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Abstract: Background: Lung cancer is a leading cause of cancer-related deaths worldwide.
Its high incidence and poor prognosis demonstrate the need to investigate new therapies.
The PI3K/AKT pathway is activated in carcinogenic processes such as invasion, prolifer-
ation, and drug resistance. MiR-21 is a microRNA overexpressed in numerous types of
cancer and which activates PI3K/AKT pathway by down-regulating its main targets, PTEN
and PDCD4. CRISPR is a revolutionary gene-editing technology that allows genes to be
deleted. The aim of this study was to use CRISPR/Cas9 technology as an option to reduce
carcinogenic and drug resistance processes by eliminating miR-21. Methods: CRISPR/Cas9
was used to knock out miR-21 (miR-21 KO) in A549 lung cancer cells and thus reverse
the carcinogenic processes activated by miR-21 overexpression. Furthermore, the effect of
miR-21 KO on drug resistance was studied, choosing the main chemotherapeutic agents
used for the treatment of lung cancer: gemcitabine, carboplatin, paclitaxel, and oxaliplatin.
Results: miR-21 KO A549 cells exhibited a reduction in proliferation, migration, and colony
formation compared to A549 cells. In contrast, the expression of PTEN and PDCD4 in-
creased in miR-21 KO A549 cells. Furthermore, miR-21 KO A549 cells showed a decrease
in the ICsg of the drugs used for the treatment of lung cancer: gemcitabine, carboplatin,
paclitaxel, and oxaliplatin. Conclusions: Based on these results, miR-21 knock-out using
CRISPR/Cas could be a promising strategy for the treatment of lung cancer.
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1. Introduction

Lung cancer is the second of the most common and deadly types of cancer worldwide.
It is considered the leading cause of cancer-related mortality in both women and men [1].
The 5-year survival rate from the diagnosis of the disease is much lower (17.4%) than those
of other types of cancer, mainly due to its late diagnosis in advanced stages [2]. Specifically,
2.2 million new cases of lung cancer (11.4%) and almost 1.8 million deaths from lung
cancer (18.0%) were estimated in 2020 [3]. According to histopathology, two types of lung
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cancer are distinguishable, non-small cell lung cancer (NSCLC) (85%) and small-cell lung
cancer [4]. Chemotherapy is the main treatment, although its effectiveness may be limited
by the development of drug resistance. Lung cancer’s high incidence, late detection, poor
prognosis, and relapses, along with the ineffectiveness of chemotherapy, demonstrate the
need to research new therapies to address this disease.

Currently, numerous studies confirm the importance of abnormal miRNA expression
in tumor cells. miRNAs are frequently overexpressed in certain types of cancer (miR-21,
miR-221/222 cluster, miR-17-92) and decreased in others (miR-15, miR-34, miR-16), trigger-
ing an increase in the expression of cancer cell markers and an increase in tumorigenicity [5].
This unusual expression has inspired the development and research of new antitumor
therapies, highlighting the use of microRNA (miRNA) as a therapeutic target [6]. Recent
advances, such as the targeted administration of miR-34a, have demonstrated the poten-
tial for a reduction in the proliferation and tumorigenicity of breast, prostate, and lung
cancer [7,8], or an increase in apoptosis and reduction in thyroid cancer proliferation by
inhibiting miR-17-5p [9].

miRNA21 (miR-21) is located on chromosome 17 (17q.23.1) in intron 11 of TMEM 49
(transmembrane protein 49), precursor of VMP1 (vacuole membrane protein 1) [10]. The
overexpression of miR-21 has been detected in numerous types of cancers, such as lung,
breast, stomach, or colon, among others, which is why it is considered a powerful molecular
biomarker [11] for the diagnosis, prediction, and prognosis of the disease [12]. Overexpres-
sion of miR-21 has been linked to various carcinogenic mechanisms, such as cell prolifera-
tion, inhibition of apoptosis or migration, and chemotherapy resistance [13]. Chemotherapy
remains the main treatment for lung cancer, with gemcitabine (Gem), carboplatin (Car),
paclitaxel (Pac), and oxaliplatin (Oxa) being the main chemotherapeutic agents used. Gem
is a standard chemotherapeutic agent for the treatment of lung cancer [14]. Car and Oxa
have emerged as alternatives to cisplatin, also used in the first-line treatment of NSCLC,
to reduce its side effects [15,16]. On the other hand, Pac, an antimicrotubule agent, is
considered one of the most commonly used agents in combination with platinum agents
for the treatment of NSCLC [17]. Although chemotherapy remains the main treatment
option for lung cancer patients, the emergence of resistance to chemotherapeutic agents
poses a major challenge to patient survival [18].

