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Lung adenocarcinoma (LUAD), the most common histological
type of non-small cell lung cancer, is one of the most malignant
and deadly diseases. Current treatments for advanced LUAD
patients are far from ideal and require further improvements.
Here, we utilized a systematic integrative analysis of LUAD mi-
croRNA sequencing (miRNA-seq) and RNA-seq data from The
Cancer Genome Atlas (TCGA) to identify clinically relevant tu-
mor suppressor miRNAs. Three miRNA candidates (miR-195-
5p, miR-101-3p, and miR-338-5p) were identified based on
their differential expressions, survival significance levels, corre-
lations with targets, and an additive effect on survival among
them. We further evaluated mimics of the three miRNAs to
determine their therapeutic potential in inhibiting cancer pro-
gression. The results showed not only that each of the miRNA
mimics alone but also the three miRNA mimics in combination
were efficient at inhibiting tumor growth and progression with
equal final concentrations, meaning that the three miRNA
mimics in combination were more effective than the single
miRNA mimics. Moreover, the combined miRNA mimics pro-
vided significant therapeutic effects in terms of reduced tumor
volume and metastasis nodules in lung tumor animal models.
Hence, our findings show the potential of using the three miR-
NAs in combination to treat LUAD patients with poor survival
outcomes.

INTRODUCTION
Lung adenocarcinoma (LUAD) is one of the most malignant and
deadly diseases and also the most common histological subtype of

non-small cell lung cancer (NSCLC).'*? Notably, LUAD patients
only survive for an average of 14 months after being diagnosed.’ Cur-
rent standard treatment options for advanced lung cancer include
combination chemotherapy with platinum-based agents, EGFR tyro-
sine kinase inhibitors, chemotherapy plus anti-angiogenesis or anti-
EGFR antibodies, ALK inhibitors for ALK translocation, and immune
checkpoint inhibitors. However, current treatments only benefit a
small proportion of patients. Therefore, more in-depth studies to
develop more promising therapeutics for lung cancer patients require
the immediate attention of relevant researchers.

miRNAs, which are small and non-coding sequences of RNA (around
19-23 nucleotides in length), are highly conserved in modulating
post-translational modifications, which effectively repress the multi-
ple target genes through imperfect sequence bases, with complemen-
tarity, between miRNA and its targets.” The role of a given miRNA in
cancer can be either oncogenic, with such a miRNA termed an onco-
miR, or tumor suppressing, with such a miRNA termed a tumor sup-
pressor (TS) miRNA." Abnormal miRNA expression in various
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Figure 1. Defining clinically relevant miRNAs through bioinformatics integrative analysis

(A) Clinically relevant miRNA candidates were filtered out by both significance in terms of survival and differential expression in TCGA LUAD dataset. 5-year survival analysis of
five miRNA candidates indicated that they were significant, with log-rank p < 0.05 and HR values < 1. The expression level differences of these five miRNA candidates
between LUAD tumor and normal samples in TCGA are displayed. The asterisks (***) denote statistical significance with p < 0.0001. (B) Target genes were defined by their
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cancers, including lung cancer, has been demonstrated to involve tu-
mor development, tumor progression, and events leading to treat-
ment resistance.™ For instance, the signature of four miRNAs—
miR-29¢, miR-124, miR-200c, and miR-424—is considered by the
European Lung Cancer Working Party (ELCWP) to effectively pre-
dict survival or drug response to cisplatin and vinorelbine in lung can-
cer patients.”

