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Lung cancer is a major cause of cancer-associated deaths worldwide, and lung adenocarcinoma (LUAD) is
the most common lung cancer subtype. Micro RNAs (miRNAs) regulate the pattern of gene expression in
multiple cancer types and have been explored as potential drug development targets. To develop an
oncomiR-based panel, we identified miRNA candidates that show differential expression patterns and
are relevant to the worse 5-year overall survival outcomes in LUAD patient samples. We further evalu-
ated various combinations of miRNA candidates for association with 5-year overall survival and identi-

Keywor@s: fied a four-miRNA panel: miR-9-5p, miR-1246, miR-31-3p, and miR-3136-5p. The combination of
oncomiR . . . L. . .
antagomiR these four miRNAs outperformed any single miRNA for predicting 5-year overall survival (hazard ratio

[HR]: 3.47, log-rank p-value = 0.000271). Experiments were performed on lung cancer cell lines and ani-
mal models to validate the effects of these miRNAs. The results showed that singly transfected
antagomiRs largely inhibited cell growth, migration, and invasion, and the combination of all four
antagomiRs considerably reduced cell numbers, which is twice as effective as any single miRNA-
targeted transfected. The in vivo studies revealed that antagomiR-mediated knockdown of all four
miRNAs significantly reduced tumor growth and metastatic ability of lung cancer cells compared to
the negative control group. The success of these in vivo and in vitro experiments suggested that these four

identified oncomiRs may have therapeutic potential.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lung cancer is a major cause of cancer-associated deaths in a
number of countries, and lung adenocarcinoma (LUAD) is the lead-
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ing lung cancer subtype [1]. Multiple environmental and risk fac-
tors have been associated with the incidence and mortality of
lung cancer. According to the update of GLOBOCAN (The Global
Cancer Observatory) in 2020, lung cancer remained the leading
cause of cancer death, resulting in more than 18 % of global
cancer-related deaths [2]. Currently available treatments include
various therapeutic targets, such as epithelial growth factor recep-
tor (EGFR) and anaplastic lymphoma kinase (ALK), or immune
therapy [3]; however, therapeutic outcomes remain far from ideal.
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Micro RNAs (miRNAs) are small, endogenous RNAs that regulate
the pattern of gene expression in multiple cancer types and in var-
ious tumor cell growth levels, including migration, invasion, and
metastasis [4]. With these known crucial roles, miRNAs have been
explored as potential tools for cancer diagnosis and prognosis [5].
MiRNAs can be characterized as either tumor suppressor miRNAs
or oncogenic miRNAs (oncomiRs), depending on their functions
[6]. Developed miRNA mimics and miRNA inhibitors, also known
as antagomiRs, have achieved encouraging results in preclinical
and clinical trials [7]. For example, antagomiRs against miR-155
have been designed as anti-miRNA-based treatments for cutaneous
T cell lymphoma (CTCL) in Phase I clinical trials [8]. In addition to
miR-155, many miRNA-related therapies have entered clinical tri-
als [9]. Although multiple tumor suppressor miRNAs have been
explored for therapeutic development, treatments that target the
dysregulation of oncomiRs have been found they also play signifi-
cant roles in cancer studies. For example, miR-21 had been identi-
fied to play a pro-tumorigenic role in non-small cell lung cancer
(NSCLC) [7]. Another study also indicated that the amplification
of the miR-21 locus could serve as a prognostic marker, based on
analyses of LUAD data in The Cancer Genome Atlas (TCGA) [10].
One study examined a miRNA-based diagnostic assay and deter-
mined that evaluating the expression levels of eight miRNAs could
effectively distinguish between lung cancer subtypes [11]. In the
field of lung cancer research, the miRNAs let-7, miR-34, miR-150,
and miR-200c have been well-studied for therapeutic effects
[12]. Although a considerable amount of research has been devoted
to the development of miRNA-based therapeutic strategies, a lim-
ited number of studies have progressed to preclinical or clinical
applications. The determination of the best miRNA candidates to
target specific diseases and cancer types during the therapeutic
development of miRNAs has been a major challenge [7].

In this study, an integrative bioinformatics method was applied
to identify multiple oncomiRs candidates, and experiments were
performed in cell lines and animal models to validate the effects
by using antagomiRs of the miRNA candidates in inhibiting the
tumor growth.

