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a b s t r a c t

Chemotherapy resistance plays a pivotal role in the prognosis and therapeutic failure of patients with
colorectal cancer (CRC). Cisplatin (DDP)-resistant cells exhibit an inherent ability to evade the toxic
chemotherapeutic drug effects which are characterized by the activation of slow-cycle programs and
DNA repair. Among the elements that lead to DDP resistance, O6-methylguanine (O6-MG)-DNA-meth-
yltransferase (MGMT), a DNA-repair enzyme, performs a quintessential role. In this study, we clarify the
significant involvement of MGMT in conferring DDP resistance in CRC, elucidating the underlying
mechanism of the regulatory actions of MGMT. A notable upregulation of MGMT in DDP-resistant cancer
cells was found in our study, and MGMT repression amplifies the sensitivity of these cells to DDP
treatment in vitro and in vivo. Conversely, in cancer cells, MGMT overexpression abolishes their sensi-
tivity to DDP treatment. Mechanistically, the interaction between MGMT and cyclin dependent kinase 1
(CDK1) inducing slow-cycling cells is attainted via the promotion of ubiquitination degradation of CDK1.
Meanwhile, to achieve nonhomologous end joining, MGMT interacts with XRCC6 to resist chemotherapy
drugs. Our transcriptome data from samples of 88 patients with CRC suggest that MGMT expression is co-
related with the Wnt signaling pathway activation, and several Wnt inhibitors can repress drug-resistant
cells. In summary, our results point out that MGMT is a potential therapeutic target and predictive
marker of chemoresistance in CRC.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Platinum-based chemotherapy is employed for the therapy of
numerous types of solid malignancies inclusive of colorectal cancer
(CRC) [1]. Cisplatin (DDP) exerts anti-tumor effects through the
interaction with DNA to mostly cause intra-strand crosslink ad-
ducts, which induce cell cycle arrest and pro-apoptotic signal
transduction pathways [2]. Several patients are inherently or
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acquiredly resistant to DDP or other platinum-based drugs even
with preliminary therapeutic success, which is a serious dilemma
for clinical treatment [3] and a major cause of mortality among
patients with CRC. DDP resistance take place due to complicated
reasons, which include impaired drug uptake processes, expanded
drug efflux, drug breakdown, activation of repair mechanisms,
reduced inter- or intra-strand DNA cross-linking, and increased
pro-survival pathway activation or inhibition of pathways that
promote cell apoptosis [4]. Although a cluster of signaling effectors
having been recognized as indicators of DDP resistance, most of the
studies either lacked an evaluation of clinical relevance or did not
elucidate how to reverse drug resistance in CRC therapy. Thus, the
specifiedmolecular mechanisms of platinum-based drug resistance
remain elusive, and overcoming chemotherapy resistance in CRC is
critical.
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Tumor cells that can break out the exceedingly selective stress of
antiproliferative agents are characterized as drug-tolerant persis-
tence (DTP) cells [5]. The characteristic of DTP cells is to activate
slow-cycle programs [6,7]. Cancer cells that grow slowly or are
arrested in the cell cycle are much less sensitive to chemothera-
peutic agents compared to those presenting with rapid prolifera-
tion. A study on patients with CRC demonstrated that tumors
enriched in slow-cycling cells exhibit stronger chemotherapy
resistance [8]. In cell cycle regulation [9], checkpoint activation [10],
and DNA damage repair [11], cyclin dependent kinase 1 (CDK1)
plays a crucial role. During the transition from G1 to S phase, CDK1
expression is high in cycling cells and cells that are exiting quies-
cence [12]. The regulation of the expression or CDK1 activity is
crucial for the development of slow-cycling cells. CDK1 protein is
inherently unstable and is regulated via the ubiquitin-mediated
degradation process [13]. To enhance the effectiveness of anti-
proliferative drugs [14], it has been proposed to drive slow cycling
cancer cells to re-enter the cell cycle for proliferation, thus
enhancing the response to chemotherapeutic agents.

DDP induces DNA double-strand breaks (DSBs) [15], the most
severe type of DNA injury. Without repair, these breaks can lead to
cell death [16]. DDP-resistant cells can repair DNA damage to
withstand the effects of DDP. DSB repair primarily depends on two
mechanisms: nonhomologous end joining (NHEJ) and homologous
recombination (HR) [17]. In the cell cycle, NHEJ mainly occurs in the
G0/G1 and G2 phases, whereas HR occurs in the S and G2 phases of
the cell cycle [18]. NHEJ is a significant intracellular mechanism for
repairing DSBs [19]. NHEJ generally occurs through binding of the
Ku70-Ku80 complex to the DSB terminus, which subsequently re-
cruits other interacting proteins and mediates the terminus
attachment [20]. NHEJ is of great significance in the preservation of
the stability of the DDP-resistant cell genome.

O6-methylguanine (O6-MG)-DNA-methyltransferase (MGMT)
encodes the DNA-repair protein O6-alkylguanine (O6-AG) DNA
alkyltransferase. In cancer research, MGMT is of unique interest due
to the fact it performs a fundamental position in temozolomide
treatment for glioma [21]. When treated with O6-alkylating agents
such as temozolomide, tumor cells with MGMT overexpression can
remove alkylating lesions at position O6 of guanine, rescuing tumor
cells from apoptosis and eventually leading to drug resistance. In
the first-line treatment of CRC, platinum-based chemotherapy is
utilized as a DNA alkylating agent [22]; however, the role and the
MGMT mechanism in DDP chemotherapy for colon cancer remains
poorly elucidated.

The regulation of MGMT expression is primarily through
epigenetic modifications [23]. The methylation of the MGMT pro-
moter in tumors results in the silencing of MGMT expression and
enhances the response to chemotherapy [24]. Conversely, promoter
methylation removal can eventually lead to tumor cell resistance to
alkylating agents. Furthermore, a negative modulation of the Wnt
signal cascade activity represses MGMT expression and sensitizes
tumor cells to chemotherapy with alkylating agents [25]. In intes-
tinal crypt cell division, Wnt/b-catenin signaling performs a vital
position. Thus, the mutations and mis-regulation of Wnt/b-catenin
signaling are relevant to colorectal tumorigenesis. The Wnt ligand
represses GSK3b activity via the interaction with coiled-coil re-
ceptors and LRP5/LRP6 co-receptor transduction, eventually lead-
ing to b-catenin protein accumulation in the nucleus [26]. TheWnt/
b-catenin signaling cascade is activated abnormally in colorectal
cancer, leading to both the development and progression of the
disease, as well as resistance to cancer treatments [27]. Wnt
signaling suppression enhances chemotherapeutic drug sensitivity
to tumor cells [28,29]. However, to our knowledge, the regulatory
relationship between the Wnt pathway and MGMT in CRC remains
elusive.
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Our results suggest that CRC cells with higher MGMTexpression
were resistant to DDP treatment. Inhibition or knockdown of
MGMT increased the sensitivity of CRC cells to DDP treatment,
whereas MGMT overexpression led to DDP resistance. Additionally,
MGMT expression in CRC-resistant cells is positively correlated
with key factors of the Wnt pathway, and MGMT-mediated DDP
resistance is inextricably due to CDK1 and XRCC6 interaction.

