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Lung adenocarcinoma (LUAD) is one of the most common
malignancies worldwide. Combination chemotherapy with
cisplatin (CDDP) plus pemetrexed (PEM) remains the predom-
inant therapeutic regimen; however, chemoresistance greatly
limits its curative potential. Here, through CRISPR-Cas9
screening, we identified miR-6077 as a key driver of CDDP/
PEM resistance in LUAD. Functional experiments verified
that ectopic overexpression of miR-6077 desensitized LUAD
cells to CDDP/PEM in both cell lines and patient-derived xeno-
graft models. Through RNA sequencing in cells and single-cell
sequencing of samples from patients with CDDP/PEM treat-
ments, we observed CDDP/PEM-induced upregulation of
CDKN1A and KEAP1, which in turn activated cell-cycle arrest
and ferroptosis, respectively, thus leading to cell death.
Through miRNA pull-down, we identified and validated that
miR-6077 targets CDKN1A and KEAP1. Furthermore, we
demonstrated that miR-6077 protects LUAD cells from cell
death induced by CDDP/PEM via CDKN1A-CDK1-mediated
cell-cycle arrest and KEAP1-NRF2-SLC7A11/NQO1-mediated
ferroptosis, thus resulting in chemoresistance in multiple
LUAD cells both in vitro and in vivo. Moreover, we found
that GMDS-AS1 and LINC01128 sensitized LUAD cells to
CDDP/PEM by sponging miR-6077. Collectively, these results
imply the critical role of miR-6077 in LUAD’s sensitivity to
CDDP/PEM, thus providing a novel therapeutic strategy for
overcoming chemoresistance in clinical practice.
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INTRODUCTION
Lung cancer is one of themost commonly diagnosed cancers (11.4%of
total cases), and it remains the leading cause of cancer deaths (18.0%of
total cancer deaths),1 of which lung adenocarcinoma (LUAD) consti-
tutes the majority.2,3 Currently, surgery combined with perioperative
chemotherapy or radiotherapy remains the standard treatment for
lung malignancies. As recommended by National Comprehensive
Cancer Network (NCCN) guidelines (v3.2021), combination chemo-
therapy with platinum-based compounds, such as cisplatin (CDDP)
plus pemetrexed (PEM), has been the most actively used front-line
therapeutic regimen for LUAD for decades. However, the anti-tumor
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efficiency of CDDP/PEM is usually limited by intrinsic or acquired
multidrug resistance (MDR) in patients with LUAD, thus leading to
failure in treatment and poorer prognosis.4 Despite extensive efforts
in this area related to tumor cells’ ability to regulate drug efflux,
DNA damage repair, the cell cycle and apoptosis, and signaling path-
ways affecting cell fate,5–7 the crucial factors and mechanisms poten-
tially driving CDDP/PEM MDR remain elusive.

CDDP exerts anti-cancer effects mainly by interacting with DNA to
form mostly intrastrand cross-link adducts, which activates a series
of signaling pathways and cell death.8 Although numerous clinical tri-
als have verified the superiority of PEM to other chemotherapeutic
agents,9–11 few studies have explored the mechanisms driving PEM
resistance. PEM’s cytotoxicity is mediated by inhibition of the activity
of the folate-dependent enzyme thymidylate synthase, which is
required for de novo syntheses of nucleotides, thus resulting in inef-
fective DNA synthesis and repair, followed by cell-cycle arrest.7,12

Meanwhile, both CDDP and PEM have been proposed to trigger
excessive production of intracellular reactive oxygen species (ROS)
by activating the enzyme NADPH oxidase, which catalyzes on-elec-
tron reduction of O2 and generates superoxide, thus damaging nucleic
acids, proteins, and lipids.13–15 Beyond cell apoptosis, recent studies
have demonstrated that these ROS-related effects might induce
forms of cell death that are independent of DNA damage, such as
ferroptosis.16 Therefore, aberrant alterations in these biological pro-
cesses may render tumor cells insensitive to CDDP/PEM, and identi-
fying the key molecules involved in these pathways is critical to
reverse the cells’ chemoresistance.
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A currently expanding field of research is the study of microRNA
(miRNA), a class of endogenously expressed, �22 nucleotide non-
coding RNAs that post-transcriptionally silence gene expression by
binding the 30 untranslated regions (30 UTRs). miRNAs play indis-
pensable roles in numerous biological processes, including tumori-
genesis, apoptosis, and ferroptosis.17,18 However, knowledge of
miRNA involvement in the regulation of tumor cell chemoresistance
remains scarce.

The potential function of miR-6077, a newly characterized 21 bp
miRNA, in tumorigenesis and progression, and its involvement in
LUAD sensitivity to chemotherapy or radiotherapy, has rarely been
reported. In this study, through a series of high-throughput screening
approaches, including clustered regularly interspaced short palin-
drome repeats (CRISPR)-Cas9 screening, miRNA pull-down, and
RNA sequencing (RNA-seq), we discovered that miRNA-6077 con-
fers CDDP/PEM resistance on LUAD cells by directly targeting
CDKN1A and Kelch-like ECH-associated protein 1 (KEAP1), thus
protecting the cells from CDDP/PEM-induced cell-cycle arrest and
ferroptosis, respectively.

RESULTS
Genome-wide CRISPR-Cas9 screening system reveals miR-

6077 as a key regulator of CDDP/PEM sensitivity in LUAD

To gain insight into the genetic modifiers that potentially regulate
LUAD cell sensitivity to combination chemotherapy with CDDP
plus PEM, we applied a genome-scale CRISPR-Cas9 loss-of function
screening assay with a pooled lentiviral single-guide RNA (sgRNA)
library targeting 20,060 genes and 1,854 miRNAs. In the primary
screen, we transduced the sgRNAs into A549 cells with constitutive
Cas9 expression, during which time, by precisely controlling the
volume of lentivirus, we ensured that only one or no sgRNA was
transduced into each cell, and the cells without any sgRNAs were
eliminated by puromycin. Therefore, in each cell, only one gene
or miRNA was randomly knocked out. We treated these cells
with PBS or CDDP/PEM, thus ensuring that the genes or miRNAs
whose deletion significantly sensitized or conferred resistance to
CDDP/PEM could be selected from the primary screen. After treat-
ment for 7 or 14 days, the cells were subjected to next-generation
RNA-seq to measure the relative abundance of cell populations
with different genes or miRNAs knocked out (Figure 1A), in which
differential sgRNA expression was evaluated in the form of DLogFC
between the CDDP/PEM- and the PBS-treated groups. From this
primary screen, 11 miRNAs were selected for further exploration
because their inactivation caused significant sensitization of A549
cells to CDDP/PEM (Figure 1B, defined as |logFC| > 2.7 and
|logFC(day 14)| > |logFC(day 7)|). Next, we chose the five candidate
miRNAs obtained above that had single spliceosomes and had not
been previously reported (Figure 1C). As shown in Figure 1D,
miR-6077 emerged as the lead hit from the secondary screen,
because its overexpression led to a significant increase in cell
viability only in the presence of CDDP/PEM, thus suggesting that
miR-6077 might serve as a key regulator of LUAD resistance to
CDDP/PEM chemotherapy.
To further verify the screening results, we overexpressed miR-6077 in
several LUAD cell lines and examined the cell viability after 48 h
exposure to single or combined use of CDDP and PEM with gradient
doses. In agreement with the CRISPR-Cas9 screening, the results re-
vealed that miR-6077 significantly desensitized both A549 and H358
cell lines to CDDP/PEM treatment (Figures 1E and S1A) but did not
affect their proliferation rate (Figures S1B–S1C). This finding was
further validated by high-content analysis, through which we moni-
tored the dynamic change in GFP-overexpressing A549 cells trans-
fected with miR-NCs and miR-6077 in the presence of PBS or
CDDP/PEM (Figure S1D).

Similar results were observed when the miR-6077-overexpressing
cells were treated with PEM and other platinum-based components,
including carboplatin and oxaliplatin (Figures 1F and S1E). In addi-
tion, upregulation of miR-6077 significantly enhanced the colony for-
mation potential of LUAD cell lines only in the presence of CDDP/
PEM, while miR-7702 and miR-6855-5p, which were identified to
contribute to cells’ resistance to CDDP/PEM, as well, in the primary
and secondary screenings, also exhibited a similar effect in the
presence of CDDP/PEM, but not as significantly as miR-6077
(Figures 1G and S1F).

