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Introduction
Cancer treatment is one of the most important health challenges. At present, surgery, 
chemotherapy, targeted therapy, and radiotherapy are among the routine approaches 
for cancer treatment in the clinic, depending on the patient’s condition [1–3]. How-
ever, cancers are still one of the leading causes of death. In 2020, cancer, with a total of 
598,932 deaths, will continue to be the second leading cause of death in the USA after 
cardiovascular disease [4]. These statistics justify the need for further studies in the field 
of cancer treatment. In general, current research pursues two main goals: first, to find 
new ways to treat cancer, and second, to strengthen the effectiveness of current treat-
ment approaches. One of the new approaches proposed for the treatment of cancers is 
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genome manipulation. In this regard, the emerging CRISPR/Cas9 gene-editing tech-
nique has attracted a lot of attention. Using this technique, it is possible to manipulate 
the genome in cancer cells. The results of studies on cellular and animal models have 
shown that the CRISPR/Cas9 technique can be effective in treating cancers. Several clin-
ical trials are also underway to evaluate the efficiency of CRISPR/Cas9 technology in 
treating cancers [5, 6]. On the other hand, studies have shown that this technique can 
also be used to enhance the effectiveness of chemotherapy and targeted therapy. One 
of the main problems in the treatment of cancers is the issue of drug resistance, which 
is estimated to cause 90% of deaths in patients with cancer [7]. Although many aspects 
of the mechanism of drug resistance in cancer cells are not yet known, current findings 
suggest that a significant number of genes associated with drug efflux, DNA repair, apop-
tosis, and various cellular signaling pathways are involved in drug resistance [8, 9]. Tar-
geting some of these genes using CRISPR/Cas9 technology has yielded promising results 
in weakening drug resistance and increasing the effectiveness of anticancer drugs. In this 
review article, after an overview of the important mechanisms of drug resistance and 
some approaches that have been studied to inhibit drug resistance in cancer, we discuss 
the applications of the CRISPR/Cas9 technique to overcome drug resistance in cancers. 
In addition, limitations of the CRISPR/Cas9 technique are briefly discussed.

Drug resistance: a major barrier in cancer treatment
Chemotherapy is a common approach in the treatment of cancers. However, cancer cells 
often have the ability to resist the effects of chemotherapeutic drugs, which can lead to 
chemotherapy failure [10]. In addition to conventional chemotherapy, other strategies 
have been developed to target key features and capabilities of malignant cells. Targeted 
therapy is a therapeutic strategy that has made significant advances in cancer treatment 
by disrupting these key features. In fact, targeted therapy is the result of advances in 
understanding the molecular mechanism of cancers, leading to highly effective thera-
pies against tyrosine kinases and other molecular targets [11, 12]. EGFR in lung can-
cer [13], BRAF in melanoma [14], BCR–ABL fusion in chronic myeloid leukemia [15], 
HER2 in breast cancer [16], and FGFR in different types of cancer [17] are among the 
most important targets, and some well-known anticancer drugs have been designed 
against them. Recently, oncological treatment using immunological approaches has also 
advanced to detect and treat cancers [18], but resistance against targeted therapy and 
immunological therapy is still a common issue [19]. The ability of cancer cells to resist 
anticancer drugs, which can lead to enhanced survival, is called drug resistance. In the 
treatment of cancer, drug resistance is a major problem. Drug resistance can be divided 
into intrinsic (or de novo) resistance or acquired resistance. In intrinsic drug resistance, 
resistance factors are existed in tumor cells before drug treatment, while in acquired 
drug resistance, resistance can develop during drug treatment [20, 21]. An important 
feature of drug resistance is that resistance to one drug may lead to resistance to other 
drugs, which is called multidrug resistance (MDR). Cancer multidrug resistance is 
defined as the cross-resistance or insensitivity of cancer cells to the cytostatic or cyto-
toxic activity of various anticancer drugs. These drugs may differ in structure or function 
as well as molecular targets [22, 23]. Two main groups of factors are involved in creating 
drug resistance. The first group includes pharmacological and physiological factors, and 
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the second group includes cell-/tissue-specific factors [24, 25]. Increasing the activity of 
drug efflux pumps such as ATP-binding cassette (ABC), drug detoxification enhance-
ment, DNA repair ability enhancement, epigenetic effects, disruption in cellular signal-
ing pathways, attenuation of apoptosis, and epithelial–mesenchymal transition (EMT) 
enhancement are among the most important of these mechanisms [22, 26–29]. Each of 
these mechanisms, independently or in combination, reduces the therapeutic effect of 
prescribed drugs and makes cancer treatment more difficult.

For example, a study by Karin Klappe et al. showed that multidrug resistance protein 
1 (MRP1 or ABCC1) was overexpressed in HT29 colon cancer cells during the devel-
opment of acquired drug resistance caused by colchicine [30]. Another study observed 
that epigenetic silencing of Spalt‐like transcription factor 2 (SALL2) leads to resistance 
against tamoxifen in breast cancer [31]. Studies suggest that failure to regulate signal-
ing pathways, including YAP/TAZ signaling, may be among the main mechanisms of 
intrinsic and acquired resistance against chemotherapy and target therapy. YAP induces 
survival of pancreatic and colon cancer cells by enhancing EMT [32]. A study by Aru-
mugam et al. found that EMT leads to drug resistance in pancreatic cancer. This resist-
ance is exerted by an EMT regulator called Zeb1 [33]. A significant number of studies in 
the field of cancer treatment have been devoted to the purpose of targeting some of the 
above mechanisms to inhibit MDR in cancers, which will be reviewed in the following 
sections.

Advances in the study of drug resistance inhibition to enhance 
chemosensitivity in cancer
So far, several approaches have been proposed to overcome drug resistance in can-
cer, and in recent years, studies in this field have accelerated. These studies have often 
focused on the efficacy of different chemical and natural compounds and targeting some 
of the above-mentioned mechanisms and their related cellular signaling pathways and 
long noncoding RNAs as well as miRNAs in drug-resistant cancer cell lines. Before 
briefly reviewing some of the most interesting findings of these studies, a brief descrip-
tion of cellular and animal models of drug resistance is helpful. There are three major 
protocols for creating a resistant cell line that is dose-dependent and time-dependent. In 
the first method to develop a drug-resistant cancer cell, a sensitive cell line is exposed to 
the drug, and the drug concentration increases stepwise. In the second method, sensi-
tive cells are exposed to a constant concentration of the drug continuously and for a long 
period. In the third method, sensitive cells are exposed to repetitive cycles of treatment. 
For example, cells are treated with anticancer drugs for 3 days and then treated with a 
control medium for 7 days, and this process is repeated in the same way [34]. MTT test, 
estimating IC50, and calculating the resistance factor is routine in the process for assess-
ing cell resistance. Evaluation of P-glycoprotein (p-gp) expression can also be useful and 
is usually done to identify resistant cells. The technical details are very well explained 
elsewhere [35, 36].

Given that the increased expression of ABC family transporters is a very important 
cause of MDR in cancer cells [37], transfection of mdr1-expressing vectors (such as plas-
mid containing mdr1 cDNA) encoding p.gp into cancer cells is also applicable in the 
development of drug-resistant cancer cells [38]. Animal models of MDR are also used 
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in the study of drug resistance mechanisms. MDR mouse models can be generated by 
subcutaneous injection of established drug-resistant cancer cells into mice. After the 
injection, the tumors are allowed to grow and the volume of the tumors is monitored. 
After the volume of the tumors reaches a certain level, treatment with chemotherapy 
drugs is started. Finally, after a certain period, the mice are killed and their tumor tissue 
is used for the study [35]. These models are a significant aid to the study of approaches to 
overcoming drug resistance in cancer cells. As mentioned above, increasing the expres-
sion of ABC family transporters can reduce the concentration of drugs inside the cancer 
cell and cause drug resistance. A considerable number of recent studies have focused 
on approaches to undermining the performance of the ABC family transporters, which 
play a key role in MDR. A number of inhibitors of ABC family pumps have been sug-
gested as helpful compounds for attenuating MDR in cancer. NSC23925, NSC77037, 
and curcumin are among these compounds. For example, YS-7a, a quinoline compound 
derived from NSC23925, can significantly attenuate p.gp transport function and have 
positive effects on reversing MDR in cancer cells [39]. A study on osteosarcoma showed 
that NSC-77037 could reverse ABCB1/ABCC1-dependent drug resistance and improve 
the efficacy of doxorubicin [40], indicating the usefulness of inhibiting ABCB1/ABCC1 
using NSC-77037 in overcoming MDR in cancer. Curcumin is a natural compound that 
has been extensively studied to overcome MDR in cancers because it appears to be non-
toxic even in high concentrations [34]. For example, a study on colorectal cancer cells 
showed that curcumin could inhibit p.gp transport activity and increase the intracellu-
lar accumulation of doxorubicin in drug-resistant cancer cells. The results of this study 
showed that curcumin has a significant effect in reversing p.gp-dependent drug resist-
ance and potentiating the cytotoxic and apoptotic effects of doxorubicin [41]. The effect 
of metformin, an antidiabetic drug, on the drug resistance of cancer cells has also been 
considered in recent years. It seems that metformin can attenuate p.gp activity in doxo-
rubicin-resistant cancer cells in a dose-dependent manner and potentiate the apoptotic 
effects of doxorubicin [42]. In fact, the use of some common drugs in the treatment of 
other diseases, such as metformin, may be a useful approach to reduce the activity of 
ABC family transporters and overcome MDR in cancers.

Because a significant number of chemotherapeutic drugs can enhance cell death 
through induction of DNA damage, DNA damage response and enhancement of DNA 
repair mechanisms are key mechanisms of drug resistance in cancer cells [43]. Target-
ing the DNA damage response and attenuating DNA repair using various compounds 
has also been an approach that has been widely studied in recent years to overcome 
drug resistance in cancers. For example, a study of cisplatin-resistant gastric cancer cells 
showed that PARP1 inhibitors (AG14361 and BYK204165) could potentiate the effects of 
cisplatin in inducing DNA damage and apoptosis in drug-resistant gastric cancer cells. 
The findings of this study showed that inhibition of PARP1 could suppress the stability 
of DNA-PKcs and attenuate the NHEJ repair system [44]. However, resistance to PARP 
inhibitors can also be a serious challenge, and effective solutions should be found to 
reduce this problem. For example, it seems that targeting neuropilin 1 using miR-200c 
could weaken the resistance of ovarian cancer cells to olaparib, a PARP inhibitor [45, 
46]. It should be noted that PARP1 acts as a DNA damage sensor and plays a very impor-
tant role in DNA repair [47]. It seems that melatonin can also weaken drug resistance in 
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cancers by weakening DNA repair, and combining melatonin with chemotherapy drugs 
could be another approach to overcoming drug resistance in cancers [48] that deserves 
to be further studied. A study of hepatocellular carcinoma cells showed that melatonin 
could attenuate DNA repair by inducing long noncoding RNA RAD51-AS1 RNA and 
potentiate the cytotoxic effects of chemotherapy drugs. Long noncoding RNA RAD51-
AS1 attenuates DNA repair by inhibiting RAD51 translation, which is a key factor in 
DNA repair [49]. In the following, we will discuss the role of noncoding RNAs in drug 
resistance. Further details regarding the role of DNA repair in the failure of cancer 
chemotherapy have also been extensively described elsewhere [50]. Inhibition of some 
signaling pathways using different inhibitors has also had positive results in attenuat-
ing drug resistance in cancer cells. For example, inhibition of Nrf2 with trigonelline, an 
alkaloid compound has been suggested as a useful approach to overcome oxaliplatin 
resistance in colorectal cancer cells [51]. Inhibition of the PI3K/AKT signaling pathway 
can also be useful in enhancing chemosensitivity [52]. Weakening of stemness by using 
different compounds is also useful in weakening drug resistance in cancers. One study 
showed that bufalin, a traditional medicine compound, could weaken the stemness and 
cisplatin resistance in colorectal cancer cells [53].

In addition, the design of nanoparticles for effective delivery of anticancer compounds 
and overcoming drug resistance in cancers has been one of the most interesting areas of 
research in recent years, and the results reported so far have been very interesting. For 
example, codelivery of metformin and doxorubicin in the form of PLGA–TPGS nano-
particles can enhance drug cellular uptake and attenuate drug efflux in DOX-resistant 
breast cancer cells, leading to enhanced cytotoxicity and apoptosis and attenuated drug 
in breast cancer cells [54]. Further details on the application of nanotechnology in over-
coming drug resistance in cancers are discussed elsewhere [55]. Targeting the inflam-
matory process with the use of some routine drugs and antibodies may also be a useful 
approach in weakening the drug resistance of cancer cells. One study showed that aspi-
rin, a conventional nonsteroidal antiinflammatory drug, could potentiate the apoptotic 
effects of cisplatin on cisplatin-resistant lung cancer cells [56]. MEDI5117, an anti-IL6 
antibody, has also shown positive effects in enhancing chemosensitivity in several types 
of cancer cells [57]. One of the most interesting and promising approaches to overcome 
drug resistance in cancers is to focus on noncoding RNAs, especially miRNAs and lncR-
NAs, as therapeutic targets. lncRNAs are a class of noncoding RNA molecules that are 
more than 200 nucleotides in length [58]. Various studies have shown that these mol-
ecules are associated with key mechanisms of drug resistance in cancer cells. For exam-
ple, it appears that lncRNA H19 could attenuate p.gp expression in doxorubicin-resistant 
hepatocellular carcinoma cells [59]. One study also showed that lncRNA-MALAT1 
could upregulate ABCC1 and ABCB1 in cisplatin-resistant non-small-cell lung cancer 
cells, possibly through STAT3 activation [60]. Besides, it appears that this lncRNA could 
potentiate doxorubicin resistance in breast cancer cells by targeting miR-570-3p, while 
upregulating miR-570-3p could increase chemosensitivity in breast cancer cells [61]. 
lncRNA NEAT1 may be involved in enhancing DNA repair, so inhibition of this lncRNA 
causes downregulation of some genes involved in the homologous recombination path-
way. Inhibition of this lncRNA can enhance the sensitivity of multiple myeloma cells to 
anticancer drugs, including bortezomib, carfilzomib, and melphalan [62]. Suppression 
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of lncRNA LINC00963 has also been suggested as a useful solution to weaken stemness 
and drug resistance in oral cancer cells [63]. In view of the above, it seems that inhibit-
ing some lncRNAs by antisense oligonucleotides or overexpressing some lncRNAs are 
useful and promising approaches to overcome drug resistance in cancers. miRNAs are 
another important class of noncoding RNA molecules and have a length of about 22 
nucleotides [64].

