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Abstract
Most lung cancer deaths are related to metastases, which
indicates the necessity of detecting and inhibiting tumor cell
dissemination. Here, we aimed to identify miRNAs involved in
metastasis of lung adenocarcinoma as prognostic biomarkers
and therapeutic targets. To that end, lymph node metastasis–
associated miRNAs were identiﬁed in The Cancer Genome Atlas
lung adenocarcinoma patient cohort (sequencing data; n ¼ 449)
and subsequently validated by qRT-PCR in an independent
clinical cohort (n ¼ 108). Overexpression of miRNAs located
on chromosome 14q32 was associated with metastasis in lung
adenocarcinoma patients. Importantly, Kaplan–Meier analysis
and log-rank test revealed that higher expression levels of
individual 14q32 miRNAs (mir-539, mir-323b, and mir487a) associated with worse disease-free survival of never-smoker patients. Epigenetic analysis including DNA methylation
microarray data and bisulﬁte sequencing validation demonstrated that the induction of 14q32 cluster correlated with genomic

hypomethylation of the 14q32 locus. CRISPR activation technology, applied for the ﬁrst time to functionally study the
increase of clustered miRNA levels in a coordinated manner,
showed that simultaneous overexpression of 14q32 miRNAs
promoted tumor cell migratory and invasive properties. Analysis
of individual miRNAs by mimic transfection further illustrated
that miR-323b-3p, miR-487a-3p, and miR-539-5p signiﬁcantly
contributed to the invasive phenotype through the indirect
regulation of different target genes. In conclusion, overexpression of 14q32 miRNAs, associated with the respective genomic
hypomethylation, promotes metastasis and correlates with poor
patient prognosis in lung adenocarcinoma.

Introduction

ing on inhibition of tumor metastasis could signiﬁcantly improve
patient outcome. It is crucial to identify robust tumor biomarkers
that help to predict patients who are more likely to suffer from
tumor cell dissemination and who will therefore beneﬁt from
therapeutic approaches targeting speciﬁc drivers of tumor cell
metastasis.

Between 70% and 90% of lung cancer deaths are caused by
metastases rather than by inability to control primary tumor
growth (1), illustrating the need to understand molecular events
that take place in different phases of tumor cell dissemination.
Consequently, development of novel anticancer treatments focus-
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In this regard, miRNAs are promising cancer biomarkers and
represent target molecules for the development of new antitumor therapies. miRNAs are noncoding RNAs consisting of 19–
25 nucleotides that affect gene expression posttranscriptionally
through the physical interaction with speciﬁc RNA transcripts
(targets) leading to translational inhibition or degradation (2).
Several studies have shown that miRNAs target oncogenes and
tumor suppressor genes and, thus, are actively involved in
regulating cancer hallmarks, such as proliferation, invasion,
and metastasis (3). Given that individual miRNAs inﬂuence the
bioavailability of hundreds of different mRNAs, they are able to
control different cancer-related molecular pathways. This ability suggests that a miRNA-based therapy targeting key miRNAs
or miRNA clusters will be less prone to develop drug resistance.
In addition, miRNAs are very stable and detectable in tissues
and bioﬂuids (e.g., blood, serum, urine) with high sensitivity
and speciﬁcity and, thus, can serve as useful biomarkers for
early diagnosis, as well as prediction of prognosis and therapy
response (4).
Although several miRNAs have been reported to be involved in
lung carcinogenesis and progression (5), little is known about
miRNAs involved in lung tumor dissemination. On the basis of
high-throughput expression data derived from independent
cohorts, we here aimed to identify key miRNAs associated with
dissemination of lung adenocarcinoma, which is the most frequent primary lung cancer (6). We identiﬁed that upregulation of
the 14q32 miRNA cluster was related to lymph node metastasis
and a predictor of poor patient prognosis. In addition, we found
that the overexpression of 14q32 miRNAs was associated with
DNA hypomethylation. By applying the novel CRISPR activation
(CRISPRa) technology, we demonstrated that coordinated activation of 14q32 miRNAs promoted cell migration and invasion.
Finally, some ﬁrst downstream targets of the identiﬁed miRNAs
were characterized.

Materials and Methods
Patient cohorts
The discovery cohort consisted of a lung adenocarcinoma
patient group from The Cancer Genome Atlas (TCGA) database.
To avoid variability due to the use of different platforms, we
selected only patients from which miRNA data from the Illumina
HiSeq platform was available [https://tcga-data.nci.nih.gov/
(accessed in January 2015)]. The dataset included tumor samples
from 449 lung adenocarcinoma patients, diagnosed from 1991 to
2013, as well as 39 matched healthy tissues. The clinicopathologic
characteristics of this patient cohort are shown in Supplementary
Table S1 (Supplementary Material). In addition, mutation details
of 181 patients out of this cohort were available on cBioPortal
(http://www.cbioportal.org/).