There are several ongoing pre-clinical or clinical trials using miRNAs
as therapeutics to treat lung cancers. The drug application of antago-
mir or miRNA mimics depends on the roles of miRNA (oncomiR/TS
miRNA). Patients with highly expressed oncomiRs are suitable for
antagomir treatment; however, in many cases, it is bothersome to
measure the miRNA expression for each patient. Mimics of TS
miRNA can inhibit cancers, so several miRNAs have been delivered
to suppress tumor cells; for example, let-7 can be used to negatively
mediate oncogenic KRAS in NSCLC.® A well-known miRNA mimic
currently is MRX34, a miRNA-34a mimic, which was applied for the
downregulation of miRNA-34 cancers in one phase I trial with
NSCLC patients.” Also, miR-16 mimics targeting EGFR were applied
in a phase I trial, with the results indicating that these mimics are rela-
tively safe for patients due to highly specific delivery by minicells.' "'
Even though miRNA therapeutics have shown encouraging outcomes
in treating several cancers, there are still challenges in identifying effi-
cacious therapeutic candidates and developing a safe and efficient de-
livery system for future medicines.'”

In the present study, we utilized a systematic integrative analysis of
LUAD miRNA-seq and RNA-seq data from The Cancer Genome
Atlas (TCGA), and three miRNA candidates were filtered out for
experimental validations. Not only these single miRNA candidates
but also the three miRNAs in combination were efficient at inhibiting
tumor growth and progression.

RESULTS

Identification of miRNA candidates by integrative bioinformatics
approaches

In order to develop efficacious miRNA-based treatments for LUAD
patients, we sought to uncover differentially expressed and survival-
relevant miRNAs with tumor-suppressing features using systematic
analysis, as shown in Figure 1. First, to define clinically relevant miR-
NAs, two crucial features, differential expression and survival signif-
icance, were exploited to intensify the significance of the candidates
(Figure 1A). Figure 1A shows the 5-year survival of five miRNA can-
didates with a statistically significant p value (log-rank p < 0.05). The
expression levels of these miRNAs were significantly different be-
tween primary tumor (TP) and adjacent normal (NT) samples in
TCGA LUAD dataset. The consistency of the direction between the
fold change of expression (log2 fold change < —1) and the hazard ra-

tio (HR) of survival (HR < 1) was also considered. Thus, five miRNA
candidates (miR-195-5p, miR-30a-5p, miR-30d-5p, miR-101-3p, and
miR-338-5p) were screened out.

In identifying the target genes regulated by these miRNA candidates,
we found that 349 genes exhibited survival significance, differential
expression levels, and high correlations with the miRNA candidates.
The application of more stringent criteria, which further considered
higher-level evidence recorded in the miRTarbase or predicted by
>6 tools (Figure 1B), yielded 47 target genes. Table S1 lists the target
genes regulated by each miRNA candidate according to the network
in Figure 1C, and Figure SI also validated the relationships between
the miRNA candidates and their targets with significant p value.
Relatedly, Figure 1C shows the network of higher-evidence-level
miRNA-gene interactions. This network clearly indicates important
targets regulated by multiple miRNA candidates, meaning that
several miRNAs contribute simultaneously to cancer progression.
For instance, target genes such as BIRC5 and RRM2 are shown in
the network, and these genes are regulated by more than one of our
miRNA candidates, which are validated by previous studies. This
observation indicates that those miRNA candidates simultaneously
play crucial roles in cancer progression. To investigate the crucial
functions of those target genes regulated by the miRNAs, the 47 genes
were annotated, and a bar chart (Figure 1D) showing the top 10 sig-
nificant functions of the KEGG pathway, which clearly shows that the
most significant functions were “cell cycle” and “p53 signaling
pathway” functions, was generated. Figure 1E visualizes the gene set
overrepresentation, indicating the genes that simultaneously played
roles in different functions. Obviously, most of the functions were
highly associated with cell cycle regulation, as indicated by the shorter
distances, while only a few functions were located at the top of the plot
some distance from those cell cycle functions. More genes shown by
the larger circles were found to play roles in more significant func-
tions like the cell cycle functions, which are indicated by darker
colors. Overall, the figure shows that most of the functions had
high levels of association between them.

