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Abstract

Background: Multidrug resistance (MDR) is a major cause of unsuccessful cancer treatment in which drugs are
not effective. Therefore, it is necessary to identify the critical mechanisms of the development of MDR and target those
with novel compounds. Accordingly, the current study is the first to investigate the combination effect and molecular
mechanism of nitazoxanide (NTZ) and oxaliplatin (OXP) on LS174T/OXP-resistant cells. Methods: The effect of
NTZ on OXP cytotoxicity in LS174T and LS174T/OXP cell lines was evaluated by MTT assay. Changes in expression
levels of MDR 1, MRP1, CTNNBI, peptidylarginine deiminase (PAD)2, and PAD4 genes and proteins were evaluated
by RT-qPCR and western blotting methods, respectively. Lastly, the apoptosis assay was performed by flow cytometer.
Results: OXP resistant and sensitive cells were identified based on the IC, values (11567 nM vs. 1745 nM, p<0.05 for
24 h treatment; and 5161 nM vs. 882 nM, p<0.05 for 48 h incubation). The combination of NTZ and OXP for 48 h led
to a reduction in IC, values in resistant cells (2154 nM, p<0.05). The effect of NTZ plus OXP significantly decreased
the expression of MDRI1 (p<0.001), MRP1 (p<0.05), and CTNNBI1 (p<0.001), while PAD2 and PAD4 expression
was significantly increased (p<0.001). This combination therapy enhanced the percentage of the sub-G1 population
(apoptosed) compared to other groups. Conclusion: The results showed that NTZ leads to notable upregulation of
PAD2 and PAD4, which can disrupt the Wnt/B-catenin signaling pathway and reverse the MDR by reducing MDR1
and MRP1 expression.
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Introduction

Colorectal cancer (CRC) is a highly prevalent
malignancy categorized as a severely fatal disease
(Jing et al., 2021). Chemotherapy is the best choice for
CRC, but a phenomenon that scientists call multidrug
resistance (MDR) leads to unsuccessful treatment
(Hind et al., 1992; Chang et al., 2018). With MDR, cancer
cells can become resistant to a wide range of anti-cancer
drugs (Robey et al., 2018). One highly probable reason
for MDR is the overexpression of adenosine triphosphate
binding cassette transporters (ABC-transporters), among
which MDR1 and MRP1 are of high importance. These
pumps are located in the cell membrane and remove drug
from cells (Wang et al., 2021).

The Wnt/B-catenin signaling pathway is involved in
several processes such as cell proliferation and transcription

regulation. The role of this pathway in the beginning and
the development of CRC is well documented (Vaiopoulos
et al., 2012; Rahmani et al., 2018). Excessive activity of
the Wnt pathway causes B-catenin to accumulate inside the
nucleus, later affecting downstream genes. Thus, it seems
logical that CRC can be successfully treated by targeting
the Wnt/B-catenin pathway (Drost et al., 2015; Ghosh
et al., 2019). Nitazoxanide (NTZ), an antiprotozoal and
FDA-approved drug, can interfere with the Wnt/B-catenin
pathway and has positive effects on cancer therapy
(Kahn, 2014; Yu et al., 2020).

One of the first-line drugs used to treat CRC is
oxaliplatin (OXP). The function of this medication was
applied by intercalation into strands of DNA and then the
formation of adducts in GC-reach regions; this mechanism
could disrupt replication and transcription processes;
however, resistance to OXP remains the main cause of
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unsuccessful CRC therapy (Liu et al., 2019; Oliveira et
al., 2021).

Peptidylarginine deiminases (PADs) are a cluster of
enzymes, whose role is to add a citrulline group to target
proteins through the deamination of arginine (Mondal and
Thompson, 2019). Recently, PADs enzymes have received
special attention because of their roles in different cancers.
The family of PADs includes four members named
from PADI to PAD4 (Li et al., 2019). PAD2 and PAD4
have been shown to play a key role in the initiation and
progression of numerous cancers (Chang and Han, 20006).

For the first time ever, the present study evaluated the
effects of NTZ on OXP resistance in LS174T/OXP cells
and determined the IC values of LS174T/OXP cells after
treatment with NTZ alone, OXP alone, and NTZ and OXP
combined. Furthermore, the expression rates of MDR1,
MRP1, CTNNBI, PAD2, and PAD4 genes and of MDR1,
CTNNBI, and PAD2 at protein levels were evaluated.
Finally, the apoptosis cell percentage was evaluated by
flow cytometry.

