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Due to the high resistance that cancer has shown to conventional therapies, it is difficult to treat
this disease, particularly in advanced stages. In recent decades, treatments have been
improved, being more specific according to the characteristics of the tumor, becoming
more effective, less toxic, and invasive. Cancer can be treated by the combination of surgery,
radiation therapy, and/or drug administration, but therapies based on anticancer drugs are the
main cancer treatment. Cancer drug development requires long-time preclinical and clinical
studies and is not cost-effective. Drug repurposing is an alternative for cancer therapies
development since it is faster, safer, easier, cheaper, and repurposed drugs do not have
serious side effects. However, cancer is a complex, heterogeneous, and highly dynamic
diseasewithmultiple evolvingmolecular constituents. This tumor heterogeneity causes several
resistance mechanisms in cancer therapies, mainly the target mutation. The CRISPR-dCas9-
based artificial transcription factors (ATFs) could be used in cancer therapy due to their
possibility to manipulate DNA to modify target genes, activate tumor suppressor genes,
silence oncogenes, and tumor resistance mechanisms for targeted therapy. In addition, drug
repurposing combined with the use of CRISPR-dCas9-based ATFs could be an alternative
cancer treatment to reduce cancer mortality. The aim of this review is to describe the potential
of the repurposed drugs combined with CRISPR-dCas9-based ATFs to improve the efficacy
of cancer treatment, discussing the possible advantages and disadvantages.

Keywords: cancer treatment, drug repurposing, CRISPR-Cas9, artificial transcription factors, CRISPR-dCas9-
based ATFs
INTRODUCTION

Cancer represents one of the most important health challenges in the world. It can be treated by the
combination of surgery, radiation therapy, and/or drug administration. Surgery and radiation are
used to treat cancer that is confined locally and drug therapy is used to kill metastasized cancer cells
(1, 2). Cancer therapies provide different efficiency degrees depending on the tumor type and
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therapy applied; however, anticancer drug-based therapies are
the main treatment used in different tumor types (2). Anticancer
drugs are classified as pregenomic and genomic era drugs.
Pregenomic era drugs are targeted against a tumor phenotype,
whereas genomic era drugs are developed after the target is
identified by using molecular techniques that consider
intratumoral genetic heterogeneity (1, 3, 4). Furthermore,
cancer drug development takes an average of 11.4–13.5 years
and an investment from 161 to 1,800 million dollars per drug (5–
7). An alternative solution to this problem is drug repurposing
which is the application of a drug for another indication than it
was originally approved. It helps to reduce development costs
and gets a more rapid return on investment in the development
of repurposed drugs (7–11). Some repurposed drugs have
demonstrated antitumor efficacy by inducing cancer cell death
or suppressing various genes related to cancer (12). There are
different mechanisms by which the repurposed drugs cause
antitumor effects, however, it is important to study mechanisms
that regulate gene expression related to proliferation and cell
death to improve the cancer treatment efficacy and avoid drug
resistance. The possibility to combine pregenomic era drugs and
molecular tools could increase tumor cell killing and reduce the
likelihood of drug resistance (1).

The artificial transcription factors (ATFs) are molecular tools
that can manage the gene expression to induce changes in
different cell stages (13, 14). Within the different types of
ATFs, the emerging CRISPR-dCas9-based ATFs have been
used to precisely regulate gene expression in different in vitro
and in vivo studies. Aforementioned, these molecular tools are a
promising strategy for cancer treatment at the transcriptional
level (15, 16). In addition, it is important in cancer research to
identify new drug combinations that generate synergistic effects
and thereby achieve more efficient therapies (4, 17).

For this reason, in this review, we described the possibility to
implement a cancer therapy with CRISPR-dCas9-based ATFs
combined with repurposed drugs, to regulate gene expression
related to pharmacodynamics of the repurposed drug and/or
MDR genes of the cancer cells.
DRUG REPURPOSING USED IN
CANCER THERAPIES