2. Materials and methods

2.1. Clinical tissue samples

Tumor samples were collected from patients with CRC who
underwent surgical resection at the First Affiliated Hospital of Xi 'an
Jiaotong University, Xi'an, China. These CRC tissue samples were
immediately frozen in liquid nitrogen and stored at�80 �C for
subsequent experiments. The cases were collected according to a
clear pathological diagnosis and patient consent. This study was
approved by the Internal Reviewand Science Committee of the First
Affiliated Hospital of Xi'an Jiaotong University (Approval No.:
XJTU1AF2023LSK-2023-218).

2.2. Cell culture

All cells were identified using a short tandem repeat analysis
before being used for experimental studies. HCT116, SW480, MC38,
and HEK293T cells were cultured in Dulbecco's modified Eagle
medium (DMEM) (Gibco; Thermo Fisher Scientific Inc., Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco;
Thermo Fisher Scientific Inc.) without antibiotics. All these cell lines
were maintained at 37 �C with 5% CO2 in a humidified incubator.

2.3. DDP-resistant cells

HCT116 cells were exposed to an initial DDP concentration of
2 mg/mL in DMEM plus 10% FBS. The surviving cell population was
grown to 80% confluence and passaged twice over nine days to
ensure viability. The half maximal inhibitory concentration (IC50)
values for DDP were measured using the thiazolyl blue tetrazolium
bromide (MTT) assay every month. Cells were exposed to half dose
of the IC50. Drug-resistant cell lines were obtained after a six-
month stimulation. HCT116 cells were then continuously main-
tained with 5 mg/mL DDP for three months to stabilize it. The
control parental cells were passaged in parallel.

2.4. IC50 assay

Cells were seeded into 96-well plates at a density of 5� 103 cells/
well. The drug was diluted in a gradient, and the diluted drug was
added to the 96-well plate. Cells were incubated in a 5% CO2 incu-
bator at 37 �C for 48 h. Then, a 10 mL of MTT solution (5 mg/mL) was
added to each well and cells were incubated for another 4 h. After
discarding the incubation solution, 100 mL of dimethyl sulfoxide
(DMSO) was added to each well to fully dissolve the precipitate, and
the optical density (OD) value at 490 nm was detected using an
automatic microplate reader (Tecan, M€annedorf, Switzerland). The
data were analyzed and the IC50 curve was plotted.

2.5. Cell proliferation assay

Cells were seeded into 96-well plates at a density of 2� 103 cells/
well, and 10 mL ofMTTsolution (5mg/mL)was added after 24, 48, 72,
96, 120, or 148 h. After continuing incubation for 4 h, the medium in
the wells was discarded, and 100 mL of DMSO was added to dissolve
the precipitate. After the precipitatewas dissolved, the absorbance of



Table 1
Primers used in quantitative real-time polymerase chain reaction (RT-qPCR).

Primer names Sequences

MGMTþ 50-ACCGTTTGCGACTTGGTACTT-30

MGMT� 50-GGAGCTTTATTTCGTGCAGACC-30

GAPDHþ 50-AAGGTCGGAGTCAACGGATTTGGT-30

GAPDH� 50-AAGCTTCCCGTTCTCAGCCTTGAC-30

CDK1þ 50-CAGAGCTTTGGGCACTCCCAATAA-30

CDK1� 50-CCAGAAATTCGTTTGGCTGGATCA-30

MGMT: O6-methylguanine (O6-MG)-DNA-methyltransferase; GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase; CDK1: cyclin dependent kinase 1.
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the wells was measured at 490 nm. The growth curve was then
plotted according to the measured absorbance.

2.6. SA-b-galactosidase (b-gal) staining

Cells were grown in 24-well plates, the cell culture mediumwas
discarded, and cells were washed once with phosphate-buffered
saline (PBS). The wells were added with 4% paraformaldehyde,
and the cells were fixed at room temperature for 15 min. The
staining working solution (Beyotime, Shanghai, China) was config-
ured according to the manufacturer's instructions. Cells were incu-
bated overnight at 37 �C after adding the staining working solution
to each well. The stained cells were observed and photographed
under ordinary light microscope (Leica, Wetzlar, Germany).

2.7. 5-Bromo-20-deoxyuridine (BrdU) assay

Cells were seeded in 48-well plates and cultured for 2 h after
adding BrdU (3 mg/mL) to the culture medium. The cells were
completely submerged with cooled 4% paraformaldehyde and fixed
for 30 min at room temperature after discarding the medium. The
fixative was discarded, and the cells were washed three times with
PBS. Then, 2 M hydrochloric acid was added to the wells, and the
cells were incubated at 37 �C for 30 min. Hydrochloric acid was
removed, and cells were washed with PBS three times. The cells
were washed twice with 0.1 M Na2B4O7 at room temperature. The
treated cells were then incubated with an anti-BrdU antibody
(1:300; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at
4 �C. Cells were incubated with Cy3-coupled secondary antibody
(1:300; Proteintech, Wuhan, China) for 1 h at room temperature
after washing three times. Cells werewashed and stainedwith 40,6-
diamidino-2-phenylindole (DAPI), and the nuclei were visualized
under a fluorescent microscope (Nikon, Tokyo, Japan).

2.8. Ki67 fluorescence intensity assay

Cells were washed once with PBS containing 1% FBS (FB). Cells
were then resuspended using a fixation/permeabilization buffer
(Invitrogen, Carlsbad, CA, USA) for 30e60 min at room tempera-
ture. Cells were subsequently washed with a permeabilization
buffer (Invitrogen) and incubated with a Ki67 antibody (1:200;
Proteintech) for 1 h at 4 �C. Thereafter, cells were incubated with
CoraLite594-coupled fluorescent secondary antibody (1:250; Pro-
teintech) for 30 min at 4 �C, after being washed twice with FB. Cells
were resuspended with a permeabilization buffer, and fluorescence
intensity was measured using flow cytometry (Agilent Technolo-
gies, Santa Clara, CA, USA).

2.9. Apoptosis assay

Using ethylenediamine tetraacetic acid (EDTA)-free trypsin,
cells were collected. A negative control group, a positive control
group, and an experimental group were set up for the assay. Cells
were washed with PBS and counted, and 5 � 105 resuspended cells
were stained using the FITC-Annexin V/PI Apoptosis Kit (UElandy,
Suzhou, China). After incubation, cells were resuspended by
directly adding 1� annexin V binding buffer and immediately
detected via flow cytometry.

2.10. RNA extraction, quantitative real-time polymerase chain
reaction (RT-qPCR), and RNA-sequencing (RNA-seq) analysis

Total RNA was extracted from the cell lines using TRIzol reagent
(Solarbio, Beijing, China) according to standard protocols. RNA was
converted to complementary DNA (cDNA) using the Evo M-MLV RT
3

Mix Kit with gDNA Clean for qPCR (Accurate Biotechnology,
Changsha, China). To perform RT-qPCR, Agilent Aria real-time sys-
tem (Agilent Technologies) was used. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal reference for
messenger RNA (mRNA) quantification. Primer sequences are
demonstrated in Table 1. Each experiment was repeated three
times.

The RNA-seq platform used in the cell lines is TruSeq mRNA-seq
and the RNA-seq platform used in the patient tumor tissue is
NovaSeq6000. RNA-seq data were filtered through rapid quality
control (www.bioinformatics.babraham.ac.uk/projects/fastqc/,
accessed March 28, 2022) using Cutadapt to remove adapters and
low-quality bases. Gene-level quantification was then performed
using Salmon, and the DESeq2 R package was used to detect
differentially expressed genes with a log-transformed fold change
> 2 and a BenjaminieHochberg adjusted P-value < 0.1. Metascape
was used for the enrichment analysis of pathways and biological
processes with differentially expressed genes [30e32].