To advance miRNA candidates that could potentially be developed
into promising treatments for LUAD patients, we further examined
whether there was an additive effect in terms of reducing the risks
among LUAD patients by increasing the number of miRNAs com-
bined in different combinations for a survival analysis of the five
miRNA candidates. The HR values of the different miRNA combina-
tions gradually declined when more miRNA candidates were
included (Figure 2A). These phenomena illustrate that there were,
in fact, additive effects among the different miRNA candidates.
Accordingly, a combination of three of the miRNAs (miR-195-5p,
miR-101-3p, and miR-338-5p) with roughly the lowest HR value
(0.343) was selected as the combination used for the following

survival significance levels, differential expression levels, correlations with the miRNA candidates, and interactions as indicated in the miRTarbase or by >6 prediction tools. (C)
The network displays the interactions between the miRNA candidates and the target genes recorded in the miRTarbase (solid lines) or defined by the prediction tools (dashed
lines). (D) The top 10 significant KEGG pathways of the 47 target genes are shown based on the p values of the functional annotation analysis results. (E) A gene set
overrepresentation of significant KEGG pathways displays overlapped genes in the different pathways.
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(A) The HR values of each of the miRNA combinations were calculated by additive survival analysis and are shown in a boxplot with dot plots overlaid. The x axis indicates the
number of MIRNAs combined; the y axis indicates the log2 transformation of the HR. (B) Survival analysis of the combination of the 3 miRNAs shows a significant difference

between the all-high and all-low expression groups, with a log-rank p < 0.05.

analysis. Moreover, survival analysis of this three-miRNA combina-
tion demonstrated that the patients with all-high expression levels
of the three miRNAs in the combination had significantly better sur-
vival times than patients with all-low expression levels of the three
miRNAs in the combination (Figure 2B). That suggests that the
three-miRNA combination is correlated with good prognosis in
LUAD patients. Thus, the three miRNAs and their combination
were selected as our preferred candidates for the experimental
validations.

In vitro assays for validation of 3 TS miRNA candidates

To certify that the roles of the three miRNA candidates were corre-
lated with good outcomes in LUAD, we investigated the functional
analysis of the three miRNAs in several lung cancer cell lines (namely,
the A549, Bm7, and Hop62 cell lines). The expression of miRNA
mimics was first examined with time (Figure S2). Compared to the
negative control group, each singly transfected miRNA resulted in
5-fold decreases in the number of A549 cells, with p < 0.05 (precisely
5.88 x 10 in control to 1.27 x 107/1.18 x 107/1.06 x 10” in miR-195-
5p/miR-101-3p/miR-338-5p transfected, respectively); however, the
three miRNAs in combination shows 17 times reduction in the num-
ber of cells (3.31 x 10°), with p < 0.05 by day 9 (Figure 3A). By using
equal total amounts of miRNA mimics of each miRNA for each
group, we found that the cell number following transfection with
the three miRNA mimics combined (20/3 + 20/3 + 20/3 = 20 nM)
was significantly reduced in comparison with transfection with the in-
dividual miRNA mimics (each at 20 nM). We also observed similar
inhibition effects on Bm7 and Hop62 cells. Also, in comparisons
with the negative control group, colony-formation assay results indi-
cated that decreases of the colony numbers reached around 50% (p <
0.05) with overexpression of each of the individual miRNA mimics,
and almost 75% (p < 0.05) with overexpression of the 3 miRNA
mimics in combination (Figure 3B). The cell viability was consistently
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and obviously reduced over time with overexpression of the miRNAs
according to the 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-
tetrazolium bromide (MTT) assays (Figure S3). Furthermore, cell
migration and invasion assays showed significant declines in the
cell numbers in individual miRNA plates, with decreases of more
than 50% with p < 0.05, yet 2-fold greater effects (that is, decreases
to less than 25% of negative control levels) for the 3 miRNAs in com-
bination, as shown in Figures 3C-3E. These results clearly indicate
that cancer growth and progression are more vulnerable to treatment
with the three miRNAs in combination than to treatment with each
individual miRNA.