Cancer drug development requires preclinical and clinical studies to
extensively test and characterize their pharmacological properties,
efficacy, antineoplastic effects, and toxicity (5, 12). The time to
develop and license new drugs are often longer than the
identification of new targets for chemotherapeutic intervention
(18). The pharmacodynamics of the cancer drug has to be
identified and validated to proceed to clinical trials. For that
reason, drug repurposing is a great opportunity for alternative
cancer therapy development, since it is faster, safer, easier, and
cheaper (3) and because most of the non-cancer drugs have little or
tolerable adverse effects for human health, contrary to
chemotherapeutic agents that have relevant side effects that
significantly reduce life quality (19).
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Despite drug repurposing in cancer advantages, drugs are
affected by multidrug-resistant (MDR) mechanisms that
decrease their pharmacodynamic, enhance degradation of the
drug, and reduce uptake. In this way, it is important to tackle
genetic heterogeneity and drug resistance in cancer through the
drug combination with molecular tools. One possible solution
for this situation is to use CRISPR technology to silence MDR
genes and increase cancer treatment effectiveness (1).
CRISPR THERAPY IN CHEMOSENSITIVITY

Multiple drug resistance is caused by the differential expression
of genes in tumor cells, commonly called multidrug resistance
genes (MDR). This resistance is responsible for unsuccessful
chemotherapies and causing high mortality in a short time. An
alternative to overcome this challenge is to silence or inactivate
these MDR genes (20–22). In recent years, the clustered,
regularly interspaced short palindromic repeats (CRISPR) in
combination with a CRISPR-associated nuclease 9 (Cas9) have
been used for this purpose due to its practical use, versatility, and
its cleavage efficiency in almost any target sequence (20, 23). The
CRISPR-Cas9 system is formed of an RNA-guided endonuclease
(Cas9/sgRNA complex) which consists of the single guided RNA
(sgRNA) fuses with Cas9. The sgRNA is formed by a CRISPR
RNA (crRNA) and a trans-activating crRNA (tracrRNA)
(21, 22).

For cancer therapy, each CRISPR therapeutic target is selected
by the tumor type. For example, CRISPR-Cas9 targeting the CXC
chemokine receptor 4 (CXCR4) was evaluated in vitro and in
vivo studies on hepatocarcinoma, which significantly decreased
its expression and inhibited cell proliferation and migration
leading to less invasiveness and also significantly increased the
chemosensitivity to cisplatin (24). In another study, the CRISPR-
Cas9 system was used to deactivate the Nuclear Erythroid 2-
Related Factor (NRF2) gene in lung cancer cells. It showed an
increase in the sensitivity to chemotherapeutic agents such as
cisplatin and carboplatin (25).

Similarly, CRISPR has been evaluated to increase
chemosensitivity in breast cancer by inactivating or down-
regulating the MDR1 gene (also known as ABCB1) that
significantly increased the doxorubicin cytotoxicity in resistant
chemotherapy breast cancer cells. These data suggested that the
mutation of the MDR1 gene by intracellular administration of the
CRISPR-Cas9 complex recovered the drug susceptibility and
avoided multidrug resistance in breast cancer cells (26).

In ovarian cancer, chemosensitivity with CRISPR-Cas9 has
also been increased from the inactivation of the MDR1 gene that
encodes the P-gp protein. This decrease in expression was
associated with a greater sensitivity to doxorubicin (27).
Likewise, the PARP-1 gene has been suppressed by CRISPR-
Cas9 in ovarian cancer and caused a greater sensitivity to
cisplatin in cancer cells (28). In osteosarcoma, P-gp expression
can be effectively blocked by CRISPR-Cas9, and P-gp inhibition
was associated with reversal of doxorubicin resistance in MDR
osteosarcoma cell lines (KHOSR2 and U-2OSR2). For that
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reason, the CRISPR-Cas9 system increased the long-term
chemotherapy efficacy by overcoming P-gp-mediated MDR in
the clinical setting (29).

Although sometimes it is enough to inactivate a gene to
reverse chemotherapy resistance, the tumor types can have
several target genes that can lead to the same goal of making it
chemosensitive. For example, p53 was overexpressed to make
cells more sensitive to doxorubicin chemotherapy and a greater
effect on chemosensitization of resistant osteosarcoma cells was
obtained (30).

Due to the above, the use of the CRISPR-Cas9 tool combined
with chemotherapy can enhance the efficacy of the elimination of
various tumor cell types. However, the specificity of Cas9/sgRNA
needs to be carefully evaluated since Cas9/sgRNA can have
undesired off-target targets and cut essential genes for the
patient (20). For this reason, the CRISPR-dCas9 system has
been used due to its deactivated nickase activity that does not
make cuts in the genetic sequence and it does not permanently
inactivate genes and thereby reduces desire off-target effects
(31, 32).
CRISPR-dCas9-BASED ARTIFICIAL
TRANSCRIPTION FACTORS

ATFs are used to express and/or suppress target genes. They
consist of molecular domains such as DNA-binding domains
Frontiers in Oncology | www.frontiersin.org 3
(DBD) that confer sequence specificity and may target similar
sites in the genome with different affinity degrees. Several DBDs
are used for the design of ATFs, including zinc fingers (ZF)
(Figure 1A), transcription activator-like effectors (TALEs)
(Figure 1B), and the CRISPR-dCas9 system (Figure 1C) (14,
32, 33).