The validation cohort consisted of an independent patient group that included 108 lung adenocarcinoma patients
who underwent lung cancer resection from 2006 to 2011 at
the Department of Thoracic Surgery of the Thoraxklinik at the
University Hospital Heidelberg (Heidelberg, Germany). All
samples were obtained with the informed consent of the patients and the approval of the local Ethics Committee of the
University of Heidelberg (Heidelberg, Germany; 270/2001 and
206/2005). Each sample was snapfrozen in liquid nitrogen
within 30 minutes after resection and stored at 80 C. Samples
included tumor tissue from each patient (n ¼ 108), as well as

www.aacrjournals.org

68 matched healthy lung tissues. Clinical and histopathologic
parameters were determined by clinicians and pathologists
from the University Hospital Heidelberg (Supplementary Table
S2; Supplementary Material).
Methylation analysis
Methylation analysis in lung adenocarcinoma tumors in comparison with healthy lung tissue was performed by using Illumina
Inﬁnium 450k DNA methylation microarray data from 60
patients of the discovery cohort (60 tumor samples and 27 healthy
tissue samples; data downloaded from Genomic Data Commons
database [https://gdc.cancer.gov/ (accessed on December 2016)].
The analysis was performed as described previously (7). In short,
raw channel information was converted into methylation values
and preprocessed in R using the Minﬁ library (SOURCE1; ref. 8).
Preprocessing channel information consists of normalizing
microarray data (SWAN method) and eliminating probes with
a low detection signiﬁcance (P > 0.01), location on XY-chromosomes, self-hybridization (as described in SOURCE2), and SNP
contamination. Methylation values of the remaining probes were
then extracted and analyzed for differential methylation. Finally,
raw P values were adjusted by a false discovery procedure (Benjamini–Hochberg) and ﬁltered for statistical signiﬁcance (P  0.05).
To validate the results, 454 bisulﬁte sequencing (Roche) was used
according to the manufacturer's instructions for the analysis of
DNA methylation at speciﬁc genomic regions of sample pools of
healthy lung tissues (n ¼ 18), tumors from patients without
lymph node metastasis (N0 stage; n ¼ 19), and tumors from
patients with lymph node metastasis (N  1 stage; n ¼ 24). Primer
sequences for 454 bisulﬁte sequencing are listed in Supplementary Table S3 (Supplementary Material).
Additional information
Detailed information on the methods used for nucleic acid
isolation, qRT-PCR, Western blotting, cell culture and transfection, CRISPRa technology, viability assays, migration and invasion assays, Sanger bisulﬁte sequencing, microarray analysis, as
well as statistical analysis can be found in Supplementary Materials and Methods as well as Supplementary Tables S4–S7.

Results
Overexpression of miRNAs located on 14q32 is associated with
metastasis in lung adenocarcinoma patients
To identify miRNAs involved in lung adenocarcinoma cell
dissemination, we analyzed sequencing data from a TCGA patient
cohort containing 449 tumor samples and 39 matched healthy
lung tissue samples (discovery cohort). Candidate miRNAs associated with lymph node metastasis were selected according to
three criteria: (i) differential expression in patients with lymph
node metastasis (N1–3 stages, hereafter indicated as N  1) versus
patients without lymph node metastasis (N0 stage); (ii) signiﬁcant expression changes in tumors compared with healthy tissue;
(iii) high expression variability among the tumors (1/3 top of the
miRNA list ranked by the expression variance; Fig. 1A). Fifty-one
miRNAs accomplished these criteria (intersection area of graph),
and we selected the 28 of them that were dysregulated in the same
direction (2 downregulated and 26 upregulated) in both comparisons (i.e., tumor vs. healthy tissue and N  1 stage vs. N0 stage).
Interestingly, 16 of these 28 candidates (57.1%) were located on
the same genomic region on chromosome 14q32 (Fig. 1B).
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Figure 1.
Dysregulated miRNAs in lung adenocarcinoma patients with lymphatic metastasis. A, Venn diagrams illustrating the selection of miRNAs involved in lung
adenocarcinoma metastasis from TCGA sequencing data. Selection criteria included differential expression in tumors (n ¼ 449) compared with healthy
tissue (n ¼ 39), in patients with lymph node metastasis (N  1 stage) compared with patients without lymph node metastasis (N0 stage), and high
expression variance among tumors (top 1/3). EdgeR-GLM algorithm was applied to analyze miRNA differential expression. miRNAs modulated in the
same direction in both comparisons (tumors vs. healthy; N  1 stage vs. N0 stage) were selected to be potentially involved in tumor spread. B, Differential
expression levels of the 28 selected miRNAs (FDR  0.05; Benjamini–Hochberg method); among them, 16 (57%) were located on the 14q32 cluster.
