer cells with an extended phenotype

GC Gastric cancer

GCSC  Gastric cancer stem cells Introduction to Gastrointestinal Cancers

KD Knockdown and Cancer Stem Cells

LDLc Low-density lipoprotein cholesterol

Gastrointestinal malignancies including oesophageal, gas-
tric, colorectal, liver, and pancreatic cancers account for
circa a quarter of all cancers; their prevalence is increasing
and may have poor prognoses. Therapeutic efforts in these
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the type of cancer, a central premise of cancer biology
attempts to explain the principles of cellular transformation
and tumourigenesis and links these to the accumulation of
genetic alterations that confer augmented fitness advan-
tages to cells, and thereby, the cell pursues selfish positive
selection programmes. Accordingly, non-mutually exclu-
sive and potentially collaborative dichotomous stochastic
and cancer stem cell (CSC) models have been proposed to
explain this transformation [2-5]. To that end, the stochas-
tic model attempts to explain within and between tumour
heterogeneity and clonal evolution. The CSC model leans
towards functional heterogeneity and states that not all cells
within a tumour possess the same potential. Like normal
tissue organisation, CSCs sit at the peak of their progeny’s
hierarchical arrangement and will propagate the tumour. As
mentioned, these models may be considered collaborative
since certain clones may gain survival and growth advan-
tages, become dominant within a tumour, and populate and
propagate it [2—6].

CSCs may originate from tissue stem cells that under-
gone oncogenic transformation or from mutant progenitor
cells that have acquired self-renewal capacity; hence, they
will share key characteristics with stem cells such as height-
ened DNA repair, quiescence, and self-renewal capacities
[5, 7, 8]. Accordingly, CSCs can self-renew to propagate
the CSC population but can also undergo asymmetric divi-
sion, resulting in a CSC and a more differentiated daughter
cell [5]. CSCs may express efflux pumps, including ATP-
binding cassettes that pump out compounds and toxins
(e.g., Hoechst 33342 dye). CSCs also display aldehyde
dehydrogenase 1 (ALDH1) activity that is linked to neu-
tralising aldehydes and various metabolites, thereby reduc-
ing cellular damages due to reactive oxygen species (ROS)
and consequently reducing levels of apoptosis [9-13]. In

Fig.1 The process of tumouri-
genesis and the distinction
between the cell of origin and
CSCs. Various mutagenic \
and oncogenic molecules and
processes leading to DNA
damage and altered cellular and
molecular processes will lead to
the oncogenic transformation of
the cell of origin of cancer. This
cell will initiate the process of
tumourigenesis, while a CSC
will lead to the growth and
propagation of the established
cancer

in normal tissue

Initiation of tumour
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Endogenous and exogenous causes of
DNA damage and altered cellular processes

addition, the role of p53 in the genotoxic stress response
mechanism has been studied, and the loss of p53 may also
be relevant to CSC expansion, while in p53-incompetent
cancer cells, EGFR may elevate ERK to increase sensi-
tivity to drug treatment [14, 15]. Finally, CSCs account
for tumour growth in immunodeficient animal models,
including NOD-SCID gamma (NSG) mice [16]. Further-
more, CSCs can be impacted by and, in turn, influence the
tumour microenvironment (TME) [17]. For example, CSCs
in gastric cancer have been reported to reciprocally interact
with cancer-associated fibroblasts and tumour-associated
macrophages through various molecules such as TNF-a,
MCP-1, TGF-p, and VEGFA [18]. Through their inherent
properties and interactions with the TME, CSCs will there-
fore affect disease progression, metastasis, and relapse [12,
17, 18]. Despite these definitions and the extensively inves-
tigated properties and characteristics of CSCs, the CSC
literature may interchangeably refer to terms such as can-
cer-initiating cells and CSCs. In the opinion of the author,
however, cancer-initiating cells may encapsulate the cell of
origin of cancer, while CSCs may indeed represent tumour-
propagating cells and will constitute the cells intended in
this review [19]. Accordingly, cancer-initiating cells, as the
cells of origin, can be viewed as adult stem or progenitor
cells within the tissue that obtain the first oncogenic event
underlying transformation. For example, in colon cancer,
krt19+/Lrg — cells have been reported to represent cancer-
initiating cells that can develop colonic adenomas, while
at later stages of oncogenesis, CSCs will support tumour
propagation and heterogeneity and, in the case of colon
cancer will express markers such as CD144, CD44, and
CD166. Even though both cell types possess self-renewal
and multipotency capacities, they represent two distinct cell
populations [20-23] (Fig. 1).

Cell of origin of cancer

Cell of origin of cancer
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CSCs may be detectable using in vitro and in vivo tech-
niques, including cell sorting using various surface mark-
ers (e.g., CD44 and CD133), the efflux of Hoechst 33342
dye or other molecules, and sphere-and colony-formation
assays. The use of 3D culture methods, including multicellu-
lar tumour spheroid and organoid formation, serves to bridge
2D culture and tumour formation in NSG mice and may be
useful tools to test for CSCs [13, 16, 24-26]. Overall, the
gold standard for assigning stemness to CSCs is their ability
to propagate tumours in an NSG mouse model and thereby
phenocopy the primary tumour, while serial transplantation
using limiting dilutions may also indicate the occurrence
and number of CSCs in tumours [5]. In this respect, CSCs
are primarily responsible for driving and maintaining cancer
states [27].

Given the attributed roles of CSCs, a better understanding
of these cells in gastrointestinal cancers may contribute to
lower tumour growth, metastasis, and recurrence [28]. This
review will attempt to catalogue key markers and properties
of CSCs in five gastrointestinal cancers.