ATFs also have an effector domain (ED) that interact with
DBD to activate or repress transcription of target genes by
blocking the transcription process (14, 34, 35).

The CRISPR-dCas9 system nuclease activity is deactivated by
mutations (Cas9 mutated is called dCas9) and an ED can be
incorporated to allow its function as ATFs. The dCas9 retained
the DNA-binding specificity of wild-type Cas9, without causing a
DNA double-strand cleavage altering the host DNA sequence
(26). Furthermore, the dCas9 protein requires sgRNA for its
specificity. Multiple sgRNAs can be easily designed and
synthesized, making the CRISPR-dCas9 system suitable for
testing more than one target simultaneously (14, 35–37).

The combinatorial effect of the use of CRISPR-dCas9-based
ATFs with certain chemotherapeutics makes it possible to
completely eradicate tumor cells. It has been seen that a long
non-coding RNA (lncRNA) KCNQ1OT1 was overexpressed in
squamous cell carcinoma tissues and lung cancer which were
resistant to cisplatin (38, 39). By using CRISPR-dCas9-based
ATFs (Figure 1C) with interfering function in expression called
CRISPR interference (CRISPRi), KCNQ1OT1 expression was
inhibited in CAL27-res and SCC9-res cells that improved the
A B

C

FIGURE 1 | ATFs types used in the repression or activation of transcription. (A) Zinc finger-based ATF is composed of an effector domain and a DNA-binding
domain like the Cys2-His2 (C2H2) domain which contains multiple cysteine and histidine residues which are ligands for the zinc ion. (B) TALEs-based ATF also
consists of an effector domain and a DNA-binding domain (diamond red) composed of 33–35 amino acid repeat arrays (each repeat domain specifies a single DNA
base). (C) CRISPR-dCas9-based ATFs comprise a dCas9 protein and a single guide RNA (sgRNA). Interference of transcription mediated by dCas9 associated with
KRAB domain (CRISPRi) and activation of transcription associated with VP64, p65, and Rta domains that conglomerate ribonucleic complexes (RNAP) to activate
the transcription process (CRISPRa). Created with BioRender.com.
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chemosensitivity to cisplatin. While using CRISPR-dCas9-based
ATFs with activating function in expression called CRISPR
activator (CRISPRa), expression levels of KCNQ1OT1 increased
by promoting cell growth and returning chemoresistance in
the cells. The CRISPR-dCas9-based ATFs are useful tools in
gene overexpression and underexpression, which improves
chemosensitivity (38).

Currently, CRISPR-dCas9-based ATFs have been applied in
drug resistance, epigenetic regulation, and immune regulation in
various cell lines such as squamous cell carcinoma (CAL27-res and
SCC9-res), breast cancer (E0771), pancreatic adenocarcinoma
(Pan02), melanoma cells (B16F10), hepatoma (Hep3B), lung
(H157), etc (22, 38, 40–42).

CRISPRa has been used to express the target antigenic peptide
(SIINFEKL) in breast cancer (E0771), pancreatic adenocarcinoma
(Pan02), and melanoma (B16F10) cells, in an orthotopic model in
mice to enhance the elimination of tumor cells through the immune
response generated by the peptide (40). Similarly, in lung cancer
cells (H157), CRISPRa activated the expression of MASPIN
(mammary serine protease inhibitor) that led to a concomitant
cell proliferation inhibition and apoptosis induction (42).

