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GSTOI1 confers drug resistance in HCT-116 colon cancer
cells through an interaction with TNFaIP3/A20
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Abstract. The aim of the present study was to decipher the
mechanism of glutathione-S-transferase Q-1 (GSTO1)-induced
drug resistance in colon cancer cells. Cisplatin is used widely as
atherapeutic drug in cancer, but colon cancer is the most suscep-
tible to acquired drug resistance. Autophagy is recognized as
one of the contributors to drug resistance in cancers. Phase II
detoxifying enzymes, such as GSTOI, serve important roles in
autophagy-apoptosis cross talk. The present study revealed a
novel interaction between GSTOI1 and TNFa-induced protein
3/zinc-finger protein A20 (TNFalP3/A20) as a prime target
for cisplatin sensitization in drug-resistant cells. GSTOI and
ATP-binding cassette subfamily B member 1 (ABCBI) were
both expressed at higher levels in multidrug-resistant (MDR)
HCT-116 cells compared with the wild-type (WT) HCT-116
cells, suggesting they may serve vital roles in multidrug
resistance. MDR cells showed autophagy induction, which
is dependent on calcium signaling-dependent endoplasmic
stress. In WT cells, the mitochondria-dependent pathway leads
to apoptosis, which was not observed in MDR cells. The MDR
conditions were mimicked by transfecting WT cells with the
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GSTO!I-activation CRISPR plasmid, which induced autophagy.
Similarly, MDR cells with GSTOI-knockdown (KD) CRISPR/
Cas9 transfection showed reduced autophagy with increased
apoptosis. These data revealed a potentially important role
of GSTOLI in drug resistance. A GSTOI1 pull-down assay
detected TNFalIP3/A20 as a binding partner in MDR cells.
The data suggested that the expression of TNFalP3/A20 may
be dependent on GSTOI expression in MDR cells. Targeting
either GSTO! or TNFalP3/A20 by CRISPR/Cas9 sensitized
the MDR cells to cisplatin. GSTO!I and TNFalP3/A20
dual-KD cells were more sensitive to cisplatin compared with
single-gene KD cells. These data highlight the importance of
the GSTOI1-TNFalIP3/A20 interaction during drug resistance.

Introduction

Multidrug resistance can lead to the failure of cancer chemo-
therapy and is a major cause of mortality in cancer patients (1).
Cancer cells acquire resistance to drugs through various
mechanisms, such as drug effluxes and xenobiotic-mediated
detoxification (2). Cisplatin is one of the most frequently used
drugs in a number of cancers; however, colon cancer shows
strong resistance to cisplatin (3). The autophagy-mediated
cell survival pathway has emerged as a prime mechanism
for multidrug resistance (4), but our understanding of
autophagy-mediated multidrug resistance is still lacking.
Glutathione S-transferases (GSTs) are multigene family
phase-II detoxifying enzymes activated during the resistance
to chemotherapeutic agents in several cancers, including
colon, esophageal and breast cancer (5-7). The omega ()
class of GSTs (GSTOs) are unique among the GST family,
having a cysteine residue in their active site instead of tyrosine
or serine (8). A previous publication suggested that GSTO1
serves a key role in autophagy-apoptosis crosstalk. GSTOL1
inhibits the JNK-mediated apoptosis signaling pathway in
macrophages (9). A previous publication documented the
upregulation of GSTOI1 in chemotherapy-exposed breast cancer
cells (10). The knockdown of GSTOLI in these cells reduced
the formation of carboplatin-induced breast cancer stem cells
and decreased tumor initiation. The authors suggested a novel
interaction between GSTOI and ryanodine receptor 1, which
accelerates calcium release from the endoplasmic reticulum
(ER) and eventually activates the STAT3 pathway (10).
Proteome-based analysis of platinum-resistant human ovarian
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cancer cell lines revealed the stable upregulation of GSTO1
expression compared with the parental cells (11). Gene
expression profiling of proteasome inhibitor-resistant human
myeloma cell lines also revealed an upregulation of GSTO1
compared with the parental cells (12).

Previous studies have suggested that autophagy and
drug resistance are causes of cancer metastasis (13-15).
Research on metastasis also suggested that the incidence of
autophagy increases more in metastasized tumors compared
with the levels of autophagy in the original tumor (13,15).
Autophagy also modulates tumor cell invasion and epithe-
lial-to-mesenchymal transition (13). Moreover, a previous
publication suggested that drug-resistant cancer cells show
greater invasive ability, leading to chemotherapy failure (14).
The conclusion drawn from the present study suggested that
GSTOI1 may control autophagy, which, in turn, may control
drug resistance in colon cancer cells and may be involved in
regulating metastasis.

The present study results suggested that GSTO1 may be a
crucial factor between cisplatin sensitization and resistance.
GSTOlL is a protein that prompts MDR cells into autophagy
cell survival. In addition, TNFaIP3/A20 was shown to
interact very strongly with GSTOI in MDR cells. The
GSTOI1-TNFaIP3/A20 interaction is one of the mechanisms
of drug resistance, and the inhibition of those mechanisms in
MDR cells sensitizes them to cisplatin.

Materials and methods

Chemicals. 5-Fluorouracil (5-FU), cisplatin, docetaxel,
vincristine, Hoechst 33342, bafilomycin Al (BAF-Al),
dichloro-dihydrofluorescein diacetate (DCFH-DA), Fura-2/
AM and monodansylcadaverine (MDC) were purchased from
MilliporeSigma (Merk KGaA).