Materials and Methods

Materials

OXP (09512), thiazolyl blue tetrazolium blue
(MTT) (M2128) powder, phosphate buffer saline (PBS)
(SLBJ2117V) tablets, and NTZ (N0290-10MG) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
OXP and NTZ were dissolved in sterile deionized water
and dimethylsulfoxide (DMSO), respectively. Dulbecco’s
Modified Eagle’s Medium (DMEM) (1791923) high
glucose media, Trypsin/EDTA 0.25% (1726653), and fetal
bovine serum (FBS) (42Q7363K) were obtained from
Gibco (Maryland, USA). The primary antibodies against
MDRI1, PAD2, and CTNBBI proteins and the secondary
antibody that was conjugated with horseradish peroxidase
(HRP) were purchased from Cell Signaling Technology
(Beverly, Massachusetts, USA).

Cell cultures

The LS174T and LS174T/OXP CRC cells (gifted
by Dr. Nasser Samadi at Tabriz University of Medical
Sciences) were regularly cultured in DMEM-high glucose
media enriched with 10% FBS at 37 °C, 5% CO,, and 95%
humidity. In order for the cells to maintain their resistance
to OXP, they were continuously cultured with increasing
doses of OXP.

Assessment of cell viability using MTT assay
Approved drug resistance in LS174T/OXP cells

Cell viability was evaluated by MTT assay. To confirm
that the LS174T/OXP cells were resistant, MTT assay
was conducted on LS174T and LS174T/OXP cells treated
with different concentrations of OXP (0.0-100 uM). Then,
LS174T/OXP cells were selected based on enhanced IC,
value compared with LS174T cells (at least three-fold).

Cell viability assessment of NTZ treated cells
LS174T/OXP cells (10* cells/well) were seeded in

96-well plates in triplicate and then treated with different

concentrations of NTZ (0.0-100 uM) for 24 and 48 h. To
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examine the effect of NTZ and OXP combined, resistant
cells were pretreated with 40 uM of NTZ for 24 h and then
incubated with different concentrations of OXP for 24 h
and 48 h. The old media was replaced with fresh media
containing 2 mg/ml MTT solution, and the cells were
again incubated at 37 °C for 24 h. Afterward, the media
was removed, and 200 pl DMSO plus 25 pl Sorenson
glycine buffer was added. The mixture was gently shaken
for 15 minutes, and the optical density (OD) of the wells
was determined in 570 nm using a 96-well plate reader
(Labsystems, Finland) (Kumar et al., 2018).

RNA isolation and real-time RT- PCR

To extract total RNA from treated cells, the TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was
applied according to the manufacturer’s instructions. For
cDNA synthesis from RNA, a cDNA synthesis kit (Takara,
Japan) was used. RT-qPCR was performed using SYBR
green (Prime Script RT Master Mix, Takara) and MIC
PCR (BioMolecular System, Australia) with the following
conditions: pre-denaturation at 95 °C for 35 s, followed by
40 cycles of denaturation at 95 °C for 5 s and extension at
62 °C for 1 min. Each sample was prepared in triplicate.
Raw data was analyzed using the Pfaffl method, and
the GAPDH gene was considered as an internal control
(Akbarzadeh et al., 2017). The sequence of primers used
is shown in Table 1.

Total protein extraction and Western blotting

Samples were prepared for Western blotting by first
lysing the cells on ice for 40 minutes with RIPA buffer
containing a protease inhibitor cocktail. Then, the quantity
of each specimen was evaluated using the BCA method
(Pierce; Thermo Fisher Scientific, Inc.). Subsequently, the
proteins were separated by SDS-PAGE and transferred to
the activated polyvinylidene difluoride membranes, and
5% skim milk was added. Then, the primary antibodies
(anti-MDR1, anti-PAD2, and anti-CTNNBI1 proteins)
were added to the membranes, and the samples were
incubated and gently shaken for 2 h at 4 °C. Afterward,
the membranes were incubated with the conjugated
secondary antibody. Finally, HRP substrate was added
to the membranes to make the protein bands visible.
The protein bands were observed using a ChemiDoc MP
System (Bio-Rad Laboratories Inc., Hercules, California,
USA). GAPDH protein was considered as an internal
control.