2. Materials and methods
2.1. Data collection and preparation

The processed datasets, RNA sequencing (RNA-seq) profiles and
smRNA sequencing (SmRNA-seq) profiles, were collected from two
databases: DriverDB database (greater than9500 cancer-related
samples) [13-15] and YM500 (8105 smRNA samples) [16-18]
database. Briefly, in DriverDB, RNA-seq data were retrieved from

the TCGA data portal (https://portal.gdc.cancer.gov/) (such as pri-
mary tumor, normal and metastatic tissues) and annotated [14].
In YM500, smRNA-seq data were downloaded from CGHub

(https://cghub.ucsc.edu/), processed by the miR-seq pipeline of
YM500 [16-18], and annotated with miRBase database R21 [19]
and DASHR database v1.0 [20]. A total of 20,495 genes and 2588
miRNAs were curated in this study. Because not every patient in
the TCGA-LUAD cohort conducted both RNA-seq and miRNA-seq,
RNA-seq data from 59 normal and 515 LUAD tumor samples and
miRNA-seq data from 46 normal and 513 LUAD tumor samples
were included in the following analyses. For RNA-seq, we used
FPKM-UQ, whereas the miRNAseq was normalized by RPM.

2.2. Identification of differentially expressed miRNAs

To define significant differentially expressed miRNAs between
primary tumor samples and adjacent normal samples, we applied
an R package, DEseq (Version 1.28.0) [21]. The criteria used to filter
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candidates included adjusted p-values < 0.05 and log, fold-change
values greater than 3 for miRNAs, which efficiently identified onco-
genic expression between tumor samples and normal samples. To
eliminate candidates with excessively low expression levels, we
further filtered out candidates with normalized mean counts
(baseMean) < 1 for miRNAs.

2.3. Survival analysis of miRNA

To define clinically relevant candidates, a R package, Survival
(Version 2.41-3) [22], was applied to calculate the Cox propor-
tional hazards model between two predefined groups, which pro-
vides survival estimates for time-to-event datasets. LUAD cancer
patients were stratified according to median miRNA expression
levels. The number of patients included in the clinical TCGA dataset
for survival analysis was 503. A total of 114 deaths occurred over a
five-year period. Overall, 2588 miRNAs and 20,495 genes were
included in the analysis. miRNA with survival significance was
defined as those with log-rank p-values < 0.05 and hazard ratio
(HR) values greater than 1 for miRNAs. Five-year overall survival
was used for the following analyses.

2.4. Additive effect on survival for miRNAs

To further reduce the number of miRNA candidates, an analytic
model was established to evaluate the additive effects on survival
for co-expressed miRNAs that derived from the above analysis.
First, a survival estimate was computed for all 31 combinations
of miRNA candidates in no particular order. For individual miRNA,
we used a median cut-off to split patients into “high” and “low”
groups, respectively. Consequently, patients may be assigned to
the “high” group by one miRNA and the “low” group by another.
In the combination of miRNAs, the patient must be identified to
be “high” by all miRNAs and then be assigned into the “all high”
group and, on the flip side, into the “all low” group and vice versa.
Significant combinations were defined as those with log-rank p-
values < 0.05 and HR values greater than 1.

2.5. Identification of miRNA-target genes

We used four criteria to identify miRNA-target candidates: (1)
Genes with differentially expressed between normal and tumor.
DEseq (Version 1.28.0) [21] was used to explore the differential
expressed miRNA-target genes between tumor samples and nor-
mal samples which were filtered by adjusted p-values < 0.05 and
log2 fold-change values <— 1. Low expression candidates were also
filtered out with < 10 normalized mean counts (baseMean) for
genes. (2) Survival significant genes. These candidates were further
analyzed with the five-year survival by Cox proportional hazards
model. Log-rank p-values < 0.05 and HR < 1 were defined as sur-
vival significance genes. (3) Genes with expression correlation to
the miRNAs. To confirm the relationships between miRNAs and
target genes, we performed the following analytical steps. Firstly,
we calculated correlations between gene and miRNA expression
levels, using Pearson’s [18], Spearman’s [23], and Kendall’s coeffi-
cients [18]. This method comprises both linear and non-linear cor-
relation, increasing the sensitivity of detecting potential target
genes of miRNA candidates. Those genes and miRNAs for which
any one of the three correlation coefficients was <— 0.3 were con-
sidered. (4) Twelve additional bioinformatic prediction tools,
which predicted the interaction between miRNA and correspond-
ing target genes, were applied to investigate the interactions
between miRNAs and their target genes, as detailed in a previous
publication [18]. Targeting gene with only negative correlation
with a miRNA but without a bioinformatic tool supporting the
interaction was regarded as a “weak linkage”. Instead, if an interac-
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tion was supported by more than one or more than 6 of 12 bioin-
formatic tools, it was regarded as “medium” or ‘“strong”,
respectively.

