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Abstract

BACKGROUND

Colon cancer cell lines are widely used for research and for the screening of drugs
that specifically target the stem cell compartment of colon cancers. It was reported
that colon cancer carcinoma specimens contain a subset of leucine-rich repeat-
containing G protein-coupled receptor 5 (LGR5)-expressing stem cells, these so-
called “tumour-initiating” cells, reminiscent in their properties of the normal
intestinal stem cells (ISCs), may explain the apparent heterogeneity of colon
cancer cell lines. Also, colon cancer is initiated by aberrant Wnt signaling in ISCs
known to express high levels of LGR5. Furthermore, in vivo reports demonstrate
the clonal expansion of intestinal adenomas from a single LGR5-expressing cell.

AIM
To investigate whether colon cancer cell lines contain cancer stem cells and to
characterize these putative cancer stem cells.

METHODS

A portable fluorescent reporter construct based on a conserved fragment of the
LGR5 promoter was used to isolate the cell compartments expressing different
levels of LGR5 in two widely used colon cancer cell lines (Caco-2 and LoVo).
These cells were then characterized according to their proliferation capacity, gene
expression signatures of ISC markers, and their tumorigenic properties in vivo and
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in vitro.

RESULTS

The data revealed that the LGRS reporter can be used to identify and isolate a
classical intestinal crypt stem cell-like population from the Caco-2, but not from
the LoVo, cell lines, in which the cancer stem cell population is more akin to B
lymphoma Moloney murine leukemia virus insertion region 1 homolog (+4 crypt)
stem cells. This sub-population within Caco-2 cells exhibits an intestinal cancer
stem cell gene expression signature and can both self-renew and generate
differentiated LGR5 negative progeny. Our data also show that cells expressing
high levels of LGR5/enhanced yellow fluorescent protein (EYFP) from this cell
line exhibit tumorigenic-like properties in vivo and in vitro. In contrast, cell
compartments of LoVo that are expressing high levels of LGR5/EYFP did not
show these stem cell-like properties. Thus, cells that exhibit high levels of
LGR5/EYFP expression represent the cancer stem cell compartment of Caco-2
colon cancer cells, but not LoVo cells.

CONCLUSION

Our findings highlight the presence of a spectrum of different ISC-like
compartments in different colon cancer cell lines. Their existence is an important
consideration for their screening applications and should be taken into account
when interpreting drug screening data. We have generated a portable LGR5-
reporter that serves as a valuable tool for the identification and isolation of
different colon cancer stem cell populations in colon cancer lines.

Key Words: Colorectal cancer; Colon cancer cell lines; Intestinal stem cell; Cancer stem
cell; Leucine-rich repeat-containing G protein-coupled receptor 5; Heterogenicity

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The intestinal epithelium harbors two distinct pools of putative stem cells, the
leucine-rich repeat-containing G protein-coupled receptor 5'(LGRS) stem cell
population and the B lymphoma Moloney murine leukemia virus insertion region 1
homolog’ stem cell population. Colon cancer cell lines such as Caco-2 and LoVo are
extensively used in colon cancer research, and express high levels of LGRS. Here, we
aimed to investigate whether colon cancer cell lines contain cancer stem cells and
characterized these cells. Using an LGRS reporter, we characterized LGR5" cells and
revealed that Caco-2 cell line contains a classical intestinal stem cell-like population
(LGRS5"). However, in LoVo cell lines, stem cell-like population is more akin to the B
lymphoma Moloney murine leukemia virus insertion region 1 homolog* stem cells.

Citation: Alharbi SA, Ovchinnikov DA, Wolvetang E. Leucine-rich repeat-containing G
protein-coupled receptor 5 marks different cancer stem cell compartments in human Caco-2 and
LoVo colon cancer lines. World J Gastroenterol 2021; 27(15): 1578-1594

URL: https://www.wjgnet.com/1007-9327/full/v27/i15/1578.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i15.1578