CSCs in Gastrointestinal Cancers
Oesophageal Cancer

Oesophageal squamous cell carcinoma (ESCC) is the most
common histological type of oesophageal cancer [29]. In
this cancer, CSC-like characteristics can be triggered by the
axis of MYC-miR-942-Wnt signalling pathways [30]. Fur-
thermore, oesophageal squamous cell CSCs may be identi-
fied by markers inclusive of CD90, CD44, CD271, ALDH,
Pygo2, Twistl, and MAML1, while they display the abil-
ity to form colonies in vitro in addition to tumourigenesis
upon xenotransplantation to immunodeficient NOD/SCID
mice and efflux of Hoechst 33342 dye [31, 32]. In addition,
markers of these cells, such as ABCG2, SOX2, NANOG,
ALDHI1, and CD133, were linked to stemness and clinico-
pathological properties such as stage, recurrence, and prog-
nosis [27]. For instance, the expression of ALDHIA1 (an
isoform of ALDH) was associated with advanced stages of
ESCC [33].

In a study, ESCC was shown to have elevated expres-
sion of the Wiskott-Aldrich syndrome protein and SCAR
homologue (WASH) gene [34, 35]. WASH was involved
in actin filament dynamics and linked to cancer stemness.
CSCs were isolated from KYSE70 and KYSE450 cell lines
by sphere formation assay. WASH was expressed in CSCs of
ESCC, and its downregulation reduced the sphere-forming
capacity of these cells by targeting IL-8 [34]. WASH down-
regulation led to reduced tumour growth in vivo upon xeno-
grafting to the immunodeficient mouse model (i.e., BALB/c

nude mice), suggesting the WASH/IL-8 axis was linked to
ESCC cell stemness [34].

In the more recent study by this group, the mechanistic
link underlying the WASH/IL-8 regulatory axis was inves-
tigated [35]. Using bioinformatic analyses, the authors pre-
dicted that miR-637 targeted WASH. This was verified using
KYSE70 and KYSE450 cell lines, in which miR-637 mimics
downregulated WASH expression. In contrast, the miR-637
inhibitors in these cell lines led to increased WASH levels
[35]. The authors also revealed direct binding of miR-637 to
the 3'UTR of WASH by luciferase assay [35].

Additionally, miR-637 mimics and inhibitors could reduce
and increase IL-8 levels, respectively, suggesting that IL-8
was also a target of miR-637. Furthermore, miR-637 mimics
reduced sphere formation in vitro, while IL-8 overexpres-
sion could rescue the miR-637-mediated inhibition of the
formation of spheres [35]. This link also applied to stemness
factors SOX4, SOX9, NANOG, CD44, and ABCG2, which
were reduced in cells treated with miR-367 mimics, while
IL-8 overexpression rescued miR-367-mediated inhibition
of these markers [35].

Furthermore, the authors attempted to establish the
relationship between IL-8, WASH, and miR-637, whereby
miR-637 inhibitors could increase IL-8 levels in controls
but not in WASH knockdowns, revealing that miR-637 regu-
lated IL-8 through targeting WASH. The same observation
applied to sphere formation and the expression of stemness
markers in that miR-637 inhibitors could increase sphere
numbers and stemness markers in controls but not in WASH
knockdowns. In association with earlier results, this sug-
gested that miR-637 regulated cancer stemness through the
WASH/IL-8 axis [35].

Finally, xenografting stably overexpressing miR-367
in the KYSE450 cell line into an immunodeficient mouse
model led to attenuating tumour growth. In these in vivo
samples, overexpressing miR-367 led to decreased WASH,
IL-8, and stemness factors, confirming the in vitro data [35].
In conclusion, stemness markers and properties of oesopha-
geal squamous cell CSCs may be regulated by miRNAs,
cytoskeletal proteins, and cytokines (miR-637/WASH/IL-8),
suggesting the effect of the TME on these cells as alluded to
earlier [18] (Fig. 2).

Gastric Cancer

Gastric cancer (GC) is usually difficult to diagnose in its
early stages, has a poor prognosis, and is a very common
cancer [36]. The stemness characteristics of GC cells can
also be highly dependent on signalling pathways such as
the AKT-NF-xB-miR-21 axis [37]. A study reported that
gastric cancer stem cells (GCSCs) cultured in suspension
led to greater numbers of spheres and colonies compared
to the GC line, SGC7901. In addition, they showed higher
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Fig.2 CSCs in ESCCs. WASH is a protein involved in the cytoskel-
eton and is expressed in CSCs of ESCC. A WASH expression led
to reduced IL-8 expression, colony formation, and tumour growth
in vivo. B In KYSE70 and KYSE450 cell lines, miR-637 bound to
the 3'-UTR of WASH and thereby targeted it. Inversely, the miR-
637 inhibitor in these cell lines led to increased WASH. C miR-637
mimics could reduce IL-8 levels and, through that, sphere forma-
tion, while miR-637 inhibitors increased IL-8 levels. D The expres-
sion of stemness markers including SOX4, SOX9, NANOG, CD44,
and ABCG?2 was reduced in cells treated with miR-367 mimics, while

migration rates (tested by transwell assay) and expressed
stemness markers such as CD24, CD44, SOX2, KLF4, and
OCT4 [38-40].

With CD44/CD24 representing the high-confidence
markers of GCSCs, a study expanded this marker list in
primary tissue from 127 treatment-naive GC patients [41].
These samples were subjected to flow cytometric analyses,
and putative GCSC markers inclusive of CD24, CD44,
CD54, STRO-1, CD73, and EpCAM were tested [41]. The
CD24 + CD44 + CD54 + EpCAM + subpopulation was then
referred to as the gastric cancer cells with the extended phe-
notype (GCEPs) [41].