Several in vivo studies withmicemodels have validated the use of
CRISPR-dCas9-based ATFs as regulators of the gene expression
related to cancer development. However, more studies on the off-
target effects of this tool are still lacking before moving to clinical
phases (36). In addition, CRISPR technologies in vivo transfection
efficiencies are still relatively low; hence for the implementation of
this technology in the clinic for cancer treatment, it is necessary to
continue with scientific research on the most plausible in vivo
administration of these ATFs to target tissues (43). The ideal in vivo
delivery system should cause low immunogenicity and direct the
dCas9/sgRNA to the interested organ or cell type (44). There is a
variety of in vivo delivery systems like viral vectors (adenovirus and
lentivirus) that are very efficient (36), but they could have side effects
due to their potential carcinogenesis and immunogenicity (15, 45,
46). Another delivery system is the DNA plasmid. However, since
the size of CRISPR/Cas9 plasmids is larger than other plasmids, they
exhibit a higher charge density, and more polycations are required
to condense them (46, 47). Currently, with the help of
nanotechnology, different administration methods of the system
based on metal, polymeric, or lipid nanoparticles have emerged (44,
48, 49). The use of these nanoparticles can improve transfection
efficiency, reduce off-target effects, decrease systemic toxicity, and
immune risks associated with transfection (45).

Since cancer is involved in multiple and complex cellular
pathways that affect the efficacy of the therapies, drug
combination therapies might be an alternative strategy to have a
higher success rate in the clinical application (17). For this reason, in
this review, it is proposed to use CRISPR-dCas9-based ATFs for
cancer therapies in combination with repurposed drugs whose
action mechanisms are to regulate the expression of oncogenes
and tumor suppressor genes or to inactivate MDR genes. Table 1
summarizes the repurposed drugs analyzed in this study from
several pharmacological classes. As selection criteria, all drugs are
currently being evaluated in clinical trials for cancer therapy, and
they have been observed in in vitro studies on various cancer types,
Frontiers in Oncology | www.frontiersin.org 4
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which have an action mechanism with antitumor effect due to their
ability to regulate gene expression involved in cell proliferation and
death (5, 12, 19). It is proposed to combine the gene regulation
effects of repurposed drugs and the CRISPR-dCas9-based ATFs to
obtain a cancer therapy with a higher success rate. With this
combination, target genes can be synergistically regulated from
CRISPR-dCas9-based ATFs to enhance the effect of repurposed
drugs. Additionally, genes involved in the signaling pathway of
processes related to cancer development can be complementarily
regulated, as well as, MDR genes can be silenced to have a higher
success rate in the treatment (4–6, 17, 19).
DISCUSSION

Cancer is a complex, heterogeneous, and highly dynamic disease
with multiple evolving molecular constituents. Due to the
genomic instability of cancer cells, every individual cancer cell
has a set of mutations. This tumor heterogeneity causes several
resistance mechanisms in cancer therapy, mainly the target
mutation (3, 4, 22). CRISPR-dCas9-based ATFs can be used in
transcriptional therapeutics to optimize gene expression and
design a more controllable system, for example, repurposed
drug inducible system, improving the potency of gene
manipulation, multiplexing and resource limitation and dosage
and gene expression pattern (68). For cancer therapy, CRISPR-
dCas9-based ATFs had been developed to activate tumor
suppressor genes and silence oncogenes and the tumor
resistance mechanisms for targeted therapy (22). Some
potential strategies for CRISPR/Cas9 interventions targeting
cellular genes in cancer have proposed downregulation of
oncogenes (ErbB, src, abl, fps, yes, ras, raf, and myc) and genes
related to chemoresistance (MDR-1, MRP, GST-p, UGT1A1 and
Cytokine P450) and for upregulation of tumor suppressor genes
(pRb, p53, APC, SMAD4, PTEN, BRCA1/2, and ATM) (22, 69).

For that reason, it is proposed to use CRISPR-dCas9-based
ATFs for cancer therapies in combination with repurposed drugs
whose action mechanisms are to regulate the expression of
oncogenes and tumor suppressor genes or to inactivate MDR
genes. This could allow for synergy or complementarity between
CRISPR technology and repurposed drugs in cancer therapy
since both strategies express or repress certain genes involved in
cancer, and its combined use could generate a synergistic effect
that enhances therapy when the repurposed drug regulates the
expression of the same gene that will be the target for CRISPR-
dCas9-based ATFs.