By targeting mRNA, these molecules cause degradation, destabilization, and inhibi-
tion of translation, thus playing a role in posttranscriptional regulation [65–67]. In 
recent years, the design of anticancer drugs based on miRNA mimic and antagomiR has 
received much attention, and some of these drugs are in phase I clinical trial. For exam-
ple, cobomarsen, an antagomiR-155, has been proposed as a useful drug in the treat-
ment of cutaneous T-cell lymphoma and is being studied in phase I clinical trials [68]. In 
addition to lncRNAs, extensive studies have been performed on miRNAs as therapeutic 
targets for overcoming drug resistance in cancers. Some of these studies have reported 
promising results, and it is hoped that miRNA mimics and antagomiRs can be used 
to overcome drug resistance in cancers. One of these studies on doxorubicin-resistant 
osteosarcoma cells showed that the miR-221 inhibitor could significantly reduce the 
expression of p.gp and bcl-2, an anti-apoptotic protein, and attenuate drug resistance 
[69]. A study on ovarian cancer cells showed that miR-21 can also upregulate p.gp and 
play a role in cisplatin resistance [70]. It should be noted that miR-21 is a well-known 
oncomiR and is involved in drug resistance in a wide variety of cancers [71]. Inhibition 
of this miRNA is being seriously studied as an approach to overcome drug resistance 
in cancers. Besides, increased expression of miR-506 in oxaliplatin-resistant colorectal 
cancer cells may attenuate MDR1/p.gp expression and enhance chemosensitivity [72]. 
Therefore, it seems that miR-506 mimics can be further studied to overcome MDR in 
cancer cells. One study showed that miR-140 could attenuate DNA repair by inhibit-
ing flap endonuclease 1 (FEN1), and increased expression of this miRNA could enhance 
chemosensitivity in breast cancer cells [73]. miR-200c can also reverse drug resistance in 
gastric cancer cells by downregulating ERCC3 and ERCC4, which may play a role in the 
nucleotide excision repair (NER) system [74]. miR451-a can attenuate EMT in lung can-
cer cells and increase sensitivity to doxorubicin by downregulating c-Myc. Overexpres-
sion of this miRNA also appears to have positive effects in potentiating the anticancer 
effects of doxorubicin in vivo [75]. These results suggest that the design of drugs based 
on miR-451a mimics may be a useful approach in weakening the drug resistance of can-
cers. It seems that miR-372 and miR-373 can enhance stemness and resistance to 5-FU 
in colorectal cancer cells [76]. Therefore, effective inhibition of these miRNAs may be a 
helpful approach to attenuate stemness and overcome drug resistance. The results of a 
study showed that miR-144 mimics could potentiate the cytotoxic and apoptotic effects 
of 5-FU in hepatocellular carcinoma cells, possibly by enhancing Nrf2 degradation [77].

Another study showed that miR-29c may potentiate cisplatin sensitivity in non-small-
cell lung cancer cells through negative regulation of PI3K/AKT signaling [78]. It should 
be noted that the association of miRNAs with signaling pathways is a very broad issue 
and not limited to Nrf2 and PI3K/AKT signaling. These issues have been discussed in 
detail elsewhere [27, 79]. Figure 1 summarizes some of the important findings reviewed 
in this section. In recent years and with the development of genome editing techniques, 
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there is hope that it may be possible to overcome the drug resistance barrier of can-
cers by manipulating the genome and targeting the key mechanisms of drug resistance 
that are mentioned above and improve the effectiveness of anticancer drugs. As noted 
in the introduction, CRISPR/Cas9 gene editing is one of the most successful genome 
editing techniques. In recent years, some studies have shown that targeting some factors 
involved in drug resistance using this technique can significantly enhance the effective-
ness of anticancer drugs. In the following, the applications of CRISPR/Cas9 gene editing 
in overcoming drug resistance in cancers will be discussed.

CRISPR/Cas9 gene editing applications in overcoming drug resistance 
in cancers
In bacteria, the CRISPR/Cas9 system acts like an RNA-based immune system. This 
system can be used to edit genes in eukaryotic cells, including MDR-related genes. For 
this purpose, single guide RNA (sgRNA) can be designed to complement the desired 
sequence and enter the target cell along with Cas9, an endonuclease. sgRNA can guide 
Cas9 to the target sequence, and Cas9 can cause a double-strand break in the target 
sequence. In this way, it is possible to delete or insert the desired sequence in to genes 
[80]. Figure 2 illustrates an example of targeting an MDR-related gene using CRISPR/
Cas9 technology. As mentioned in the previous sections, drug resistance is one of the 
main barriers to the effective treatment of cancers. In recent years, some studies on the 
drug resistance of cancer cells have focused on the application of CRISPR/Cas9 technol-
ogy in overcoming drug resistance. These studies have reported very interesting results 
that have raised hopes for overcoming drug resistance and effective cancer treatment. As 
mentioned in the previous sections, increasing the expression of ABC family transport-
ers and enhancing the efflux of anticancer drugs are among the most important reasons 
for drug resistance in cancer cells.

Fig. 1  A summary of new advances in overcoming drug resistance in cancers
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In one of the studies on KBV200 and HCT-8/V cancer cells, it was shown that tar-
geting and knocking out the ABCB1 gene using CRISPR/Cas9 technology significantly 
increased the accumulation of doxorubicin (DOX) inside the cells and significantly 
enhances chemosensitivity [81]. In another study of DOX-resistant breast cancer cells, 
the MDR1 gene was targeted and downregulated using the CRISPR/Cas9 system. The 
results of this study showed that the cytotoxicity of DOX is significantly increased in 
resistant breast cancer cells treated with Cas9-sgRNA plasmid. Flow cytometric anal-
ysis performed in this study showed that targeting MDR1 using CRISPR/Cas9 system 
in DOX-resistant breast cancer cells increased drug accumulation within the cell and 
quadrupled drug uptake compared with untreated cells [82]. In another study of ovar-
ian cancer cells, three sgRNAs were designed and used to target the fourth and fifth 
exons of the ABCB1 gene. The results of this study showed that the CRISPR/Cas9 system 
can significantly attenuate the expression of the ABCB1 gene. In addition, the results 
of the MTT assay showed that the susceptibility of ovarian cancer cells to doxorubicin 

Fig. 2  Targeting an MDR-related gene by CRISPR/Cas9 system. Specific sg RNA is designed and produced 
to target MDR-related gene. The CRISPR system can be transferred into the cell in plasmid, mRNA, and 
ribonucleoprotein (RNP) complex formats. The use of viral vectors, nanoparticles, and electroporation are 
among the methods used to deliver the CRISPR/Cas9 system into the cell. In plasmid format, transcription 
and translation are required to create the sgRNA–Cas9 complex. sgRNA can direct Cas9 to the target gene, 
and Cas9 generates double-strand break (DBS). The NHEJ repair system then ligates the broken ends. The 
result of this process is disruption of the target MDR-related gene
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was significantly increased [83]. The results of a meta-analysis also showed that target-
ing the ABCB1 gene using CRISPR/Cas9 technology could attenuate doxorubicin resist-
ance in drug-resistant osteosarcoma cells [84]. As mentioned in the previous sections, 
ABC family transporters play a very important role in drug resistance in cancer cells, 
and increased expression of these transporters is one of the reasons for the failure of 
chemotherapy. The results mentioned above show that targeting these transporters 
using CRISPR/Cas9 technology can weaken drug resistance in various cancers. Glu-
tathione S-transferase and glutathione are involved in drug detoxification and chemore-
sistance of cancer cells. Glutathione S-transferase may be involved in chemoresistance 
by enhancing the conjugation of chemotherapy drugs with glutathione, increasing the 
detoxification of chemotherapy drugs, and attenuating apoptosis [27]. One study showed 
that knocking out glutathione S-transferase omega 1 (GSTO1) in colorectal cancer 
cells using the CRISPR/Cas9 system could enhance the cytotoxicity of chemotherapy 
drugs, including cisplatin and oxaliplatin [85]. As mentioned above, strengthening DNA 
repair could be another mechanism of drug resistance in cancer cells. Cyclin-dependent 
kinases (CDKs) are very important in this regard, and their role in the drug resistance 
of cancer cells has been confirmed. CDKs are kinase enzymes involved in regulating the 
cell cycle, proliferation, and DNA repair [86, 87].

Studies have shown that the expression of these enzymes increases in cancers, and 
inhibitors of some of these enzymes have very promising results in the treatment of 
cancer. For example, palbociclib is a CDK4/6 inhibitor that received US Food and Drug 
Administration (FDA) approval as a breast cancer treatment drug [88]. However, there 
is also the problem of drug resistance to palbociclib, which appears to be related to 
CDK6 expression. One study on palbociclib-resistant breast cancer cells showed that 
CDK6 expression is increased. The results of this study also showed that knocking out 
CDK6 using CRISPR/Cas9 technology could increase palbociclib sensitivity and reduce 
the survival of cancer cells after palbociclib treatment [89]. CDK11 also appears to be 
involved in the drug resistance of cancer cells. A study of ovarian cancer cells showed 
that CDK11 was involved in enhancing proliferation, attenuating apoptosis, and resist-
ance to paclitaxel [90]. Another study of osteosarcoma cells showed that CDK11 could 
be targeted and knocked out by designing sg RNA with the TCC​GAG​ACA​TTT​GCT​
GGG​GTGG sequence and using CRISPR/Cas9 technology. In this study, it was shown 
that knocking out CDK11 using CRISPR/Cas9 technology significantly increased cell 
death and attenuated the invasiveness of cancer cells [91]. BRCA1 is a well-known and 
very important tumor suppressor involved in DNA repair [92]. BRCA1 mutations inci-
dence is about 1–7% in breast cancers and ovarian cancers, independently from age and 
familial history [93]. BRCA1 appears to attenuate the effects of some chemotherapeutic 
drugs by amplifying DNA repair pathways [94]. These drugs kill cancer cells by inducing 
DNA damage. High expression of BRCA1 is associated with chemoresistance in cancer 
cells [95]. BRCA1 mutations (BRCA1m) are highly heterogeneous and difficult to target. 
However, targeting PARP1, which is the synthetic lethality partner of the BRCA1 gene, 
is possible and can enhance chemosensitivity. A study of triple-negative breast cancer 
cells with mBRCA1 showed that targeting PARP1 using the CRISPR/Cas9 system could 
increase sensitivity to chemotherapy drugs, including doxorubicin, gemcitabine, and 
docetaxel, and a lower dose of these drugs is required to achieve therapeutic efficacy 
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[96]. Therefore, a combination of PARP1 inhibitors, CRISPR/Cas9 technology, and 
chemotherapy may be helpful in the effective treatment of triple-negative breast can-
cer with mBRCA1. In another study of breast cancer cells, a CRISPR/Cas9 system was 
designed to target exon 12 HER2 and induce mutations. The results of this study showed 
that concurrent use of CRISPR/Cas9 technology and PARP inhibitors has a significant 
inhibitory effect on the growth of cancer cells [97]. Undoubtedly, the simultaneous use 
of CRISPR/Cas9 technology and DNA repair inhibitors will be of interest in future stud-
ies on the treatment of cancers.

RECQL4 helicase is another protein involved in DNA repair and drug resistance. It 
appears that this protein can also enhance the expression of MDR1 (ABCB1) [98, 99]. A 
recent study on glioma cells showed that targeting and knocking out RECQL4 using the 
CRISPR/Cas9 technique could enhance the toxicity of temozolomide (TMZ) on glioma 
cells so that levels of DNA damage and apoptosis markers, including phospho-H2AX, 
PARP-1, and cleaved caspases 3 and 7, are significantly increased [98]. Therefore, target-
ing this protein using CRISPR/Cas9 technology can also be considered as a therapeu-
tic approach to overcome drug resistance in cancers. A significant number of proteins 
and signaling pathways are involved in the drug resistance of cancer cells. Recent studies 
have shown that targeting some of these proteins and signaling pathways using CRISPR/
Cas9 technology has a significant effect on attenuating drug resistance. Various stud-
ies have shown that mutations in oncogenes and tumor suppressors such as K-Ras and 
P53 play an important role in the drug resistance of cancer cells. These mutations can 
cause significant changes in associated cellular signaling pathways leading to attenuated 
apoptosis, enhanced expression of ABC family transporter, and enhanced DNA repair 
[100–104]. In addition, many important receptors involved in cell growth and prolifera-
tion, various components of the signaling pathways associated with them, and a large 
number of proteins involved in proliferation and apoptosis may undergo mutations lead-
ing to enhanced proliferation and drug resistance. Recent findings indicated that target-
ing oncogenes and mutated tumor suppressors by CRISPR/Cas9 system is possible and 
has promising effects in overcoming drug resistance in cancer cells. Mutations in K-Ras 
are known to be among the most important causes of development, progression, drug 
resistance, and treatment failure in cancers, including colorectal cancer [105, 106]. In an 
interesting study performed on colorectal cancer (CRC) cells, KRAS gene editing was 
effectively performed by designing a suitable sgRNA, using the CRISPR/Cas9 system, 
and using nanotechnology for efficient delivery of the CRISPR/Cas9 system. The results 
of this study showed that targeting K-Ras using CRISPR/Cas9 technology can signifi-
cantly enhance the apoptotic effects of cetuximab. The findings also showed that the use 
of CRISPR/Cas9 to target K-Ras in mice with KRAS-mutated CRC significantly reduced 
tumor size and enhanced the effect of cetuximab in the induction of apoptosis [107]. It 
should be noted that cetuximab is an EGFR inhibitor used to treat colorectal cancer with 
unmutated K-Ras [108].

However, according to the above-mentioned findings, with the help of CRISPR/Cas9 
technology and targeting K-Ras, this drug may also be used in colorectal cancer with 
mutated K-Ras. Undoubtedly, many studies should be done in this field. Mutation in p53 
is another event that may occur in cancers and appears to be involved in drug resist-
ance [109]. It appears that knocking out the mutant TP53 in osteosarcoma cells using 
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CRISPR/Cas9 technology could increase sensitivity to doxorubicin and attenuate the 
expression of anti-apoptotic proteins, including Bcl-2 and survivin [110]. The epider-
mal growth factor receptor (EGFR) is receptor tyrosine kinase (RTK), which acts as a 
receptor for members of the epidermal growth factor family. Under normal condi-
tions, this receptor is involved in the development and homeostasis of epithelial tissue, 
but an increased expression, which may occur because of various mutations, plays an 
important role in tumorigenesis and drug resistance. Mutations in EGFR are associated 
with various cancers such as lung cancer and glioblastoma [111, 112]. EGFR inhibitors 
as a therapeutic approach for the treatment of EGFR-mutant non-small-cell lung can-
cer have shown positive results; however, there is a problem of drug resistance [113]. 
In a very interesting study of non-small-cell lung cancer cells, the CRISPR/Cas9 sys-
tem was designed to selectively target EGFR with a single-nucleotide missense muta-
tion (CTG > CGG). In this study, cancer cells were cotreated by sgRNA-EGFR and Cas9 
using adenoviral vectors. This study showed that disruption of mutated EGFR is well 
performed using CRISPR/Cas9 technology, and this disruption leads to enhancement of 
cell death. In in vivo examination, a significant decrease in tumor size and an increase in 
survival rate were also reported in mice [114]. In another study on renal cancer cells, two 
sgRNA and HDR templates specific for the incision regions were used to target exon 2 
and knock out EGFR using CRISPR/Cas9 technology. The results of this study showed 
that the combination of sunitinib and knocking out EGFR using CRISPR/Cas9 technol-
ogy has a significant effect on attenuating cancer cell proliferation, while the effect of 
sunitinib on cancer cells with wild EGFR is less [115]. It should be noted that sunitinib is 
an FDA-approved drug used to treat renal cell carcinoma. It targets vascular endothelial 
growth factor (VEGFRs) and platelet-derived growth factor (PDGF-Rs) receptors [116]. 
Another important protein that is overexpressed in various types of cancer is the uroki-
nase plasminogen activator receptor (uPAR). This protein is a glycosyl-phosphatidyl ino-
sitol (GPI)-linked membrane receptor whose main function is focused on the proteolytic 
activity of urokinase. Urokinase is involved in the breakdown of extracellular matrix 
(ECM) compounds. uPAR is involved in enhancing EMT and stemness, invasion, metas-
tasis, and drug resistance of cancer cells [117, 118].

