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Abstract
Genome-wide association studies (GWAS) have reported a handful of loci associated
with lung cancer risk, of which the pathogenic pathways are largely unknown. We
performed cis-expression quantitative trait loci (¢QTL) mapping for 376 lung cancer
related GWAS loci in 227 TCGA lung adenocarcinoma (LUAD) and reported two
risk loci as eQTL of miRNA. Among the miRNAs in association with lung cancer
risk, we further predicted and validated miR-3130-5p as an intermediate modulator
of risk loci 2q33 and the tumor suppressor NDUFS1. We assessed the phenotypic
impacts of the interaction between miR-3130-5p and NDUFS1 in both lung cancer
cell lines and mice xenograft models. As a result, miR-3130-5p directly regulates
the expression of NDUFS1 and the corresponding tumor invasiveness, migration and
epithelial-mesenchymal transition (EMT). Our findings provide important clues for
the pathogenic mechanism of 2q33 in lung carcinogenesis which informs clinical di-
agnosis and prognosis of LUAD.

We performed a cis-eQTL analysis for 376 lung cancer risk loci based on the expression
profiles of 251 miRNAs in a cohort of 227 TCGA lung adenocarcinoma. We report a novel
pathogenic pathway of 2q33 via miR-3130-5p and NDUFSI.
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1 | INTRODUCTION

Genetic variations cause multiple human complex dis-
eases, including cancers. GWAS have identified a vast
amount of SNPs associated with diverse human traits by
comparing large cohort of cases and healthy controls. '
Previous GWAS reported approximate 680 risk loci for
lung cancer and lung-related diseases. However, most
of the trait-associated loci (TAL) are located in the non-
coding genomic regions3 and do not change the amino acid
sequences of the protein, suggesting that these GWAS risk
SNPs act as regulatory elements via influencing gene ex-
pression. Therefore, understanding the expression regula-
tory activities of TAL in non-coding regions becomes a
demanding question of medical genetics and a milestone of
the clinical implications.

eQTL serves as a bridge between non-coding germline
variants and variations of phenotypes, and thereby reveals
the molecular mechanisms of TAL.* The rationale underlies
eQTL is that germline variations alter the transcription abun-
dances of mRNA or other transcripts to cause phenotypic
changes in the cell. Many studies demonstrated that eQTL
can further affect a wider spectrum of transcripts by target-
ing at genes with trans-acting regulatory activities.® Several
large data consortia have been established by eQTL mapping
based on large parallel sequencing projects. For example, the
“Genotype-Tissue Expression” (GTEx) Project identified
eQTLs in normal human tissues; and Gong et al. established
“PancanQTL,” “ncRNA-eQTL,” and “GPSno” databases for
cis- and trans-eQTLs of non-coding RNAs, protein coding
RNAs and small nucleolar RNAs respectively in 33 cancer
types from TCGA.” " In particular, many recent studies suc-
cessfully elucidated the susceptibility pathways of cancer
risk loci by eQTL analyses in cancer cohorts, such as 15g25.1
and 8q24.“‘13

The landscape of eQTLs is highly specific to cell lineage,
differentiation statuses as well as tissue types.14 Therefore,
eQTL mapping for cancer expression is highly informative of
cancer biology. Several prior studies identified the regulatory
axes for eQTLs in cancers and thereby revealed the biological
processes that drive carcinogenesis. The discovery of eQTLs
in cancers and the corresponding regulatory axes can inform
cancer studies in two ways: first, eQTLs can be used to elu-
cidate the functions of the non-coding cancer risk loci and
thereby fine-map the causal pathogenic alleles; second, the
effectors of the cancer eQTL are highly potential oncogenes
or tumor-suppressors and serve as biomarkers in cancer diag-
nosis and therapy.

MiRNA is a class of endogenous small non-coding RNAs
which functions as transcription regulator to inhibit gene
expression by directly binding to the miRNA response ele-
ment (MRE) in the 3'UTR of target genes. Accurate com-
putational identification of miRNA targets is particularly
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important to investigate biological mechanisms. Many soft-
ware and web servers have been developed to predict miRNA
targets mainly based on evolutionary conservation of bind-
ing sites.'>™'® Dysregulation of miRNAs has been associated
with diverse diseases, including lung cancer.” Several miR-
NAs have been used as novel biomarkers and therapeutic tar-
gets of cancers.’*?!

Here in our study, we performed a cis-eQTL mapping for
a set of lung-related TAL from GWAS and reported an asso-
ciation between 2q33 and a cancer-associated miRNA, miR-
3130-5p. We further investigated the function impacts of the
association in lung adenocarcinoma (LUAD). As a result, we
reported NDUFSI1 as a target gene of 2q33-miR-3130-5p as-
sociation in LUAD and validated the corresponding pheno-
typic impacts on invasion, migration and EMT based on in
vitro and in vivo analyses.

2 | MATERIALS AND METHODS

2.1 | Data and materials

We obtained 376 risk loci associated with traits of lung
cancer from the GWAS catalog on 10 October 2017
(Table S1).> Then we retrieved the genotype data from
490 TCGA lung adenocarcinoma. To control the popula-
tion structure, we only included Caucasian descendants.
We inferred the ancestry of the cohort using 2504 individu-
als from 1000 Genomes project with known ancestry as a
reference and followed the method described in previous
study.5

For each locus, we imputed the genotypes for variants
within 1 Mb range of the tag SNP and with linkage disequi-
librium (R* > 0.5) to the 1 KG variants with 1000 Genomes
Phase 3% using IMPUTE2 software.”** In order to control
for statistical power, we filtered the imputed variants accord-
ing to the following criteria: (a) info score >0.7; (b) minor
allele frequency (MAF) >5%; (c) posterior probability >0.7;
(d) Hardy-Weinberg Equilibrium test p value >1 X 107°.