For example, in Table 1, the digitoxin causes cell cycle arrest in
the G2/M-phase since it induces the expression of p21, an inhibitor
of cyclin-dependent kinases and they suppress HIF-1 and HIF-2
expression which are transcription factors often increased in tumors
that regulate essential genes related to hypoxic environments for
tumor adaptation (12, 19, 50, 51). For this reason, the CRISPR-
dCas9-based ATFs can be combined with these repurposed drugs to
equally activate p21 expression and generate a synergistic effect or to
suppress HIF family expression and generate a complementary
effect to make chemotherapy more effective.
Frontiers in Oncology | www.frontiersin.org 5
Cancer treatments are handled by multiple therapeutic tools.
These can be used depending on the patient types and their
diagnosis. In this sense, the repurposed drugs in combination
with CRISPR-dCas9-based ATFs may be an innovative alternative
that promises to be able to cover certain tumor types more
efficiently. Drug repurposing and CRISPR-dCas9-based ATFs
have been used for cancer therapy, and they have received
increasing attention from biotechnology research due to the
economic advantages they represent for the pharmaceutical
industry, as well as the molecular advantages they confer on the
patient during the cancer treatment. The use of drug repurposing
alternatives for cancer treatment represents fewer side effects for
patients and a wider range of applications as molecular advantages.
Nevertheless, cancer efficacy of drug repurposing is still affected by
MDR genes (1, 19). This challenge may be solved with CRISPR-
Cas9 technology or CRISPR-dCas9-based ATFs in combination
with drug repurposing by the inactivation of MDR genes. Despite
CRISPR-Cas9 technology providing an effective inactivation of any
gene, it cleaves one target at a time and in a non-specific way, which
represents other disadvantages (25, 27, 29). For this reason,
CRISPR-dCas9-based ATFs is the best option for cancer therapy
combination since it not only has a majority of therapeutic targets
but also the DNA double-strand is not broken, and the host DNA
sequence is not altered. CRISPR-dCas9-based ATFs are even
relatively cost-effective in comparison to the de novo construction
of protein-based ZF and TALEs DNA-binding domains. Other
advantages are that CRISPR-dCas9-based ATFs are more specific
compared to TALEs and ZINC fingers andmay have several genetic
targets to regulate at the same time (36, 70). However, the CRISPR-
dCas9 specificity can decrease depending on the complexity of the
DNA due to the inaccessibility to the therapeutic target (43, 71).

Regarding CRISPR-dCas9-based ATFs limitations, the
dCas9/sgRNA complex is bigger than other ATFs as TALEs or
Zinc Fingers, and cell delivery may be difficult (14, 22, 35, 37).

Other limitations of the CRISPR-dCas9-based ATFs are the
off-target effects due to the possibility of dCas9 binding to
nucleotide sequences similar to the target PAM sequence.
However, the optimization of the length of the sgRNA allows
reducing the off-target effects without sacrificing efficiency in the
objective (43, 72). Despite the above, more information is needed
to corroborate the real negative impact of the off-target effects
generated by dCas9 since it only performs partial and temporary
binding with the off-target sequences without damaging them
(36, 70).

Finally, cancer therapy with drug repurposing combined with
CRISPR-dCas9-based ATFs has not yet been carried out on an
experimental basis; however, it is important to explore in future
research the possibility to combine these methods for cancer
therapy due to the potential advantages to reduce cancer
mortality in a cost-effective manner and with more efficient results.
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Herrera DE, Angsantikul P, et al. Active Intracellular Delivery of a Cas9/
sgRNA Complex Using Ultrasound-Propelled Nanomotors. Angew Chem Int
Ed (2018) 57:2657–61. doi: 10.1002/anie.201713082

22. Moses C, Garcia-Bloj B, Harvey AR, Blancafort P. Hallmarks of cancer: The
CRISPR generation. Eur J Cancer (2018) 93:10–8. doi: 10.1016/j.ejca.2018.01.002

23. Chen Y, Zhang Y. Application of the CRISPR/Cas9 System to Drug Resistance
in Breast Cancer. Adv Sci (Weinh) (2018) 5:1700964. doi: 10.1002/
advs.201700964

24. Wang X, Zhang W, Ding Y, Guo X, Yuan Y, Li D. CRISPR/Cas9-mediated
genome engineering of CXCR4 decreases the malignancy of hepatocellular
carcinoma cells in vitro and in vivo. Oncol Rep (2017) 37:3565–71.
doi: 10.3892/or.2017.5601

25. Bialk P, Wang Y, Banas K, Kmiec E. 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.
doi: 10.1016/j.omto.2018.10.002

26. Ha JS, Byun J, Ahn DR. Overcoming doxorubicin resistance of cancer cells by
Cas9-mediated gene disruption. Sci Rep (2016) 6:22847. doi: 10.1038/
srep22847

