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A B S T R A C T

Background: Colorectal cancer (CRC) is one of the most common gastrointestinal malignancies with a significant
mortality rate. Despite the great advances in cancer treatment in the last few decades, effective treatment of CRC
is still under challenge. One of the main problems associated with CRC treatment is the resistance of cancer cells
to chemotherapy drugs.
Methods: Many studies have been carried out to identify CRC chemoresistance mechanisms, and shed light on
the role of ATP-binding cassette transporters (ABC transporters), enzymes as thymidylate synthase, some sig-
naling pathways, and cancer stem cells (CSC) in chemoresistance and failed CRC chemotherapies. Other studies
have also been recently carried out to find solutions to overcome chemoresistance. Some of these studies have
identified the role of miRNAs in chemoresistance of the CRC cells and the effective use of these micro-molecules
to CRC treatment.
Results: Considering the results of these studies, more focus on miRNAs likely leads to a proper solution to
overcome CRC chemoresistance.
Conclusion: The current study has reviewed the related literature while discussing the efficacy of miRNAs as
potential clinical tools for overcoming CRC chemoresistance and reviewing the most important chemoresistance
mechanisms in CRC cells.

1. Background

CRC is one of the most common types of cancer with a global in-
cidence of 6.1% and a mortality rate of 9.2% in 2018. It is the third
common cancer in both males and females in terms of its incidence and
mortality rate [1]. Generally, CRC is divided into three families

encompassing sporadic, inflammation-dependent, and familial CRC
which is altered in molecular mechanisms of cancer development. For
example, in familial CRC, hereditary mutation occurs in adenomatous
polyposis coli (APC) suppressor tumor gene, and some other mutations
gradually occur in the P53 suppressor tumor gene, while the hereditary
factor has not been involved in sporadic CRC, and mutations occur with

https://doi.org/10.1016/j.lfs.2020.118255
Received 12 April 2020; Received in revised form 1 August 2020; Accepted 9 August 2020

⁎ Correspondence to: A. Safa, Institute of Research and Development, Duy Tan University, Da Nang, Vietnam.
⁎⁎ Corresponding author.
E-mail addresses: aminsafa@duytan.edu.vn (A. Safa), yousefib@tbzmed.ac.ir (B. Yousefi).

Life Sciences 259 (2020) 118255

Available online 17 August 2020
0024-3205/ © 2020 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2020.118255
https://doi.org/10.1016/j.lfs.2020.118255
mailto:aminsafa@duytan.edu.vn
mailto:yousefib@tbzmed.ac.ir
https://doi.org/10.1016/j.lfs.2020.118255
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2020.118255&domain=pdf


aging [2–4]. Chronic inflammation plays a major role in tumorigenic
activity in the inflammation-dependent CRC that occurs in patients with
inflammatory bowel disease (IBD) [5]. Among the three CRCs, sporadic
type accounts for the highest prevalence (≈75%) [6]. As mentioned
above, the risk of this type of CRC is increased with age, therefore,
screening is recommended over 50 years old, because the early diag-
nosis has significantly increased the chance of successful treatment.
However, screening is recommended at younger ages in people with a
family history of CRC which is diagnosed with colonoscopy and histo-
pathological examinations and medical imaging to detect metastasis
[7]. Current CRC treatment approaches (traditional therapies) include
surgery, chemotherapy, and radiotherapy simultaneously. The 5-year
survival for CRC patients is about 60% and if it is detected at early
stages, the 5-year survival rate could increase to 90%. However, only
39% of colorectal cancers are diagnosed at this stage due to a lack of
effective screening programs in many countries [9]. Undoubtedly, one
of the most important barriers to effective treatment of CRC is the
problem of chemoresistance that leads to chemotherapy failure, cancer
recurrence, metastasis, and ultimately patient's death. Many studies
have been carried out to identify the mechanisms of chemoresistance
and to find solutions to overcome this fundamental problem including
promising results. For example, one recent study has shown that mel-
atonin increases the sensitivity of CRC cells to chemotherapy through
the down-regulation of thymidylate synthase [10]. The role of thymi-
dylate synthase in chemoresistance of CRS cells is explained in the next
sections. The main focuses of recent studies are on miRNA as small,
non-coding RNA molecules that are about 20 to 22 nucleotides long,
targeting mRNAs results in mRNA instability and prevents them from
being translated [11]. Also, they have focused on the use of miRNAs to
overcome CRC chemoresistance, say miR330 can significantly attenuate
CRC chemoresistance of cells by inhibiting thymidylate synthase [12].
The current study has reviewed the effectiveness of miRNAs to over-
come this problem, along with a brief overview of the mechanisms of
chemoresistance in colorectal cancer.

2. Colorectal cancer treatment: a serious challenge

CRC treatment is difficult, thus the success of treatment has highly
depended on early diagnosis. Surgery, chemotherapy, radiotherapy,
and targeted therapy are common methods for treating CRC known as
traditional therapies. Determining the therapeutic strategies also has
highly depended on the stage of the disease, which is determined in
CRC based on the TNM system. This system determines the stage of
solid tumors based on tumor size, and its spreading degree to lymph
node (metastasis) [13,14]. In general, CRC has five stages from 0 to IV,
the first stage that polyps are created in colon tissue is called stage 0.
Subsequently, the polyp can be removed during colonoscopy with for-
ceps.

In stage I, these polyps become cancerous with the ability to invade
the underlying mucus layers. Thus, the surgical removal of the tumor is
beneficial, and the 5-year survival rate is about 90% [9,16]. In stage II,
cancer is spread, however, it is still limited to the colon tissue without
involving the lymph nodes. Therefore, surgery is also effective and the
survival rate is relatively high. In some cases, adjuvant chemotherapy is
also recommended at this stage [16,17]. In stage III, cancer affects the
lymph nodes, but it is not metastasized. In addition to surgery, che-
motherapy should also be performed and the 5-year survival rate is
between 30%–60%. At stage IV, cancer cells spread to other tissues,
especially to the liver to make secondary tumors. Accordingly, surgery,
chemotherapy, and radiotherapy are performed; however, the 5-year
survival rate is very low about 10% [9,16]. As stated earlier, if the
disease is detected at the early stages, the chance of success would be
higher. However, CRC is usually detected at end stages, so it is difficult
to be treated. In addition to the traditional therapies, new therapies
such as immunotherapy and cancer vaccines have also been proposed
for colorectal cancer treatment, but with low success to effective

treatment of cancer without being replaced with chemotherapy. Despite
extensive advances in CRC treatment, chemotherapy drugs are still the
most commonly used drugs for cancer treatment. 5-fluorouracil (5-FU)
and Oxaliplatin are among the most commonly used chemotherapy
drugs to treat CRC. 5-FU is one of the oldest chemotherapy drugs that is
used intravenously and inhibits thymidylate synthase.