C, Differential expression of all miRNAs located on the 14q32 cluster in lung adenocarcinoma tumors versus normal tissue, and N  1 stage versus N0
stage patients. Black dots represent statistically signiﬁcant results (FDR  0.05). miRNAs selected in the previous analysis as potentially involved in
tumor dissemination are highlighted with arrows. D, Validation of three selected miRNAs by qRT-PCR in an independent lung adenocarcinoma patient
cohort (n ¼ 108). Results were analyzed by the 2DDCt method and bars represent mean  SEM. Mann–Whitney test was used for statistical comparison
( , P  0.05;   , P  0.01;   , P  0.001; x control). E, Correlation plot of the 28 selected miRNAs potentially involved in lymph node metastasis in lung adenocarcinoma
patients (TCGA cohort; n ¼ 449). F, Validation of the correlation of miR-323b, miR-487a, and miR-539 expressions by qRT-PCR in an independent lung
adenocarcinoma cohort (n ¼ 108). rp: Pearson correlation coefﬁcient.
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Moreover, the majority of the 52 miRNAs located on this region
(14q32 miRNA cluster) were signiﬁcantly overexpressed in both
tumors versus healthy tissue (56.9%), as well as in N  1 stage
compared with N0 stage patients (54.9%; Fig. 1C). Remarkably,
candidate miRNAs (arrows in Fig. 1C) are distributed at a higher
density on a speciﬁc region of the cluster ranging from mir-539 to
mir-369 (referred to as "14q32 miRNA section," Fig. 1C).
Overexpression of these 14q32 miRNAs in lung adenocarcinoma patients with lymph node metastasis was validated by
qRT-PCR in an independent lung adenocarcinoma patient
cohort containing 108 fresh-frozen tumor samples and 68
matched healthy lung tissue samples (validation cohort). Three
candidate miRNAs from the selected 14q32 cluster were chosen
for validation: mir-323b and mir-539, which showed the highest differential expression in N  1 stage patients; as well as mir487a, which was previously reported to be involved in metastasis of other cancer types (9, 10). The expression of the mature
(functional) forms of these miRNAs (miR-323b-3p, miR-5395p, and miR-487a-3p; hereinafter called miR-323b, miR-539,
and miR-487a, respectively) gradually increased from healthy
tissue through tumors without metastasis to tumors with
lymph node metastasis (Fig. 1D). The expression of these
miRNAs was not associated to the mutational status of EGFR
or TP53, but mir-539 showed a signiﬁcant decrease in KRASmutated tumors (Supplementary Fig. S1). Moreover, the analysis of never-smoker patients showed that mir-487a signiﬁcantly increased in tumors with EGFR mutations (Supplementary
Fig. S1). On the other hand, a signiﬁcant coexpression of the
clustered miRNAs was observed in tumors of the discovery
cohort (Fig. 1E), and coexpression of the selected 14q32 miRNAs was conﬁrmed in the validation cohort (Fig. 1F).
These results show a coordinated and progressive increase in
14q32 miRNAs from healthy tissue to metastatic disease,
which suggests that they may play a functional role in lung
adenocarcinoma cell dissemination and that a common
molecular mechanism may facilitate their dysregulation in
tumor cells.
Hypomethylation of the 14q32 genomic region is associated
with overexpression of metastasis-related miRNAs
Disruption of a normal epigenetic regulation is a prominent
feature of human cancers (11). In terms of DNA methylation,
arguably the most extensively studied epigenetic mechanism,
tumor cells frequently display a global hypomethylation of
lamina-associated domains together with a widespread CpG
island promoter hypermethylation (12). Considering that these
aberrations are known to have a profound impact on gene
expression, we decided to investigate whether DNA methylation changes could be the molecular reason for the coordinated
overexpression of the identiﬁed miRNAs. First, we analyzed
DNA methylation microarray TCGA data of 27 healthy tissue
samples and 60 tumor samples randomly selected from the
discovery cohort. Conﬁrming our hypothesis, we found a
signiﬁcant global hypomethylation of the 14q32 miRNA locus,
which is part of the DLK1-DIO3 cluster (13, 14), in tumors
compared with healthy lung tissue (Fig. 2A).