27. Norouzi-Barough L, Sarookhani M, Salehi R, Sharifi M, Moghbelinejad S.
CRISPR/Cas9, a new approach to successful 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. doi: 10.22038/
IJBMS.2017.25145.6230

28. Kim SM, Yang Y, Oh SJ, Hong Y, Seo M, Jang M. Cancer-derived exosomes as a
delivery platform of CRISPR/Cas9 confer cancer cell tropism-dependent targeting.
J Control Release (2017) 266:8–16. doi: 10.1016/j.jconrel.2017.09.013

29. Liu T, Li Z, Zhang Q, De Amorim Bernstein K, Lozano-Calderon S, Choy E,
et al. Targeting ABCB1 (MDR1) in multi-drug resistant osteosarcoma cells
using the CRISPR-Cas9 system to reverse drug resistance. Oncotarget (2016)
7:83502–13. doi: 10.18632/oncotarget.13148

30. Ye S, Shen J, Choy E, Yang C, Mankin H, Hornicek P, et al. p53 overexpression
increases chemosensitivity in multidrug-resistant osteosarcoma cell lines. Cancer
Chemother Pharmacol (2016) 77:349–56. doi: 10.1007/s00280-015-2944-z

31. Martella A, Firth M, Taylor BJM, Göppert A, Cuomo EM, Roth RG, et al.
Systematic Evaluation of CRISPRa and CRISPRi Modalities Enables
Development of a Multiplexed, Orthogonal Gene Activation and Repression
System. ACS Synth Biol (2019) 8:1998–2006. doi: 10.1021/acssynbio.8b00527

32. Li J, Huang C, Xiong T, Zhuang C, Zhuang C, Li Y, et al. A CRISPR
Interference of CBP and p300 Selectively Induced Synthetic Lethality in
Bladder Cancer Cells In Vitro. Int J Biol Sci (2019) 15:1276–86.
doi: 10.7150/ijbs.32332

33. van Tol N, van der Zaal BJ. Artificial transcription factor-mediated regulation
of gene expression. Plant Sci (2014) 225:58–67. doi: 10.1016/j.plantsci.
2014.05.015

34. Waryah CB, Moses C, Arooj M, Blancafort P. Zinc Fingers, TALEs, and
CRISPR Systems: A Comparison of Tools for Epigenome Editing. Methods
Mol Biol (2018) 1767:19–63. doi: 10.1007/978-1-4939-7774-1_2
February 2021 | Volume 10 | Article 604948

https://doi.org/10.1038/nbt.2284
https://doi.org/10.1038/nbt.2284
https://doi.org/10.3332/ecancer.2019.961
https://doi.org/10.1016/j.semcancer.2019.12.012
https://doi.org/10.1016/j.cell.2017.11.009
https://doi.org/10.1016/j.tips.2013.06.005
https://doi.org/10.1016/j.bbcan.2019.04.005
https://doi.org/10.1016/j.drudis.2019.06.014
https://doi.org/10.1016/j.semcancer.2020.04.007
https://doi.org/10.1016/j.trecan.2017.06.007
https://doi.org/10.1016/j.drudis.2018.01.018
https://doi.org/10.1016/j.drudis.2018.01.018
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1016/j.phrs.2017.07.013
https://doi.org/10.1021/bi015906b
https://doi.org/10.1002/1873-3468.12993
https://doi.org/10.1002/advs.201801423
https://doi.org/10.1016/j.ymeth.2020.04.006
https://doi.org/10.1016/j.ymeth.2020.04.006
https://doi.org/10.1038/s41392-020-00213-8
https://doi.org/10.1016/j.tim.2018.04.005
https://doi.org/10.1016/j.tim.2018.04.005
https://doi.org/10.1016/j.semcancer.2019.09.020
https://doi.org/10.1371/journal.pone.0100448
https://doi.org/10.1002/anie.201713082
https://doi.org/10.1016/j.ejca.2018.01.002
https://doi.org/10.1002/advs.201700964
https://doi.org/10.1002/advs.201700964
https://doi.org/10.3892/or.2017.5601
https://doi.org/10.1016/j.omto.2018.10.002
https://doi.org/10.1038/srep22847
https://doi.org/10.1038/srep22847
https://doi.org/10.22038/IJBMS.2017.25145.6230
https://doi.org/10.22038/IJBMS.2017.25145.6230
https://doi.org/10.1016/j.jconrel.2017.09.013
https://doi.org/10.18632/oncotarget.13148
https://doi.org/10.1007/s00280-015-2944-z
https://doi.org/10.1021/acssynbio.8b00527
https://doi.org/10.7150/ijbs.32332
https://doi.org/10.1016/j.plantsci.2014.05.015
https://doi.org/10.1016/j.plantsci.2014.05.015
https://doi.org/10.1007/978-1-4939-7774-1_2
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Martinez-Escobar et al. CRISPR-dCas9-Based ATFs for Cancer Treatment
35. Gaj T, Gersbach CA. Barbas CF 3rd. ZFN, TALEN, and CRISPR/Cas-based
methods for genome engineering. Trends Biotechnol (2013) 31:397–405.
doi: 10.1016/j.tibtech.2013.04.004

