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Cancer stem cells (CSCs) from colorectal cancer (CRC), characterized by CD133 expression, have been
associated with 5-ﬂuorouracile (5-FU) chemoresistance. DNA repair mechanisms, such as O6-alkylguanine
DNA alkyltransferase (MGMT) and mismatch repair (MMR) systems, have also been correlated to 5-FU
resistance in CRC. The aim of this study was to evaluate the modulation of CD133 and MGMT in MMRproﬁcient and MMR-deﬁcient CRC cells under 5-FU treatment and the effect of this drug in CSCs. CD133 and
MGMT methylation status were determined in MMR-proﬁcient (SW480 and HT29) and MMR-deﬁcient (RKO
and HCT116) cell lines by methylation-speciﬁc PCRs. SW480 and RKO were selected to determine modulation of CD133, MGMT and MMR expression after 5-FU treatment by qPCR. In addition, CD133, MGMT
and MMR were analyze in SW480 and RKO CSCs. No association between promoter methylation and MGMT
and CD133 expression was found. 5-FU treatment increased CD133 expression independently to MMR status
in SW480 and RKO and was able to increase hMLH1 expression in RKO, a MMR-deﬁcient cell line. RKO/
CSCs overexpressed CD133 and MMR (hMSH2 and hMSH6) while SW480/CSCs showed a signiﬁcant
increase in CD133, MMR (hMLH1, hMSH2 and hMSH6) and MGMT, moreover 5-FU resistance than
parental cell lines. Thus, although CSCs 5-FU chemoresistance appears to be independently to MMR status,
hMLH1 might play a key role in CSC response to 5-FU. New drugs exploding these differences could beneﬁt
the prognostic of patients with CRC.
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1. Introduction

2. Materials and methods

Colorectal cancer (CRC) is the third cancer more
frequent and fourth in mortality in the world analyzing both sexes together (Bray et al. 2018).
Around 8%–20% of all CRC tumors presents
microsatellite instability (MSI) being directly linked
to defective function of mismatch repair (MMR)
(Chen et al. 2017). MMR, a molecular complex
constituted by hMLH1, hMSH2, hMSH6, hMSH3,
and PMS2, is responsible of DNA proofreading,
repairing and removing DNA base-errors during
DNA replication (Li and Martin 2016). Defective
MMR system promotes formation of microsatellites
or short tandem repeats during DNA replication (Li
and Martin 2016). Regardless MSI, 5-ﬂuoruracile (5FU) have been the backbone in CRC treatment,
being combined with others antitumor drugs such as
platinum alkylating agents (i.e. oxaliplatin) (Tougeron et al. 2016). However, despite of chemotherapy advances, progression, metastasis, and
recurrence occurs in almost of CRC patients. In this
context, cancer stem cells (CSCs), which share
properties associated to stem cells as self-renewal
and capacity of cell recapitulation, have been associated to 5-FU chemo-resistance (Tauriello et al.
2017) in CRC. These cells exhibit speciﬁc
biomarkers being CD133 the most widely biomarker
used to their isolation (Kozovska et al. 2014). In
addition, CSC resistance mechanisms included
MGMT (Villalva et al. 2012), a repairing enzyme
associated to epigenetic regulation which prevents
DNA alkylation (O6-MeG adducts) damage associated to temozolomide (TMZ) (Freitas et al. 2018).
MGMT has been also analyzed in Lgr5(?) stem cells
from CRC and has been proposed as a promising
component of personalized treatment (Kim et al.
2016). However, the relevance of MGMT in colon
CSCs is unclear.
Our ﬁndings demonstrated that 5-FU treatment not
only increased CD133 expression in CRC cell lines
with low CD133 levels but also hMLH1 in MMRdeﬁcient cells. In addition, CSC/MMR-deﬁcient cells
showed overexpression of CD133, hMSH2 and
hMSH6 while the CSC/MMR-proﬁcient cells overexpressed CD133, MGMT, hMLH1, hMSH2 and
hMSH6. However, both proﬁcient and deﬁcient CSC/
MMR showed high 5-FU chemoresistance regardless
to MMR status. Future studies will be necessary to
analyze the possible weakness of CSCs in order to
design new effective drugs against this aggressive
cellular population.