2.11. Western blot assay

Cells were lysed with radioimmunoprecipitation assay (RIPA)
lysis buffer (Beyotime) containing protease and phosphatase in-
hibitors. By employing the Enhanced BCA Protein Assay Kit (Beyo-
time), protein concentration was detected. Cell lysates were
denatured with 5� sodium dodecyl sulfate (SDS) loading buffer for
5min at 95 �C. Equal amounts of proteins were added to the sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to polyvinylidene fluoride (PVDF) blotting mem-
branes (Millipore, Billerica, MA, USA). Next, PVDF blotting mem-
branes were blocked with 5% nonfat milk for 2 h at room
temperature and blocked with a mixture of proteins targeting
MGMT (1:2000; Proteintech), poly (adenosine diphosphate (ADP)-
ribose) polymerase 1 (PARP1) (1:2000; Proteintech), cleaved PARP1
(1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA), cas-
pase-3 (1:1000; Cell Signaling Technology, Inc.), cleaved caspase-3
(1:1000; Cell Signaling Technology, Inc.), caspase-7 (1:1000; Cell
Signaling Technology, Inc.), cleaved caspase-7 (1:1000; Cell
Signaling Technology, Inc.), cyclin D1 (1: 1000; Cell Signaling
Technology, Inc.), beta catenin (1:10,000; Proteintech), cyclin
dependent kinase inhibitor 1A (P21) (1:1000; Proteintech), cyclin
dependent kinase inhibitor 2A (P16) (1:1000; Proteintech), CDK1
(1:1000; Proteintech), XRCC6 (1:10000; Proteintech), HA tag
(1:5000; Proteintech), ubiquitin (1:2000; PTM Bio, Hangzhou,
China), GAPDH (1:10000; Proteintech), and a-tubulin (1:10000;
Proteintech) at 4 �C overnight. The membranes were then washed
three times with Tris-buffered saline with Tween-20 (TBST) and
incubated with the corresponding secondary goat-anti-rabbit IgG
(1:10000; Proteintech) or goat-anti-mouse IgG antibody (1:10000;
Proteintech) for 2 h at room temperature. After rewashing, protein
bands were detected with a chemiluminescent horseradish
peroxidase (HRP) substrate (Millipore) in the ChemiDoc™ MP
system (Bio-Rad, Hercules, CA, USA).

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


H. Zhang, Q. Li, X. Guo et al. Journal of Pharmaceutical Analysis 14 (2024) 100950
2.12. Stable short hairpin RNA (shRNA) transfection

To construct a recombinant plasmid, the shRNAs were inserted
into the plasmid vector pLKO.1. The shRNA sequences are demon-
strated in Table 2. The recombinant plasmid vector pLKO.1 and
helper plasmid vectors pVSVG, pREV, and pGAG were conjugated
with Lipofectamine 2000 (Invitrogen) and transfected into 293T
cells. Supernatants from the 293T cells were collected after 48 and
72 h, and the virus was concentrated with PEG8000. The HCT116-
DDP cells were infected with lentivirus, and polybrene (Solarbio)
was added to improve infection efficiency. The cells were screened
with puromycin (2 mg/mL) for 48 h after infection.
2.13. Stable transfection of overexpression plasmids

The coding DNA sequence region of the MGMT was amplified
through high-fidelity PCR and inserted into the plasmid vector
pLVX-HA-IRES-Neo. The primer sequences were as follows: MGMT-
HAþ, 50-CGGAATTCaccgtttgcgacttggtact-30, MGMT-HAe, and 50-
CCCTCGAGgtttcggccagcaggcgg-3'. The recombinant pLVX-HA-IRES-
Neo vector plasmid, the helper vector psPAX2, and pMD2.G were
mixed with Lipofectamine 2000 and transfected into 293T cells.
Supernatants were collected at 48 and 72 h, and PEG8000 was
added to concentrate the virus. HCT116, SW480, and MC38 cells
were infected with lentivirus and cells were screened with G418
(Solarbio) for 48 h to obtain stable transfected cell lines.
2.14. Immunohistochemistry staining

C57BL/6J mice subcutaneous tumor tissue sections were dew-
axed and hydrated. To inactivate the endogenous enzyme, an
appropriate amount of endogenous peroxidase blocker was added to
Table 2
Short hairpin RNA (ShRNA) sequences.

ShRNA names Sequences

shMGMT-SiR1þ 50-ccggCAAGGATTGTGAAATGAAAggatccTTTCATTTCA
CAATCCTTGtttttg-30

shMGMT-SiR1e 50-aattcaaaaaCAAGGATTGTGAAATGAAAggatccTTTCATT
TCACAATCCTTG-30

shMGMT-SiR2þ 50-ccggGACAAGGATTGTGAAATGAggatccTCATTTCACA
ATCCTTGTCtttttg-30

shMGMT-SiR2e 50-aattcaaaaaGACAAGGATTGTGAAATGAggatccTCATTT
CACAATCCTTGTC-30

shMGMT-SiR3þ 50-ccggGTTCACCAGACAGGTGTTAggatccTAACACCTGT
CTGGTGAACtttttg-30

shMGMT-SiR3e 50-aattcaaaaaGTTCACCAGACAGGTGTTAggatccTAACAC
CTGTCTGGTGAAC -30

shCTNNB1-SiR1þ 50-ccggGGGTTCAGATGATATAAATggatccATTTATATCAT
CTGAACCCtttttg-30

shCTNNB1-SiR1e 50-aattcaaaaaGGGTTCAGATGATATAAATggatccATTTATAT
CATCTGAACCC-30

shCTNNB1-SiR2þ 50-ccggCCCAAGCTTTAGTAAATATggatccATATTTACTAA
AGCTTGGGtttttg-30

shCTNNB1-SiR2e 50-aattcaaaaaCCCAAGCTTTAGTAAATATggatccATATTTAC
TAAAGCTTGGG-30

shCTNNB1-SiR3þ 50-ccggGCCACAAGATTACAAGAAAggatccTTTCTTGTAA
TCTTGTGGCtttttg-30

shCTNNB1-SiR3e 50-attcaaaaaGCCACAAGATTACAAGAAAggatccTTTCTTG
TAATCTTGTGGC-30

shXRCC6-SiR1þ 50-ccggCAGGGTGGGAGTCATATTAggatccTAATATGACT
CCCACCCTGtttttg-30

shXRCC6-SiR1e 50-aattcaaaaaCAGGGTGGGAGTCATATTAggatccTAATATG
ACTCCCACCCTG-30

shXRCC6-SiR2þ 50-ccggGGTTGAAGCAATGAATAAAggatccTTTATTCATT
GCTTCAACCtttttg-30

shXRCC6-SiR2e 50-aattcaaaaaGGTTGAAGCAATGAATAAAggatccTTTATTC
ATTGCTTCAACC-30

MGMT: O6-methylguanine (O6-MG)-DNA-methyltransferase.