Cell culture, establishment of the MDR HCT-116 cell line
and treatment with BAF-Al. The HCT-116 human colorectal
carcinoma cell line (American Type Culture Collection) was
maintained at 37°C and 5% CO, in RPMI-1640 medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS,
25 mM HEPES and 1% penicillin/streptomycin cocktail
(Gibco; Thermo Fisher Scientific, Inc.). Drug-resistant cells
were generated using a stepwise increase in treatment doses
with docetaxel, vincristine, cisplatin and 5-FU following a
protocol from a previously published article by our group (16).
For the initial dose, HCT-116 cells were treated with 0.2 nM
docetaxel, 0.2 nM vincristine, 0.5 uM cisplatin and 0.5 yM
5-FU until the cells became stable in these drug doses. Stable
cells were exposed three times to the drug combination over
a three-day period for 3-4 weeks, allowing growth recovery
between cycles. After completing three drug treatment cycles,
the doses were doubled, and the procedure was repeated until
treatment with the final drug concentrations was achieved over
an 8-10-month period. The MDR subline was maintained in
complete RPMI-1640 medium containing final drug concen-
trations of 10 nM docetaxel, 10 nM vincristine and 10 xuM
cisplatin and 10 uM 5-FU.

To inhibit autophagy induction in MDR cells, 1x10° cells
were treated with 10 nM of BAF-A1 for 24 h at 37°C and
5% CO,in complete media; 0.1% DMSO was used as a vehicle.

Cells were subsequently used for protein isolation and western
blot analysis.

Protein isolation and western blot analysis. Whole-cell
proteins were isolated using RIPA lysis buffer (MilliporeSigma;
Merck KGaA) according to the manufacturer's protocol. The
cytosolic and nuclear fractions were isolated using a NE-PER
Nuclear Protein Extraction Kit (Thermo Scientific; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. The mitochondrial protein was obtained by isolating the
mitochondria from the cells using a Mitochondria Isolation kit
(MilliporeSigma; Merck KGaA); proteins were extracted from
the isolated mitochondria using a RIPA lysis buffer. Protein
samples were quantified using a BCA Protein Assay Kit (Cell
Signaling Technology, Inc.) according to the manufacturer's
protocol.

Proteins (10 pg/lane for whole cell lysates; 20 pg/lane
for nuclear lysates; and 30 pg/lane for mitochondrial lysates)
were resolved by 8-15% SDS-PAGE, based on molecular
weight of proteins, and transferred to a PVDF membrane
(Roche Diagnostics). The membranes were then incubated
overnight with primary antibodies at 4°C. The membranes
were then incubated with the respective secondary anti-
bodies for 1 h at room temperature and visualized by ECL
Western Blotting detection reagent (cat. no. RPN2109;
Amersham; Cytiva) according to the recommended proce-
dure. f-actin, Lamin B1 and heat-shock protein 60 (HSP60)
were used as markers for the whole cell, nucleus and mito-
chondria, respectively. Tables SI and SII list the primary
and secondary antibodies used for western blot analysis,
respectively. Densitometric analysis of the protein bands
was performed using ImagelJ (version 1.53f) open-source
program (National Institutes of Health). f-actin, Lamin
B1 and HSP60 were used as loading controls to normalize
protein expression in whole-cell lysates, nuclear lysates and
mitochondrial lysates, respectively.

Lactate dehydrogenase (LDH) assay. WT and MDR HCT-116
cells were seeded in a 48-well plate at 1x10° cells/well and
treated with 50 M cisplatin and vehicle for 12 h at 37°C and
5% CO,in complete medium. The cisplatin and vehicle-treated
cell culture supernatants were collected and LDH release from
the cells was quantified using an LDH cytotoxicity assay kit
(cat. no. TOX7; MilliporeSigma; Merck KGaA) according
to the manufacturer's protocol. The primary absorbance was
measured at 490 nm and background absorbance was measured
at 690 nm using a microplate reader (BioTek Instruments, Inc.).
Actual absorbance was calculated by subtracting background
absorbance value from the primary absorbance value.

Hoechst staining for chromatin condensation. WT and MDR
HCT-116 cells were seeded in a 4 well chambered slide at
1x10° cells/well and treated with 50 uM cisplatin and vehicle
for 12 h at 37°C and 5% CO, in complete medium. Briefly,
the cisplatin- and vehicle-treated cells were subsequently
fixed with 4% formaldehyde at room temperature, washed
with PBS and incubated with Hoechst 33342 (1 pg/ml) at 37°C
for 10 min. After washing with PBS, the DNA chromatin
morphological features were analyzed using a Nikon Eclipse
fluorescence microscope (Nikon Corporation).
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Calcium measurement. WT and MDR HCT-116 cells were
seeded in a 4-well chambered slide at 1x10* cells/well.
Calcium levels were measured by incubating the cisplatin
and vehicle-treated cells with 5 yM Fura-2/AM in Hank's
balanced salt solution (HBSS) buffer for 60 min at 37°C. The
samples were then washed three times with HBSS at 37°C and
fluorescence micrographs were taken using a Nikon Eclipse
TS200 epifluorescence microscope (Nikon Corporation). The
corrected fluorescence intensity of the cells was measured
using ImagelJ software version 1.53f (National Institutes of
Health) by subtracting the value of mean background fluores-
cence from total mean fluorescence.

Determination of the total reactive oxygen species (ROS) and
mitochondrial superoxide level. The elevation of intracel-
lular ROS induced by a cisplatin treatment was detected by
DCFH-DA. Briefly, WT and MDR HCT-116 cells were seeded
at 1x10° cells/well in 12-well plates and treated with 50 yM
cisplatin or vehicle for 12 h at 37°C. The cells were washed
twice with PBS and incubated with 10 xuM of DCFH-DA
for 15 min at 37°C. Fluorescent micrographs were obtained
using a Nikon Eclipse TS200 fluorescence microscope (Nikon
Corporation). The corrected fluorescence intensity of the cells
was measured using ImageJ software version 1.53f (National
Institutes of Health) by subtracting the value of mean back-
ground fluorescence from total mean fluorescence.

Accumulation of mitochondrial superoxide generation was
determined using MitoSOX Red™ Mitochondrial Superoxide
Indicator (Invitrogen; Thermo Fisher Scientific, Inc.). Briefly,
the WT and MDR HCT-116 cisplatin- or vehicle treated cells
were incubated with 5 uM of a MitoSOX indicator for 10 min
at 37°C, then washed twice with PBS; images were captured
using a Nikon Eclipse TS200 fluorescence microscope.
Mito-ID green dye (Enzo Life Sciences, Inc.) was used to
stain the mitochondria, regardless of their energetic state. The
corrected fluorescence intensity of the cells was measured
using ImagelJ software version 1.53f (National Institutes of
Health) by subtracting the value of mean background fluores-
cence from total mean fluorescence.