To test self-renewal and colony formation, AGS gas-
tric cell lines were cultured in 3D conditions, and on
the third day of cell culture, the tumourspheres dis-
played a GCEP content of circa 20%, while 80% of these
GCEP cells expressed NANOG, OCT4, and SOX2.

@ Springer

IL-8 overexpression rescued this phenotype. E miR-637 inhibitors
increased IL-8 levels in controls but not in WASH knockdowns. In
addition, sphere formation and the expression of stemness markers
such as SOX4, SOX9, NANOG, CD44, and ABCG2 were increased
in cells treated with miR-637 inhibitors in controls but not in WASH
knockdown cells. F Xenografting overexpressing miR-367 KYSE450
cell lines into a mouse model reduced tumour growth. In these in vivo
samples, overexpressing miR-367 led to decreased WASH, IL-8, and
stemness markers. KD, knockdown

Interestingly, GCEP cells, in comparison to GCnEP
cells (cells derived from the AGS tumourspheres with
CD44 — CD24 — CD54 — EpCAM — surface marking),
were challenged with secondary and tertiary tumour-
sphere formation capacity [41]. GCEPs but not GCnEPs
formed secondary and tertiary tumourspheres providing
more evidence of the CSC nature of the GCEP popula-
tion [41].

These GCEPs were also detected in all GC patient
tissue at a rate of 0.57-1.89% of the tumour popula-
tion, and the authors set a cutoff of 1.19% to demar-
cate a low and high abundance of this population [41].
The authors found that a greater abundance of the
CD24 + CD44 + CD54 + EpCAM + population correlated
with higher TNM stage and cancer progression, provid-
ing evidence that the GCEPs were linked to disease stage
and progression [41]. Despite this finding, the percentage
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of the GCEP population did not significantly impact the
overall survival of patients [41].

The authors then applied this result to the zebrafish model
to assay the tumourigenic potential of the GCEP compared
to the GCnEP cell population. In evidence, AGS-derived
tumourspheres were sorted to obtain GCEP and GCnEP
cell populations, and these cells were then injected 48 h
post-fertilisation into Tg(flil:EGFP)"! zebrafish larvae. The
former group showed greater migration potential than the
latter, induced angiogenesis, and migrated to the circulatory
system [41]. GCnEPs showed the ability to promote tumour
growth and disturb muscle structure, but their metastasis
potential was much lower than GCEPs [41] (Fig. 3). In con-
clusion, the evidence supports the notion that the extended
phenotype of CD24 + CD44 + CD54 + EpCAM + accurately
represents the GCSCs.

Colorectal Cancer

Colorectal cancer is the second most common cause of
patient death due to cancer. Colon cancer cells may be highly
reliant on various signalling pathways, including the axes of
resistin-TLR4-MyD88-ERK, in which resistin, a cytokine,
could bind to TLR4 and ultimately lead to G1 phase arrest
and reduced sensitivity to drug treatment [42]. From the

viewpoint of colorectal CSCs, several groups outlined the
key markers of these cells including CD133 +/CD44 +/
ALDHI1+, EpCAM +/CD44 +, CD166 +, and CD44 +/
CD24 +1[23, 43, 44].

In a recent study by Nakano, colorectal CSCs were
investigated using organoids (defined as miniature tissues
that profile their complexity and heterogeneity) [45]. This
group studied hyaluronan-mediated motility (RHAMM,
also known as HMMR) expressed in a proportion of highly
proliferative CD44 + human colorectal CSCs bearing self-
renewal capacity using bulk and single-cell genomics.
Initially, the transcriptomic profiles of CD44 + CSCs and
CD44 —non-CSCs of colorectal cancer primary tissue and
organoids were established [45]. The data was then sub-
jected to GSEA gene ontology analysis, and it was shown
that the genes linked to proliferation were expressed in the
CD44 4+ cell populations obtained from both sources. Exam-
ples of these genes include PCNA, MKI167, TOP2A, survivin,
and CDK4/6 [45]. Using the organoid models formed from
patient tissue, the authors isolated 568 single cells and sub-
jected them to transcriptomic analysis using SMART-seq.
Principal component analysis and hierarchical clustering
revealed the top 100 genes expressed by the two distinct
subpopulations identified. For example, the subpopulation
linked to high proliferation expressed genes such as MKI67,

A 20% CD24+CD44+CD54+EpCAM+

3D culture

e

AGS gastric cell lines

CD24+CD44+CD54+EpCAM+ (GCEP)
CD24-CD44-CD54-EpCAM- (GCnEP)
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B
GCEP high: correlated with migration and TNM stage
GC patient tissue <
GCEP low
C AGS-derived tumourspheres (GCEP and GCnEP) injected
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Fig.3 CSCs in gastric cancer. A This study identified the GCEPs
expressing CD24 +CD44 + CD54 + EpCAM + markers within
the primary patient tissue for GC. AGS gastric cell lines were
cultured in 3D conditions and formed tumourspheres. These
tumourspheres displayed a 20% GCEP content, while of this
20% fraction, the majority expressed stemness markers such as
NANOG, OCT4, and SOX2. AGS cell line derived GCEP cells
(CD44+CD24 +CD54+EpCAM+) in comparison to GCnEPs
cells (CD44 —CD24 —CD54 —EpCAM —), were challenged for self-
renewal capacity. GCEPs, but not GCnEPs formed secondary and

Lower migration, promoted tumour growth

tertiary tumourspheres. B GCEP cells in GC patient samples varied
from low to high (0.57-1.89%, respectively); the latter group (high)
was linked to a higher TNM stage and progression. C The zebrafish
model was used to assay the tumourigenic potential of the GCEP
compared to the GCnEP cell population by injecting these cells into
48-h larvae. The former group showed greater migration potential
than the latter, induced angiogenesis, and migrated to the circula-
tory system. GCnEPs showed the ability to promote tumour growth
and disturb muscle structure, but their metastasis potential was much
lower than that of GCEPs
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BIRCS5, TOP2A, PCNA, CCNA2, FOXM1, and CDK1, while
the subpopulation linked to low proliferation showed mark-
ers of differentiation such as CDX2 and KRT19 [45].