INTRODUCTION

Colorectal cancer (CRC) remains a leading cause of morbidity and mortality
worldwide!, highlighting the need for more effective therapeutics. It is now well
established that both blood and solid cancers are initiated and propagated from a
subset of rare cells, called cancer stem cells (CSCs), which are resistant to chemothe-
rapy or radiation™. Current evidence indicates that CRC is indeed a disease of colon
stem cells>*! that are resistant to current therapeutics and can rapidly proliferate to re-
establish the tumor!l. The intestinal crypt-villous structure harbors two distinct pools
of putative stem cells”l. One pool is located at the crypt base and is characterized by
the expression of leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5),
and the other pool resides at +4 position and consists of B lymphoma Moloney murine
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leukemia virus (Mo-MLV) insertion region 1 homolog (Bmi-1) and telomerase reverse
transcriptase (TERT) expressing cells'!l. The hierarchy of these stem cell pools in the
normal crypt and their respective contributions to colon cancer and relapse following
therapy is under debate. Some suggest both pools contribute equally to maintenance of
the crypt, following a pattern of neutral drift!”, while others propose that Lgr5*stem
cells (SCs) comprise the active population of the crypt and that Bmi-1* or TERT* cells
are quiescent SCs that represent a reserve pool of SCs with the ability to replace Lgr-5*
cells in case of loss or injury!®®"l. The existence of CSCs within intestinal tumors was
most elegantly demonstrated by Schepers et all'“l using lineage re-tracing with a
multicolor Cre-reporter R26R-confetti targeted to a single adenomatous polyposis coli
allele in mouse intestinal stem (LGR5") cells, demonstrating that these intestinal
adenomas were maintained by CSCs that exist in a cellular hierarchy. LGR5 is a
receptor for R-spondins and activates potent Wnt signal enhancers such as Rnf43 and
Znrf3". LGR5 is present in various stem cell compartments throughout the body",
including the intestine, and is an exquisite marker of intestinal stem cells (ISCs)
capable of forming the entire intestinal mucosal”’. LGR5*ISCs persist in adenoma and
can initiate CRC through the activation of the Wnt/pB-catenin signaling pathway!’..

Human colon cancer cell lines such as Caco-2 and LoVo are extensively used in
drug screening and colon cancer research and express high levels of LGR5"“*. To
establish criteria for the selection of suitable cell lines for drug discovery, several
studies have investigated variability between the colon cell lines, identifying
characteristic differences in gene expression signature, epigenetic and genetic make-
up, migratory abilities, and proliferative capacities between different intestinal cancer
and cell lines, including Caco-2 and LoVo**4. However, the CSC population(s) within
these cell lines remains to be fully characterized. This is important since anticancer
drugs often attempt to target these CSCs***l.

To isolate the CSC compartment from colon cancer cell lines we constructed a
reporter based on a conserved promoter fragment of the LGR5 gene. After validating
the fidelity of this LGR5 reporter, we showed that it can be used as a genetic tool to
isolate LGR5-expressing CSCs from Caco-2 and LoVo human colon cancer cell lines.
Surprisingly, our data revealed that these two widely used colon cancer lines possess
different stem cell compartments. We conclude that this portable LGR5 reporter
constitutes a valuable tool for the development of colon cancer therapeutics
specifically designed to ablate these CSCs.

MATERIALS AND METHODS

Cell culture

Human colon cancer cell lines (LoVo, Caco-2, and SW480), a human fibroblast cell line
(CRL-2429), a mouse fibroblast cell line (3T3), and a mouse motor neuron cell line
(NSC-34) were obtained from ATCC and maintained in Dulbecco's Modified Eagle
Medium (DMEM, Invitrogen, Carlsbad, CA, United States) supplemented with fetal
bovine serum (FBS, Bovogen Biologicals, Keilor East, Australia) to a final concentration
of 10% and passaged every 3-4 d at 80% confluency. The human neuroblastoma cell
line (SH-SY5Y from ATCC) was maintained in DMEM supplemented with 20% FBS
and passaged every 2-3 d. All cell lines used for experiments were at early (a
maximum of 20-25) passage number.

Construction of LGRS promoter-based reporter constructs

Conservation of the LGR5 gene and its promoter was assessed using evolutionary
conserved region browser and multiple alignments of several vertebrate genomes. The
human LGR5 gene is located on chromosome 12 and has a conserved region upstream
of the main promoter. This gene segment [LGR5 promoter element (983 bp)] was
amplified from RP11-59F15 bacterial artificial chromosome clones (obtained from the
Australian Genome Research Facility, Ltd., Melbourne, Australia) by polymerase chain
reaction (PCR) (Supplementary Figure 1A) using a set of primers (Table 1). Sequences
for specific restriction sites (Nde I, Nhe I, Sac I, and Xho I) were added to allow the
insertion of the amplicon into the pEYFP-N1 vector (Clontech, Mountain View, CA,
United States). Subsequently, this purified deoxyribonucleic acid (DNA) fragment was
A-tailed and ligated into pGEMP®-T Easy Vector System I (Madison, WI, Promega).
White colonies were selected and plasmid DNA isolated, purified, and sequenced.
Verified plasmids containing the DNA of interest, which is also free of PCR-
introduced mutations, were then digested and ligated into the pEYFP-N1 vector. A
negative control clone was constructed by the deletion of the promoter insert from the
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Table 1 Primer sequences

Gene Forward primer 5°-3’ Reverse primer 5°-3’

GAPDH TGAAGCTGGAGAAGGAGAAG ATCGGCCTGTGTATATCCC
LGR5 CCTCTGCTGGCTTTTAGGTG AGCAGTTTTCAGGCCTTTCA
OLFM4 ACTGTCCGAATTGACATCATGG TTCTGAGCTTCCACCAAAACTC
ASCL2 ACCTGCGTACCTTGCTTTGG GAAATCTGCGAGTTCCCGGT

Amplification/cloning of the LGR5
promoter element

CATATGCTAGCTCGAGCTCACTTCGACTTCCTCACCCCGC AAGCTTGGTGCCCGAAGTAGGGGGCCA

Jaishideng®

promoter-pEYFP-N1 clone. The original pEYFP-N1 vector (Clontech) with the CMV
promoter was used as a positive control.