Together, these results corroborated our primary CRISPR-Cas9
screen findings, providing evidence that miR-6077 confers CDDP/
PEM resistance to LUAD and may serve as a potential target in
LUAD treated with a combination chemotherapy of CDDP plus
PEM, as well as other types of platinum.
miR-6077 is associated with CDDP/PEM resistance in patients

with LUAD

To further define the clinical relevance of miR-6077, we investigated
its expression in tumor samples originally derived from 20 patients
with LUAD (cohort A) who had received neoadjuvant CDDP/PEM
therapy before tumor resection. According to Response Evaluation
Criteria in Solid Tumors (RECIST) edition 1.1 criteria, the patients
with LUAD were divided into CDDP/PEM-resistant (n = 10) or -sen-
sitive (n = 10) groups. Considering the intratumoral heterogeneity, we
isolated the tumor cells from bulk tumor tissue through flow cytom-
etry (Figure S1G). As shown in Figure 1H, the miR-6077 levels were
significantly higher in tumors from the CDDP/PEM-resistant group
than in the sensitive tissues (0.717 ± 0.317 in CDDP/PEM-sensitive
group and 1.224 ± 0.258 in the resistant group; fold change =
1.706, p = 0.002), whereas in lymphocytes or other non-tumoral cells
the levels of miR-6077 were much lower than those in tumor cells
(Figure S1H), suggesting the possibility of specifically targeting
miR-6077 in tumor cells rather than other cell types. Moreover,
when measuring the predictive value of miR-6077 in the assessment
of tumor response to CDDP/PEM therapy, we found that the area un-
der the receiver operating characteristic (ROC) curve of the miR-6077
level was 0.850 (Figure 1I). Collectively, these data illustrated that
miR-6077 is correlated with CDDP/PEM resistance in patients with
LUAD.
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 367

http://www.moleculartherapy.org


A B

C D

E F

G H I

Figure 1. Genome-wide CRISPR-Cas9 screening identifies miR-6077 as a determinant of CDDP/PEM sensitivity in LUAD

(A) Schematic outline of the CRISPR-Cas9 screening workflow in the A549 cell line. (B) Scatterplot showing the top hits in 7- (horizontal axis) or 14-day (vertical axis) CDDP/

PEM-treated A549 cells, highlighting miR-6077. Red dots represent miRNAs whose depletion led to chemoresistance, while blue dots represent sensitivity. For presentation

purpose, only miRNAsmeeting the criteria of |logFC| > 2.7 and |logFC(day 14)| > |logFC(day 7)| are highlighted. (C) CRISPR-Cas9 results of top five miRNAs potentially conferring

resistance to CDDP/PEM. (D) Cell viability in miRNA-transfected A549 cells treated with PBS (left) or CDDP (10 mM)/PEM (1 mM) (right) for 48 h. (E) Dose-toxicity curves

showing the viability of A549 cells transfected with miR-NC1, miR-NC2, and miR-6077 upon CDDP or PEM treatment at the indicated concentrations for 48 h. (F) Viability

of A549 cells transfected with miR-NC1, miR-NC2, and miR-6077 upon treatment with PEM and oxaliplatin or carboplatin at the indicated concentrations for 48 h. (G) Quan-

tification of the colony formation ability of A549 and H358 cells transfected with miR-NC1, miR-NC2, and miR-6077 upon treatment with PBS or CDDP for 14 days.

(H) Relative expression levels of miR-6077 in CDDP/PEM-sensitive or -resistant tumor tissues obtained from LUAD patients. (I) ROC curve of miR-6077 exhibiting its pre-

dicting value when assessing LUAD patients’ response to CDDP/PEM therapy. Data are presented as the mean ± SD, n = 3 independent repeats. Unpaired, two-tailed

t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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CDKN1A and KEAP1 are direct targets of miR-6077

To gain further insight into miR-6077’s mechanism of action in the
regulation of LUAD chemoresistance, we used a pull-down assay fol-
lowed by RNA-seq to search for the candidate genes whose 30 UTR
368 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
binds miR-6077 in the A549 cell line. We also predicted the potential
targets of miR-6077 on the basis of the publicly available bio-
informatic database miRWalk (Figure 2A).19 The influence of inacti-
vation of candidate genes by CRISPR-Cas9 on cell resistance to
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Figure 2. CDKN1A and KEAP1 are direct targets of miR-6077

(A) Venn plot showing the intersection of predicted targets of miR-6077. (B) The CRISPR-Cas 9 results of top eight predicted targets of miR-6077 whose depletion potentially

confers resistance to CDDP/PEM. (C) Heatmap showing the relative expression levels of the eight predicted targets of miR-6077 in A549 cells transfected with miR-NC1,

miR-NC2, andmiR-6077 upon treatment with PBS or CDDP (10 mM)/PEM (1 mM) for 48 h. The results were obtained from RNA-seq. (D and E) Quantitative real-time PCR and

western blotting assays showing the mRNA (D) and protein (E) levels of CDKN1A and KEAP1 in A549 cells transfected with miR-NC1, miR-NC2, and miR-6077 upon treat-

ment with PBS or CDDP (10 mM)/PEM (1 mM) for 48 h. (F) Quantitative real-time PCR showing the relative expression levels of CDKN1A and KEAP1 in A549 cells upon treat-

ment with PBS or CDDP (10 mM)/PEM (1 mM) for 48 h. (G) The predicted target sites of miR-6077 in the 30 UTR of CDKN1A and KEAP1. Normal and mutant seed regions are

highlighted and underlined. (H) Luciferase reporter plasmids containing wild- or mutant-type CDKN1A (left) and KEAP1 (right) were co-transfected into HEK293T cells with

miR-NC1,miR-NC2, or miR-6077. Bar plots exhibit the luciferase activity of the transfected cells. (I) Sanger sequencing confirming the G333C inactivatingmutation within the

first Kelch domain (KLD) of KEAP1 in A549 cells. Data are presented as the mean ± SD, n = 3 independent repeats. Unpaired, two-tailed t test; *p < 0.05, **p < 0.01,

***p < 0.001; ns, not significant.
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CDDP/PEM described above was also considered (Figures 1A, 1B,
and 2B). Furthermore, next-generation RNA-seq was performed in
A549 transfected with miR-6077 or miR-NC mimics in the absence
or presence of CDDP/PEM, and the genes dramatically dysregulated
after CDDP/PEM treatment were considered to be involved in the
regulation of LUAD sensitivity to the combination therapy (Fig-
ure 2C). On the basis of this evidence from both structural and func-
tional assays, we screened CDKN1A and KEAP1 for further experi-
mental validation (Figures 2A–2C). As shown in Figures 2D, 2E,
S2A, and S2B, the overexpression of miR-6077 significantly impeded
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the expression of CDKN1A and KEAP1 at both the mRNA and the
protein level in LUAD cell lines. Furthermore, the levels of six other
potential targets identified through the screening process—MAP3K1,
FOXP4, CREB1, KLF7, KLF6, and VEGFA—were also tested by west-
ern blotting, but themiR-6077 did not influence their expression (Fig-
ure S2C). Moreover, because the CDDP/PEM treatment resulted in a
dramatic upregulation of CDKN1A and KEAP1 in LUAD cell lines
(Figures 2C, 2E, 2F, S2B, and S2D), we also examined the inhibitory
effects of miR-6077 on the two target genes in the presence of CDDP/
PEM. Similar results were observed, thus implying that the CDKN1A
and KEAP1 enhancement caused by CDDP/PEM treatment was
partly abrogated by miR-6077 (Figures 2D, 2E, S2A, and S2B).

To further investigate whether CDKN1A and KEAP1 are truly direct
targets of miR-6077, we conducted dual-luciferase reporter assays by
constructing plasmids with a firefly and Renilla reporter containing
either the wild-type or the mutant 30 UTR of CDKN1A and KEAP1
(Figure 2G). Co-transfection of the plasmids and miR-6077 in 293T
cells significantly attenuated the luciferase activity of the reporter vec-
tors containing the wild-type 30 UTR of both CDKN1A and KEAP1,
whereas the mutation in the seed sequence of the predicted miR-6077
binding position blocked this suppressive effect (Figure 2H). Collec-
tively, these findings indicated that CDKN1A and KEAP1 are direct
downstream targets of miR-6077.

Notably, the A549 cell line is characterized by a G333C inactivating
mutation within the first Kelch domain (KLD) of KEAP1, thus pre-
venting us from exploring the actual effects of miR-6077 on cell resis-
tance to CDDP/PEM via targeting of KEAP1. We validated the exis-
tence of this mutation by Sanger sequencing (Figure 2I). Therefore, in
the subsequent analyses, all the KEAP1-related assays were also per-
formed in the H1299 cell line, which has wild-type KEAP1. We thus
validated the association between miR-6077 and CDDP/PEM resis-
tance as well as its suppression of CDKN1A and KEAP1 in H1299
(Figures S2E and S2F). The two target genes were all expressed in
the cell lines used in this study (Figure S2G).

miR-6077 reverses cell-cycle arrest and ferroptosis induced by

CDDP/PEM

We further assessed the downstream cellular signaling pathways
through which miR-6077 confers CDDP/PEM resistance via
CDKN1A and KEAP1 inhibition. On the basis of the differentially ex-
Figure 3. miR-6077 protects LUAD cells from cell-cycle arrest and ferroptosis

(A) Volcano plot (left) and bar plot (right) showing the differentially expressed genes in A5

Gene Ontology (GO) functional enrichment analyses, respectively. (B) The uniformmanifo

70,971 high-quality cells based on the expression of known marker genes. (C) The samp

of cell-cycle- and ferroptosis-related signaling pathways when analyzing the differentially

receiving neoadjuvant CDDP/PEM treatment. (E) Cell-cycle analyses of A549 cells treat

cells transfected with miR-NC1, miR-NC2, and miR-6077 upon treatment with PBS o

glutathione levels (H) in A549 cells treated with PBS or CDDP (10 mM)/PEM (1 mM) for

levels of PTGS2 in A549 cells treated with PBS or CDDP (10 mM)/PEM (1 mM) for 48 h.

treatments (white arrowheads indicate mitochondria). (L and M) Lipid peroxidation (L) a

miR-6077 upon treatment with PBS or CDDP (20 mM)/PEM (2 mM) for 48 h. Data are pr

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
pressed gene (DEG) identification between A549 cells treated with
CDDP/PEM or left untreated, and subsequent functional enrichment
analysis, we observed that in addition to the CDKN1A and KEAP1
activation (Figure 2C), a series of genes involved in cell-cycle- and fer-
roptosis-related biological pathways, including cell-cycle G2/M phase
transition, regulation of fatty acid oxidation, and response to oxida-
tive stress, were significantly dysregulated after CDDP/PEM treat-
ment (Figure 3A).