One gene that was of particular interest within the pro-
liferative fraction was RHAMM, also known as HMMR,
which correlated with genes linked to proliferation such as
AURKA, MKI67, and FOXM 1. It was observed that the CD44
population could be divided into RHAMM — CD44 + and
RHAMM + CD44 + subpopulations. Interestingly, the lat-
ter subpopulations expressed genes such as MKI67, BIRCS,
FOXM1, TOP2A, and PCNA, suggesting that this patient orga-
noid-derived subpopulation is highly proliferative. The authors
also found that primary tissue from colorectal cancer contains
circa 25% RHAMM + CD44 + cells [45]. Further, transcrip-
tomic analysis following the RHAMM + CD44 + cells showed
the enrichment of proliferative genes such as MKI67, BIRCS,
AURKA, TOP2A, and PCNA in this population compared to
the RHAMM — CD44 + control consistent with previous results
[45]. It was concluded that the RHAMM + CD44 + subpopula-
tion was also associated with MAPK and SRC signalling path-
ways [45].

Furthermore, the authors tested the organoid-forming
ability of the following four fractions: CD44 —-RHAMM —,
CD44 - RHAMM +, CD44 + RHAMM -, and

CD44 + RHAMM + [45]. In evidence, the CD44 + frac-
tions showed greater organoid-forming capacity com-
pared to the CD44 — subpopulations (1.25% compared
to zero), while within the CD44 + subpopulation, the
CD44 + RHAMM + subpopulation formed more organoids
than the CD44 + RHAMM — subpopulation (2% compared to
0.5%) [45], pointing towards heterogeneity within the CSC
population that must be resolved on a clonal level [12].
Moreover, serial dilution coupled with xenograft-
ing to NSG mice revealed a higher CSC frequency in the
CD44 + RHAMM + subpopulation, and this subpopulation
also expressed CD166 and CD133 (CSC markers) [45].
Finally, the authors also showed that inhibiting RHAMM
using shRNA knockdown suppressed organoid forma-
tion in vitro and tumour formation in vivo, suggesting that
RHAMM maintained CSC capacities [45]. In conclusion, it
is logical to state that RHAMM could be used as a marker for
colorectal CSCs, was linked to high proliferative indices, and
formed a bridge between CSCs and the TME (Fig. 4).

Liver Cancer

Hepatocellular carcinoma is thought to be among the top
5 causes of death due to cancer [46]. Various factors may

Colorectal GSEA gene ontology

—

PCNA

B 568 single cells
S s ¥ 2 g Vo o0 0o
(',a'(j \l“’,‘( OOOOO analysis

Patient-derived organoids

RHAMM+ CD44+

Primary tissue — RHAMM+ CD44+ (25%)

—_— Tumour @
growth

RHAMM
shRNA

Organoid-derived cells

, MKI67, TOP2A, survivin and CDK4/6 ﬁ

Principal component

hierarchical clustering

— MKI67, BIRCS5, FOXM1, TOP2A and PCNA ﬁ

High proliferation: MKI67, BIRCS,
TOP2A, PCNA, CCNA2, FOXM1

Low proliferation: CDX2 and KRT19

MKI67, BIRC5, AURKA, TOP2A and PCNA
MAPK and SRC signalling pathways
CD166 and CD133

Formed organoids

<

S F I VG

RHAMM
shRNA

— Organoids@

Fig.4 CSCs in colorectal cancer. A The transcriptional profile of
CD44 + CSCs was established, and this data was subjected to GSEA
gene ontology analysis, revealing associations between CD44 and
proliferation markers such as PCNA, MKI67, TOP2A, survivin, and
CDK4/6. B 568 cells of the patient-derived organoids (colorectal
cancer) were subjected to single-cell analysis, principal component
analysis (PCA), and hierarchical clustering. This analysis revealed
populations with high or low proliferation rates expressing MKI67,
BIRCS5, TOP2A, PCNA, CCNA2, FOXM1, and CDKI or CDX2 and
KRT19, respectively. The authors then focused on the RHAMM gene
within the proliferative fraction. The RHAMM + CD44 + subpopu-
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lation expressed genes such as MKI67, BIRCS5, FOXMI1, TOP2A,
and PCNA. C In addition, the authors then tested this result in pri-
mary tissue from colorectal patients and found that circa 25% of this
population is RHAMM + CD44 + and expressed genes like MKI67,
BIRCS, AURKA, TOP2A, and PCNA. This population also showed
enrichment for MAPK and SRC signalling pathways, CSC markers
such as CD166 and CD133, and formed more organoids than their
CD44 + RHAMM —counterparts. D The xenografting of organoid-
derived cells after shRNA-mediated knockdown of RHAMM led to
reduced tumour formation in vivo, while this knockdown suppressed
organoid formation in vitro
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affect hepatocellular carcinoma. For example, HepG2-
tumour-bearing mice fed glucose-containing water showed
higher levels of PCSK9 and low-density lipoprotein cho-
lesterol (LDLc). Mechanistically, PCSK9 increased glucose
levels, ROS, and sterol regulatory element binding protein,
while cells exposed to LDLc became desensitised to treat-
ment [47].