Transient transfection

Cell lines at 50%-60% confluence was transfected with LGR5 promoter-pEYFP-N1
DNA using FuGENE® HD Transfection Reagent (Roche, Basel, Switzerland) following
the manufacturer instructions. LoVo, Caco-2, SW480, human fibroblast CRL2923, 3T3,
4T1, and EMT®6 cell lines were transfected in 3:1 transfection reagent to DNA ratio in
serum-free medium. For the SY5Y cell line, the ratio was 3:2. Eight to ten hours post-
transfection, serum was added to the culture medium. All cultures were kept at 37 °C
in a 5% CO,atmosphere until microscopic analyses were performed using an inverted
fluorescence microscope (IX51, Nikon, Tokyo, Japan) 24-48 h post-transfection to
examine enhanced yellow fluorescent protein (EYFP) expression levels.

Flow cytometry

For flow cytometry and fluorescence-activated cell sorting (FACS), cultured cells were
harvested by incubation in a non-enzymatic cell dissociation buffer (Gibco®Life
Technologies, Waltham, MA, United States) for 7-10 min. Next, cells were washed in
phosphate buffer saline (PBS) and resuspended in 0.5 mL PBS for analysis. Flow
cytometric analysis of EYFP expression of live cells was conducted using an Accuri
flow cytometer (BD Biosciences, San Jose, CA, United States). FACS sorting was
performed using an Influxcell sorter (BD Biosciences). Negative controls were used in
every analysis to set the background fluorescence. Propidium Iodide Staining Solution
(Invitrogen) was added to discriminate dead cells. Data analysis was performed on at
least 10000 cells per sample as assessed by CFlow software (BD Biosciences).
Fluorescence gates for positive cells were set to attain the false-positive rates of <1%.

Colony PCR

A single colony of bacterial cells was suspended in a reaction volume of 50 pL,
containing 1 pL of PCR primers (10 pmol/L each), 5 pL of 10 x PCR Buffer Minus
Mg?*,1 pL of 10 mmol/L dNTP mixture, 1.5 pL of 50 mmol/L MgCl,, and Milli-Q
water. The cycle parameters of the reaction were as follows: Initial denaturation 95 °C
for 3 min; 35 cycles of 30 s for denaturation at 95 °C, 30 s for annealing at 58 °C, and 1
min for the extension at 72 °C then final elongation at 72 °C for 2 min.

Quantitative real-time PCR

RNA extraction and complementary DNA (cDNA) synthesis: RNA was extracted
from approximately 5 x 10°cells using RNeasy mini kit (Qiagen, Valencia, CA, United
States) following the manufacturer's instructions. DNAse I treatment (on column) was
performed during the extraction procedure as recommended by the kit manual. RNA
quantification was performed using Nanodrop 1000. One microgram of RNA was
used for cDNA synthesis using iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories,
Inc., Hercules, CA, United States) following the manufacturer's instructions. As a
control for genomic DNA contamination, a 'no reverse transcriptase reaction' was
carried out for every batch of cDNA synthesized.

Quantitative real-time PCR analysis: SsoFast™ EvaGreen®Supermix was used as the
Master-mix and quantitative real-time PCR (qPCR) was carried out with a C1000™
Thermal Cycler (Bio-Rad Laboratories, Inc.). Each gene was amplified in triplicate in a
reaction volume of 10 pL, containing 10 pL qPCR primers (Table 1), 5 uL of 2 x SsoFast
EvaGreen Supermix, 0.2 pL cDNA, and Milli-Q water. The cycling parameters of the
reaction were as follows: 95 °C for 3 min for enzyme (Sso7-fusion polymerase)
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activation; 40 cycles of 10 s for denaturation at 95 °C, and 30 s for annealing and
extension at 60 °C followed by a Melt Curve analysis to ensure reaction specificity.
Glyceraldehyde-3-phosphate dehydrogenase was amplified in parallel and used for
normalization. The amplification product was then analyzed using the 2-ACt method.
‘No reverse transcriptase” and water controls were included in each qPCR run to
exclude genomic DNA or sample cross-contamination.