Mouse model validations of 3 miRNA candidates

To confirm the efficacy of the miRNA candidates, we further per-
formed animal experiments. Since we discovered that the effective-
ness of the miRNAs in combination was greater than that of any sin-
gle miRNA, the three-miRNA combination was further evaluated in
the mouse experiments. We subcutaneously injected Bm7 human
lung cancer cells with control or the three-miRNA combination
into nude mice and monitored the sizes of the resulting tumors.
The mice were injected with control or miRNA-transfected cells,
and the tumor-bearing mice were sacrificed at the indicated time.
The mice injected with three-miRNA-combination-transfected cells
had reduced tumor volumes of more than 80% (p < 0.05) compared
to the negative control group mice at the indicated time, suggesting a
much slower tumor growth rate (Figure 4A). The quantitative expres-
sion levels of miR-195-5p, miR-101-3p, and miR-338-5p in the sub-
cutaneous tumors showed an over 8-fold increase compared to those
in the negative control mice (Figure 4B). In addition, the negative
control group and those injected with the miRNA-transfected cells
had the respective cells injected via the tail vein to examine their met-
astatic ability, which was analyzed based on the number of nodules in
the lungs. We evaluated the effects of the three miRNAs in
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Figure 3. Overexpression of miR-195-5p, miR-101-3p, or miR-338-5p mimics reduced the growth and tumor progression levels of A549, Bm7, and Hop62

cells in vitro

(A) The transfected cells were seeded and counted using the trypan blue exclusion method at the indicated time intervals. The results demonstrated that the overexpression
of the mIRNA mimics attenuated the growth of the lung cancer cells. (B) The overexpression of the miRNA mimics decreased the colony numbers of A549 and Bm7 cells in
soft agar, as determined by in vitro colony formation assays. The overexpression of the miRNA mimics suppressed the in vitro migration and invasion abilities of A549 (C),
Hop62 (D), and Bm7 (E) cells. A scrambled oligonucleotide was used as negative control (NC). All the cells were individually transfected with the miRNA mimics at a final
concentration of 20 nM. In the combined setup (3miRs), the cells were transfected with all three of the miIRNA mimics at one-third concentrations. The mean values obtained
from three independent experiments are depicted. The error bars depict the standard error of each mean. The asterisks (*) indicate statistically significant differences (p <
0.05) between the experimental and control groups. 3miRs is denoted as the combination of three miRNAs (miR-195-5p, miR-101-3p, and miR-338-5p).

combination in lung tumor metastasis animal models and found that
the metastatic nodules in the lungs were significantly decreased by
one-fourth fold in comparison to the nodules in the negative-con-
trol-injected mice (Figure 4C). According to qPCR, the miR-195-
5p, miR-101-3p, and miR-338-5p expression levels in the metastatic

nodules of the mice injected with the three-miRNA-combination-
transfected cells were 30 times higher than those in nodules of the
negative control group (Figure 4D). Taken together, these results
indicated that the three miRNAs in combination provide a TS func-
tion to reduce cancer growth and metastases.
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Figure 4. The combined overexpression of the
miRNA mimics suppressed the tumor growth and
metastasis of Bm7 cells in vivo

(A) As determined by xenograft assays, the combined
overexpression of the mMiRNA mimics in Bm7 cells
decreased the tumor volume. Following transfection with
three miIRNA mimics, namely, miR-195-5p, miR-101-3p,
and miR-338-5p, or with the scrambled oligonucleotide
(which served as an NC), the viable Bm7-combination
cells and the Bm7-NC cells were subcutaneously injected
into nude mice (n = 8 per group). At 30 days after im-
plantation, the mice were sacrificed, and the tumor volume
of the xenografts was measured. (B) The subcutaneous
tumors were excised in order to detect the expression
levels of miR-195-5p, miR-101-3p, and miR-338-5p
through quantitative real-time PCR. Bar, 1.0 cm. (C) The
combined overexpression of the miRNA mimics reduced
the in vivo metastatic activity of the Bm7 cells. The met-
astatic nodules in the lungs were measured by injecting
non-obese diabetic severe-combined immunodeficiency
mice (n = 6 per group) with the viable Bm7-combination
cells or the Bm7-NC cells through the tail vein injection
method. After 15 weeks, the mice were sacrificed, and the