From a CSC viewpoint, several markers of hepatocel-
lular carcinoma, inclusive of CD133 +/CD49f+, CD90 +/
CD45 —, CD13 +, and EpCAM +, have been suggested
[48-52]. A recent study suggested that CD44v6 + cells rep-
resented the CSC population of hepatocellular carcinoma,
and they attempted to understand the contribution of the
HGF/Met signalling pathway to stemness properties in these
cells [53]. In evidence, the authors attempted to investigate
the tumourigenicity of CD44v6 +CSCs in vivo by isolating
CD44v6 4+ and CD44v6 — from SNU398 liver cancer cell
lines and xenografting them to BALB/c nude mice [53]. This
resulted in CD44v6 + CSCs forming larger tumours and con-
tributing to metastasis compared to their CD44v6 — coun-
terparts. In addition, sections of the xenografted tumours
were stained with a Ki67 proliferation marker, revealing the
higher proliferative index of CD44v6+ CSCs [53].

Using in vitro assays also revealed that SNU398-derived
CD44v6 + cells showed greater migration and invasion, col-
ony- and sphere-formation, and proliferation capacities com-
pared to the CD44v6 — controls [53]. Thus far, CD44v6 is a
reliable marker of the liver CSC population, and the authors
hypothesised that the HGF/MET pathway may be linked to
the stemness of these cells. Firstly, it was shown that Met
protein was highly expressed in hepatocellular cancer patient
tumour tissue and was linked with shorter overall survival.
Further, SNU398-derived CD44v6 + CSCs were shown to
express stemness markers inclusive of Nanog, Oct4, and
Sox2, and EMT-linked genes such as Snaill, Twist, and
Slug compared to the CD44v6 — controls [53]. Furthermore,
shRNA-mediated Met knockdown in the CD44v6 + subpop-
ulation, followed by their xenografting to nude mice, led to
smaller volumes of tumour growth in vivo, and this knock-
down also led to reduced Nanog expression, suggesting links
between Met and Nanog [53].

Furthermore, the levels of Met were manipulated using
a Met inhibitor, PHA665752, in CD44v6 + and CD44v6
— cells, leading to the downregulation of stemness and
EMT-linked genes [53]. Knocking down Met using lenti-
viral vectors also reduced sphere formation, and prolifera-
tion, in addition to reduced migration and invasion capac-
ities, which could be rescued by Nanog overexpression
[53]. shRNA-mediated Met knockdown led to reduced
Nanog, ERK/p-ERK, and EMT-related genes, and these
were rescued by overexpressing Nanog using LvNanog
suggesting that Nanog is downstream of the HGF/MET/
ERK pathway [53].

The xenograft model formed by orthotopically injecting
CD44v6 + CSCs into the livers of these mice also showed
Lvnanog could rescue Met knockdown-mediated reduced
tumour volume [53]. In conclusion, CD44v6 + cells may
represent CSCs in liver cancer, and these cells were linked
to the HGF/MET/ERK pathway [53] (Fig. 5).

Pancreatic Cancer

Pancreatic cancer is among the top four leading causes of
death due to cancer. Previous studies showed that PAF1, a
component of the RNA polymerase II-associated factor 1
complex (PAF1C), could regulate CSCs in pancreatic can-
cer, and this can contribute to cancer progression [54]. From
the viewpoint of CSCs, these cells in pancreatic cancer may
express CD133 and CXCR4 [55]. In addition, Li and col-
leagues xenografted a subset of cells with high tumouri-
genic potential (pancreatic CSCs) bearing surface markers
such as CD44/ CD24/ ESA (epithelial-specific antigen) to
immunodeficient mice [56]. This subset of cells, represent-
ing less than 1% of pancreatic cancer cells, displayed a high
tumourigenic potential [56]. Collectively, these two stud-
ies published in 2007 identified pancreatic cancer CSC [55,
56], while other groups also suggested other markers for this
population may include Lrg5, Nanog, and DCLK1 [57, 58].

An interesting study by Ferrara and colleagues catalogued
the stemness markers in cell lines and primary patient tissue
of pancreatic ductal adenocarcinoma (PDAC), the most com-
mon type of pancreatic cancer [59, 60]. This study selected
17 cell lines and 55 patient primary tissue of PDAC to study
the expression of stemness markers and their links to in vitro
and in vivo growth, tumourigenecity, and clonogenicity [60].

Initially, two main CSC subpopulations were identi-
fied: the ESA + CD24 + CD44 + fraction, ranging numeri-
cally from 0 to 99.35% within the population (median
3.46%), and the CD133 + CXCR4 + fraction, only repre-
senting a low proportion of circa 0-1.94% (median 0.13%)
of the population, suggesting heterogeneity among and
within the 17 PDAC cell lines [60]. The former surface
markers were utilised to create a spectrum of stemness
properties amongst the 17 PDAC cell lines. Accordingly,
ESA + CD24 + CD44 + expression by these cell lines repre-
senting levels of stemness was arbitrarily classified as low,
medium, and high, representing < 5%, 6-20%, and >20%
of the cell population, respectively [60]. On this scale, cell
lines such as A8184, PaCa-44, and MIAPaCa-2 showed
high, medium, and low percentages of cells within the
population expressing ESA + CD24 4+ CD44 + markers,
and this was assigned as high, medium, and low stemness
potential, respectively [60]. The latter marker group
(CD133 + CXCR4 +) was also segregated according to
three levels of stemness, even though it usually represents
a low percentage of the main population. In addition, the