In one study of multidrug-resistant cancer cells (HCT8/T and KBV200), the uPAR 
gene was knocked out effectively using CRISPR/Cas9 technology. The results of the 
MTT test in this study showed that, in cancer cells with knocked out uPAR, IC50 of 
chemotherapy drugs, including 5-FU, cisplatin, docetaxel, and doxorubicin, was signifi-
cantly reduced, indicating drug resistance attenuation and enhancement of cancer cells’ 
chemosensitivity [119]. Increased expression of mucin glycoproteins, such as MUC4, has 
been observed in several cancers, and the overexpression of these glycoproteins appears 
to be associated with drug resistance [120]. A study on pancreatic cancer cells has shown 
that MUC4 is involved in the resistance to gemcitabine, a common chemotherapy 
drug used to treat pancreatic cancer [121]. It has recently been shown that knocking 
out MUC4 using CRISPR/Cas9 technology can significantly increase the sensitivity of 
pancreatic ductal adenocarcinoma cells to gemcitabine [122]. Since this cancer is highly 
lethal, more studies are needed, and it is possible that, using CRISPR/Cas9 technology, 
chemoresistance can be attenuated in this cancer. Topoisomerase 2 (TOP2) is an enzyme 
involved in the elimination of DNA topological entanglements during processes such as 
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chromosome condensation and replication through the induction of transient double-
strand breaks [123]. Studies have shown that in etoposide-resistant leukemia cells there 
are two isoforms of this enzyme, TOP2α/170 and TOP2α/90, which appear to be the 
product of alternative RNA processing. TOP2α/170 is the target of anticancer drugs, but 
it appears that the expression of this isoform decreases in etoposide-resistant leukemia 
cells, while the expression of TOP2α/90 increases significantly [124, 125]. This increased 
expression may play an important role in drug resistance. In a recent interesting study 
of etoposide-resistant leukemia cells, the CRISPR/Cas9 system was designed to target 
the exon 19/intron 19 5′ splice site and induce mutations as GAG//GTAA AC → GAG//
GTAA GT. The results of this study showed that this gene editing significantly reduced 
the expression of TOP2α/90 and increased the expression of TOP2α/170, which led to 
increased sensitivity to etoposide [125]. In addition, studies on chronic myeloid leuke-
mia cells have shown that targeting and disrupting the well-known BCR/ABL oncogene 
is also possible using CRISPR/Cas9 gene editing and can lead to attenuated proliferation 
and enhanced apoptosis in imatinib-resistant leukemia cells [126]. Therefore, it may be 
possible to overcome the problem of drug resistance in leukemia by using CRISPR/Cas9 
technology. Another protein that appears to be involved in the drug resistance of cancer 
cells is RUNX1. For example, a study of ovarian cancer cells has shown that this protein, 
along with forkhead box O3 (FOXO3a) and hyperactive insulin-like growth factor-1-re-
ceptor (IGF1R), plays a very important role in the drug resistance of ovarian cancer cells 
[127].

It has recently been shown that knocking out RUNX1 using CRISPR/Cas9 gene edit-
ing is possible and may potentiate the apoptotic effects of cisplatin on ovarian cancer 
cells [128]. Various studies have shown that some signaling pathways can be targeted 
using CRISPR/Cas9 technology and can lead to attenuation of drug resistance in cancer 
cells. One of the most important of these pathways is the PI3K/AKT signaling pathway, 
which is involved in enhancing proliferation, attenuating apoptosis, and enhancing drug 
resistance [129, 130]. In one study, genes encoding PI3K-110α and PI3K-110β (Pik3ca 
and Pik3cb) were targeted and knocked out using the CRISPR/Cas9 system. The study 
showed that targeting P110α and P110β using CRISPR/Cas9 technology could reduce 
the expression of ABCB1(P-gp) and ABCG2 (BCRP), and partially enhance colchicine 
and paclitaxel sensitivity in epidermoid carcinoma and lung cancer cells [131]. The 
relationship between the PI3K/AKT signaling pathway, programmed cell death ligand 
1 (PD-L1), and drug resistance is also very interesting. PD-L1 is another protein that 
appears to be upregulated in drug-resistant cancer cells. This protein may be involved in 
drug resistance by enhancing the PI3K/AKT signaling pathway. In addition, it seems to 
play an important role in suppressing antitumor immunity [132, 133]. The results of this 
study showed that knocking out PDL-1 using CRISPR/Cas9 technology could reduce the 
IC50 of doxorubicin and paclitaxel in osteosarcoma cells, indicating enhanced chemo-
sensitivity in these cells [133]. In “Advances in the study of drug resistance inhibition to 
enhance chemosensitivity in cancer” section, we discussed the inhibition of NRF2 sign-
aling as an approach to attenuating drug resistance. One study showed that the func-
tion of the NFE2L2 gene, which encodes NRF2, could be disrupted using CRISPR/
Cas9 technology, which leads to increased sensitivity of lung cancer cells to cisplatin, 
vinorelbine, and carboplatin [134]. As mentioned in the previous sections, cancer stem 
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cells have significant resistance to chemotherapy. In fact, one of the main reasons for 
cancer recurrence and failure of chemotherapy is the presence of cancer stem cells. 
Some studies have shown that targeting stem cell markers and attenuating stemness 
using the CRISPR/Cas9 gene-editing technique can help attenuate the drug resistance 
of cancer cells. In one of these studies, which was performed on prostate cancer cells, 
NANOG1 and NANOGP8 were effectively knocked out by designing appropriate sgR-
NAs and using the CRISPR/Cas9 gene-editing technique. The MTT test results of this 
study showed that sensitivity to docetaxel was significantly increased in NANOG1- and 
NANOP8-knockout cells [135].

A number of other studies focusing on CD44 have also reported promising results. 
CD44 is considered a marker of drug resistance and a surface marker of cancer stem 
cells [136]. This glycoprotein acts as a receptor for hyaluronic acid, which is a compo-
nent of the extracellular matrix. Studies on ovarian cancer cells have shown that CD44 
expression is increased in drug-resistant cancer cells and that CD44 appears to play an 
important role in paclitaxel resistance [137]. CD44 appears to be involved in drug resist-
ance of cancer cells by various mechanisms, including attenuation of ubiquitination and 
degradation of ABCB1, enhancement of expression of anti-apoptotic proteins, including 
Bcl-xL, and regulation of glucose metabolism, including enhancement of glycolysis and 
pentose phosphate pathway [136, 138, 139]. A study of drug-resistant osteosarcoma cells 
showed that targeting CD44 using CRISPR/Cas9 technology reduced ABCB1 expression 
and significantly increased doxorubicin sensitivity [140]. Another study of hepatocel-
lular carcinoma cells also showed that knocking out CD44 using CRISPR/Cas9 tech-
nology could increase sensitivity to sorafenib and 5-FU [141]. In addition, the results 
of a meta-analysis showed that knocking out CD44 using the CRISPR/Cas9 system 
could inhibit invasion, metastasis, and spheroid formation in osteosarcoma cells [142]. 
Therefore, targeting CD44 using CRISPR/Cas9 technology can be further studied as an 
effective approach for cancer treatment. As noted above, the association of miRNAs 
and lncRNAs with drug resistance of cancers is also very interesting, and some of them 
seem to be considered as therapeutic targets. Among these noncoding RNAs, the miR-
371/372/373 cluster appears to have oncogenic properties and be involved in drug resist-
ance. A recent study on oral carcinoma cells showed that the miR-371/372/373 cluster 
could be removed using CRISPR/Cas9 technology. The results of this study showed that 
this deletion significantly enhances the apoptotic effects of cisplatin so that, in deleted 
subclones, the population of late apoptosis increases significantly after 48  h of treat-
ment with 15 μM cisplatin [143]. One study showed that, using CRISPR/Cas9 technol-
ogy and lentiviral vector, the expression of miR-21, a well-known oncomiR, in ovarian 
cancer cells could be inhibited. The results of this study showed that inhibition of miR-
21 expression using the CRISPR/Cas9 technique could potentiate the apoptotic effects 
of paclitaxel and attenuate EMT in ovarian cancer cells [144]. “Advances in the study 
of drug resistance inhibition to enhance chemosensitivity in cancer” section discussed 
the role of lncRNA MALAT1 in doxorubicin resistance in breast cancer cells. One study 
showed that deletion of the lncRNA gene promoter in triple-negative breast cancer cells 
using the CRISPR/Cas9 technique could enhance doxorubicin and paclitaxel sensitivity 
[145].
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These results suggest that targeting miRNAs and lncRNAs involved in cancer drug 
resistance using CRISPR/Cas9 technology may be an interesting approach to overcom-
ing drug resistance in cancers and needs to be further studied. Applications of CRISPR/
Cas9 gene editing technology are not limited to targeting human proteins. Studies have 
shown that oncoproteins encoded by the genome of oncogenic viruses can also be tar-
geted using this technique. Undoubtedly, one of the most important oncogenic viruses 
is human papillomavirus (HPV), which is considered the etiological agent of cervical 
cancer. HPV16 and HPV18 appear to be responsible for about 70% of precancerous 
lesions and cervical cancers [146]. Studies have shown that viral oncoproteins E6 and 
E7 are involved in metastasis and drug resistance of cervical cancer [146, 147]. Stud-
ies have shown that disruption of E6 and E7 genes, which encode E6 is possible using 
the CRISPR/Cas9 technique. One study in HPV16-positive cervical cancer cells showed 
that disruption of the E7 gene using the CRISPR/Cas9 system could enhance apoptosis, 
inhibit growth, and increase pRb expression [148]. Another study showed that disrup-
tion of HPV16 E6/E7 using the CRISPR/Cas9 technique enhances the effect of cisplatin 
on growth inhibition and induction of apoptosis in cervical cancer cells and xenograft 
mice models [149]. Another study showed that knocking out HPV18 E6 using CRISPR/
Cas9 technology could potentiate the effect of cisplatin on attenuating proliferation and 
enhancing apoptosis in cervical cancer cells [150] (Table  1). All of the above suggests 
that CRISPR/Cas9 gene editing can be useful in overcoming drug resistance in vari-
ous cancers and that different mechanisms of drug resistance can be targeted using this 
technique. Given the many studies that are currently underway, it is hoped that, by find-
ing solutions to overcome the limitations of the CRISPR/Cas9 technique, the way will 
be opened for the clinical use of this technology to overcome drug resistance in cancers.

Application of CRISPR/Cas9 system in identification of drug‑resistance‑related 
genes and understanding drug resistance mechanisms
CRISPR/Cas9 technology can also be used to identify drug resistance mechanisms 
in cancer cells. In recent years, several studies using CRISPR/Cas9 technology have 
identified some important genes associated with drug resistance in cancer. In this 
section, we will review the findings of some of these studies. Some preclinical stud-
ies using CRISPR/Cas9 technology have highlighted the importance of some genes, 
including SLFN11, APE1, RSF1, and CDK5, in cancer drug resistance [151]. Schlafen 
11 (SLFN11) is a DNA/RNA helicase and is involved in blocking replication and stim-
ulating cell death [152]. SLFN11 appears to enhance cancer cells’ sensitivity to a wide 
range of anticancer drugs, including platinum derivatives, DNA synthesis inhibitors 
such as gemcitabine, and topoisomerase inhibitors such as irinotecan [153]. One 
study found that knocking out the SLFN11 gene using the CRISPR/Cas9 technique 
could induce resistance to talazoparib, a PARP inhibitor in small-cell lung cancer 
cells, which indicates the role of SLFN11 in attenuating drug resistance and suggests 
that SLFN11 expression may be a predictive marker of response to the PARP inhibi-
tor in cancer cells [154]. The mechanism of action of SLFN11 in enhancing sensitivity 
to PARP inhibitors was elucidated in another study using CRISPR/Cas9 technology. 
In this study, SLFN11-deleted cells were generated using CRISPR/Cas9 technology. 
This study showed that, after treatment with talazoparib, SLFN11-deleted cells had 
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Table 1  The target genes and effectiveness of CRISPR/Cas9 technology in overcoming drug 
resistance

Drug CRISPR/Cas9-
targeted gene

Type of cancer cell Total effect References

Doxorubicin ABCB1 Epidermoid carcinoma 
and colorectal cancer

Accumulation of drug 
in the cancer cells and 
increasing chemosen‑
sitivity

[81]

Doxorubicin MDR1 Breast cancer Accumulation and 
uptake of drug in the 
cells and increasing 
the cytotoxicity of 
drug

[82]

Doxorubicin ABCB1 Ovarian cancer Increasing chemosen‑
sitivity

[83]

Doxorubicin ABCB1 Osteosarcoma Decreasing doxoru‑
bicin resistance

[84]

Cisplatin and oxali‑
platin

GSTO1 Colorectal cancer Increasing the cytotox‑
icity of drugs

[85]

Palbociclib CDK6 Breast cancer Increasing cancer cell 
sensitivity to antican‑
cer drug and reducing 
cancer cell survival

[89]

Doxorubicin, gemcit‑
abine, and docetaxel

PARP1 Triple-negative breast 
cancer

Increasing chemosen‑
sitivity and the inhibi‑
tion of cancer cell 
growth

[96, 97]

Temozolomide RECQL4 Glioma Increasing DNA dam‑
age and apoptotic 
markers

[98]

Cetuximab KRAS Colorectal cancer Increasing apoptosis 
induction and reduc‑
ing tumor size

[106]

Doxorubicin TP53 Osteosarcoma Reducing anti-apop‑
totic proteins

[110]

Sunitinib EGFR Renal cancer Reducing cancer cell 
proliferation

[115]

5-FU, cisplatin, doc‑
etaxel, and doxorubicin

uPAR HCT8/T and KBV200 Reducing IC50 and 
attenuating drug 
resistance

[119]

Gemcitabine MUC4 Pancreatic cancer Increasing chemosen‑
sitivity

[122]

Etoposide TOP2α/90↓
TOP2α/170↑

Etoposide-resistant 
leukemia cells

Increasing chemosen‑
sitivity

[125]

Imatinib BCR/ABL Chronic myeloid 
leukemia

Reducing cell prolif‑
eration and increasing 
apoptosis in resistant 
cells

[126]

Cisplatin RUNX1 Ovarian cancer Increasing chemosen‑
sitivity

[128]

Colchicine and pacli‑
taxel

PI3K-110α and PI3K-
110β (Pik3ca and 
Pik3cb)

Epidermoid carcinoma 
and lung cancer

Increasing chemosen‑
sitivity

[131]

Cisplatin, vinorelbine, 
and carboplatin

NFE2L2 Lung cancer Increasing chemosen‑
sitivity

[134]

Doxorubicin and 
paclitaxel

PDL-1 Osteosarcoma Reducing IC50 and 
increasing chemosen‑
sitivity

[133]

Docetaxel NANOG1 and 
NANOGP8

Prostate cancer Increasing chemosen‑
sitivity

[135]
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attenuated inhibition of replication at 24  h and reached the G2 phase at 48  h, and 
the increase in the percentage of apoptotic cells was not significant. The study sug-
gested that SLFN11 may induce apoptosis and enhance the sensitivity of cancer cells 
to PARP inhibitors by enhancing S-phase arrest [155]. APE1 (apurinic/apyrimidyl 
endonuclease 1) is considered a rate-limiting enzyme in the BER DNA repair system. 
In one study using CRISPR/Cas9 technology, this enzyme was found to be involved 
in attenuating olaparib resistance in triple-negative breast cancer. The results of this 
study showed that knocking out the APE1 gene in triple-negative breast cancer cells 
could significantly increase the IC50 of olaparib, suggesting that APE1 deletion may 
be associated with olaparib resistance [156]. Remodeling and spacing factor 1 (RSF1) 
is an important protein mainly involved in chromosome stabilization, attenuation of 
transcription of some oncogenes, and enhancement of DNA repair. Increased expres-
sion of this protein appears to be associated with drug resistance in cancers [157].