2.6. Functional enrichment analysis

Functional enrichment analysis of the target genes was
performed as described in our previous publications [13,14].
Reactome pathway annotations were used with adjusted
p-values < 0.05. The top 10 significant Reactome, Gene Ontology
Biological Process (GO-BP) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) terms were extracted from the functional anno-
tation outcomes. Moreover, a gene set overrepresentation analysis
was performed using another R package, GSOAP [24], which inves-
tigates intersecting gene sets across multiple functions.

2.7. Cell culture and transfection

All cell lines were maintained in a medium (Supplementary
Table 1) containing 10 % fetal bovine serum (FBS) and 1 % peni-
cillin/streptomycin (PS; Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) at 37 °C with 5 % CO,. The functional assays were per-
formed to validate the biological role of these oncomiRs using
three lung cancer cell lines, including A549, Hop62, and a brain
metastatic LUAD cell line Bm7 [25] cultured in Dulbecco’s modified
Eagle medium (DMEM)/F12 medium. The A549, Bm7, and Hop62
cells were transfected with antagomiRs targeting miR-9-5p, miR-
31-3p, miR-1246, and miR-3136-5p or the anti-miR miRNA Inhibi-
tor Negative Control (NC; Ambion, Thermo Fisher Scientific) at a
final concentration of 20 nM using Lipofectamine 2000 (Invitrogen)
for 48 h, according to the manufacturer’s instructions. The anti-
miR miRNA Inhibitor Negative Control is a random sequence
anti-miR molecule with no identifiable effects on known miRNA
functions in human cell lines and tissues.

2.8. Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen,
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions, and then reverse-transcribed into complementary DNA using
the MultiScribe Reverse Transcriptase system and specific primers
designed for miR-9-5p (#000583), miR-31-3p (#002113), miR-
1246 (#462575), or miR-3136-5p (#243337; Applied Biosystems,
Thermo Fisher Scientific). The miRNA expression levels were deter-
mined with the ABI StepOne Plus system through quantitative real-
time PCR using TagMan Universal PCR Master Mix and TagMan
MicroRNA Assays (Applied Biosystems, Thermo Fisher Scientific).
The relative miRNA levels were normalized against the expression
of RNU48 small nuclear RNA, which is a stably expressed and well-
validated gene used as a normalizer [26].

Fold Change =2 - [(CT target ~ CT RNU48) test Sample - (CT target ~
Ct rnusg) control sample].

For miRNA target gene expression analysis, the cDNA was
amplified with primers (Supplementary Table 2). The relative
mRNA levels were normalized to the expression of 18S rRNA.

Fold change = 2" - [(Cr target - Cr 185 rna) test sample - (Cr target -
Ct 185 rrRna) control samplel].

2.9. Western blot analysis

As previously described [27], the tumor cell lysates were pre-
pared and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis using antibodies against AK1, CACNA2D2,
ESYT3, NFIX, SELENBP1, SNX30 (Novus Biologicals, Centennial,
CO, USA), and B-actin (Genetex, Alton Pkwy Irvine, CA, USA).
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2.10. Cell growth and viability assays

For the measurement of cell growth, transfected cells (3 x 10°)
were seeded into 6-well plates and analyzed by the trypan blue
exclusion method at the indicated times, as described previously
[27]. For the assessment of cell viability, transfected -cells
(1 x 10*) were seeded into 24-well plates. After incubation for
24, 48, or 72 h, 50 pL of 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-
diphenyl-2H-tetrazolium bromide (MTT; Sigma-Aldrich) solution
was added to the medium for an additional 3 h. The purple for-
mazan precipitates were dissolved in 250 pL dimethyl sulfoxide,
and absorbance was determined using a microplate enzyme-
linked immunosorbent assay (ELISA) reader (TECAN Infinite 200)
[27].