To conﬁrm these results, 61 DNA samples from the validation
cohort, including 24 N  1 stage tumors, 19 N0 stage tumors, and
18 healthy tissues, were analyzed for their methylation status by
bisulﬁte sequencing. The genomic regions covering the locations
of mir-323b, mir-487a, and mir-539 were chosen for this analysis.
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The results conﬁrmed genomic hypomethylation in tumors compared with healthy tissues and showed that methylation was
lower in tumors with lymph node metastasis compared with
tumors without cancer cell dissemination (Fig. 2B). Moreover,
real-time PCR analysis revealed an association between mir-323b,
mir-487a, and mir-539 levels and increased genomic hypomethylation of the 14q32 locus from healthy lung tissue to tumors from
patients with lymph node metastasis (Fig. 2C).
The DLK1-DIO3 cluster is an imprinted domain known to be
mainly regulated by two differentially methylated regions (DMR),
the intergenic DMR (IG-DMR), located between the DLK1 and
MEG3 genes, and the MEG3-DMR, comprising the promoter and
beginning of MEG3 (15). As cancer-related loss of imprinting
(LOI) of the DLK1-DIO3 domain had previously been associated
with an overexpression of its miRNAs (16), we also investigated
the methylation status of IG-DMR and MEG3-DMR in lung
adenocarcinoma. Although our TCGA data analysis comparing
27 healthy and 60 tumor samples showed a potential deregulation in these regions (Fig. 2A), the same comparison using 60 N0
and 60 N  1 stage tumors did not reveal any signiﬁcant changes
(data not shown). We conﬁrmed the unchanged methylation
status of three representative regions within IG-DMR and
MEG3-DMR in healthy, N0, and N  1 stage patients, using
Sanger bisulﬁte sequencing (Supplementary Fig. S2). Altogether,
our results revealed that a global epigenetic deregulation of
the DLK1-DIO3 locus in lung adenocarcinoma cells with speciﬁc hypomethylation of its miRNA clusters associates with their
overexpression in the context of metastasis and tumor cell
dissemination.
Expression levels of individual 14q32 miRNAs are potential
prognostic markers in never-smoker patients
To study the potential value of the selected 14q32 miRNAs
(mir-323b, mir-487a, and mir-539) as prognostic cancer biomarkers, we determined their association with patient disease-free
survival (DFS) in the discovery cohort by applying Kaplan–Meier
analysis. We found a signiﬁcant association of mir-539 overexpression and poor patient DFS by using the median expression
value as cutoff (Fig. 3). The association with mir-487a and mir323b was only signiﬁcant when the best cutoff was applied (for
median as cutoff: P ¼ 0.6 and P ¼ 0.5, respectively). To explore the
possible differences according to patient smoking history,
Kaplan–Meier analyses were performed after respective patient
stratiﬁcation. Interestingly, overexpression of the three miRNAs
independently was signiﬁcantly associated with a shorter time to
relapse in never-smoker patients (n ¼ 47), whereas this association was not found in smokers at the time of diagnosis (current
smokers, n ¼ 78). Remarkably, although 14q32 miRNA levels
were related to lymph node metastasis (N stage) in lung adenocarcinoma patients, association of DFS with N stage in neversmoker patients did not reach the level of signiﬁcance (P ¼ 0.09;
Supplementary Fig. S3), indicating that miRNA levels could be
more relevant to predict patient prognosis than lymph node
metastasis in this patient group.
The association of DFS and miRNA expression was also
assessed by proportional hazards Cox regression modeling in
the group of never-smoker patients. Univariate analysis showed
that higher expressions of mir-539, mir-487a, and mir-323b
were signiﬁcantly associated with increased risk of lung adenocarcinoma relapse compared with lower miRNA expression
(Fig. 3). The association of clinicopathologic parameters and
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Figure 2.
Hypomethylation of the 14q32 locus is associated with overexpression of the clustered miRNAs in disseminated lung adenocarcinoma. A, Methylation
analysis of the DLK1-DIO3 cluster, which contains the 14q32 miRNA cluster consisted of two miRNA subclusters, in lung adenocarcinoma tumors (n ¼ 60)
compared with healthy lung tissue (n ¼ 27) by using Illumina Inﬁnium 450k DNA methylation microarray data of a patient cohort from the Genomic
Data Commons database. Methylation status: red, hypermethylated; blue, hypomethylated. Meth. diff.: b-value of the differential methylation between
tumor and healthy lung tissue. 450k probes indicate the CpGs analyzed in the arrays and RefSeq genes row shows the location of known transcripts.