Electrophoretic mobility shifts assay (EMSA). EMSA
analyses were performed using an Electrophoretic Mobility
Shift Assay kit (cat. no. E33075; Molecular Probes; Thermo
Fisher Scientific, Inc.) according to the manufacturer's recom-
mendation. Nuclear extracts (1 ug), aforementioned, were used
to examine their binding capacity to the DNA-binding motif
of activator protein 1 (AP1). Table SIII lists the AP1 consensus
sequence used for EMSA, which was purchased from Santa
Cruz Biotechnology, Inc. (AP-1 Gel Shift Oligonucleotides;
cat. no. sc-2501). Briefly, 100 pmol AP1 consensus oligo was
incubated with nuclear extract in 1X binding buffer (750 mM
KCI; 0.5 mM dithiothreitol; 0.5 mM EDTA; 50 mM Tris,
pH 7.4) at room temperature for 20 min before loading onto
a 6% non-denaturing polyacrylamide gel. The EMSA bands
were visualize by staining with 1X SYPRO® Ruby EMSA
stain according to manufacturer protocol.

Determination of autophagy using Cyto-ID and MDC
immunocytochemistry. A total of 1x10° WT and MDR cells
[including Mock (empty vector), GSTO! activation CRISPR

and GSTOI KD CRISPR transfected HCT-116 cells] were
cultured on coated glass coverslip and treated with 50 uM
cisplatin or vehicle for 12 h at 37°C and 5% CO, in complete
medium. Cisplatin- or vehicle-treated cells were fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. The
fixed cells were stained using the components in the CYTO-ID®
Autophagy Detection Reagent (cat. no. ENZ-51031; Enzo
Life Sciences, Inc.) according to the manufacturer's protocol.
Cyto-ID is a proprietary reagent that labels the autophagy
vacuoles specifically. DAPI was used to stain the nucleus.
Fluorescence image acquisitions were performed using a
Nikon Eclipse fluorescence microscope (Nikon Corporation).

MDC (MilliporeSigma; Merck KGaA) was used to stain
the autophagy vacuoles in the GSTOI KD plasmid transfected
MDR cells. GSTO! KD plasmid contains a GFP as a selec-
tion marker that restricts the use of Cyto-ID Green Detection
Reagent in this case. CYTO-ID® and MDC fluorescent
intensity were measured using ImagelJ software version 1.53s
(National Institutes of Health).

Flow cytometry assays for autophagy and apoptosis. Cell
death and the development of acidic vacuoles were quantified
by flow cytometry (Beckman Coulter, Inc.). WT and MDR
HCT-116 cells [including Mock (empty vector), GSTOLI activa-
tion CRISPR and GSTO1 KD CRISPR transfected HCT-116
cells] were seeded at 1x10° cells/well in a 6-well plate and
treated with cisplatin or vehicle for 12 h at 37°C and 5% CO,
in complete media.

The cells were harvested and washed twice with PBS. An
in situ Cell Death Detection Kit (cat. no. 11684795910; Roche
Applied Sciences) and CYTO-ID® Autophagy Detection Kit
(Enzo Life Sciences, Inc.) were used to quantify apoptosis
induction and the development of acidic vesicular organelles,
respectively. Green (510-530 nm) fluorescence emission from
~5x10* cells illuminated with blue (488 nm) excitation light
was measured using a Beckman Coulter Gallios flow cytom-
eter and analyzed by Kaluza Analysis Software version 2.0
(both from Beckman Coulter, Inc.).

Immunoprecipitation and protein mass fingerprinting. The
aforementioned WT and MDR HCT-116 cell lysates (1 mg in
500 ul of RIPA buffer) were immunoprecipitated with 2 ug of
GSTOLl antibody, and the samples were rotated overnight at
4°C. A total of 40 pl Protein A/G Sepharose beads (Pierce™;
Thermo Fisher Scientific, Inc.) were added to each sample
and rotated for 1 h at 4°C. The beads were washed three times
with RIPA lysis buffer, and 30 ul supernatant fractions were
collected by centrifugation at 2,000 x g for 10 min and subse-
quently subjected to 10% SDS-PAGE followed by stained
with Coomassie blue. The proteins were identified by peptide
mass fingerprinting. Briefly, protein spots were excised,
digested with trypsin (Promega Corporation), and mixed with
a-cyano-4-hydroxycinnamic acid in 50% acetonitrile/0.1%
TFA, and subjected to MALDI-TOF analysis (Microflex
LRF 20; Bruker Daltonics; Bruker Corporation). Spectra
were collected from 300 shots/spectrum over the m/z range
600-3000 and calibrated by two-point internal calibration
using Trypsin auto-digestion peaks (m/z 842.5099, 2211.1046).
The peak list was generated using Flex Analysis 3.0 (Bruker
Daltonics; Bruker Corporation). The threshold used for
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peak-picking was as follows: 500 for a minimum resolution
of monoisotopic mass, 5 for the signal to background noise.
The MASCOT online database (Matrix Science, Ltd.) was
used for protein identification. The following parameters were
used for the database search: Trypsin as the cleaving enzyme;
a maximum of one missed cleavage; iodoacetamide (Cys) as a
complete modification; oxidation (Met) as a partial modifica-
tion; monoisotopic masses; and a mass tolerance of +0.1 Da.