2.11. Soft agar colony formation assay

As described previously, for the evaluation of anchorage-
independent cell growth, transfected cells were plated at 5,000
cells/well on soft agar [27,28]. After 14 days, the cells were stained
with 0.005 % crystal violet, and colonies larger than 100 pm in
diameter were counted in 10 random fields under a light micro-
scope (40 x magnification times).

2.12. Migration and invasion assays

Migration and invasion assays (3 x 10* cells for the migration
assay and 5 x 10 cells for the invasion assay) were performed in
24-well plates. Cells were seeded onto Millicell tissue culture plate
well inserts with 8-pum pores (Millipore, Bedford, MA) for 12 h and
BD BioCoat Matrigel Invasion Chambers (Becton Dickson, Moun-
tain View, CA) for 20 h, respectively, as described previously
[27,29]. The migrating or invading cells were fixed with methanol
for 10 min and stained with crystal violet for 1 h. The total number
of stained cells was counted under a light microscope.

2.13. Xenograft tumorigenicity assay in nude mice

All animal experiments were performed with the approval of
the Institutional Animal Care and Use Committee (IACUC) of China
Medical University. Five-week-old male mice (BALB/c nu/nu;
National Science Council Animal Center, Taipei, Taiwan) were sub-
cutaneously injected with control (NC) or four antagomiRs-
transfected Bm7 cells (3 x 10° cells) into both flanks near hind
limbs (n = 8 per group). The mice were sacrificed on day 30 after
implantation, and the tumor volumes were measured. The expres-
sion levels of miR-9-5p, miR-31-3p, miR-1246, and miR-3136-5p
in the xenografted tumors were determined by miRNA quantita-
tive real-time PCR, as described previously [27,30].

2.14. In vivo tail vein metastasis assay

As described previously [27,30], controls (NC) or four
antagomiRs-transfected Bm7 cells (1 x 10°) were intravenously
injected into the tail veins of six-week-old male non-obese diabetic
severe-combined immunodeficiency mice (NOD-SCID mice; n = 6
per group). After 15 weeks, the mice were sacrificed, and meta-
static lung nodules were counted by gross and microscopic exam-
ination. The expression levels of miR-9-5p, miR-31-3p, miR-1246,
and miR-3136-5p in excised lung tumor samples were detected
by miRNA quantitative real-time PCR.

2.15. Immunohistochemical staining

Immunohistochemical staining was performed as described
previously [31]. Briefly, tissue sections were incubated with pri-
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mary antibodies against Ki-67 (ab15580, abcam, Cambridge, MA,
United Kingdom) at 1:2000 dilution. The stained cells were consid-
ered as Ki-67-positive.

3. Statistical analysis for in vivo and in vitro experiments

Unless otherwise noted, each sample was assayed in triplicate.
Statistical analyses were performed using the Mann Whitney U test
for a simple comparison between two groups. A p-value<0.05 was
considered significant.

4. Results

4.1. Identification of oncomiR candidates by integrative bioinformatics
approaches

To identify survival-relevant miRNA candidates that might play
oncogenic roles in LUAD, we incorporated several approaches, as
shown in Fig. 1A. Firstly, a differential expression analysis between
tumor and normal samples was performed to identify 37 abnor-
mally expressed miRNAs (Supplementary Table 3). Among those
miRNAs, we identified five miRNAs (Supplementary Table 4) asso-
ciated with clinical outcomes related to 5-year overall survival.
Finally, we conducted an additive effect analysis to explore the
possibility of reducing candidate number while keeping or scarify-
ing a tolerable statistical power as a tradeoff. As shown in Fig. 1B,