3miRs

|
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o : 0

NC 3miRs NC

— 200 pm

metastatic nodules in the lungs were counted by gross
and microscopic examination (left and middle images). (D)
The metastatic nodules were excised in order to detect the

3miRs

expression levels of miR-195-5p, miR-101-3p, and miR-338-5p through quantitative real-time PCR. Bar, 200 um. The results are expressed as the mean + standard error of
the mean. The asterisks (*) indicate statistically significant differences (p < 0.05) between the experimental and control cells. 3miRs is denoted as the combination of three

miRNAs (miR-195-5p, miR-101-3p, and miR-338-5p).

DISCUSSION

In this study, a systematic integrative approach was applied to identify
clinically relevant miRNAs that might have a TS function, and the re-
sults showed that three miRNAs (miR-195-5p, miR-101-3p, and miR-
338-5p) in combination showed the greatest effect, with that result
shown not merely through bioinformatics methods but also through
biological assays of cell system and animal models. The three miRNA
mimics provided strong TS effects in terms of reducing cancer growth
and cancer metastases and thus could be of potential benefit in lung
cancer treatment strategies.

The TS roles of the three miRNA candidates in lung cancer have been
described in many previous studies, and our experimental results also
showed that these miRNAs indeed serve as TS miRNAs."”"° Lu
etal."” described the value of miR-101-3p as a prognostic marker, which
they determined by examining survival probabilities based on its expres-
sion level. Other researchers showed that the expression of miR-101-3p
contributes to cancer progression and metastasis in lung cancers."*
Meanwhile, a recent study indicated that miR-195-5p can serve as a
risk biomarker of lung cancer.'® In still another study, miR-338-5p
was found to be downregulated in lung cancer, with its targets’ functions
mainly being verified as related to cell cycle regulation.'” Here, we
further demonstrated the clinical importance of miR-338-5p to survival.
In addition, additive effects among these three miRNAs exist, although
those effect had not yet been discovered in previous research. We also
validated the additive effects of the combination of these three miRNAs
through in vitro and in vivo experiments. Those data indicated that the
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three miRNAs can be prognostic biomarkers and could serve as poten-
tial targets of miRNA-based drug development. The network of
miRNA-gene interactions produced in the present study (Figure 1C)
is a clear demonstration of significant miRNA-gene relations, with
that network revealing several oncogenic targets governed by multiple
miRNA candidates. Among them, RRM2 and BIRCS5 are crucial onco-
genes previously identified as playing roles in multiple cancers."™*°

The functional enrichment analysis conducted in this study (Figures
1D and 1E) indicated that the most significant functions affected by
the candidate miRNAs were related to cell cycle regulation. As ex-
pected, several aberrant miRNAs have been reported to inhibit targets
involved the cell cycle and proliferation.'”*' For instance, the miR-34
family has been reported to influence p53 signaling in a manner that
results in cell cycle arrest.”’ Among the three candidate miRNAs
identified in this study, miR-338-5p was shown to be associated
with cell cycle progression in a previous study.'” Therefore, we further
confirmed the functions of the associated target genes to verify that
those vital target genes were included in the integrative bioinformatics
analysis. Three hundred forty-nine target genes were first identified as
having differential expression levels and survival significance, with
most of those genes mainly involved in the cell cycle with significant
p values, as shown in Figure S4A. Moreover, 25 target genes regulated
by the final three miRNAs (miR-195-5p, miR-101-3p, and miR-338-
5p) were also functionally annotated (Figure S4B). Three bar plots
(Figure 1D; Figure S4) indeed demonstrated that the top 10 signifi-
cant functions of the major target genes governed by our miRNA
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candidates were highly similar. The p53 signaling pathway was also
identified as the crucial function of the targets for those miRNAs.
In a previous study, Liu et al.”> showed that several miRNAs mediate
the function of p53 signaling to promote tumorigenesis.