4

the tissue sections and incubated for 10 min at room temperature.
The tissue sections were immersed in citrate buffer for antigenic
epitope repair. The tissue sectionswere rinsed in PBS. Tissue sections
were blocked with 3% bovine serum albumin (BSA) for 30 min at
room temperature. Then, the tissue sections were incubated with
primary antibodies MGMT (1:100; Proteintech), Ki67 (1:500; Serv-
icebio, Wuhan, China), and cleaved caspase-3 (1:500; Servicebio)
overnight at 4 �C. Tissue sections were washed three times with PBS
and incubated with biotinylated secondary antibodies for 30 min at
room temperature. The tissue was washed three times with PBS and
incubated with streptavidin-biotin-peroxidase complex for 20 min
at room temperature after incubation of the secondary antibody.
Sections were stained using diaminobenzidine (DAB). Finally, the
nuclei were stained with hematoxylin, and then the sections were
dehydrated, sealed, and microscopically observed.
2.15. TdT-mediated dUTP nick-end labeling (TUNEL) assay

C57BL/6J mice subcutaneous tumor sections were dewaxed and
hydrated. Histochemical pens were used to draw circles on the
tissue. The sample area was fixed using 4% paraformaldehyde for
15min, and then the sample areawas permeabilizedwith 20 mg/mL
proteinase K at room temperature for 30 min. The sections were
rinsed twice with PBS and excess liquid was blotted off using a filter
paper. TUNEL reaction solutionwas prepared for staining according
to the manufacturer's instructions for the TUNEL Apoptosis Kit
(UElandy). After adding a 50 mL of TUNEL reaction solution to each
sample area, the samples were incubated at 37 �C for 2 h. The
TUNEL reaction solution was then discarded from the samples, and
the samples were rinsed twice using PBS. The sample area was
incubated with 5 mg/mL DAPI staining solution for 5 min at room
temperature. After washing the sample area twice with PBS, excess
liquid was blotted off with a filter paper, and 100 mL of PBS was
added to the sample area to maintain moisture. Sections were
observed using a fluorescent microscope (Nikon).
2.16. Immunofluorescence staining

Cells were fixed with 4% formaldehyde for 15 min and blocked
with a mixture of PBS, 1% BSA, and 0.1% Triton X-100 for 2 h. Cells
were incubated with anti-phospho-H2A.X (S139) rabbit pAb (1:200;
Servicebio) at 4 �C overnight. Cells were washed three times with
PBS and incubatedwith CoraLite488-conjugated goat anti-rabbit IgG
(1:250; Proteintech) for 2 h at room temperature. The cells were
washed three times with PBS. Finally, DAPI was used to stain the
nucleus. Images were examined under a fluorescent microscope
(Nikon).
2.17. Mass spectrometric analysis

HCT116 cells with MGMT-HA overexpression were lysed with a
lysis buffer (20-mM Tris, 150-mM NaCl, and 1% Triton X-100; pH
7.5). HA tag polyclonal antibody (51064-2-AP; Proteintech) and
rabbit IgG control polyclonal antibody (30000-0-AP; Proteintech)
were incubated with lysis for 1 h at room temperature. Protein A/G
Magnetic Beads (Epizyme, Inc., Shanghai, China) were washed with
a binding buffer (50-mM Tris, 150-mM NaCl, and 0.1%e0.5% NP40;
pH7.5). The antigeneantibody complexes were incubated with the
beads for 1 h at room temperature. The antigeneantibodyebeads
complexes were washed with the binding buffer, and mass spec-
trometry (MS) analysis was conducted. The identified proteins
were enriched through the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway using Sangerbox 3.0 software.



Fig. 1. Elevated O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) expression is related to slow-cycling cells and DNA damage repair in cisplatin (DDP)-resistant colo-
rectal cell line. (A) Culture of DDP-resistant cell lines. (B, C) Half maximal inhibitory concentration (IC50) curves (B) and IC50 values (C) of HCT116-DDP cells to DDP at 0, 1, 2, and 6
months. (D) Proliferation of HCT116 and HCT116-DDP cells. (E) Representative images of b-galactosidase (b-gal) staining in HCT116 and HCT116-DDP cells. (F) Percentage of b-gal
positive cells in HCT116 and HCT116-DDP cells. (G) Ki67 staining intensity of HCT116 and HCT116-DDP cells by flow cytometry. (H) Quantification of Ki67 expression in HCT116 and
HCT116-DDP cells. (I) 5-Bromo-20-deoxyuridine (BrdU) staining for HCT116 and HCT116-DDP cells. (J) Proportion of BrdU-positive cells in HCT116 and HCT116-DDP cells. (K, L) Gene
Ontology (GO) enrichment analysis of upregulated (K) and downregulated (L) genes in HCT116-DDP compared to HCT116. (M) Volcano map analysis for altered genes in HCT116-
DDP compared to HCT116. (N) Protein level expression of MGMT in HCT116 and HCT116-DDP. (O) Messenger RNA (mRNA) level expression of MGMT in HCT116 and HCT116-DDP.
Data were statistically analyzed using Student's t-test. **P < 0.01 and ***P < 0.001. ns: no significance. MFI: mean fluorescence intensity; DAPI: 4,6-diamino-2-phenyl indole; ECM:
extracellular matrixc; CRC: colorectal cancer; ESR: erythrocyte sedimentation rate.
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2.18. Co-immunoprecipitation (Co-IP) assay

HCT116 cells and HCT116 cells with MGMT-HA overexpression
were lysed using 500 mL of a binding buffer (50 mM Tris, 150 mM
NaCl, and 0.1%e0.5% NP40; pH7.5) with the addition of phenyl-
methanesulfonyl fluoride. Approximately 25 mL of anti-HA
5

magnetic beads (Epizyme) was washed with a binding buffer. The
lysis was incubatedwith the beads for 1 h at room temperature. The
antigeneantibodyebeads complexes were washed with a binding
buffer, and then a 50 mL of 1� SDS-PAGE loading buffer was added
to the tube. The tubes were heated and boiled at 100 �C for 10 min.
To detect CDK1 (ET1607-51; Huabio, Hangzhou, China), XRCC6



Fig. 2. Knockdown of O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) enhances cisplatin (DDP) susceptibility in HCT116-DDP cells. (A) MGMT expression level in
HCT116-DDP cells with MGMT knockdown by Western blot assay. (B) Messenger RNA (mRNA) level expression of MGMT in HCT116-DDP cells with MGMT knockdown. (C) Pro-
liferation of HCT116-DDP cells with or without MGMT knockdown. (D) Ki67 staining intensity of HCT116-DDP with or without MGMT knockdown by flow cytometry. (E) Quan-
tification of Ki67 expression in HCT116-DDP cells with or without MGMT knockdown. (F) 5-Bromo-20-deoxyuridine (BrdU) staining of HCT116-DDP cells with or without MGMT
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(66607-1-Ig; Proteintech), and HA tag (51064-2-AP; Proteintech)
expression, Western blotting was performed. The same method
was employed to SW480 cells to detect the interaction.

2.19. Mouse subcutaneous tumor model

Male C57BL/6J mice (6e8 weeks old, 18e20 g) were obtained
from the experimental animal center of Xi'an Jiaotong University
(Xi'an, China). Animals were housed under standard specific
pathogen-free conditions with standard chow and typical light/
dark cycle. The mice were allowed seven days to adapt to the
environment prior to the experiment.