2.1 Cell lines and drugs and reagents
Preliminary research was carried out with the MMRproﬁcient cell lines SW480 and HT29 (hMLH1,
hMSH2 and hMSH6 wild type) and MMR-deﬁcient
cell line RKO and HCT116 line (hMLH1 methylated or
mutated respectively and hMSH2 and hMSH6 wild
type) (Halvey et al. 2014) (American Type Culture
Collection, USA). All cell lines were maintained in
culture with Dulbecco’s modiﬁed Eagles medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine
serum (Lonza, Walkersville, MD, USA) and 1% of
antibiotics mixture of penicillin (10,000 U/mL) and
streptomycin (10 mg/mL) in a humidiﬁed 5% CO2
incubator at 37 °C of temperature. All chemicals used,
including 5-FU, were of analytical high quality from
Sigma-Aldrich Chemical Co. (Spain).

2.2 DNA extraction and methylation-speciﬁc PCR
DNA was extracted from culture cells using QIAamp
DNA Mini Kit (EpiTect Bisulﬁte kit, Qiagen, USA,
Maryland) in accordance with the manufacturer’s
standard recommendations. Two micrograms of DNA
from each cell line was denatured, modiﬁed, and
puriﬁed by EpiTect Bisulﬁte kit (Qiagen, USA,
Maryland). The unmethylated cytosines from CpG
islands in the MGMT and CD133 promoter were
transformed to uracil through bisulﬁte. Methylationspeciﬁc PCRs (MSP) were performed with speciﬁc
primers for either methylated or unmethylated DNA in
MGMT and CD133 promoter (table 1). Agarose electrophoresis to PCR ampliﬁed products visualization by
ethidium bromide and UV illumination were performed. For both biomarkers, samples were classiﬁed
as hypermethylated (M) when only observed methylation ampliﬁcation product, partially methylated (UM/
M) when both methylated and unmethylated ampliﬁcation products were seen, and unmethylated when just
showed unmethylated ampliﬁcation (UM).

2.3 Cancer stem cell enrichment and culture
Cancer stem cells were isolated and characterized following our protocol (Leiva et al. 2017). To obtain
CSCs spheroids, parental cell lines were exposed to
serum-free RPMI-1640 medium supplemented with 2
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Table 1. Primers sequences used for MSP, RT-PCR and qPCR assays
MSP Primers

Sequence 50 ? 30

MGMT Unmethylated

F-TTTGTGTTTTGATGTTTGTAGGTTTTTGT
R-AACTCCACACTCTTCCAAAAACAAAACA
F-TTTCGACGTTCTAGGTTTTCGC
R-GCACTCTTCCGAAAACGAAACG
F-TTTGGGATAGAGGAAGTTGTAA
R-CTCCCACCCTAATCACCACT
F-TTCGGGATAGAGGAAGTCGTAA
R-CTCCCGCCCTAATCACCGCT
Sequence 50 ? 30
F-TCACGGCCAGTCCTCCGGAG
R-GTTCCCCGTGCCGGCTCTTC
F-CTGGGGCTGCTGTTTATTATTCTG
R-ACGCCTTGTCCTTGGTAGTGTTG
F-GGCATCCTCACCCTGAAGTA
Sequence 50 ? 30
F-GGCTGCAAGAGCTTTTTCAAG
R-TCTGGCAGTCACGGTTGGA
F-TCTTCGTTCTGACTTCTCCAAG
R-ATCTGTTTGCCAGGGTCCA
F-GGCTCGAAAGACTGGACTTATT
R-CCAGGAGGCTCTGTTCATTT