Soft agar assay

To test anchorage-independent growth in soft agar, a layer of 0.6% agar (Agar Noble;
Difco Laboratories, Detroit, MI, United States) in 2 x DMEM containing 20% FBS was
plated in 35-mm dishes and placed in the fridge overnight. The next day, Geneticin
resistant (400-500 pg/mL of Geneticin) cells were sorted for EYFP expression into high,
low, and no-EYFP expressing cells using the Influxcell sorter (BD Biosciences). Cells
were next washed with PBS and pelleted by centrifugation at 300 g for 3 min. Cells (2 x
10%) were suspended in 2 mL of equal volumes of 0.6% agar (Agar Noble; Difco
Laboratories) and 2 x DMEM containing 20% FBS and overlaid as a second layer. This
was overlaid over a layer of 3 mL of 0.3% agar in the same medium, in 35 mm dishes.
Once a week, 300 uL of medium containing 0.3% agar was added. After 21 d, plates
were stained with 0.5 mL of 0.005% Crystal Violet for an hour. Colonies larger than
0.25 mm in diameter were then counted using Image]J software.

In vivo tumorigenicity assay

Six- to eight-week-old non-obese diabetic (NOD)/severe combined immunodeficient
(SCID) mice were obtained from Animal Resources Centre (Perth, Australia) and were
housed in the animal house facility of the Australian Institute for Bioengineering and
Nanotechnology, The University of Queensland. All procedures were approved by the
University of Queensland Animal Ethics Committee (UQCCR/115/13/NHMRC) and
conformed to the Animal Care and Protection Act Qld (2002) and the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes (8" edition, 2013).
Sorted cells were suspended in a 1:1 mixture of medium and Matrigel (BD Biosciences)
and injected subcutaneously into NOD/SCID mice (2 x 10° cells per animal in a total
volume of 50 pL) into the ventral side of the flank (n = 3 animals per group). Tumor
growth was monitored and measured with calipers daily. Three weeks after the
injection, mice were anesthetized by CO, inhalation, and tumors were excised,
measured, weighed, and fixed in 4% paraformaldehyde for paraffin embedding.
Tissue sections were stained with hematoxylin-eosin.

RESULTS

A conserved LGRS enhancer-based promoter fragment recapitulates endogenous

LGRS expression

Due to the lack of a reliable anti-LGR5 antibody, isolation of LGR5 expressing cells via
FACS or magnetic-ACS was not possible in our hands. We, therefore, constructed an
EYFP reporter driven by a conserved LGR5 promoter fragment (Supplementary Figure
1A). To test whether the LGR5 promoter-based construct correctly reported on LGR5
expression, we transiently transfected the LGR5-EYFP reporter as well as a negative
control vector (promoter-less vector or empty-EYFP vector) and a positive control
vector (CMV-EYFP) into colon cancer cell lines Caco-2, LoVo, and SW480 that display
a high endogenous expression of LGR5 and into CRL2429, 3T3, NSC-34 and SH-SY5Y
cells that do not express LGR5 messenger RNA (mRNA). Transient transfection of the
LGRS reporter construct in these LGR5-expressing and LGR5-negative cell lines
revealed that EYFP expression correlated well with endogenous LGR5 mRNA
expression level (Supplementary Figure 1B). As expected, transfection of the promoter-
less construct (empty-EYFP vector) did not result in YFP expression, whereas the
CMV-driven EYFP vector showed widespread (30%-60% of cells) expression (
Supplementary Figure 1B), indicating that the absence of fluorescence in LGR5
negative lines was not due to ineffective delivery of plasmid DNA.

To generate stably expressing reporter lines, Caco-2 and LoVo cell lines were
transfected with a linearized LGRS reporter vector, single-cell seeded, and maintained
under Geneticin selection (400 pg/mL for LoVo cell line and 500 pg/mL for Caco-2 cell
line) for 1 mo. Two single cell-derived clones from each cell line were picked,
expanded, and cryopreserved. Fluorescence microscopy analysis revealed that these
clonal LGR5/EYFP Caco-2 and LGR5/EYFP LoVo cultures contained a subset of cells

WJG | https://www.wjgnet.com 1582 April 21,2021 | Volume27 | Issuel5 |


https://f6publishing.blob.core.windows.net/16651194-9b00-45b2-bd38-25eaf6ea9e92/WJG-27-1578-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/16651194-9b00-45b2-bd38-25eaf6ea9e92/WJG-27-1578-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/16651194-9b00-45b2-bd38-25eaf6ea9e92/WJG-27-1578-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/16651194-9b00-45b2-bd38-25eaf6ea9e92/WJG-27-1578-supplementary-material.pdf