Vector MC38 cells and MGMT-overexpression (OE) MC38 cells
(1� 106/mouse) were subcutaneously injected into the right back of
C57BL/6J mice. When the tumor volume reached 50e100 mm3,
treatment was initiated. Mice bearing vector MC38 cells were then
injected with DDP (4 mg/kg; TopScience, Shanghai, China) intra-
peritoneally every three days as a control group. Mice bearing
MGMT-OE MC38 cells were randomly divided into two groups
(n ¼ 5/group). The mice in the MGMT-OE þ DDP group were then
treated with DDP every three days, and mice in the MGMT-
OEþDDPþO6-benzylguanine (O6-BG) groupwere treatedwithDDP
and O6-BG (5 mg/kg; Topscience) every three days.

Theweight and tumor sizes weremeasured every two days after
administration and calculated using a caliper expressed using the
following formula: 1/2 � length � width2. The mice in each group
were sacrificed to dissect the tumor and the tumor weight was
recorded on day 20. All animal procedures were conducted in
accordance with ethical regulations for animal testing and research
and were approved by the Medical Ethics Committee of Xi'an
Jiaotong University (Approval No.: 2023-22).

2.20. Statistical analysis

All data were presented as the means ± standard deviation (SD),
and statistical analyses were performed using the GraphPad Prism
(version 8, La Jolla, CA, USA) with Student's t-test. For all analyses,
statistical significance was set at P < 0.05.

3. Results

3.1. Cisplatin (DDP)-resistant colorectal cell line demonstrated an
elevated level of MGMT expression

HCT116 cells were exposed to the completemediumwith DDP for
a long time, and DDP-resistant cells were obtained after 6 months
(Fig. 1A). The IC50 for DDP in the DDP-resistant cell lines was eight-
fold higher than that of the parental cells (Figs. 1B and C). Mean-
while, the DDP-resistant cell lines also demonstrated resistance to
oxaliplatin (Figs. S1A and B), indicating the presence of multidrug
resistance in DDP-resistant cells. Phospho-H2A.X (S139) (g-H2AX)
staining revealed that DDP-resistant cells were more resistant to
DDP-induced DSBs than parental cells (Figs. S1C and D). Growth
curves were plotted via the MTT assay, indicating that HCT116-DDP
grew significantly slower than the parental cells (Fig. 1D). b-gal
staining revealed a significantly higher senescence rate of HCT116-
DDP than that of the parental cells (Figs. 1E and F), accompanied
knockdown. (G) Proportion of BrdU-positive cells in HCT116-DDP cells with or without MGM
(I) in HCT116-DDP cells with or without MGMT knockdown to DDP. (J) The expression level
caspase-7, and cleaved caspase-7 in HCT116-DDP cells with or without MGMT knockdown a
HCT116-DDP cells with or without MGMT knockdown by 100 mg/mL DDP. (L) Apoptosis level
cytometry analysis. (M) Quantitative analysis of apoptosis rate of HCT116-DDP cells with o
tistically analyzed using Student's t-test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns: no sign
mean fluorescence intensity; DAPI: 4,6-diamino-2-phenyl indole; PI: propidium iodide.
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by remarkable slow growth features. The mean fluorescence in-
tensity (MFI) of Ki67 was significantly decreased in HCT116-DDP
compared to the parental cells through flow cytometry analysis
(Figs. 1G and H). Meanwhile, the proportion of BrdU-positive cells in
HCT116-DDP cells was considerably reduced than that of parental
cells (Figs. 1I and J), which is consistent with b-gal and Ki67 staining.
The above results indicated that drug-resistant cells escape from
chemotherapy through a temporary reduction of proliferation.

We performed transcriptome sequencing on drug-resistant cells
and parental cells to explore the mechanism of DDP-induced resis-
tance in CRC. Gene Ontology (GO) analysis suggested that the genes
with an elevated expression were mainly enriched in the negative
regulation of the cell population proliferation pathway (Fig. 1K),
while the downregulated genes were mostly enriched in cell pro-
liferation, DNA replication, and cell cycle pathway (Fig. 1L). MGMT
was noted among the elevated genes through gene expression dif-
ference analysis (Fig. 1M). MGMT is involved in the DNA-repair
system that can remove alkylating lesions using DNA alkyltransfer-
ase such as DDP. To validate the expression level ofMGMT inparental
cells and HCT116-DDP, which revealed that MGMT was significantly
elevated in HCT116-DDP, immunoblotting (Fig. 1N) and qPCR
(Fig. 1O) were employed. Additionally, we used the Search Tool for
Recurring Instances of Neighbouring Genes (STRING) database for
interaction analysis (Figs. S1E and F) to explore the relationship be-
tweenMGMTand the relevant enrichment pathways, which showed
a close relationship between MGMT and DNA replication and cell
cycle pathways. These results indicate that cell proliferation repres-
sion and DNA damage repair are closely related to DDP-induced drug
resistance with MGMT being involved.
3.2. Repression of MGMT restores drug-resistant cell sensitivity to
DDP

We knocked down MGMT in HCT116-DDP and tested its effi-
ciency to examine the role of MGMT in DDP-resistant cells (Figs. 2A
and B). The MGMT knockdown accelerates the cell growth rate
through the MTTassay (Fig. 2C). The promotion of proliferationwas
further verified by Ki67 staining (Figs. 2D and E) and BrdU staining
(Figs. 2F and G) in HCT116-DDP cells after MGMT knockdown.
Moreover, the IC50 of the HCT116-DDP cells with MGMT knock-
down to DDP and oxaliplatinwere significantly decreased (Figs. 2H,
2I, S2A, and S2B), suggesting that MGMTmediates chemoresistance
in CRC. We examined the expression of pro-apoptotic markers
(PARP1, cleaved PARP1, caspase-7, and cleaved caspase-7) after DDP
treatment to investigate the mechanism (Fig. 2J). The accumulation
of cleaved PARP1 and cleaved caspase-7 in drug-resistant cells was
noted after elimination of MGMT after 100 mg/mL DDP treatment
(Fig. 2K), and the apoptosis rate of HCT116-DDP under DDP treat-
ment after MGMT knockdownwas elevated (Fig. 2L). The apoptosis
rate was demonstrated in a dose-dependent manner and markedly
increased after MGMT depletion (Fig. 2M). g-H2AX staining
revealed that MGMT knockdown could enhance DSBs induced by
DDP (Figs. S2C and D). To further test targeting MGMT to restore
DDP sensitivity in drug-resistant cells, we applied O6-BG, a potent
MGMT inhibitor, combined with DDP on drug-resistant cells.
HCT116-DDP was found to be more sensitive to O6-BG with a
slightly lower IC50 compared to the parental cells (Figs. S2E and F).
T knockdown. (H, I) Half maximal inhibitory concentration (IC50) curves (H) and values
s of poly (adenosine diphosphate (ADP)-ribose) polymerase 1 (PARP1), cleaved PARP1,
fter treatment with DDP. (K) Quantification of cleaved PARP1 and cleaved caspase-7 in
s in HCT116-DDP with or without MGMT knockdown after treatment with DDP by flow
r without MGMT knockdown treated with 10, 20, and 100 mg/mL DDP. Data were sta-
ificance. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; sh: short hairpin; MFI:



Fig. 3. Overexpression of O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) decreases the cisplatin (DDP) sensitivity in colorectal cell lines. (A, B) The expression levels of
MGMT in HCT116 (A) and SW480 (B) with or without MGMT overexpression. (C, D) Proliferation of HCT116 (C) and SW480 (D) with or without MGMT overexpression. (E, F) 5-
Bromo-20-deoxyuridine (BrdU) stainings of HCT116 (E) and SW480 (F) cells with or without MGMT overexpression. (G, H) Proportion of BrdU-positive cells in HCT116 (G) and
SW480 (H) cells with or without MGMT overexpression. (I, J) Ki67 stain intensity of HCT116 (I) and SW480 (J) cells with or without MGMT overexpression by flow cytometry. (K, L)
Half maximal inhibitory concentration (IC50) curves (K) and values (L) of DDP on HCT116 with or without MGMT overexpression. (M, N) IC50 curves (M) and values (N) of DDP on
SW480 with or without MGMT overexpression. (O, P) IC50 curves (O) and values (P) of DDP on HCT116 cells overexpressing MGMT with or without O6-benzylguanine (O6-BG)
(50 mM). (Q, R) IC50 curves (Q) and values (R) of DDP on SW480 overexpressing MGMT with or without O6-BG (50 mM). Data were statistically analyzed using the Student's t-test.
*P < 0.05, **P < 0.01, and ***P < 0.001. ns: no significance. OE: overexpression; DAPI: 4,6-diamino-2-phenyl indole.
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However, IC50 to DDP was significantly decreased when combined
with 50 mM O6-BG compared to the control group (Figs. S2G and H).
These results support that the MGMT expression level is positively
correlated with resistance of CRC cells to DDP.

3.3. MGMT overexpression is associated with DDP resistance by
inducing slow-cycling cells

We stably overexpressed MGMT in HCT116 and SW480 to
further elucidate the role of MGMT in CRC cells. MGMT expression
level was significantly elevated in the overexpression group
through an immunoblotting assay (Figs. 3A and B). The cancer cell
8

proliferation rate was repressed after MGMT overexpression (Figs.
3C and D), which was supported by less BrdU incorporation (Figs.
3E�H) and the decline in Ki67 (Figs. 3I and J). Meanwhile, the
IC50 of the MGMT overexpression groups to DDP was significantly
increased (Figs. 3K�N) indicating that it was less sensitive
compared to the control. Consistently, MGMT overexpression has
been shown to significantly enhance CRC cell resistance to oxali-
platin (Figs. S3A�D). O6-BG could partially reverse MGMT-
mediated anti-apoptosis to DDP treatment. Consistently, IC50 for
DDP significantly decreased in the combination group (DDP þ O6-
BG) compared to DDP alone (Figs. 3O�R). Thus, O6-BG inhibited
DDP resistance caused by MGMT.



Fig. 4. O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) overexpression enhances cisplatin (DDP)-induced apoptosis in HCT116 and SW480 cells. (A, B) Apoptosis levels
in HCT116 (A) and SW480 (B) cells with or without MGMT overexpression after treatment with DDP by flow cytometry analysis. (C) Quantitative analyses of apoptosis rates of
HCT116 (C) and SW480 (D) cells with or without MGMT overexpression treated with 1, 2, and 10 mg/mL DDP. (E, F) The expression levels of HCT116 (E) and SW480 (F) with or
without MGMT overexpression apoptosis markers poly (adenosine diphosphate (ADP)-ribose) polymerase 1 (PARP1), cleaved PARP1, caspase-3, cleaved caspase-3, caspase-7, and
cleaved caspase-7 after treatment with DDP. (G) Phospho-H2A.X (S139) (g-H2AX) staining for HCT116 cells with or without MGMT overexpression after DDP treatment. (H)
Percentage of g-H2AX positive cells in HCT116 cells with or without MGMT knockdown after DDP treatment. (I) g-H2AX staining for SW480 cells with or without MGMT over-
expression after DDP treatment. (J) Percentage of g-H2AX positive cells in SW480 cells with or without MGMT knockdown after DDP treatment. Data were statistically analyzed
using Student's t-test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns: no significance. OE: overexpression; PI: propidium iodide; DAPI: 4,6-diamino-2-phenyl indole.
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3.4. MGMT overexpression alleviated DDP-induced apoptosis and
DSBs

After DDP treatment, the apoptosis rates of the MGMT over-
expression groups were significantly lower than that of the control
group (Figs. 4A�D). The accumulation of cleaved PARP1, cleaved
caspase-3, and cleaved caspase-7 were accompanied by an increase
in DDP concentration; however, the expression levels dramatically
declined in the overexpression group (Figs. 4E and F). g-H2AX
staining showed that MGMT overexpression weakened DDP-
induced DSBs in HCT116 (Figs. 4G and H) and SW480 (Figs. 4I and
J) cells. In conclusion, we found that MGMT overexpression in CRC
cells promoted DDP treatment resistance.
9

3.5. MGMT overexpression drives DDP resistance in vivo which can
be restored via O6-BG

MGMT was overexpressed in murine-derived colon cancer cell
MC38 followed by subcutaneous injection into the C57BL/6J mice
(Figs. 5A and B). The mice were divided into three groups:
Vector þ DDP, MGMT-OE þ DDP, and MGMT-OE þ DDP þ O6-BG
groups. Treatment was initiated on day 8 after subcutaneous in-
jection of tumor cells, and DDP (4 mg/kg) alone or combined with
O6-BG (5 mg/kg) was injected intraperitoneally every three days,
respectively. No significant differences were found for the body
weight among the three groups of mice, and the tumor grew faster
in the MGMT-OE þ DDP group compared to the Vector þ DDP



Fig. 5. In vivo validation of O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) affects the sensitivity of cisplatin (DDP) treatment. (A) Construction and treatment of
subcutaneous tumors in C57BL/6J mice. MC38 cells transfected with vector or MGMT were inoculated into C57BL/6J mice. DDP was injected at 4 mg/kg every three days. In the
MGMT-overexpression (OE) þ O6-benzylguanine (O6-BG) þ DDP group, O6-BG was injected at 5 mg/kg in parallel with DDP. After four cycles, tumors were harvested to measure
their size and weight. (B) The expression levels of MGMT in MC38 with or without MGMT overexpression. (C, D) Changes in body weight (C) and tumor volume (D) of the three
groups of mice. (E, F) Tumor size (E) and tumor weight (F) of the three groups of mice. (G) Representative images are shown for immunohistochemistry (IHC) analysis of MGMT,
Ki67, and cleaved caspase-3 and TdT-mediated dUTP nick-end labeling (TUNEL) fluorescence staining of tumor sections. Data were statistically analyzed using Student's t-test.
*P < 0.05, **P < 0.01, and ***P < 0.001. ns: no significance.
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group, which was partially reduced in the MGMT-OE þ DDP þ O6-
BG group (Figs. 5C and D). All mice were sacrificed after 20 days,
and subcutaneous tumors were obtained (Figs. 5E and F). Under
treatment, Ki67 expression was significantly upregulated in the
MGMT-OE þ DDP group compared to the Vector þ DDP group, and
cleaved caspase-3 expression was significantly weakened together
with a decreased TUNEL stain intensity. The MGMT-OE þ O6-
BG þ DDP group demonstrated a lower Ki67 expression, cleaved
caspase-3 accumulation, and higher TUNEL stain intensity
compared to the MGMT-OE þ DDP group (Fig. 5G). Altogether,
MGMT mediated DDP-induced resistance in vivo and can be
partially reversed via O6-BG.