Thymidylate synthase converts deoxyuridine monophosphate
(dUMP) into deoxythymidine monophosphate (dTMP) during the me-
thylation process, so inhibition of such enzyme obliviously causes
thymidine deficiency and attenuates DNA replication [18]. Some 5-FU
metabolites such as 5-fluorouridine triphosphate 5-FUIP are also pro-
duced by a series of enzymatic reactions and stimulate cell death [19].
Oxaliplatin is also an effective chemotherapy drug used intravenously,
inhibits DNA replication, and induces apoptosis by creating cross-links
in DNA structure [20]. In addition, other drugs such as Capecitabine,
Doxorubicin, and Irinotecan are common chemotherapy drugs used for
colorectal cancer treatment. In spite of the significant anti-tumor
properties of these drugs, chemotherapy fails in many cases and re-
leasement occurs due to the resistance of cancer cells to chemotherapy.
Chemotherapy drugs usually target rapidly dividing cells, so cancer
stem cells (CSCs) which are quiescent in the G0 phase of cell cycle show
significant resistance to chemotherapy and play a vital role in the re-
currence of disease and metastases [21]. CSCs have other character-
istics that led to chemoresistance. Chemoresistance poses a very serious
challenge to CRC treatment in which an 8-year survival rate is 53%
after surgery and chemotherapy in stage III CRC patients. Thus the
amount of treatment failure is approximately half of the cases [22].
Following the recent studies, it is tried to transform CRC into a con-
trollable disease by solving the problem of chemoresistance and in-
creasing the chances of effective treatment, particularly to identify the
mechanisms of chemoresistance, while another part focuses on finding
solutions to attenuate these mechanisms and increase the sensitivity of
CRC cells to chemotherapy. Using miRNAs is one of the solutions with
promising results. After reviewing the main mechanisms of chemore-
sistance, the role of miRNAs in overcoming such a problem has been
also discussed.

3. Chemoresistance: a major problem in colorectal cancer
treatment

As mentioned in the previous sections, most CRC cases are detected
in advanced stages where the survival rate is low because che-
motherapy has failed and recurrence of disease is observed in many
cases. Many studies have been carried out to find the reasons for CRC
chemoresistance led to defining the dimensions of many chemoresis-
tance mechanisms (Fig. 1). In the following, a brief overview of im-
portant mechanisms is explained.

3.1. ABC transporters, drug detoxification, and chemoresistance

ABC transporters are transporters presented in the plasma mem-
brane of cells while performing various duties. Overall, these trans-
porters play a vital role in the uptake of nutrients and some of the
biosynthetic precursors required by cells as well as the export of certain
compounds such as lipids and drugs. These transporters provide the
energy needed to transport materials across the membrane through ATP
hydrolysis [23]. ABC transporters are classified into seven families,
ranging from A to G based on their amino acid sequence differences.
Each of them consists of subgroups for example multidrug resistance
protein 1 (MDR1) and ABCB1 which possess P-glycoprotein (Pgp) are
subgroups of B family (ABCB). Multidrug resistance-associated protein
1 (MRP1) or ABCC1 and breast cancer resistance protein (BCRP) or
ABCG2 belong to the C family (ABCC) and G family (ABCG), respec-
tively. ABC transporters can remove toxic drug metabolites from the
cell, important in physiological conditions, and prevents cytotoxicity.
However, this property of ABC transporters reduces drug concentration
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in cells and acts as a barrier to the effectiveness of chemotherapy drugs
in cancers, regarding its role in destroying cancer cells. Studies have
shown the elevated Pgp and MRP1 expression in CRC [24,25]. More
interestingly, following the use of chemotherapy drugs, the expression
of these transporters is increased in cancer cells and the treatment
process consequently became more difficult [26–28]. In addition to
playing a role in chemoresistance, some of these transporters enhance
some characteristics of cancer cells including their invasiveness. For
example, ABCB5 besides its role in 5-FU resistance could increase the
invasiveness of CRC cells [29]. Many studies have shown a relationship
between the expression of ABC transporters, especially Pgp and some of
the signaling pathways. For example, there is a relationship between
Pgp and NFKB signaling pathway, and it seems that inhibiting this
signaling pathway leads to Pgp downregulation [30]. Studies have also
shown a relationship between the AKT/PI3K signaling pathway and Pgp
upregulation and CRC chemoresistance [31]. These signaling pathways
are regulated by control mechanisms under physiological conditions.
For example, PTEN controls AKT/PI3K signaling pathway by inhibiting
PI3K; however, this signaling pathway is activated uncontrollably in
cancer cells due to the activation of mutations in various components of
this pathway, as well as mutations in inhibitors such as PTEN while
enhancing chemoresistance [31,32]. In the following sections, further
details on the relationship between the signaling pathway and che-
moresistance are provided. Conjugation of chemotherapy drugs with
some compounds makes these drugs better substrates for ABC trans-
porters. Glutathione is one of the most important compounds.

Glutathione and glutathione S transferase (GST) play an important role
in detoxification of chemotherapy drugs and can facilitate the function
of ABC transporters in the efflux of these drugs. Glutathione is a tri-
peptide composed of glutamate, cysteine, and glycine, whose reduced
form (GSH) is highly important against oxidative stress and detox-
ification of drugs [33]. Glutathione expression seems to be increased in
CRC cells. According to [34], glutathione-producing enzymes have a
higher expression rate in colon tumor tissue than normal tissues by
using immunohistochemistry analysis [34]. [35] has shown a sig-
nificant relationship between glutathione upregulation in colon tumor
tissue and poor survival in CRC patients [35]. Another study also has
shown a relationship between intracellular glutathione and the re-
sistance of cancer cells to Cisplatin. Also, cancer cells can respond to
increasing glutathione expression following exposure to Cisplatin, and
even the response rate is suggested as a predictor of resistance to Cis-
platin chemotherapy [36]. In addition to playing a role in facilitating
the function of ABC transporters, especially MRP2, the antioxidant
properties of GSH are also important in chemoresistance development
because some chemotherapy drugs induce apoptosis in cancerous cells
through oxidative stress, and glutathione can make the treatment dif-
ficult by neutralizing the oxidative stress [37,38]. Overall, the elevated
levels of antioxidants are one of the major barriers to the effectiveness
of chemotherapy (discussed later). The role of GST in chemoresistance
has not seemed to be limited to the catalysis of the conjugation of
chemotherapy drugs with glutathione and detoxification of these drugs.
Moreover, it seems that GST can attenuate apoptosis through its non-

Fig. 1. Chemoresistance mechanisms in the colorectal cancer (CRC): Signaling pathways such as NFKB, Wnt/ β-catenin, and PI3K/AKT lead to ABC transporters
overexpression which has a vital role in chemoresistance. Both notch1 and Wnt/β-catenin pathways increase chemoresistance by HES1 gene overexpression.
Thymidylate synthase (TS) and FOXO1 are proteins which have overexpressed in CRC and cause to chemoresistance. The ANXA3 levels also increase in CRC, which
rises chemoresistance directly as well as indirectly, by increasing the MAPK signaling pathway. Paxillin (PXN) also overexpress in CRC cells and phosphorylates by
Src and implicates chemoresistance by BCL-2 stabilization.
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enzymatic function. Some chemotherapy drugs trigger apoptosis
through the P38-MAPK signaling pathway, and GST attenuates this
signaling pathway and induces chemoresistance by targeting JNK as
one of the key components of this signaling pathway [37,39]. Im-
munohistochemistry methods are used by [40] and the results have
shown elevated glutathione S-transferase P1 (GSTP1) gene expression
in colon tumor tissue in comparison with normal tissue [40]. GST1
targeting seems to be able to overcome the chemoresistance of cancers
which is confirmed by the related studies. [41] These studies have
shown that the knock-downing GST1 gene has significantly increased
the sensitivity of cancer cells to Cisplatin and Carboplatin [41]. Some of
the extensive recent studies illustrate many aspects of chemoresistance
causes in CRC cells and have referred to the process of detoxification
and the efflux of chemotherapy drugs as one of the most important
factors in this regard.