Jaishideng®

Alharbi SA et al. Heterogenicity of colon cancer stem cells

with a range of EYFP fluorescence, including small EYFP fluorescence bright cells
(Figure 1A and B; orange arrows), which was validated using FACS (Figure 1C and D).
Cells transfected with promoter-less plasmid showed no EYFP expression in any of the
surviving clones, whereas the majority of CMV-promoter transfected clones
homogeneously expressed EYFP, as expected. We hypothesized that cells expressing
high levels of LGR5/EYFP in the colon cancer cell lines would constitute the stem cell
compartment of Caco-2 and LoVo cell lines. To test this hypothesis, we sorted the cells
into three populations according to their EYFP expression (EYFP &, EYFP"", and
EYFP"¢" cells). As anticipated, the qPCR analysis showed that LGRS mRNA expression
was 8-fold higher in EYFP high cells than in the EYFP negative fraction in both
LGR5/EYFP Caco-2 and LGR5/EYFP LoVo clonal lines (Figure 1E and F,
respectively).

In agreement with the idea that LGR5 marks a stem cell compartment, flow
cytometric analysis of sorted EYFPs"e, EYFP¥, and EYFP"s" cells from each of the
lines revealed that over the course of several days, EYFP"s"cells gave rise to EYFP
negative “daughter” cells (Figure 1G and H). Time-lapse immunofluorescence and
phase-contrast images of cultured EYFP"¢"sorted Caco-2 cells confirmed that EYFP
negative cells emerged from the small EYFP""cells over time (Figure 1G). No cells
acquired EYFP expression amongst derivatives of FACS-sorted EYFP-negative cells
(Figure 1I). LGR5-EYFP LoVo clones exhibited identical behaviors (Figure 1H and J).
We interpreted these data to mean that LGR5"s" (EYFP"s") cells possess stem cell-like
properties, given they are capable of self-renewal and generate a distinct EYFP-
negative cell population, incapable of re-acquiring expression of the LGR5 reporter.

EYFP+s-expressing cells of Caco-2 and LoVo CRC cell lines show an ISC gene

expression signature

If LGR5/EYFP"¢"cell populations in Caco-2 and LoVo clones represent an ISC
compartment, then these cells should show higher mRNA expression of typical ISC
marker genes compared to LGR5/EYFP"and LGR5/EYFP ¢ fractions. Our data
(Figure 2A) show that EYFP"¢"cells in the Caco-2 cell line indeed display significantly
increased expression of the stem cell markers LGR5, olfactomedin 4 (OLFM4), TERT,
leucine-rich repeated and immunoglobulin-like domains 1 (LRIG1), AFAP1I1,
TNFRF19, organic cation transporter 1 (OCT1), and achaete-scute complex homolog 2
as compared to cells with low or no EYFP expression, but conspicuously do not
express B lymphoma Moloney murine leukemia virus insertion region 1 homolog
(Bmil). Surprisingly, in the LoVo cell line (Figure 2B) EYFP"s"cells expressing high
LGRS5 reporter activity possessed low levels of OLFM4, AFAP1I1, and LRIG1
compared to EYFP"**and EYFP &t fractions. EYFP""cells in the LoVo cell line instead
robustly express Bmil as compared to EYFP#**cells but exhibit lower hTERT as
compared to EYFP"#*and EYFP"" fractions. These data suggest that in the LoVo cell
lines LGR5 marks a different cancer cell compartment than in Caco-2 cells.
Collectively, our data indicate that the LGR5/EYFP reporter faithfully marks a
population of LGR5 expressing CSCs in the Caco-2 cell line but that this stem cell
population is distinct from the EYFP"e"fraction in the LoVo cell line that appears to
mark a Bmil""/LGR5 TERT"" expressing a subset of cells.

LGR5/EYFPr« cells in Caco-2 colon cancer cell line exhibit increased colony-forming
ability

To assess whether LGR5 expressing subsets in the Caco-2 and LoVo lines exhibit
functional differences we employed the anchorage-independent tumor stem cell
colony-forming assay™.. Using this assay, we assessed the in vitro anchorage-
independent growth of LGR5/EYFP"s" LGR5/EYFP", and LGR5/EYFPrtvcell
populations of the LGR5/EYFP Caco-2 and LGR5-EYFP LoVo lines (Figure 3A and B).
Our data showed that after 3-wk culture in soft agar, the number of colonies formed
by the three cell populations of Caco-2 and LoVo cell lines was comparable (Figure 3C
and E) but that the colony sizes of the LGR5/EYFP"s*cell populations in Caco-2 line
were considerably larger (> 0.25 mm in diameter) than those in LGR5/EYFP"**and
LGR5/EYFPres*ecell populations (Figure 3D and F), suggesting LGR5"#" cells in Caco-
2 cell line exhibit increased proliferation and/or reduced cell death rates.