We also validated this finding in tumor specimens derived from eight
patients with LUAD who had or had not received preoperative
CDDP/PEM treatment. To eliminate the intratumoral heterogeneity
derived from other non-cancerous cells located in the tumor micro-
environment,20,21 we used single-cell (sc) RNA-seq to precisely depict
the transcriptive alterations induced by CDDP/PEM therapy. After
standardized quality control, 38,599 and 32,372 cells from treated
and untreated patients with LUAD, respectively, were included in
subsequent analysis. On the basis of the CellMarker dataset and our
previous studies, tumor cells (marked by EPCAM and SOX4) were
isolated from other cell populations through dimensionality reduc-
tion and unsupervised clustering analysis (Figures 3B and S3A). Hav-
ing confirmed the sample type of origin (treated or untreated) of the
cell populations, we then performed gene set enrichment analysis
(GSEA) between groups and again observed significant enrichment
of cell-cycle- and ferroptosis-related pathways (Figures 3C and 3D).
These results from both traditional RNA-seq and scRNA-seq indi-
cated that the two pathways were activated by CDDP/PEM treatment
in LUAD cells.

On one hand, numerous studies support that the induction of
CDKN1A by p53 after DNA damage caused by radiotherapy or
chemotherapy, such as platinum and PEM, inhibits both the expres-
sion and the function of cyclin-dependent kinases (CDKs), thus re-
sulting in cell-cycle arrest and subsequent proliferation inhibition
or even cell death, whereas the genetic alterations enabling tumor cells
to overcome the cell-cycle arrest desensitize the cells to cytotoxic
drugs.22–25 In agreement with findings from previous studies, we
observed dramatically aberrant cell-cycle progression characterized
by G2/M arrest in A549 and H358 after CDDP/PEM exposure
(Figures 3E and S3B). However, this effect was rescued by ectopic
expression of miR-6077 (Figures 3F and S3C); these results implied
that miR-6077 protects CDDP/PEM-treated LUAD cells against
induced by CDDP/PEM treatment

49 cells treated with PBS or CDDP (10 mM)/PEM (1 mM) for 48 h and corresponding

ld approximation and projection (UMAP) plots visualizing the cell-type clusters of the

le origin of the 70,971 cells. (D) Gene set enrichment analysis showing the activation

expressed genes between the cell populations derived from patients receiving or not

ed with PBS or CDDP (10 mM)/PEM (1 mM) for 48 h. (F) Cell-cycle analyses of A549

r CDDP (10 mM)/PEM (1 mM) for 48 h. (G and H) Lipid peroxidation (G) and relative

48 h. (I) Viability of A549 cells treated as indicated for 48 h. (J) Relative expression

(K) Transmission electron microscopy images of H1299 cells subjected to indicated

nd relative glutathione levels (M) in H358 transfected with miR-NC1, miR-NC2, and

esented as the mean ± SD, n = 3 independent repeats. Unpaired, two-tailed t test;
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cell-cycle arrest, thus leading to chemoresistance and cell survival.
Interestingly, in the NC groups in which LUAD cells were exposed
to PBS rather than CDDP/PEM, miR-6077 overexpression also
slightly decreased the G2/M percentage, thereby further emphasizing
the role of miR-6077 in the regulation of cell-cycle progression.

On the other hand, given that CDDP/PEM induces cytotoxicity
partially through generation of ROS and depletion of GSH, both of
which are central molecules in ferroptosis,26,27 we determined that
CDDP and PEM induce ferroptosis in cancer cells. As expected, we
observed accumulation of lipid peroxidation and GSH depletion,
the hallmarks of ferroptosis, in CDDP/PEM-treated A549 cell lines
(Figures 3G and 3H). Furthermore, the inhibiting effects of CDDP/
PEM on tumor cell proliferation and viability were partially reversed
by ferrostatin-1, a specific ferroptosis inhibitor (Figure 3I). These
findings extended to other types of LUAD cell lines, including
H358 and H1299 (Figures S3D–S3I). Moreover, ferroptosis induction
is accompanied by the increased expression of corresponding marker
genes such as PTGS2. Concordantly, CDDP/PEM exposure led to
PTGS2 upregulation only in A549 cells, and not in H358 and
H1299, in which its expression was naturally too low to be detected
(Figure 3J).28 Finally, transmission electron microscopy revealed
that after CDDP/PEM treatment, cells exhibited typical features of
ferroptosis (Figure 3K), characterized by shrunken mitochondria
with enhanced membrane density.26 Nevertheless, the above-
described biochemical and morphological alterations were signifi-
cantly attenuated by miR-6077 in H358 and H1299, but not in
A549 cells (Figures 3L, 3M, and S3J–S3M). This phenomenon might
have been due to the G333C inactivating mutation within the first
KLD of KEAP1 in A549 cell lines.

Together, these results revealed that, beyond classic forms of cell
death, such as apoptosis and necrosis, ferroptosis also accounts for
the cytotoxicity induced by CDDP/PEM, and miR-6077 partially ab-
rogates this effect and desensitizes LUAD cells to CDDP/PEM treat-
ment. In addition to the DEG analysis between CDDP/PEM-treated
and untreated cells, we compared the DEGs between miR-6077-
andmiR-NC-treated cells and noted that G2/M transition and ferrop-
tosis pathways were enriched (Figure S3N). Because CDKN1A and
KEAP1 are key molecules in the regulation of cell cycle and ferropto-
sis, respectively, it is reasonable to hypothesize that these two path-
ways mediated the CDDP/PEM resistance induced by miR-6077
and its direct targets CDKN1A and KEAP1.

miR-6077 targets CDKN1A, thus overcoming G2/M arrest and

conferring CDDP/PEM resistance

To determine the mediating role of CDKN1A in miR-6077-induced
G2/M-arrest attenuation and subsequent CDDP/PEM resistance,
we stably overexpressed or knocked down CDKN1A in LUAD cell
lines (Figures 4A, 4E, S4A, S4D, and S4F). Cytotoxicity and colony
formation assays demonstrated that CDKN1A overexpression
rescued the CDDP/PEM desensitization effect induced by miR-
6077 (Figures 4B, 4C, S4B, and S4C). In the absence of CDDP/
PEM, ectopically overexpressed CDKN1A promoted G2/M arrest,
372 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
as determined by flow cytometry assays. Furthermore, after CDDP/
PEM treatment for 48 h, miR-6077 attenuated the G2/M arrest caused
by chemotherapy drugs, but this protective effect was dramatically
abolished by CDKN1A upregulation (Figures 4D and S4E). Notably,
CDKN1A has been proposed to be required for sustained G2/M arrest
after activation of the DNA damage checkpoint, not only because it
suppresses the expression of CDK1, which plays an essential role in
the modulation of G2/M transition, but also because it blocks the acti-
vating phosphorylation of CDK1 on Thr161.23,24,29 Therefore, we
examined the levels of CDK1 and p-CDK1-Thr161 by western blot-
ting. As expected, miR-6077’s inhibitory effect on CDKN1A resulted
in upregulation of both CDK1 and its active form p-CDK1-Thr161,
whereas this effect was rescued by CDKN1A restoration (Figure 4F).
Similar results were observed in H358 cells (Figure S4F). Further-
more, the effects of CDKN1A restoration also sensitized cells to car-
boplatin and oxaliplatin when administered in combination with
PEM (Figures 4F and S4G). Together, our findings indicated that
miR-6077 desensitizes LUAD cells to CDDP/PEM in a CDKN1A-
dependent manner, as well as CDKN1A’s downstream cell-cycle
modulation.

miR-6077 targets KEAP1, thus decreasing ferroptosis and

conferring CDDP/PEM resistance

Previous studies have provided adequate evidence that the KEAP1/
nuclear factor erythroid 2-related factor (NRF2) antioxidative
signaling pathway is a key negative regulator of ferroptosis in tumor
cells through the transcriptional activation of genes involved in ROS
and iron metabolism, such as SLC7A11 and NQO1,30–32 thus sup-
porting our hypothesis of KEAP1’s potential function in promoting
CDDP/PEM-induced ferroptosis and the acquisition of chemoresist-
ance. To validate this possibility, we restored KEAP1 expression in
LUAD cell lines (Figures 5A and S5A) and observed that the
KEAP1 upregulation abolished miR-6077’s influence by inhibiting
cell viability and colony formation ability in the presence of CDDP/
PEM (Figures 5B, 5C, S5B, and S5C), as well as neutralizing miR-
6077’s protection against ferroptosis caused by CDDP/PEM. The re-
sults from cytotoxicity assays extended to oxaliplatin and carboplatin
(Figures S5D and S5E). Both the C11-BODIPY staining assays, which
measured the accumulation of lipid peroxidation, and the GSH deple-
tion experiments supported this conclusion (Figures 5D, 5E, S5F, and
S5G). Moreover, as exhibited by western blotting, miR-6077 induced
the expression of NRF2, a transcriptive factor, and its downstream
target genes SLC7A11 and NQO1, both of which contribute to
ferroptosis resistance, whereas this effect was markedly abrogated
by KEAP1 restoration (Figures 5F and S5H). However, in the PBS
group, the change in NRF2 and its downstream factors was not signif-
icant after miR-6077 transfection in the presence of ectopically over-
expressed KEAP1. This phenomenon might be explained by KEAP1-
dependent NRF2 degradation. In such conditions, the cells were not
subjected to external stress, so the NRF2 level was maintained at a
quite low level. Furthermore, when we ectopically overexpressed
KEAP1 in the LUAD cells, the NRF2 level was further suppressed,
and the impact of miR-6077 was abrogated by the rescue of
KEAP1. Therefore, the “double inhibition” on NRF2 made it difficult
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Figure 4. miR-6077 protects LUAD cells from CDDP/PEM-induced cell-cycle arrest by directly targeting CDKN1A

(A) Quantitative real-time PCR assay confirming the ectopic overexpression of CDKN1A in A549 cells. (B) Dose-toxicity curves showing the viability of A549 cells (with or

without CDKN1A overexpression) transfected with miR-NC1, miR-NC2, and miR-6077 upon CDDP/PEM treatment at the indicated concentrations for 48 h. (C–E) Colony

formation ability (C), cell-cycle proportion (D), and protein levels of CDKN1A and its downstream cell-cycle regulators (E) in A549 cells (with or without CDKN1A overexpres-

sion) transfected with miR-NC1, miR-NC2, and miR-6077 upon treatment with PBS or CDDP (10 mM)/PEM (1 mM) for 14 days (C) or 48 h (D and E). (F) Dose-toxicity curves

showing the viability of A549 cells (with or without CDKN1A overexpression) transfected with miR-NC1, miR-NC2, andmiR-6077 upon treatment with PEM and oxaliplatin or

carboplatin at the indicated concentrations for 48 h. Data are presented as the mean ± SD, n = 3 independent repeats. Unpaired, two-tailed t test; *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001; ns, not significant.
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for us to observe significant NRF2 alteration caused by miR-6077 in
such conditions.