36. Braun CJ, Bruno PM, Horlbeck MA, Gilbert LA, Weissman JS, Hemann MT.
Versatile in vivo regulation of tumor phenotypes by dCas9-mediated
transcriptional perturbation. Proc Natl Acad Sci USA (2016) 113:E3892–
900. doi: 10.1073/pnas.1600582113

37. Deyell M, Ameta S, Nghe P. Large scale control and programming of gene
expression using CRISPR. Semin Cell Dev Biol (2019) 96:124–32. doi: 10.1016/
j.semcdb.2019.05.013

38. Zhang S, Ma H, Zhang D, Xie S, Wang W, Li Q, et al. LncRNA KCNQ1OT1
regulates proliferation and cisplatin resistance in tongue cancer via miR-211-
5p mediated Ezrin/Fak/Src signaling. Cell Death Dis (2018) 9:742.
doi: 10.1038/s41419-018-0793-5

39. Ren K, Xu R, Huang J, Zhao J, Shi W. Knockdown of long non-coding RNA
KCNQ1OT1 depressed chemoresistance to paclitaxel in lung adenocarcinoma.
Cancer Chemother Pharmacol (2017) 80:243–50. doi: 10.1007/s00280-017-3356-z

40. Wang G, Chow RD, Bai Z, Zhu L, Errami Y, Dai X, et al. Multiplexed activation of
endogenous genes by CRISPRa elicits potent antitumor immunity. Nat Immunol
(2019) 20:1494–505. doi: 10.1038/s41590-019-0500-4

41. Wang H, Guo R, Du Z, Bai L, Li L, Cui J, et al. Epigenetic Targeting of
Granulin in Hepatoma Cells by Synthetic CRISPR dCas9 Epi-suppressors.
Mol Ther Nucleic Acids (2018) 11:23–33. doi: 10.1016/j.omtn.2018.01.002

42. Garcia-Bloj B, Moses C, Sgro A, Plani-Lam J, Arooj M, Duffy C, et al. Waking up
dormant tumor suppressor genes with zinc fingers, TALEs and the CRISPR/dCas9
system. Oncotarget (2016) 7:60535–54. doi: 10.18632/oncotarget.11142

43. Crauciuc A, Tripon F, Gheorghiu A, Nemes G, Boglis A, Banescu C. Review.
Development, Applications, Benefits, Challenges and Limitations of the New
Genome Engineering Technique. An Update Study. Acta Med Marisiensis
(2017) 63:4–9. doi: 10.1515/amma-2017-0007

44. Zhan T, Rindtorff N, Betge J, Ebert MP, Boutros M. CRISPR/Cas9 for cancer
research and therapy. Semin Cancer Biol (2019) 55:106–19. doi: 10.1016/
j.semcancer.2018.04.001

45. Tao Y, Hou X, Zuo F, Li X, Pang Y, Jiang G. Application of nanoparticle-based
siRNA and CRISPR/Cas9 delivery systems in gene-targeted therapy.
Nanomedicine (2019) 14:511–4. doi: 10.2217/nnm-2018-0522

46. Chen M, Mao A, XuM, Weng Q, Mao J, Ji J. CRISPR-Cas9 for cancer therapy:
Opportunities and challenges. Cancer Lett (2019) 447:48–55. doi: 10.1016/
j.canlet.2019.01.017

47. Li M, Xie H, Liu Y, Xia C, Cun X, Long Y, et al. Knockdown of hypoxia-
inducible factor-1 alpha by tumor targeted delivery of CRISPR/Cas9 system
suppressed the metastasis of pancreatic cancer. J Controlled Release (2019)
304:204–15. doi: 10.1016/j.jconrel.2019.05.019