To assess further the tumorigenicity of the LGR5/EYFP"¢"cell compartments of
Caco-2 and LoVo lines, LGR5/EYFP"¢"and EYFP~&sorted cells were injected
subcutaneously into the right and left flanks, respectively, of NOD-SCID mice (1 = 3),
and tumor growth was monitored daily before excision of tumors after 3 wk. As
shown in Figure 4A, LGR5/EYFP"shCaco-2 cells were able to form tumors when
injected into NOD-SCID mice. LGR5/EYFP"¢"formed larger tumors than the LGR5/
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Figure 1 Proliferation and differentiation analysis of the stem cell compartment in stably transfected clones. A and B: Phase contrast and
fluorescence images show colonies of stably transfected Caco-2 (A) and LoVo (B) cells expressing the enhanced yellow fluorescent protein (EYFP) reporter (red
arrows show small cells expressing high level of enhanced yellow fluorescent protein, EYFP); C and E: Fluorescence-activated cell sorting (FACS) sorting of leucine-
rich repeat-containing G protein-coupled receptor 5 (LGR5)/EYFP expression in Caco-2 clone (C) and LoVo clones (E) into EYFP"S", EYFP®", and EYFPregive
populations; D and F: Quantitative real-time polymerase chain reaction analysis of LGR5 messenger ribonucleic acid expression in EYFP"" EYFP®, and
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EYFPresaie cells relative to glyceraldehyde-3-phosphate dehydrogenase gene in Caco-2 clones (D) and LoVo clones (F); G: Phase contrast images show proliferation
of EYFP"" cells from LGR5/EYFP Caco-2 clone; fluorescence images show self-renewal of LGR5/EYFP stem cells and down-regulation of LGR5/EYFP in
differentiated progeny in LGR5/EYFP Caco-2. Sequential FACS analysis shows EYFP expression in LGRS/EYFP Caco-2 clone over 6 d in culture; H: Phase contrast
images show proliferation of EYFP"%"¢ and cells from LGR5/EYFP Caco-2 clone; fluorescence images show self-renewal of LGR5 stem cells and down-regulation of
LGRS in differentiated progeny in LGRS/EYFP Caco-2. Sequential FACS analysis shows EYFP expression in LGR5/EYFP Caco-2 clone over 6 d in culture; | and J:
Phase contrast images show proliferation of EYFP"" (1) and EYFP"* (J) cells from LGR5/EYFP LoVo clone; fluorescent pictures showing self-renewal of LGRS
stem cells and down-regulation of LGR5/EYFP in differentiated progeny in LGR5/EYFP LoVo; sequential FACS analysis of EYFP expression in LGR5/EYFP LoVo
clone over 6 d in culture. LGR5: Leucine-rich repeat-containing G protein-coupled receptor 5; EYFP: Enhanced yellow fluorescent protein.
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EYFPrestivecells (Figure 4B and C).

In the LoVo cell line, on the other hand, both LGR5/EYFP"¢"cells and LGR5/
EYFPr#tvesorted cells had almost comparable tumorigenic properties (Supplementary
Figure 2).

DISCUSSION

The heterogeneity of cancer cell lines has been recognized, but it was not until the
1980s that it was shown that the human DLD-1 colon cancer cell line, originally
established from a single human colon carcinomal), contains subpopulations of cells
with different morphology, karyotype, and cloning efficiency in soft agarose that
produce histologically distinct tumors when injected into athymic mice. Recent studies
have explained this apparent heterogeneity of colon cancer cell lines when it was
discovered that colon cancer carcinoma contains a subset of stem cells expressing
LGR5, termed "tumor-initiating” cells specimens”. This was strongly supported by
lineage tracing studies™ showing that colon cancer is initiated by aberrant Wnt
signaling in ISCs, known to express high levels of LGR5. Furthermore, in vivo lineage
tracing experiments on intestinal adenomas demonstrated the clonal expansion of
these adenomas from a single LGR5-expression cell".

In light of this evidence, we decided to investigate whether colon cancer cell lines
widely used for drug-screening®”! contain CSCs and developed a reporter that would
allow their isolation and characterization. Here, we showed that a 983 bp fragment of
the LGR5 promoter faithfully reports on endogenous LGR5 expression in the colon
cancer cell lines LoVo and Caco-2. Interestingly, we revealed that the ISC populations
in these two cell lines exhibit different gene expression and functional properties. Our
data show that the Caco-2 cell line contains a population of highly proliferative cells
that exhibit a classic intestinal CSC gene expression signature that is marked by a high
expression of LGRS, in agreement with previous findings™*!. These cells can both self-
renew and generate more differentiated LGRS negative progeny and also exhibit an in
vitro tumorigenic potential. In support of the notion that LGR5/EYFP"¢"cells within
Caco-2 colon cancer cell line represent the CSC compartment, our limited gene
expression analysis revealed that LGR5/EYFP"s"cells display a transcriptional
signature very similar to that of the ISC, including LGRS, Olfm4, and Ascl2*-*1. Our
data are also in agreement with Sato et al? who showed that only very high LGR5-
expressing cells are the ISCs in normal intestinal tissue. In agreement with a study by
Maddox ef al, our data further show that the LGR5/EYFP"s" fraction of the Caco-2
cell line exhibits a high expression of OCT1, a known ISC marker. The LGR5/EYFP"s"
fraction of the Caco-2 colon cancer cells also showed the highest telomerase expression
(TERT), which is a characteristic of most CSCs, associated with the ability to proliferate
indefinitely”*1. Conspicuously, the LGR5/EYFP"e"fraction of the Caco-2 acquires
Bmil expression upon loss of LGR5 expression, in agreement with the proposed
cellular differentiation hierarchy of the intestinal crypt!"”. Collectively, these data
suggest that the LGR5/EYFP"s" fraction of the Caco-2 colon cancer cell line indeed
represents a CSC-like population. These data are in close agreement with a similar
study in SW480 and HT-29 human colon cancer cell lines in which LGR5 was also
found to mark a CSC population!™.