Brackets indicate the regions of miRNAs within this genomic locus. B, Validation of the differential DNA methylation in an independent patient cohort by
454 bisulﬁte sequencing. Samples consisted of pools of healthy lung tissue (n ¼ 18), tumor tissue from N0 stage patients (n ¼ 19), and tumors from
patients with lymph node metastasis (N  1 stage; n ¼ 24). Genomic regions of 14q32 covering the location of mir-323b, mir-487a, and mir-539 were
selected for the validation. The CpGs located within the respective miRNA locus are indicated by black arrowheads. Numbers below the panels indicate
the average of the methylation percentages of the different CpG sites in each sample type. C, Expression levels of miR-323b, miR-487a, and miR-539 in
the lung adenocarcinoma patients analyzed in B. Results were calculated by the 2DDCt method and bars represent mean  SEM.
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Figure 3.
Expression of mir-323b, mir-487a, and mir-539 is associated with DFS in never-smoker lung adenocarcinoma patients. Kaplan–Meier analyses of selected
14q32 miRNAs in DFS of lung adenocarcinoma patients (complete cohort and stratiﬁed by smoking status). Sequencing data from the TCGA lung
adenocarcinoma patient cohort (n ¼ 449) was used to determine miRNA expression levels (high/low). Median of expression was used as cutoff, unless
the number of patients in each group is indicated. Because of the exploratory character of this analysis, the results were not adjusted for multiple
testing (46). The log-rank test was applied to calculate P values of Kaplan–Meier curves. On the right, HRs and 95% conﬁdence Iintervals (95% CI) for
the association of DFS and miRNA expression in never-smokers are shown. Values were calculated by univariate proportional hazards Cox regression
modeling (HR) and adjusted for N stage, T stage, and cancer stage in a multiple Cox proportional hazard regression (HRadj).

patient DFS was determined by univariate analysis and pointed
to T stage (P ¼ 0.024), N stage (P ¼ 0.013), and cancer stage
(P ¼ 0.003) as potential confounding factors (P  0.05).
Multiple Cox analysis showed that the statistical association
between miRNA expression and DFS was increased after correcting for these confounding factors (Fig. 3), indicating that
miRNA expression may represent an independent prognostic
biomarker in never-smoker lung adenocarcinoma patients. In
summary, these results indicate that mir-539, mir-323b, and
mir-487a may serve as prognostic biomarkers for lung adenocarcinoma patients with highest relevance for never-smokers.
Coordinated overexpression of 14q32 miRNAs increases cell
migration and invasion
The analysis of dysregulated miRNAs in lung adenocarcinoma
samples with lymph node metastasis illustrated that a speciﬁc
section of the 14q32 miRNA cluster (14q32 miRNA section: from
mir-539 to mir-369) contained a high proportion of miRNAs
associated with lymph node metastasis (Fig. 1C). To further
investigate the functional relevance of these 14q32 miRNAs for
tumor cell migration and invasiveness, we applied CRISPR-Cas9–
based gene activation technology (CRISPRa) using a mutant Cas9
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lacking endonuclease activity (dCas9) fused with the activating
domains VP64, p65, and Rta (VPR; refs. 17, 18). To coordinately
upregulate the speciﬁc 14q32 miRNA section (which contained
the selected miRNAs mir-323b, mir-487a, and mir-539), we
designed single-guide RNAs (sgRNA) that bound the genomic
region upstream of the transcription starting site of mir-539
(Fig. 4A). Five different sgRNAs were tested in the lung adenocarcinoma cell line H2009 stably expressing dCas9-VPR (Fig. 4B).
miRNA expression analysis by qRT-PCR revealed that all
tested sgRNAs successfully induced expression of miR-323b,
miR-487a, and miR-539, which were part of the 14q32 miRNA
section (Fig. 4C). Cells transduced with sgRNA-A and sgRNA-B
(CRISPRa-14q32 cells), which showed the highest miRNA induction, were selected for further functional experiments.
To analyze the biological relevance of coordinated 14q32
miRNA expression in tumor cell migration, we performed
lateral migration experiments with predeﬁned gaps. The directed cell mobility was monitored by time-lapse microscopy.
CRISPRa-14q32 cells stably expressing either sgRNA-A or
sgRNA-B possessed signiﬁcantly increased lateral migration
ability (approximately 80%–90% increase) compared with
CRISPRa-control cells, which were transduced with the empty
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Figure 4.
Upregulation of 14q32 miRNAs by CRISPR-dCas9 technology induces migration and invasion of lung adenocarcinoma cells. A, Simpliﬁed layout of
the lentiviral expression vectors used for stable activation of 14q32 miRNAs. First vector encodes a mutant Cas9 with undetectable endonuclease
activity (dCas9) fused with the activating domains VP64, p65, and Rta (VPR). Second vector encodes the speciﬁc sgRNA. Promoters are depicted
with arrows. B, Genomic binding sites of the 5 different sgRNAs designed. C, Overexpression of selected 14q32 miRNAs in the ﬁve different
CRISPRa-14q32 cell lines determined by qRT-PCR. Control cells are generated by transduction of both dCas9-VPR and sgRNA vectors without
including sgRNA sequence. D, Cell migration of two different CRISPRa-14q32 clones compared with controls over a 500-mm gap area for 12 hours.