We obtained the miRNA expression profiles of 227
TCGA-LUAD, with matched somatic copy number alter-
ation (SCNA) data and CpG methylation data.”® The miRNA
expression levels were transformed based on log,(RPM+1).
To control the effect of outliers, we excluded individuals of
which the miRNA expression levels were greater than three
times of the standard deviation. Then we removed miRNA
which were absent in over 20 individuals. For the simplic-
ity of the computation, the copy number variation of a given
miRNA the SCNA was categorized into gain (+1), neutral
(0), loss (—1). For the CpG methylation measure, we used
categorized levels of 0-3 based on the beta values of probes
located within 200 and 1500 bp of the transcription start sites
(TSS200 and TSS1500).
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2.2 | Cis-eQTL analysis for TAL in relation
with LUAD

We performed cis-eQTL mapping for 3291 SNPs in LUAD
using R package, “MatrixEQTL”.*" For each SNP, we as-
sessed the associations between the genotypes and the ex-
pression levels of miRNA located within 1 Mb either side
of the SNP. To control confounding effects, we adjusted the
expression levels of miRNA using somatic copy number
variation, CpG methylation, sex and age of patients via the
following multivariate regression model:

miRNA; = fo + p,G; + p,Age; + p3Sex; + p,CNV; + fsCpG; + ¢,
ey

Here, &; ~ N (0, o) is a Gaussian error term; G; is the gen-
otype of the ith sample; Age; is the age of the ith sample; Sex;
is the sex of the ithsample; CNV/is the copy number variation
of the ith sample; CpG; is the methylation status of the ith
sample; f, is the intercept, other § are the regression coeffi-
cients. We called significant cis-associations between eSNP
and the target miRNA (eMiR) based on a false-discovery rate
(FDR) of 0.1.

To identify differently expressed miRNA in LUAD, the
expression levels of miRNAs which were absent in more than
10 samples in normal or tumor samples were excluded. The
rest were compared between tumors and normal lungs using
t test. MiRNAs with fold change >2 and FDR <0.01 were
defined as differently expressed miRNAs.

2.3 | Target gene prediction

In order to predict the downstream target mRNAs of eMiR,
we used miRNA Data Integration Portal (mirDIP 4.1)18 to
predict target mRNAs with corresponding miRNA binding
motifs in the 3'UTR regions. Then we confirmed the endog-
enous effect of the eSNP on the mRNA using Mendelian
randomization (MR) with the eSNP as instrumental vari-
able (Equation 2). We selected significant candidate mRNAs
based on the following criteria: (a) Target genes (“Mir-
target gene”) Integrated Score >0.1; (b) filtering these genes
(“Present calls”) with no less than 100 present calls in the
cohort; (c) genes to which the TAL is significant genetic in-
strument based on Mendelian Randomization (“MR gene”,
weak instrument test FDR <0.05); (d) Target genes are re-
quired to be significantly differently expressed (“DE gene’)
between tumor tissue and the matched normal (FDR<0.01
and log,fold change>0.5); (e) significantly predictive
(“Predictive gene”) of the overall survival rate using KM-

Plotter software.?®

mRNA; = B, + B,miRNA;| G, + ¢, )

Here, ¢; ~N(O, 02) is a Gaussian error term; G, is the
genotype of the ith sample;f, is the intercept,miRNA; is
miRNA expression level of the ith sample, f, is the regres-
sion coefficients.

2.4 | Cell lines and cell culture

Human LUAD cell lines (A549, H1299, H1395, H1975,
Calu-3, and H1650) were obtained from the Cell Bank of
Chinese Academy of Sciences (Shanghai, China). A549
was maintained in F-12 K Medium (Gibco, USA). H1299,
H1395, H1975, Calu-3, and H1650 were maintained
in RPMI-1640 Medium (Gibco, USA). All cells were
maintained in medium with 10% FBS (Gibco, USA), 1%
penicillin/streptomycin (Gibco, USA) in a humidified en-
vironment containing 5% CO, at 37°C. The bio-banking
procedures were strictly followed and cells were used
within 3 months.

2.5 | Cell transfection

A549 and H1650 cells were transfected with miR-3130-5p
agomir (sense:5'-ACCCAGUCUCCGGUGCAGCCU-3/;
antisense:5’-AGGCUGCACCGGAGACUGGGU-3’, Sangon
Biotech, China), miR-3130-5p agomir control (sense:5'-
UUCUCCGAACGUGUCACGUTT-3’; antisense:5'-ACGU
GACACGUUCGGAGAATT-3"), miR-3130-5p antagomir
(5'-AGGCUGCACCGGAGACUGGGU-3") and miR-3130
-5p antagomir control (5'-CAGUACUUUUGUGUAGUAC
AA-3"). The overexpression and knockdown plasmids
of NDUFS1 were purchased from Genechem, China.
Quantitative reverse transcription—polymerase chain reaction
(qQRT-PCR) and western blotting were conducted to detect
the transfection efficiency. For rescue experiment, we treated
with miR-3130-5p agomir after stable NDUFS1 overexpres-
sion in cell lines.

2.6 | Dual-luciferase reporter assays

The 3’-UTR fragments of NDUFS1 and RGS11 predicted
to interact with miR-3130-5p were amplified and cloned
into pmirGLO Dual-Luciferase miRNA Target Expression
Vector. A549 cells transduced by those plasmids were seeded
in a 24-well plate and transfected with miR-3130-5p agomir,
miR-3130-5p antagomir and controls for 48 h. The cells were
lysed and the luciferase activities of firefly and renilla were
examined with Dual-Luciferase Reporter assay kit following
the manufacturer's instructions. All experiments were per-
formed three times.
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2.7 | Patients and tissue samples

Primary LUAD tissues and paracancerous tissues were ob-
tained from 43 patients who received lung cancer resections
at the Department of Thoracic Surgery of Zhongshan Hospital
affiliated to Xiamen University. Written informed consents
were acquired by all patients participated in the study. Our
protocols were approved by Medical Ethic Council for
Researchers of Zhongshan hospital and executed according
to the Declaration of Helsinki. The diagnoses of LUAD were
made by two independent pathologists. The resected tissue
samples were quickly frozen in liquid nitrogen and stored at
—80°C.

2.8 | RNA extraction and qRT-PCR

Total RNAs were extracted from cells and human tis-
sue samples using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and purified using the PureLink RNA Mini kit
(Invitrogen) according to the manufacturer's protocols.
Approximately 3.5 pg of RNA was reverse-transcribed
to DNA templates for qRT-PCR using the Reverse-Aid™
First Strand cDNA Synthesis kit (Fermentas, Waltham,
MA, USA).