We did not observe the effect of miR-6077 on KEAP1-mediated fer-
roptosis after the stimulation of CDDP/PEM in A549 because of the
G333C inactivating mutation. Therefore, to further verify the effects
of KEAP1 mutation status on miR-6077-induced CDDP/PEM resis-
tance, we designed an sgRNA specifically targeting the sequence
around the mutated nucleotides and a repair template containing ho-
mology arms flanking the site of alteration, in which several nucleo-
tides were substituted according to the wobble pairing rules, thereby
avoiding accidental excision by sgRNA (Figure 5G). The sgRNA and
the template sequence were co-transfected into A549 cells in the pres-
ence of Cas9. After clonal expansion, the efficiency of Cas9 cleavage
and homology-directed repair (HDR)-mediated target modification
was validated by both enzyme digestion reactions and Sanger
sequencing (Figure 5G), thus indicating that the mutated KEAP1 in
A549 had been successfully substituted by the wild-type sequence
via Cas9-mediated genome engineering. In the edited A549 cells,
similar assays were conducted, and we observed that miR-6077
induced upregulation of NRF2 and its downstream factors secondary
to KEAP1 inhibition, just as we have observed in H1299 and H358, as
well as exhibiting a protective effect against CDDP/PEM-induced fer-
roptosis (Figure S5I).
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Figure 5. miR-6077 protects LUAD cells from CDDP/PEM-induced ferroptosis by directly targeting KEAP1

(A) Quantitative real-time PCR assay confirming the ectopic overexpression of KEAP1 in H358 cells. (B) Dose-toxicity curves showing the viability of H358 cells with or without

KEAP1 overexpression transfectedwithmiR-NC1,miR-NC2, andmiR-6077 uponCDDP/PEM treatment at the indicated concentrations for 48 h. (C–F) Colony formation ability

(C), lipid peroxidation (D), relative glutathione levels (E), and protein levels of KEAP1 and its downstream ferroptosis regulators (F) in H358 cells (with or without KEAP1 overex-

pression) transfectedwithmiR-NC1,miR-NC2, andmiR-6077 upon treatment with PBSor CDDP (20 mM)/PEM (2 mM) for 14 days (C) or 48 h (D–F). (G) Schematic outline of the

CRISPR-Cas9-mediated homology-directed repair (HDR) in A549cells. ThemutatedKEAP1was replaced by awild-type sequence. Agarosegel electrophoresis confirming the

successful HDR in A549 cells, and the introduced repair template containing homology arms was digested by ApaI enzyme as expected. (H and I) Lipid peroxidation (H) and

relative glutathione levels (I) in A549-HDR cells transfected with miR-NC1, miR-NC2, and miR-6077 upon treatment with PBS or CDDP (20 mM)/PEM (2 mM) for 48 h. Data

are presented as the mean ± SD, n = 3 independent repeats. Unpaired, two-tailed t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Figure 6. GMDS-AS1 and LINC01128 sensitize LUAD to CDDP/PEM and function as sponges for miR-6077 in LUAD

(A) Flowchart displaying the screening process of lncRNAs potentially interacting with miR-6077. (B) Bar plot showing that the overexpression of selected lncRNAs leads to

altered sensitivity to CDDP (20 mM)/PEM (2 mM) treatment in H1299. (C) Relative expression levels of selected lncRNAs in H1299 and H1299-CDDP/PEM-resistant cells.

(D and E) Dose-toxicity curves showing the viability of H358 (D) and H1299 (E) cells (with or without GMDS-AS1/LINC01128 overexpression) transfected with miR-NC1, miR-

NC2, and miR-6077 upon CDDP/PEM treatment at the indicated concentrations for 48 h. Blue asterisks represent the significance of comparison between GMDS-AS1-

overexpressing H1299 transfected with miR-NC and with miR-6077, while red asterisks represent that of LINC01128-overexpressing H1299. (F) The predicted target sites

of miR-6077 in GMDS-AS1 and LINC01128. (G) Luciferase reporter plasmids containing wild- or mutant-type GMDS-AS1 (left) and LINC01128 (right) were co-transfected

into HEK293T cells with miR-NC1, miR-NC2, or miR-6077. Bar plots exhibit the luciferase activity of the transfected cells. (H) RNA pull-down followed by western blotting

showing a possible interaction between Ago2 and GMDS-AS1 or LINC01128. (I) RIP assay of the enrichment of GMDS-AS1, LINC01128, miR-6077, CDKN1A, and KEAP1

transcripts on Ago2 relative to IgG in H1299 cells. (J) RIP assay showing that overexpression of GMDS-AS1 or LINC01128 disrupts the interactions between miR-6077 and

CDKN1A or KEAP1. Data are presented as the mean ± SD, n = 3 independent repeats. (K and L) Quantitative real-time PCR assay confirming the ectopic overexpression of

GMDS-AS1 and LINC01128 in H358 (K) and H1299 (L) cells. Unpaired, two-tailed t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Collectively, from two perspectives, our findings demonstrated that
miR-6077 confers LUAD cell CDDP/PEM resistance by inhibiting
KEAP1, thus protecting cells against ferroptosis.

GMDS-AS1 and LINC01128 sensitize LUAD to CDDP/PEM by

acting as a sponge for miR-6077

To further explore the upstream regulating mechanisms of miR-6077,
considering that long non-coding RNAs (lncRNAs) can act as
sponges for miRNAs, we screened five candidate lncRNAs by inte-
grating the results from our miRNA pull-down and the online
predictive tool LncBase (http://carolina.imis.athena-innovation.gr/
diana_tools/web/index.php). The inclusion criteria and screening
process are summarized in Figure 6A. Next, the potential functions
of the candidates in the regulation of chemosensitivity were prelimi-
narily assessed with cytotoxicity assays and qPCR, in which GMDS-
AS1 and LINC01128 were selected for subsequent experiments,
because they not only diminished H1299 resistance to CDDP/PEM
but also exhibited lower expression in H1299-CDDP/PEM-resistant
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 375
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cells (Figures 6B and 6C). The results from cytotoxicity assays
extended to H358, as well as other doses of CDDP/PEM
(Figures 6D and 6E).

We found that the upregulation of GMDS-AS2 and LINC01128
decreased miR-6077 expression but increased CDKN1A and
KEAP1 in different LUAD cell lines (Figure S6A), suggesting that
the two lncRNAs may sensitize cells to CDDP/PEM at least partially
by inhibiting miR-6077 expression in LUAD. Next, we tried to
demonstrate the regulating relationship between the two lncRNAs
and miR-6077 from the perspective of molecular structure. First, we
constructed luciferase reporters containing wild-type or mutant
GMDS-AS1 and LINC01128, to verify whether the two lncRNAs
directly boundmiR-6077 as a sponge. In themutant sequences, all po-
tential target sites were replaced to eliminate unexpected conjugation
as thoroughly as possible (Figures 6F and S6B). Both the wild-type
and the mutant plasmids were introduced into 293T cells together
with the miR-6077 mimic. As expected, only the wild-type GMDS-
AS1 and LINC01128 significantly attenuated the luciferase activity,
whereas the mutant groups did not (Figure 6G). This finding eluci-
dated that GMDS-AS1 and LINC01128 directly bind miR-6077
through their recognition sites. Moreover, to clarify the two lncRNAs’
roles in the miR-6077-CDKN1A/KEAP1 axis, we performed lncRNA
pull-down followed by western blotting. The results indicated
possible interactions between lncRNAs and argonaute (Ago2), a key
component of the RNA-induced silencing complex (RISC), which
is involved in miRNA-mediated mRNA repression (Figure 6H). Sup-
porting this conclusion, RNA binding protein immunoprecipitation
(RIP) experiments were performed on H1299 cell extracts with anti-
bodies specifically against Ago2. As shown in Figures 6I and 6J,
GMDS-AS1, LINC01128, miR-6077, CDKN1A, and KEAP1 inter-
acted with Ago2, and ectopic overexpression of the two lncRNAs re-
sulted in enhanced enrichment on Ago2, but substantially decreased
enrichment on CDKN1A and KEAP1. Collectively, GMDS-AS1 and
LINC01128 serve as sponges and compete with downstream
CDKN1A/KEAP1 for miR-6077-containing RISCs, thus preventing
degradation of their mRNAs.