Apoptosis assay

Cell apoptosis was evaluated through flow cytometry
based on previously-described PI staining guidelines
(Riccardi and Nicoletti, 2006). Briefly, LS174T/OXP cells
were seeded (105 cells/well) and treated with NTZ, OXP,
and NTZ plus OXP for 24 h and 48 h in the incubator.
Then, cells were harvested and washed twice with PBS.
Next, PI lysis solution (1% sodium citrate, 0.1% Triton
X-100, 40 pg/ml propidium iodide, and 0.5 mg/ml RNase
A) was used to re-suspend the cells, and the cells were
incubated for another 30 min at 37 °C. Finally, the cells
were analyzed using a MACS Quant flow cytometer
(Miltenyi Biotec, Bergisch Gladbach, Germany).



Statistical analysis

All data was analyzed using SPSS (version 22)
and Graph Pad Prism (version 7) software. The results
were analyzed by student’s t-test or one-way ANOVA.
A value of p <0.05 was considered as statistically
significant.

Results

Cell viability
Cell viability of OXP treated cells

Evaluation of cell cytotoxicity after treatment with
OXP during 24 h incubation showed that IC,  values
increased from 1745 nM (p <0.05) in LS174T (sensitive)
cells to 11567 nM (p <0.05) in LS174T/OXP (resistant)
cells. After 48 h incubation, the IC_ values increased from
882 nM (p <0.05)in LS174T cells to 5161 nM (p <0.05) in
LS174T/OXP cells (Figure 1A and B). OXP was observed
to have more cytotoxic effects on LS174T cells than on
LS174T/OXP cells.
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Decreased cell viability by NTZ

NTZ had the most toxic effect in concentrations higher
than 44 uM (p <0.05) at 24 h and 26 pM (p <0.05) and
48 h incubation (Figure 1C). The effect of NTZ plus
OXP combined showed that IC, values were 8846 nM
(p<0.05) at24 hand 2154 nM (p <0.05) at 48 h incubation
(Figure 1D).
Gene expression levels

The results of MDR1, MRP1, CTNNBI, PAD2, and
PAD4 expression levels achieved by RT-qPCR showed
that after 24 h incubation, OXP led to a marked decrease
in CTNNBI (p <0.05) (Figure 2C), and 48 h incubation
with OXP caused a significant decrease in all genes
(p <0.05) (Figure 2D). Furthermore, NTZ-treated cells
for 24 and 48 h showed significantly enhanced expression
levels of PAD2 (p <0.001) and PAD4 (p <0.05) genes
(Figure 3A and B). The NTZ plus OXP treatment led to
significant changes; after 24 and 48 h incubation, MDR1,
MRP1, and CTNNB1 were decreased, but PAD2 and
PADA4 (p <0.5 and p <0.001, respectively) were increased
(Figure 3C and D).
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Figure 1. Characterization of LS174T (sensitive) and LS174T/OXP (resistant) Cells Under OXP (0.0-100 pM)
Treatment. IC,, values for OXP in the sensitive and resistant cells after 24 (A) and 48 h (B) incubation. As well,
treatment of LS174T/OXP (resistant) cells with different doses of NTZ (0.0-100 pM). the IC, | values for NTZ after
24 and 48 h (C). Also, treatment of LS174T/OXP cells with NTZ (40 uM) + OXP (different doses). IC50 values for
each group after 24 h and 48 h incubation with OXP + NTZ (D) measured by MTT assay. OXP, oxaliplatin; NTZ,

nitazoxanide.
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Table 1. The Sequence of the Primers Used

Revers primer

Gene Forwad primer

MDRI1 AGTCATCTGTGGTCTTTCC AGTTCTTCTTCTTTGCTCCT
MRPI AGTTCTGCGGTGCTGTTGTG TTCGCTGAGTTCCTGCGTAC
CTNNBI1 ATG GAA CCA GAC AGA AAAGCG CAG GAT TGC CTT TAC CACTCA
PAD2 GCACATTGATCCGTGTGACC TGGAGGAACCTGTGGATTTC
PAD4 GCTCTTCCTCACAGGCCATTG TCTCGGTCACAGTTCACCAG
GAPDH GGATTTGGTCGTATTGGG GGAAGATGGTGATGGGATT