@ Springer



84

Current Tissue Microenvironment Reports (2023) 4:77-89

<ol e e <®S
B SNU398-derived CD44v6+ cells

CD44
v6+
CD44v6+ shRNA

—

—

SNU398
cells

<

Met —

S Ve ey Y 3
Lentivirus —’J\ Met

SNU398-derived CD44v6+ cells

PHA665752

—

Met shRNA

Met shRNA

BALB/c nude mice

BALB/c nude mice

bo

C BALB/c nude mice

CD44
SNU398 Nanog, ERK/p-ERK and EMT-related genes
Q Cell migration, invasion and proliferation @ Rescued by LvNanog

CD44
SNU398 — Orthotopic liver xenograft @ — Rescued by LvNanog
cells -
% N4

Larger tumours and led to metastasis
Higher Ki67 index

Migration and invasion, colony and
sphere-formation
Stemness/ EMT genes

Smaller tumours @
Nanog

Stemness/ EMT genes @

Sphere and colony formation
Migration and invasion

Fig.5 CSCs in liver cancer. A CD44v6 +cells presented in the CSC
population can lead to greater Ki67 levels, tumour growth in vivo,
and metastasis (BALB/c nude mice) compared to CD44v6 —cells.
SNU398-derived CD44v6+cells displayed greater migration, colony
and sphere-forming, and proliferation capacities compared to con-
trols. SNU398-derived CD44v6 +CSCs expressed stemness markers
inclusive of Nanog, Oct4, and Sox2, and EMT-linked genes com-
pared to the CD44v6 — controls. B shRNA-mediated Met knockdown
in the CD44v6 + fraction, followed by their xenografting to the mouse
model, led to smaller volumes of tumour growth and Nanog levels
in vivo. C The levels of Met were manipulated using a Met inhibitor,

combination of CD24 +and/or CD133 + cells statistically
correlated with the defined degrees of stemness (although
ESA +, CD44 +, and CXCR4 +did not) [60].
Furthermore, the authors tested the population dou-
bling time and cell cycle kinetics in the 17 PDAC cell
lines and found that stemness (as defined by the percent-
age of cells expressing ESA 4+ CD24 4+ CD44 +) was not
associated with distribution in cell cycle phases (neither
with the G1/G2 ratio nor the apoptosis rate). For exam-
ple, MIAPaCa-2 had a higher proliferation rate than the
A8184 cell line. This trend was also observed for clono-
genic potential since stemness was not linked to clono-
genic potential. For example, MIAPaCa-2 showed higher
clonogenic potential than A8184 cells (despite the high
stemness categorisation of the latter). Contrastingly,
stemness was linked to tumour xenograft propagation
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PHA665752, in CD44v6+and CD44v6 —cells leading to the down-
regulation of stemness and EMT-linked genes. Lentiviral knockdown
of Met using lentiviral reduced sphere and colony formation in addi-
tion to reduced invasion capacities. D shRNA-mediated Met knock-
down in SNU398 CD44v6+led to reduced Nanog, ERK/p-ERK,
and EMT-related genes and reduced migration, invasion, and prolif-
eration capacities, all could be rescued by replacing Nanog (LvNa-
nog). E The xenograft model formed by orthotopically injecting
CD44v6+ CSCs into the livers of these mice also showed Lvnanog
was able to rescue the Met shRNA phenotype

time (in nude CD1 mice) since the low, medium, and
high stemness groups showed in vivo tumour propagation
times of 15, 5, and 4 days, respectively [60]. The study of
the repertoire of their receptors and secreted molecules
revealed that stemness levels in these cells were linked
to KRT19, CA19.9, CD49a, 1L-7, IL-10, CXCL9, and
CCL3 proteins [60].

In addition, the 55 patient primary tissue samples were
studied for various clinicopathological attributes, and it was
revealed that CXCR4 + CD133 4+ and CD24 + cells were
linked to mortality but ESA + CD24 + CD44 + were not. In
conclusion, this study suggested heterogeneity within the
CSC populations in PDAC and lower survival in patients
expressing CD133, CD24, and CXCR4, and that some of
the properties of PDAC cell lines are linked to their CSCs
[60] (Fig. 6).
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Overall, Table 1 summarises key aspects of the five can-
cer types reviewed in this study. The evidence to support
new or more effective markers and regulatory networks
governing stemness in these cancers was catalogued in this
study (Table 2).

Discussion

In this study, the markers and properties of CSCs in five
gastrointestinal cancers were reviewed.

Oesophageal cancer stem cells (ECSCs) were introduced
as cells involved in the growth of tumours in vivo that may
affect metastatic processes [61]. These CSCs may express
CD90, CD44, CD271, ALDH, Pygo2, Twistl, and MAML1
[31, 32] and stemness markers such as ABCG2, SOX2,
NANOG, ALDH1, and CD133 [27]. It was also revealed that
miR-637 regulated sphere formation and cancer stemness
through the WASH/IL-8 axis [34, 35]. In addition, miR-942
could increase tumour formation, CD90 population, and
stemness markers in oesophageal cancer via the Wnt signal-
ling pathway [30]. Consistent with the latter study, Cripto-1
(CR-1), a membrane protein, may also regulate stemness in
ECSCs. Accordingly, CR-1 high and low cell populations
were obtained from EC109 and TE-1 cell lines. The CR-1
high subpopulation showed higher expression of SOX2,

OCT4, and NANOG compared to CR-1 low cells, and the
knockdown of CR-1 led to reduce these proteins. Further-
more, self-renewal, tumourigenesis and in vitro and in vivo
metastasis of the CR-1 high subpopulation were greater
compared to the control [61], suggesting the importance of
CR-1 in regulating stemness properties in oesophageal can-
cer, together with the previous studies outlining key features
of these CSCs.

