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Abstract

Oxaliplatin (cyclohexane-1,2-diamine; oxalate; platinum [2+4]) is a third-generation chemotherapeutic drug with anticancer
effects. Oxaliplatin has a role in the treatment of several cancers. It is one of the few drugs which can eliminate the neoplastic
cells of colorectal cancer. Also, it has an influential role in breast cancer, lung cancer, bladder cancer, prostate cancer, and gastric
cancer. Although oxaliplatin has many beneficial effects in cancer treatment, resistance to this drug is in the way to cure neoplastic
cells and reduce treatment efficacy. microRNAs are a subtype of small noncoding RNAs with ~22 nucleotides that exist among
species. They have diverse roles in physiological processes, including cellular proliferation and cell death. Moreover, miRNAs have
essential roles in resistance to cancer treatment and can strengthen sensitivity to chemotherapeutic drugs and regimens. In colo-
rectal cancer, the co-treatment of oxaliplatin with anti-miR-19a can partially reverse the oxaliplatin resistance through the upre-
gulation of phosphatase and tensin homolog (PTEN). Moreover, by preventing the spread of gastric cancer cells and
downregulating glypican-3 (GPC3), MiR-4510 may modify immunosuppressive signals in the tumor microenvironment.
Treatment with oxaliplatin may develop into a specialized therapeutic drug for patients with miR-4510 inhibition and glypican-
3-expressing gastric cancer. Eventually, miR-122 upregulation or Wnt/B-catenin signaling suppression boosted the death of
HCC cells and made them more sensitive to oxaliplatin. Herein, we have reviewed the role of microRNAs in regulating cancer
cells’ response to oxaliplatin, with particular attention to gastrointestinal cancers. We also discussed the role of these noncoding
RNAs in the pathophysiology of oxaliplatin-induced neuropathic pain.
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this obstacle are Forkhead box proteins, g-glutamyl transpepti-
dase, and miRNAs. There are several mechanisms for resistance
to oxaliplatin. First is resistance imposed by FOX (Forkhead
box) proteins, a family of proteins with essential roles in biolog-
ical processes and cancer. They have roles in the development
of the immune system, nervous system, kidney, lung, and
hair.'> They can enhance the action of other regulators by
binding to chromatin.'® FOXC2 is a member of this family
that evokes MAPK/ERK signaling pathway to induce
epithelial-to-mesenchymal transition resulting in more progres-
sion, malignancy of cancer cells, and resistance to oxaliplatin in
colorectal cancer.'” Second, another mechanism suggested by
researchers is the promotion of glutathione intervened by g-glu-
tamyl transpeptidase.'® Lastly, some miRNAs have a role in
this resistance, too. miR-107 is an onco-suppressor and
reduces migration and invasion of neoplastic cells in oral squa-
mous carcinoma cells.'” This miRNA also has an oncogenic
role and elevates the expression of mTOR by reducing the

Introduction

Oxaliplatin (cyclohexane-1,2-diamine; oxalate; platinum [2+])
is a third-generation chemotherapeutic drug with anticancer
effects. Oxaliplatin benefits were approved 20 years after iden-
tifying it in 1996. It can be used in a chemotherapeutic regimen
with either cisplatin or carboplatin and has no contraindications
with them. Also, it has lower toxicity and more efficacy than
them.'~ Unfortunately, using oxaliplatin can cause peripheral
sensory neuropathy.*> Other side effects of oxaliplatin are allo-
dynia, hyperalgesia, dysesthesia, and paresthesia.®’
Oxaliplatin has a role in the treatment of several cancers.
It is one of few drugs that can eliminate the neoplastic cells
of colorectal cancer.® Also, it has an influential role in bladder
cancer, prostate cancer, breast cancer, lung cancer, and gastric

There are some suggested mechanisms for oxaliplatin.
First, it binds to DNA and forms intra-strand cross-links.'?
This act reduces cell capability to transcription, and replacing

DNA also arrests the cell cycle, leads to the death of neoplas-
tic cells, and treats cancers with a high turnover rate.'
Another mechanism is when we treat a colorectal tumor,
treated C26 cells release an immunogenic signal that activates
an immune response, which leads to an anticancer effect by
the immune system.'*

Although oxaliplatin has many beneficial effects in cancer
treatment, resistance to this drug is in the way to cure neoplastic
cells and reduce treatment efficacy. Some suggested reasons for

expression of CAB39 and AMPK, which leads to oxaliplatin
resistance.”” miR-744 overexpression reduces colony formation
and proliferation of neoplastic cells.>! However, it also
imposes resistance to oxaliplatin by downregulating BIN1.%?
MiR-46146 inhibits PDCD10, and it causes resistance to oxali-
platin.?®> At last, miR-19b-3p enhances resistance to oxaliplatin
by downregulating SMAD4.%*

Oxaliplatin is a third-generation platinum-based drug with
an effect for treating several malignancies like colorectal,
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pancreatic, and gastric cancer. Unfortunately, resistance to
treatment with platinum-based drugs is a significant problem.
Studies suggest epigenetic mechanisms as a cause of this
problem. There are three epigenetic regulation classes: DNA
methylation, histone modification, and noncoding RNA
action.”> DNA methylation is an important mechanism that
raises the resistance to oxaliplatin in different forms.?¢~®
Also, histone modification increases resistance to oxaliplatin
as a treatment method.” The variety and role of noncoding
RNAs are extensive, which are explained below:

Noncoding RNAs (ncRNAs) are a part of the transcriptome
that do not have a prominent role in protein coding but partic-
ipate in many biological processes. Noncoding RNAs are
made of two major branches: structural noncoding RNAs and
regulatory noncoding RNAs. Also, regulatory noncoding
RNAs are divided into long noncoding RNAs, medium noncod-
ing RNAs, and small noncoding RNAs.*°

microRNAs are a subtype of small noncoding RNAs with
~22 nucleotides that exist among species. They have diverse
roles in physiological processes. In cellular proliferation and
cell death, they have crucial roles. They are responsible for
immune system maintenance and immune cell development.
In the neurological aspect, they have crucial roles in central
nervous system development and physiological functions.?'~*>
They also play essential roles in cardiac development and
related diseases.*>°

miRNAs can alter the sensitivity to chemotherapeutic drugs
and cancer treatment regimens. For example, in lung cancer,
normalizing the regulation of miR-155 removes resistance to
chemotherapeutic drugs.>® Another study concluded that in
breast cancer, miR-181 a/b elevates chemoresistance and
metastasis.>” Another example is the miR-106/b cluster. They
have roles in drug resistance, metastasis, invasion, and
immune evasion.*® In another study, it is suggested that down-
regulation of miR-205 will increase resistance to docetaxel in
prostate cancer.>**° They also play essential roles in resistance
to chemotherapy in gastric cancer. BCL-2 is a gene that regu-
lates cell apoptosis. Downregulation of the miR-200bc/429
cluster has been observed despite the overexpression of
BCL-2 and XIAP (X-linked inhibitor of apoptosis protein) in
multidrug resistance.*' In liver cancer, changes in the regulation
of miRNA-130a, miRNA-340, miRNA-182, miRNA-96, and
miRNA-199a-5p could elevate or reduce the sensitivity of hepa-
tocellular carcinoma (HCC) to the chemotherapy drug.**~*

I. microRNAs Regulating Cancer Cell
Response to Oxaliplatin in Colorectal Cancer

Colorectal cancer is the third most common type of cancer in
the world. Approximately 1.9 million patients were newly diag-
nosed with colorectal cancer, and 935,000 related deaths
occurred in 2020.* Family history, diet, obesity, and
smoking are the most crucial risk factors for colorectal
cancer.*® Early colorectal cancer may not present noticeable
symptoms, but changes in bowel habits, stool characteristics,

Table 1. miRNAs and Their Induced Effect on Cancer Cell Response
to Oxaliplatin-Containing Regimens.

miRNA Target Overexpression effect Reference
Colorectal cancer

miR-19a PTEN Resistance 32
miR-19b gw4869 Sensitivity 3
miR-106a FOXQl Sensitivity 54
miR-135b FOXO1 Resistance >
miR-135b-5p MULI1 Resistance 36
miR-138 PDK1 Sensitivity 57
miR-153-5p  Bcl-2 Sensitivity 8
miR-208b PDCD4 Resistance 9
miR-454-3p  PTEN Resistance 60
miR-744 BINI Resistance 22
miR-1254 MEGF6 Resistance ol
miR-5000-3p USP49 Resistance 62
Gastric cancer

miR-4510 GPC3 Sensitivity 63
miR-130a FOSL1, RABSA Sensitivity 64
miR-15a-5p  PHLPP2 Resistance 65
miR188-3p EIF3J-DT Resistance 66
miR-421 ATM Resistance 67
miR-22-3p  MALATI Sensitivity 68
miR-211-5p  IncSLCOI1C1 Sensitivity 69
miR-204-5p

Hepatocellular carcinoma

miR-31-5p  PARPI Resistance 0
miR-122 Wnt/B-catenin Sensitivity 71,72
Ovarian cancer

miR-199b-5p JAG1-Notchl Sensitivity 73
miR-506 RAD5] Sensitivity ™
Breast cancer

miR-320¢ Chk1 Sensitivity 75
miR-525-5p  CircFATI Sensitivity 76
Esophageal cancer

miR-141-3p  PTEN Resistance 7

abdominal discomfort, and weight loss may occur at a particular
stage. A combination of imaging tests, endoscopy methods, and
laboratory examinations are currently used to detect colorectal
cancer. After diagnosis, surgery, radiation therapy, targeted
therapy, and chemotherapy are commonly used for palliative
or curative treatment.**=!

MiR-19a can induce oxaliplatin resistance in colorectal
cancer cell lines (Table 1). These cell lines express a signifi-
cantly higher level of miR-19a, while the knockdown of
miR-19a increases their sensitivity to oxaliplatin and
oxaliplatin-induced apoptosis. In 2020, Zhang et al investigated
how miR-19a can affect cell resistance. They found PTEN as
the target of miR-19a and found a negative correlation
between them (Figure 1). In colorectal cancer oxaliplatin-
resistant cells, upregulation of miR-19a reduces the expression
of PTEN. In these cells, co-treatment of oxaliplatin with
anti-miR-19a can partially reverse the oxaliplatin resistance
through the upregulation of PTEN. They also studied the role
of PI3K and AKT and indicated that anti-miR-19a targets the
PTEN/PI3K/AKT pathway.>?
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Figure 1. miRNA change and CRC cell resistance to the oxaliplatin. In CRC cells, the level of miR-106a, miR-153-5p, and miR-138 decrease.
Conversely, the level of miR-19a, miR-19b, miR-454-3p, miR-1254, miR-135-5p, miR-208b, miR-744, miR-135b, and miR-5000-3p increase.
Thus, the CRC cells become resistant to oxaliplatin. CRC, colorectal cancer; miR, microRNA.