On the basis of the above findings, we stably introduced GMDS-AS1
and LINC01128 viral vectors into H358 and H1299 cells to explore
the actual pathophysiological significance; the overexpression effi-
ciency was validated by qPCR (Figures 6K and 6L). After exposure
to CDDP/PEM, the overexpression of the two lncRNAs markedly
increased the magnitude of G2/M arrest, lipid peroxidation, and
Figure 7. Overexpression of GMDS-AS1 and LINC01128 augments the magnitu

miR-6077, and inhibiting miR-6077 results in chemosensitivity to CDDP/PEM i

(A–D) Cell-cycle analyses (A), lipid peroxidation (B), glutathione levels (C), and protei

LINC01128-overexpressing H358 cells transfected with miR-NC1, miR-NC2, and miR-6

tive expression levels of miR-6077 (E) and CDKN1A and KEAP1 (F) in H1299 and H1299

CDKN1A and KEAP1 in H1299-CDDP/PEM-resistant cells transfected with miR-NC1, m

for 48 h. (H) Single-cell sequencing data displaying the sample origin (top) and expression

receiving or not receiving neoadjuvant CDDP/PEM treatment. (I–L) Dose-toxicity curves

(L) in H1299-CDDP/PEM-resistant cells transfected with miR-NC1, miR-NC2, and m

**p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
GSH depletion, generating effects opposite those of miR-6077
(Figures 7A–7C and S7A–S7C). Likewise, in addition to CDKN1A
and KEAP1 upregulation, transfection of the two lncRNAs dramati-
cally decreased the levels of signaling molecules involved in the regu-
lation of G2/M transition and ferroptosis, as discussed above
(Figures 7D and S7D). In contrast, these phenomena were partially
abrogated by ectopic restoration of miR-6077, whereas the effects of
the two lncRNAs decreased significantly in the absence of miR-
6077 (Figures 7A–7D and S7A–S7F). These results demonstrated
that GMDS-AS1 and LINC01128 function by targeting miR-6077
as competing endogenous RNAs regulating CDKN1A and KEAP1
expression, thereby stimulating cell-cycle arrest in G2/M phase or fer-
roptosis when the LUAD cells were treated with CDDP/PEM and
facilitating chemoresistance.

Knockdown of miR-6077 sensitizes LUAD to CDDP/PEM

When comparing the expression levels of miR-6077 in chemosensi-
tive H1299 and chemoresistant H1299-CDDP/PEM cell lines, we
observed upregulation in the latter (Figure 7E). In agreement with
our results from tumor samples from patients with LUAD (Fig-
ure 1H), this finding further verified that miR-6077 is a feature of tu-
mor cells that have developed CDDP/PEM resistance. Because its
direct targets, CDKN1A and KEAP1, exhibited opposite trends in
H1299-CDDP/PEM (Figure 7F), we transfected H1299-CDDP/
PEM cells with miROFF-6077 inhibitor and observed the upregula-
tion of CDKN1A and KEAP1 (Figure 7G). Furthermore, our findings
from scRNA-seq supported this result. As shown in Figure 7H, the
cell populations derived from CDDP/PEM-treated groups were char-
acterized by greater expression of CDKN1A and KEAP1 in compar-
ison with those that did not receive neoadjuvant chemotherapy.
Because tumor samples were resected 2–4 weeks after neoadjuvant
therapy, we inferred that the residual tumor cells were somewhat
more resistant to CDDP/PEM than the untreated cells, given that
the sensitive cells had been eliminated by the combination chemo-
therapy. Therefore, the upregulation of CDKN1A and KEAP1 in
the treated groups could be explained by the long-term killing effect
of CDDP/PEM chemotherapy, which led to a “natural selection” of
the CDDP/PEM-resistant LUAD cells.

Moreover, in both the absence and the presence of miR-6077 inhib-
itors, the ferroptosis inhibitors could partially but not completely
rescue CDDP/PEM-induced cell death in H1299-CDDP/PEM cells
(Figure S7G). This phenomenon further suggested that, in addition
to traditional programmed cell death mechanisms such as apoptosis
de of CDDP/PEM-caused G2/M arrest and lipid peroxidation by inhibiting

n LUAD cells

n levels of CDKN1A/KEAP1 and their downstream molecules (D) in GMDS-AS1/

077 upon treatment with PBS or CDDP (20 mM)/PEM (2 mM) for 48 h. (E and F) Rela-

-CDDP/PEM-resistant cells. (G) Western blotting assay showing the protein levels of

iR-NC2 inhibitor, and miR-6077 inhibitor upon CDDP (20 mM)/PEM (2 mM) treatment

levels of CDKN1A (middle) and KEAP1 (bottom) of tumor cells derived from patients

(I), cell-cycle analyses (J), lipid peroxidation levels (K), and relative glutathione levels

iR-6077 upon PBS or CDDP (20 mM)/PEM (2 mM) treatment for 48 h; *p < 0.05,
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and necroptosis, ferroptosis also contributes to CDDP/PEM death.
Meanwhile, knockdown of miR-6077 by the inhibitor decreased the
chemoresistance in H1299-CDDP/PEM and aggravated cell-cycle ar-
rest and ferroptosis induced by chemotherapy (Figures 7I–7L). These
results are in line with our observations described above, and demon-
strated that miR-6077 contributes to LUAD resistance to CDDP/
PEM by regulating cell-cycle progression and ferroptosis by directly
binding to CDKN1A and KEAP1.

miR-6077 promotes LUAD cell tolerance to CDDP/PEM in vivo

We next functionally validated the findings obtained above in vivo.
Subcutaneously transplanted xenograft tumors derived from H1299
cells with intratumoral injection of miR-6077 agomir and intraperito-
neal treatment with CDDP/PEM exhibited a dramatically lower tu-
mor growth rate and tumor mass compared with those without
CDDP/PEM treatment or with those treated with CDDP/PEM
without miR-6077 administration (Figures 8A–8C). Meanwhile,
we examined the effects of intratumoral injection of miR-6077 in
H1299 cells stably overexpressing both CDKN1A and KEAP1. As
shown in Figures 8A–8C, a significant reduction in tumor weight
and proliferation rate was observed in the overexpressing cells
after CDDP/PEM treatment, which diminished the protective effect
generated by miR-6077. Together, these findings demonstrated that
miR-6077 promotes LUAD cell tolerance to CDDP/PEM in vivo by
targeting CDKN1A and KEAP1.

Furthermore, we also developed a patient-derived xenograft (PDX)
model from three patients with LUAD and evaluated the effects of in-
tratumorally injected miR-6077 or miR-NC on chemoresistance. The
PDX mice with miR-6077 ectopic overexpression exhibited higher
resistance to CDDP/PEM, thus suggesting that miR-6077 also confers
chemoresistance in the microenvironment of human LUAD samples
and may serve as a promising therapeutic target (Figures 8D–8F).

DISCUSSION
Chemotherapeutic agents such as CDDP and PEM are the mainstay
of treatment for advanced LUAD. However, understanding themech-
anism underlying the acquisition of chemoresistance, the major cause
of treatment failure and tumor relapse, remains preliminary. In this
research, among a panel of CRISPR-Cas9-screened miRNAs poten-
tially associated with the CDDP/PEM desensitization phenotype,
we studied the effects of miR-6077 and its mechanism of action in
depth. A recent study has proposed that miR-6077 sensitizes LUAD
cells to anlotinib by repressing the activation of GLUT1,33 whereas
its involvement in LUAD response and sensitivity to CDDP/PEM
Figure 8. Ectopic overexpression of miR-6077 in H1299 cells confers resistanc

(A–C) Growth curves (A), image (B), and weights (C) of the xenograft tumors of sacrifice

CDKN1A/KEAP1 overexpression were used to form the xenograft tumor subcutaneousl

into NSGmice to form the PDXmodels, and the animals were treated with CDDP/PEM a

weights (F) of the PDX tumors are shown. (G) A schematic diagram indicating the mecha

induced G2/M arrest and ferroptosis by specifically targeting CDKN1A and KEAP1, resp

chemoresistance greatly limits its curative potential. We found that miR-6077 promotes c

ated ferroptosis. Our discovery provides a novel therapeutic strategy for clinical practic
has never been reported. Mechanistically, on the basis of miRNA
pull-down and RNA-seq, we observed that miR-6077 confers
LUAD resistance to CDDP/PEM combination chemotherapy by
directly binding the 30 UTRs of CDKN1A and KEAP1, thereby medi-
ating CDDP/PEM-induced cell death by initiating cell-cycle arrest
and ferroptosis, respectively. Moreover, discovery of the two lncRNAs
that serve as sponges for miR-6077, GMDS-AS1, and LINC01128
further contributed to an integrated understanding of the miR-
6077-mediated signaling pathway.

Several studies have used loss- or gain-of-function screens to identify
potential key molecules, including genes, miRNAs, lncRNAs, and
circRNAs, that regulate tumor cell sensitivity to various chemother-
apies.34–36 However, most of them have utilized only short hairpin
RNA or focused on small subsets of genes and have obtained distinct
conclusions. The RNA-guided CRISPR-associated nuclease Cas9 pro-
vides an effective means of introducing targeted loss-of-function mu-
tations at specific sites in the genome using the guiding effect of
sgRNA, which can be generated and modified at large scale through
array-based oligonucleotide library synthesis. The potential of this
novel technique for pooled genome-scale functional screening has
been verified in numerous studies in recent years.37–40 Herein, we im-
plemented an unbiased genome-scale CRISPR-Cas9 screening strat-
egy to systematically capture the breadth of genetic features tightly
associated with the LUAD response to CDDP/PEM, thus providing
inspiration for future studies in this area. Through comprehensive
functional experiments, we revealed that CDDP/PEM-resistant cells
or tumor tissues are characterized by augmented miR-6077 expres-
sion, and it confers on LUAD cell lines resistance to CDDP/PEM
both in vitro and in vivo, as well as leading to poorer prognosis and
tumor relapse in patients with LUAD. These results are in line with
the findings derived from CRISPR-Cas9 screening, thus further
implicating the critical role of miR-6077 in this biological process
(Figure 8G).