The main targets of miR-21 are programmed cell death protein 4 (PDCD4) and the
phosphatase and tensin homolog (PTEN) [19]. PDCD4 is a suppressor of tumor progression
that leads to cell cycle arrest, increased apoptosis, and increased sensitivity of tumor cells
to drugs [20]. However, its expression is down-regulated in several types of cancer such
as hepatocellular carcinoma, breast cancer, ovarian cancer, and lung cancer [21,22]. PTEN,
the other tumor suppressor protein, acts by inhibiting the PI3K/AKT pathway, which
is responsible for regulating carcinogenic processes such as invasion, proliferation, and
resistance to chemotherapeutic drugs [23]. Overexpression of miR-21 causes tumorigenesis
by negatively regulating PTEN and PDCD4 [24].

Based on the above data, new tools are needed for the treatment of lung cancer.
Genome-editing tools have emerged as the new option for disease modeling, diagnosis,
and therapeutics, which work by achieving precise genome modifications on their DNA
or RNA targets [25,26]. In particular, the CRISPR/Cas9 system [27] revolutionized the
genome-editing applications due to its versatility, reduced cost, and the possibility of
multiplexing [28]. The possibilities for gene therapy applications are immense, from gene
deletion [29,30] and gene correction to specific gene insertions into the desired locus [31,32].
However, due to delivery issues with the other applications, the generation of indels for
gene knock-out is the first application to have been investigated in clinical trials for the
treatment of cancer, infectious diseases, and metabolic disorders [33].
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One of the main goals of CRISPR/Cas9 for cancer treatment is to find genotype-
specific lesions. Targeted deletion of these damaged genes can decrease the viability of
tumor cells, which is a strategy for finding potential targets for cancer therapy [34]. In
tumor cells, oncogenes are usually mutated or overexpressed, preventing cell death and,
therefore, continuing cell survival and proliferation. In this context, CRISPR technology
has been used to knock out oncogenes. An example is the deletion of interleukin 30 (IL)-30,
which correlates with progression and high-grade disease, in pancreatic and colorectal
cancer cells to prevent disease progression [35,36]. The use of exosomes with plasmid
vectors encoded by CRISPR/Cas9 for the elimination of the oncogenic KrasG12D allele in
pancreatic cancer cells has achieved the inhibition of proliferation and suppression of tumor
growth [37]. Myc is another well-known oncogene, a transcription factor responsible for
coordinating the expression of intra- and extracellular functions necessary for cell growth.
Myc is overexpressed in several types of cancer, which is why studies have been carried
out in lung cancer, using CRISPR technology to suppress the expression of this gene by
creating Myc knock-out cells, thereby reducing tumor malignancy [38]. CRISPR/Cas9 has
also been used to eliminate miRNAs overexpressed in different cancers. Overexpression
of miR-142 was observed in hematopoietic cells and in diffuse large B-cell lymphoma
(DLBCL). Deletion of miR-142 using the CRISPR/Cas9 tool decreased tumor malignancy in
DLBCL cells [39]. Likewise, CRISPR /Cas9 has also been used to delete miR-371, miR-372,
and miR-373, involved in processes of self-renewal, apoptosis, oncogenesis, and drug
resistance, in oral squamous cell cancer (OSCC). The results showed OSCC oncogenicity
and sensitivity to drugs such as cisplatin [40].

Therefore, CRISPR/Cas9 technology could be considered an option to reduce carcino-
genic and drug resistance processes by eliminating miR-21.

2. Materials and Methods
2.1. Cell Culture

In this study, we used A549 cells (European Cell Culture Collection), representing
lung cancer, and miR-21 KO A549 cells, representing edited lung cancer, where the miR-21
sequence was deleted by CRISPR-Cas9. Both were cultured in DMEM (Dulbecco’s Modified
Eagle Medium) with 10% FBS (Fetal Bovine Serum) at 37 °C and in 5% COs.