Generation of GSTOI-activated, GSTOI-knockdown
(KD) and TNFalP3/A20-KD cells using CRISPR-Cas9.
CRISPR-Cas9-mediated genome editing was performed
using the GSTO! CRISPR-Cas9 KD human plasmid
(cat. no. sc-404107), TNFalP3/A20 CRISPR-Cas9 KD human
plasmid (cat. no. sc-400447-KO-2) and GSTO! CRISPR acti-
vation human plasmid (cat. no. sc-404107-ACT) purchased
from Santa Cruz Biotechnology, Inc. Human GSTOI KD
CRISPR plasmid mixture is a pool of 3 different guide
(2)RNA plasmids, each encoding the Cas9 nuclease and a
target-specific 20 nucleotide (nt) gRNA in the GSTO! gene:
gRNA 1 (5'-GCGTCTAGTCCTGAAGGCCA-3"), which
targets exon 2 and N-terminal domain of the protein; gRNA
2 (5-ACAACTCTAAGATCATCTTC-3'), which targets
exon 3 and N-terminal domain of the protein; and gRNA 3
(5'-TCTAATAAAGCTTCCTACCA-3"), which targets exon
6 and C-terminal domain of the protein GSTOI. CRISPR/
Cas9 KD plasmid disrupted gene expression by causing a
double-strand break in a 5' constitutive exon within the GSTO!
gene. A single gRNA (5'-AGGTCAGTGTCACGGGAG
GG-3') sequence was used for human GSTO! CRISPR activa-
tion plasmid. The human GSTOI CRISPR activation plasmid
is a synergistic activation-mediator (SAM) transcription acti-
vation system that specifically upregulates the GSTOI gene.
The GSTOI CRISPR activation plasmid solution contains an
equimolar ratio of the following three plasmids: CRISPR/
dCas9-VP64-Blast plasmid, which encodes the deactivated
Cas9 (dCas9) nuclease fused to the transactivation domain
VP64 and a blasticidin resistance gene; MS2-P65-HSF1-Hygro
plasmid, which encodes the MS2-p65-HSF1 fusion protein and
a hygromycin resistance gene; sgRNA (MS2)-Puro plasmid,
which encodes a target-specific 20 nt gRNA and a puromycin
resistance gene. The SAM complex activates transcription of
GSTO!I and upregulates GSTO! gene expression.

Human TNFalP3/A20 KD CRISPR plasmid is also a pool
of 3 different gRNA plasmids: gRNA 1 (5'-CACGCAACT
TTAAATTCCGC-3'), which targets exon 3 and TR AF-binding
domain of the protein; gRNA 2 (5'-GTGAACGTTGCCACA
ACGCC-3"), which targets exon 7 and TNIP1-binding domain
of the protein; and gRNA 3 (5-CTTGTGGCGCTGAAAACG
AA-3"), which targets exon 2 and TR AF-binding domain of the
protein. TNFalP3/A20 CRISPR/Cas9 KD plasmid disrupted
gene expression by causing a double-strand break in a 5' consti-
tutive exon within the TNFalP3/A20 gene. A total of 1x10°
WT and MDR HCT-116 cells were seeded on a 6-well plate
in antibiotic free complete media. The cells were transfected
with 1 ug of CRISPR plasmid mixture using UltraCruz® trans-
fection reagent (Santa Cruz Biotechnology, Inc.) for 24 h at
37°C. Transfection media was replaced with complete growth
media and cells were incubated at 37°C for an additional 48 h
before selection using 1 pg/ml puromycin (MilliporeSigma;

Merck KGaA). Cells were selected for 2-4 weeks, dependent
on growth recovery. Western blotting was used to confirm the
KD and activation efficiency. An empty vector was used as the
Mock group in both GSTO!-activation and -KD experiments.

Statistical analysis. All data are presented as means = SD
using an unpaired Student's t-test or one-way ANOVA (with
Tukey's post hoc test for multiple comparisons) using GraphPad
Prism 9.0 software (GraphPad Software, Inc.). P<0.05 was
considered to indicate a statistically significant difference.
Each experiment was performed at least three times unless
indicated otherwise. Each western blot was performed in
duplicate.

Results

MDR HCT-116 cells exhibit higher GSTOI expression
and reduced cisplatin sensitization. ABCBI1 expression is
increased in cancer cells during the development of anti-cancer
drug resistance, which facilitates the efflux of drugs from the
cell (17). ABCBI protein expression was increased in MDR
HCT-116 cells compared with the WT cells as determined
by western blotting (Fig. 1A); GSTOI expression was also
increased in the MDR cells compared with WT cells. MDR
HCT-116 cells showed resistance to the 50 uM cisplatin treat-
ment compared with WT cells, as determined by an LDH assay
(Fig. 1B) and apoptosis assay using flow-cytometry (Figs. 1C,
S1E, SIF and S2). Cisplatin treatment significantly increased
LDH release in WT cells compared with the vehicle-treated
cells (Fig. 1B). LDH release in cisplatin-treated MDR cells
was also significantly higher compared with vehicle-treated
MDR cells, although the effectiveness of cisplatin was much
lower in MDR cells compared with the WT cells (Fig. 1B).
Moreover, cisplatin treatment increased apoptosis significantly
in WT cells compared with the vehicle-treated cells, but the
effect was lower in MDR cells (Figs. 1C, S1E, SIF and S2).

Cisplatin-treated WT cells showed morphological
deformities, mostly membrane blebbing compared with
the vehicle-treated WT, MDR and cisplatin-treated MDR
cells (Fig. S1A). Total ROS generation was increased in
both cisplatin-treated WT and MDR cells compared with
their respective vehicle-treated cells; however, no significant
difference was noted in the cisplatin-treated MDR cells
compared with the cisplatin-treated WT cells (Fig. SIB). The
mechanism of cisplatin-mediated cytotoxicity is dependent
on DNA-adduct formation; that is, DNA damage-mediated
cell death (18). Fig. 1D shows severe chromatin decondensa-
tion in the cisplatin-treated WT cells, which was not visible
in the MDR or cisplatin-treated MDR cells. DNA damage
by cisplatin treatment leads to mitochondria-mediated apop-
tosis (18-20). The total ROS generation following cisplatin
treatment led to an increase in ROS in the mitochondria of WT
and MDR cells compared with their respective vehicle-treated
controls; however, no significant difference was noted between
the two cisplatin-treated groups (Fig. S1C and D).