Previously, we established a synergistic survival analysis method, which
is aimed at considering how the expression levels of two genes concur-
rently affect survival.”> We further developed an additive effect on sur-
vival analysis to examine more than two candidates in combination. The
method of additive effect to identify the most promising miRNA candi-
dates is based on the purpose of seeking the fewest candidates with the
most effectiveness. For this reason, we determine the most significant
change in HR values among all potential combinations (Figure 2A).
By applying this additive survival analysis, we examined three miRNAs
in combination to identify the lowest HR for the TS role. The biological
experiments also exhibited the additive effects of the three miRNAs in
combination (Figures 3 and 4). In multiple functional assays, the results
showed that the overexpression of the miRNAs in combination more
effectively suppressed cancer cell growth and progression than each
miRNA alone, even though the final concentrations of each miRNA
and the miRNAs in combination transfected were the same (20 nM).
Our mouse experiments also illustrated the great difference between
the miRNAs in combination when transfected into cells versus a nega-
tive control transfected into cells in terms of tumor volumes and metas-
tasis nodules in mice. These experiments indicated the evident additive
effects among the miRNA candidates. Even though many studies have
shown that miRNA cocktails have a concurrent or double effect on the
particular functions of tumorigenesis, such as the effect of a cocktail of
let-7B and miR-34a on cell invasion or the effect of a cocktail of miR-143
and miR-145 on apoptosis,”* we have demonstrated that the three
miRNAs identified in this study effectively affect cell proliferation,
tumor growth, and metastasis. In addition, we researched the potential
of miRNA drugs with other therapeutic agents. To validate the effi-
ciency of combinatorial therapy over the use of traditional therapeutic
agents, we have performed cytotoxicity assays to measure whether a
synergistic effect of the microRNAs and chemotherapy drug cisplatin
in three lung cancer cell lines. As shown in Figure S5, a combination
of three TS miRNAs and cisplatin synergistically reduced the cell
survival of lung cancer cells (combination index < 1). That indicates
the efficiency of combinatorial therapy of miRNAs and cisplatin.

A novel approach has been constructed to define multiple miRNA
combinations with the lowest HR, though there are few limitations
of this approach. First, the limitation may exist due to lack of valida-
tion by other cohort studies. The miRNA combinations were calcu-
lated based on the survival time, which outcome might be slightly
different in another cohort. Also, the best combination of multiple
miRNAs was chosen by the analyzers as shown in Figure 2, which
could lead to different conclusions depending on the analyzers. How-
ever, our miRNA candidates are still reliable, because multiple func-
tional assays successfully verify the efficacy of miRNA candidates.

Diagnostics and therapeutics are commonly inseparable and involve
reactive procedures that thoroughly depend on the personal symp-

toms, family history, laboratory and imaging diagnosis, and current
medical care of patients. This has progressively resulted in a concept
called “theranostics,” which aims at providing safer and more effec-
tive patient-centered care by considering the association between
diagnosis and therapeutics in order to improve the quality of medical
care.”” According to the theranostics approach, our miRNA candi-
dates have potential for use in both diagnosis and therapy. The
expression levels of the three miRNAs combined can effectively
distinguish cancer patients in terms of survival, which makes the
combination of the three miRNAs an ideal biomarker for uncovering
patients likely to have poor survival outcomes. For this group of pa-
tients, mimics of the three miRNAs can also serve as therapeutics.
Thus, our study shows the potential of using the three miRNAs in
combination to treat lung cancer patients likely to have poor survival
outcomes.

MATERIALS AND METHODS

Data collection and preparation

Data were first obtained from our databases, the DriverDB>*>%?”
and YM5007°3° databases. In brief, TCGA level 3 miRNA-seq
and RNA-seq LUAD data were also collected from TCGA data por-
tal: https://portal.gdc.cancer.gov/. The relevant clinical dataset of
LUAD patients was likewise downloaded from TCGA website.
The preparation and processing of the miRNA-seq and RNA-seq
data were addressed by in-house Perl and R scripts, the details of
which are documented in previous publications.”*** Thereby, 515
tumor and 59 normal samples of RNA-seq data were included, while
513 tumor and 46 normal samples of miRNA-seq data were used for
the following analyses.