The graph shows quantiﬁcation of four independent experiments. E, Invasion of CRISPRa-14q32 cells through a Matrigel basement membrane
matrix after 48 hours. The graph shows quantiﬁcation of three independent experiments. Student t test was used for statistical comparison ( , P  0.05;

, P  0.01;   , P  0.001; x control). Scale bar, 500 mm.
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sgRNA vector (Fig. 4D). In addition, invasion analysis using
Matrigel invasion chambers showed that 14q32 miRNA overexpression also conferred a signiﬁcant increase (approximately
double) in cell invasiveness compared with controls (Fig. 4E).
Importantly, cell viability was not affected by 14q32 miRNA
cluster overexpression, indicating that changes in cell numbers
did not account for the observed migratory/invasive phenotype
(Supplementary Fig. S4).
Together, these experiments demonstrate that the dysregulation of 14q32 miRNAs is functionally associated with a prometastatic phenotype of lung cancer cells.
Modulation of genes involved in cell motility processes
explains the biological effects of 14q32 miRNAs
To decipher molecular mechanisms underlying the role of
the 14q32 miRNAs in lung adenocarcinoma dissemination, we
performed transcriptome analysis of the two clones of CRISPRa14q32 cells (sgRNA-A or sgRNA-B) in comparison with CRISPRacontrol cells. The results of the array analysis conﬁrmed that levels
of genes/lncRNAs adjacent to the overexpressed miRNA cluster
were not modiﬁed in CRISPR-14q32 cells compared with control
cells (Supplementary Fig. S5), indicating that potential phenotypic differences between these cell lines are exclusively due to the
speciﬁc miRNA overexpression. In total, 352 genes were signiﬁcantly and commonly regulated in both cell lines, among which
197 were downregulated and 155 were upregulated (Fig. 5A).
Subsequent Gene Ontology (GO) enrichment analysis identiﬁed
eight biological processes signiﬁcantly represented in this gene
list (Fig. 5B). Interestingly, the four processes with the highest
level of signiﬁcance were related to cell movement (i.e., cell
motility, movement of cell or subcellular component, cell migration, locomotion), supporting involvement of the 14q32 miRNA
section in tumor cell dissemination. Among the signiﬁcantly
modulated genes, 50 (14.2%) were involved in these four migration-related processes (Fig. 5C). To validate these results, seven
genes were selected on the basis of their association with metastasis and/or poor survival in lung cancer and other tumor types.
Low levels of EPHA4 and OVOL2 have been associated with poor
survival and epithelial-to-mesenchymal transition (EMT), respectively, in lung adenocarcinoma (19, 20). On the other hand,
increased expressions of LOXL2, AXL, and CDH2 have been
associated with poor prognosis in lung cancer (21–23), whereas
high levels of the kinesin family members KIF3C and KIF20A were
associated with lymph node metastasis in breast cancer and with
poor overall survival in cervical squamous cell carcinoma, respectively (24, 25). qRT-PCR analyses conﬁrmed downregulation of
OVOL2 and EPHA4 and upregulation of LOXL2, AXL, CDH2,
KIF3C, and KIF20A in the CRISPRa-14q32 cells (Fig. 5D). Moreover, the same dysregulation of these genes was observed to be
associated with poor DFS in lung adenocarcinoma patients from
the discovery cohort (Supplementary Fig. S6), supporting their
relevance in tumor development.
Altogether, these results indicate that 14q32 miRNAs modulate
several metastasis-related genes, which may be involved in the
increased invasion and migration capacity of lung adenocarcinoma cells.
miR-323b, miR-487a, and miR-539 individually promote
tumor cell migration and invasion
In the next step, we analyzed the biological impact of individual
miRNAs on cell migration and invasiveness. Because we expected
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much weaker functional effects of single miRNAs and because
endpoint assays may not capture the dynamic properties of cell
mobility (e.g., velocity, temporary changes in directional movement), we decided to utilize a method for quantitative analysis of
lateral cell migration by time-lapse microscopy based on particle
image velocimetry (26).
For these experiments, we selected the most promising
miRNA candidates from the 14q32 cluster (miR-323b and
miR-539, which exhibited the highest expression in N  1 vs.