3.2. Thymidylate synthase and chemoresistance

As previously mentioned, targeting of thymidylate synthase is one
of the most common strategies for CRC chemotherapy and also the
attenuation of thymidine synthesis led to the attenuated proliferation of
cancer cells. 5-fu is the most commonly used chemotherapy drug that
exerts its anti-tumor effects by targeting thymidylate synthase, but one
of the major problems that make cancer cells resistant to 5-FU is the
overexpression of thymidylate synthase in cancer cells, which in turn
attenuates the effects of 5-FU and compensation for thymidine defi-
ciency. It seems that the overexpression of thymidylate synthase in CRC
cells is associated with poor overall survival [42], while the down-
regulation of this enzyme as well as dihydropyrimidine dehydrogenase
which catabolizes 5-FU, are associated with increased sensitivity to 5-
FU treatment in CRC [43,44]. It has been recently shown that the
overexpression of thymidine phosphorylase, which converts thymidine
into thymine, is associated with a recurrence of cancer in stage II/III
CRC patients undergoing surgery and chemotherapy [45]. Long-term 5-
FU exposure seems to increase the expression of thymidylate synthase
and reinforce chemoresistance via an HSP90/src-dependent mechanism
in CRC cells [46]. FOXM1 is a proto-oncogene and its expression is
increased in colorectal cancer, which can make CRC cells resistant to 5-
FU by increasing the expression of thymidylate synthase and ABCC10
transporter [47–49]. Considering the findings of a direct correlation
between FOXM1 and thymidylate synthase in colon tumor tissue, and
the positive effects of FOXM1 inhibition on increasing the sensitivity of
CRC cells to 5-FU, it is hoped to achieve a significant advancement in
solving the problem of chemoresistance by targeting FOXM1 [48]. The
use of miRNAs has yielded promising results in this regard, which will
be discussed in later sections.

3.3. Apoptosis, autophagy, and chemoresistance

Apoptosis and autophagy are two major types of programmed cell
death that are significantly different from each other. When a DNA cell
is damaged, DNA double-strand breaks (DSBs) (a protein called MRN)
binds the site of damage and enhances the activation of ATM and ATR
which have kinase activity. These kinases can phosphorylate and acti-
vate P53, and P53 can in turn inhibit cell cycle by increasing the ex-
pression of P21 [50,51]. This inhibition provides the opportunity for
repair mechanisms to resolve the damage before cell division. If these
mechanisms have not resolved the damage, the cell destroys itself via
apoptosis. In fact, apoptosis is one of the most important barriers to
tumorigenesis. P53 plays a key role in apoptosis and can increase the
expression of proapoptotic proteins such as BAX [52]. BAX and BAK
dimerization in the mitochondrial membrane are resulted in a split in
the mitochondrial membrane, the release of cytochrome C, activation of
caspase cascade, digestion of proteins, and DNA, and ultimately an
apoptotic wrinkled cell remains. The problem of most cancers including
CRC is that P53 function is impaired due to mutations resulted in the

resistance of cancer cells to apoptosis. One of the most important goals
of chemotherapy drugs is the induction of apoptosis. Unlike apoptosis,
autophagy plays a double role in cancer cells.

When the cells undergo various stresses such as hypoxia and nu-
trient deprivation, autophagy signaling begins. Some cell organelles are
degraded during the autophagy process to provide the nutrients needed
to generate energy and ensure cell survival. Though excessive levels of
autophagy can lead to cell death, it can be contributed to cell surveil-
lance under hypoxia or nutrient deprivation conditions in cancerous
cells [53]. Cancer treatment has also focused on the strategies for in-
ducing apoptosis, while autophagy induction is not much of interest.
One of the most important reasons for cancer development and che-
motherapy failure is the resistance of cancer cells to apoptosis. Re-
garding the overexpression of anti-apoptotic proteins, p53 mutations as
well as mutations in pro-apoptotic proteins such as BAX are the most
important reasons for the resistance of cancer cells to apoptosis [54,55].
The results of a study on CRC have shown that the expression of BCL-XL
(an anti-apoptotic protein) has been increased in colon tumor tissue
compared to normal tissue, and such increase is associated with poor
post-treatment overall survival [56]. Additionally, Bcl-xL inhibitor,
ABT-737 as a molecular drug increases the apoptosis of CRC cells [57].
The results of another study on CRC cells have shown that down-
regulation of BAX and upregulation of BCL-XL and BCL2 (another anti-
apoptotic protein) are associated with greater resistance to 5-FU [58].
BCL2 performs in CRC chemoresistance via a src-dependent mechanism
which is a proto-oncogene and leads to BCL-2 stabilization and the
resistance of CRC cells to 5- FU by activating paxillin which is an
adaptor protein [59]. Considering the importance of P53 in apoptosis
and its effects on the increased expression of pro-apoptotic proteins,
P53 mutation is observed in 55–60% of CRC cases and reaches about
80% in metastatic cases [60], also P53 dysfunction is associated with
poor prognosis in CRC patients [61]. In addition, it seems that CRC cells
with mutated p53 exhibit very strong resistance to 5-FU-based treat-
ment, and apoptosis of these cells is also significantly lower, following
the treatment with 5-FU or Oxaliplatin [62,63]. So far, many solutions
have been proposed to overcome the problem of resistance to CRC cell
apoptosis and the use of BH3 mimics, especially ABT-737 is one of these
most promising solutions. Autophagy plays a dual role in cancer cells
and though it is sometimes in favor of cancer cell surveillance, autop-
hagy induction can be useful as a therapeutic approach in some cir-
cumstances [64]. For example, one study has shown that 5-FU causes
cell death in BAX-free CRC cells by inducing autophagy. More inter-
estingly, it seems that Rapamycin induced autophagy promotes the
apoptotic and anti-proliferative effects of 5-FU in CRC cells [65].
However, the results of a study on CRC cells have shown that autophagy
inhibition has increased the sensitivity to 5-FU in cells that lacking P53,
or those having mutated P53 [66]. Considering these controversial
findings, it is essential to carry out further studies on the role of au-
tophagy in chemoresistance as well as the interplay between autophagy
and apoptosis.