A study on lung cancer cells showed that silencing RSF-1 using CRISPR/Cas9 tech-
nology could potentiate the apoptotic and antitumor effects of paclitaxel. The results 
of this study showed that knocking out RSF-1 also enhances the effects of paclitaxel 
on reducing tumor volume and weight in xenograft mice. The results of this study 
suggest that RSF-1 may be involved in enhancing drug resistance in cancer cells by 
enhancing NFKB signaling [158]. In the previous section, we mentioned CDKs and 
their role in regulating the cell cycle, proliferation, and DNA repair. Unlike the CDKs 
mentioned in the previous section, which are known for their role in regulating the 
cell cycle, CDK5 is considered an atypical CDK and is known for its functions in the 
central nervous system (CNS) [159]. CDK5 plays an important role in the regulation 
of neuronal migration during CNS development and is also involved in other events 
such as drug addiction and synaptic plasticity [160]. However, various studies have 
shown that CDK5 is involved in tumorigenesis and the progression of a wide variety 

Table 1  (continued)

Drug CRISPR/Cas9-
targeted gene

Type of cancer cell Total effect References

Doxorubicin CD44 Osteosarcoma Reducing ABCB1 
expression and 
increasing chemosen‑
sitivity

[140]

Sorafenib and 5-FU CD44 Hepatocellular carci‑
noma

increasing chemosen‑
sitivity

[141]

Cisplatin miR-371/372/373/373 
cluster

Oral carcinoma Induction of apoptotic 
effect of drug and 
increasing chemosen‑
sitivity

[143]

Paclitaxel miR-21 Ovarian cancer Increasing chemosen‑
sitivity
Attenuating EMT

[144]

Doxorubicin and 
paclitaxel

lncRNA MALAT1 Triple-negative breast 
cancer

Increasing chemosen‑
sitivity

[145]

Cisplatin HPV16 E6/E7 Cervical cancer cells 
and xenograft mouse 
models

Inducing apoptosis 
and inhibiting cell 
growth as well as 
reducing cell prolifera‑
tion

[149, 150]
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of cancers and may also be associated with drug resistance [159]. One study using 
CRISPR/Cas9 technology to silence CDK5 clearly showed that knocking down CDK5 
could potentiate the effects of sorafenib on attenuating the proliferation and survival 
of hepatocellular carcinoma cells. The results of this study elucidated the mecha-
nism of the effect of CDK5 knockdown on enhancing the effectiveness of sorafenib 
and showed that CDK5 knockdown can attenuate the induction of EGFR and AKT 
phosphorylation following treatment with sorafenib. In addition, the results of this 
study showed that CDK5 knockdown inhibited the increase in EGFR levels at the cell 
surface following sorafenib treatment. It should be noted that these events and, in 
general, the compensatory activation of EGFR signaling are key mechanisms of resist-
ance to sorafenib [161, 162]. AT-rich interactive domain 1A (ARID1A), aurora kinase 
B (Aurora-B), α-thalassemia/mental retardation syndrome X-linked (ATRX), and bac-
uloviral IAP repeat-containing 5 (BIRC5) are also among the genes involved in cancer 
drug resistance. The mechanism of action of these genes in drug resistance has been 
elucidated by CRISPR/Cas9 technology. Progesterone resistance is one of the main 
barriers to the treatment of endometrial cancer with medroxyprogesterone (MPA). 
One study using CRISPR/Cas9 technology identified interesting aspects of the mech-
anism of progesterone resistance in endometrial cancer cells. The results of this study 
showed that knocking out the ARID1A gene, a tumor suppressor, could downregulate 
progesterone receptor B (PRB), enhance AKT phosphorylation, and attenuate MPA 
sensitivity in endometrial cancer cells [163].

These results suggest a mechanism by which ARID1A may regulate PRB expression 
and play an important role in MPA sensitivity in endometrial cancer cells. Aurora-B is 
involved in the regulation of mitotic division, and its increased expression appears to 
be associated with enhanced resistance to cisplatin and paclitaxel in non-small-cell lung 
cancer cells and decreased overall survival in patients. Knocking out this gene using the 
CRISPR/Cas9 system had promising results in enhancing chemo-sensitivity and increas-
ing p53 expression. It appears that Aurora-B can attenuate apoptosis and enhance drug 
resistance in cancer cells by attenuating the p53-dependent DNA damage response [164]. 
ATRX plays a variety of roles in the cell, including maintaining the structural integrity of 
the telomere, replicating DNA, and repairing DNA [165–167]. A study of glioma cells 
showed that knocking out the ATRX gene using the CRISPR/Cas9 system could sig-
nificantly enhance the apoptotic effects of TMZ. The results of this study showed that 
knocking out this gene could reduce the availability of histone H3K9me3 and attenuate 
ATM-dependent DNA repair [167]. These findings suggest that ATRX may be involved 
in drug resistance by enhancing ATM-dependent DNA repair. BIRC5 is a gene encoding 
survivin, which is an anti-apoptotic protein [168]. A study of ovarian cancer cells showed 
that disrupting this gene using the CRISPR/Cas9 system could upregulate cytokeratin-7, 
an epithelial marker, downregulate mesenchymal markers, including vimentin, snai2, 
and β-catenin, and enhances sensitivity to paclitaxel [169]. The results of this study sug-
gest that BIRC5 may be involved in drug resistance of cancer cells by enhancing EMT. 
Identification of various genes involved in drug resistance and their mechanism of action 
by CRISPR/Cas9 technology, some of which were mentioned above, will undoubtedly 
pave the way for future studies on these genes as therapeutic targets to overcome drug 
resistance in cancers. In recent years, the genome-wide CRISPR/Cas9 screen technique 
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has been very helpful in identifying the genes involved in the drug resistance of cancer 
cells. This method uses a collection of designed sgRNAs or so-called sgRNA libraries. 
Recently, these libraries have become commercially available. Lentiviral vectors are used 
to deliver these sgRNA libraries and Cas9, which is one of the most common delivery 
methods used in CRISPR/Cas9 gene editing. Briefly, a pool of sgRNAs is designed to 
identify the genes responsible for drug resistance, and then a large population of cells is 
infected by a library of lentiviral vectors containing these sgRNAs and Cas9. Then drug 
treatment can be administered. The desired clones are then selected on the basis of phe-
notypic features, and the DNA is extracted. Then, using next-generation sequencing, it 
is determined which genes are present in the drug-sensitive and drug-resistant cells and 
which have been deleted [170, 171].

It should be noted that genome-wide CRISPR knockout screens can also be done as 
an arrayed screen, which is done using wells. In this method, each well contains a spe-
cific sgRNA and does not require next-generation sequencing [170]. In general, using 
the genome-wide CRISPR knockout screens technique, it is possible to examine a large 
number of genes in an experiment. A significant number of studies in recent years that 
have focused on the identification of genes involved in drug resistance have used this 
technique and reported interesting results. For example, some preclinical studies using 
the CRISPR screen technique have elucidated the mechanism of action of PBRM1 and 
SGOL1 in cancer drug resistance. PBRM1 is a SWI/SNF complex subunit. This com-
plex is involved in altering the nucleosome position and controlling chromatin availabil-
ity and appears to have tumor-suppressive properties [172–174]. One study, performed 
on lung cancer cells using the CRISPR screen, elucidated the mechanism of action of 
PBRM1 in resistance to EGFR inhibitors. In this study, it was shown that mutations 
in this gene may attenuate the effects of EGFR inhibitors by enhancing the continuity 
of AKT signaling [174]. SGOL1 is a protein involved in the protection of centromeric 
cohesion during meiotic division, and its knockdown appears to cause chromosomal 
instability [175, 176]. One study using the CRISPR screening technique and a library 
consisting of 123,411 sgRNAs identified the SGOL1 gene as a marker of prognosis in 
sorafenib-treated patients. The results of this study showed that silencing SGOL1 using 
the CRISPR/Cas9 system and sgRNA may cause resistance to sorafenib in hepatocellular 
carcinoma cells. The in vivo results of this study also showed that loss of SGOL1 could 
attenuate the cytotoxic effect of sorafenib [177]. Identification of genes involved in can-
cer drug resistance using the genome-wide CRISPR/Cas9 screen technique is not lim-
ited to the above examples, and a significant number of genes have been identified using 
this technique in recent years, which are briefly reviewed below. In one of the recent 
studies on prostate cancer cells, the genome-wide CRISPR/Cas9 screen showed that 17 
genes play a key role in docetaxel resistance, and inhibition of them could increase sen-
sitivity to docetaxel. The results of this study showed that transcription elongation factor 
A-like 1 (Tceal1) is very important among these genes, and its suppression can increase 
the effects of the docetaxel in amplifying subG1 cell death and polyploidy [178]. Another 
study on cervical cancer cells identified 374 genes involved in paclitaxel resistance, 
including ABCC9 and IL37, using genome-wide CRISPR/Cas9 screen technology [179].

One study on bladder cancer cells identified the importance of the MSH2 gene and 
mismatch repair in cisplatin resistance using the genome-wide CRISPR/Cas9 screen. 
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The results of this study showed that the knockdown of this gene may attenuate the 
apoptotic effects of cisplatin [180]. In a study on gallbladder cancer, the role of elongator 
complex subunit 5 (ELP5) in gemcitabine sensitivity was identified using the genome-
wide CRISPR/Cas9 screen. On the basis of the results of this study, low ELP5 expres-
sion following gemcitabine treatment may be associated with poor survival in patients 
with gallbladder cancer [181]. In another study on renal cell carcinoma, genome-wide 
CRISPR/Cas9 screen results showed that farnesyltransferase is probably one of the most 
important factors involved in sunitinib resistance. In this study, farnesyltransferase was 
knocked down for further investigation using appropriate siRNA, and it was observed 
that knockdown of this enzyme enhances the apoptotic effects of sunitinib. The results 
of this study also showed that lonafarnib, a farnesyltransferase inhibitor, could potentiate 
the antitumor effects of sunitinib [182]. In another study on NRAS-mutant melanoma, 
genome-wide CRISPR/Cas9 screens were used to identify genes involved in resistance to 
trametinib, which is a MEK1/2 inhibitor. Genome-wide CRISPR/Cas9 screens showed 
that Kelch domain-containing F-Box protein 42 (FBXO42), an E3 ubiquitin ligase, plays 
an important role in trametinib resistance. In addition, the results of this study showed 
that FBXO42 appears to be involved in the TAK1 signaling pathway. The results of this 
study suggest a combination therapy with TAK1 inhibitor and trametinib as an effective 
therapeutic approach for the treatment of NRAS-mutant melanoma [183]. In a study on 
acute myeloid leukemia (AML) cells, the results of genome-wide CRISPR/Cas9 screens 
revealed negative regulators of the MAPK and mTORC1 signaling pathways, includ-
ing LZTR1, NF1, and TSC1 or TSC2, were associated with sorafenib resistance [184]. 
In another study on AML cells, genes involved in the resistance to TAK-243, a UBA1 
inhibitor (ubiquitin-like modifier activating enzyme 1), were studied using genome-wide 
CRISPR/Cas9 screens. The results of genome-wide CRISPR/Cas9 screens showed that 
BEN domain-containing protein 3 (BEND3) plays a key role in the efficacy of TAK-243 
so that knockout of this protein is associated with attenuation of the effect of TAK-243 
on DNA repair response and proteotoxic stress. The results of this study also showed 
that knocking out this protein, which is involved in chromatin organization regulation, 
could increase ABCG2 expression and decrease TAK-243 intracellular levels, which may 
lead to TAK-243 resistance [185].

Another study on k-ras mutated colorectal cancer cells using genome-wide CRISPR/
Cas9 screens technology identified the role of the Wnt/B-catenin signaling pathway 
in resistance to BCL-XL inhibitor ABT-263. The results of this study showed that, in 
ABT-263-resistant cells, sgRNAs that target positive regulators of WNT signaling are 
depleted, while sgRNAs that target negative regulators of this signaling pathway are 
enriched [186]. These results demonstrate the pivotal role of Wnt signaling in resistance 
to ABT-263 in k-ras mutated colorectal cancer cells. In a study of glioblastoma cells, the 
key role of a number of genes, including MSH2, CLCA2, and PTCH2, in the resistance 
to temozolomide (TMZ) was elucidated using genome-wide CRISPR/Cas9 screen tech-
nology. These genes are involved in mismatch repair, Wnt signaling pathway inhibition, 
and sonic hedgehog pathway inhibition, respectively. Further investigation in this study 
showed that silencing of these genes using siRNA increases cell viability following TMZ 
treatment, indicating the effect of activation of the Wnt and Sonic Hedgehog signal-
ing pathways on drug resistance in glioblastoma cells [187] (Table  2). In general, and 
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based on the results of the studies mentioned above, genome-wide CRISPR/Cas9 screen 
technology has revolutionized the identification of the molecular mechanism of drug 
resistance in cancers. The above-mentioned studies, which have often been published in 
the last few years, have identified some very important genes in cancer drug resistance 
by the genome-wide CRISPR/Cas9 screen that could be further studied as therapeutic 
targets. Some of these genes are summarized in Fig. 3. These very interesting findings 
promise that, in the not-too-distant future, a revolution in cancer treatment may occur 
by overcoming the barrier of drug resistance. Undoubtedly, in the coming years, much 

Table 2  Identified genes involved in drug resistance using CRISPR/Cas9 technology

Genes responsible for drug 
resistance

Type of cancer cell Possible effects References

SLFN11 Lung cancer Enhancing S-phase arrest
Enhancing apoptosis
Attenuating resistance to 
talazoparib

[154, 155]

APE1 Triple-negative breast cancer Attenuating resistance to 
olaparib

[156]

RSF1 Lung cancer Enhancing NFKB signaling
Enhancing paclitaxel resistance

[158]

CDK5 Hepatocellular carcinoma Enhancing sorafenib resistance [161]

ARID1A Endometrial cancer Upregulating PRB
Enhancing cancer cell sensitiv‑
ity to MPA

[163]

Aurora-B Lung cancer Attenuating the p53-depend‑
ent DNA damage response
Enhancing resistance to cispl‑
atin and paclitaxel

[164]

ATRX Glioma Enhancing ATM-dependent 
DNA repair
Enhancing resistance to TMZ

[167]

BIRC5 Ovarian cancer Enhancing EMT
Enhancing paclitaxel resistance

[169]

PBRM1 Lung cancer Attenuating AKT signaling
Enhancing effectiveness of 
EGFR inhibitors

[174]

SGOL1 Hepatocellular carcinoma Enhancing cytotoxic effect of 
sorafenib

[177]

Tceal1 Prostate cancer Increasing cell death, poly‑
ploidy, and docetaxel sensitivity 
might happen after knockout

[178]

ABCC9 and IL37 Cervical cancer Paclitaxel resistance [179]

MSH2 Bladder cancer Reducing apoptotic effect of 
cisplatin might happen after 
gene knockout

[180]

ELP5 Gallbladder cancer Poor survival might happen 
after ELP5 knockout and gem‑
citabine treatment

[181]

Farnesyltransferase Renal cell carcinoma Sunitinib resistance [182]

FBXO42 NRAS-mutant melanoma Trametinib resistance [183]

LZTR1, NF1, and TSC1 or TSC2 Acute myeloid leukemia Sorafenib resistance [184]

BEND3 Acute myeloid leukemia Increasing ABCG2 level, reduc‑
ing TAK-243 in the cell and drug 
resistance

[185]

Wnt/B-catenin k-ras mutated colorectal cancer ABT-263 resistance [186]

MSH2, CLCA2, and PTCH2 Glioblastoma TMZ resistance [187]
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greater dimensions of drug resistance mechanisms in cancer will be discovered using the 
genome-wide CRISPR/Cas9 screen, and the course of studies will be much faster.