2.2. Generation of miR-21 KO A549 Cells by Cas9 RNP Nucleofection

We used the CRISPOR design tool (CRISPOR.org) to design two gRNAs, gRNA1 (GTCT-
GATAAGCTACCCGACA) and gRNA2 (ATGTCAGACAGCCCATCGAC). For the formation
of RNP, chemically synthesized gRNA obtained from IDT (Coralville, IA, USA) (100 pM)
was mixed in a 1:3 ratio by volume with high-fidelity Cas9 (IDT, Coralville, IA, USA) and
incubated at room temperature for 15 min to form RNP. For gene disruption, A549 cells
(2 x 10°) (passage 3) were nucleofected with RNP. Nucleofection was performed with an
Amaxa Nucleofector 4-D and solution SF (Lonza, Basel, Switzerland), applying program
CD-137 in 20 puL Nucleocuvette™ strips.

2.3. ICE (Inference of CRISPR Edits)

Genomic DNA from A549 cells was extracted 5 days after nucleofection using a
QIAamp DNA mini kit (Qiagen, Germantown, MD, USA) following the manufacturer’s
instructions. The genomic regions flanking the CRISPR target site for each treatment were
amplified by PCR using different pairs of primers with KAPA Taq PCR (Kapa Biosystems):
F-21: GGGGATTTCTTGGTTTGTGAA and R-21: ATACAGCTAGAAAAGTCCCTGAAAA.
The fragments were purified with the QIAquick PCR product purification kit (Qiagen), in
accordance with the manufacturer’s protocols. To analyze allele modification frequencies,
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we used ICE (Inference of CRISPR Edits), a web-based analysis tool developed by Synthego
(https:/ /ice.synthego.com/#/) (accessed on 20 June 2022). Our purified PCR products
were Sanger sequenced using both primers. Then, each sequence chromatogram was
analyzed with the ICE software (0.11.8.1) (Synthego, Silicon Valley, CA, USA). Analyses
were performed using a control sequence. The ICE score showed editing by NHE].

2.4. Proliferation Assay (Sulforhodamine B, SBR)

To perform the experiment, 4 x 103 cells/well of A549 cells and miR-21 KO A549 cells,
both in a 48-well NUNC® plate, were seeded in a volume of 350 uL/well. Staining with SBR
was performed 24, 48, and 72 h after seeding. The experiment was performed in triplicate.

The cells were fixed by decanting the medium and adding 250 uL of TCA at 4 °C, after
which the plates were incubated for 20 min at 4 °C. The plates were then washed 3 times
with deionized water and allowed to dry. Once dry, 250 uL of 0.08% SBR was added per
well and the plates were incubated at room temperature for 20 min under shaking. After
incubation, the stain was removed from the plate, which was washed 3 times with acetic
acid and left to dry in the oven. Finally, 250 uL of Tris Base was added to lift the dye, and
we proceeded with the measurement of the plates using a spectrophotometer.

Reading of the staining results was carried out using a Multiskan EX microplate reader
and Ascent Software 2.2 for Multiskan.

2.5. Wound-Healing Assay

We seeded 20 x 10* cells/well of A549 cells and miR-21 KO A549 cells in 12-well
NUNC® plates. Once 90% confluence was reached, wounding was performed using a
100 uL pipette tip. Finally, the medium was changed to serum-free medium.

Cell migration was monitored by taking images every 24 h after wounding for both
using a Leica microscope (Wetzlar, Germany). The results were analyzed using the MRI
Wound Healing Tool of Image] Software, version 1.54. The experiment was performed in
triplicate. Migration was calculated according to the following formula:

Migration (%) = 100 — ((area of the wound time X/area of the wound time 0) x 100)

2.6. Colony Formation

A549 cells and miR-21 KO A549 cells were seeded in 6-well plates (400 cells/well).
One week after seeding, the cells were fixed with 70% ethanol and stained with 0.5% crystal
violet (1 mL/well) for 15 min. Once dried, the number of colonies was determined using
Image] Software. The experiment was performed in triplicate.