Emerging evidence indicates the induction of CDKN1A by p53 upon
DNA damage caused by chemotherapy or radiotherapy in different
types of cancer, which is in line with our results from RNA-seq and
western blotting.22,24,41–43 However, the exact function of CDKN1A
in the regulation of cancer cell sensitivity to treatments that exert
cytotoxicity by interfering with the stability and synthesis of genetic
materials varies among tumor types.18,29,44–46 This variation may be
explained by the participation of CDKN1A as a master effector in
multiple tumor-suppressor pathways that are tightly intertwined,
such as cell-cycle arrest, apoptosis, senescence, and DNA repair.24
e to CDDP/PEM in vivo

d nude mice treated as indicated in each group (n = 8). H1299 cells with or without

y. (D–F) Tumor cells derived from three LUAD patients were subcutaneously injected

ndmiR-agomir as indicated for each group (n = 6). Growth image (D), curves (E), and

nism by which miR-6077 confers LUAD chemoresistance by mitigating CDDP/PEM-

ectively. CDDP plus PEM is the predominant therapeutic regimen for LUAD, whereas

hemoresistance by targeting CDKN1A-mediated cell-cycle arrest and KEAP1-medi-
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Through bioinformatic analysis based on both RNA-seq and scRNA-
seq, we observed the activation of several biological processes
involved in cell-cycle progression. It is widely accepted that
CDKN1A induces cell-cycle arrest in different phases and finally leads
to growth inhibition by restraining the expression and function of
various CDKs,24,42,47 notably causing G2/M arrest by blocking the
activating Thr161 phosphorylation on CDK1, also known as Cdc2,
a kinase required for entry into mitosis.23 As implied by our observa-
tions, the hypothesis that CDKN1A suppresses tumors by triggering
G2/M cell-cycle arrest in response to chemo-stimuli was verified by
our cytotoxic and cell-cycle tests, as well as corresponding rescue as-
says. Collectively, on the basis of the above-mentioned studies and the
direct targeting relationship between miR-6077 and CDKN1A, our
findings demonstrated that miR-6077 desensitizes LUAD cells to
CDDP/PEM by targeting CDKN1A and thus attenuating the conse-
quent G2/M arrest. However, several researchers believe that cell-cy-
cle arrest caused by elevated CDKN1A provides sufficient time for
DNA repair and enables cell survival.48 Therefore, when assessing
the role of CDKN1A-induced cell-cycle arrest in cancer cell sensi-
tivity, the balance between DNA repair and proliferation inhibition
should be considered.

Ferroptosis refers to an iron-dependent form of regulated cell death
induced by unrestricted lipid peroxidation and subsequent plasma
membrane rupture.26,27 Like other forms of regulated cell death, fer-
roptosis is tightly associated with multiple physical and pathological
processes in both normal and cancer cells. For example, Lei et al.
have indicated that ionizing radiation causes ferroptosis through
not only the production of ROS and lipid peroxidation, but also the
induction of ACSL4 expression.16 Given that, in addition to DNA
damage described above, CDDP and PEM exert their cytotoxicity
by triggering the excessive generation of ROS,13–15,49 our research
further confirmed that CDDP/PEM treatment may induce ferropto-
sis, a conclusion partially consistent with findings from a recent study
on CDDP’s role in the deletion of glutathione.50 Furthermore, studies
increasingly suggest that ferroptosis affects the efficacy of chemo-
therapy and radiotherapy,26,51,52 thus raising the intriguing question
of whether deficient ferroptosis might result in resistance to the com-
bination chemotherapy of CDDP plus PEM in patients with LUAD.

The role of the KEAP1-NRF2 pathway in the regulation of redox and
metabolic homeostasis has been explored for decades.31 Recently, its
critical role in the manipulation of ferroptosis has drawn attention.
Generally, NRF2 is a key regulator of the antioxidant response and
drug detoxification. Under homeostasis, low levels of NRF2 are main-
tained by KEAP1, which recruits a cullin 3-containing E3 ubiquitin
ligase complex to NRF2, thus resulting in proteasome-mediated
degradation.53,54 Under oxidative and toxic stress conditions, howev-
er, NRF2 is released from KEAP1 and translocated to the nucleus,
where it heterodimerizes with partner proteins such as Maf and sub-
sequently initiates the transcription of a series of ferroptosis-related
genes, such as SLC7A11, and genes encoding antioxidant response el-
ements, such as NQO1,30 by binding to their promoter regions, thus
protecting cells against the cytotoxic effects of chemotherapy. Several
380 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
studies have demonstrated that KEAP1/NRF2 signaling plays an
essential role in tumor cell sensitivity to chemotherapy, because
NRF2 activation or KEAP1 dysfunction caused by deletion or epige-
netic modifications increases resistance to CDDP, particularly in
LUAD, in which genes involved in the KEAP1/NEF2 pathway are
mutated in 22% of patients.55–57 Notably, the A549 cell line, which
is widely used in lung tumor research, is characterized by a loss-of-
function mutation at G333C. Therefore, it is reasonable to make
the deduction that tumor cell response to CDDP-based chemo-
therapy might be overcome by targeting the KEAP1/NRF2-mediated
disturbance of ferroptosis, as presented and verified in this study. Our
findings indicated that LUAD cell resistance to CDDP/PEM andmiti-
gated ferroptosis, driven by ectopically expressed miR-6077, was
rescued by restoration of the direct target KEAP1. Furthermore,
with the assistance of CRISPR-Cas9-mediated HDR, we replaced
the mutated KEAP1 in A549 cell lines with the wild type, and
observed the expected effects of miR-6077 on ferroptosis-related
markers, which were absent in the KEAP1-mutated genetic back-
ground. Notably, no researchers have previously integrated these
three key elements, referring to ferroptosis, KEAP1, and CDDP/
PEM resistance, altogether, while our study filled this gap.

lncRNAs have been well characterized to function as miRNA sponges
in the manipulation of diverse cellular processes.58,59 In the present
study, we confirmed that GMDS-AS1 and LINC01128 are primarily
located in the cytoplasm and compete with downstream CDKN1A
or KEAP1 for miR-6077-containing RISCs. Previous studies have re-
ported the indispensable roles of these two lncRNAs in tumor devel-
opment and progression in different tumor types.60–62 On the basis of
the above-mentioned binding between miR-6077 and these two
lncRNAs, as well as the functional experiments measuring cytotox-
icity, cell-cycle percentage, and ferroptosis, we determined that
GMDS-AS1 and LINC01128 sensitize LUAD cells to CDDP/PEM
by negatively regulating the miR-6077-CDKN1A/KEAP1 axis.

In summary, this study provides the first reported comprehensive ev-
idence that miR-6077 drives resistance to CDDP/PEM and is a prog-
nostic biomarker for patients with LUAD receiving combination
chemotherapy. We elucidated that specific targeting of CDKN1A
and KEAP1 is the molecular mechanism through which miR-6077
mitigates G2/M arrest and ferroptosis induced by exposure to
CDDP/PEM. Furthermore, GMDS-AS1 and LINC01128 function
as miRNA sponges, thereby generating effects opposite those of
miR-6077 in the regulation of LUAD chemoresistance. Therefore,
these findings have significant implications regarding our under-
standing of the development of MDR of LUAD, and targeting the
diverse molecules described above may provide novel therapeutic
strategies for LUAD insensitive to CDDP/PEM treatment.

MATERIALS AND METHODS
Cell lines

All cells were cultured in a 37�C incubator in a humidified 5% CO2

atmosphere. The human LUAD cell line A549, H358, and human em-
bryonic kidney 293 (HEK293T) cells were cultured in high-glucose
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Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (Every Green, Zhe-
jiang, China) and 100 U/mL penicillin/streptomycin/amphotericin B
(Sangon Biotech, Shanghai, China). The LUAD cell line H1299 was
maintained in RPMI 1640 medium (Hyclone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (Every Green, Zhejiang,
China) and 100 U/mL penicillin/streptomycin/amphotericin B (San-
gon Biotech). The CDDP/PEM-resistant subline H1299-CDDP/PEM
was established in our laboratory by culturing H1299 cells in gradu-
ally increasing concentrations of CDDP/PEM (up to 2 and 0.2 mM,
respectively) and was cultured in complete RPMI 1640 medium
containing 2 mM CDDP and 0.2 mM PEM for the maintenance of
resistance. All primary cell lines were purchased from the Chinese
Academy of Science Cell Bank as we previously described.63

Compounds

CDDP (T1564), PEM (T6226), oxaliplatin (T0164), carboplatin
(T1058), erastin (T1765), ferrostatin-1 (T6500), and deferoxamine
(DFO; T1637) were purchased from Topscience (USA). The first
three compounds were dissolved in PBS (Beyotime, Shanghai, China)
and the last three in DMSO (Beyotime), according to their solubility,
and then stored at �20�C.

CRISPR-Cas9 screening

The RNA-guided CRISPR-Cas9 knockout screening system was
adapted from the sequences published by Zhang and colleagues,37

which contain a pooled genome-wide sgRNA library targeting
20,060 protein-coding genes and 1,854 miRNAs (six independent
sgRNAs per gene). The library of sgRNAs was obtained from Gene-
chem (Shanghai, China). For subsequent genome-wide screening,
the optimal volumes of lentivirus (MOI), puromycin, and CDDP/
PEM were determined in the A549 cell line through multi-point
dose-response assays in advance.