Limitation of CRISPR/Cas9 gene editing: is there a long way to the clinic?
Despite all the applications of CRISPR/Cas9 gene-editing technology mentioned in the 
previous sections, this technique also has limitations that must be eliminated or mini-
mized before clinical application. Of course, discussing the limitations of the CRISPR/
Cas9 gene-editing technique requires writing a separate review article. However, in this 
section, we have tried to give a very brief overview of the most important of these limi-
tations. Undoubtedly, off-target mutagenesis is one of the most important limitations 
of CRISPR/Cas9 gene editing. Certain sequences of DNA are targeted in this method. 
However, sometimes sgRNA creates off-target mutations by affecting other regions that 
resemble the target sequence, which may disrupt the normal function of the gene and 
cause genomic instability. The frequency of off-target mutations seems to be higher than 
50%. Therefore, overcoming this limitation may be a big step toward the clinical applica-
tion of CRISPR/Cas9 gene-editing technology [188]. The off-target effect can be reduced 
with the correct design of sgRNA. For this purpose, platforms such as CHOPCHOP, 
E-CRISP, and CRISPR-ERA have been developed. Employing these computational 
tools, it is possible to design suitable and specific sgRNAs [189]. Another way to reduce 
the off-target effect is to use D10A-mutated Cas9. This variant of Cas9 creates single-
strand breaks instead of double-strand breaks, and it seems that using it with a pair of 
sgRNA can reduce the off-target effect significantly. An off-target single-strand break 
can be repaired by local enzymes [190]. Other variants of Cas9 have also been devel-
oped, including SpCas9-HF1 and eSpCas9 (1.1), which appear to significantly reduce 

Fig. 3  Identified genes involved in drug resistance and effects of CRISPR/Cas9-mediated inhibition on drug 
resistance. DR drug resistance
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the off-target effect [190]. As mentioned in the previous sections, the identification of 
the PAM region near the target site by Cas9 is a prerequisite for a double-strand break. 
In fact, this sequence acts as a binding signal for Cas9. This can be considered a limi-
tation for CRISPR/Cas9 gene editing. SpCas9, commonly used for gene editing, PAM 
site is 5′NGG3′ (N can be any nucleotide). To overcome this limitation and expand the 
gene target window, various variants of Sp Cas9 have been developed, including SpCas9-
NG and xCas9 [191]. DSBs generated by the CRISPR/Cas9 system may activate p53 and 
induction of apoptosis in the cell. To overcome this limitation, the use of Cas9 variants 
with the ability to create single-strand breaks has been suggested [191].

A serious limitation to the clinical application of CRISPR/Cas9 gene editing is the 
possibility of the presence of anti-SpCas9 antibodies, which has been reported by some 
studies, and studies are needed to find appropriate solutions to overcome this limita-
tion [191, 192]. A study on Campylobacter  jejuni Cas9 (CjCas9) can be helpful in this 
regard [191]. CRISPR/Cas9 system delivery should also be further studied. The current 
common method for delivering this system is AAV vectors. There are limitations, such 
as stimulating an immune response and increased off-target mutations due to the long-
term expression of system components in this delivery method. The use of nonviral vec-
tors such as nanoparticles has been suggested to limit the stimulation of the immune 
response. In vivo delivery also has limitations such as degradation by certain enzymes 
and immune cells [191, 193, 194]. Therefore, before the clinical application of this tech-
nology to combat the problem of drug resistance of cancers, many studies should be con-
ducted to find appropriate solutions to overcome all the limitations mentioned above. It 
is hoped that overcoming these limitations will pave the way for the clinical application 
of CRISPR/Cas9 gene-editing technology in the future (Table 3).

Conclusion and future direction
CRISPR/Cas9 gene editing can be used as an effective approach to overcome the chal-
lenge of drug resistance in cancers. Using this technology, it is possible to target and 
knock out the genes of ABC family transporters, which leads to the attenuation of 
anticancer drug efflux. Using the CRISPR/Cas9 technique, it is possible to target vari-
ous components involved in DNA repair such as RECQL4 helicase and PARP1, which 
can attenuate the DNA repair ability and enhance the effectiveness of some antican-
cer drugs such as temozolomide and doxorubicin. In addition, this technique can be 
used to target mutated EGFR, K-Ras, mutant TP53, uPAR, BCR/ABL, and some other 

Table 3  Some limitations and solutions in the application of CRISPR/Cas9 gene editing

Limitations Solutions References

Off-target mutagenesis Correct design of sgRNA
D10A-mutated Cas9
SpCas9-HF1 and eSpCas9

[188–190]

Identification of the PAM region SpCas9-NG and xCas9 variants [191]

P53 activation and apoptosis Cas9 variants with the ability to create single-strand breaks [191]

Anti-SpCas9 antibodies Campylobacter jejuni Cas9 (CjCas9) [191, 192]

Stimulation of immune responses 
in delivery by viral vector

Using other delivery method such as nanoparticle [193]
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oncogenes and signaling pathways involved in the drug resistance of cancer cells. 
Using the CRISPR/Cas9 technique, it is possible to target stem cell markers such as 
NANOG1, NANOGP8, and CD44, which can lead to a significant attenuation of drug 
resistance in cancer cells. In addition to these, genome-wide CRISPR/Cas9 screen has 
helped to shed light on more aspects of drug resistance mechanisms in cancer cells, 
and significant information has been added to current knowledge in recent years. The 
CRISPR/Cas9 technique has limitations, including off-target mutagenesis, and effec-
tive solutions are required to overcome the limitations of this technique.

There are currently several clinical trials to evaluate the effectiveness of CRISPR/
Cas9 gene editing in the treatment of cancer. Considering the interesting findings 
reviewed in this article, designing clinical trials to evaluate the effectiveness of this 
technique in attenuating drug resistance in cancers can be helpful.
Acknowledgements
The authors would like to thank Shohada Clinical Research Development Unit, Shohada Hospital, Tabriz University of 
Medical Science, Tabriz, Iran.

Author contributions
M.V.-T.: writing—original draft preparation. P.H.: writing—original draft preparation. F.S.: writing—original draft prepara‑
tion. F.A.: writing—reviewing and editing. F.M.: visualization. D.Q.: investigation. Z.A.: data curation, supervision. B.Y.: 
supervision. All authors read and approved the final manuscript.

Funding
There is not any funding source.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This article does not contain any experimental studies on human participants or animals performed by the authors.

Consent for publication
All authors have read the manuscript and have agreed to submit it in its current form for consideration for publication in 
the Cellular & Molecular Biology Letters.

Competing interests
The authors declare no conflicts of interest.

Received: 25 November 2021   Accepted: 24 May 2022

References
	 1.	 Diaz-Diestra D, Gholipour HM, Bazian M, Thapa B, Beltran-Huarac J. Photodynamic therapeutic effect of nano‑

structured metal sulfide photosensitizers on cancer treatment. Nanoscale Res Lett. 2022;17:33.
	 2.	 Padma VV. An overview of targeted cancer therapy. Biomedicine (Taipei). 2015;5:19.
	 3.	 Yan J, Yao Y, Yan S, Gao R, Lu W, He W. Chiral protein supraparticles for tumor suppression and synergis‑

tic immunotherapy: an enabling strategy for bioactive supramolecular chirality construction. Nano Lett. 
2020;20:5844–52.

	 4.	 Ahmad FB, Anderson RN. The leading causes of death in the US for 2020. JAMA. 2021;325:1829–30.
	 5.	 Zhan T, Rindtorff N, Betge J, Ebert MP, Boutros M. CRISPR/Cas9 for cancer research and therapy. Semin Cancer Biol. 

2019;55:106–19.
	 6.	 Khalaf K, Janowicz K, Dyszkiewicz-Konwińska M, Hutchings G, Dompe C, Moncrieff L, Jankowski M, Machnik M, 

Oleksiewicz U, Kocherova I, et al. CRISPR/Cas9 in cancer immunotherapy: animal models and human clinical trials. 
Genes (Basel). 2020;11:921.

	 7.	 Bukowski K, Kciuk M, Kontek R. Mechanisms of multidrug resistance in cancer chemotherapy. Int J Mol Sci. 
2020;21:3233.

	 8.	 Haider T, Pandey V, Banjare N, Gupta PN, Soni V. Drug resistance in cancer: mechanisms and tackling strategies. 
Pharmacol Rep. 2020;72:1125–51.

	 9.	 Honari M, Shafabakhsh R, Reiter RJ, Mirzaei H, Asemi Z. Resveratrol is a promising agent for colorectal cancer 
prevention and treatment: focus on molecular mechanisms. Cancer Cell Int. 2019;19:1–8.

	 10.	 Moitra K. Overcoming multidrug resistance in cancer stem cells. Biomed Res Int. 2015;2015:635745.



Page 24 of 29Vaghari‑Tabari et al. Cellular & Molecular Biology Letters           (2022) 27:49 

	 11.	 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144:646–74.
	 12.	 Baudino TA. Targeted cancer therapy: the next generation of cancer treatment. Curr Drug Discov Technol. 

2015;12:3–20.
	 13.	 Ramalingam SS, Yang JC, Lee CK, Kurata T, Kim DW, John T, Nogami N, Ohe Y, Mann H, Rukazenkov Y, et al. 

Osimertinib as first-line treatment of EGFR mutation-positive advanced non-small-cell lung cancer. J Clin Oncol. 
2018;36:841–9.

	 14.	 Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, Dummer R, Garbe C, Testori A, Maio M, et al. 
Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N Engl J Med. 2011;364:2507–16.

	 15.	 Rosti G, Castagnetti F, Gugliotta G, Baccarani M. Tyrosine kinase inhibitors in chronic myeloid leukaemia: which, 
when, for whom? Nat Rev Clin Oncol. 2017;14:141–54.

	 16.	 Loibl S, Gianni L. HER2-positive breast cancer. Lancet. 2017;389:2415–29.
	 17.	 Katoh M. Fibroblast growth factor receptors as treatment targets in clinical oncology. Nat Rev Clin Oncol. 

2019;16:105–22.
	 18.	 Koury J, Lucero M, Cato C, Chang L, Geiger J, Henry D, Hernandez J, Hung F, Kaur P, Teskey G, Tran A. Immunothera‑

pies: exploiting the immune system for cancer treatment. J Immunol Res. 2018;2018:9585614.
	 19.	 Vasan N, Baselga J, Hyman DM. A view on drug resistance in cancer. Nature. 2019;575:299–309.
	 20.	 Lippert TH, Ruoff HJ, Volm M. Intrinsic and acquired drug resistance in malignant tumors. The main reason for 

therapeutic failure. Arzneimittelforschung. 2008;58:261–4.
	 21.	 Kelderman S, Schumacher TN, Haanen JB. Acquired and intrinsic resistance in cancer immunotherapy. Mol Oncol. 

2014;8:1132–9.
	 22.	 Gillet JP, Gottesman MM. Mechanisms of multidrug resistance in cancer. Methods Mol Biol. 2010;596:47–76.
	 23.	 Gottesman MM. How cancer cells evade chemotherapy: sixteenth Richard and Hinda Rosenthal Foundation 

Award Lecture. Cancer Res. 1993;53:747–54.
	 24.	 Garattini S. Pharmacokinetics in cancer chemotherapy. Eur J Cancer. 2007;43:271–82.
	 25.	 Mansilla S, Bataller M, Portugal J. Mitotic catastrophe as a consequence of chemotherapy. Anticancer Agents Med 

Chem. 2006;6:589–602.
	 26.	 Zeller C, Brown R. Therapeutic modulation of epigenetic drivers of drug resistance in ovarian cancer. Ther Adv 

Med Oncol. 2010;2:319–29.
	 27.	 Vaghari-Tabari M, Majidinia M, Moein S, Qujeq D, Asemi Z, Alemi F, Mohamadzadeh R, Targhazeh N, Safa A, Yousefi 

B. MicroRNAs and colorectal cancer chemoresistance: new solution for old problem. Life Sci. 2020;259: 118255.
	 28.	 Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong ST, Choi H, El Rayes T, Ryu S, Troeger J, et al. Epithelial-to-mesen‑

chymal transition is not required for lung metastasis but contributes to chemoresistance. Nature. 2015;527:472–6.
	 29.	 Khalili-Tanha G, Moghbeli M. Long non-coding RNAs as the critical regulators of doxorubicin resistance in tumor 

cells. Cell Mol Biol Lett. 2021;26:39.
	 30.	 Klappe K, Hinrichs JW, Kroesen BJ, Sietsma H, Kok JW. MRP1 and glucosylceramide are coordinately over expressed 

and enriched in rafts during multidrug resistance acquisition in colon cancer cells. Int J Cancer. 2004;110:511–22.
	 31.	 Ye L, Lin C, Wang X, Li Q, Li Y, Wang M, Zhao Z, Wu X, Shi D, Xiao Y, et al. Epigenetic silencing of SALL2 confers 

tamoxifen resistance in breast cancer. EMBO Mol Med. 2019;11: e10638.
	 32.	 Nguyen CDK, Yi C. YAP/TAZ signaling and resistance to cancer therapy. Trends Cancer. 2019;5:283–96.
	 33.	 Arumugam T, Ramachandran V, Fournier KF, Wang H, Marquis L, Abbruzzese JL, Gallick GE, Logsdon CD, McConkey 

DJ, Choi W. Epithelial to mesenchymal transition contributes to drug resistance in pancreatic cancer. Cancer Res. 
2009;69:5820–8.