MGMT Methylated
CD133 Unmethylated
CD133 Methylated
RT-PCR Primers
MGMT
CD133
b-Actin
q-PCR Primers
hMLH1
hMLH2
hMLH6

mM glutamine, 4 ng/mL bFGF, 10 ng/mL EGF and
insulin (10 lg/mL)/transferrin (5.5 lg/mL)/sodium
selenite (5 ng/mL) in a humidiﬁed 5% CO2 incubator at
37°C of temperature during eight days removing tissue
culture ﬂask-attached population. Characterization of
colon CSCs carried out using speciﬁc markers (Supplementary ﬁgure S1).
2.4 RT-PCR and real-time quantitative RT-PCR
Total RNA was extracted using TRIzolÒ solution and
RNA puriﬁcation system (RNeasy, Qiagen, USA,
Maryland). Reverse transcription (RT) was performed
with 1,5 lg RNA using high Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City,
CA). RT-PCR was carried out using primers for
MGMT, CD133 and b-Actin (control) (table 1). Relative expression in RT-PCR assays were obtained by
densitometry through Quantity One software. Realtime quantitative PCR (qPCR) was used to validate
previous data (CD133, MGMT). cDNA from CSCs
and parental cancer cells were ampliﬁed in 96 well
plates using Applied Biosystem 7500 machine (Applied Biosystems, Life Technologies). The total reaction volume (20ll) contained 20 ng cDNA, 1x TaqMan
Universal PCR Mastermix (Applied Biosystems, Life
Technologies), and 1x TaqMan Gene Expression assay

(Applied Biosystems, Life Technologies, see below).
Primers used were MGMT (Hs01037698_m1, Applied
Biosystems,
Life
Technologies),
CD133
(Hs01009250_m1, Applied Biosystems, Life Technologies) and GADPH (catalog number: 4333764F,
Applied Biosystems, Life Technologies) as calibrator
control. In addition, qPCR was carried out to determine
hMLH1, hMSH2 and hMSH6 mRNA expression using
speciﬁc primers (Sybr green-based ampliﬁcation)
(table 1). All qPCR was run at standard conditions. Ct
values for all samples were determined automatically
with the default settings with StepOne Software V2.0
(Applied Biosystems, Life Technologies). Relative
gene expression levels were calculated by the 2-DDCT
method.
2.5 Growth inhibition assay
Isolated cells from CSCs spheroids by accutase
(StemProÒ AccutaseÒ, life technologies) (1.5x103)
were seeded in 96 well plates in CSC enrichment
medium (200 ll/well) and incubated 12 hours. Simultaneously, parental cells were seeded in the same
concentrations in DMEM standard conditions. 5-FU
treatment during 72 h was administered at different
concentrations (5 to 1280 lM). Untreated cells
were considered as controls. Cells were exposed to
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl suptetrazolium
bromide (MTT) (10 mg/ml; 20 ll/well) during 4 hours.
The supernatants were removed and crystals were
dissolved by 200 ll of DMSO. The absorbance was
measured at 570 nm using Ascen Software Multiskan*
EX Microplate Photometer (Thermo Scientiﬁc, Spain).

(Graphpad, San Diego, CA). The experimental data
always were expressed as mean ± standard deviation.
3. Results
3.1 MGMT and CD133 promoter methylation
status and mRNA expression in CRC cells

2.6 Statistical analysis
The differences in mRNA expression levels were
obtained using a two-tailed unpaired Student’s t-test

Methylation analysis by MSP showed unmethylated
MGMT promoter in both RKO and HT29 cells and
partially methylated MGMT promoter (UM/M) in both

Figure 1. MGMT and CD133 promoter methylation and mRNA expression in CRC cell lines. (A) Methylation-speciﬁc
PCR analysis of the MGMT and CD133 promoter in CRC cells. PCR-ampliﬁed products were electrophoresed on 3%
agarose gels and visualized (UV illumination) by staining with ethidium bromide. M, methylated; UM, unmethylated. (B) RTPCR analysis of MGMT and CD133 mRNA expression in CRC cells without treatment (basal) and after treatment with 5-FU
IC50 doses (IC50, 2xIC50). b-actin (ACT) was used as a control. Relative expression of MGMT and CD133 mRNA was
determined comparing with basal samples by densitometric analysis of PCR bands with Quantity One software. Data
represents the mean value ± S.D. of triplicate experiences.
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HCT116 and SW480 cells (ﬁgure 1A). All CRC cell
lines showed a partially methylated CD133 promoter
(UM/M) (ﬁgure 1A). However, a RT- PCR showed that
the methylation status of MGMT and CD133 promoters
and basal mRNA expression (ﬁgure 1B) were no
correlated.