GCSCs may express markers such as CD24, CD44,
SOX2, KLF4, and OCT4 [38-40]. A study showed that a
subpopulation expressing CD24 + CD44 + CD54 + EpCAM
+ (GCEPs) represented the GCSCs, which formed second-
ary and tertiary tumourspheres and had greater migratory
potential in vivo [41]. Consistently, GCSCs may express
CD44 and its variants, and a study investigated a subpopula-
tion (CD44V3 +) and revealed this variant was expressed in
GC cell lines (e.g., MKN45) and patient-derived xenografts
[62]. The CD44V3 + subpopulation also displayed CSC
characteristics, including tumourigenic properties assayed
using tumoursphere formation and in vivo tumour propa-
gation in mouse models [62]. The latter involved limiting
dilutions of panCD44 +/CD44V3- cells or CD44V3 +cells
revealing their tumourigenic potential. Additionally, the
CD44V3 + cells (akin to panCD44 + cells) developed distant
metastases [62]. In addition, chromobox protein homolog 7
(CBX7), which is involved in GC proliferation and disease
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Fig.6 CSCs in PDAC cell lines. A The study outlines two
main populations of cells with stemness properties: the
ESA +CD24 + CD44 + fraction, ranging numerically from
0 to 99.35% within the population (median 3.46%), and the
CXCR4+CD133 +fraction, only representing a low fraction of
circa 0-1.94% (median 0.13%) of the population. The percentage
representation of the former group (ESA+CD24+CD44 + frac-
tion) was used to establish degrees of stemness in PDAC cell lines.
For example, A8184, PaCa-44, and MIAPaCa-2 were assigned high,

medium, and low stemness levels, respectively. B No correlation was
found between the degree of stemness, proliferation and clonogenic
potential; for example, A8184 showed a higher degree of stemness
compared to MIAPaCa-2, while A8184 showed lower proliferation
and clonogenic potential compared to MIAPaCA-2. C In contrast,
stemness was inversely correlated with xenograft tumour develop-
ment and propagation time. D The degree of stemness was corre-
lated with secreted and non-secreted factors such as KRT19, CA19.9,
CD49a, IL-7, IL-10, CXCL9, and CCL3
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Table 1 Summary table outlining the core aspects of CSC studies reviewed in this section

Mechanisms of CSC regulation in cancer types mentioned in this study

Cancer type and reference

WASH expression led to reduced IL-8 expression, colony formation, and tumour growth in vivo, while miR-637
mimics could reduce IL-8 levels. IL-8, sphere formation, and the expression of stemness markers such as SOX4,
SOX9, NANOG, CD44, and ABCG2 were increased in cells treated with miR-637 inhibitors in controls but not
in WASH knockdown cells. Xenografting miR-367 KYSE450 cell lines reduced tumour growth and WASH,
IL-8, and stemness markers

AGS gastric cell lines formed tumourspheres that displayed a 20% GCEP content
(CD44 + CD24 + CD54 + EpCAM +) and expressed stemness markers such as NANOG, OCT4, and SOX2.
GCEPs formed secondary and tertiary tumourspheres. Higher GCEP cells in GC patients were linked to a higher
TNM stage. The GCEP group showed high migration potential, induced angiogenesis, and migrated to the
circulatory system

Patient-derived organoids with high or low proliferation rates expressing MKI167, BIRC5, TOP2A, PCNA, CCNA2,
FOXM1, and CDKI or CDX2 and KRT19, respectively. Primary tissue (25%) contained RHAMM + CD44 + and
expressed MKI167, BIRC5, AURKA, TOP2A, and PCNA, and CD166 and CD133, and formed organoids. The
xenografting of organoid-derived cells after shRNA-mediated knockdown of RHAMM led to reduced tumour
formation in vivo

SNU398-derived CD44v6 + cells displayed high migration and invasion, colony and sphere-forming, and prolif-
eration capacities and expressed stemness markers inclusive of Nanog, Oct4, and Sox2. shRNA-mediated Met
knockdown in SNU398 CD44v6 + led to reduced Nanog, and reduced migration, and proliferation capacities.
The xenograft model formed by injecting CD44v6+ CSCs into the livers of immunodeficient mice showed
Lvnanog could rescue the Met shRNA phenotype

The percentage representation of the ESA +CD24 4+ CD44 + fraction established degrees of stemness in PDAC
cells. A8184, PaCa-44, and MIAPaCa-2 were assigned high, medium, and low stemness levels, respectively.
The degree of stemness, proliferation and clonogenic potential were not correlated. Stemness was inversely cor-
related with xenograft tumour development time. Stemness was correlated with KRT19, CA19.9, CD49a, IL-7,
IL-10, CXCL9, and CCL3

Oesophageal cancer [34, 35]

Gastric cancer [41]

Colorectal cancer [45]

Liver cancer [53]

Pancreatic cancer [60]

Table 2 The markers of CSCs in gastrointestinal cancers

Cancer type Examples of markers, stemness markers, stemness regulators, and regulatory axes