2.7. Determination of Half-Maximal Inhibitory Concentration (ICs)

We seeded 4 x 103 cells/well of A549 and miR-21 KO A549 cell lines in 48-well plates.
Then, they were exposed to a concentration gradient for each of the drugs: gemcitabine
(Gem), carboplatin (Car), paclitaxel (Pac), and oxaliplatin (Oxa). Additionally, a no-drug
control group was included in each experiment. After 72 h, cells were stained using the
SBR protocol, described above, to determine the ICsy. Each experiment was performed
in triplicate.

2.8. RNA Extraction and Quantitative Real-Time PCR

Total extraction of A549 cells and miR-21 KO A549 cells was performed with Tri-
zol Reagent (RNeasy Mini Kit, Qiagen, MD, USA), and cDNA was obtained by MMLV-
RT (Promega, Madison, WI, USA) using a retrotranscriptase kit, following the manufac-
turer’s instructions.
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Real-time PCR was performed using SYBR Green Supermix (Taq Universal SYBR
Green Supermix) (Bio-rad). The genes to be analyzed were PTEN and PDCD4;
gryceraldehyde-3-phosphate dehydrogenase (GADPH) was used as an endogenous control,
with which gene expression data were normalized. Expression levels were calculated by
applying the 2724t method. All quantitative PCR assays were performed on an ABI
7900 system (ABI). Each experiment was performed in triplicate.

2.9. Statistical Analysis

The results obtained were expressed as the mean =+ standard deviation (SD). For statistical
analysis, GraphPad Prism v9.3 software was used, and an ANOVA test was performed to
compare the treatments. Results with a p-value < 0.05 were considered significant.

3. Results
3.1. Generation of A549 miR-21 Knock-Out Cell Models by CRISPR/Cas9

miR-21 knock-out (miR-21 KO) in A549 lung cancer cells was performed following the
scheme in Figure 1. After the design of gRNA1 and —2 (Figure 1A), both were nucleofected
with Cas9 as RNPs (see M&M) into A549 cells to carry out miR-21 knock-out (Figure 1B).
We observed around 97% of cells harboring indels (Figure 1C), with a predominant deletion
of —54 and —53 nucleotides, corresponding to the deletion of miR-21 (Figure 1D).

A
miR21
5 hmmcncmié&mcc TTATCAGACTGATGTTGACTGTTGAATCTCATGGCAACACCAGTCGATGGGCTGTCTGACATTTTG 3
gRNA1 \ gRNA2
DV accrrsreatseecrstereacartmic NP
miR21-KO
B
()’E‘ RNP g14g2 = d
-~ =
A549 Nucleofection ~ miR-21 KO
A549
- 3 100 D 100
= -~ 15 miR-21 KO A549
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E_ >
s % g
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S 25 4
5 w2
w o 0
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Figure 1. Strategy to knock out miR-21 in A549 cells. (A) Schematic of the strategy designed to generate
miR-21 KO A549 cells. (B). Representative scheme of the nucleofection process with RNP and analysis
of the edited cells. Image created with https:/ /www.biorender.com/ (23 September 2023). (C) Editing
efficiencies of CRISPR/Cas9 targeted in miR-21, determined by the ICE algorithm (see M&M). (D) Graph
showing the profile of indels generated in miR-21 KO A549 cells nucleofected using the ICE algorithm.
The coordinate zero represents the cutite, negative values represent deletions of different lengths, and
positive values represent insertions.
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3.2. MiR-21 Knock-Out Decreases Proliferation, Migration, and Colony Formation

Overexpression of miR-21 has been related to carcinogenic processes such as migration,
proliferation, and colony formation. We therefore studied the possible variation in these
processes after miR-21 knock-out in A549 cells. MiR-21 KO A549 cells showed a time-
dependent decrease in cell growth versus A549 cells (overexpression of miR-21), reaching
the maximum growth inhibition at 72 h (30.77%) (p < 0.001) (Figure 2A). This fact suggested
that miR-21 knock-out was related to a marked decrease in cell proliferation.
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Figure 2. Proliferation, migration, and colony formation analysis of miR-21 KO A549 cells. (A) Graph-
ical representation of cell growth of A549 cells and miR-21 KO A549 cells. Statistical analysis
performed by ANOVA test. Values represent means £ SD (n = 3). *p < 0.1 ** p <0.01, and *** p < 0.001.
(B) Graphical representation of the percentage of cell migration in A549 cells and miR-21 KO A549 cells
(area of the scratch). Statistical analysis performed by ANOVA test. Values represent means + D
(n =3). *p <0.01. Representative microscopic images (right) of wound-healing assays. Scale bar:
200 um. (C) Graphical representation of the number of colonies formed by A549 cells and miR-21
KO A549 cells. Statistical analysis performed by ANOVA test. Values represent means £+ D (n = 3).
** p < 0.01. Representative image (right) of colony formation.