Exosomal miR-19b participates in oxaliplatin sensitivity of
colorectal cancer cell lines. Gu et al in 2018 indicated that
miR-19b overexpression decreases colorectal cancer cell lines’
oxaliplatin sensitivity. Suppressing the secretion of exosomal
miR-19b in these cells is a role of gw4869, which is a
nSMase2 (neutral sphingomyelinase 2) inhibitor. Altogether,
gw4869 regulates colorectal cancer cell oxaliplatin sensitivity
by suppressing exosomal miR-19b release.>

MiR-106a is a critical factor in responding to oxaliplatin-
containing treatment in colorectal cancer cells and tissues. In
these cells, the level of miR-106a is elevated, which can increase
oxaliplatin sensitivity (Table 1). Forkhead box Q1, also known as
FOXQLI, is the direct target of miR-106a in these cells (Figure 1).
Liu et al in 2020 showed that miR-106a could bind to FOXQ1
mRNA and directly inhibit its expression in vitro and in vivo.
In addition, miR-106a can suppress the transcription of
VEGFA and MMP-2, which are target genes for FOXQ1.%*

MiR-135b functions as a tumor promoter in colorectal
cancer. The miR-135b expression is remarkably elevated in
colorectal cancer cell lines. In the patients’ serum also, a signif-
icant increase in miR-135b level in colorectal cancer patients
can be observed. In contrast, the downregulation of miR-135b
can sensitize colorectal cancer cells to chemotherapy drugs,
including oxaliplatin, cisplatin, and 5-fluorouracil, and their

related cytotoxicity. It can also increase the antitumor effect
of oxaliplatin on colorectal cancer in vivo.>

FOXOL1 is a tumor suppressor and a target of miR-135b.
According to Qin et al, the protein level of FOXO1 is negatively
correlated with miR-135b in colorectal cancer cells, and
a reduction in miR-135b expression can increase FOXOI1
expression in colorectal cancer. FOXO1 expression regulates
chemosensitivity to oxaliplatin in colorectal cancer, and down-
regulation of miR-135b is found to sensitize colorectal cancer
cells to oxaliplatin-induced cytotoxicity through the increase
of FOXO1. Downregulated miR-135b and FOXOI play a
crucial role in promoting Bim and Noxa proteins’ function
and mitochondrial apoptosis in oxaliplatin-treated colorectal
cancer cells (Figure 1).>°

MiR-135b-5p escalates the resistance of colorectal cancer
cells to chemotherapy drugs like oxaliplatin, augments malig-
nant proliferation, and significantly increases tumor volume,
weight, and growth rate. The miR-135b-5p expression level is
also elevated in colorectal cancer cell lines and the patient’s
serum. In 2021, Wang et al indicated that this overexpression
is due to the activation of heat shock factor 1 (HSF1). In
these cells, autophagy plays a vital role in inducing oxaliplatin
resistance. MiR-135b-5p can induce protective autophagy and,
by that, enhance oxaliplatin resistance.>®
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Mitochondrial ubiquitin ligase 1, also known as MULL, is
the miR-135b-5p direct target in colorectal cancer, and they
are negatively correlated. In oxaliplatin-resistant cells, a
decrease in MULI1 expression leads to an increase in
unc-51-like kinase 1 (ULK1) expression, an autophagy-related
gene. Thus, the miR-135b-5p/MULI axis induces protective
autophagy activity by regulating ULK 1.5

Prolonged exposure to oxaliplatin can stimulate resistance in
colorectal tumor cells. These resistant cells produce more
lactate, consume more glucose, and show higher lactic dehydro-
genase (LDH) activity. Altogether, they present an elevated gly-
colysis rate and a decreased OCR (oxygen consumption rate).
Resistant cells also elevate the level of PDKI1, a key enzyme
in mitochondrial metabolism. In 2020, Wang et al found that
PDKI1 overexpression significantly decreases the colorectal
cancer cells’ sensitivity to oxaliplatin.>’

MiR-138 negatively targets PDK1 and regulates the colo-
rectal cancer cells’ resistance to oxaliplatin. In these cells,
the expression of miR-138 is downregulated, leading to over-
expression of PDK1. Suppressing the expression of PDK1
cannot influence the glycolysis in resistant cells, but it can
augment the OCR and lead to partially reversing the oxalipla-
tin resistance. Increasing ROS level is a key mechanism for
miR-138 in reversing oxaliplatin resistance (Figure 1). Wang
et al also showed that miR-138 promotes apoptosis due to oxa-
liplatin in resistant cells through the PDK1/ROS/ASK1/JINK/
Bcl-2 pathway.”’