N0 stages; and miR-487a, previously associated with metastasis in other tumor types; refs. 9, 10) and transfected
respective miRNA mimics in H2009 cells. A close-meshed
analysis of cell movement revealed that all analyzed miRNAs
signiﬁcantly increased lateral migration of transfected cancer
cells in comparison with control cells (Fig. 6A). Interestingly,
none of the three miRNAs affected very early phases of
cell migration (up to 20 hours) but led to a higher average
speed of the cancer cells (Fig. 6B). All miRNAs increased cell
velocity after 20 to 70 hours in a comparable manner.
Notably, individual miRNAs did not change cell viability up
to 72 hours after transfection, demonstrating that proliferation did not affect the experiment (Supplementary Fig. S7).
Moreover, we examined the inﬂuence of individual miRNAs
on cell invasiveness. The results illustrated that all tested
miRNAs signiﬁcantly supported tumor cell invasion. Interestingly, miR-487a and miR-539 were the strongest inducers of
cell invasion, whereas miR-323b moderately increased invasiveness (Fig. 6C).
To determine migration-related genes underlying the
observed biological effects of individual miRNAs, we analyzed
the expression of the genes previously found to be modulated
in the CRISPRa-14q32 cells after transfection with the mimics
speciﬁc for miR-323b, miR-487a, and miR-539 (Fig. 6D). The
results showed that all three miRNAs strongly induced AXL. In
addition, miR-539 moderately decreased EPHA4 and increased
KIF20A, whereas miR-487a signiﬁcantly reduced the levels of
OVOL2. Among the downregulated genes, EPHA4 was predicted to be a direct target of miRNA-539 according to TargetScan. However, the direct interaction was not conﬁrmed by
luciferase assay (data not shown). Importantly, most of the
genes involved in cell movement that were modulated by the
miRNAs showed increase levels when the miRNAs were overexpressed (e.g., KIF20A, AXL), suggesting that they are indirectly regulated by the miRNAs.
In summary, the results illustrate that miR-323b, miR-487a,
and miR-539 individually support lung adenocarcinoma cell
dissemination by the modulation of migration-related genes
through different mechanisms. Additional cell lines with different
KRAS and EGFR mutation status were used to validate the effects
of the miRNAs regarding migration, invasion, and AXL expression. The results exhibit that each miRNA induced AXL expression,
both at gene and protein levels, in every lung adenocarcinoma
cell line and increased cell motility in at least two different cell
lines (Supplementary Fig. S8).

Discussion
Development of local and distant metastasis is a critical
event deﬁning lung cancer patient survival (27). Accordingly,
lymph node metastasis is one of the most important factors
in determining lung cancer treatment, illustrating the necessity
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Figure 5.
Modulation of gene expression by 14q32 miRNAs. A, Venn diagram showing the signiﬁcantly modulated genes in two different CRISPRa-14q32 cell lines
(sgRNA-A and sgRNA-B) compared with CRISPRa-control cells determined by whole-genome expression microarray analysis. B, GO analysis
performed with the 352 commonly regulated genes revealed the signiﬁcant overrepresentation of four biological functions related to cell movement
(dark gray bars). The graph shows the functions with fold enrichment 2 and FDR q-value 0.05. C, Heatmap exhibiting the 50 signiﬁcantly modulated
genes (FDR  0.05) in both sgRNA-A and sgRNA-B CRISPR-14q32 clones involved in the migration-related biological functions determined in B. D,
Validation of selected migration-related genes in CRISPRa-14q32 cells by qRT-PCR. Expression levels were analyzed by the 2DDCt method. Student t test
was used for statistical comparison ( , P  0.05;   , P  0.01;    , P  0.001; x control).
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Figure 6.
Increased levels of miR-323b, miR-487a, or miR-539 induce migration and invasion of lung adenocarcinoma cells. A, Effect of miR-323b, miR-487a, and
miR-539 mimic transfection on cell migration of lung adenocarcinoma H2009 cells over a gap of 500 mm after 40 hours monitored by time-lapse
microscopy. B, Speed dynamics of transfected cells as a function of time (absolute velocities were averaged over the entire frame). Both maximum
and overall speeds were increased by the miRNAs. C, Invasion of H2009 cells transfected with the different miRNA mimics through a Matrigel
basement membrane matrix after 48 hours. The graph shows quantiﬁcation of four independent experiments. Scale bar, 500 mm. D, Modulation of
metastasis-related genes by miR-323b, miR-487a, and miR-539. Expression levels were determined by qRT-PCR and analyzed by the 2DDCt method.
Student t test was used for statistical comparison ( , P  0.05;  , P  0.01;   , P  0.001; x control).