2.9 | Cell viability assay

Cells (4 x 10°) were placed in 96-well plates and assessed
every 24 h. CCK-8 reagent (Sangon biotech, China) was
added and incubated with cells for 1 h at 37°C before the
absorbance at 450 nm was measured by a microplate reader.

2.10 | Transwell assay

Cells (5 x 10% suspended in 200-pl medium without serum
were seeded into the upper chamber, and lower chamber was
full of 20% FBS to induce LUAD cells to migrate through
the membrane. Matrigel (1:6 dilution, BD Biosciences, USA)
was added on the upper chamber for the invasion assay.
Twenty-four hours later, cells were fixed in 4% paraformal-
dehyde, stained with 0.1% crystal violet solution and counted
under optical microscope.

2.11 | Wound-healing assay

Cells (2 x 106) were seeded and incubated in fresh six-
well plates. For the wound-healing assay, a confluent mon-
olayer was scratched with a pipette tip, washed with PBS

.. 3703
Cancer Medicine _ “WI LEYJ—

and incubated in culture medium supplemented with 1%
FBS. The cultures were imaged by microscope after 0 and
48 h.

2.12 | Colony formation assay

Cells (200) were seeded and incubated in fresh 6-well plates
for 14 days to allow colony formation. Colonies were fixed in
4% paraformaldehyde, stained with 0.1% crystal violet solu-
tion and counted.

2.13 | TUNEL staining

Cells were stained using TUNEL apoptosis detection kit
(DeadEnd Fluorometric TUNEL system, Promega, USA) ac-
cording to manufacturer's instructions. Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI). The results
were detected using a Leica DMI3000 immunofluorescent
microscope.

2.14 | Protein extraction and
western blotting

Cells or tissue samples were lysed in ice-cold RIPA lysis
buffer containing protease inhibitor. An equal amount of
total protein from each sample (20 pg) was loaded on 10%
SDS-PAGE gels and then transferred to PVDF membranes.
The membranes were blocked with 5% BSA for 2 h at room
temperature and then incubated with commercially available
primary antibodies for detection of NDUFS1 (Cell Signaling
Technology, USA), followed by the appropriate secondary
antibodies (Cell Signaling Technology, USA). GAPDH was
taken as internal control and protein bands were analyzed by
Image J software (NIH, USA).

2.15 | Mice xenograft experiment

A549 cells (2.5 x 10°%) were injected subcutaneously into
the flanks of Balb/c nude mice aged 5 weeks. After forma-
tion of tumor (4 X4 mm), mice were treated with either
control or miR-3130-5p agomir (2 nmol twice a week) via
tail vein for totally 4 weeks. The mice's condition, body
weights and sizes of tumors were observed and recorded
every three days. The tumor volumes were recorded in
(Width2 X length)/2. After 2 weeks from last treatment,
the animals were euthanized and tumors were removed,
weighed, and frozen or fixed for biochemical or histologi-
cal analyses.
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2.16 | Immunohistochemistry

The paraffin-embedded tissue slides (4 pM) were deparaffi-
nized and hydrated. Tumor sections were immunostained sub-
sequently for NDUFS1, CD34, Collagen-IV. MaxVisionTM
kit was applied to each slide (MaixinBiol, China) according
to the manufacturer's instructions. Color was developed by
DAB kit (MaixinBiol, China) and slides were counterstained
with hematoxylin. Nonimmune mouse IgG was used to re-
place primary antibodies for negative controls. The immu-
nostained slides were observed under microscope and scored
by two independent pathologists using Image J.

2.17 | Clinical data collection and
statistical analysis

The medical records of patients enrolled in the study were
reviewed and approved by Medical Ethic Council for
Researchers of Zhongshan Hospital Affiliated to Xiamen
University with patients’ written consents. The information
of demographic characteristics, pathological characteristics
of primary tumors, diagnoses and therapies were collected.
These patients were followed up every 3 months until deaths
or end of the investigation.

All the experiments were conducted in triplicates with
consistent results. All data were listed as mean with SD and
analyzed by SPSS 20.0 (IBM, USA) and Graphpad Prism
7.0 (GraphPad Software Inc.). Student's ¢ test was adopted
to confirm statistical significance. p value less than 0.05 was
regarded as statistically significant. We used logistic regres-
sion to evaluate the association between NDUFS1 or miR-
3130-5p and corresponding clinical features and performed
survival analysis based on cox regression using “survival”
and “survminer” R packages (version: R-4.0.2).

3 | RESULTS
3.1 | Cis-eQTL analysis for GWAS trait-
associated loci in TCGA LUAD Cohort

We retrieved 376 loci which were annotated to associate with
disease traits in human lung, each of which is represented by
a tag SNP (Table S1). Based on each tag SNP, we obtained
3291 SNPs in linkage disequilibrium (R*>0.5). The missing
genotypes of the SNPs were imputed from the genotyping
data of TCGA cohort.

To define the study population, we stratified 490 TCGA
LUAD samples based on the top two principal components of
common variants (see Section 2). After filtering for samples
with missing or extreme values, we obtained a cohort of 227
Caucasian descendants with LUAD.

We then performed a cis-eQTL analysis for 3291 SNPs
and 251 miRNAs located within 1 Mb region on either side
of the SNPs. Based on an FDR of 0.1, we identified 100 sig-
nificant cis-associations which correspond to 93 eSNPs and
3 target miRNAs (eMiR) (Figure 1A—C and Table S2). The
eSNPs belong to two risk loci (2q33 and 8p22) and are both
associated with lung cancer.”>*°

We evaluated the expression levels of three eMiRs in
LUAD and matched normal samples. As aresult, miR-3130-5p
(log,fold change = 1.04, FDR =8.12 X 1077; Figure 1D) and
miR-548v (log,fold change = 0.26, FDR = 0.01; Figure S1)
were significantly differently expressed. Moreover, miR-
3130-5p expression level is significantly predictive of the
overall survival rate in a cohort of 323 TCGA LUAD patients
(p = 0.024; Figure S2A). Therefore, we focused on miR-
3130-5p for further analysis.