MiR-153-5p correlates with chemoresistance in colorectal
cancer cells. In oxaliplatin-resistant colorectal cancer cell
lines, miR-153-5p expression is significantly downregulated.
As reported in 2020, the upregulation of miR-153-5p efficiently
increases cell apoptosis and inhibits the cell viability and
growth of resistant cells under oxaliplatin treatment. In these
cells, miR-153-5p potentially targets Bcl-2 and reduces its
mRNA and protein levels (Table 1 and Figure 1). Through tar-
geting Bcl-2-mediated autophagy, miR-153-5p enhances the
sensitivity of colorectal cancer cell lines to oxaliplatin.*®

MiR-208b is a predictive marker of oxaliplatin sensitivity in
colorectal cancer. The level of miR-208b expression in
oxaliplatin-sensitive patients is significantly reduced (P < 0.001),
but it is increased in resistant patients. The expression of
miR-208b is connected to PFS (progression-free survival) in
colorectal cancer patients (Figure 1). Patients with a lower
miR-208b have a significantly longer PFS (P < 0.001).
Moreover, overexpression of miR-208b can promote tumor
growth in vivo by inducing increased regulatory T cells.
Exosomal miR-208b is secreted by colorectal tumor cells.
According to Ning et al, this miRNA can promote regulatory T
cell expansion by directly targeting programmed cell death
protein 4 (PDCD4) in CD4+ T cells. PDCD4 is a crucial gene
that negatively regulates the differentiation of regulatory T
cells, which is related to the chemosensitivity of colorectal
cancer cells to oxaliplatin.>®

MiR-454-3p is a crucial factor in oxaliplatin-resistant colo-
rectal cancer cells. The expression of this miRNA in resistant

cells is approximately 7-fold higher than in nonresistant cells.
This overexpression significantly induces resistance to oxalipla-
tin in colorectal cancer cells, and a positive association can be
found between miR-454-3p expression and oxaliplatin resis-
tance. Moreover, colorectal cancer patients with overexpressed
miR-454-3p exhibit shorter PFS versus patients with low
miR-454-3p expression.®®

PTEN is a tumor suppressor that is directly targeted by
miR-454-3p (Figure 1). Qian et al in 2021 demonstrated that
the miR-454-3p overexpression significantly downregulates
the expression of PTEN, while the inhibition of miR-454-3p
significantly upregulates the expression of PTEN. This tumor
suppressor downregulates the PI3K/AKT pathway. Altogether,
miR-454-3p lowers the oxaliplatin-induced apoptosis by activat-
ing the PTEN/AKT/mTOR pathway.*

MiR-744 interferes with oxaliplatin-induced chemoresist-
ance in colorectal cancer cells. Oxaliplatin treatment induces
an elevated level of miR-744 in colorectal cancer tissues and
cell lines. It demonstrates that long-term oxaliplatin administra-
tion promotes the chemoresistance of colorectal cancer cells
and upregulates the expression of miR-744. Inhibition of
miR-744 sensitizes these cells to oxaliplatin. Bridging integra-
tor 1 or BIN1, a tumor suppressor, is directly targeted by
miR-744, and a negative correlation can be found between
them. Zhou et al in 2019 confirmed that the level of BINI,
unlike the level of miR-744 in oxaliplatin-resistant cells, is
decreased. They mentioned that miR-744 mediates oxaliplatin
resistance via downregulating BIN1.%?

MiR-1254 is related to chemoresistance in colorectal
cancer. In oxaliplatin-resistant colorectal cancer cells, the
expression level of miR-1254 is upregulated. This overexpres-
sion leads to reduced cell apoptosis and escalated oxaliplatin
resistance. In contrast, inhibiting miR-1254 can restore oxali-
platin responsiveness in colorectal-resistant cells by increas-
ing apoptosis. As Mou et al mentioned in 2021, miR-1254
negatively targets multiple EGF-like domains 6 (MEGF6)
to regulate oxaliplatin resistance (Figure 1). Inhibiting the
expression of MEGF6 decreases apoptosis and promotes resis-
tance in colorectal cancer cells. Altogether, miR-1254 modu-
lates oxaliplatin resistance in colorectal cancer cells by
MEGF6.°!

MiR-5000-3p assists the malignant characteristics of colorec-
tal cancer cells. The expression level of miR-5000-3p is signifi-
cantly increased in these cell lines. By promoting cell growth
and metastasis and suppressing cell apoptosis, miR-5000-3p
contributes to chemoresistance in colorectal cancer both in
vivo and in vitro. Zhuang et al in 2021 showed USP49 as a
target of miR-5000-3p and found a significantly negative associ-
ation between them. mRNA and protein levels of USP49 were
lower in oxaliplatin-resistant cells. Additionally, overexpression
of USP49 remarkably inhibits cell proliferation and regulates the
PI3K/AKT signal pathway. Taken together, the downregulation
of miR-5000-3p expression improves the sensitivity of colorectal
cancer cells to oxaliplatin through binding to USP49 and regulat-
ing the PI3K/AKT signaling pathway.®?
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2. microRNAs Regulating Cancer Cell
Response to Oxaliplatin in Gastric Cancer

One of the most common malignant tumors of the gastrointes-
tinal system is gastric cancer (GC), which is the third cause of
cancer-related deaths.”® Every year, around 1 million people
worldwide receive a new diagnosis of stomach cancer, with
China accounting for 47% of those cases. When they are diag-
nosed, the majority of them already have metastases. Surgery
combined with chemotherapy is a primary treatment for
GC.” In chemotherapy for gastric cancer, platinum medicines
—primarily cisplatin and oxaliplatin—are among the most fre-
quently utilized therapeutic agents.*