Cisplatin treatment increased the cleavage of caspase 9 and
poly(ADP-ribose) polymerase 1, and increased Bax expression
in the WT cells compared with the vehicle-treated WT cells
and MDR cells (Figs. 1E and S3A). Expression of cleaved
PARP-1 was also significantly higher in cisplatin-treated
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Figure 1. MDR HCT-116 cells are resistant to cisplatin-induced apoptosis. (A) The protein expression levels of the ABCB1 and GSTOL1 proteins in WT and
MDR HCT-116 cells were analyzed by western blotting and quantified using ImageJ software. Unpaired Student's t-test was used for statistical analysis. WT
and MDR cancer cells were treated with 50 uM cisplatin for 12 h, and cell apoptosis was analyzed by (B) LDH assay and (C) ApoStrand™ apoptosis assay;
one-way ANOVA was used for statistical analysis. (D) Nuclear damage was analyzed by Hoechst 33342 staining (x200 magnification). (E) Western blotting of
apoptosis markers. (F) Mitochondrial and nuclear proteins were analyzed by western blotting to determine the expression of AIF and c-Jun proteins. "P<0.05;
""P<0.001; ""P<0.0001. AIF, apoptosis-inducing factor; cas, caspase; cis, cisplatin; GSTOI, glutathione-S-transferase Q-1; HSP, heat-shock protein; LDH,
lactate dehydrogenase; MDR, multidrug resistant; MDR1, multidrug-resistance protein 1; ns, not significant; PARP, poly(ADP-ribose) polymerase 1; veh,
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MDR cells compared with the vehicle-treated MDR cells,
although the level was much lower than that of cisplatin-treated
WT cells (Figs. 1E and S3A). Bcl2 expression levels was not
significantly different between vehicle-treated WT cells and
cisplatin-treated WT cells, nor between cisplatin-treated
WT cells and cisplatin-treated MDR cells (Figs. 1E and S3A).
Moreover, Bcl2 expression was significantly reduced in
vehicle and cisplatin-treated MDR cells compared with the
vehicle-treated cells (Figs. 1E and S3A). A previous publi-
cation also demonstrated a reduction of Bcl2 expression
during autophagy activation (21). The translocation of the
apoptosis-inducing factor (AIF) from the mitochondria to the
nucleus induces apoptosis in drug-treated cancer cells (22).
The nuclear/mitochondrial expression ratio of AIF was signifi-
cantly increased in the cisplatin-treated WT cells compared
with the vehicle-treated WT cells and cisplatin-treated
MDR cells (Figs. 1F, S3B and C). Cisplatin treatment also
reduced c-Jun nuclear expression (Figs. 1F and S3D) and
binding of API transcription factor with its consensus DNA

sequence in the cisplatin-treated MDR cells compared with
the cisplatin-treated WT cells (Fig. S4A and B), a well-docu-
mented mode of action of cisplatin-mediated cell death (23).
AP1 binding with its DNA sequence was also reduced in
vehicle-treated compared with the cisplatin-treated WT cells.
Moreover, cisplatin-treated WT cells showed similar AP1
binding as seen in vehicle and cisplatin-treated MDR cells
(Figs. S4A and B).

MDR HCT-116 cells show an unfolded protein response
(UPR)-mediated autophagy. Previous studies suggest that
the elevated levels of mitochondrial ROS can promote both
autophagy and apoptosis (9,24,25). Cisplatin-treatment activated
calcium signaling in MDR cells (Fig. 2A and B). Significantly
higher calcium deposition was noted in the cisplatin-treated
MDR cells compared with the vehicle-treated MDR and the
cisplatin-treated WT cells (Fig. 2A and B). Cellular calcium
level was also higher in cisplatin-treated WT cells compared
with the vehicle-treated WT cells (Fig. 2A and B), although that
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and MDR cells (x1,000 magnification); nuclei were stained with Hoechst 33342 (blue). (E) Quantification of fluorescence intensity presented of cells presented
in part (D); one-way ANOVA was used for statistical analysis. (F) Representative immunoblots of autophagy marker protein expressions in whole-cell protein

lysates. "

"P<0.01; ""P<0.001; “P<0.0001. ATG, autophagy-related gene; cis, cisplatin; eIF2a, eukaryotic initiation factor 2a; ER, endoplasmic reticulum;

GRP78, glucose-regulated protein 78; IREla, inositol-requiring kinase la; MDR, multidrug resistant; ns, not significant; p-, phosphorylated; PERK, PKR-like
endoplasmic reticulum kinase; UPR, unfolded protein response; veh, vehicle; WT, wild-type.

level was much lower than in cisplatin-treated MDR cells. A
previous study demonstrated that cellular calcium level deter-
mined cellular fate towards apoptosis or autophagy (26). High
calcium can activate ROS in mitochondria (27), similar to what
was observed in cisplatin-treated WT cells (Fig. 2A and B).
Calcium-induced UPR is a well-studied mechanism that ulti-
mately leads to autophagy (24,28). Expression levels of the UPR
protein markers glucose-regulated protein 78 (GRP78), CHOP
and PKR-like endoplasmic reticulum kinase (PERK) were
increased in the cisplatin-induced MDR cells compared with the
cisplatin-induced WT cells (Figs. 2C and S5A). Interestingly, no
significant difference was noted when inositol-requiring kinase
la (IREla) expression was compared between cisplatin-treated
MDR and WT cells (Figs. 2C and S5A). The present study also
noticed a significantly higher expression of IREla and CHOP
in cisplatin-treated WT cells compared with the vehicle-treated
WrT cells,suggesting amild ER stress mediated-apoptosis (29,30).
No significant difference in GRP78, IREla, CHOP and PERK
protein expression levels were noted in vehicle- compared with
cisplatin-treated MDR cells (Figs. 2C and S5A).