To reveal the downstream impacts of the TAL which act
as cis-eQTL of miR-3130-5p, we retrieved 1732 mRNAs
(Integrated Score > 0.1; Table S3) predicted by mirDIP 4.1
database (Figure 1E). These genes carry the binding motif
of miR-3130-5p in the 3'UTR. After filtering these genes
for present calls in the cohort, we yielded 1330 target genes
for further analysis (Figure 1E). We performed instrumen-
tal variable (IV) regression taking the eSNPs as genetic in-
struments, miRNA expression as independent variable and
mRNA expression as dependent variable. As a result, we
yielded 11,756 regulatory axes, including 23 eSNPs of miR-
3130-5p and 596 mRNAs in trans (Table S4 and Figure 1E).
To identify the mRNAs regulated by miR-3130-5p that are
associated with LUAD patients’ survivals, 256 significantly
differently expressed genes in lung cancer were chosen for
further survival analyses (Figure 1E). As results, 189 genes
significantly predictive of overall survival (FDR <0.05;
Figure 1E) were selected, among which NDUFSI is the
most significantly predictive (HR: 0.46, CI 95%: 0.38-0.55,
FDR = 4.25 x 107> ; Figure S2B and Table S5). Other candi-
date genes with known functional impacts in cancer include
RGS11,”" RPS6KA2,** and CYBSA.” KEGG enrichment
analysis suggested the 189 candidate genes overrepresent
in two cancer-related pathways (Wnt signaling pathway and
Cell cycle) at a 5% FDR level (Table S6). Based on literature
re:se:.a\rc:h,31’34 we chose two genes, NDUFS1 and RGS11, for
further analyses.

3.2 | NDUSF1 is a target for miR-3130-5p

To verify the target gene of miR-3130-5p, we performed lu-
ciferase reporter assays for two predicted targets, NDUFS1
and RGS11 (Figure 2A and Figure S3B). In A549 cells,
the reporter with wild-type NDUFS1 3'UTR exhibited
significantly attenuated luciferase activities in response to
the overexpression of miR-3130-5p (agomir transfection;
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FIGURE 1 The eQTL analyses of lung cancer risk loci and prediction of candidate target genes of 2q33-miR-3130-5p. (A) Manhattan plot
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significant rs957414 SNP and expression of miR-3130-5p. (D) Boxplot of expression of miR-3130-5p in normal lung tissue (Normal) and lung

tumor tissue (Tumor) according to TCGA-LUAD database. (E) The schematic about the screening process of targets prediction of miR-3130-5p

(see Section 2)

p < 0.05; Figure 2B) but showed no response to the knock-
down (antagomir transfection; p > 0.05; Figure S3A). In
addition, the changes in the luciferase activities caused by
the overexpression and knock-down of miR-3130-5p were
further validated by the changes of NDUFS1 mRNA lev-
els (Figure 2C) and protein levels (Figure 2D). For RGS11,
the luciferase activities were not significantly affected by
miR-3130-5p (Figure S3C). In summary, our data suggested
that NDUFSI1 is the direct target mRNA of miR-3130-5p in
LUAD.

3.3 | miR-3130-5p promotes invasion,
migration, and EMT in vitro

To further verify that miR-3130-5p functions as an on-
comiRNA in LUAD, we first assessed the expression
levels of miR-3130-5p in a panel of cell lines derived
from LUAD. Our data showed miR-3130-5p is stably
expressed in A549 and H1650, which we chose for fur-
ther analysis. We then conducted a series of in vitro ex-
periments to assess the effects of miR-3130-5p on the
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FIGURE 2 NDUFSI is verified to be a target for miR-3130-5p. (A) The schematic shows wild type (wt) or mutant type (mut) NDUFS1
3’UTR (including three different predicted binding sites of miR-3130-5p) was cloned to the pmirGLO Dual-Luciferase miRNA Target Expression
Vector. (B) The relative luciferase activities were detected in A549 cells transfected with wild-type or mutant-type NDUFS1 3’UTR and miR-3130-
Sp agomir or agomir control. (C) gqRT-PCR analysis of NDUFS1 mRNA level in A549 and H1650 cells transfected with miR-3130-5p agomir,
antagomir and respective controls. (D) NDUFSI protein level was measured by western blotting in A549 and H1650 cells after transfection with

miR-3130-5p agomir, antagomir and respective controls. *p < 0.05, **p < 0.01, ***p < 0.001

malignant phenotypes in the two cell lines. As a result,
miR-3130-5p overexpression (agomir) significantly pro-
moted the invasion and migration of A549 (p < 0.01) and
H1650 (p < 0.001 and p < 0.01) cells after transfection for
24 h (Figure 3A and B). Consistently, the knock-down of
miR-3130-5p by antagomir substantially suppressed the
two phenotypes. Additionally, the wound healing assays
also ascertained that miR-3130-5p agomir greatly intensi-
fied the migration abilities of A549 (p < 0.01) and H1650
(p < 0.0001) cells, which were significantly reduced by
miR-3130-5p antagomir (A549: p < 0.0001 and H1650:
p < 0.01) (Figure 3C).

Furthermore, the western blotting assays showed sup-
pressed epithelial markers (E-Cadherin) and activated mes-
enchymal markers (N-Cadherin, Vimentin, Snail) in A549
and H1650 cells driven by increased miR-3130-5p expression

(p < 0.01; Figure 3D and S5), indicated miR-3130-5p may
promote EMT by regulating the expression of Snail.

On the other hand, the CCKS8 and colony formation assays
suggested that miR-3130-5p does not affect cell proliferation
and colony formation of LUAD cells (Figure S4A and B).
And miR-3130-5p had no effect on the apoptosis process of
LUAD cells according to the TUNEL assay (Figure S4C). In
summary, our findings suggest that miR-3130-5p specifically
promotes invasion, migration and EMT of LUAD cells.