In contrast to the Caco-2 cell line, in the LoVo colon cancer cell line, LGR5/EYFP"h
cells showed the lowest expression of the ISC markers hTERT, LRIG1, AFAP1I1, and ,
and low expression of the CSC marker OCT1, suggesting that in LoVo cells LGR5
marks a different cell population, i.e. not a stem cell-like population. Indeed, our data
show that in the LoVo cell line, cells with high LGR5/EYFP expression possess a gene
expression signature more akin to Bmi-expressing stem cells of the crypt. In LoVo cells
it is rather the LGR5™s*" fraction that highly expresses ISC marker OCT1M,
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Figure 2 Quantitative polymerase chain reaction analysis. A and B: Quantitative polymerase chain reaction analysis of intestinal stem cell markers and
the cancer stem cell marker organic cation transporter 1 in leucine-rich repeat-containing G protein-coupled receptor 5/enhanced yellow fluorescent protein
(LGR5/EYFP)" LGR5/EYFP®", and LGR5/EYFP™% fractions of the Caco-2 cell line (A) and the LoVo cell line (B). The expression value of each gene was
normalized to glyceraldehyde-3-phosphate dehydrogenase gene. Data were then analyzed by one-way analysis of variance. 2P < 0.05, °P < 0.01, °P < 0.001, 9P <
0.0001. LGR5: Leucine-rich repeat-containing G protein-coupled receptor 5; EYFP: Enhanced yellow fluorescent protein; Bmi1: B lymphoma Moloney murine
leukemia virus insertion region 1 homolog; OCT1: organic cation transporter 1; TERT: Telomerase reverse transcriptase; ASCL2: Achaete-scute complex homolog 2.
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OLFM4F*1, and Bmill'"’, suggesting that this cell line originated from a CSC
population other than LGR5*cells. Supporting this suggestion, in a recent review on
the intestinal hemostasis and plasticity in humans, the writer argued that there is a
wide range of cell types in the intestinal epithelium that can revert to stem cell fate and
regenerate the epithelium post-injury™l. Moreover, Bmil marks a distinct pool of ISCs
that mainly reside above the crypt basel™l. Lineage tracing has shown that this Bmil*
stem cell pool, the so-called reserve stem cell pool, is able to regenerate intestinal
epithelial tissue in the absence of LGR5"ISCs!"*! and also give rise to LGR5" cells in
normal and injured intestinal epithelium!"l. In support of this idea, a number of other
human colon cancer cell lines (such as LIM1899, LIM1215, LIM2537, and LIM1863)!*!
have previously been shown to exhibit increased anchorage-independent growth and
enhanced tumorigenicity in xenograft experiments upon ablation of LGR5.

CONCLUSION

We conclude that we have generated a portable LGR5-reporter that should prove a
valuable tool for the identification and isolation of different colon CSC populations in
colon cancer lines. The characterization of such populations is important for drug
screening and design. Since LGR5 marks adult stem cell populations in a number of
tissues throughout the body!?, it will be interesting to determine whether our LGR5
promoter reporter can also be used to isolate such LGR5 expressing CSCs from other
human cancer cell lines such as glioblastomal*”, esophageal adenocarcinomas!*,
ovarian primary tumors!*’], gastric tumorst“”, and hepatomas!’“"! that are also marked
by high LGR5 expression.