References

Oesophageal cancer

SOX2, NANOG, ALDHI1, and CD133, miR-637 /WASH/IL-8 axis
Cripto-1 (CR-1), miR-942

Gastric cancer

CBX7 via AKT-NF-xB-miR-21

CD133+4/CD44+/ALDH1 +, EpCAM +/CD44 4, CD166 4 and CD44 +/CD24 + cells

RHAMM + CD44 + cells

TRRAP/NANOG

Colorectal cancer

Liver cancer
and NANOG, YY 1/miR-HCC2/BAMBI axis

CD133/ CXCR4 and CD44/ CD24/ ESA, Lrg5, Nanog, and DCLK1

CD44, CD133, CD24, and ESA Oct-4 and ALDH

Nanog, Notchl, ABCG2, and PAF1C

Pancreatic cancer

CD90, CD44, CD271, ALDH, Pygo2, Twistl, and MAMLI1 Stemness markers such as ABCG2,

CD24, CD44, SOX2, KLF4, and OCT4, CD24 + CD44 4+ CD54 + EpCAM + cells, CD44V3 +cells

CD133+4/CD49f+, CD90+/CD45 —, CD13 +, and EpCAM + cells, CD44v6 +cells, OCT4, SOX2,

[27,30-35, 61]

[37-41, 62]

[23, 4345, 63]

[48-53, 64]

[54-58, 60, 65]

progression and is a member of the polycomb repressive
complex, could regulate stemness (e.g., OCT4 and CD133
markers) through downregulating p16 and activating AKT
and miR-21 [37]. Overall, these studies outline the proper-
ties of GCSCs.

Colorectal CSCs express CD133 +/CD44 +/ALDHI +,
EpCAM +/CD44 +, CD166 +, and CD44 +/CD24 +[23,
43, 44]. Also, a study proposed that RHAMM + CD44 + sub-
populations may represent colorectal CSCs, and this popu-
lation expressed genes such as MKI67, BIRCS5, FOXM1,
TOP2A, PCNA, CD166, and CD133, formed organoids,

@ Springer

and led to tumour growth in vivo [45]. Consistently, the
role of transformation/ transcription domain-associated
protein (TRAPP), a regulator of NANOG, was investigated
in regulating stemness in the colorectal cancer [63]. The
study revealed direct binding between TRRAP and NANOG
while overexpressing TRRAP blocked FBXW8-mediated
proteasomal degradation of the NANOG protein [63]. Con-
cerning the stemness-promoting properties of TRRAP in
the HCT-15 colon cancer cell line, the authors showed that
TRRAP downregulation reduced CD44 expression, tumour
growth in the mouse xenograft model, and colony-forming
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capacity [63]. The latter could be rescued by overexpressing
NANOG, revealing the TRRAP/NANOG axis in maintain-
ing stemness properties [63], together outlining key features
of these CSCs. Similarly, in colon cancer formation, the role
of a signalling pathway inclusive of leptin-TNF-a-PUMA
may be relevant since the knockdown of leptin led to TNF-
a-mediated PUMA-executed apoptosis, outlining a fine bal-
ance between proliferation and cell death in this cancer [66].

Liver CSCs express CD133 +/CD49f +, CD90 +/CD45,
CD13 +, and EpCAM + markers [48-52]. Furthermore, a
study showed that CD44v6 + CSCs formed larger tumours
in vivo and led to metastasis [53]. Additionally, CSCs in
liver cancer may be regulated by non-coding RNA [64].
For example, deep sequencing revealed that in liver cancer
primary tissue, miR-HCC2 was upregulated, while in cell
lines such as HepG2 and Huh7, miR-HCC2 was shown to
promote stemness markers such as OCT4, SOX2, NANOG,
and EpCAM, sphere formation, and CD90 + cell fraction
[64]. In addition, using bioinformatic analyses and reporter
assays, the authors revealed that this miRNA targeted BMP
and activin membrane-bound inhibitor (BAMBI) to mediate
Whnt signalling and thereby enhanced stemness properties in
liver cancer cells. Accordingly, the YY1 transcription fac-
tor bound the miR-HCC?2 promoter and activated it, thereby
revealing the YY 1/miR-HCC2/BAMBI axis in promoting
liver CSC stemness [64], collectively outlining the intricate
network of factors regulating CSCs in this cancer. Interest-
ingly, proliferation in hepatocellular carcinoma might be
linked to the Wnt signalling pathway and glucose levels.
Accordingly, high glucose levels triggered Wnt signalling
via activating p-catenin, and suppressing DKK4, and this
increased proliferation in culture. Also, in mice xenografted
with HepG2 cells fed on high glucose diets, rapidly devel-
oped tumours with high levels of p-catenin, MYC, and
reduced levels of DKK4 proliferation [67].

Pancreatic CSC markers may be CD133/ CXCR4 and
CD44/ CD24/ ESA [55, 56, 60]. Other studies also defined
markers of pancreatic CSCs as CD44, CD133, CD24, and
ESA in addition to stemness markers such as Oct-4 and
ALDH [65]. This study quantified the levels of expression
of CD133, CD24, CD44, ESA, Nanog, Notchl, MDR1, and
ABCG2 in CSCs compared to healthy pancreatic tissues.
CSCs representing the CD133 4+ CD44 4 CD24 +ESA +frac-
tion highly expressed these genes [65]. This population was
also subsequently xenografted to the NOD/SCID mouse
model and formed tumours in vivo within 20 days compared
to CD133 —CD44 — CD24 — ESA —cells which did not form
tumours, outlining key features of these cells [65]. Interest-
ingly, the role of PAF1C in regulating pancreatic CSCs was
investigated, whereby PAF1 collaborated with DDX3 and
PHF5A to regulate NANOG and other stemness genes in
this cancer. The knockdown of PAF]1 led to reduced tumour

development in the orthotopic xenografted mouse model
[54].

In conclusion, this study presented CSC markers and
properties in five gastrointestinal cancers. Understanding
CSC markers and processes will ultimately enhance our
understanding of cancer and improve prognoses and treat-
ment outcomes of patients.
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