3.4. Signaling and chemoresistance

Undoubtedly, chemoresistance is also related to the signaling
pathways similar to many other cell events. So far, many studies have
shown the relationship between different signaling pathways with
chemoresistance of CRC cells. RAS-MAPK, AKT/PI3K, mTOR, WNT/B-
catenin, NFKB, and Notch1 signaling pathways seem to be the most
important signaling pathways involved in chemoresistance of CRC cells
[67–69]. Many studies have focused on targeting these signaling
pathways to overcome CRC chemoresistance, thus some of the results
are promising. Accordingly, [70] has reported that the silencing of the
WNT/B-catenin signaling pathway reduces the expression of ABCB1
and ABCG2 transporters in chemo-resistant CRC cells and increases the
sensitivity of these cells to chemotherapy drugs [70]. It seems there is
an interesting relationship between the activity of this signaling
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pathway and expression of ABCC3 in CRC cells, thus the elevated
ABCC3 expression by this signaling pathway is probably another reason
for CRC chemoresistance [71]. The role of the NFKB signaling pathway
in increasing the expression of P-gp and chemoresistance is discussed in
previous sections. Therefore, biglycan (a leucine-rich proto-glycan) is
involved in CRC chemoresistance by enhancing NFKB signaling
pathway [72]. ZBTB7 (an important proto-oncogene) seems to increase
the resistance of CRC cells to 5-FU by enhancing NFKB signaling
pathway [73]. Another study has shown the relationship between the
Notch1 signaling pathway and the chemoresistance of CRC cells. As a
result, the Notch signaling pathway exerts its effect on chemoresistance
probably through the interaction with the WNT/ B-catenin signaling
pathway [74]. ANXA3 (a growth-regulating protein) and MAPK /ERK
signaling pathway seem to be related to the chemoresistance of CRC
cells [75,76]. In this study, the relationship between the AKT/PI3K
signaling pathway and P-gp overexpression has been explained. Re-
spectively, [77] has shown that the inhibition of PRDX2 by attenuating
the AKT/PI3K signaling pathway increases the sensitivity of CRC cells
to 5-FU [77]. Adding that PRDX2 is a protein involved in free radical
scavenging and neutralization of oxidative stress-related to AKT/PI3K
and NFKB signaling pathways [78], but with many unknown aspects of
this relationship. The role of PDRX2 in chemoresistance may be related
to its antioxidant properties. However, it seems that further studies are
needed in this regard. On the whole, oxidative stress plays a dual role in
cancers. Oxidative stress is a phenomenon in which free radical pro-
duction exceeds the scavenging capacity of the antioxidant response
system. These free radicals can cause lipid peroxidation, DNA damage,
and cell death, besides harmful effects. Although oxidative stress is
involved in the pathogenesis of many human diseases such as diabetes,
IBD, and even cancers or causes of tumorigenesis, some chemotherapy
drugs utilize oxidative stress in cell death to help cancer treatment by
inducing oxidative stress. Therefore, it is obvious that decreasing the
antioxidants levels is another mechanism used by cancer cells to resist
such drugs [79–82]. This mechanism is also observed particularly in
CRC. In this regard, in a study by [83] on CRC cells, the results have
shown that concurrent use of 5-FU and antioxidants reduces apoptosis
and leads to chemoresistance in CRC cells [83]. Nrf2-Keap1 signaling
pathway plays a very important role in regulating antioxidant defense
of cells and chemoresistance of colorectal cancer. Keap1 (an adaptor
protein) by binding Nrf2 as a transcription factor enhances the ubi-
quitination and decomposition of Nrf2 under normal circumstances,
however, changes occur in cysteine residues in Keap1 under oxidative
stress conditions, which weakens the binding of Keap1 to Nrf2 and the
stability of Nrf2 [84]. Nrf2 enhances antioxidant defense by increasing
the expression of antioxidant enzymes such as glutathione peroxidase,
as well as enzymes responsible for the synthesis of glutathione, thereby
counteracting the oxidative stress induced by some chemotherapy
drugs and causing chemoresistance. In addition, Nrf2 also enhances the
expression of some ABC and GST transporters [85,86]. Therefore, in
addition to enhancing the neutralization of the apoptotic effects of some
chemotherapy drugs, Nrf2 enhances the efflux of such drugs by en-
hancing antioxidant defense. Results of previous studies on colorectal
tumor tissue have shown that Nrf2 expression is increased in colorectal
tumor tissue in comparison with normal tissue and there is a direct
correlation between the expression of Nrf2 and P-gp in colorectal tumor
tissue [87,88]. Real-time quantitative MS-PCR is used in another study
by [89], resulting that Nrf2 promoter CpG islands are significantly
hypo-methylated in 5-FU-resistant colorectal cancer cells [89]. All
evidence has suggested the effective role of Nrf2 in CRC chemoresis-
tance. Therefore, it may be possible to overcome CRC chemoresistance
by inhibiting the Nrf2-Keap1 signaling pathway.

3.5. Cancer stem cells and chemoresistance

Chemotherapy drugs can eliminate a significant number of differ-
entiated cancer cells, but without a significant effect on cancer stem

cells (CSCs). These cells often survive and subsequently cause recur-
rence of the disease [90]. In fact, CSCs are the most resistant cancer
cells to chemotherapy. In general, being quiescent in the G0 phase of
the cell cycle, lack of proliferation, high DNA repair ability, high ex-
pression of ABC transporters, and some of the anti-apoptotic proteins
are the most important reasons for chemoresistance of CSCs [91]. Some
of the cancerous epithelial cells can also take on the characteristics of
CSCs under the influence of various signaling pathways, which is called
the epithelial-mesenchymal transition (EMT) phenomenon, and ex-
cessive invasion capabilities, thus the chemoresistance of these cancer
cells is due to this stemness [91,92]. Many studies have focused on
targeting CSCs and finding solutions to increase the chemosensitivity of
these cells. The use of natural compounds has been one of the most
interesting of these solutions, as the combination of some of these
compounds, such as Curcumin and thymoquinone with 5-FU has yelled
promising results in the elimination of CSCs [93,94]. Curcumin seems
to undermine EMT and increase the chemosensitivity of CRC cells
through down-regulating some important factors in self-renewal such as
Bmi-1 and up-regulating some EMT-suppressive miRNAs [95]. [96] has
shown that Huaier aqueous extract is a Chinese medicine that could
eradicate colorectal cancer stem cells through weakening the Wnt/b-
catenin signaling pathway [96]. Subsequent studies have shown that
the period circadian regulator 3 (PER3), which plays a role in the cir-
cadian clock, also weakens the chemoresistance and self-renewal ability
of the colorectal carcinoma through weakening Wnt/b-catenin and
Notch1 signaling pathways, and hence the PER3 expression is reduced
in colorectal CSCs and chemotherapy-resistant colorectal CSCs. It is
essential to carry out further studies on the role of this gene in che-
moresistance [97]. Considering the aforementioned findings, there is a
hope that a number of chemotherapy failure cases will be significantly
reduced in the future by overcoming the problem of CSCs. It seems that
an appropriate approach to achieve such a goal is to focus on miRNAs,
which will be discussed later in this study.