3.2 5-FU increased CD133 mRNA expression
independent of MMR status in CRC cells
We established the 5-FU IC50 of CRC cell lines
SW480, HT29, RKO and HCT116 (&5 lM, 1,72 lM,
23 lM and 16 lM, respectively) to evaluate the 5-FU
effect in the MGMT and CD133 mRNA expression.
CRC cells were exposed to both 5-FU IC50 and double
of 5-FU IC50 (2xIC50). RT-PCR and densitometric
analysis showed no variation of relative MGMT
expression in any of the cell lines after 5-FU exposure
(ﬁgure 1B). However, CD133 showed a signiﬁcant
increase in cell lines with low basal mRNA expression
as SW480 (not evaluable) and RKO (2.32±0.15 and
2.33±0.16 to IC50 and 2xIC50, respectively) after 5-FU
exposure. By contrast, no CD133 expression change
was observed in HCT116 and HT29 cell lines after
drug exposure (ﬁgure 1B). In view of these results, we
selected both RKO (MMR-deﬁcient) and SW480
(MMR-proﬁcient) and used qPCR to validate modulation of mRNA expression. As shown in ﬁgure 2,
basal RKO cells did not expressed CD133. In addition,
both 5-FU IC50 and 2xIC50 treatment induced a signiﬁcant increase in both RKO (not evaluable) and
SW480 (2.32±0.127 and 2.33±0.32 to IC50 and
2xIC50, respectively) cell lines. Similarly, RKO and
SW480 did not modify MGMT mRNA levels after
5-FU exposure.

3.3 MMR modulation by 5-FU treatment
in SW480 and RKO cell lines
To determine the modulation of the MMR resistance
mechanism in CRC cells by 5-FU, we analyzed the
MMR subunits in both RKO (MMR-deﬁcient) and
SW480 (MMR-proﬁcient) cell lines by q-PCR. As
shown in ﬁgure 2, SW480 (MMR-proﬁcient) cells
exposed to 5-FU did not show any signiﬁcant alterations of any of the MMR subunits (hMLH1, hMSH2
and hMSH6) whereas RKO (MMR-deﬁcient) showed a
signiﬁcant increase of hMLH1 (5.06±0.30 and
5.66±0.32 folds to IC50 and 2xIC50, respectively).

Figure 2. CD133, MGMT and MMR mRNA relative
expression in CRC cells after 5-FU treatment. qPCR analysis
was used to determine the relative fold change of CD133,
MGMT and MMR mRNA expression in RKO (MMRdeﬁcient) and SW480 (MMR-proﬁcient) cells after 5-FU
treatment (IC50 and 2xIC50). Untreated samples (control)
was established as calibrator. Basal RKO did not show
CD133 expression so that we used the expression of IC50 as
calibrator control. Data represents the mean value ± S.D. of
triplicate experiences. *p \0.05.

3.4 MGMT, CD133 and MMR expression and 5FU chemoresistance in CSCs from SW480 and RKO
cell lines
CSCc obtained from RKO (MMR-deﬁcient) and
SW480 (MMR-proﬁcient) cell lines (see Material and
Methods) showed similar growth-pattern sphere-forming in suspension under CSC enrichment conditions
(ﬁgure 3A). qPCR was used to analyze MGMT,
CD133 and MMR mRNA modulation of CSCs in
comparison to CRC after 5-FU exposure. As shown in
ﬁgure 3B, RKO/CSC showed a signiﬁcant increase of
CD133 (not evaluable), hMSH2 and hMSH6
(2.00±0.21 and 2.10±0.49 folds, respectively) in
comparison to CRC while MGMT and hMLH1 did not
show any signiﬁcant changes. By contrast, SW480/
CSC showed a signiﬁcant increase in CD133, MGMT,
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Figure 3. CD133, MGMT and MMR mRNA expression in CSCs from CRC cell lines. (A) Representative images of CSCs
spheroids obtained from RKO and SW480 CRC cells at 8 days (10x). (B) qPCR analysis showing the relative fold change in
CD133, MGMT and MMR mRNA expression of the CSCs (RKO/CSC and SW480/CSC) establishing parental cell lines
(RKO and SW480) as calibrator control. Basal RKO did not show CD133 expression. Data represents the mean value ± S.D.
of triplicate experiences. *p \0.01 and ***p \0.001.