Small, single-stranded, noncoding RNAs are known as
mRNAs. The formation and progression of various cancer
types, including gastric cancer, ovarian cancer, T-cell lym-
phoma, and melanoma, have been linked to critical molecules
participating in miRNA production, such as RNase III
enzymes DROSHA, DICER, and RAN-GTPase (RAN).'~54

In cell growth and malignant transformation, glypican-3
(GPC3) is essential.®® MiR-4510 is a tumor suppressor in
some cancer types. In gastrointestinal stromal tumors,
miR-4510 expression was lower in the tumor tissue than in
the matched adjacent tissue.*® MiR-4510 was found to be neg-
atively linked with GPC3 mRNA and protein levels in samples
of hepatocellular carcinoma (HCC).®” By preventing the spread
of gastric cancer cells and downregulating GPC3, MiR-4510
may modify immunosuppressive signals in the tumor microen-
vironment. Treatment with oxaliplatin may develop into a spe-
cialized therapeutic drug for patients with miR-4510 inhibition
and glypican-3-expressing gastric cancer (Table 1).%

It has been demonstrated that miR-130a can play a role in the
pathogenesis of several malignancies, such as leukemia,
ovarian cancer, glioblastoma, and cervical cancer.®*™!
MiR-130a, which blocks GC cells from migrating and invading
when overexpressed, targets the 3'-UTR of RAB5A.”* Reduced
miR-130a expression promotes cancer cell proliferation via
overexpression of FOSL1 and RABSA. Direct targets of
miR-130a, which suppresses protein production and cell divi-
sion, are FOSL1 and RABS5A. Together, oxaliplatinand
miR-130a significantly inhibit cell invasion.®*

Among different forms of carcinoma, PHLPP2 increases
apoptosis and slows the cell cycle.”> MiR-15a-5p interacts
with PHLPP2 and subsequently phosphorylates AKT to
increase cell survival and decrease apoptosis, reducing the sus-
ceptibility of MGCS803 cells to cisplatin. Additionally, there is a
strong association between blood miR-15a-5p levels and
patients’ responses to oxaliplatin-based chemotherapy.®

When cells are exposed to a hostile environment, such as
hypoxia, nutritional shortage, or drug toxicity, autophagy is a
process that cells use to protect themselves.”**> Autophagy
can alter autophagy genes, microRNAs, TP53, the
PI3K-AKT-mTOR and MAPK signaling pathways, or other
mechanisms that control drug resistance.”®’’ In gastric cancer
cells resistant to oxaliplatin and 5-fluorouracil (5-Fu), the
IncRNA EIF3J-DT gene increased the expression of ATG14.

Chemotherapy resistance resulted from the sequestration of
MIR188-3p by EIF3J-DT, which maintained ATG14 mRNA
and prevented its degradation.®

A decreased circ 0001546 in the GC is associated with a bad
prognosis. Circ 0001546 targets miR-421, which targets ATM
(ataxia telangiectasia mutated). Additionally, miR-421 overex-
pression inverts the circ 0001546 overexpression effect. Circ
0001546 reduces HGC-27 cells’ chemoresistance to oxaliplatin,
possibly through activating the ATM/checkpoint kinase.®’

IncRNA MALAT]I is elevated in GC and oxaliplatin-resistant
GC tissues and cells, indicating that MALAT1 was likely linked
to drug resistance in GC. MiR-22-3p and zinc finger protein 91
(ZFP91) were possible targets for miR-22-3p, respectively.
MALATI1 may control ZFP91 expression by competitively inter-
acting with miR-22-3p to influence GC cell oxaliplatin resistance.*®

LncSLCOICI increases the tumor resistance to treatment
with oxaliplatin by reducing GC DNA damage and tumor cell
proliferation and migration, while IncSLCO1C1 enhances
SSRP1 expression in GC cells by acting as a sponge to
absorb both miR-211-5p and miR-204-5p in the cytoplasm.®’

3. microRNAs Regulating Cancer Cell
Response to Oxaliplatin in Hepatocellular
Carcinoma

Hepatocellular carcinomas (HCC) constitute ninety percent of
primary liver tumors, one of the worst cancers in the
world.”®?® Asian patients make up more than half of all cases
of HCC worldwide. HCC has the world’s second most
common cancer fatality.'®® The main risk factors for HCC are
hepatitis caused by infection with the hepatitis B and/or hepatitis
C virus, aflatoxin B1 ingestion, high alcohol consumption, and
smoking.””!°! Because of inadequate chemotherapy or a multi-
drug resistance (MDR) mechanism, patients with advanced
stages of HCC frequently have poor prognoses and unfavorable
clinical outcomes.'® Some malignancies, including HCC, are
undoubtedly influenced by miRNA dysfunction. 103-105