4. Micro RNAs and colorectal cancer chemoresistance: from basic
science to clinical application

Using miRNAs is one of the most promising solutions to overcome
CRC chemoresistance. miRNAs can be used as therapeutic tools, ther-
apeutic goals, and prognostic markers of response to chemotherapy. It
is hoped that miRNAs could be used as new clinical tools in the near
future to overcome the chronic problem of CRC chemoresistance. This
section attempts to provide a comprehensive overview of the most in-
teresting findings of recent years in this field.

4.1. MicroRNAs as therapeutic targets and therapeutic agents for
overcoming chemoresistance in colorectal cancer

The most important mechanisms used by CRC cells to resist che-
motherapy and some of the approaches suggested to overcome these
problems are provided in this section. The use of miRNAs seems to be
one of the most promising solutions to overcome CRC chemoresistance.
These small molecules are related to all the mechanisms mentioned in
previous sections, and targeting or using these molecules have pro-
mising results in solving the problem of CRC chemoresistance.
Considering the key role of ABC transporters in CRC chemoresistance, a
group of studies has examined the relationship between miRNAs with
these transporters. [98] has shown that miR522 is down-regulated in
Doxorubicin-resistant CRC cells, and using miR522 mimic and over-
expressing these miRNAs reduce the expression of ABCB5 and increase
the doxorubicin-sensitivity of CRC cells [98]. [99] has shown that
miR506 is down-regulated in chemoresistant CRC tissue, which is as-
sociated with low 5-year survival. The study has shown that the over-
expression of miRNAs increases the Oxaliplatin-sensitivity of CRC cells
by attenuating the Wnt/b-catenin signaling pathway and inhibiting the
expression of P-gp gene [99]. Therefore, the use of miR506 mimics can
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be a solution to overcome chemoresistance and increase the overall
survival in colorectal cancer. MiR200C and miR145 seem to reduce P-
gp levels in CRC cells and can increase the chemosensitivity of CRC
[100,101]. MiR23a overexpression has also shown that it increases the
sensitivity of CRC cells by reducing ABCF1 through microsatellite in-
stability [102]. However, it seems that miRNA attenuates the apoptotic
APAF1-Caspas9 pathway, and its antisense has interesting effects on the
augmenting apoptotic effects of 5-FU in CRC cells [103]. MiR297 is
another miRNA that can be used to overcome CRC chemoresistance.
Another study has shown a reverse correlation between the expression
of this miRNA and MRP2 expression in colorectal tumor tissue, re-
presenting that ectopic expression of this miRNA reduces MRP2 ex-
pression levels in chemo-resistant CRC cells and increases the chemo-
sensitivity of these cells [104]. It seems that miR133b can also increase

CRC chemoresistance by targeting ABBCC1 and the use of AgomiR133b
in combination with chemotherapy drugs has promising results and
enhanced the effects of chemotherapy drugs on chemo-resistant CRC
cells [105]. Some miRNAs also increase the chemoresistance of CRC
cells by targeting ABCG2. MiR519 and miR203 are among these
miRNAs [106,107]. It seems that the expression of miR142-3P is also
reduced in colorectal tumor tissue, which is associated with an increase
in the expression of ABCG2. More interestingly, miR142-3P mimics
increase the sensitivity of CRC cells to 5-FU probably by applying in-
hibitory effects on ABCG2 [108]. Also, miR199a/b can be considered as
one of the therapeutic goals to overcome the chemoresistance of CRC
cells. miR199a/b increases the expression of ABCG2 by enhancing Wnt/
b-catenin signaling pathway and induces resistance to Cisplatin in some
CRC cancer stem cells [109]. The role of GST in facilitating the function

Table 1
Micro RNAs role in colorectal cancer cells chemosensitivity.

miRNAs name Cellular target Chemotherapeutic agent that cells are
resistant to

Main findings Ref

miR522 ABC-transporters Doxorubicin miR522 ↑
ABCB5↓
chemosensitivity ↑

98

miR506 Wnt/b-catenin signaling pathway Oxaliplatin miR506 ↑
expression of P-gp gene ↓
Wnt/b-catenin ↓
chemosensitivity ↑

99

MiR200C JNK2/c-Jun 5-FU MiR200C ↑
downstream factors of the JNK signaling
pathway ↓
chemosensitivity ↑

101

MiR23a ABCF1 5-FU MiR23a ↑
ABCF1 ↓
chemosensitivity ↑

102

MicroRNA-23a Apoptotic APAF1-Caspas9 pathway 5-FU MicroRNA-23a ↓
APAF1-Caspas9 ↑
Apoptosis ↑
chemosensitivity ↑

103

MiR297 MRP-2 protein Platinum MiR297 ↑
MRP2 expression ↓
chemosensitivity ↑

104

miR133b miR133b 5-FU miR133b ↑
miR133b ↓
chemosensitivity ↑

105

MiR519c and miR203 ABCG2 5-FU MiR519c and miR203 ↑
ABCG2↓
chemosensitivity ↑

106–107

miR142-3P ABCG2 5-FU miR142-3P ↑
ABCG2↓
chemosensitivity ↑

108

miR199a/b Wnt/b-catenin Cisplatin miR199a/b↑
ABCG2↑
Wnt/b-catenin↑
chemosensitivity ↑

109

miR3664-5P
miR-302c-5p

GSTP1
ABCB1

Oxaliplatin miR3664-5P ↓
miR-302c-5p↓
GSTP1↓
ABCB1↑
Chemosensitivity ↓

111

miR-203 miR197 Thymidylate synthase 5-FU miR-203 or miR197 ↑
thymidylate synthase ↓
chemosensitivity ↑

112, 113

miR1307-3P Thymidylate synthase Capecitabine miR1307-3P ↓
thymidylate synthase ↑
chemosensitivity ↓

114

miR192 and miR215 Thymidylate synthase 5-FU Thymidylate synthase ↓
chemosensitivity not affected

115

miR494 Dihydropyrimidine dehydrogenase 5-FU miR494 ↓
dihydropyrimidine dehydrogenase ↑
chemosensitivity ↓

116

miR206, MiR148a, and
miR125a-5p

BCL2 5-FU miR206 ↑
BCL2 ↓
Apoptosis ↑
chemosensitivity ↑

117, 118, 119

5-fluorouracil (5-FU)/ATP-binding cassette (ABC)/Glutathione S-transferase P (GSTP).
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of ABC transporters and their importance in chemoresistance is dis-
cussed in previous sections. Although there are few studies on the re-
lationship between miRNAs with GST in CRC, previous studies on other
cancers have yielded very interesting results. On the other hand,
miR133b increases the sensitivity of Cisplatin-resistant lung cancer cells
to Cisplatin by targeting GST1 [110]. [111] has reported a reverse
correlation between the level of GSTP1 and miR3664-5P in Oxaliplatin-
resistant CRC cells [111]. Therefore, miRNA can be considered for
further studies.