	 34.	 Wang J, Seebacher N, Shi H, Kan Q, Duan Z. Novel strategies to prevent the development of multidrug resistance 
(MDR) in cancer. Oncotarget. 2017;8:84559–71.

	 35.	 Chen SY, Hu SS, Dong Q, Cai JX, Zhang WP, Sun JY, Wang TT, Xie J, He HR, Xing JF, et al. Establishment of paclitaxel-
resistant breast cancer cell line and nude mice models, and underlying multidrug resistance mechanisms in vitro 
and in vivo. Asian Pac J Cancer Prev. 2013;14:6135–40.

	 36.	 Pirpour Tazehkand A, Akbarzadeh M, Velaie K, Sadeghi MR, Samadi N. The role of Her2–Nrf2 axis in induction of 
oxaliplatin resistance in colon cancer cells. Biomed Pharmacother. 2018;103:755–66.

	 37.	 Amaral MV, Portilho AJ, Da Silva EL, Sales LD, Maués JH, Moraes DE, ME, Moreira-Nunes CA,. Establishment of drug-
resistant cell lines as a model in experimental oncology: a review. Anticancer Res. 2019;39:6443–55.

	 38.	 Chen YB, Yan ML, Gong JP, Xia RP, Liu LX, Li N, Lu SC, Zhang JG, Zeng DB, Xie JG, et al. Establishment of hepatocel‑
lular carcinoma multidrug resistant monoclone cell line HepG2/mdr1. Chin Med J (Engl). 2007;120:703–7.

	 39.	 Quan X, Du H, Xu J, Hou X, Gong X, Wu Y, Zhou Y, Jiang J, Lu L, Yuan S, et al. Novel quinoline compound deriva‑
tives of NSC23925 as potent reversal agents against p-glycoprotein-mediated multidrug resistance. Front Chem. 
2019;7:820.

	 40.	 Fanelli M, Hattinger CM, Vella S, Tavanti E, Michelacci F, Gudeman B, Barnett D, Picci P, Serra M. Targeting ABCB1 
and ABCC1 with their specific inhibitor CBT-1® can overcome drug resistance in osteosarcoma. Curr Cancer Drug 
Targets. 2016;16:261–74.

	 41.	 Zhang N, Gao M, Wang Z, Zhang J, Cui W, Li J, Zhu X, Zhang H, Yang DH, Xu X. Curcumin reverses doxorubicin 
resistance in colon cancer cells at the metabolic level. J Pharm Biomed Anal. 2021;201:114129.

	 42.	 Shafiei-Irannejad V, Samadi N, Yousefi B, Salehi R, Velaei K, Zarghami N. Metformin enhances doxorubicin sensitivity 
via inhibition of doxorubicin efflux in P-gp-overexpressing MCF-7 cells. Chem Biol Drug Des. 2018;91:269–76.

	 43.	 Sadoughi F, Hallajzadeh J, Asemi Z, Mansournia MA, Alemi F, Yousefi B. Signaling pathways involved in cell cycle 
arrest during the DNA breaks. DNA Repair. 2021;98:103047.

	 44.	 Wang Q, Xiong J, Qiu D, Zhao X, Yan D, Xu W, Wang Z, Chen Q, Panday S, Li A, et al. Inhibition of PARP1 activ‑
ity enhances chemotherapeutic efficiency in cisplatin-resistant gastric cancer cells. Int J Biochem Cell Biol. 
2017;92:164–72.

	 45.	 Vescarelli E, Gerini G, Megiorni F, Anastasiadou E, Pontecorvi P, Solito L, De Vitis C, Camero S, Marchetti C, Mancini 
R, et al. MiR-200c sensitizes Olaparib-resistant ovarian cancer cells by targeting Neuropilin 1. J Exp Clin Cancer Res. 
2020;39:3.



Page 25 of 29Vaghari‑Tabari et al. Cellular & Molecular Biology Letters           (2022) 27:49 	

	 46.	 Shafabakhsh R, Asemi Z. Quercetin: a natural compound for ovarian cancer treatment. J Ovarian Res. 2019;12:1–9.
	 47.	 Ray Chaudhuri A, Nussenzweig A. The multifaceted roles of PARP1 in DNA repair and chromatin remodelling. Nat 

Rev Mol Cell Biol. 2017;18:610–21.
	 48.	 Shafabakhsh R, Reiter RJ, Mirzaei H, Teymoordash SN, Asemi Z. Melatonin: a new inhibitor agent for cervical cancer 

treatment. J Cell Physiol. 2019;234:21670–82.
	 49.	 Chen CC, Chen CY, Wang SH, Yeh CT, Su SC, Ueng SH, Chuang WY, Hsueh C, Wang TH. Melatonin sensitizes hepato‑

cellular carcinoma cells to chemotherapy through long non-coding RNA RAD51-AS1-mediated suppression of 
DNA repair. Cancers (Basel). 2018;10:320.

	 50.	 Sadoughi F, Mirsafaei L, Dana PM, Hallajzadeh J, Asemi Z, Mansournia MA, Montazer M, Hosseinpour M, Yousefi 
B. The role of DNA damage response in chemo- and radio-resistance of cancer cells: can DDR inhibitors sole the 
problem? DNA Repair (Amst). 2021;101:103074.

	 51.	 Pirpour Tazehkand A, Salehi R, Velaei K, Samadi N. The potential impact of trigonelline loaded micelles on Nrf2 
suppression to overcome oxaliplatin resistance in colon cancer cells. Mol Biol Rep. 2020;47:5817–29.

	 52.	 Wang Z, Huang Y, Zhang J. Molecularly targeting the PI3K-Akt-mTOR pathway can sensitize cancer cells to radio‑
therapy and chemotherapy. Cell Mol Biol Lett. 2014;19:233–42.

	 53.	 Sun J, Xu K, Qiu Y, Gao H, Xu J, Tang Q, Yin P. Bufalin reverses acquired drug resistance by inhibiting stemness in 
colorectal cancer cells. Oncol Rep. 2017;38:1420–30.

	 54.	 Shafiei-Irannejad V, Samadi N, Salehi R, Yousefi B, Rahimi M, Akbarzadeh A, Zarghami N. Reversion of multidrug 
resistance by co-encapsulation of doxorubicin and metformin in poly(lactide-co-glycolide)-d-α-tocopheryl poly‑
ethylene glycol 1000 succinate nanoparticles. Pharm Res. 2018;35:119.

	 55.	 Majidinia M, Mirza-Aghazadeh-Attari M, Rahimi M, Mihanfar A, Karimian A, Safa A, Yousefi B. Overcoming multid‑
rug resistance in cancer: recent progress in nanotechnology and new horizons. IUBMB Life. 2020;72:855–71.

	 56.	 Zhao M, Wang T, Hui Z. Aspirin overcomes cisplatin resistance in lung cancer by inhibiting cancer cell stemness. 
Thorac Cancer. 2020;11:3117–25.

	 57.	 Zhong H, Davis A, Ouzounova M, Carrasco RA, Chen C, Breen S, Chang YS, Huang J, Liu Z, Yao Y, et al. A novel IL6 
antibody sensitizes multiple tumor types to chemotherapy including trastuzumab-resistant tumors. Cancer Res. 
2016;76:480–90.

	 58.	 Liu K, Gao L, Ma X, Huang JJ, Chen J, Zeng L, Ashby CR Jr, Zou C, Chen ZS. Long non-coding RNAs regulate drug 
resistance in cancer. Mol Cancer. 2020;19:54.

	 59.	 Tsang WP, Kwok TT. Riboregulator H19 induction of MDR1-associated drug resistance in human hepatocellular 
carcinoma cells. Oncogene. 2007;26:4877–81.

	 60.	 Fang Z, Chen W, Yuan Z, Liu X, Jiang H. LncRNA-MALAT1 contributes to the cisplatin-resistance of lung cancer by 
upregulating MRP1 and MDR1 via STAT3 activation. Biomed Pharmacother. 2018;101:536–42.

	 61.	 Yue X, Wu W-Y, Dong M, Guo M. LncRNA MALAT1 promotes breast cancer progression and doxorubicin resistance 
via regulating miR-570–3p. Biomed J. 2020;44:S296–304.

	 62.	 Taiana E, Favasuli V, Ronchetti D, Todoerti K, Pelizzoni F, Manzoni M, Barbieri M, Fabris S, Silvestris I, Gallo Cantafio 
ME, et al. Long non-coding RNA NEAT1 targeting impairs the DNA repair machinery and triggers anti-tumor activ‑
ity in multiple myeloma. Leukemia. 2020;34:234–44.

	 63.	 Lee SP, Hsieh PL, Fang CY, Chu PM, Liao YW, Yu CH, Yu CC, Tsai LL. LINC00963 promotes cancer stemness, metasta‑
sis, and drug resistance in head and neck carcinomas via ABCB5 regulation. Cancers (Basel). 2020;12:1073.

	 64.	 Moein S, Vaghari-Tabari M, Qujeq D, Majidinia M, Nabavi SM, Yousefi B. MiRNAs and inflammatory bowel disease: 
an interesting new story. J Cell Physiol. 2019;234:3277–93.

	 65.	 Zou Q, Xing P, Wei L, Liu B. Gene2vec: gene subsequence embedding for prediction of mammalian N6-methyl‑
adenosine sites from mRNA. RNA. 2019;25:205–18.

	 66.	 Shah MY, Ferrajoli A, Sood AK, Lopez-Berestein G, Calin GA. microRNA therapeutics in cancer—an emerging 
concept. EBioMedicine. 2016;12:34–42.

	 67.	 Saliminejad K, Khorram Khorshid HR, Soleymani Fard S, Ghaffari SH. An overview of microRNAs: biology, functions, 
therapeutics, and analysis methods. J Cell Physiol. 2019;234:5451–65.

	 68.	 Chakraborty C, Sharma AR, Sharma G, Lee SS. Therapeutic advances of miRNAs: a preclinical and clinical update. J 
Adv Res. 2021;28:127–38.

	 69.	 Liu Y, Liu X, Yang S. MicroRNA-221 upregulates the expression of P-gp and Bcl-2 by activating the Stat3 pathway to 
promote doxorubicin resistance in osteosarcoma cells. Biol Pharm Bull. 2021;44:861–8.

	 70.	 Wang Y, Chen G, Dai F, Zhang L, Yuan M, Yang D, Liu S, Cheng Y. miR-21 induces chemoresistance in ovarian cancer 
cells via mediating the expression and interaction of CD44v6 and P-gp. Onco Targets Ther. 2021;14:325–36.

	 71.	 Hong L, Han Y, Zhang Y, Zhang H, Zhao Q, Wu K, Fan D. MicroRNA-21: a therapeutic target for reversing drug resist‑
ance in cancer. Expert Opin Ther Targets. 2013;17:1073–80.

	 72.	 Zhou H, Lin C, Zhang Y, Zhang X, Zhang C, Zhang P, Xie X, Ren Z. miR-506 enhances the sensitivity of human 
colorectal cancer cells to oxaliplatin by suppressing MDR1/P-gp expression. Cell Prolif. 2017;50:e12341.

	 73.	 Lu X, Liu R, Wang M, Kumar AK, Pan F, He L, Hu Z, Guo Z. MicroRNA-140 impedes DNA repair by targeting FEN1 
and enhances chemotherapeutic response in breast cancer. Oncogene. 2020;39:234–47.

	 74.	 Li M, Gao M, Xie X, Zhang Y, Ning J, Liu P, Gu K. MicroRNA-200c reverses drug resistance of human gastric cancer 
cells by targeting regulation of the NER–ERCC3/4 pathway. Oncol Lett. 2019;18:145–52.

	 75.	 Tao L, Shu-Ling W, Jing-Bo H, Ying Z, Rong H, Xiang-Qun L, Wen-Jie C, Lin-Fu Z. MiR-451a attenuates doxorubicin 
resistance in lung cancer via suppressing epithelialmesenchymal transition (EMT) through targeting c-Myc. 
Biomed Pharmacother. 2020;125:109962.

	 76.	 Wang LQ, Yu P, Li B, Guo YH, Liang ZR, Zheng LL, Yang JH, Xu H, Liu S, Zheng LS, et al. miR-372 and miR-373 
enhance the stemness of colorectal cancer cells by repressing differentiation signaling pathways. Mol Oncol. 
2018;12:1949–64.

	 77.	 Zhou S, Ye W, Zhang Y, Yu D, Shao Q, Liang J, Zhang M. miR-144 reverses chemoresistance of hepatocellular carci‑
noma cell lines by targeting Nrf2-dependent antioxidant pathway. Am J Transl Res. 2016;8:2992–3002.



Page 26 of 29Vaghari‑Tabari et al. Cellular & Molecular Biology Letters           (2022) 27:49 

	 78.	 Sun DM, Tang BF, Li ZX, Guo HB, Cheng JL, Song PP, Zhao X. MiR-29c reduces the cisplatin resistance of non-small 
cell lung cancer cells by negatively regulating the PI3K/Akt pathway. Sci Rep. 2018;8:8007.

	 79.	 Si W, Shen J, Zheng H, Fan W. The role and mechanisms of action of microRNAs in cancer drug resistance. Clin 
Epigenet. 2019;11:25.

	 80.	 Mohammadzadeh I, Qujeq D, Yousefi T, Ferns GA, Maniati M, Vaghari-Tabari M. CRISPR/Cas9 gene editing: a new 
therapeutic approach in the treatment of infection and autoimmunity. IUBMB Life. 2020;72:1603–21.

	 81.	 Yang Y, Qiu JG, Li Y, Di JM, Zhang WJ, Jiang QW, Zheng DW, Chen Y, Wei MN, Huang JR, et al. Targeting ABCB1-
mediated tumor multidrug resistance by CRISPR/Cas9-based genome editing. Am J Transl Res. 2016;8:3986–94.

	 82.	 Ha JS, Byun J, Ahn DR. Overcoming doxorubicin resistance of cancer cells by Cas9-mediated gene disruption. Sci 
Rep. 2016;6:22847.

	 83.	 Norouzi-Barough L, Sarookhani M, Salehi R, Sharifi M, Moghbelinejad S. CRISPR/Cas9, a new approach to success‑
ful knockdown of ABCB1/P-glycoprotein and reversal of chemosensitivity in human epithelial ovarian cancer cell 
line. Iran J Basic Med Sci. 2018;21:181–7.

	 84.	 Liu T, Li Z, Zhang Q, De Amorim BK, Lozano-Calderon S, Choy E, Hornicek FJ, Duan Z. Targeting ABCB1 (MDR1) in 
multi-drug resistant osteosarcoma cells using the CRISPR-Cas9 system to reverse drug resistance. Oncotarget. 
2016;7:83502–13.