Western blot analysis

The effects of NTZ on the expression of MDRI1
(P-gp protein), CTNNBI1 (B-catenin protein), and PAD2
at the protein levels were assessed using the Western
blotting test. The results showed that OXP treatment for
24 h decreased CTNNBI significantly, and after 48 h, it
led to a significant decrease in MDR1, CTNNBI, and
PAD2 proteins (Figure 2C and D). After 24 and 48 h,
treatment with NTZ led to a remarkable increase in PAD2
protein, and it reduced MDR1 and CTNNBI proteins
after 48 h (Figure 3A and B). Finally, co-treatment of
LS174T/OXP cells with NTZ plus OXP for 24 h and
48 h caused a notable increase in PAD2 protein and a
significant decrease in MDR1 and CTNNBI proteins
(Figure 3C and D).

Combination of NTZ and OXP enhanced the level of cell
apoptosis

The effects of NTZ combined with OXP on cell
apoptosis was evaluated through PI staining flow
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cytometry analysis. The results showed that treatment
with NTZ plus OXP for 24 h and 48 h had high sub-G1
population percentages in comparison with the other
groups (Figure 4A and B). In the 24 h and 48 h treatment
groups, the sup-G1 population percentage for NTZ
plus OXP was remarkably higher than those of NTZ
(Figure 4C) and OXP (Figure 4D) alone. Moreover,
the percentage of sub-G1 population was significantly
higher in the OXP-alone treatment than in the NTZ-alone
treatment. However, no significant cellular apoptosis was
observed in the NTZ-alone treatment compared to the
control group (Figure 4E).

Discussion

CRC is one of the most aggressive malignancies
among all types of cancers. Two major challenges, i.e.
multidrug resistance and targeting key molecules in CRC
treatment, still exist (Costea et al., 2020). Therefore, it
seems necessary to identify and target these important
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Figure 2. Comparative Gene and Protein Expressions Profiling of MDR, MRP1 (210 kDa), CTNNBI1, PAD2, and
PAD4 in LS174T/OXP treated with DMSO 24 h (A), DMSO 48 h (B), OXP 24 h (C), and OXP 48 h (D) incubated.
Concentration of NTZ, 40 uM; and OXP, 5 uM. MDR1(150 kDa), MRP1(210 kDa), PAD2 (101 kDa). Each point
represents the mean + S.D. * p < 0.05, ** p <0.001 vs control.
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Figure 3. Comparative Gene and Proteins Expression Profiling of MDR1, MRP1, CTNNBI, PAD2, and PAD4 in
LS174T/OXP Treated with NTZ for 24 h (A), NTZ for 48 h (B), NTZ + OXP for 24 h (C), and NTZ + OXP for 48 h
(D) Incubation. Concentration of NTZ, 40 uM; and OXP, 5 uM. MDR1(150 kDa), MRP1(210 kDa), PAD2 (101 kDa).
Each point represents the mean + S.D. * p <0.05, ** p <0.001 vs control.

molecules. Therefore, the current study evaluated for the
first time the effects of NTZ on the reversal of MDR by
targeting the Wnt/B-catenin signaling pathway.

The current results showed that the co-treatment of
LS174T/OXP cells with NTZ plus OXP had a positive
effect on the elevated cell sensitivity to OXP. Other results
showed that the treatment of LS174T/OXP cells with NTZ
plus OXP led to a significant increase in PAD2 and PAD4
but reduced MDR1, MRPI1, and CTNNBI at the gene
and protein levels. These results can support the theory
that by affecting the Wnt/B-catenin signaling pathway,
NTZ leads to the reversal of drug resistance in LS174T/
OXP cells. This idea was confirmed by the data obtained
from flow cytometry analysis, which showed a high rate
of cell apoptosis after combination therapy compared to
NTZ and OXP treatments alone. Effectively, the Wnt/p-
catenin signaling has different functional proteins that are
activated as a cascade to up- or downregulate downstream
genes to change cell functions. In line with our theory and
the results, Yi Qu et al. showed in their high-quality study
that NTZ can block Wnt/B-catenin signaling by targeting
[B-catenin and directing it to proteasome (Qu et al., 2018).
Routinely in the Wnt signaling pathway, B-catenin as a key
functional protein can enter the nucleus and change gene
expression. The B-catenin protein can be phosphorylated
by GSK3p and APC in Wnt signaling, leading to the
degradation of B-catenin in the proteasome (Clevers and
Nusse, 2012).