After cell culture and amplification, 1 � 108 A549 cells were resus-
pended in 50 mL fresh medium containing 2% Hitrans G P transfec-
tion reagent (Genechem) and lentivirus sgRNA library at an MOI of
0.8, and seeded in a 245� 245 mm cell dish (Corning, NY, USA). The
next day, the culture medium was replaced with fresh medium. At
72 h after transduction, 1.2 mg/mL puromycin was added into the
dish. After puromycin selection for 48 h, 3 � 107 cells were trypsi-
nized and harvested, which represented day 0 (D0), indicating the
baseline level of sgRNA. The remaining cells were seeded into new
dishes at the density of 3 � 107 cells per dish. After 24 h, the cells
were continuously exposed to 2 mM CDDP plus 0.2 mM PEM or
PBS. Cells were cultured and passaged as needed to ensure a conflu-
ence lower than 90%. After 7 or 14 days of treatment, at least 3 � 107

cells from each group were harvested for subsequent processing.

Next, genomic DNA from the five groups (D0, D7-PBS, D7-CDDP/
PEM, D14-PBS, and D14-CDDP/PEM) was extracted with a
TIANamp Genomic DNA kit (TIANGEN, Beijing, China) and quan-
tified according to the manufacturer’s protocol. PCR amplification
was performed with 2� Seeley Max Master Mix (Seeley, Shanghai,
China) with primers specific to the genome-integrated lentiviral vec-
tor backbone sequence. The PCR products were purified and prepro-
cessed (conjugation with primers specific to Illumina sequencing)
with a NEBNext Ultra DNA Library Prep Kit for Illumina (NEB,
USA), qualified by Agilent 2100 (Agilent Technologies, Palo Alto,
CA, USA), and quantified with Qubit 2.0 (Invitrogen, Carlsbad,
CA, USA). Finally, the samples were subjected to paired-end
sequencing on the Illumina HiSeq platform (Illumina, San Diego,
CA, USA). Raw sequencing reads were processed and analyzed in R
(R Foundation for Statistical Computing, Vienna, Austria). The
limma package was used to evaluate differential sgRNA enrichment
before (D0) and after (D7 or D14) treatment, shown as log2 (fold
change). DlogFC indicates [logFC(CDDP/PEM) � logFC(PBS)] for D7
or D14.

miRNA mimic/inhibitor transfection

The sequences of miRNA mimics (RiboBio, Guangzhou, China) and
inhibitors (RiboBio) are listed in Table S1. We confirmed that the
miR-NCs, which were derived from cel-miR-293b-5p and cel-miR-
67-3p, did not specifically target any mRNAs in the human genome.
The cells were seeded into six-well plates at 60%–80% confluence. The
next day, the medium was replaced with fresh medium containing
miRNA mimics (150 mM) or inhibitors (200 mM) and Lipo8000
(Beyotime) as the transfection reagent. The cells were harvested for
subsequent analyses 48 h after transfection.

Cell viability assays

For cytotoxicity assays, 5,000 cells per well were seeded in quintupli-
cate in 96-well plates and incubated for 24 h. Cells were treated with
different doses of chemotherapy drugs for 48 h as required. For cell
proliferation assays, the cells were seeded at a density of 1,000 cells
per well and incubated for 0, 24, 48, 72, 96, and 120 h at 37�C. Cell
viability was measured with a CellTiter-Lumi kit (Beyotime) accord-
ing to the manufacturer’s instructions. For high-content analysis,
GFP-overexpressing A549 cells were treated as indicated, and the
cell proliferation was dynamically monitored according to corre-
sponding fluorescence intensity using Celigo cytometer (Cyntellect,
San Diego, CA, USA) equipped with a 4-megapixel CCD camera
with an F-theta scan lens.

Colony formation assays

Cells were seeded into six-well plates at a density of 500 cells for A549
and 3,000 cells for H1299 and H358 per well in logarithmic growth
phase. After being cultured in complete culture medium for
14 days, the cells were fixed with 4%methanol for 30 min and stained
with 1% crystal violet.

Quantitative real-time PCR

RNA extraction and quantitative real-time PCR were performed as
previously described.63 Total RNA was extracted from tissues or cells
with TRIzol reagent (TIANGEN), and cDNA was synthesized with a
Hifair II First-Strand cDNA Synthesis Kit (gDNA Digester Plus,
YEASEN, China). qPCR was performed with a Hifair III One-Step
RT-qPCR SYBR Green Kit (YEASEN), and triplicate samples were
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run on an ABI QuantStudio 5 real-time PCR system (Thermo Fisher,
USA). The threshold cycle (Ct) values for each gene were normalized
to those of GAPDH as an endogenous calibrator, and the 2�DDCt

method was used for quantitative analysis. The primers used were
synthesized by Sangon Biotech and are listed in Table S2. To confirm
the expression of miR-6077, we isolated RNA with a miRcute miRNA
Isolation Kit (Qiagen, Germantown, MD, USA), and the reverse tran-
scription and qPCR were performed with a miRcute Plus miRNA
First-Strand cDNA Kit and miRcute Plus miRNA qPCR Kit (SYBR
Green, Qiagen), respectively. Small nuclear RNA (U6) was used as
an endogenous calibrator.

Patients and tumor specimens

In total, tumor samples of 31 patients with LUADwere obtained from
the Department of Thoracic Surgery, Zhongshan Hospital, Fudan
University, 20 of which were used to assess the correlation between
patients’ resistance to CDDP/PEM and miR-6077 levels (denoted
cohort A; all patients received treatment with standard combination
chemotherapy of CDDP plus PEM before surgery), and 8 were sub-
jected to 10� scRNA-seq (denoted cohort B; 4 received preoperative
CDDP/PEM and 4 did not). The remaining 3 were used to establish a
PDX model. The patients underwent curative resection during 2020–
2021. All patients provided written informed consent to conduct
genomic studies in accordance with the ethical principles of the
Declaration of Helsinki. All pulmonary resections were performed
by experienced thoracic surgeons in our institution, and resected tu-
mors were all labeled in the operating theater and reviewed by at least
two qualified pathologists to confirm the diagnosis of LUAD through
hematoxylin and eosin-stained sections and immunochemical anal-
ysis. Patients in cohort A were further defined as sensitive (complete
response or partial response) or resistant (stable disease or progres-
sive disease) according to RECIST edition 1.1. The baseline informa-
tion for the patients involved in this study is summarized in Table S3.
This study was approved by the Ethics Committee of Zhongshan
Hospital, Fudan University (B2022–180).

Fluorescence-activated cell sorting

The tumor cells were isolated from the bulk samples obtained from
patients in cohort A by fluorescence-activated cell sorting, as
described in our previous publication.64 Briefly, after surgical resec-
tion, samples were immediately collected and then dissociated into
a single-cell suspension with a Tumor Dissociation Kit (Miltenyi Bio-
tec, Gladbach, Germany). Single cells were resuspended and incu-
bated with 20 mg/mL human IgG (Sigma-Aldrich, St. Louis, MO,
USA) for 15 min to block non-specific antibody binding. Subse-
quently, cells were incubated with fluorescently labeled primary anti-
body (Table S4) for 30 min on ice, and this was followed by stained
cell quantification and sorting on a FACSAria III instrument (BD Bio-
sciences, USA). The sorted cells were subsequently subjected to qPCR.

Pull-down assays with biotinylated miRNA

The capture of miR-6077-bound competing endogenous RNAs in
pull-down assays was performed as previously described.65 The
biotin-labeled miR-6077 mimic probe was synthesized by RiboBio.
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A549 cells were transfected with biotinylated miR-6077 (150 nM)
and harvested, lysed, and sonicated at 24 h after transfection. The
biotin-coupled RNA complex was pulled down by incubating the
cell lysates with streptavidin-coated magnetic beads (Beyotime) on
a rotator at 37�C for 1 h. Next, the bound RNA was washed and pu-
rified with a RNeasy Mini Kit (Qiagen) and then subjected to quan-
titative real-time PCR or RNA-seq.

RNA sequencing and bioinformatic analysis

RNA obtained from miR-6077-transfected cells or pull-down assays
was subjected to library construction (performed with Agilent2100/
2200 and Qubit instruments as described above) and sequencing (Il-
lumina). We used TopHat (v.2.0.13)66 and hisat267 to map the clean
reads to each gene and normalized the raw data to Fragments Per
Kilobase of exon model per Million mapped fragments (FPKM) for
subsequent analyses. Bioinformatics analyses were performed as pre-
viously described.68,69 DEGs were identified with the limma package,
which implements an empirical Bayesian approach to estimate gene
expression changes by using the moderated t test.70 |log FC| > 0.5
and p < 0.05 were considered cutoff criteria to screen for DEGs. Func-
tional enrichment analyses of the detected DEGs were performed
with the clusterProfiler package. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) terms were identified
with a cutoff of p < 0.05. We also identified pathways that were up-
or downregulated in preoperatively CDDP/PEM-treated or untreated
patients with GSEA.71 Gene sets for analysis were obtained from the
MSigDB database: M14052 for cell-cycle G2/M phase transition and
M39768 for ferroptosis.

Western blotting

Western blotting was performed according to standard procedures as
previously described.63 Proteins were extracted from cells with RIPA
buffer (Beyotime) with protease and phosphatase inhibitor cocktail
(Beyotime) and quantified with an Enhanced BCA Protein Assay
Kit (Beyotime). Protein concentrations were determined with a Bicin-
choninic Acid Protein Assay Kit (YEASEN) and were then boiled in
5� SDS-PAGE loading buffer (EpiZyme, Shanghai, China) for
10 min at 100�C. Next, proteins were separated by SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Merck-Millipore,
Burlington, MA, USA) (constant current 0.25–0.30 A, 70–90 min).
The membranes were blocked with 5% non-fat milk for 1 h and
then incubated with specific primary antibodies for 12 h at 4�C. After
the membranes were washed three times with Tris-buffered saline-
Tween solution, the secondary antibody dilutions were incubated
with the membranes at room temperature for 1 h. Finally, the protein
bands were visualized with a Moon chemiluminescence reagent kit
(Beyotime). Tubulin served as the internal reference. All antibodies
used in this research are listed in Table S4.