3.4 | miR-3130-5p modulates NDUFS1
functions in vitro

As the target mRNA of miR-3130-5p, NDUFSI1 showed
opposite effects on invasion, migration phenotypes in both
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LUAD cell lines (Figure 4A and B). We assessed the phe-
notypic changes in response to NDUFS1 over-expression
and knock-down in the same cell types as miR-3130-5p. Of
note, over-expression of NDUFS|1 inhibited significantly in-
vasion and migration in A549 (p < 0.05 and p < 0.01) and
H1650 (p < 0.01 and p < 0.001) cells, while knock-down of
NDUFSI led to a markedly elevated invasion and migration
abilities of A549 (p < 0.01, p < 0.001 and p < 0.05, p < 0.01)
and H1650 (p < 0.01, p < 0.01 and p < 0.0001, p < 0.01)
(Figure 4A and B). Moreover, wound healing assays dem-
onstrated that increased NDUFS1 expression represses the
migration abilities of A549 (p < 0.01) and H1650 (p < 0.05)
cells and knock-down of NDUFSI1 resulted in opposite ef-
fects in A549 (p < 0.001, p < 0.01) and H1650 (p < 0.0001,
p < 0.01) cells (Figure 4C).

To further verify miR-3130-5p exerts its function through
modulating the activities of NDUFS1, we performed rescue
experiments in A549 and H1650 cells. As a result, miR-
3130-5p overexpression significantly counteracted the inhi-
bition of invasion, migration abilities by NDUFSI in vitro
(p < 0.01; Figure 4A-C). In A549 cells, miR-3130-5p re-
stored the repressed level of Snail and reduced the increased
level of E-cadherin caused by overexpression of NDUFSI.
While in H1650 cells, miR-3130-5p regained the expression
of Snail which suppressed by overexpression of NDUFS1
(Figure 4D and Figure S6). In summary, our data suggests
that miR-3130-5p is a strong modulator of NDUFSI1 activ-
ities in vitro and thereby influences the invasion, migration
and EMT of LUAD cells.

3.5 |
in vivo

miR-3130-5p promotes tumor invasion

The in vitro experiments suggest that miR-3130-5p func-
tions as a modulator of NDUFS1 with phenotypic impacts
in lung cancer. Therefore, we further verified the functions
of miR-3130-5p in vivo. We established xenograft tumor
animal models by subcutaneously injection of A549 cells
in BALb/c mice. We intravenously injected miR-3130-5p
agomir and control to assess the pathological changes. As
a result, there were no obvious differences in the tumor vol-
ume and body weight of mice between miR-3130-5p ago-
mir group and control group (p > 0.05; Figure 5A and B),
which is consistent with our previous observation in vitro.
On the other hand, the immunohistological results showed

markedly increased expression of invasion related markers,
such as CD34 and collagen IV, in tumors formed in miR-
3130-5p overexpressing mice compared to the control group
(p < 0.01; Figure 5C), which suggests that miR-3130-5p pro-
motes tumor invasiveness in vivo.

3.6 | NDUFSI1 expression correlates with
clinicopathological characteristics of LUAD

We used qRT-PCR to investigate the expression levels of
miR-3130-5p and NDUFS1 mRNA in 43 LUAD tissues
from patients who received tumor resections. Consistent with
previous results, miR-3130-5p level was distinguishably up-
regulated (p = 5 x 107%; Figure S7) while NDUFS1 mRNA
level was down-regulated in cancerous tissue (p = 4.7 X 107>;
Figure S7). Moreover, NDUFS1 mRNA level is significantly
associated with lymphatic and vascular invasion (OR = 8.67,
p = 0.004), N stage (OR = 5.50, p = 0.019), tumor differen-
tiation (OR = 0.23, p = 0.039), tumor maximum diameter
(OR =4.00, p = 0.042) (Table 1). Nevertheless, the expres-
sion level of miR-3130-5p was not significantly related with
the clinicopathological characteristics of LUAD (Table S7).
Cox regression analysis did not show any risk factors associ-
ated with progress-free survival (PFS) and overall survival
(OS) in LUAD patients (Table S8).

4 | DISCUSSION
Numerous studies suggest TAL act as eQTL of transcripts
with regulatory activities, such as miRNA, IncRNA, or
circRNA and thereby influence gene expression in cancer
cells. Such regulatory axes are used to explain the biologi-
cal process underlying non-coding TAL and to inform new
cancer-related transcripts. In the current study, we identify
miR-3130-5p as a cis-target of TAL 2q33. Further analy-
sis suggests miR-3130-5p is a potential oncogenic micro-
RNA, which intermediates the effects of 2q33 risk locus on
NDUFSI and influence the invasion phenotype of LUAD.
2q33 is reported as a pleiotropic TAL which is asso-
ciated with nicotine dependence, urinal mercapturic acids
concentration in smokers as well as risk of lung cancer and
esophageal cancer in Northern Chinese.***% Therefore,
the eQTL activity of 2q33 helps understand the patho-
genic mechanism of lung cancer. MiR-3130-5p is located

FIGURE 3 MiR-3130-5p significantly promotes the abilities of invasion and migration of LUAD cells. (A) Invasion abilities of A549 and
H1650 cells were assessed by matrigel chamber invasion assays after treated with miR-3130-5p agomir, antagomir and respective controls. (B)

Migration abilities of A549 and H1650 cells were assessed by transwell assays after treated with miR-3130-5p agomir, antagomir and respective

controls. (C) Migration abilities of A549 and H1650 cells were also detected by scratch assays after 48 h of transfection with indicated substances.