Figure 4. Cell growth inhibition in CSCs from CRC cell lines under 5-FU treatment. % Cell growth inhibition was
determined in parental cell lines (RKO or SW480) and CSCs (RKO/CSC or SW480/CSC) using MTT assay. Cells were
treated at the same time with increasing doses of 5-FU (5-1280lM). Data represents the mean value ± S.D. of triplicate
experiences. *p \0.05.

hMLH1, hMSH2 and hMSH6 (8.95±1.37, 2.01±0.24,
2.03±0.41, 5.34±0.62, 2.39±0.29 folds, respectively)
(ﬁgure 3B). Cell growth inhibition data showed a signiﬁcant increase in in RKO/CSC (1280 folds) and
SW480/CSC (not evaluable) resistance against 5-FU in
comparison to parental cells (ﬁgure 4)

4. Discussion
A growing body of evidence link 5-FU therapy failure
to the presence CSCs in tumors. The acknowledgment
of the mechanisms underlying the 5-FU resistance
could be beneﬁcial for the CRC patients (Boesch et al.
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2018). However, the relevance of drug resistant
systems such as MGMT or MMR in CSCs exposed to
5-FU remains unknown.
The most widely biomarker used in CSCs from CRC
was CD133 which was normally associated to poor
clinical outcome (Oliver et al. 2014; Li et al. 2017). As
showed Dallas et al. (2009), HT29 CRC cells exposed
to 5-FU increased the presence of CD133 positive cells
and CD133 expression. Paschall et al. (2016) observed
similar results in SW620 and LS411N CRC cell lines
treated with 5-FU. Our results demonstrated that 5-FU
upregulate CD133 expression in cell lines with low
CD133 levels such us RKO and SW480. This modulation was independent to the MMR status. However,
in contrast to previous studies (Jeon et al. 2010) no
correlation between CD133 expression and CD133
promoter methylation was detected in our selected
CRC cell lines supporting the hypothesis that regulation of CD133 expression may be independent of its
promoter methylation status (Pellacani et al. 2011).
Data of the MGMT in CRC aim to this enzyme could
play different roles related to progression and treatment
efﬁcacy because MGMT epigenetic silencing seems
associated with 5-FU treatment response and survival.
In fact, MGMT-reduced level was associated to poorer
overall survival (Nilsson et al. 2013) and the MGMT535G[T polymorphism (rs1625649) was linked to the
worse response to ﬂuoropyrimidines treatment (Park
et al. 2010). In vitro assays demonstrated a signiﬁcant
MGMT mRNA decrease in CRC cell lines (LoVo and
RPMI-4788) treated with 5-FU (Murakami et al. 2007).
By contrast, our results did not show any differences in
MGMT expression after 5-FU treatment in any of the
CRC parental cell lines. In addition, no correlation
between mRNA expression and methylation status of
MGMT promoter was detected despite previous
in vitro studies that showed an association between
MGMT expression and MGMT promoter methylation
in melanoma (Chen et al. 2016). On the other hand,
MGMT has been strongly correlated to CSCs radio/
chemo-resistance, especially in gliomas (Sørensen
et al. 2015). In fact, glioblastoma multiforme stem cells
(CD133?) expressed high levels of MGMT (Pistollato
et al. 2010). In addition, SHG-44 CSCs from glioma
exhibited radioresistance associated to high MGMT
levels (He et al. 2011) and primary culture of CSCs
(CD133?) displayed strong capabilities of chemoresistance associated MGMT expression (Liu and Gerson
2006). Interestingly, our results only showed MGMT
overexpression in MMR-proﬁcient CSCs (SW480/
CSC) and not in MMR-deﬁcient CSCs (RKO/CSC)
suggesting that MGMT overexpression might be