3.6. MGMT induces slow-cycling cells by degrading CDK1

We analyzed the expression of cell cycle-related proteins (P21,
P16, CDK1, and cyclin D1) in HCT116-DDP cells after MGMT
knockdown to investigate themechanism of howMGMTaffects cell
10
proliferation (Fig. 6A). P21 and P16 decreased, while the CDK1
expression increased after MGMT depletion. Meanwhile, P21 and
P16 were upregulated and cyclin D1 and CDK1 were reduced in
MGMT-overexpressed HCT116 cells (Fig. 6B). p21 was upregulated
and CDK1 and cyclin D1 were reduced in MGMT-overexpressed
SW480 cells; however, p16 did not significantly change (Fig. 6C).
Since P21 and CDK1 were consistent in resistant cells and parental
cells, we highlighted on P21 and CDK1, which have been reported
as major regulators of the cell cycle.

To determine how MGMT affects the cell cycle, we stably over-
expressed MGMT-HA in HCT116 cells. The HA immunomagnetic
beads were used for immunoprecipitation, and the precipitated
antigeneantibody complex was analyzed using protein MS, with
the IgG magnetic beads as control (Fig. 6D). The IgG and HA groups
were then analyzed using a Venn diagram, and 522 proteins were
screened (Fig. 6E). Using the KEGG database, these proteins were
enriched. Pathways such as base excision repair, DNA replication,
cell cycle, and nonhomologous end joining were identified (Fig. 6F).



Fig. 6. O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) induces slow cycling cells by promoting ubiquitination mediated degradation of cyclin dependent kinase 1
(CDK1). (A) Protein expression of cell cycle markers cyclin dependent kinase inhibitor 2A (P16), cyclin dependent kinase inhibitor 1A (P21), CDK1, and cyclin D1 in HCT116-cisplatin
(DDP) with or without MGMT knockdown. (B, C) Protein expression of cell cycle markers P16, P21, CDK1, and cyclin D1 in HCT116 (B) and SW480 (C) cells with or without MGMT
overexpression. (D) Mass spectrometry (MS) analysis of proteins interacting with MGMT. (E) Venn diagram analysis of MS results of HA group compared to IgG group. (F) Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment of proteins interacting with MGMT. (G) Proteins that interact with MGMT. (H) Co-Immunoprecipitation (Co-IP) of MGMT
and CDK1 in HCT116 cells. (I) Messenger RNA (mRNA) expression level of CDK1 after MGMT overexpression in HCT116 and SW480 cells. (J) The ubiquitin level of CDK1 in
HCT116 cells with or without MGMT overexpression. (K) CDK1 protein expression level in HCT116 cells with or without MGMT overexpression after cycloheximide (CHX) treatment.
(L, M) CDK1 protein expression level in HCT116 (L) and SW480 (M) cells with or without MGMT overexpression after Z-Leu-Leu-Leu-al (MG132) treatment. Data were statistically
analyzed using Student's t-test. ***P < 0.001. ns: no significance. sh: short hairpin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IB: immunoblotting; Ub: ubiquitin.
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We found CDK1 in the protein enriched by the cell cycle pathway
and XRCC6 in the protein enriched in the NHEJ pathway (Fig. 6G).
Moreover, the interaction between MGMT and CDK1 by Co-IP in
HCT116 and SW480 cells was verified (Figs. 6H and S3E).
11
As the CDK1 mRNA level did not decrease in HCT116 and
SW480 cells overexpressing MGMT (Fig. 6I), further investigation is
warranted. We hypothesized that MGMT plays a vital role in the
post-translational modification of CDK1. The ubiquitination level of



Fig. 7. O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) interacts with XRCC6 involved in the nonhomologous end joining. (A, B) Co-immunoprecipitation (Co-IP) of
MGMT and XRCC6 in HCT116 (A) and SW480 (B) cells. (C, D) Reverse verification of the interaction between XRCC6 and MGMT in HCT116 (C) and SW480 (D) cells. (E) XRCC6
knockdown in HCT116 cells with or without MGMT overexpression. (F) Phospho-H2A.X (S139) (g-H2AX) staining for HCT116 cells with or without XRCC6 knockdown and MGMT
overexpression after cisplatin (DDP) treatment. (G) Percentage of g-H2AX positive cells in HCT116 cells with or without XRCC6 knockdown and MGMT overexpression after DDP
treatment. Data were statistically analyzed using Student's t-test. *P < 0.05. ns: no significance. IB: immunoblotting; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; sh: short
hairpin; DAPI: 4,6-diamino-2-phenyl indole; OE: overexpression.
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CDK1 was examined, and it was found that MGMT overexpression
can significantly increase the CDK1 ubiquitination level (Fig. 6J). We
exposed HCT116 cells with or without MGMT overexpression to
cycloheximide (CHX) (10mg/mL) every 4 h for 12 h. Compared to the
control group, MGMToverexpression had a significant adverse effect
on CDK1 (Fig. 6K). Thereafter, we exposed HCT116 and SW480 cells
with orwithoutMGMToverexpression toMG132 (5 mM).MG132 can
significantly rescue CDK1 degradation caused byMGMT (Figs. 6L and
M). The above results indicate that MGMTmaymediate slow-cycling
cell generation through ubiquitination degradation of CDK1.
3.7. MGMT interacts with XRCC6 for NHEJ to resist DNA damage
induced by DDP

We screened XRCC6 according to the previous MS results to
demonstrate the ability of MGMT to repair DSBs. NHEJ is a vital DNA-
repair pathway that repairs DSBs and allows resistance to platinum-
based chemotherapy such as DDP. The interaction between MGMT
and XRCC6 through Co-IP was verified (Figs. 7A�D). To verify that
MGMT achieves NHEJ through XRCC6, we knocked down XRCC6 in
HCT116 cells with or without MGMT overexpression (Fig. 7E). We
treated the cells with DDP and subsequently stained them with g-
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H2AX. The results revealed that MGMT overexpression could
significantly reduce DDP-induced DSBs. However, XRCC6 knock-
down on the basis of MGMT overexpression can significantly in-
crease DDP-induced DSBs (Figs. 7F and G). Furthermore, the EJ5-GFP
plasmid was employed to establish the correlation between MGMT
expression and NHEJ activity. The results demonstrated that MGMT
overexpression can significantly enhance the occurrence of NHEJ
(Figs. S3F and G). These findings highlight the significance of the
MGMT-XRCC6 complex in the NHEJ pathway and its possible
application for DDP-resistant cancer treatment.
3.8. MGMT confers drug-resistant cells via the Wnt pathway
activation

To investigate the upstream factors of MGMT in DDP-resistant
cancer cells, we treated HCT116-DDP cells with 58 inhibitors tar-
geting the most frequently aberrantly activated pathways in CRC,
including the Wnt/beta catenin, Hedgehog/smoothened, phos-
phoinositide 3-kinase/protein kinase B/mechanistic target of
rapamycin (PI3K/Akt/mTOR), Notch, casein kinase, and CDKs,
among others (Fig. 8A). All inhibitors were used at a concentration
of 10 mM. Inhibitors are considered effective when the cell viability