The phosphorylation of p38 and eukaryotic initiation
factor 2a (eIF2a) were reported as positive markers for ER
stress-mediated UPR mechanism, even though both are also
expressed during apoptosis (31,32). p38 and elF2a proteins
can be phosphorylated during activation of apoptosis or
autophagy (33,34). The phosphorylation of eIF2a was higher
in the cisplatin-treated WT and MDR cells compared with
the vehicle-treated WT and MDR cells (Figs. 2C, S5A and B).
Interestingly, phosphorylation of p38 showed no significant
difference between vehicle and cisplatin-treated WT cells nor
between cisplatin-treated WT and MDR cells. However, p-p38/
p38 ratio was significantly higher in cisplatin-treated MDR
cells compared to the cisplatin-treated WT cells (Figs. 2C, SSA
and B). JNK phosphorylation was lower in the cisplatin-treated
MDR cells compared with the cisplatin-treated WT cells
(Figs. 2C, S5A and B).

Furthermore, immunofluorescence and flow cytometry
confirmed an increase in autophagic flux in MDR cells
compared with WT cells, regardless of the treatments. A
significant increase in autophagy activation was observed in
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Figure 3. GSTO! activation in WT HCT-116 cells induces autophagy following cisplatin treatment, whereas GSTO! inhibition in MDR cells induces apoptosis.
GSTOI was overexpressed using GSTOI-Act CRISPR plasmid transfected in WT HCT-116 cells. (A) Western blotting was performed to determine the
protein expression levels of GSTO1 expression as well as autophagy and apoptosis marker proteins. (B) Fluorescence images of autophagic vesicles stained
with Cyto-ID® Autophagy reagent (green) in Mock- and GSTOI-Act plasmid-transfected WT cells (x1,000 magnification); nuclei are stained with DAPI (blue).
(C) Quantification of fluorescence intensity of the data presented in part (B); one-way ANOVA was used for statistical analysis. (D) Cell death was analyzed
using an LDH ELISA assay; one-way ANOVA was used for statistical analysis. GSTO!1 was inhibited using the GSTOI-KD CRISPR/Cas9 plasmid in MDR
cells. (E) Western blotting was used to assess protein expression levels of GSTOL as well as autophagy and apoptosis marker proteins. (F) Representative
fluorescence images of autophagic vesicles stained with monodansylcadaverine (blue); the dashed white line indicates the outline of the nucleus (x1,000
magnification). (G) Quantification of fluorescence intensity of the data presented part (F); one-way ANOVA was used for statistical analysis. (H) Cell death
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vehicle- and cisplatin-treated MDR cells compared with the
vehicle- and cisplatin-treated WT cells (Figs. 2D and E);
autophagic flux was higher upon cisplatin treatment compared
with vehicle treatment in MDR cells. Similarly, flow cytom-
etry also demonstrated higher autophagic flux in MDR
cells compared with the WT cells irrespective of treatment.
Notably, cisplatin treatment further increased autophagic flux
in MDR cells compared with in vehicle-treated MDR cells
(Figs. S6A, S6B and S7). The protein expression levels of
autophagy markers Beclin-1, autophagy-related gene (ATG)-7,
ATGS and LC3II increased, whereas the expression of ubiq-
uitin-binding protein p62 (p62; also known as sequestosome-1)
decreased in cisplatin-treated MDR cells compared with the

cisplatin-treated WT cells (Figs. 2F, S6C and D). Treatment
with autophagy inhibitor BAF-A1 sensitized the MDR cells to
cisplatin, inducing the expression of apoptosis and depleting
the levels of autophagy markers (Fig. S8). BAF-AI treatment
significantly increased p62 expression in MDR cells compared
with the vehicle-only- and cisplatin-only-treated group
(Fig. S8A and B); however, BAF-A1 and cisplatin co-treatment
further increased p62 level compared with all other groups.
LC3II/LC3I ratio was decreased in BAF-Al-treated cells
with or without cisplatin co-treatment compared with the
vehicle-only- and cisplatin-only-treated cells (Figs. S8A
and C). Moreover, BAF-Al and cisplatin co-treatment
increased expression levels of the apoptosis markers cleaved
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caspase 9, cleaved caspase 3 and cytochrome ¢ compared
with the vehicle, only BAF-Aland only cisplatin-treated cells
(Figs. S8A and D-F).

CRISPR-Cas9 activation of GSTOI in WT HCT-116 cells
activates autophagy. To mimic the drug-resistance condition
in WT cells, GSTOI was activated and checked to determine
if it could induce autophagy. Figs. 3A and S9E demonstrated
that CRISPR-Cas9 genome editing successfully induced
GSTOILl expression in vehicle- and cisplatin-treated WT cells
compared with the Mock groups. GSTO! activation induced
the expression of autophagy marker proteins Beclin-1 and
LC3IIin cisplatin-treated, GSTO!-activated WT cells compare
with the vehicle- or cisplatin-treated Mock cells (Figs. 3A
and S10A). Interestingly, Beclin-1 and LC3II expression levels
were significantly higher in cisplatin-treated, GSTOI-activated
cells compared with the vehicle-treated, GSTOI-activated
cells, which could be attributed to a connection between
GST-mediated drug-efflux and autophagy activation (35).
Apoptosis marker cleaved caspase 9 was significantly reduced
marginally in the GSTOI-activated, cisplatin-treated WT cells
compared with the cisplatin-treated Mock WT cells (Figs. 3A
and S10A).

Unexpectedly, Beclin-1 expression was reduced consider-
ably in cisplatin-treated Mock CRISPR-transfected cells
(Figs. 3A and S10A) compared with WT cisplatin-treated cells

(Figs. 2F and S6C). Notably, a slight increase in the number of
floating cells in the Mock cisplatin-treated CRISPR-transfected
group compared with the WT cisplatin-treated group (data
not shown). Presumably, the puromycin selection procedure
might increase cisplatin sensitivity in Mock CRISPR cells
compared with WT cells, leading to necroptosis and decreased
Beclin-1 expression. However, a recent study also revealed that
puromycin selection might occasionally impede protein expres-
sion (36).