Identification of differentially expressed miRNAs and genes

To identify prognosis-related miRNAs, we examined the differen-
tially expressed miRNAs (DEmiRNAs) and genes (DEgenes) so as
to distinguish the significant differences between TP samples and
adjacent N'T samples. An R package, DEseq (Version 1.28.0),”" was
applied. The criteria to filter the miRNA candidates had adjusted
p <0.05 and log2 fold change values <—1, which was effective in iden-
tifying tumor versus normal samples for the tumor suppressor role.
Likewise, the filtering for the gene candidates had adjusted p <0.05
and log2 fold change values >1 for the oncogenic role. Also, to filter
out the candidates with extremely low expression levels, we further
selected the mean of normalized counts (baseMean) >1 for miRNAs
and >10 for genes.

Survival analysis and the additive effect on survival of miRNAs
To define clinically relevant candidates, another R package, Survival
(version 2.41-3),”> was used to calculate the Cox regression (or Cox
proportional hazards) model between two pre-defined groups, which
provided survival estimations in the presence of time-to-event data-
sets. We stratified cancer patients according to the medians of miRNA
expression levels. Significant survival-relevant miRNA and gene can-
didates could then be identified with log-rank p <0.05 and HR values
<1 for miRNAs (HR values > 1 for genes). In this study, we applied
5-year survival for the following analyses.
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To determine miRNA candidates with a significant additive effect on
survival, we constructed an analytic model to evaluate the additive ef-
fect between co-expressed miRNAs. We first calculated every survival
estimation of any combination of miRNA candidates, in no particular
order. For each miRNA combination, we stratified patients by the me-
dians of expression levels, and patients were classified into an all-high
or all-low group; the all-high group consisted of the patients who had
very high expression of all the miRNAs in the combination, and vice
versa. Then, survival estimations were computed based on the pa-
tients in the all-high and all-low groups. Significant combinations
were defined with log-rank p <0.05 and HR values <1. Thus, survival
estimations could be compared by applying the differences among the
HR values of any of the miRNA combinations.

Compiling target genes of miRNA candidates and functional
enrichment analysis

To compile the information regarding miRNA-gene interactions,
three analytic steps were adopted. First, the correlations between
the RNA expression and miRNA expression levels were calculated,
including three types of correlation: Pearson, Spearman, and Kendall
correlations. Those genes and miRNAs for which one of the three
types of correlations was <—0.3 were taken into account. Then, in or-
der to consider more substantial evidence regarding interactions be-
tween miRNAs and genes, the miRTarbase data: http://miRTarBase.
cuhk.edu.cn/ were downloaded and applied to show the interactions
as networks.”” The interactions were not only recorded in the miR-
Tarbase used; 12 more prediction tools were applied to investigate
the relations between the miRNA candidates and target genes, as
detailed in a previous publication.’® The interactions predicted by
more than 6 tools were taken as higher-level evidence.

Functional enrichment analysis of target genes was also performed as
detailed in our previous publications,”**” for which KEGG pathway
annotations were used with adjusted p <0.05. The top 10 significant
KEGG terms were extracted from the annotation results and regarded
as the most critical functions regulated by the miRNA candidates.
Moreover, gene set overrepresentation analysis was performed by us-
ing another R package, GSOAP,* which explores overlapped gene
sets in multiple functions.