Fig. 8. Drug-resistant cells show a correlation between the activation of the Wnt pathway and elevated O6-methylguanine (O6-MG)-DNA methyltransferase (MGMT) levels. (A)
Eight classes of pathway inhibitors (58 in total) were used on HCT116-cisplatin (DDP) for pathway screening. (B) Heat map showing the results of inhibitor screening of HCT116-DDP
cells. (C) MGMT and Wnt pathway key factors correlation analysis by transcriptome data from 88 CRC patients' tissue. (D) Protein expression levels of MGMT and b-catenin in
HCT116 and HCT116-DDP cells. (E, F) Expression levels of MGMT in HCT116-DDP (E) and HT29 (F) cells with or without b-catenin knockdown. MTT: thiazolyl blue tetrazolium
bromide; GSK-3: glycogen synthase kinase-3; CDK: cyclin-dependent kinases.
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is below 50%. Among them, Wnt/beta-catenin inhibitors demon-
strated a pronounced inhibitory effect on drug-resistant cells
(Fig. 8B). It was suggested that the Wnt signal cascade contributes
to the acquired drug resistance in CRC cells. Furthermore, we per-
formed a correlation analysis between key factors of the Wnt
pathway (WNT3, WNT5B, FZD6, FZD7, FZD8, and CTNNB1) and
MGMT by sequencing transcriptome data from 88 CRC patients'
13
tumor tissues (Fig. 8C), and the results revealed a positive corre-
lation between the above factors and MGMT. Additionally, b-cat-
enin and MGMT were simultaneously elevated in drug-resistant
cells (Fig. 8D). Knockdown of b-catenin by shRNA repressed MGMT
expression in HCT116-DDP and HT29 cells (Figs. 8E and F). These
results demonstrated the Wnt dependency of MGMT in DDP-
induced drug-resistant cancer cells.
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4. Discussion

MGMT is a DNA-repair protein that prevents the adverse bio-
logical effects of DNA damage caused by guanine O6-alkylation.
Guanine O6-alkylation can cause DNA point mutations, chromo-
somal aberrations, recombination, and single-strand breaks and
DSBs at the molecular level [33]. The accumulation of guanine O6-
alkylation can lead to malignant cell transformation, proto-
oncogene activation, or apoptosis [34]. Thus, in normal cells,
MGMT often plays a positive role, eliminating the effects of alky-
lating agents, maintaining cellular genomic stability, and avoiding
cell malignancy or death [34]. However, in tumor cells, MGMT
prevents cells from inhibition by alkylating agents, which is
attributed to drug resistance; thus, it is important that the dual role
of MGMT for cancer prevention and treatment is elucidated [35].
Platinum is a first-line drug for CRC chemotherapy; however, ac-
quired resistance limits its therapeutic effect. In this study, we
found that MGMT promotes DDP resistance in CRC cells and MGMT
inhibition restores the sensitivity of drug-resistant cells to DDP.

Compared to the parental cells, MGMT was significantly
elevated in DDP-resistant cells. Drug-resistant cell exhibit a
disadvantage in growth rate compared to the parental cells, and
transcriptome sequencing revealed that differentially expressed
genes were enriched in cell proliferation regulation, DNA repair,
and cell cycle pathways. The drug resistance could be attributed to
slow-cycling state or DNA repair. Protein-protein interaction
network analysis showed interactions between the MGMT and cell
cycle as well as DNA-repair pathways. Hence, MGMT could impact
drug resistance through cell cycle state alterations in addition to
repairing DDP-induced DNA damage. To validate this hypothesis,
we knocked down MGMT in drug-resistant cells and assessed their
proliferation through Ki67 and BrdU stainings. Moreover, we
examined the occurrence of DSBs with g-H2AX staining. One of the
main ways to repair DSBs is NHEJ. The results revealed that the
proliferation rate of drug-resistant cells increased significantly after
MGMT knockdown. Meanwhile, the apoptosis rate and the DSBs
extent of drug-resistant cells with MGMT knockdown increased
significantly after DDP treatment. Conversely, the proliferation rate
decreased and the resistance to DDP increased significantly in
parental cells after MGMT overexpression. Consistently, the
apoptosis rate and the degree of DSBs decreased remarkably in CRC
cells with MGMT overexpression after DDP treatment.

In addition to excluding the impact of the alkylating agent, we
observed a particular function of MGMT in regulating the prolifer-
ation rate and NHEJ. We exerted considerable effort to elaborate the
molecular mechanism underlying MGMT function. According to the
protein spectra results, the proteins that interact with MGMT are
primarily focused on base excision repair, cell cycle, and NHEJ. CDK1
plays a crucial role among the proteins related to the cell cycle. After
overexpressing MGMT in CRC cells, a significant decrease in the
protein level of CDK1 was observed, while the mRNA did not
demonstrate a consistent trend. We have shown that MGMT pro-
motes ubiquitination for the degradation of CDK1, leading to slow-
cycling cell formation. MG132 can inhibit the protein degradation
of CDK1 by MGMT. According to previous studies, MGMT does not
have a role in NHEJ. We found that MGMT may interact with XRCC6
and contribute to NHEJ. When XRCC6 was knocked down in cells
that overexpressed MGMT concurrently, the effect was restored to
the level observed in wild-type cells. This explained howMGMT can
reduce the level of DSBs after DDP exposure.

MGMT is mainly regulated epigenetically and its promoter
methylation level tends to predict the therapeutic effect of temo-
zolomide in glioma [36], while there is limited knowledge
regarding the mechanisms of MGMT in CRC. Wnt activity is critical
for intestinal stem cell homeostasis and crypt cells [37], and
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adenomatous polyposis coli (APC) mutations are commonly found
in colonic epithelial cell transformation [38]. The APC mutation can
repress b-catenin intracytoplasmic degradation, leading to b-cat-
enin accumulation in the nucleus and sustained transcription of
Wnt target genes [39]. We found that multiple Wnt pathway in-
hibitors could repress cell viability of drug-resistant cells through a
screening process, indicating that the Wnt pathway has the po-
tential to maintain drug-resistant cancer cells. A positive correla-
tion was also found between MGMT and key factors in the Wnt
pathway from CRC patient tumor tissues. When shRNAwas used to
knockdown b-catenin in drug-resistant cells, MGMT was subse-
quently reduced, suggesting that b-catenin has a regulatory effect
on MGMT. However, further evidence is required to demonstrate
the direct regulatory effect of b-catenin on MGMT.

The mechanism of regulation and functions of MGMT as a
marker of predicting chemotherapy sensitivity in glioma has been
well studied. However, its role in CRC remains largely unclear. Our
study demonstrated that MGMT promotes DDP resistance in CRC,
while MGMT inhibition alleviates the resistance. MGMT could be
regulated by the Wnt pathway, and inhibition of the Wnt pathway
decreases MGMT expression. We demonstrated that MGMT can
induce slow-cycle cells through the interaction with CDK1, thereby
preventing cancer cells from chemotherapy drugs. Meanwhile, we
found that MGMT interacts with XRCC6 to allow NHEJ to resist
chemotherapy drugs. In conclusion, MGMT could be a promising
predictive marker in CRC chemotherapy.

5. Conclusion

Our results indicate that CRC cells with higher MGMTexpression
were resistant to DDP treatment. MGMT knockdown or inhibition
sensitized CRC cells to DDP treatment, whereas MGMT over-
expression resulted in resistance to DDP. Additionally, MGMT
expression in CRC-resistant cells is positively correlated with key
factors of the Wnt pathway, and MGMT-mediated DDP resistance is
inextricably due to the CDK1 and XRCC6 interaction.
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