	 85.	 Xu Y, Zhu M. Novel exosomal miR-46146 transfer oxaliplatin chemoresistance in colorectal cancer. Clin Transl 
Oncol. 2020;22:1105–16.

	 86.	 Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: a changing paradigm. Nat Rev Cancer. 2009;9:153–66.
	 87.	 Johnson N, Shapiro GI. Cyclin-dependent kinases (cdks) and the DNA damage response: rationale for cdk 

inhibitor-chemotherapy combinations as an anticancer strategy for solid tumors. Expert Opin Ther Targets. 
2010;14:1199–212.

	 88.	 Sherr CJ, Beach D, Shapiro GI. Targeting CDK4 and CDK6: from discovery to therapy. Cancer Discov. 2016;6:353–67.
	 89.	 Cornell L, Wander SA, Visal T, Wagle N, Shapiro GI. MicroRNA-mediated suppression of the TGF-β pathway confers 

transmissible and reversible CDK4/6 inhibitor resistance. Cell Rep. 2019;26:2667-2680.e2667.
	 90.	 Liu X, Gao Y, Shen J, Yang W, Choy E, Mankin H, Hornicek FJ, Duan Z. Cyclin-dependent kinase 11 (CDK11) is 

required for ovarian cancer cell growth in vitro and in vivo, and its inhibition causes apoptosis and sensitizes cells 
to paclitaxel. Mol Cancer Ther. 2016;15:1691–701.

	 91.	 Feng Y, Sassi S, Shen JK, Yang X, Gao Y, Osaka E, Zhang J, Yang S, Yang C, Mankin HJ, et al. Targeting CDK11 in osteo‑
sarcoma cells using the CRISPR-Cas9 system. J Orthop Res. 2015;33:199–207.

	 92.	 Wu J, Lu LY, Yu X. The role of BRCA1 in DNA damage response. Protein Cell. 2010;1:117–23.
	 93.	 Balmaña J, Díez O, Rubio IT, Cardoso F. BRCA in breast cancer: ESMO clinical practice guidelines. Ann Oncol. 

2011;22 Suppl 6:vi31-34.
	 94.	 Kennedy RD, Quinn JE, Mullan PB, Johnston PG, Harkin DP. The role of BRCA1 in the cellular response to chemo‑

therapy. J Natl Cancer Inst. 2004;96:1659–68.
	 95.	 Taron M, Rosell R, Felip E, Mendez P, Souglakos J, Ronco MS, Queralt C, Majo J, Sanchez JM, Sanchez JJ, Maes‑

tre J. BRCA1 mRNA expression levels as an indicator of chemoresistance in lung cancer. Hum Mol Genet. 
2004;13:2443–9.

	 96.	 Mintz RL, Lao YH, Chi CW, He S, Li M, Quek CH, Shao D, Chen B, Han J, Wang S, Leong KW. CRISPR/Cas9-mediated 
mutagenesis to validate the synergy between PARP1 inhibition and chemotherapy in BRCA1-mutated breast 
cancer cells. Bioeng Transl Med. 2020;5:e10152.

	 97.	 Wang H, Sun W. CRISPR-mediated targeting of HER2 inhibits cell proliferation through a dominant negative muta‑
tion. Cancer Lett. 2017;385:137–43.

	 98.	 Król SK, Kaczmarczyk A, Wojnicki K, Wojtas B, Gielniewski B, Grajkowska W, Kotulska K, Szczylik C, Czepko R, Banach 
M, et al. Aberrantly expressed RECQL4 helicase supports proliferation and drug resistance of human glioma cells 
and glioma stem cells. Cancers (Basel). 2020;12:2919.

	 99.	 Mo D, Fang H, Niu K, Liu J, Wu M, Li S, Zhu T, Aleskandarany MA, Arora A, Lobo DN, et al. Human helicase RECQL4 
drives cisplatin resistance in gastric cancer by activating an AKT-YB1-MDR1 signaling pathway. Cancer Res. 
2016;76:3057–66.

	100.	 Healy FM, Prior IA, MacEwan DJ. The importance of Ras in drug resistance in cancer. Br J Pharmacol. 
2021;179:2844–67.

	101.	 Sui H, Fan ZZ, Li Q. Signal transduction pathways and transcriptional mechanisms of ABCB1/Pgp-mediated multi‑
ple drug resistance in human cancer cells. J Int Med Res. 2012;40:426–35.

	102.	 Daniyal A, Santoso I, Gunawan NHP, Barliana MI, Abdulah R. Genetic influences in breast cancer drug resistance. 
Breast Cancer (Dove Med Press). 2021;13:59–85.

	103.	 Sampath J, Sun D, Kidd VJ, Grenet J, Gandhi A, Shapiro LH, Wang Q, Zambetti GP, Schuetz JD. Mutant p53 cooper‑
ates with ETS and selectively up-regulates human MDR1 not MRP1. J Biol Chem. 2001;276:39359–67.

	104.	 Hientz K, Mohr A, Bhakta-Guha D, Efferth T. The role of p53 in cancer drug resistance and targeted chemotherapy. 
Oncotarget. 2017;8:8921–46.

	105.	 Liu P, Wang Y, Li X. Targeting the untargetable KRAS in cancer therapy. Acta Pharm Sin B. 2019;9:871–9.
	106.	 Siddiqui AD, Piperdi B. KRAS mutation in colon cancer: a marker of resistance to EGFR-I therapy. Ann Surg Oncol. 

2010;17:1168–76.
	107.	 Ryu J-Y, Choi YJ, Won E-J, Hui E, Kim H-S, Cho Y-S, Yoon T-J. Gene editing particle system as a therapeutic approach 

for drug-resistant colorectal cancer. Nano Res. 2020;13:1576–85.
	108.	 Messersmith WA, Ahnen DJ. Targeting EGFR in colorectal cancer. N Engl J Med. 2008;359:1834–6.
	109.	 Cao X, Hou J, An Q, Assaraf YG, Wang X. Towards the overcoming of anticancer drug resistance mediated by p53 

mutations. Drug Resist Update. 2020;49:100671.
	110.	 Tang F, Min L, Seebacher NA, Li X, Zhou Y, Hornicek FJ, Wei Y, Tu C, Duan Z. Targeting mutant TP53 as a potential 

therapeutic strategy for the treatment of osteosarcoma. J Orthop Res. 2019;37:789–98.
	111.	 Zheng HC. The molecular mechanisms of chemoresistance in cancers. Oncotarget. 2017;8:59950–64.
	112.	 Sigismund S, Avanzato D, Lanzetti L. Emerging functions of the EGFR in cancer. Mol Oncol. 2018;12:3–20.



Page 27 of 29Vaghari‑Tabari et al. Cellular & Molecular Biology Letters           (2022) 27:49 	

	113.	 Tomasello C, Baldessari C, Napolitano M, Orsi G, Grizzi G, Bertolini F, Barbieri F, Cascinu S. Resistance to EGFR 
inhibitors in non-small cell lung cancer: clinical management and future perspectives. Crit Rev Oncol Hematol. 
2018;123:149–61.

	114.	 Koo T, Yoon AR, Cho HY, Bae S, Yun CO, Kim JS. Selective disruption of an oncogenic mutant allele by CRISPR/Cas9 
induces efficient tumor regression. Nucleic Acids Res. 2017;45:7897–908.

	115.	 Liu B, Diaz Arguello OA, Chen D, Chen S, Saber A, Haisma HJ. CRISPR-mediated ablation of overexpressed 
EGFR in combination with sunitinib significantly suppresses renal cell carcinoma proliferation. PLoS ONE. 
2020;15:e0232985.

	116.	 Rizzo M, Porta C. Sunitinib in the treatment of renal cell carcinoma: an update on recent evidence. Ther Adv Urol. 
2017;9:195–207.

	117.	 Gonias SL, Hu J. Urokinase receptor and resistance to targeted anticancer agents. Front Pharmacol. 2015;6:154.
	118.	 Li Santi A, Napolitano F, Montuori N, Ragno P. The urokinase receptor: a multifunctional receptor in cancer cell 

biology. Therapeutic implications. Int J Mol Sci. 2021;22:4111.
	119.	 Wang K, Xing ZH, Jiang QW, Yang Y, Huang JR, Yuan ML, Wei MN, Li Y, Wang ST, Liu K, Shi Z. Targeting uPAR by 

CRISPR/Cas9 system attenuates cancer malignancy and multidrug resistance. Front Oncol. 2019;9:80.
	120.	 Reynolds IS, Fichtner M, McNamara DA, Kay EW, Prehn JHM, Burke JP. Mucin glycoproteins block apoptosis; 

promote invasion, proliferation, and migration; and cause chemoresistance through diverse pathways in epithelial 
cancers. Cancer Metastasis Rev. 2019;38:237–57.

	121.	 Skrypek N, Duchêne B, Hebbar M, Leteurtre E, van Seuningen I, Jonckheere N. The MUC4 mucin mediates gemcit‑
abine resistance of human pancreatic cancer cells via the Concentrative Nucleoside Transporter family. Oncogene. 
2013;32:1714–23.

	122.	 Sagar S, Leiphrakpam PD, Thomas D, McAndrews KL, Caffrey TC, Swanson BJ, Clausen H, Wandall HH, Hollings‑
worth MA, Radhakrishnan P. MUC4 enhances gemcitabine resistance and malignant behaviour in pancreatic 
cancer cells expressing cancer-associated short O-glycans. Cancer Lett. 2021;503:91–102.

	123.	 Elton TS, Ozer HG, Yalowich JC. Effects of DNA topoisomerase IIα splice variants on acquired drug resistance. 
Cancer Drug Resist. 2020;3:161–70.

	124.	 Kanagasabai R, Serdar L, Karmahapatra S, Kientz CA, Ellis J, Ritke MK, Elton TS, Yalowich JC. Alternative RNA pro‑
cessing of topoisomerase IIα in etoposide-resistant human leukemia K562 cells: intron retention results in a novel 
c-terminal truncated 90-kDa isoform. J Pharmacol Exp Ther. 2017;360:152–63.

	125.	 Hernandez VA, Carvajal-Moreno J, Papa JL, Shkolnikov N, Li J, Ozer HG, Yalowich JC, Elton TS. CRISPR/Cas9 genome 
editing of the human topoisomerase IIα intron 19 5’ splice site circumvents etoposide resistance in human leuke‑
mia K562 cells. Mol Pharmacol. 2021;99:226–41.

	126.	 Luo Z, Gao M, Huang N, Wang X, Yang Z, Yang H, Huang Z, Feng W. Efficient disruption of bcr-abl gene by CRISPR 
RNA-guided FokI nucleases depresses the oncogenesis of chronic myeloid leukemia cells. J Exp Clin Cancer Res. 
2019;38:224.

	127.	 Dhadve AC, Hari K, Rekhi B, Jolly MK, De A, Ray P. Decoding molecular interplay between RUNX1 and FOXO3a 
underlying the pulsatile IGF1R expression during acquirement of chemoresistance. Biochim Biophys Acta Mol 
Basis Dis. 2020;1866:165754.

	128.	 Xiao L, Peng Z, Zhu A, Xue R, Lu R, Mi J, Xi S, Chen W, Jiang S. Inhibition of RUNX1 promotes cisplatin-induced 
apoptosis in ovarian cancer cells. Biochem Pharmacol. 2020;180:114116.

	129.	 Dong C, Wu J, Chen Y, Nie J, Chen C. Activation of PI3K/AKT/mTOR pathway causes drug resistance in breast 
cancer. Front Pharmacol. 2021;12:628690.

	130.	 Vaghari-Tabari M, Ferns GA, Qujeq D, Andevari AN, Sabahi Z, Moein S. Signaling, metabolism, and cancer: an 
important relationship for therapeutic intervention. J Cell Physiol. 2021;236:5512–32.

	131.	 Zhang L, Li Y, Wang Q, Chen Z, Li X, Wu Z, Hu C, Liao D, Zhang W, Chen ZS. The PI3K subunits, P110α and P110β are 
potential targets for overcoming P-gp and BCRP-mediated MDR in cancer. Mol Cancer. 2020;19:10.

	132.	 Zhang P, Ma Y, Lv C, Huang M, Li M, Dong B, Liu X, An G, Zhang W, Zhang J, et al. Upregulation of programmed cell 
death ligand 1 promotes resistance response in non-small-cell lung cancer patients treated with neo-adjuvant 
chemotherapy. Cancer Sci. 2016;107:1563–71.

	133.	 Liao Y, Chen L, Feng Y, Shen J, Gao Y, Cote G, Choy E, Harmon D, Mankin H, Hornicek F, Duan Z. Targeting pro‑
grammed cell death ligand 1 by CRISPR/Cas9 in osteosarcoma cells. Oncotarget. 2017;8:30276–87.

	134.	 Bialk P, Wang Y, Banas K, Kmiec EB. Functional gene knockout of NRF2 increases chemosensitivity of human lung 
cancer A549 cells in vitro and in a xenograft mouse model. Mol Ther Oncolytics. 2018;11:75–89.

	135.	 Kawamura N, Nimura K, Nagano H, Yamaguchi S, Nonomura N, Kaneda Y. CRISPR/Cas9-mediated gene 
knockout of NANOG and NANOGP8 decreases the malignant potential of prostate cancer cells. Oncotarget. 
2015;6:22361–74.

	136.	 Cain JW, Hauptschein RS, Stewart JK, Bagci T, Sahagian GG, Jay DG. Identification of CD44 as a surface biomarker 
for drug resistance by surface proteome signature technology. Mol Cancer Res. 2011;9:637–47.

	137.	 Gao Y, Foster R, Yang X, Feng Y, Shen JK, Mankin HJ, Hornicek FJ, Amiji MM, Duan Z. Up-regulation of CD44 in the 
development of metastasis, recurrence and drug resistance of ovarian cancer. Oncotarget. 2015;6:9313–26.

	138.	 Ravindranath AK, Kaur S, Wernyj RP, Kumaran MN, Miletti-Gonzalez KE, Chan R, Lim E, Madura K, Rodriguez-Rod‑
riguez L. CD44 promotes multi-drug resistance by protecting P-glycoprotein from FBXO21-mediated ubiquitina‑
tion. Oncotarget. 2015;6:26308–21.

	139.	 Tamada M, Nagano O, Tateyama S, Ohmura M, Yae T, Ishimoto T, Sugihara E, Onishi N, Yamamoto T, Yanagawa H, 
et al. Modulation of glucose metabolism by CD44 contributes to antioxidant status and drug resistance in cancer 
cells. Cancer Res. 2012;72:1438–48.

	140.	 Xiao Z, Wan J, Nur AA, Dou P, Mankin H, Liu T, Ouyang Z. Targeting CD44 by CRISPR-Cas9 in multi-drug resistant 
osteosarcoma cells. Cell Physiol Biochem. 2018;51:1879–93.

	141.	 Asai R, Tsuchiya H, Amisaki M, Makimoto K, Takenaga A, Sakabe T, Hoi S, Koyama S, Shiota G. CD44 standard 
isoform is involved in maintenance of cancer stem cells of a hepatocellular carcinoma cell line. Cancer Med. 
2019;8:773–82.