Cell culture and transfection

Human lung adenocarcinoma A549 and Hop62 cell lines were
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin (PS; Gibco). The Bm?7 cell line, a lung adenocar-
cinoma cell line with brain metastatic ability,35 was cultured in Dul-
becco’s modified Eagle’s medium (DMEM)/F12 medium with 10%
FBS. The various cells were maintained at 37°C in a humidified incu-
bator containing 5% CO,. The A549, Bm7, and Hop62 cells were then
transfected with miRNA mimics (hsa-miR-195-5p, hsa-miR-101-
3p, and hsa-miR-338-5p) or a scrambled oligonucleotide as a
negative control (Ambion) at a final concentration of 20 nM using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.
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Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. For detection of
mature miRNAs, total RNA was reverse transcribed into comple-
mentary DNA using MultiScribe Reverse Transcriptase (Thermo
Fisher Scientific) and the specific primers designed for miR-195-
5p, miR-101-3p, and miR-338-5p (Applied Biosystems). The
expression levels of miR-195-5p, miR-101-3p, and miR-338-5p
were determined on the ABI StepOnePlus system with quantitative
real-time PCR using TaqMan Universal PCR Master Mix and
TagMan MicroRNA Assay (Applied Biosystems). The miRNA
levels were normalized to the expression of RNU48 small nuclear
RNA. For miRNA target gene expression analysis, sequence of
primers used in the quantitative real-time PCR experiment are
shown in Table S2; the relative mRNA levels were normalized to
the expression of 18S rRNA.

Cell growth and viability assays

For the evaluation of cell growth, the transfected cells (3 x 10°) were
seeded into 6-well plates and then counted using the trypan blue
exclusion method at the time indicated, as described previously.*®
For the detection of cell viability, the transfected cells (1 x 10%)
were seeded into 24-well plates. After incubation for 24, 48, or
72 h, an MTT assay (Sigma-Aldrich) was used to assess cell viability
with a microplate ELISA reader (TECAN Infinite 200).%°

Soft-agar colony-formation assay

The transfected cells (5 x 10%) were used for the assay of anchorage-
independent growth in soft agar, as described previously.”>” Then,
the cells were stained, and colonies were counted from 10 random
fields under a microscope.

Migration and invasion assays

Migration and invasion ability assays (3 x 10* cells for the migration
assay and 5 x 10* cells for the invasion assay) were performed in 24-
well plates using Millicell tissue culture plate well inserts (Millipore,
Bedford, MA, USA) for 12 h and BD BioCoat Matrigel Invasion
Chambers (Becton Dickson, Mountain View, CA, USA) for 20 h,
respectively, as described previously.”***

Xenografted tumorigenicity assay in nude mice

Five-week-old male mice (BALB/c nu/nu, National Science Council
Animal Center, Taipei, Taiwan) were subcutaneously injected with
3 x 10° viable transfected Bm7 cells, in a total volume of 100 uL
PBS, into both hind limbs. Thirty days after implantation, the mice
were sacrificed, and the tumor volume (V) of the xenografts deter-
mined by measuring the length (L), width (W), and depth (D) of the
tumors with a measuring caliper and using the formula: V = (L X
W x D x )/6; the average value was calculated.”®*® The expression
levels of miR-195-5p, miR-101-3p, and miR-338-5p in the excised tu-
mor samples were detected using miRNA quantitative real-time PCR,
as previously described.’>*" All animal experiments were performed
with the approval of the Institutional Animal Care and Use Committee
(IACUC) of China Medical University.
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In vivo tail vein metastasis assay

As described previously,”®* the transfected cells (1 x 10°) were in-
jected into 6-week-old male non-obese diabetic severe-combined im-
munodeficiency mice (NOD-SCID mice) by tail vein injection. After
15 weeks, the mice were sacrificed, and the metastatic lung nodules
were counted by gross and microscopic examination. The expression
levels of miR-195-5p, miR-101-3p, and miR-338-5p in excised lung
tumor samples were detected by miRNA quantitative real-time PCR.

Statistical analysis for in vivo and in vitro experiments

Unless otherwise noted, each sample was assayed in triplicate. Statis-
tical analyses were performed using the Student’s t test for a simple
comparison of two groups. Differences were considered statistically
significant if the p was <0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
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