Immunofluorescence and flow cytometric analysis showed
that GSTOI activation and cisplatin treatment resulted in
higher autophagy flux compared with that observed in the
cisplatin-treated Mock cells. Cisplatin treatment produced
more autophagic vesicles in GSTO/I-activated cells compared
with the cisplatin-treated Mock cells (Figs. 3B, 3C, SOC,
S9D and S11). The LDH assay revealed a slight reduction
of apoptosis in the cisplatin-treated, GSTOI-activated cells
compared with the cisplatin-treated Mock cells, but the differ-
ence was not significant (Fig. 3D). Cisplatin treatment induced
significant amount of apoptotic cell death in Mock group
compared with the vehicle-treated Mock and GSTOI-ACT
groups (Fig. 3D). Protein expression levels of the UPR-related
protein markers GRP78, IREla and PERK were not changed
in either cisplatin- or vehicle-treated GSTOI1 activated cells
compared with the cisplatin- or vehicle-treated Mock cells
(Fig. S9A and B).
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of GSTO1, TNFaIP3/A20 and apoptosis- and autophagy-related protein markers
that the double KD had a more notable effect compared with either single KD.

in GSTO! and TNFalP3/A20 single-KD and double-KD MDR cells showing
“P<0.05; “P<0.01. GSTOL1, glutathione-S-transferase Q-1; cas, caspase; cis,

cisplatin; IB, immunoblot; IP, immunoprecipitation; KD, knockdown; MDR, multidrug resistant; ns, not significant; TNFaIP3/A20, TNF-a-induced protein

3/zinc-finger protein A20; veh, vehicle; WT, wild-type.

CRISPR-Cas9 inhibition of GSTOI in MDR HCT-116 cells
inhibits autophagy and sensitizes them to cisplatin treatment.
Figs. 3E and S9E confirmed the GSTO! inhibition efficiency
in MDR cells. Although GFP fluorescence showed a satis-
factory transfection efficiency of Control and GSTOI-KD
CRISPR-Cas9 plasmid (Fig. S9F),residual GSTO1 was detected
in western blotting analysis. Therefore, we used the term

‘knockdown’, rather than knockout. The inhibition of GSTO!
in MDR cells reduced the expression levels of the autophagy
markers Beclin-1 and LC3II compared with their expressions
in the Mock MDR cells (Figs. 3E and S10B). Protein expres-
sion of the apoptosis marker cleaved caspase 9 was increased in
GSTO!I-inhibited cisplatin-treated MDR cells compared with
the cisplatin-treated Mock MDR cells (Figs. 3E and S10B).



10 PAUL et al: GSTOI1-TNFalIP3/A20 INTERACTION REGULATES DRUG RESISTANCE

Consistent with the western blotting results, autophagy was
also reduced in the GSTOI-KD MDR cells compared with the
Mock MDR group (Fig. 3F and G). The LDH assay further
confirmed the sensitization of GSTOIl-inhibited MDR cells to
cisplatin (Fig. 3H). Cisplatin-treatment significantly induced
LDH release in GSTOI-KD cells compared with the cispl-
atin-treated Mock cells, a vehicle-treated Mock or GSTOI-KD
cells (Fig. 3H). GSTO-KD and cisplatin treatment in MDR
cells inhibited GRP78, IREla and PERK compared with the
Mock cisplatin-treated cells (Fig. S9G and H).

GSTOI-TNFalP3/A20 interaction is a novel mechanism
towards drug resistance. The GSTOI pull-down assay
showed an interacting protein band in MDR cells but
not in WT cells (Fig. 4A). Subsequently, MALDI-TOF
mass spectrometry identified TNFalP3/A20 as a putative
novel binding partner of GSTOI in MDR cells (Fig. 4B).
Immunoprecipitation of the GSTOI1 protein and subsequent
immunoblotting for TNFalP3/A20 in MDR cells confirmed
an interaction between GSTOI and TNFalP3/A20 (Fig. 5A).
TNFalIP3/A20 expression was increased in both vehicle- and
cisplatin-treated MDR cells compared with the vehicle-
and cisplatin-treated WT cells (Fig. 5B and C). Moreover,
interaction with GSTOI also increased in the MDR cells
compared with the WT cells, particularly following cisplatin
treatment (Fig. 5D and E). Furthermore, TNFalIP3/A20 and
GSTOIL interaction was reduced in GSTOI/-KD MDR cells
compared with Mock-transfected cells (Fig. 5F). Western
blotting analysis showed that TNFalIP3/A20 protein expres-
sion may be dependent on the GSTOI expression status, as
significantly reduced TNFalP3/A20 expression was detected
in the GSTOI-KD cells (Figs. 5G and S12). GSTO! and
TNFolP3/A20 single-gene or double-gene KD combined with
cisplatin co-treatment showed significantly reduced Beclin-1
expression compared with cisplatin-treated Mock cells. No
significant differences were identified between GSTO! and
TNFalP3/A20 single-gene KD and double-gene KD groups
(Figs. 5G and S12). LC3II/LC3I ratio was also reduced
significantly in GSTOI and TNFalP3/A20 single-gene
or double-gene KD cisplatin-treated cells compared with
cisplatin-treated Mock cells (Figs. 5G and S12). GSTO!
and TNFalP3/A20 double-gene KD cisplatin-treated cells
showed significantly lower LC3II/LC3I ratio compared
with GSTO! KD cisplatin-treated cells. Expression levels of
cleaved caspase 9 were increased in GSTO! single-gene KD
or GSTOI and TNFalP3/A20 double-KD cisplatin-treated
cells compared with the cisplatin-treated Mock cells
(Figs. 5G and S12); no significant difference was identified
between the cisplatin-treated TNFalP3/A20-KD and the
cisplatin-treated Mock groups. GSTOI and TNFalP3/A20
double-gene KD cisplatin-treated cells showed significantly
higher cleaved caspase 9 expression compared with the
GSTOI and TNFalP3/A20 single-gene KD cisplatin-treated
cells (Figs. 5G and S12). Notably, only GSTO! and TNFalP3/
A20 double-gene KD cisplatin-treated cells showed signifi-
cantly higher Bax expression compared with the other three
groups (Figs. 5G and S12). Overall, the results suggested that
the GSTO1-TNFalIP3/A20 axis may be important for drug
resistance in colon cancer cells, and the inhibition of this axis
may sensitize MDR cells to cisplatin.