MiR-31-5p has recently gained a lot of attention as a poten-
tial inhibitor or inducer of tumor growth in various cancers,
including HCC.'®® Many studies report that miR-31-5p is the
most repeatedly deleted miRNA in HCC.'®” The DNA repair
mechanisms base excision repair (BER), homology-directed
repair (HDR), and nonhomologous end-joining (NHEJ) all
require poly ADP-ribose polymerase-1 (PARP1)."% Multiple
miR-31 binding sites in the 3’-UTR region of PARP1, a possi-
ble transcriptional negative regulator, may encourage the
increase of lysosomal drug transport through ABCB9, suggest-
ing the sequestration of oxaliplatin into intracellular compart-
ments.'® Through a protein-protein interaction between
PARP1 and ABCB9, miR-31-5p mediates PARPI, which
results in oxaliplatin resistance in HCC (Table 1). MiR-31-5p
re-expression unexpectedly raised the relative intracellular
aggregation of oxaliplatin even while it increased
chemoresistance.””
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It has been demonstrated that miR-122, a liver-specific
miRNA, is essential for controlling hepatocyte growth, differ-
entiation, and cholesterol metabolism.''® MiR-122 expres-
sion was revealed to be significantly downregulated in HCC
tissues, and HCC formation and progression have both
been linked to miR-122 downregulation.'''''? However,
miR-122 is observed to be decreased in HCC. Its role in
HCC chemosensitivity is yet unknown. The Wnt/B-catenin
pathway is negatively regulated by miR122. MiR-122 upre-
gulation or Wnt/p-catenin signaling suppression boosted the
death of HCC cells and made them more sensitive to
oxaliplatin.”""?

4. microRNAs Regulating Cancer Cell
Response to Oxaliplatin in Ovarian Cancer

Ovarian cancer is one of the gynecologic malignancies and
causes about 140,000 deaths per year among women world-
wide.''® This cancer often is diagnosed at advanced stages,
which provides a slight chance of a cure.''* Standard treatment
for ovarian cancer is platinum-based first-line chemotherapies
such as carboplatin, cisplatin, and oxaliplatin.''*''> Although
mucinous ovarian cancer (MOC) treatment is known for its
poor outcomes when treated with platinum-based drugs, the
antitumor effect of oxaliplatin plus siPRKRA has shown
notable results in MOC treatment.''> Novel studies have
shown that some miRNAs, including miR-199b-5p and
miR-506, are clinical markers used in sensitizing the tumor
cells toward ovarian cancer chemotherapy (Table 1).>7*
Drug resistance in patients toward chemotherapy is a multifac-
torial issue, and no single miRNA can help us predict the
patient’s outcome in treatment with chemotherapy.''®

5. microRNAs Regulating Cancer Cell
Response to Oxaliplatin in Breast Cancer

Breast cancer is the first common cancer type worldwide.
Approximately 2.3 million new cases of female breast cancer
were diagnosed in 2020, with 685,000 deaths.*” Various
factors contribute to the development of breast cancer.
Having a family history, late menopause onset, and using oral
contraceptives are some factors.'!” Patients with breast cancer
usually experience breast lumps, nipple discharge, skin
changes, and enlarged lymph nodes. Mammography is the
most important breast cancer detection tool, but other
methods, such as breast ultrasound and MRI, can also be
used. After diagnosis, patients often undergo surgery. Other
treatment methods like radiation therapy and chemotherapy
can be used before or after surgery depending on cancer’s
characteristics.''®

MiR-320c is a potential indicator of oxaliplatin respon-
siveness in patients with triple-negative breast cancer. In
triple-negative breast cancer cells, miR-320c expression is
downregulated, and this expression is strongly associated
with poor overall survival rates. This association could be

due to checkpoint kinase 1 (Chkl) overexpression. MiR-320c
inhibits Chk1 expression in tissue and cell lines (P < 0.0001).
MiR-320c mimic injection decreases Chk1 expression in triple-
negative breast cancer cell lines and improves their responsive-
ness to oxaliplatin. Additionally, in mice, upregulating
miR-320c can reduce tumor volume and weight by downregu-
lating Chk1 expression. Reduced Chk1 expression can lead to
increased apoptosis and DNA damage accumulation. In 2020,
Lim et al treated triple-negative breast cancer cell lines with
oxaliplatin and miR-320c mimics. They demonstrated that
increased miR-320c expression caused oxaliplatin-induced
apoptosis and confirmed that the effects of miR-320c on apo-
ptosis were due to reduced Chkl expression (Table 1). They
also discovered that Chkl expression was suppressed, and
DNA damage was increased in triple-negative breast cancer
cell lines treated with overexpressed miR-320c and oxaliplatin.
They reported that induced DNA damage successfully activated
Chkl in triple-negative breast cancer cells after oxaliplatin
treatment. Chk1 activation prevented RADS51 binding to the
DNA damage site for DNA repair and damage-induced apopto-
sis. However, miR-320c injection prevented the synthesis of
sufficient amounts of Chk1. Therefore, miR-320c-upregulated
triple-negative breast cancer cells showed increased apoptosis
and reduced RADS5]1 recruitment, which caused a reduction in
DNA repair and an escalation in DNA damage. Taken together,
the upregulation of miR-320c can improve the sensitivity of
triple-negative breast cancer cells to oxaliplatin in vitro and in
vivo.”