On the other hand, our wound-healing assay displayed a significant decrease in the cell
migration capacity of miR-21 KO A549 cells compared to A549 cells. The greatest inhibition of
migration (49.18%) (p < 0.01) was observed at 72 h after wounding in miR-21 KO A549 cells
(Figure 2B). Finally, the effects of miR-21 KO on colony formation were corroborated in
miR-21 KO A549 cells, which exhibited a lower number of colonies (39) than in A549 cells (61)
(Figure 2C).
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3.3. MiR-21 Knock-Out Increases Carboplatin and Paclitaxel Activity

Gemcitabine (Gem), carboplatin (Car), paclitaxel (Pac), and oxaliplatin (Oxa) were
the drugs chosen to study the effect of miR-21 KO on the drug resistance of lung cancer.
A decrease in the ICg of Carb (27.65 uM vs. 61.17 uM) and Pac (0.014 uM vs. 0.02 uM) was
observed in the miR-21 KO A549 line vs. the A549 cell line (Figure 3).
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Figure 3. Graphical representation of the ICsj results of gemcitabine, carboplatin, paclitaxel, and oxali-
platin. Statistical analysis performed by ANOVA test. Values represent means + D (n = 3). *** p < 0.001.

3.4. Gene Expression Analysis

Following the results described above, a gene expression analysis of the main targets
of miR-21 (PTEN and PDCD4) was carried out.

miR-21 KO A549 cells were revealed to have a higher expression of both PTEN
(1.17-fold; p < 0.1) and PDCD4 (4.22-fold; p < 0.01) than in A549 cells (Figure 4).

PTEN PDCD4
4n . 10 *%
§ 3 § ®
? 5
g g 6
g 24 8
x x
3 s ]
LE 14 e 2
0- 0-
AS549 miR-21 AS49  miR-21
KO A549 KO A549

Figure 4. Analysis of PTEN and PDCD4 expression. Relative expression levels were calculated
upon GADPH (housekeeping gene) normalization, respectively. Statistical analysis performed by
ANOVA test. Values represent means = D (n=3). *p <0.1 *p <0.01.

4. Discussion

Lung cancer is considered the leading cause of cancer-related mortality in the world,
with non-small-cell lung cancer (NSCLC) being the most prevalent lung cancer, accounting
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for 85-90% of all lung cancers [41]. Its high incidence and resistance to chemotherapy make
it necessary to look for new therapies. miR-21 has been reported as an oncogene, which is
overexpressed in several malignant tumors [42], thus bearing the potential to be used as a
prognostic or diagnostic marker for tumors [43].

The aim of this study was to test the efficacy of using CRISPR/Cas9 to knock down
miR-21, and we chose the A549 cell line as a model of NSCLC cancer line because it has
overexpressed miR-21 [44,45]. We used CRISPR/Cas9 to knock out miR-21 (miR-21 KO)
in A549 lung cancer cells. miR-21 KO A549 cells showed a time-dependent decrease in
proliferation, migration, and colony formation; however, this was not observed in A549 cells.
Li H. et al. [2] demonstrated that increased expression of miR-21 following transfection with
a mimetic in A549 cells promoted cell proliferation compared to non-transfected A549 cells.
On the contrary, a decrease in cell migration was observed in A549 cells transfected with a
miR-21 inhibitor versus non-transfected A549 cells [46]. Similarly, A549 cells transfected
with a circular sponge against miR-21 showed decreased proliferation, migration, and
colony formation compared to non-transfected A549 cells [45]. miR-21 KO by CRISPR/Cas9
has also been used in other types of tumors such as ovarian cancer [47] or glioblastoma,
and it has produced results similar to ours. A significant reduction in cell proliferation,
migration, and invasion was detected after miR-21 KO in GL261, CT2A mouse glioma, and
U87 human glioma, as well as a reduction in tumor growth during in vivo assays [48].