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related to MMR status. Future studies will be necessary
to clarify this correlation.
The MMR prognostic value in CRC seems clear
(Ryan et al. 2017). Interestingly, DNA damage in CRC
cells by 5-FU could be recognized by MMR (Tajima
et al. 2004). Thus, MMR-deﬁcient cells were more
resistant than MMR-proﬁcient (Iwaizumi et al. 2011).
Analyzing the different MMR subunits, the results are
controversial. Iwaizumi et al. (Iwaizumi et al. 2013)
suggested that hMLH1 downregulation by acidic
tumour microenvironment removed the execution
component of MMR for 5-FU cytotoxicity. Other
studies showed that hMSH2 or hMSH6 murine mutants
with no MMR-activity retained normal apoptotic-related function (Lin et al. 2004). Our results showed a
signiﬁcant hMLH1 upregulation after 5-FU treatment
which may be related to a compensation process in
MMR-deﬁcient cells. Finally, the cell stress has also
been implicated since hMLH1 could have a hinge
mechanism acting under¨low stress̈ conditions inhibiting apoptosis and in ‘high stress’ conditions inducing
apoptosis (Jackson et al. 2011).
Finally, the association between CSC and MMR has
not been either elucidated. Previously, Michl et al.
(2015) correlated CD133 expression and hML1 in
CRC patient. Ku et al. (2010) demonstrated a positive
association between MMR and CD133 in thirteen CRC
cell lines and Park et al. (Park et al. 2010) studied
CSCs markers respect MSI status in CRC cell lines and
tissue samples. These last authors showed higher frequency of CD133 expression in MSS tumors with
shorter disease-free survival compared to MSI. In
addition, a higher CD133 expression was detected in
MSS cell lines compared to MSI-H and increased
sphere forming ability in hMLH1-restored HCT116
cells. According to these results, we demonstrated
CD133 upregulation in SW480/CSCs (MMR-proﬁcient) but not in RKO/CSCs (MMR-deﬁcient). In
addition, we compared for the ﬁrst time, CSCs from
CRC MMR-deﬁcient and proﬁcient showing a signiﬁcant overexpression of hMSH2 and hMSH6 in RKO/
CSCs while SW480/CSCs showed a signiﬁcant
increase of hMLH1, hMSH2 and hMSH6 expression.
Our results showed that CSCs 5-FU chemoresistance
was independent to MMR status ﬁnding a signiﬁcant
reduction in cell growth inhibition in both RKO/CSCs
and SW480/CSCs. Similar results were observed by
Dallas et al. (2009) in CSCs exposed to 5-FU. The
CSCs chemoresistance could be linked to their quiescent behavior (lower metabolism) by which 5-FU
cytostatic effect could be avoided resulting in a high
5-FU resistance (Zhang et al. 2016).
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Our results demonstrated no correlation between
MGMT and CD133 expression and their promoter
methylation status in any of the CRC cell lines tested.
5-FU exposure upregulated the CD133 mRNA
expression in both RKO (MMR-deﬁcient) and SW480
(MMR-proﬁcient) cell lines but only increased hMLH1
mRNA expression in the MMR-deﬁcient cell line. In
addition, we showed a differential MMR expression
between the MMR-deﬁcient RKO/CSC (with overexpression of hMSH2 and hMSH6) and the MMR-proﬁcient SW480/CSC (with overexpression of MGMT,
hMLH1, hMSH2 and hMSH6). Both RKO/CSC and
SW480/CSC presented a higher 5-FU resistance than
parental cell lines independently to the MMR status.
Our results suggest the relevance of the MMR status in
CSCs from CRC cells which should be exploded in
order to determine its utility to better stratify the CRC
patients and to select the most beneﬁcial treatments.
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