MiR-525-5p is a key element in oxaliplatin resistance in
breast cancer. Breast cancer cell lines exhibit downregulated
miR-525-5p, which is linked to circFAT1. Circular RNA
FAT atypical cadherin 1, also known as circFATI, is essential
for developing chemoresistance to platinum-based drugs. The
expression of circFAT1 is elevated in oxaliplatin-resistant
breast cancer tissues and cell lines. While inhibiting circFAT1
expression, it declines the resistance of breast cancer cells to
oxaliplatin. Other effects of circFAT1 silencing include
enhanced apoptosis and inhibited metastatic characteristics
such as cell migration and invasion in oxaliplatin-resistant
breast cancer tissues.’®

According to Yao et al in 2021, circFAT1 directly targets
miR-525-5p in oxaliplatin-resistant breast cancer cells to
promote metastasis, reduce apoptosis, and worsen oxaliplatin
resistance. Their findings showed a negative association
between the expressions of circFAT1 and miR-525-5p from
oxaliplatin-resistant breast cancer cells. They verified that
SKA1l was directly targeted by miR-525-5p and that the
expression of SKA1 in breast cancer cells was inversely
linked with miR-525-5p. They showed that circFAT]1 inhibi-
tion reduced SKA1 abundance while miR-525-5p knockdown
significantly raised the SKAI level. Moreover, they discov-
ered that SKA1 silencing reduced the expression of the
Notch2, GSK-3, and f-catenin proteins in breast cancer
cells, demonstrating that SKA1 expression in breast cancer
is positively correlated with the Notch and Wnt signaling
pathways.”®
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6. microRNAs Regulating Cancer Cell
Response to Oxaliplatin in Esophageal Cancer

Sixth among all cancers that cause death globally is esophageal
cancer.''>'?° Esophageal cancer is responsible for over than
500,000 deaths globally each year, which accounts for 5.3%
of all cancer fatalities worldwide.'*' In the USA, esophageal
adenocarcinoma (EAC) is one of the most common kind of
cancer.'?* As esophageal cancer incidence rises with age, and
many diagnosed patients are over 60.'*

The only known precursor for esophageal adenocarcinoma is
Barrett’s esophagus, which undergoes a metaplastic transition
from the typical squamous mucosa of the esophagus to a colum-
nar lining. Patients with Barrett’s esophagus have a 30- to
40-fold more significant risk of developing esophageal adeno-
carcinoma.'**'*> The consumption of polyunsaturated fat,
omega-3 fatty acids, total fiber, dietary vitamin C, fiber from
fruits and vegetables, and beta-carotene, along with vitamin
E, has all been reported to be related to a lessened risk of
being diagnosed with Barrett’s esophagus. Smoking, GERD,
and ethanol are risk factors associated with Barrett’s esophagus
and esophageal adenocarcinoma.'?*~'*° Early detection of EC
(EC restricted to the mucosa or superficial submucosa) and
endoscopic or surgical treatment can significantly increase the
5-year survival rate to more than 90%.'3!132

In order to treat esophageal cancer, multimodality neoadju-
vant concurrent chemoradiotherapy (CCRT) is used.'*?
Despite the widespread use of adjuvant chemotherapy, such
as 5-FU and oxaliplatin, patient survival rates have not
improved over time, and recurring patients are found to have
acquired drug resistance.'** Unfortunately, advanced esopha-
geal cancer is typically discovered when surgery alone cannot
cure it.

To understand how MiR-141-3p modulates acquired chemo-
resistance, MiR-141-3p inhibitor or mimic was transfected into
EC9706R cells. A miR-141-3p inhibitor transfection of
EC9706 significantly decreased the level of miR-141-3p. In
line with this, suppression of miR141-3p resulted in a larger pro-
portion of apoptosis when compared to control cells, suggesting
that miR-141-3p is an essential mediator of chemoresistance in
these cells. The cells that had been transfected with the
miR-141-3p inhibitor were much more sensitive to oxaliplatin,
with a drop in IC50 of roughly 4-fold, respectively.”’

7. The Role of microRNA:s in
Oxaliplatin-Induced Neuropathic Pain

Many diseases can damage the central or peripheral nervous
system and lead to neuropathic pain. One of the influential gen-
erative factors that causes chronic neuropathic pain is cancer
and the side effects of related drugs. According to research,
the severity of neuropathic pain differs based on the type and
site of the cancer. A study considered cancer patients in 5
years window (2006 to 2011). About 35% of patients had mod-
erate pain, and 46% had severe neuropathic pain. In a neoplastic
disease like hematologic cancer, pain intensity was between 20 to