(D) Western blotting results of EMT related proteins levels in A549 and H1650 cells after transfected with indicated substances. All representative

images are shown as above. **p < 0.01, ***p < 0.001, ****p < 0.0001
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70,115 bp from the tag SNP, rs75358501. Prior studies melanoma and breast cancer.’®*’ Different expression
showed that miR-3130-5p was associated with diverse of miR-3130-5p may be involved in breast cancer neo-
diseases.’” ™ It was reported in genomic researches about adjuvant chemotherapy resistance.*! However, the function
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FIGURE 5 MiR-3130-5p promotes tumor invasion in vivo. (A) Mice xenograft models were constructed by injecting A549 cells

subcutaneously into nude mice. After the tumors developed to 4 x4 mm, miR-3130-5p agomir and control were injected into mice regularly until

mice were sacrificed 4 weeks later. Tumor tissues were resected and examined. (B) There were no significant differences in the body weight and

tumor volume between miR-3130-5p agomir group and control group. (C) The protein levels of NDUFS1, CD34, and collagen IV were detected by

IHC and compared between miR-3130-5p agomir group and control. *p < 0.05, **p < 0.01

TABLE 1 Analysis of the correlation

Clini thological
between expression level of NDUFSI in R

. .. . characteristics
LUAD tissues and clinicopathological

characteristics Age
<65

>65
Sex
Female
Male
Stage
I+1I
1
T stage
T1+T2
T3+T4
N stage
NO
NI+N2+N3
Differentiation
Poorly
Well/moderate
ki67
<20
>20

Tumor maximum
diameter

<3 cm

>3 cm

Lymphatic and vascular

invasion
Negative
Positive
Nerve invasion
Negative

Positive

*p<0.05.; ¥¥p<0.01.

of miR-3130-5p is less known in other cancer types. To
our knowledge, the current study is the first report of miR-
3130-5p as a cis-target of GWAS loci and associated with
lung carcinogenesis with a functional role.

Instrumental variable (IV) regression provides a pow-
erful analytical tool for identifying causal relations among

Total  High NDUFS1  Low NDUFS1
cases level level Logitp OR

0.894 1.091
23 12 (60.0%) 11 (57.9%)
16 8 (40.0%) 8 (42.1%)

0.434 1.671
16 7 (35.0%) 9 (47.4%)
23 13 (65.0%) 10 (52.6%)

0.069 4.121
28 17 (85.0%) 11 (57.9%)
11 3 (15.0%) 8 (42.1%)

0.641 1.429
30 16 (80.0%) 14 (73.7%)

9 4 (20.0%) 5(26.3%)

0.019° 5500
24 16 (80.0%) 8 (42.1%)
15 4 (20.0%) 11 (57.9%)

0.039°  0.225
14 4 (20.0%) 10 (52.6%)
25 16 (80.0%) 9 (47.4%)

0.152 2571
19 12 (60.0%) 7 (36.8%)
20 8 (40.0%) 12 (63.2%)

0.042°  4.000
21 14 (70.0%) 7 (36.8%)
18 6 (30.0%) 12 (63.2%)

0.004™  8.667
22 16 (80.0%) 6 (31.6%)
17 4 (20.0%) 13 (68.4%)

0.261 2.182
26 15 (75.0%) 11 (57.9%)
13 5(25.0%) 8 (42.1%)

germline variants, intermediate transcripts and downstream
effectors in trans. Many prior studies successfully used IV
regression to elucidate the functional impacts of germline
variants. Our study uses I'V regression to suggest NDUFS1
as an effector in trans of 2q33-miR-3130-5p association,
which avoids the high false discovery rates (FDR) in
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direct trans-eQTL analysis and the low statistical power
due to limited sample size. The method we described can
be used to explain other non-coding cancer risk variants.
In addition, IV regression can also provide a framework
to infer causal variants from a set of variants in linkage
disequilibrium.

As the downstream effector of 2q33-miR-3130-5p,
NDUFSI is the largest subunit of mitochondria complex I,
which plays important role in the process of oxidative phos-
phorylation and production of ATP. It is well-known that dys-
function of mitochondria complex I can cause Warburg effects
in cancer cells, which means accelerated aerobic glycolysis
and cancer progression.“’44 NDUSFI is suggested to exert
anti-cancer effect in ovarian cancer,45 clear-cell renal-cell car-
cinoma *® and NSCLC.** Consistent with previous studies,
our study demonstrated NDUFS1 acts as a tumor-suppressor
in the invasion, migration and EMT of LUAD cells. Moreover,
low expression of NDUFSI1 in cancerous tissue is signifi-
cantly associated with severe lymphatic and vascular invasion
pathologically. Thus, NDUFS1 may be a potential biomarker
for the clinicopathological diagnosis of LUAD. However, we
had not found NDUFSI level is associated with the OS and
PFS of LUAD patients. The possible reason is the heteroge-
neity in the cohort, that is, patients received different treat-
ments after resection. With limited sample size it is difficult
to assess the predictive power of NDUFS1. However, in a
larger cohort such as TCGA, we show NDUFSI expression
is significantly associated with clinical outcome of LUAD.
Therefore, NDUFS1 is a potential tumor-suppressor targeted
by 2q33-miR-3130-5p axis which influences the invasiveness
of LUAD. Our data suggests that NDUFSI serves as a bio-
marker for diagnosis and prediction of LUAD.

The current study provides a thorough analyses to confirm
the functional impacts of 2q33 and miR-3130-5p association
through altering NDUFSI transcription. However, the ef-
fect of the regulatory axis needs to be compared with known
LUAD biomarkers, such as driver mutations in EGFR, ALK
and ROS1.*" Although we validated the interaction between
miR-3130-5p and NDUFSI, there are multiple mechanisms
through which miRNA alters the transcript abundances of
mRNA. For example, miRNA affects the decay of mRNA,
and induces transcriptional gene silencing in mammalian cell
(RITS) by directly targeting the promoter. The current analysis
does not inform the mechanism through which miR-3130-5p
inhibit NDUFSI1 transcription. In addition, miR-3130-5p
may interact with other transcripts in LUAD and thereby in-
fluences the phenotype of cancer. For example, LncRNA and
circRNA competitively bind with miRNA and regulate the
expression of downstream target mRNA.*** Therefore, it is
possible that the pathogenicity of miR-3130-5p is through
other complex pathways in LUAD.

In conclusion, we describe an eQTL analysis in LUAD
to reveal the biological mechanism of TAL 2q33. We

demonstrate that miR-3130-5p is an oncomiRNA which
is significantly associated with 2q33 and a modulator of
NDUFSI1 expression in LUAD. In addition, miR-3130-5p
suppresses the activity of NDUFS1 and thereby promotes
tumor invasiveness and possibly migration and EMT hence
a potential biomarker of LUAD. Our analyses identified
and verified a novel pathogenic pathway for 2q33 in LUAD
through miR-3130-5p-NDUFSI axis. In addition, we foresee
a couple of steps in the future study. First, we can further
verify the function of miR-3130-5p and NDUFSI in knock-
out cell lines and mice. Then, we can establish a large, well-
controlled LUAD cohort to evaluate the clinical significance
of 2q33, miR-3130-5p, and NDUFS1. We can also verify the
invasiveness phenotypes using methods such as in vivo clo-
nogenic assay. These findings will extend our knowledge of
lung carcinogenesis and inform the clinical management of
LUAD.