Although it has been well documented that NTZ plays

a positive role against bacteria, viruses, and cancer, little
information is available about the targets with which NTZ
can interact directly in males (Di Santo and Ehrisman,
2014). However, chemoproteomic approaches have helped
identify several candidate goals that can directly bind to
NTZ, such as PADs, ENOA, CEP89, CALR, RNF115,
and IKZF1. The NTZ effects are dependent upon a target
protein; for example, ENOA protein is a c-Myc promoter
binding protein and a transcriptional repressor. Thus, in
cancer cells treated with NTZ, c-Myc is downregulated
(Hsuetal., 2008; Senkowski et al., 2015). It will certainly
be exciting to investigate the function of these NTZ direct
binding proteins in various fields. Fresh and novel data
has highlighted the role of NTZ in the treatment of cancer,
but its exact mechanism is not yet clear (Miiller et al.,
2008; Fan-Minogue et al., 2013; Senkowski et al., 2015).
The data further confirmed that in the pathogenesis of
CRC, the Wnt signaling pathway is disturbed. Thus,
targeting this pathway in CRC therapy is important. It has
been demonstrated that NTZ can strongly inhibit the Wnt
signaling pathway. In effect, by depleting the pB-catenin
protein, NTZ is useful to CRC and MDR therapy in which
the CTNNBI gene is overexpressed (Qu et al., 2018).
The solution to reducing the relationship between
NTZ and B-catenin lies in the function of a protein
known as PAD. NTZ has been reported to enhance
the activity of PAD2, which leads to the depletion of
B-catenin; however, the current study showed that NTZ
not only leads to stabilizing, but also increases the gene
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Figure 4. Cell Cycle Distribution after Treated LS174T/OXP Cells by DMSO, NTZ, OXP, and Combination of NTZ
Plus OXP for 24 and 48 h. Flow cytometry histograms indicating cell cycle distribution and apoptosis (sub-G1) after
treated the resistant cells with NTZ (40 pM) and OXP (5 uM) or combination them. Data are reported as means +

SD of three independent assays.

and protein expression of PADs. It has been well described
that PAD proteins are able to citrullinate target proteins
(here, B-catenin) (Stadler et al., 2013; Deplus et al., 2014).
Given the fact that citrulline groups have a negative
charge and arginine residues have a positive charge on
protein (Bang et al., 2007), extensive citrullination on
the target protein disrupts intramolecular interactions and
leads to protein dysfolding; eventually, these processes
facilitate the breakdown of proteins in the proteasome
(Vossenaar et al., 2003; Wu et al., 2015). Furthermore,
GSK3p as another major protein in the Wnt/B-catenin
pathway is a target to PAD4, but citrullination of GSK3f
by PAD4 leads to its stabilization (Stadler et al., 2013).
Normally, GSK3 by phosphorylation of f-catenin leads
to the degradation of f-catenin and inhibits Wnt signaling.
However, the stabilization of GSK3p by PAD4, which is a
result of NTZ function, can be another lever of pressure to
block the Wnt pathway in CRC treatment (Qu et al., 2018).

A vital issue that needs special attention is explaining
the mechanism of NTZ for stabilizing PADs. It is known
that the fate of a protein in the body is influenced by
a set of factors and is not a one-factor process. However,
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according to the available information, it is attributed to
the PADs’ allosteric effects. In effect, the binding site of
NTZ with PADs is where calcium ions can bind. Moreover,
the conformation of PAD proteins at calcium-binding sites
is constantly transitioning between the Apo and Holo
forms, which are important to their remaining stable or
being degraded (Slade et al., 2015).

In conclusion, PAD2 and probably PAD4, through
the citrullination of B-catenin and GSK3p, can block the
Whnt/B-catenin signaling pathway. NTZ can be an agent
for enhancing the stability of PADs in cells. However,
the current study has illustrated that the expression of
PAD2 and PAD4 at the gene level was increased. Given
that CTNBBI is an important gene in Wnt signaling, by
blocking this gene expression and degrading (-catenin,
NTZ can downregulate the main ABC-transporters, finally
reverse the resistance of LS174T/OXP cells, and elevate
the sensitivity of cells to OXP.
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