80%."3%137 In another study, on 2301 patients, 8.8% presented
severe neuropathic pain in their 3-month examinations.'*®
Oxaliplatin is one of the cancer-related drugs used in treating
colon and rectal cancer that can lead to neuropathic pain.'*® The
main mechanism of neuropathic pain is under debate. In vivo
studies have suggested several mechanisms for neuropathic
pain, but these mechanisms in humans may differ completely.
Anterior neurons have a significant role in these mechanisms.
These neurons may increase the number of neurotransmitters
and sodium channels that can lead to spontaneous and
movement-related pain. On the other hand, inhibitory circuits’
disorder in the dorsal horn or brain stem can lead to neuropathic
pain. Generally, three primary mechanisms have been sug-
gested for neuropathic pain: (1) peripheral, (2) central sensitiza-
tion, and (3) denervation. Structural and functional damage to
peripheral and central nerves can lead to neuropathic pain.'*’
microRNAs have a significant role in the pain system.
Noxious stimuli correlated with chemical stimuli affected
miRNA expressions and pain behaviors acutely. In the follow-
ing, we will examine the number of these examples.
microRNAs were detected in nearly all dorsal root ganglions.'*!
Other trials proved that miRNA-1 and miRNA-16 were
decreased after Freund’s adjuvant (CFA) injection and partial
sciatic nerve ligation. Other trials showed that several genes
related to pain are predicted to be targets of miR-143.'%?
According to recent studies, the use of microRNA is practi-
cal in the treatment of neuropathic pain. In clinical practice,
dorsal root ganglion (DRG) and trigeminal ganglion (TG)
neurons are the principal origins of neuropathic pain.'*
However, the miRNAs and deep-sequencing analyses showed
significant changes in miRNA expressions in the DRG after
nerve injuries.**'*> Nerve injury also changes the miRNA
expressions in the proximal and distal sciatic nerves, which
leads to DRG microRNA  expressions. Next to
microRNA-143, microRNA-7a has a significant effect on neu-
ropathic pain. In DRG neurons, this microRNA regulates neu-
ronal excitability.'*® According to the studies, miR-96 and
miR-183 suppress neuropathic pain induced by traumatic
peripheral nerve injury.'*”'*® Autophagy was found in the
spinal cord caused by nerve injury. MiRNA-195 acts as a medi-
ator in neuroinflammation by regulating autophagy, which
happens due to nerve injury in the spinal cord and leads to neu-
ropathic pain."*® MiRNAs amount and expression changes in
cancer. As confirmed by Bali KK et al’s (2013) study, the
number of related miRNAs to neuropathic pain in dorsal root
ganglion neurons changed more than 2.5-fold. It showed a sig-
nificant effect of neuropathic pain on the expression of several
miRNAs.">°
Neuronal damage significantly affects transmitters, ionic
channels, and proteins. These molecular changes can lead to
neuropathic pain.'”! According to animal trials, neuropathic
pain leads to changes in specific microRNAs. MiR-21 expres-
sion increases during different types of peripheral nerve
injury."**'? In Sakai and Suzuki’s study, mechanical allodynia
and thermal hyperalgesia were reduced after miR-21 inhibitor
injection. miR-21 is specifically upregulated in the injured
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DRG."* The destruction of micRNA-124a leads to nociceptive
behavior in mice. On the other hand, an increment of miR-124a
can lead to nociceptive behavior reduction.'>® MiR-143 is
expressed in nociceptive neurons. It could selectively partici-
pate in miRNA regulation in specific populations of nocicep-
tors.'> miR-103 has a significant role in pain relief by
regulating the L-type calcium channel in the spinal dorsal
horn.'>> MiR-15b increased in chronic neuropathic pain. In
the research of Sakai and colleagues, in the first 5 days of oxa-
liplatin injection, the level of mir-15b expression was raised.
After 28 days of this test, there were significant changes in
this mir-15b expression. Overexpression of mir-15b can lead
to allodynia (a type of neuropathic pain). In further research,
beta-site amyloid precursor protein-cleaving enzyme 1
(BACE1) has an essential effect on neuropathic pain. After oxa-
liplatin injection, miRNA-15b upregulated. This event can affect
BACEIl genes and lead to the downregulation of BACEIL.
BACEIl participates in the myelination and nociception
process. Conversely, BACE1 modulates the expression of TNF
receptor 1. This receptor is a critical mediator of the inflammatory
process. Downregulation of BACEl by miRNA-15b signifi-
cantly affects BACEI tasks like the neuropathy process. This
study can demonstrate that the proper dose of inhibitors and
enzymes can be used as neuropathic pain drugs.'>°

One of the essential miRNAs in neuropathic pain is
miRNA-30b. According to several studies, it can inhibit the
overexpression of miRNAs caused by oxaliplatin. It can reduce
neuropathic pain by stopping its mechanism and pain-related
RNA expression. On the other hand, miRNA-30b can relieve
oxaliplatin-induced neuropathic pain behaviors in rats.">’

MiRNA-155 has a significant effect on the regulation of
inflammation-related disease. According to animal trials, injec-
tion of oxaliplatin can lead to cold hypersensitivity in rats. It can
affect specific protein expressions like transient receptor poten-
tial ankyrin 1 (TRAP1). In another way, oxaliplatin can have an
oxidative stress-TRAP1 pathway disorder effect. Inhibiting
miRNA-155 can lead to this pathway improvement and reduc-
tion of neuropathic pain. Conversely, inhibiting NADPH oxi-
dants like NADPH oxidative 4 can reduce products of
oxidative stress in the dorsal horn and reduce neuropathic
pain.’>® Similar to the inhibition of miRNA-155, inhibiting
miRNA-195 can have the same effect. MiRNA-195 contributes
to neuropathic pain by increasing neuro-inflammation. This
process occurs by affecting neuro-inflammation factors like
ATGI4. This factor has an essential effect on the neuroinflam-
matory process.lsg’l60

MiRNA treatment as new potential therapy can have a sig-
nificant role in future neuropathic treatment. Although many
studies proved that microRNA regulation has an important
effect on nociceptive stimulators, further studies needed to
make these small RNAs into practical treatment tools.

8. Conclusion

In the current paper, we have reviewed the role of microRNAs
in regulating cancer cells’ response to oxaliplatin, with

particular attention to GI cancers. We also discussed the role
of these noncoding RNAs in the pathophysiology of
oxaliplatin-induced neuropathic pain. Although -cancerous
cells and tissues use perplexing molecular mechanisms to sup-
press the antitumor effect of chemotherapeutics, we hope that
our work can lead clinicians to a better understanding and effi-
cient chemotherapy.
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