ACKNOWLEDGEMENTS

This study was supported by National Natural Science
Foundation of China (61271336), Fundamental Research
Funds for the Chinese Central Universities (20720190101),
Natural Science Foundation of Fujian Province (2019J01550),
and Medical and health Technology Plan Project of Xiamen
(3502720194021).

CONFLICT OF INTEREST
All authors declare no conflict of interest.

ETHICS STATEMENT

The study involving lung cancer patients was approved by
the Medical Ethics Council for Researchers of Zhongshan
Hospital affiliated to Xiamen University. The ethic approved
number is xmzsyyky2017034. All participants were informed
and signed the consent forms. The animal experiments were
performed according to the principles and procedures formu-
lated by Laboratory Animal Center of Xiamen University.

DATA AVAILABILITY STATEMENT

All supplementary tables that support the findings of this
study are available at https://github.com/xcqxcq/miQTL/
tree/main/supplementaryTables online. The data and materi-
als of this study are available from the corresponding author
for reasonable requests.

ORCID

Juan Zhan ‘© https://orcid.org/0000-0002-2535-0811
Qiyuan Li ‘© https://orcid.org/0000-0002-8934-8948
REFERENCES

1. MacArthur J, Bowler E, Cerezo M, et al. The new NHGRI-EBI
Catalog of published genome-wide association studies (GWAS
Catalog). Nucleic Acids Res. 2017;45:D896-D901.


https://github.com/xcqxcq/miQTL/tree/main/supplementaryTables
https://github.com/xcqxcq/miQTL/tree/main/supplementaryTables
https://orcid.org/0000-0002-2535-0811
https://orcid.org/0000-0002-2535-0811
https://orcid.org/0000-0002-8934-8948
https://orcid.org/0000-0002-8934-8948

ZHAN ET AL.

.. 3713
Cancer Medicine _ “WI LEYJ—

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Hindorff LA, Sethupathy P, Junkins HA, et al. Potential etio-
logic and functional implications of genome-wide association
loci for human diseases and traits. Proc Natl Acad Sci USA.
2009;106:9362-9367.

Zhang F, Lupski JR. Non-coding genetic variants in human dis-
ease. Hum Mol Genet. 2015;24:R102-R110.

Westra H-J, Peters MJ, Esko T, et al. Systematic identification of
trans eQTLs as putative drivers of known disease associations. Nat
Genet. 2013;45:1238-1243.

LiQ, SeoJ-H, Stranger B, et al. Integrative eQTL-based analyses re-
veal the biology of breast cancer risk loci. Cell. 2013;152:633-641.
Bicak M, Wang X, Gao X, et al. Prostate cancer risk SNP
rs10993994 is a trans-eQTL for SNHGI11 mediated through
MSMB. Hum Mol Genet. 2020;29:1581-1591.

Gong J, Mei S, Liu C, et al. PancanQTL: systematic identification
of cis-eQTLs and trans-eQTLs in 33 cancer types. Nucleic Acids
Res. 2018;46:D971-D976.

LiJ, Xue Y, Amin MT, et al. ncRNA-eQTL: a database to system-
atically evaluate the effects of SNPs on non-coding RNA expres-
sion across cancer types. Nucleic Acids Res. 2020;48:D956-D963.
GTEx Consortium. The genotype-tissue expression (GTEXx)
pilot analysis: multitissue gene regulation in humans. Science.
2015;348:648-660.

LiuY, Ruan H, Li S, et al. The genetic and pharmacogenomic land-
scape of snoRNAs in human cancer. Mol Cancer. 2020;19:108.

Li W, Xu C, Guo J, et al. Cis- and trans-acting expression quan-
titative trait loci of long non-coding RNA in 2,549 cancers with
potential clinical and therapeutic implications. Front Oncol.
2020;10:602104. https://doi.org/10.3389/fonc.2020.602104

Guo H, Ahmed M, Zhang F, et al. Modulation of long noncoding
RNAs by risk SNPs underlying genetic predispositions to prostate
cancer. Nat Genet. 2016;48:1142-1150.

Ji X, Bossé Y, Landi MT, et al. Identification of susceptibility
pathways for the role of chromosome 15g25.1 in modifying lung
cancer risk. Nat Commun. 2018;9:1-5.

Zhang T, Choi J, Kovacs MA, et al. Cell-type-specific eQTL of
primary melanocytes facilitates identification of melanoma sus-
ceptibility genes. Genome Res. 2018;28:1621-1635.
Kozomara A, Birgacanu M, Griffiths-Jones S. miRBase:
from microRNA sequences to function. Nucleic Acids Res.
2019;47:D155-D162.

Loher P, Rigoutsos I. Interactive exploration of RNA22 microRNA
target predictions. Bioinformatics. 2012;28:3322-3323.

Agarwal V, Bell GW, Nam J-W, et al. Predicting effective mi-
croRNA target sites in mammalian mRNAs. Elife. 2015;4:e05005.
Tokar T, Pastrello C, Rossos AEM, et al. mirDIP 4.1—integrative
database of human microRNA target predictions. Nucleic Acids
Res. 2018;46:D360-D370.

Peng Y, Croce CM. The role of MicroRNAs in human cancer.
Signal Transduction and Targeted Therapy. 2016;1:1-9.

Lin L, Fan YU, Gao F, et al. UTMD-promoted co-delivery
of gemcitabine and miR-21 inhibitor by dendrimer-entrapped
gold nanoparticles for pancreatic cancer therapy. Theranostics.
2018;8:1923-1939.

Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new
era for the management of cancer and other diseases. Nat Rev Drug
Discov. 2017;16:203-222.

Welter D, MacArthur J, Morales J, et al. The NHGRI GWAS
Catalog, a curated resource of SNP-trait associations. Nucleic
Acids Res. 2014;42:D1001-D1006.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

1000 Genomes Project Consortium. Auton A, Brooks LD,
et al. A global reference for human genetic variation. Nature.
2015;526:68-74.