Overexpression of thymidylate synthase is another mechanism used
by CRC cells to resist chemotherapy. A group of studies has also ex-
amined the association of miRNAs with this enzyme. Therefore, [112]
has shown that miR203 increases the chemosensitivity of CRC cells by
targeting thymidylate synthase, thus miR-203- mimic induced miR203
overexpression can be a useful solution to increase the sensitivity of
CRC cells to 5-FU [112]. Another study revealed an inverse correlation
between the decreased expressions of miR197 and increased expression
of thymidylate synthase in the colorectal tumor tissue obtained from
CRC stage IV patients. Also, overexpressing of miRNA with miR197
mimics can increase the sensitivity of CRC cells to 5-FU by targeting the
thymidylate synthase [113]. MiR330 and miR1307-3P seem to be
among other miRNAs that can increase the chemosensitivity of CRC
cells by targeting thymidylate synthase [12,114]. Another study
showed that miR192 and miR215 could target thymidylate synthase,
however, down-regulation of thymidylate synthase with these miRNAs
has not significantly affected the increase in sensitivity of CRC cells to
5-FU [115]. In addition to thymidylate synthase, targeting of dihy-
dropyrimidine dehydrogenase with miRNAs can also be a useful solu-
tion to increase the chemosensitivity of CRC cells (not studied fre-
quently). However, miR494 has significantly enhanced the sensitivity
of CRC cells to 5-FU by targeting this enzyme [116]. Induction of
apoptosis is one of the most important mechanisms by which che-
motherapy drugs eliminate cancer cells and resistance of cancer cells to
chemotherapy drugs. Induced apoptosis is one of the most important
problems in treating cancers such as colorectal cancer. Thus, this re-
sistance is caused by mechanisms such as increasing the expression of
anti-apoptotic proteins as well as their antioxidant defense capacity.
Some studies have focused on the use of miRNAs to overcome the
problem of apoptosis resistance in CRC cells provided promising results.
Accordingly, miR206 expression is decreased in 5-FU-resistant CRC
cells and the overexpression of this miRNA with miR206 mimics re-
duces the expression of BCL2 expression as an anti-apoptotic protein
while increasing the chemosensitivity of CRC cells [117]. MiR148a and
miR125a-5p can also target BCL2, and the overexpression of these
miRNAs can also be considered as a solution to enhance the apoptosis of
CRC cells [118,119]. The information on the role of miRNAs in CRC
chemosensitivity summarized in Table 1.

Recently, it has been shown that miR1271 mimics have decreased
the expression of BCL2, increased the expression of BAX, and has also
significant effects on augmentation of apoptosis and increased sensi-
tivity of CRC cells to Cisplatin [120]. MiR143 also enhances apoptosis
by down-regulating BCL2 and increasing the activity of 3,8, and 9
caspases and increases the sensitivity of colorectal cancer cells to 5-FU
[121].

As explained before, BCL-XL is also an important anti-apoptotic
protein targeted by miR49. miRNA can induce apoptosis in CRC cells by
targeting BCL-XL [122]. Studies have shown that miR133a, miR195-5P,
and miR874 also have significant effects in enhancing apoptosis and
increasing the chemosensitivity of CRC cells [123–125]. MiR34a is
another miRNA downregulated in CRC cells, which is relatively con-
tributed to chemoresistance [126]. Also, long non-coding RNA
Kcnq1ot1 has a significant effect on the attenuation of apoptosis and
chemoresistance of CRC cells, likely applied by targeting miR34a and
attenuation of its function [127]. It seems that the above lncRNAs can
also downregulate miR760, thereby increasing the chemoresistance in
CRC cells [128]. Considering the studies, RNAmimics-induced

inhibition of KCNQ1OT1lncRNA and overexpression of miR34a and
miR760 can be further explored as new approaches to overcome CRC
chemoresistance. Adding that lncRNAs are also non-coding RNA mo-
lecules with a length of about 200 nucleotides, therefore, identifying
their role in health and disease is among the newest fields of research in
medicine and biology [129]. MiR129 is another miRNA that enhances
apoptosis by targeting BCL2 and increases the sensitivity of CRC cells to
5-FU [130]. Therefore, the combination of 5-FU with miR129mimic is
produced under the name of mimic-1 with 5-FU integration into
miR129. It seems that mimic-1 can be delivered to CRC cells without
using transfection reagents, moreover, its use has significant effects on
the increase of chemosensitivity of cancer stem cells in colorectal
cancer [131].

Carrying out further relevant studies in the future can enable the
clinical use of miRNAs to overcome the chemoresistance. Another
miRNA that can be used to overcome CRC chemoresistance is miR215.
It seems that the overexpression of miR215-3p significantly enhances
the apoptotic effects of 5-FU on CRC cells. [132]. MiR215 is also as-
sociated with CRC-induced liver metastases, and UCLM lncRNAs are
likely to exert its stimulatory effects on liver metastases in CRC by at-
tenuating the function of this miRNA [133]. Therefore, it is likely that
the use of miR215mimic is an interesting solution for increasing che-
mosensitivity and attenuating liver metastasis in colorectal cancer.

The effects of miR215 systemic administration on CRC cells in vivo
has been conducted to deliver miR215mimic to the tumor site by using
liposomes, however, this delivery method is not successful in delivering
miR215mimic to the tumor site [134]. In fact, difficult delivery is one of
the barriers in the clinical use of miRNA and could be eliminated in
further studies.

miR 203a-3p and miR204 seem to play a role in increasing the
chemosensitivity of CRC cells targeted by lncRNAs HOTATR and CAT6
lncRNA. These lncRNAs play a role in CRC chemoresistance [135,136].
Therefore, targeting some of the lncRNAs or overexpressing miRNAs
targeted by them can be an interesting solution to overcome the che-
moresistance in CRC cells. According to [137], Propofol (an anesthetic
agent) enhances the apoptosis in CRC cells by attenuating the inhibitory
effects of lncRNA HOXAII-AS on miRNA let-7i [137]. However, the
action of lncRNAs in CRC chemoresistance needs further explanations
for understanding the nature of this effect. As mentioned before, some
chemotherapy drugs induce apoptosis in cancer cells by increasing the
level of free radicals and causing oxidative stress. One of the mechan-
isms used by cancer cells to resist apoptosis is the increased antioxidant
defense capacity, thus Nrf2 plays a key role in this regard. It is also
suggested that targeting the Nrf2-Keap1 signaling pathway is an ef-
fective approach to overcome CRC chemoresistance. There are still few
studies on the relationship between miRNAs with this pathway in CRC,
however, some studies on some other types of cancers have reported
very interesting results, say a study on hepatocellular cancer cells shows
that the ectopic expression of miR-144 increases the sensitivity of he-
patocellular cancers to 5-FU by attenuating Nrf2 [138].