A B
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Expression §, | g, fold change > 3
analysis
37 miRNAs
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the highest 5-year overall survival HR of a 4-gene combination sig-
nature was comparable to the HR of the 5-gene combination signa-
ture (HR4_gene = 3.47 VS HRs gene = 3.60). As a consequence, we
choose the combination of miR-1246, miR-9-5p, miR-31-3p, and
miR-3136-5p as the final signature with the highest HR among
all examined combinations of 4 miRNAs. Fig. 1C demonstrates that
all four miRNAs in this combination were upregulated in tumor
samples compared with normal samples, and Supplementary
Fig. 1A shows a significant difference in survival when the popula-
tion was stratified according to the expression levels of these four
miRNAs. The combined evaluation of all four miRNAs in this panel
(Supplementary Table 5) showed a prognostic signature for 5-year
overall survival, as shown in Fig. 1D (log-rank p-value < 0.001) and
Supplementary Fig. 1B. The biological functions of these four onco-
miRs were further investigated to determine whether they were
oncogenic relevant.

To further investigate the functions associated with these
miRNA candidates, we identified their target genes and functions
in a systematic approach (see Identification of miRNA-target genes
in Materials and Methods for more details). In short, the target
genes for each miRNA were defined by the negative correlation
between the expression of miRNAs and target genes. The strength
of the interaction was defined according to the number of positive
results predicted by target prediction tools, which were used in our
previous publications [18]. Fig. 2A shows the network constructed
by the four miRNA candidates and their target genes, displaying
several number of potential targets regulated by these four miRNA

S ——
g *° .
815 :
E . miR-1246
8 % . miR-31-3p
3" miR-3136-5p

Q. ; miR-9-5p

1 2 3 4 5

number of miRNA combination

5-year overall survival
Hazard Ratio = 3.47
Log-rank p-value=0.000271

|
|

all.high

=+ all.low

0 10 20 30

Months

40 50

Number at risk

62 26 18 12

20 30

Months

50

Fig. 1. Integrative bioinformatics analysis for the identification of oncomiRs in LUAD. (A) A bioinformatics approach, integrating differential expression analysis (DEseq),
survival analysis, and additive effects analysis, was used to identify four oncomiRs candidates. OC miR: onco-miRNA; LUAD: lung adenocarcinoma. (B) The box plot reveals
the results of additive effect on survival analysis for five candidates oncomiRs from the previous correlation analysis (* indicates the adjusted p-value of DESeq). A total of 31
combinations were examined. Significant combinations were defined as those with log-rank p-values < 0.05 and HR values greater than 1. The red spot shows the highest
hazard ratio within all 4-miR combinations. (C) The boxplots show the expression levels of the miRNA candidates in tumor and normal samples (* indicates the adjusted p-
value of DESeq). (D) The KM (Kaplan-Meier) plot shows the 5-year overall survival analysis for the four-miRNA panel: all.high (N = 62; 12.55 %) and all.low (N = 68, 13.77 %).
The KM plot of all stratification groups was shown in Supplementary Fig. 1B. The 5-year progression-free survival analysis result was shown in Supplementary Fig. 1C. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. OncomiR-gene interaction network and annotation. (A) The interactions between miRNA candidates and their target genes were defined by prediction tools or
negative correlation (see Supplementary Table 6). Strong: Negative correlation and more than 6 tools predict the interaction. Medium: Negative correlation and more than 1
tool predict the interaction. Weak: Only negative correlation but none of the tools predicted the interaction. (B) The top Reactome terms were identified in the functional
enrichment analysis of the miRNAs’ target genes. (C) A representation of gene sets analysis indicates functions that focus on three main types with shorter distances. Different
groups were shown as different colors and the corresponding significance (-log;o p-value of enrichment analysis) was shown as the shades of color, respectively. Two
functions with insufficient genes (see Supplementary Table 7) were not shown in the figure.

candidates. Functional enrichment analysis was performed to ana-
lyze target genes, and the top 10 Reactome terms are presented in
Fig. 2B and Supplementary Fig. 2, revealing multiple terms focused
on metabolism-related functions. In addition, the gene set repre-
sentation displayed several main relevant functions: metabolism-
related functions, immunoregulatory-related functions and others
(Fig. 2C).