Our data further indicate that LGR5/EYFP"s"expression marks two different
intestinal crypt stem cell population in the Caco-2 and LoVo cell lines. Since Caco-2
and LoVo cell lines are widely used for screening of colon cancer drugs, our findings
of different stem cell populations in these lines likely has important implications for
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Figure 3 In vitro anchor independent assay of Caco-2 and LoVo colon cancer cell line. Sorted cells were cultured for 2 wk in soft agar before
analysis. A-F: Representative images of colonies formed by cells with different leucine-rich repeat-containing G protein-coupled receptor 5/enhanced yellow
fluorescent protein levels in Caco-2 cell line (A) and in LoVo cell line (B). Scale bar, 50 pym; the (C) and (E) number, and (D) and (F) size of colonies formed by Caco-
2 and LoVo clones respectively were assessed using crystal violet staining. Colonies larger than 0.25 mm in diameter were then counted. Columns and error bars
represent means + SD of two independent experiments using duplicate measurements in each experiment. 2P < 0.05. LGR5: Leucine-rich repeat-containing G
protein-coupled receptor 5; YFP: Yellow fluorescent protein; EYFP: Enhanced yellow fluorescent protein.

such drug screening programs.

Bishidengs WIG | https://www.wjgnet.com 1590 April 21,2021 | Volume27 | Issuel5 |



Alharbi SA et al. Heterogenicity of colon cancer stem cells

- Caco-2
0.3

0.2 7

0.1

Tumor weight (g)

0.0 -

C Caco-2 —#- LGR5/YFP"™"
—o— LGR5/YFP™

Size of tumors in mm

14

5 6 7 89 10111213 141516 17 18 19 20 21
Days post cells injection

Figure 4 Stable leucine-rich repeat-containing G protein-coupled receptor 5/enhanced yellow fluorescent protein"s" expressing Caco-2
cells line possesses stem cell-like properties in vivo. Sorted leucine-rich repeat-containing G protein-coupled receptor 5/enhanced yellow fluorescent
protein (LGR5/EYFP)™%t*e and LGRS/EYFP"" cells were injected subcutaneously in left and right flanks (respectively) of non-obese diabetic- severe combined
immunodeficient mice and monitored for 3 wk. A: Representative images of tumors formed by LGR5/EYFP"™" (right flank) and LGR5/EYFP%"e (left flank) cells; B
and C: Tumor weights (B) and size (C) resulting from LGR5/EYFP™%"e and LGR5/EYFP"9" sorted cells. Columns and error bars represent means + SD of two
independent experiments using duplicate measurements for each experiment. neg: Negative; LGR5: Leucine-rich repeat-containing G protein-coupled receptor 5;

YFP: Yellow fluorescent protein.
ARTICLE HIGHLIGHTS

Research background

The intestinal crypt-villus structure harbors two distinct pools of putative stem cells,
the active [leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5)" cells]
and the quiescent stem cell populations (B lymphoma Moloney murine leukemia virus
insertion region 1 homolog*or telomerase reverse transcriptase® cells). Current
evidence indicates that CRC is indeed a disease of colon stem cells that are resistant to
current therapeutics and can rapidly proliferate to re-establish the tumor.
Furthermore, it was reported that colon cancer carcinoma specimens contain a subset
of LGR5-expressing stem cells. Human colon cancer cell lines, such as Caco-2 and
LoVo, are extensively used in drug screening and colon cancer research and express
high levels of LGR5.

Research motivation

To establish criteria for the selection of suitable cell lines for drug discovery and reveal
potential variability between colon cell lines, we here identify the cancer stem cell
(CSC) population(s) within colon cancer cell lines, quantify differences in gene
expression signatures in these cells, and assess their proliferative and tumorgenicity
capacities.

Research objectives

The present study aimed to isolate cells expressing LGR5 in Caco-2 and LoVo colon
cancer cell lines and investigate whether these cells constitute the CSC compartments
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in these cell lines. This was achieved through the creation of a transgenic proliferating
stem cell-specific reporter construct based on the proximal promoter of LGR5 gene.

Research methods

Using a portable fluorescent reporter construct based on a conserved fragment of the
LGR5 promoter, subpopulations of cells from the colon cancer cell lines (Caco-2 and
LoVo) were sorted into three cell compartments expressing different levels of LGR5
(high-, low-, and no-expression of LGR5). Next these cell compartments were
characterized based on their gene expression signatures, proliferation, and
tumorgenicity properties.

Research results

Cells expressing high levels of LGR5 with Caco-2 colon cancer cell line appear to
represent a CSC-like population. In contrast, in the LoVo cell line, the LGR5 negative
fraction possessed some features of the intestinal stem cells, e.g., a specific gene
expression signature, suggesting that this cell line was likely derived from a CSC
population other than LGR5" cells.

Research conclusions
LGRS marks the stem cell compartments of the Caco-2, but not LoVo, cell lines. Thus,
it would appear that different colon cancer lines possess properties of different stem
cell compartments. The portable LGR5 reporter outlined in this study constitutes a
valuable tool for the identification and purification of LGR5-expressing cells from
mixed cell populations.

Research perspectives
The portable LGR5 reporter described in this study constitutes a valuable tool for the
identification and purification of LGR5-expressing cells from mixed cell populations.
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