miR-21 has been linked to drug resistance processes, and in our study, we included
some of the main drugs used as chemotherapy for the treatment of lung cancer. Our
results show that in the A549 cell line, miR-21 KO is more sensitive to carboplatin and
paclitaxel than in the basal A549 cell line, suggesting that miR-21 may play a crucial role in
mediating resistance to these chemotherapeutic treatments. Liu et al. [49] demonstrated
that the inhibition of miR-21 by a small interfering RNA, siRNA, increased the sensitivity of
hepatocellular carcinoma cell lines to Car. In contrast, overexpression of miR-21 by mimics
increases cell viability, reduces cellular sensitivity to Car, and increases the expression of
the ABCB6 efflux pump [50]. Gamal-Eldeen et al. [51] used perfluorodecalin, an oxygen
transporter, in A549 to inhibit miR-21 expression. Combined treatment of Car and perflu-
orodecalin significantly suppressed miR-21 expression, thereby increasing the efficacy of
Car. In relation to PTX, Su et al. [52] used the miR-21 inhibitor in combination with PTX
in the A549 cell line, demonstrating a significant decrease in cell growth compared to the
wild-type A549 cell line. In this regard, the miR-21 inhibitor improved the efficacy of PTX,
achieving a 54-63% reduction in cell viability in cervical cancer cells [53]. Similar figures
were found in the MCF7 breast cancer cell line, where a miR-21 inhibitor decreased the ICs
of PTX [54].

On the other hand, PTEN and PDCD+4 are the main targets of miR-21, which directly
regulates them at the post-transcriptional level by binding to their 3'-UTRs. This interaction
recruits the RNA-induced silencing complex (RISC), resulting in either mRNA degradation
or translational repression [55]. PTEN is a well-known tumor suppressor gene involved in
the regulation of the PI3K/AKT pathway, a key signal transduction pathway that controls
cell growth and survival. PTEN dephosphorylates PIP3 to PIP2, inhibiting the downstream
activation of AKT and mTOR signaling. Loss of PTEN activity due to miR-21 overexpres-
sion leads to increased PI3K/AKT pathway activity, which promotes oncogenic processes
such as cell proliferation, survival, and metastasis. In addition, AKT is activated by miR-21
and partially inactivated by PTEN [2,44]. Similarly, PDCD4 is another tumor suppressor
gene that inhibits translation initiation and functions to suppress tumorigenesis by inhibit-
ing cell growth and inducing apoptosis. Furthermore, PDCD4 interacts with eukaryotic
translation initiation factor 4A (elF4A), a helicase required for cap-dependent mRNA trans-
lation, thereby suppressing the protein synthesis required for tumor growth, and which
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inhibits the expression of genes involved in matrix degradation, such as MMPs (matrix met-
alloproteinases). Therefore, reduced PDCD4 expression correlates with increased invasion,
metastasis, and a poor prognosis in cancer patients. We observed elevated expression levels
of PTEN and PDCD4 in miR-21 KO A549 cells. Li L et al. [56] revealed that up-regulation
of miR-21 decreased the PTEN expression level, while negative regulation of miR-21 in-
creased this in A549 cells, and they concluded that PTEN was a direct target of miR-21.
Zheng et al. [57] used propofol, an inhibitor of miR-21, in non-small-cell lung cancer cells.
Inhibition of miR-21 by propofol blocked the PTEN / AKT signaling pathway and increased
the expression of PTEN, resulting in decreased cell growth and activation of apoptosis [58].
As for PDCD4, research was carried out in the PC9 NSCLC, showing that inhibiting miR-21
expression in these cells resulted in an increase in PDCD4 expression [59]. In addition, Yang
et al. [60] found an increase in PDCD4 expression in A549 cells treated with an anti-miR-21
sponge compared to non-transfected A549 cells.

5. Conclusions

CRISPR/Cas9 technology can achieve high levels of miR-21 knock-out in A549 cells,
thus reducing carcinogenic processes such as proliferation, migration, and colony formation.
In addition, decreased miR-21 expression contributes to increased sensitivity of tumor cells
to carboplatin and paclitaxel. Likewise, PTEN and PDCD4, two target genes of miR-21,
increased in expression when this microRNA was inhibited. Therefore, miR-21 knock-out
by CRISPR/Cas9 could be considered a potential strategy for future research into lung
cancer treatment.
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