Page 28 of 29Vaghari‑Tabari et al. Cellular & Molecular Biology Letters           (2022) 27:49 

	142.	 Liu T, Yan Z, Liu Y, Choy E, Hornicek FJ, Mankin H, Duan Z. CRISPR-Cas9-mediated silencing of CD44 in human 
highly metastatic osteosarcoma cells. Cell Physiol Biochem. 2018;46:1218–30.

	143.	 Lin SC, Wu HL, Yeh LY, Yang CC, Kao SY, Chang KW. Activation of the miR-371/372/373 miRNA cluster enhances 
oncogenicity and drug resistance in oral carcinoma cells. Int J Mol Sci. 2020;21:9442.

	144.	 Huo W, Zhao G, Yin J, Ouyang X, Wang Y, Yang C, Wang B, Dong P, Wang Z, Watari H, et al. Lentiviral CRISPR/Cas9 
vector mediated miR-21 gene editing inhibits the epithelial to mesenchymal transition in ovarian cancer cells. J 
Cancer. 2017;8:57–64.

	145.	 Shaath H, Vishnubalaji R, Elango R, Khattak S, Alajez NM. Single-cell long noncoding RNA (lncRNA) transcriptome 
implicates MALAT1 in triple-negative breast cancer (TNBC) resistance to neoadjuvant chemotherapy. Cell Death 
Discov. 2021;7:23.

	146.	 Malla R, Kamal MA. E6 and E7 oncoproteins: Potential targets of cervical cancer. Curr Med Chem. 2020;28:8163–81.
	147.	 Vishnoi K, Mahata S, Tyagi A, Pandey A, Verma G, Jadli M, Singh T, Singh SM, Bharti AC. Human papillomavirus 

oncoproteins differentially modulate epithelial-mesenchymal transition in 5-FU-resistant cervical cancer cells. 
Tumour Biol. 2016;37:13137–54.

	148.	 Hu Z, Yu L, Zhu D, Ding W, Wang X, Zhang C, Wang L, Jiang X, Shen H, He D, et al. Disruption of HPV16-E7 by 
CRISPR/Cas system induces apoptosis and growth inhibition in HPV16 positive human cervical cancer cells. 
Biomed Res Int. 2014;2014:612823.

	149.	 Zhen S, Lu JJ, Wang LJ, Sun XM, Zhang JQ, Li X, Luo WJ, Zhao L. In vitro and in vivo synergistic therapeutic 
effect of cisplatin with human papillomavirus16 E6/E7 CRISPR/Cas9 on cervical cancer cell line. Transl Oncol. 
2016;9:498–504.

	150.	 Pirouzfar M, Amiri F, Dianatpour M, Takhshid MA. CRISPR/Cas9-mediated knockout of MLL5 enhances apoptotic 
effect of cisplatin in HeLa cells in vitro. EXCLI J. 2020;19:170–82.

	151.	 Saber A, Liu B, Ebrahimi P, Haisma HJ. CRISPR/Cas9 for overcoming drug resistance in solid tumors. Daru. 
2020;28:295–304.

	152.	 Coleman N, Zhang B, Byers LA, Yap TA. The role of Schlafen 11 (SLFN11) as a predictive biomarker for targeting the 
DNA damage response. Br J Cancer. 2021;124:857–9.

	153.	 Murai J, Thomas A, Miettinen M, Pommier Y. Schlafen 11 (SLFN11), a restriction factor for replicative stress induced 
by DNA-targeting anti-cancer therapies. Pharmacol Ther. 2019;201:94–102.

	154.	 Lok BH, Gardner EE, Schneeberger VE, Ni A, Desmeules P, Rekhtman N, de Stanchina E, Teicher BA, Riaz N, Powell 
SN, et al. PARP inhibitor activity correlates with SLFN11 expression and demonstrates synergy with temozolomide 
in small cell lung cancer. Clin Cancer Res. 2017;23:523–35.

	155.	 Murai J, Feng Y, Yu GK, Ru Y, Tang SW, Shen Y, Pommier Y. Resistance to PARP inhibitors by SLFN11 inactivation can 
be overcome by ATR inhibition. Oncotarget. 2016;7:76534–50.

	156.	 Chen T, Liu C, Lu H, Yin M, Shao C, Hu X, Wu J, Wang Y. The expression of APE1 in triple-negative breast cancer and 
its effect on drug sensitivity of olaparib. Tumour Biol. 2017;39:1010428317713390.

	157.	 Cai G, Yang Q, Sun W. RSF1 in cancer: interactions and functions. Cancer Cell Int. 2021;21:315.
	158.	 Chen X, Sun X, Guan J, Gai J, Xing J, Fu L, Liu S, Shen F, Chen K, Li W, et al. Rsf-1 influences the sensitivity of 

non-small cell lung cancer to paclitaxel by regulating NF-κB pathway and its downstream proteins. Cell Physiol 
Biochem. 2017;44:2322–36.

	159.	 Pozo K, Bibb JA. The emerging role of Cdk5 in cancer. Trends Cancer. 2016;2:606–18.
	160.	 Dhavan R, Tsai LH. A decade of CDK5. Nat Rev Mol Cell Biol. 2001;2:749–59.
	161.	 Ardelt MA, Fröhlich T, Martini E, Müller M, Kanitz V, Atzberger C, Cantonati P, Meßner M, Posselt L, Lehr T, et al. 

Inhibition of cyclin-dependent kinase 5: a strategy to improve sorafenib response in hepatocellular carcinoma 
therapy. Hepatology. 2019;69:376–93.

	162.	 Blivet-Van Eggelpoël MJ, Chettouh H, Fartoux L, Aoudjehane L, Barbu V, Rey C, Priam S, Housset C, Rosmorduc O, 
Desbois-Mouthon C. Epidermal growth factor receptor and HER-3 restrict cell response to sorafenib in hepatocel‑
lular carcinoma cells. J Hepatol. 2012;57:108–15.

	163.	 Wang H, Tang Z, Li T, Liu M, Li Y, Xing B. CRISPR/Cas9-mediated gene knockout of ARID1A promotes primary 
progesterone resistance by downregulating progesterone receptor B in endometrial cancer cells. Oncol Res. 
2019;27:1051–60.

	164.	 Yu J, Zhou J, Xu F, Bai W, Zhang W. High expression of Aurora-B is correlated with poor prognosis and drug resist‑
ance in non-small cell lung cancer. Int J Biol Markers. 2018;33:215–21.

	165.	 Salamati A, Majidinia M, Asemi Z, Sadeghpour A, Oskoii MA, Shanebandi D, Alemi F, Mohammadi E, Karimian A, 
Targhazeh N, et al. Modulation of telomerase expression and function by miRNAs: anti-cancer potential. Life Sci. 
2020;259:118387.

	166.	 Wong LH, McGhie JD, Sim M, Anderson MA, Ahn S, Hannan RD, George AJ, Morgan KA, Mann JR, Choo KH. ATRX 
interacts with H3.3 in maintaining telomere structural integrity in pluripotent embryonic stem cells. Genome Res. 
2010;20:351–60.

	167.	 Han B, Cai J, Gao W, Meng X, Gao F, Wu P, Duan C, Wang R, Dinislam M, Lin L, et al. Loss of ATRX suppresses ATM 
dependent DNA damage repair by modulating H3K9me3 to enhance temozolomide sensitivity in glioma. Cancer 
Lett. 2018;419:280–90.

	168.	 Khan Z, Khan AA, Yadav H, Prasad G, Bisen PS. Survivin, a molecular target for therapeutic interventions in squa‑
mous cell carcinoma. Cell Mol Biol Lett. 2017;22:8.

	169.	 Zhao G, Wang Q, Gu Q, Qiang W, Wei JJ, Dong P, Watari H, Li W, Yue J. Lentiviral CRISPR/Cas9 nickase vec‑
tor mediated BIRC5 editing inhibits epithelial to mesenchymal transition in ovarian cancer cells. Oncotarget. 
2017;8:94666–80.

	170.	 Schuster A, Erasimus H, Fritah S, Nazarov PV, van Dyck E, Niclou SP, Golebiewska A. RNAi/CRISPR screens: from a 
pool to a valid hit. Trends Biotechnol. 2019;37:38–55.

	171.	 Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelson T, Heckl D, Ebert BL, Root DE, Doench JG, Zhang F. 
Genome-scale CRISPR-Cas9 knockout screening in human cells. Science. 2014;343:84–7.



Page 29 of 29Vaghari‑Tabari et al. Cellular & Molecular Biology Letters           (2022) 27:49 	

	172.	 Hodges C, Kirkland JG, Crabtree GR. The many roles of BAF (mSWI/SNF) and PBAF complexes in cancer. Cold 
Spring Harb Perspect Med. 2016;6:a026930.

	173.	 Robinson DCL, Dilworth FJ. Epigenetic regulation of adult myogenesis. Curr Top Dev Biol. 2018;126:235–84.
	174.	 Liao S, Davoli T, Leng Y, Li MZ, Xu Q, Elledge SJ. A genetic interaction analysis identifies cancer drivers that modify 

EGFR dependency. Genes Dev. 2017;31:184–96.
	175.	 Zhang Q, Liu H. Functioning mechanisms of Shugoshin-1 in centromeric cohesion during mitosis. Essays Biochem. 

2020;64:289–97.
	176.	 Iwaizumi M, Shinmura K, Mori H, Yamada H, Suzuki M, Kitayama Y, Igarashi H, Nakamura T, Suzuki H, Watanabe Y, 

et al. Human Sgo1 downregulation leads to chromosomal instability in colorectal cancer. Gut. 2009;58:249–60.
	177.	 Sun W, He B, Yang B, Hu W, Cheng S, Xiao H, Yang Z, Wen X, Zhou L, Xie H, et al. Genome-wide CRISPR screen 

reveals SGOL1 as a druggable target of sorafenib-treated hepatocellular carcinoma. Lab Invest. 2018;98:734–44.
	178.	 Rushworth LK, Harle V, Repiscak P, Clark W, Shaw R, Hall H, Bushell M, Leung HY, Patel R. In vivo CRISPR/Cas9 knock‑

out screen: TCEAL1 silencing enhances docetaxel efficacy in prostate cancer. Life Sci Alliance. 2020;3:e202000770.
	179.	 Wei W, He Y, Wu YM. Identification of genes associated with SiHa cell sensitivity to paclitaxel by CRISPR-Cas9 

knockout screening. Int J Clin Exp Pathol. 2018;11:1972–8.
	180.	 Goodspeed A, Jean A, Costello JC. A whole-genome CRISPR screen identifies a role of MSH2 in cisplatin-mediated 

cell death in muscle-invasive bladder cancer. Eur Urol. 2019;75:242–50.
	181.	 Xu S, Zhan M, Jiang C, He M, Yang L, Shen H, Huang S, Huang X, Lin R, Shi Y, et al. Genome-wide CRISPR screen 

identifies ELP5 as a determinant of gemcitabine sensitivity in gallbladder cancer. Nat Commun. 2019;10:5492.
	182.	 Makhov P, Sohn JA, Serebriiskii IG, Fazliyeva R, Khazak V, Boumber Y, Uzzo RG, Kolenko VM. CRISPR/Cas9 genome-

wide loss-of-function screening identifies druggable cellular factors involved in sunitinib resistance in renal cell 
carcinoma. Br J Cancer. 2020;123:1749–56.

	183.	 Nagler A, Vredevoogd DW, Alon M, Cheng PF, Trabish S, Kalaora S, Arafeh R, Goldin V, Levesque MP, Peeper DS, 
Samuels Y. A genome-wide CRISPR screen identifies FBXO42 involvement in resistance toward MEK inhibition in 
NRAS-mutant melanoma. Pigment Cell Melanoma Res. 2020;33:334–44.

	184.	 Damnernsawad A, Bottomly D, Kurtz SE, Eide CA, McWeeney SK, Tyner JW, Nechiporuk T. Genome-wide CRISPR 
screen identifies regulators of MAPK and MTOR pathways mediating sorafenib resistance in acute myeloid leuke‑
mia. Haematologica. 2020. (Online ahead of print).

	185.	 Barghout SH, Aman A, Nouri K, Blatman Z, Arevalo K, Thomas GE, MacLean N, Hurren R, Ketela T, Saini M, et al. A 
genome-wide CRISPR/Cas9 screen in acute myeloid leukemia cells identifies regulators of TAK-243 sensitivity. JCI 
Insight. 2021;6:e141518.

	186.	 Jung HR, Oh Y, Na D, Min S, Kang J, Jang D, Shin S, Kim J, Lee SE, Jeong EM, et al. CRISPR screens identify a novel 
combination treatment targeting BCL-X(L) and WNT signaling for KRAS/BRAF-mutated colorectal cancers. Onco‑
gene. 2021;40:3287–302.

	187.	 Rocha CRR, Reily Rocha A, Molina Silva M, Rodrigues Gomes L, Teatin Latancia M, Andrade Tomaz M, de Souza I, 
Karolynne Seregni Monteiro L, Menck CFM. Revealing temozolomide resistance mechanisms via genome-wide 
CRISPR libraries. Cells. 2020;9:2573.

	188.	 Zhang XH, Tee LY, Wang XG, Huang QS, Yang SH. Off-target effects in CRISPR/Cas9-mediated genome engineering. 
Mol Ther Nucleic Acids. 2015;4:e264.

	189.	 Liu G, Zhang Y, Zhang T. Computational approaches for effective CRISPR guide RNA design and evaluation. Com‑
put Struct Biotechnol J. 2020;18:35–44.

	190.	 Han HA, Pang JKS, Soh BS. Mitigating off-target effects in CRISPR/Cas9-mediated in vivo gene editing. J Mol Med 
(Berl). 2020;98:615–32.

	191.	 Uddin F, Rudin CM, Sen T. CRISPR gene therapy: applications, limitations, and implications for the future. Front 
Oncol. 2020;10:1387.

	192.	 Charlesworth CT, Deshpande PS, Dever DP, Camarena J, Lemgart VT, Cromer MK, Vakulskas CA, Collingwood MA, 
Zhang L, Bode NM, et al. Identification of preexisting adaptive immunity to Cas9 proteins in humans. Nat Med. 
2019;25:249–54.

	193.	 Lino CA, Harper JC, Carney JP, Timlin JA. Delivering CRISPR: a review of the challenges and approaches. Drug Deliv. 
2018;25:1234–57.

	194.	 Jiang Q, Jin S, Jiang Y, Liao M, Feng R, Zhang L, Liu G, Hao J. Alzheimer’s disease variants with the genome-
wide significance are significantly enriched in immune pathways and active in immune cells. Mol Neurobiol. 
2017;54:594–600.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	CRISPRCas9 gene editing: a new approach for overcoming drug resistance in cancer
	Abstract 
	Introduction
	Drug resistance: a major barrier in cancer treatment
	Advances in the study of drug resistance inhibition to enhance chemosensitivity in cancer
	CRISPRCas9 gene editing applications in overcoming drug resistance in cancers
	Application of CRISPRCas9 system in identification of drug-resistance-related genes and understanding drug resistance mechanisms
	Limitation of CRISPRCas9 gene editing: is there a long way to the clinic?
	Conclusion and future direction
	Acknowledgements
	References