4.2. In vitro assays for the validation of the four oncomiR candidates

We then examined the endogenous expression of four onco-
miRs in different cell lines and found that LUAD cell lines had
higher levels of four oncomiRs compared to human non-
tumorigenic lung epithelial cell line BEAS-2B (Supplementary
Fig. 3). To verify the effect of oncomiR candidates, we performed
multiple functional assays to confirm the efficacy of the four miR-
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NAs in three lung cancer cell lines (A549, Bm7, and Hop62). Sup-
plementary Fig. 4 shows changes in miRNA expression levels
over time following antagomiR transfection, including 2-fold
decreases in miRNA expression when the respective antagomiR
was transfected, either singly or in combination. Simultaneous
inhibition of miR-1246, miR-9-5p, miR-31-3p, and miR-3136-5p
significantly decreased cell growth compared to each antagomiR-
transfected cell group and negative control group (Fig. 3A). Nota-
bly, the results of the MTT assay revealed that inhibition of miR-
1246, miR-9-5p, miR-31-3p, and miR-3136-5p, suppressed the
growth of LUAD cells (Supplementary Figure 5). The colony-
forming assay for each antagomiR-transfected cell group showed
2-fold decreases in colony numbers compared with the negative
control group. The combined antagomiR-transfected cells showed
a more than 4-fold decrease, which was twice as effective as any
single miRNA-targeted transfected (Fig. 3B). The migration and
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Fig. 3. Inhibition of oncomiR candidates suppresses tumor progression in LUAD cells. (A-E) Cells were transfected with 20 nM antagomiRs for the following assays. The term
“4 miRs” refers to the use of all 4 antagomiRs, with each antagomiR at a final concentration of 5 nM. anti-miR miRNA Inhibitor Negative Control was used as a negative control
(NC). The transfected cells were examined using the trypan blue exclusion method. The results indicated that inhibition of miRNAs reduced the cell growth of lung cancer
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of A549 (C), Bm7 (D), and Hop62 cells (E). The mean of three independent experiments performed in triplicate is depicted. The error bars depict the standard deviation of each
mean. Mann Whitney U test, * p < 0.05 compared with cells transfected with NC. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

invasion assays demonstrated similar results, with 2-fold
decreases observed for each individual antagomiR and a greater
than 4-fold decrease in response to the combination of all four
(Fig. 3C-E). These assays not only validate the four miRNA candi-
dates but also confirmed the efficacy of targeting all four miRNAs
together.

4.3. Animal validation of the four oncomiR candidates

To verify the role of these survival-related oncomiRs in vivo, the
xenograft tumorigenicity and tail vein metastasis assays were per-
formed using Bm?7 cells, which had metastatic ability in an animal
model. Negative Control Bm7 lung cancer cells and cells trans-
fected with antagomiRs targeting all four miRNAs were injected
into nude mice (n = 8 per group), and we examined the size of
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the resulting tumors, as shown in Fig. 4A. Surprisingly, the tumor
volume and weight that developed from the injection of cells
transfected with all four miRNA-targeting antagomiRs was 4-fold
smaller than that in the negative control group (Fig. 4A and B).
AntagomiR-mediated knockdown of all four miRNAs significantly
reduced Ki-67 levels in the xenografts compared to the NC group
(Fig. 4C and D). Fig. 4E indicates that the expression levels of these
miRNAs were approximately-one-fourth of those in the negative
control group. Accordingly, the mRNA and protein levels of onco-
miR targets in tumor xenografts were significantly elevated by
antagomiRs (Supplementary Figure 6A and B). The number of
metastatic nodules in the lungs of the experimental animals was
assessed, and the number of metastatic nodules in Bm7 cell-
injected mice transfected with all four antagomiRs was almost
one-fourth that in the negative control group (n = 6 per group;
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Fig. 4F and G). The levels of Ki-67 were decreased in the lung nod-
ules in 4 antagomiRs groups compared to the NC group (Fig. 4H
and I). The expression levels of all four miRNAs were
approximately-one-fifth of those in the negative control group, as
shown in Fig. 4]. The observed reductions in tumor volume and
metastatic nodule numbers in the mouse model confirmed the effi-
cacy of targeting all four miRNAs in combination.