Howie B, Marchini J, Stephens M. Genotype imputation
with thousands of genomes. G3: Genes—Genomes—Genetics.
2011;1:457-470.

Howie BN, Donnelly P, Marchini J. A flexible and accurate gen-
otype imputation method for the next generation of genome-wide
association studies. PLoS Genet. 2009;5:¢1000529.

Goldman MJ, Craft B, Hastie M, et al. Visualizing and interpret-
ing cancer genomics data via the Xena platform. Nat Biotechnol.
2020;38:675-678.

Shabalin AA. Matrix eQTL: ultra fast eQTL analysis via large ma-
trix operations. Bioinformatics. 2012;28:1353-1358.

Nagy A, Lanczky A, Menyhart O, et al. Validation of miRNA
prognostic power in hepatocellular carcinoma using expression
data of independent datasets. Sci Rep. 2018;8:1-9.

Wang Z, Seow WJ, Shiraishi K, et al. Meta-analysis of genome-wide
association studies identifies multiple lung cancer susceptibility loci
in never-smoking Asian women. Hum Mol Genet. 2016;25:620-629.
Park SL, Carmella SG, Chen M, et al. Mercapturic acids derived
from the toxicants acrolein and crotonaldehyde in the urine of cig-
arette smokers from five ethnic groups with differing risks for lung
cancer. PLoS One. 2015;10:¢0124841.

Chang Y-F, Huang Y-Q, Wu K-M, et al. Diagnosing the RGS11
lung cancer biomarker: the integration of competitive immunoas-
say and isothermal nucleic acid exponential amplification reaction.
Anal Chem. 2019;91:3327-3335.

Bignone PA, Lee KY, Liu Y, et al. RPS6KA?2, a putative tumour
suppressor gene at 6q27 in sporadic epithelial ovarian cancer.
Oncogene. 2007;26:683-700.

Giovannetti E, Wang Q, Avan A, et al. Role of CYBS5A in pancre-
atic cancer prognosis and autophagy modulation. J Natl Cancer
Inst. 2014;106(1):djt346. https://doi.org/10.1093/jnci/djt346

Su C-Y, Chang Y-C, Yang C-J, et al. The opposite prognostic effect
of NDUFS1 and NDUFS8 in lung cancer reflects the oncojanus
role of mitochondrial complex 1. Sci Rep. 2016;6:1-8.

Loukola A, Wedenoja J, Keskitalo-Vuokko K, et al. Genome-
wide association study on detailed profiles of smoking behav-
ior and nicotine dependence in a twin sample. Mol Psychiatry.
2014;19:615-624.

Zhao XK, Mao YM, Meng H, et al. Shared susceptibility loci at
2933 region for lung and esophageal cancers in high-incidence
areas of esophageal cancer in northern China. PLoS One.
2017;12:e0177504.

Liang J, Bai S, Su L, et al. A subset of circulating microRNAs is
expressed differently in patients with myocardial infarction. Mol
Med Rep. 2015;12:243-247.

Wu HZY, Thalamuthu A, Cheng L, et al. Differential blood
miRNA expression in brain amyloid imaging-defined Alzheimer’s
disease and controls. Alzheimers Res Ther. 2020;12:59.

Persson H, Kvist A, Rego N, et al. Identification of new microR-
NAs in paired normal and tumor breast tissue suggests a dual role
for the ERBB2/Her2 gene. Cancer Res. 2011;71:78-86.

Stark MS, Tyagi S, Nancarrow DJ, et al. Characterization of
the melanoma miRNAome by deep sequencing. PLoS One.
2010;5:e9685.

Lou W, Liu J, Ding B, Xu L, Fan W Identification of
chemoresistance-associated miRNAs in breast cancer. Cancer
Manag Res. 2018;10:4747-4757.


https://doi.org/10.3389/fonc.2020.602104
https://doi.org/10.1093/jnci/djt346

3714 .
—I—Wl LEY_Cancer Medicine _

42.
43.
44.
45.

46.

47.

48.

ZHAN ET AL.

Wingo AP, Almli LM, Stevens JS, et al. DICER1 and microRNA
regulation in post-traumatic stress disorder with comorbid depres-
sion. Nat Commun. 2015;6:10106.

Lu J, Tan M, Cai Q. The Warburg effect in tumor progression:
mitochondrial oxidative metabolism as an anti-metastasis mecha-
nism. Cancer Lett. 2015;356:156-164.

Santidrian AF, Matsuno-Yagi A, Ritland M, et al. Mitochondrial
complex I activity and NAD+/NADH balance regulate breast can-
cer progression. J Clin Invest. 2013;123:1068-1081.

Ren F, Wang D-B, Li T, et al. Identification of differentially meth-
ylated genes in the malignant transformation of ovarian endometri-
osis. J Ovarian Res. 2014;7:73.

Ellinger J, Poss M, Briiggemann M, et al. Systematic expression
analysis of mitochondrial complex I identifies NDUFSI as a bio-
marker in clear-cell renal-cell carcinoma. Clin Genitourin Cancer.
2017;15:e551-e562.

Liu KE, Guo J, Liu K, et al. Integrative analysis reveals distinct
subtypes with therapeutic implications in KRAS-mutant lung ade-
nocarcinoma. EBioMedicine. 2018;36:196-208.

Liang H, Yu T, Han Y, et al. LncRNA PTAR promotes EMT and
invasion-metastasis in serous ovarian cancer by competitively

49.

binding miR-101-3p to regulate ZEB1 expression. Mol Cancer.
2018;17:119.

Cheng Z, Yu C, Cui S, et al. circTP63 functions as a ceRNA to pro-
mote lung squamous cell carcinoma progression by upregulating
FOXMI1. Nat Commun. 2019;10:3200.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Zhan J, Sun S, Chen Y, et al.
MiR-3130-5p is an intermediate modulator of 2q33 and
influences the invasiveness of lung adenocarcinoma by
targeting NDUFS1. Cancer Med. 2021;10:3700-3714.
https://doi.org/10.1002/cam4.3885



https://doi.org/10.1002/cam4.3885