Also, another study on CRC cells has reported an interesting re-
lationship between miR-181c and Nrf2. subsequently, NFE2L2 / NRF2
silencing significantly increases the expression of miR181c, and this
overexpression also leads to the attenuated mitochondrial respiratory
chain, reduced ATP levels, increased AMPK activity, attenuated fatty
acid biosynthesis, and ultimately better responding to AMPK inhibitor
treatment [139]. Considering the important role of Nrf2 in resistance to
apoptosis and chemoresistance of CRC cells, it is essential to carry out
further studies on miR181. Thereafter, the overexpression of this
miRNA can be effective in attenuating the chemoresistance of CRC cells.
Another study has reported that miR210 can induce apoptosis in CRC
cells by increasing the level of free radicals and causing oxidative stress.
Therefore, the overexpression of this miRNA is likely to enhance the
apoptotic effects of chemotherapy drugs and increase chemo-sensi-
tivity. In addition, miRNAs can be considered as potential therapeutic
tools to enhance apoptosis in colorectal cancer cells regarded as
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potential therapeutic targets.
Moreover, some miRNAs are contributed to the resistance to

apoptosis and CRC chemoresistance like miR338-3P. This miRNA seems
to attenuate apoptosis in CRC cells with mutated p53 and cause che-
moresistance [141]. MiR520g also attenuates the apoptotic effects of 5-
FU and Oxaliplatin on CRC cells. The expression of this miRNA is
regulated by P53 which its deletion causes the upregulation of this
miRNA. More interestingly, the inhibition of this miRNA in P53-lacking
cells has significantly increased their sensitivity to 5-FU [142]. Con-
sidering these interpretations and regarding P53 mutation in many CRC
cases, this miRNA can be one of the most interesting potential targets to
overcome chemoresistance.

MiR 587, miR135b, and miR21 are other miRNAs that attenuate the
apoptosis and cause chemoresistance in CRC cells through various
mechanisms considered as therapeutic targets to overcome chemore-
sistance [143–145]. The dual role of autophagy in CRC chemoresistance
is explained in previous sections. Therefore, some miRNAs are also
associated with autophagy while enhancing the chemosensitivity by
attenuating the autophagy process. MiR22 is one of these miRNAs that
increases the sensitivity of CRC cells to 5-FU by attenuating the au-
tophagy process, enhancing the apoptosis process [146]. MiR409-3P
also increases the sensitivity of CRC cells to Oxaliplatin by attenuating
the autophagy process. For example, one study has shown that this
miRNA inhibits autophagy by targeting Beclin 1(a key gene in autop-
hagy) and the overexpression of this miRNA with miR409-3Pmimic can
significantly increase the sensitivity of CRC cells to Oxaliplatin [147]. It
seems that hsa-miR-140-5p can also attenuate the autophagy process.
Respectively, this miRNA attenuates the growth, proliferation, and in-
vasion ability of colorectal cancer stem cells by targeting SMAD2,
which is a stemness stimulus factor as well as the attenuation of au-
tophagy. The expression of this miRNA is mightily associated with
better survival in stage III and IV CRC patients [148]. It seems necessary
to carry out further studies on this miRNA, especially accurately ex-
amining the effects of its overexpression on chemoresistance. Some
miRNAs also play a role in CRC chemoresistance by enhancing autop-
hagy considered as potential therapeutic targets like miR125b. In ad-
dition to enhancing autophagy and resistance to 5-FU, this miRNA also
has significant stimulatory effects on EMT, and the invasive ability of
CRC cells [149] make this miRNA be one of the most interesting ther-
apeutic targets to overcome chemoresistance and effectively CRC
treatment. As mentioned before, autophagy is not always in favor of the
surveillance of cancer cells, thus the induction of autophagy can have a
remarkable effect on the elimination of cancer cells, and miRNAs play a
role to enhance these effects. For example, [150] has studied esopha-
geal cancer, showing that miR193b enhances chemotoxicity, and cancer
cell death by enhancing autophagy [150]. The results of CRC have
presented that miR183 attenuates both apoptosis and autophagy pro-
cesses, and the inhibition of this miRNA would enhance both of these
processes [151]. There are still many unclear aspects of the role of the
autography process in chemoresistance of CRC and the relationship
between miRNAs and this process needed to be investigated.

Also, some of the signaling pathways are associated with CRC
chemoresistance. Alternatively, few studies have shown a significant
number of miRNAs that are related to these signaling pathways. NFKB
signaling pathway is one of the most important of these pathways while
playing an important role in chemoresistance. It seems that miR15
decreases the expression of BCL2 and BCL-XL by attenuating NFKB
signaling pathway, and the overexpression of this miRNA has promised
results in increasing the sensitivity of CRC cells to 5-FU [152]. MiR 143
that its effects on decreasing the expression of anti-apoptotic proteins
and increasing CRC chemoresistance are discussed previously can re-
duce the expression of NFKB in CRC cells [121,153]. There is also a very
interesting relationship between HOTAIR lncRNA, miR218, NFKB sig-
naling pathway, and 5FU resistance in CRC cells. MiR218 seems to
increases the sensitivity of CRC cells to 5-FU by attenuating the NFKB
signaling pathway, and HOTAIR lncRNA plays a role in CRC

chemoresistance by targeting miR218 [154]. MiR221 and miR222 are
also among miRNAs that exert stimulatory effects on the NFKB sig-
naling pathway and the inhibition of these miRNAs seems to attenuate
the growth of colon tumors in mice [155].