Dual-luciferase reporter assays

The 30 UTR sequences of CDKN1A and KEAP1, as well as GMDS-
AS1 and LINC01128, or the corresponding mutated sequences on
the predicted target sites, were cloned into the phy-811@7 dual lucif-
erase reporter vector (Hanyin Technology, Shanghai, China). All
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constructs were verified by direct sequencing. HEK293T cells were
seeded on a polylysine-treated 24-well plate at 60%–80% confluence.
After 24 h, the cells were co-transfected with 200 nM miR-6077
mimics and 400 ng of the wild-type or mutant plasmids constructed
as above with Lipo8000 (Beyotime) as the transfection reagent. At
48 h after transfection, the cells were collected, and dual-luciferase re-
porter assays were conducted with a Luciferase Reporter Gene Assay
Kit (Beyotime), as directed by the manufacturer. Luciferase activity
was detected with a Microplate spectrophotometer (Bio-Rad, Hercu-
les, CA, USA).

Single-cell sequencing

The detailed information for the eight LUAD tumor samples (cohort
B) obtained from our institute is summarized in Table S2. Tissue pro-
cessing, scRNA-seq, and data analyses were performed as previously
described.72,73 Briefly, after surgical resection, samples were immedi-
ately collected, dissociated into single-cell suspensions, and subjected
to scRNA-seq on the Illumina sequencing platform. The sequencing
data analyses, including quality control, data normalization, highly
variable feature selection, scaling, dimension reduction, and uniform
manifold approximation and projection (UMAP), were performed
with the Seurat package according to standard procedures.74 We an-
notated the separated cell populations according to the CellMarker
dataset and our previous studies.72,73 Finally, the clusters representing
tumor cells were extracted and labeled with their sample type of origin
for downstream analysis.

Cell-cycle analysis

The cells were seeded in six-well plates at 50%–60% confluence and
treated as indicated 24 h after plating. After 48 h, the cells were har-
vested and fixed in 70% ice-cold ethanol overnight and then stained
with propidium iodide in the presence of RNase A (Beyotime). Fluo-
rescence intensity was measured with an Accuri 6 cytometer (BD Bio-
sciences). The percentages of cells in G0/G1, S, and G2/M phases were
analyzed in ModFit LT software (Verity Software House, Topsham,
ME, USA).

Lipid peroxidation assays

After incubation with various treatments for 48 h, the cells were har-
vested and washed with PBS. Next, the cells were incubated in fresh
medium containing 4 mMBODIPY 581/591 C11 dye (Thermo Fisher,
USA) for lipid peroxidation measurements at 37�C in a humidified
5% CO2 atmosphere. After 30 min of incubation, the cells were
washed with PBS, and the lipid peroxidation levels were assessed
with an Accuri 6 cytometer. The results were analyzed in FlowJo soft-
ware (TreeStar, Woodburn, OR, USA).

Determination of reduced GSH levels

The treated cells were harvested to determine cell number, and nearly
6 � 105 live cells from each sample were transferred to new tubes,
washed in PBS, and centrifuged at 1,200 rpm at 4�C for 5 min. The
cell pellets were resuspended in 60 mL protein removal solution, thor-
oughly mixed, and incubated at �196�C (liquid nitrogen) and 37�C
sequentially twice for fast freezing and thawing and then incubated
at 4�C for 5 min and centrifuged at 10,000� g for 10 min. The super-
natant was extracted to determine the amount of GSH in the sample.
This assay was conducted with a GSH and GSSG Assay Kit (Beyo-
time) according to the manufacturer’s protocol.

Transmission electron microscopy

Treated cells cultured in 6-cm dishes were fixed with a solution
containing 2.5% glutaraldehyde. After being washed in 0.1 M
phosphate buffer (pH 7.4) three times, cells were postfixed with
phosphate buffer containing 1% osmic acid, followed by washing
in 0.1 M phosphate buffer (pH 7.4) another three times. After
dehydration and embedding, samples were incubated in a 60�C
oven for 48 h. Ultrathin sections were prepared and stained with
lead citrate and uranyl acetate. After drying overnight, the sections
were examined with a Hitachi transmission electron microscope
(Hitachi, Japan).

Homology-directed repair with the CRISPR-Cas9 system

This assay was performed according to the protocol provided by Ran
et al.75 Briefly, sgRNA specifically targeting the sequence around the
mutated nucleotides was generated with the Crispick online tool
(https://portals.broadinstitute.org/gppx/crispick/public). The final
sequences of the sgRNA and repair template are listed in Table S5.
sgRNA, repair template, and Cas9 expression plasmid were synthe-
sized by Genechem. For subsequent selection, a puromycin-resistance
gene was introduced into the plasmid encoding Cas9, and an ApaI re-
striction enzyme cutting site was introduced into the sequence of the
repair template.

First, A549 cells were plated in six-well plates at 4� 105 cells per well
and transfected with siRNAs for Ku70, Lig4, and XRCC4 on the next
day to inhibit non-homologous end joining, thus increasing the effi-
ciency of the HDR.76–78 The siRNAs were purchased from Hanyin
Technology (Shanghai, China), and the sequences are listed in
Table S5. After 24 h, the transfected A549 cells were further simulta-
neously co-transfected with the three plasmids containing the above-
mentioned sgRNA, repair template, and Cas9 and then selected with
puromycin. Lipo8000 was used as the transfection reagent in these
two steps.

At 48 h after transfection and selection, cells were isolated through se-
rial dilution to form the clonal cell populations. After 2 weeks’ expan-
sion, to assess the efficiency of Cas9 cleavage and HDR-mediated
target modification, we extracted genomic DNA from the transfected
cell populations and amplified it using the Taq PCRMaster Mix (BBI
Life Sciences, Shanghai, China). The PCR products were incubated
with ApaI enzyme (Takara, Kusatsu, Japan) overnight for thorough
digestion. Next, the undigested and digested genomic DNA was sepa-
rated with 2% agarose gel electrophoresis (BIOWEST, France) with
TAE (Sangon Biotech) running buffer at 120 V for 30 min. The bands
were examined via UV irradiation, and the clonal cell populations ex-
hibiting multiple digested bands were subjected to Sanger sequencing
(Sangon Biotech) for final confirmation of the effective HDR-medi-
ated target modification. The cell clones in which the mutated
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KEAP1 was successfully replaced by the repair template were main-
tained for further selection.
Lentivirus transduction

For the establishment of cell lines with stable CDKN1A or KEAP1
overexpression, the lentivirus vectors for CDKN1A, KEAP1,
GMDS-AS1, and LINC01128, and corresponding negative control se-
quences, were obtained from Hanyin Technology. A total of 5 � 104

cells were seeded into 12-well plates. After 24 h, lentivirus was added
at an MOI of 10, cells were cultured in complete medium containing
5 mg/mL polybrene for 12–16 h, and the culture medium was replaced
with fresh medium. At 72 h after transduction, the cells were subse-
quently propagated in selection medium containing 2.5 mM puromy-
cin (Hanyin Technology).
RNA immunoprecipitation assays

RIP assays were performed with a Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, MA, USA) according to the
manufacturer’s instructions. Briefly, the cells were harvested and
lysed with RIP lysis buffer and then incubated with RIP buffer supple-
mented with magnetic beads conjugated with human antibodies to
Ago2 and normal mouse IgG (negative control; Millipore) overnight
at 4�C. Next, the co-precipitated RNA was purified as directed by the
manufacturer and analyzed by qPCR.
Cell-line-derived nude mouse tumor xenograft model

All animal studies were conducted in compliance with the policies of
the animal ethics committee of the Fudan University. Four-week-old
male BALB/c nude mice were purchased from the Laboratory Animal
Center of Shanghai Medical college and maintained under pathogen-
free conditions. For each nude mouse, 4 � 106 H1299 cells subjected
to various treatments were resuspended in 100 mL PBS and subcuta-
neously injected into the right flank. One week after implantation, co-
horts of tumor-bearing mice were treated with cycles of miR-agomir
and CDDP/PEM every 4 days. On the first days of the administration
cycles (D1/4), 50 mL of the miR-6077 or control agomir (2 nmol) was
intratumorally injected. The chemotherapeutic drugs were adminis-
tered as 3 mg/kg CDDP and 0.3 mg/kg PEM subperitoneally on the
second day of the cycle (D2/4). Tumor sizes were measured with Ver-
nier calipers weekly, and the tumor volume was calculated as
(length � width2)/2. The xenograft tumors were harvested for subse-
quent immunohistochemistry 4 weeks after implantation.

For the establishment of a PDX model, three LUAD tumor samples
were cut into 3- to 4-mm pieces and subcutaneously transplanted
within 4 h after surgical removal into 6-week-old female severely
immunodeficient M-NSG mice (Model Organisms, Shanghai,
China). When the tumor size exceeded 1,000 mm3, the animals
were sacrificed, and the tumors were removed. Next, the dissected xe-
nografts were mechanically and enzymatically disaggregated into sin-
gle-cell suspensions, as described above. Patient-derived cells
(5 � 106) were implanted into the right flanks of M-NSG mice and
treated with miR-agomir and CDDP/PEM as described above.
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Statistical analysis

All experiments were performed in at least triplicates. Unpaired Stu-
dent’s t tests were performed to compare continuous variables be-
tween two groups. The results are presented as means, and the error
bars represent the standard deviation unless stated otherwise. All sta-
tistical analyses were conducted in GraphPad Prism software (7.0)
and R software. The p values were all two-tailed, and p < 0.05 was
considered significant: *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; ns, not significant.
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