Discussion

Cisplatin is commonly used as a chemotherapeutic agent in
a number of cancers, including colon cancer (37). Cisplatin
induces oxidative damage of DNA, mitochondrial apoptosis,
and cell death (38). However, some cancers, including colon,
lung and ovarian cancer, can acquire resistance to cisplatin
chemotherapy, leading to treatment failure (39-41). Cancer
cell resistance to a particular drug is often accompanied by
resistance to other drugs, a condition known as multidrug
resistance, which significantly reduces cancer chemotherapy
efficacy and overall survival of patients (42). GST family
enzymes are responsible for acquired resistance either
by drug efflux or drug inactivation; GST family proteins
protect cellular macromolecules from oxidants (43,44). A
previous study showed that GSTs inactivate cisplatin by thiol
conjugation (18). Although isoforms of GST enzyme have
been reported to serve a role in drug resistance (5-7), little
is known about the role of GSTOLI in drug resistance. Also,
there are no previous reports showing that GSTOL is increased
in chemoresistant colon cancer tissues. In this study, the
molecular mechanism of GSTOIl-mediated drug resistance
was investigated. The results demonstrated a higher expression
of both ABCBI1 and GSTOI in MDR cells compared with WT
HCT-116 cells. Although cisplatin effectively induced the total
cellular ROS and mitochondrial ROS in both WT and MDR
cells, the ROS in WT cells led to mitochondria-dependent
apoptosis, whereas it activated calcium signaling in MDR.
Interestingly, transcription factor AP1 showed significantly
higher binding with its DNA sequence in cisplatin-treated
WT, MDR and vehicle-treated MDR cells compared with the
vehicle treated WT cells. AP1 is a transcription factor that
binds with consensus DNA sequences across the genome and
AP1 binding with its consensus DNA increased upon apop-
tosis activation (19). A previous publication also documented
that AP1 is essential for autophagosomes formation (45).

We hypothesized that calcium signaling may aid MDR
cells bypass cisplatin by activating UPR-mediated autophagy
activation. Therefore, the role of calcium in chemoresistant
colon cancer needs to be studied in further detail, including
GSTOLI knockout in an animal model.

The overexpression of GSTOI in WT cells induced
autophagy-mediated cell survival following cisplatin treat-
ment. Therefore, targeting GSTOL in drug-resistant cells could
be an attractive target for resensitizing MDR colon cancer
cells to cisplatin. A recent publication demonstrated that YTH
N6-methyladenosine RNA binding protein 1 resensitized
drug-resistant colon cancer cells to cisplatin (46). A recent
report documented a novel role of GSTP1 in adriamycin resis-
tance in breast cancer cells by activating autophagy (47). The
overexpression of GSTP1 in MCF-7 cells activated autophagy,
whereas inhibition of GSTP1 reduced autophagy in drug-resis-
tant cells (47). Furthermore, GSTO! inhibition in MDR cells
inhibits autophagy through UPR modulation and sensitizes the
cells to cisplatin. Hence, GSTO1 may be an important target
for reversing drug resistance in MDR cells.

The present study results indicated that, in MDR
HCT-116 cells, GSTOI1 interacts with TNFalIP3/A20, and
that TNFalIP3/A20 was reduced in GSTO-KD MDR cells.
GSTOI1 expression may regulate TNFalP3/A20 expression
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in MDR cells. However, GSTO1 expression was not depen-
dent on the TNFaIP3/A20 status in cells. GSTOI-TNFalP3/
A20 double-KD MDR cells were more effective than either
GSTOI or TNFalP3/A20 single KD in lowering the expres-
sion levels of apoptosis markers upon cisplatin treatment.
TNFalIP3/A20 is a ubiquitin-editing enzyme that negatively
regulates NF-xB and plays a major role in the biology
of cells (48,49). Notably, a previous study suggested that
TNFalIP3/A20 mediates the resistance to DNA-damage
repair in cancer (50). Furthermore, a previous publication also
suggested that TNFalIP3/A20 is a major factor in tamoxifen
resistance in breast cancer cells (51).

The contribution of the GST family proteins to cancer
and chemoresistance is well known, but the available infor-
mation on GSTOL is unclear. The present study examined
a novel interaction between GSTO1 and TNFalIP3/A20.
The results suggested that targeting both is more effective
than targeting either alone, in relation to chemosensitivity.
Including specific inhibitors for both GSTO1 and TNFalP3/
A20 in chemotherapy may help prevent drug resistance, but
a detailed mechanistic study on mice or human subjects
is required. In future studies, GSTOI and TNFalP3/
A20 double-knockout mice will be generated to examine
acquired drug resistance in an in vivo colon cancer model.
Furthermore, a detailed study on the role of the inflammatory
pathway related to TNFalIP3/A20 in chemoresistant cancer
cells is also required because TNFaIP3/A20 is an inflamma-
tion pathway-related protein (49).

In conclusion, the GSTOI-TNFalIP3/A20 interaction may
be vital during acquired drug resistance. A previous study
reported TNFaIP3/A20 promotes survival of CD4 T cells
by promoting autophagy (52); TNFalIP3/A20 was also over-
expressed in HCT-116 MDR cells in the present study. Both
GSTOI1 and TNFalIP3/A20 were reported to be upregulated
during drug resistance (10-12,50,51). The present study identi-
fied a novel interaction between these two proteins in acquired
MDR cells. Therefore, targeting the GSTO1-TNFalIP3/A20
axis may help overcome MDR. Fig. S13 represents a schematic
diagram of the mechanism of GSTOI-mediated drug resistance
in colon cancer cells. WT HCT-116 cells showed apoptotic cell
death upon cisplatin treatment, whereas MDR cells survived
upon cisplatin treatment by activating autophagy. GSTO1 was
upregulated and interacted with TNFalP3/A20 in MDR cells.
Activation of GSTOLI in WT cells activated autophagy and
inhibition of GSTOI in MDR cells sensitized them to cisplatin
treatment and leading to apoptosis.
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