The Notch signaling pathway also plays an important role in che-
moresistance and stemness. miR-139-5p and miR-195-5p seem to at-
tenuate the chemoresistance in CRC cells by targeting Notch1 and
Notch2, respectively [156,157]. Further studies are required because
these miRNAs are also likely to contribute to the attenuation of EMT in
CRC cells. Also, their overexpression by using RNA mimics can be
considered as a potential therapeutic approach to overcome CRC che-
moresistance [158,159]. Wnt/b-catenin signaling pathway can also be
targeted by some miRNAs. One of these miRNAs is miR320, which
seems to increase the chemoresistance in cancer cells by targeting
FOXM1. It is an oncogene as well as attenuating Wnt/b-catenin sig-
naling pathway [160]. The importance of the AKT/PI3K signaling
pathway in resistance to apoptosis and chemoresistance is discussed in
previous sections. The relationship between a number of miRNAs with
this signaling pathway is explained. One of these miRNAs is miR203,
which is to increase the chemosensitivity of p53-mutated colon cancer
cells by inhibiting AKT2, reducing the expression of BCL-XL, and in-
creasing the expression of BAX [161]. It seems that miR22 also in-
creases the chemosensitivity in p53-mutated colon cancer cells by in-
creasing PTEN expression and attenuating the AKT/PI3K signaling
pathway [162]. In contrast, miR17-5P and miR543 enhance the activity
of the AKT/PI3K signaling pathway by targeting PTEN and enhances
chemoresistance and metastasis in CRC cells [163,164]. On the other
hand, the relationship between miRNAs with signaling pathways have
been investigated (partly explained here). As a result, a greater focus on
the relationship between signaling and miRNAs and CRC chemoresis-
tance can lead to effective solutions in overcoming the chemoresis-
tance. As mentioned earlier, one of the most important barriers to the
effectiveness of CRC chemotherapy is the presence of CSCs and EMT. In
this case, CSCs can be considered as the most resistant cancer cells to
chemotherapy and the main cause of the relapse of disease after che-
motherapy. The major goal of studies is to increase chemosensitivity
and to eliminate CSCs achieved by focusing on miRNAs and signaling
pathways. For example, antagomiR-induced the overexpression of
miR145 and inhibiting the expression of miR21 known as an oncogenic
miRNA to reduce the proliferation of CSCs and to enhance their dif-
ferentiation by reducing the expression of CD44, β-catenin, and sox-2 as
important factors in stemness [165]. It seems that miR-450b-5p also
attenuates stemness by targeting Sox-2 and increases chemosensitivity
in CRC cells [166]. MiR-30-5p can also attenuate the expression of
CD133 and Sox2, Wnt/b-catenin signaling pathway, and increase che-
mosensitivity in CRC cells [167]. MiR200 seems to increase the ex-
pression of E-cadherin and attenuates EMT in CRC cells. It should be
noted that the expression of E-cadherin is decreased in cancer cells
during the EMT process, and such a reduced expression is known as the
main marker of EMT [168]. As previously mentioned, miR-139-5p and
miR-195 -5p attenuate EMT in CRC cells [158,159]. Some miRNAs also
exert stimulatory effects on EMT and CRC chemoresistance which is
considered as therapeutic targets. MiR21 is one of the important
miRNAs seemed to enhance stemness in CRC cells by attenuating the
expression of PDCD4, which is contributed to the induction of apop-
tosis, as well as TGFβR2 while enhancing the expression of CD44 β-
catenin and Sox-2 [165,169]. MiR20a-5p also enhances EMT in CRC by
targeting SMAD4 [170]. As mentioned earlier, CSCs can be highly re-
sistant to chemotherapy because of its characteristics such as the
overexpression of ABC transporters and high DNA repairability. Thus,
there is a hope to overcome the CSCs problem and increase the efficacy
of chemotherapy in CRC by the overexpression of miRNAs that at-
tenuates stemness and EMT while targeting miRNAs that enhances
stemness and EMT by using RNA mimics and antagomiR.
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4.2. Micro RNAs as prognostic markers of chemoresistance in colorectal
cancer

According to literature, some miRNAs are related to the quality of
responses to chemotherapy, surveillance, and CRC recurrence used as
predictive markers. MiR218 is one of these miRNAs whose expression is
related to a better response to 5-FU in CRC [171]. MiR10b over-
expression is also related to 5-FU-resistance in CRC cells. This miRNA
can be considered as a predictive marker of survival and response to 5-
FU in CRC [172].

MiR625-3P is another miRNA that can be considered as a predictive
marker of CRC chemoresistance. It seems that the overexpression of this
miRNA is associated with a weaker response to Oxaliplatin in meta-
static CRC [173]. This miRNA plus miR-342-3p miR-501-3p, and miR-
328-3p can also be used as relapse predictive biomarkers [174]. It
seems that the serum and tissue levels of miR429 are increased in CRC
patients compared to healthy subjects, and such overexpression is as-
sociated with a weaker response to 5-FU, so this miRNA can also be
considered as a predictive biomarker of response to chemotherapy in
CRC [175]. MiR148a can also be used as a predictor of response to
treatment and overall survival in CRC. It seems that the downregulation
of this miRNA is associated with a weaker response to treatment and
lower overall survival [176]. Also, the miR215 downregulation is as-
sociated with the recurrence of CRC and a weaker response to 5-FU, and
this miRNA can be used as an independent predictive marker for the
recurrence of CRC, following radical surgery [177]. Besides, miR-21-5p
predicts the responding to neoadjuvant chemo-radiotherapy in color-
ectal cancer with 78% sensitivity and 86% specificity [178]. MiR29C
can also be used as an early-relapsed predictive marker for colorectal
cancer, as [179] has shown that the serum level of this miRNA is sig-
nificantly increased in early-relapsed colorectal cancer patients com-
pared to non-early relapsed patients [179]. MiR141 and miR125b can
also be used as predictive markers for overall survival in colorectal
cancer [180,181]. MiR126 is another miRNA that can be used as a
predictive biomarker for chemotherapy responses in colorectal cancer.
[182] has studied that this miRNA could predict responding to Cape-
citabine and Oxaliplatin in colorectal cancer with a positive predictive
value of 90% and a negative predictive value of 71% [182]. In this case,
[183] has provided that changes in miR126 serum levels are related to
the response to chemotherapy during the CRC treatment course. In
addition, a direct correlation has been observed between the expression
of this miRNA and tumor size in CRC patients [183]. on the whole, it
seems that miRNAs can be used as predictive markers for responding to
chemotherapy, overall survival, and recurrence of colorectal cancer.

5. Conclusion and further direction

Colorectal cancer is one of the most common cancers in men and
women. Chemotherapy is one of the oldest approaches to treating
colorectal cancer, but chemotherapy drugs fail to treat colorectal cancer
effectively in many cases, and the patient dies after a while due to
cancer relapses. One of the reasons for the failure of cancer che-
motherapy is the resistance of cancer cells to chemotherapy drugs.
Cancer cells resist chemotherapy with various mechanisms such as the
overexpression of ABC transporters and the efflux of chemotherapy
drugs, overexpression of thymidylate synthase, overexpression of anti-
apoptotic proteins, and resistance to apoptosis. Colorectal cancer stem
cells show strong resistance to chemotherapy as the main cause of the
recurrence of colorectal cancer. The attenuation of the aforementioned
mechanisms and the increasing chemosensitivity of CRC cells are one of
the most important research goals in recent years in colorectal cancer
treatment. A significant number of studies have shown that miRNAs are
related to different mechanisms of chemoresistance and signaling
pathways that are involved in chemoresistance, while these small mo-
lecules can be used as therapeutic tools and targets to overcome CRC
chemoresistance. In addition, miRNAs seem to be able to serve as

prognostic markers for responding to chemotherapy, surveillance, and
recurrence of colorectal cancer. To enter these studies into clinical trials
and to benefit cancer patients with drug resistance, future studies
should look for ways to the optimization of miRNA delivery systems
and produce injectable, high stabile miRNA mimics simultaneously
with chemotherapy treatments. It would be possible to pave the way for
clinical use of these molecules as a new solution to overcome che-
moresistance in colorectal cancer in future by conducting further stu-
dies, achieving the more accurate perception of the role of various
miRNAs in colorectal cancer, and finding more effective solutions for
effective delivery of RNA mimics and antagomiRS to the tumor site.

Abbreviations

CRC Colorectal cancer
ABC transporters ATP-binding cassette transporters
CSC cancer stem cells
IBD inflammatory bowel disease
5-FU 5-fluorouracil
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MDR1 Multidrug resistance protein 1
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MRP1 Multidrug resistance-associated protein 1
GST Glutathione S transferase
DSBs DNA double-strand breaks
EMT Epithelial-mesenchymal transition
PER3 Period circadian regulator 3.
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