48. Ibrahim K, Khalid S, Idrees K. Nanoparticles: Properties, applications and
toxicities. Arabian J Chem (2019) 12:908–31. doi: 10.1016/j.arabjc.2017.05.011

49. Zhen S, Li X. Liposomal delivery of CRISPR/Cas9. Cancer Gene Ther (2020)
27:515–27. doi: 10.1038/s41417-019-0141-7

50. Jun JC, Rathore A, Younas H, Gilkes D, Polotsky VY. Hypoxia-inducible factors
and cancer. Curr Sleep Med Rep (2017) 3:1–10. doi: 10.1007/s40675-017-0062-7

51. Shin SY, KimCG, Kim SH, KimYS, LimY, Lee YH. Chlorpromazine activates p21
Waf1/Cip1 gene transcription via early growth response-1 (Egr-1) in C6 glioma
cells. Exp Mol Med (2010) 42:395–405. doi: 10.3858/emm.2010.42.5.041

52. Yang CE, Lee WY, Cheng HW, Chung CH, Mi FL, Lin CW. The antipsychotic
chlorpromazine suppresses YAP signaling, stemness properties, and drug
resistance in breast cancer cells. Chem-Biol Interact (2019) 302:28–35.
doi: 10.1016/j.cbi.2019.01.033

53. Pantziarka P, Bouche G, Meheus L, Sukhatme V, Sukhatme VP. Repurposing
Drugs in Oncology (ReDO)—mebendazole as an anti-cancer agent.
Ecancermedicalscience (2014) 8:443. doi: 10.3332/ecancer.2014.443

54. Simbulan-Rosenthal CM, Dakshanamurthy S, Gaur A, Chen YS, Fang HB,
Abdussamad M, et al. The repurposed anthelmintic mebendazole in
combination with trametinib suppresses refractory NRASQ61K melanoma.
Oncotarget (2017) 8:12576–95. doi: 10.18632/oncotarget.14990

55. Younis NS, Ghanim AM, Saber S. Mebendazole augments sensitivity to
sora f en ib by ta rge t ing MAPK and BCL-2 s igna l l ing in n-
nitrosodiethylamine-induced murine hepatocellular carcinoma. Sci Rep
(2019) 9:1–16. doi: 10.1038/s41598-019-55666-x
Frontiers in Oncology | www.frontiersin.org 7
56. Batchu RB, Gruzdyn OV, Bryant CS, Qazi AM, Kumar S, Chamala S, et al.
Ritonavir-mediated induction of apoptosis in pancreatic cancer occurs via the
RB/E2F-1 and AKT pathways. Pharmaceuticals (2014) 7:46–57. doi: 10.3390/
ph7010046

57. Veschi S, De Lellis L, Florio R, Lanuti P, Massucci A, Tinari N, et al. Effects of
repurposed drug candidates nitroxoline and nelfinavir as single agents or in
combination with erlotinib in pancreatic cancer cells. J Exp Clin Cancer Res
(2018) 37:236. doi: 10.1186/s13046-018-0904-2

58. Chen Y, Wang Q, Li Z, Liu Z, Zhao Y, Zhang J, et al. Naproxen platinum (iv)
hybrids inhibiting cycloxygenases and matrix metalloproteinases and causing
DNA damage: synthesis and biological evaluation as antitumor agents in vitro
and in vivo. Dalton Trans (2020) 49:5192–204. doi: 10.1039/d0dt00424c

59. Ahmetaj-Shala B, Tesfai A, Constantinou C, Leszczynski R, Chan MV,
Gashaw H, et al. Pharmacological assessment of ibuprofen arginate on
platelet aggregation and colon cancer cell killing. Biochem Biophys Res
Commun (2017) 484:762–6. doi: 10.1016/j.bbrc.2017.01.1610006-291

60. Wong RS. Role of nonsteroidal anti-inflammatory drugs (NSAIDs) in cancer
prevention and cancer promotion. Adv Pharmacol Sci (2019) 2019:3418975.
doi: 10.1155/2019/3418975

61. Chen WY, Holmes MD. Role of aspirin in breast cancer survival. Curr Oncol
Rep (2017) 19:48. doi: 10.1007/s11912-017-0605-6

62. Dai X, Yan J, Fu X, Pan Q, Sun D, Xu Y, et al. Aspirin inhibits cancer
metastasis and angiogenesis via targeting heparanase. Clin Cancer Res (2017)
23:6267–78. doi: 10.1158/1078-0432.CCR-17-0242
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