5. Discussion

In this study, we applied a systematic approach that integrated
multiple bioinformatics methods to identify four miRNA candi-
dates as oncomiRs with oncogenic roles (miR-9-5p, miR-31-3p,
miR-1246, and miR-3136-5p), and conducted multiple functional
assays and mouse model experiments to validate the efficacy of
inhibiting all four oncomiRs together by applying antagomiRs for
all four miRNAs. Our work was a proof of concept that the miRNA
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candidates could be identified by a bioinformatic approach and
then validated in the mouse model. The prognostic power of com-
bining four oncomiRs outperformed any one of them individually
in a retrospective cohort. The results of the animal model also
imply that the introduction of antagomiRs of the four oncomiRs
to the target RNAs may result in the suppression of cancer cell pro-
liferation or metastasis [32]. This suggested that the four oncomiRs
may be potential targets of miRNA-based treatments for lung
adenocarcinoma.

Multiple studies have supported an association between miR-
NAs and amelioration of lung cancer with several factors [33]. To
develop miRNAs as diagnostic biomarkers, several studies have
identified the dysregulation of miRNAs in various lung cancer sub-
types. For example, the use of five circulating miRNAs can be used
as a molecular signature for the early detection of NSCLC [34]. The
finding may support the identification of miRNA candidates has the
potential of providing clinically significant diagnostic information.
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Several miRNA-based therapies have progressed to the clinical trial
phase, such as antagomiR-155 for CTCL and mycosis fungoides or
the miR-16 mimic for mesothelioma and NSCLC, which is currently
being examined in multicenter Phase I trials [7]. A previous study
indicated that the high expression of miR-21-5p is associated with
resistance to platinum-based chemotherapy, and these patients
require anti-miR-21 treatment to enhance phosphatase and tensin
homolog (PTEN) expression [33]. This research suggested that
miRNA regulation could be significant for future combinatorial
therapeutic options. This study aimed to identify dysregulated
and survival-relevant miRNA candidates that might serve a thera-
peutic role in improving clinical outcomes.

In this study, we identified dysregulated and survival-relevant
miRNA candidates that might serve as biomarkers and therapeutic
targets for LUAD. We used the brain metastatic LUAD cell line Bm7
for in vivo experiments. To create a mouse model of brain metasta-
sis, the mice were administered an intracardiac injection of cancer
cells for whole-body distribution rather than retention in the lungs
[25]. However, Bm7 cells can induce lung metastasis through tail
vein injection [35]. In this study, we investigated the effect of
antagomiRs on metastatic ability rather than on brain metastasis.
Thus, we chose safer and simpler routes of intravenous injection
instead of intracardiac injection to represent lung metastasis.
Indeed, antagomiRs significantly reduce the metastatic ability of
lung cancer cells in mice. Studying the metastatic potential of
Bm7 cells in the brain could strengthen our conclusions. In con-
trast, primary lung cancer cell lines could be used to evaluate
tumor growth. We examined the expression of miRNAs in xeno-
grafts after 30 days of transplantation and found low levels of miR-
NAs in the 4-antagomiRs group compared to those in the NC
control. Zhou et al. demonstrated the long-term effects of
antagomiR-mediated miRNA inhibition after transfection [36]. In
addition, previous studies have suggested that antagomiR lasts
long and is stable in vivo [37,38]. Thus, antagomiR-mediated regu-
lation of miR expression is a potential strategy for cancer treat-
ment. Of note, to mimic the clinical conditions of cancer
treatment, intratumoral delivery or systemic administration with
antagomiRs in tumor-bearing mice could be performed.

Four oncomiRs were identified by our bioinformatics approach,
and several studies have confirmed the role of some candidates in
lung cancer. Li et al. demonstrated that miR-9-5p leads to tumor
cell growth and metastasis in NSCLC [39]. MiR-31-3p has been
found to play an oncogenic role and is upregulated in lung cancer
and other cancers in multiple studies [40-42]. In addition, miR-
1246 has been identified as a prognostic biomarker with oncogenic
function in NSCLC [43,44]. Although miR-3136-5p has been found
associated with colorectal cancer [45], and serous ovarian carci-
noma [46], currently there still no study has identified an onco-
genic role for miR-3136-5p in lung cancer. As a consequence, this
is the first study to identify an oncogenic role for this miRNA in
lung cancer, but the mechanism of miR-3136-5p is still needed
to be studied in the future. Furthermore, we are also the first study
that demonstrates the combination of the four candidates has a
synergic effect in the aspect of patients’ 5-year overall survival.
Therefore, our study not only supports existing miRNA candidates
with significant roles in lung cancer but was also able to identify a
new candidate for the development of miRNA-based therapeutics.
Moreover, to visualize miRNA expression in tumor tissues using
in situ hybridization-based assays provides the precise localization
and expression pattern of miRNA within a histologic section, which
may serve as a useful biomarker.

The four oncomiRs target multiple genes were identified
through our integrative bioinformatics analysis. In the network,
many genes appear to be regulated by more than one miRNA,
and miR-1246 appears to target the majority of the identified
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genes. When the functions of those genes were analyzed, these
genes were predominantly associated with cell metabolism. In
addition to the target genes of miR-1246, miR-31-3p was previ-
ously identified to suppress succinate dehydrogenase complex
subunit A (SDHA) expression which plays a crucial role in mito-
chondrial metabolism in an induced pluripotent stem cell model
[47]. MiR-9-5p was shown to regulate Glutamic-Oxaloacetic
Transaminase 1 (GOT1) and inhibit pancreatic cancer cell prolifer-
ation and invasion [48]. On the other hand, there were several
studies had mentioned that miRNA-targeted genes were metabo-
lism relevant. SELENBP1 was found to involve energy metabolism
in prostate cancer [49]. AK1 catalyses the reversible reaction,
ATP + AMP « 2ADP, and played a crucial role in energy homeosta-
sis involved in the synthesis, equilibration, and regulation of ade-
nine nucleotide [50]. CACNA2D2 was a subunit of the Ca®*-
channel complex and was found to be associated with disruption
of mitochondria membrane integrity in NSCLC cells [51]. These
studies together with our functional assay results may suggest that
the four miRNA candidates could be associated with the regulation
of cancer cell metabolism. Remarkably, four oncomiRs-associated
genes were also enriched in immunoregulatory-related functions.
SFTPD, surfactant proteins D, is crucial for maintenance of lung
homeostasis as well as orchestrates the innate and adaptive
immune system [52]. JAML-knockout mice showed the increased
tumor growth, impaired Y8 tumor-infiltrating lymphocytes
response, and increased CD8 T cell dysfunction. Treatment with
JAML agonist may serve as a novel strategy for immunotherapy
via facilitating CD8 and Y3 T cell anti-tumor immunity [53].
CD300LG has been reported downregulated in lung cancer tissues
which might link to immune escape [54]. ICAM4 is critical for
immune synapse formation between natural killer cells and hepa-
tocellular carcinoma cells to promote natural killer cell-mediated
cancer immunotherapeutic activity [55]. These findings highlight
the potential role of targeting four oncomiRs in the LUAD
immunotherapy. Our in vivo study revealed that knockdown of
all four oncomiRs increased the expression levels of the six target
genes in tumors (Supplementary Figure 6). Interestingly, five out
of six genes, AK1, CACNA2D2, NFIX, SELENBP1, and SNX30, have been
reported to be associated with a favorable prognosis of LUAD [56-
60]. These findings may partly explain the additive effect of multi-
ple miRNAs on survival.

In this study, we applied an additive effect analysis to identify
miRNA candidates with the largest changes in HR values. These
results indicated that the combination of the four identified onco-
miRs resulted in the most significant changes in the survival anal-
ysis. This finding was verified in the experiments performed on
cancer cell lines and the xenografted mouse model, which demon-
strated more effective outcomes when all four miRNAs were tar-
geted in combination. As results are shown in this study, the four
clinical-relevant oncomiRs are valuable candidates for the develop-
ment of miRNA-based treatment. However, we did not investigate
the mechanism behind the four combined miRNAs which needed
more experiments to validate the mechanism in detail. Still, more
experiments are needed to prove the performance of this panel as
the diagnostic biomarker or the effect of respective antagomiRs as
the correspondent treatment method. Such as another cohort
study to decipher how this panel is to be integrated into current
LUAD treatment steps [38]. In addition, before entering a first-in-
human study, although there are several technologies like locked
nucleic acid (LNA) [61,62], lipid nanoparticle (LNP) [63], and lipo-
some [64], yet there are still various challenges of applying our
miRNA candidates including the drug formation and nucleotide
deliver efficiency. We believed that with more real-world evidence,
this approach may reduce multiple diagnostic and treatment steps
and improve patient care in the future [65].
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