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of neoadjuvant and/or adjuvant chemotherapy besides surgical resection (28). Therefore, it is crucial to detect and inhibit
tumor cell spread to improve lung cancer patients' outcome.
On the basis of high-dimensional expression data derived
from lung adenocarcinoma patients, we identiﬁed 28 miRNAs
whose expression was signiﬁcantly associated with lymph
node metastasis. The relevance of our approach was conﬁrmed
by previous studies showing the dysregulation and functional
relevance of some of these candidates in different solid
tumors. For example, downregulation of mir-206 and upregulation of mir-134 and mir-370 in lung cancer were associated with increased tumor cell migration, EMT, or decreased
patient survival, respectively (29–31). Moreover, in other
cancer types such as breast and colorectal cancers, upregulation of mir-409, mir-487a, mir-889, and miR-508 as well as
downregulation of mir-598 were related to increased aggressiveness (10, 32–35).
Remarkably, more than half of the identiﬁed 28 miRNAs in our
study belonged to the same genomic cluster on chromosome
14q32. These results are supported by a previous publication
showing that 11 miRNAs from this cluster were overexpressed in
lung adenocarcinoma patients with worse survival (31). Moreover, the 12qF1 cluster in mice (orthologous to the human 14q32
miRNA cluster) was found to be upregulated in murine lung
adenocarcinomas derived from a Kras-mutant mouse model (36).
In addition, miRNAs in this cluster have been reported to be
regulated during lung development in humans and mice, suggesting that they could be involved in epithelial cell differentiation
(37). Finally, activity of the 14q32 locus was associated with
pluripotency of mouse stem cells (38). Thus, several lines of
evidence suggest that reactivation of the 14q32 cluster and its
miRNAs support tumor development and progression; however,
the functional relevance of coordinated miRNA expression
remained elusive.
To study the effects of 14q32 miRNAs on migration and
invasion in lung adenocarcinoma cells, we generated stable
14q32 miRNA-overexpressing cell lines using a novel CRISPR
technology (CRISPRa), which allowed overexpression of the
endogenous miRNAs in a coordinated manner (17, 18). To
our knowledge, this is the ﬁrst time that CRISPRa technology
has been used for activation of a miRNA cluster. For this, we
focused on the region containing the highest density of
miRNAs associated with lymph node metastasis (from mir539 to mir-369; Fig. 1C) and validated the successful cluster
reactivation by testing miRNAs that are distributed along the
10 kb cluster section downstream of the sgRNA-binding sites.
Although additional elements of the cluster besides miRNAs
might also be involved in tumor progression, as it has been
reported before for noncoding RNA MEG3 (39), we conﬁrmed
that none of the genes/lncRNAs adjacent to the miRNA cluster
were overexpressed in CRISPRa-14q32 cells. This approach
allowed us to demonstrate that the coordinated overexpression
of 14q32 miRNAs induced tumor migration and invasion in
lung adenocarcinoma tumor cells, without affecting cell viability. Importantly, increased cellular levels of the three selected miRNAs miR-323b, miR-487a, and miR-539 were sufﬁcient
to induce signiﬁcant migration and invasion in lung adenocarcinoma cells. These ﬁndings support the hypothesis that
14q32 miRNAs cooperate in regulating tumor cell dissemination. However, whether and to what extent other 14q32 cluster
miRNAs participate in this cellular response (e.g., miR-889 and
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miR-134) needs to be tested. The observed delayed effect on
lung cancer cell migration after miRNA mimic transfection
(>20 hours) may be due to the time needed for the initiation
of molecular and cellular processes (40). Furthermore, our
data indicate that indirect mechanisms regulating migrationrelevant proteins might also be responsible for the observed
delay in promoting cell motility.
As the overexpressed 14q32 miRNAs were coregulated in
lung adenocarcinoma tissue samples from both discovery and
validation patient cohorts, we hypothesized that they share a
common regulatory upstream mechanism. Because ampliﬁcation of the 14q32 locus was previously reported to be rare in
lung adenocarcinoma patients (<1%; ref. 31), we hypothesized
that disruption of epigenetic mechanisms such as DNA methylation, a typical hallmark of cancer (11), may facilitate coordinated overexpression of the 14q32 miRNAs. In this regard,
the effect of such epigenetic aberrancies on miRNA expression
is well documented in human tumors, where many miRNAs
have already been found up- and downregulated due to cancerrelated DNA methylation changes (41). Importantly, our methylation analyses did not support the possibility that a LOI of
the DLK1-DIO3 locus could play a role in metastasis and tumor
cell dissemination of lung adenocarcinoma. However, the
analyses illustrated a gradual decrease in DNA methylation of
the 14q32 miRNA cluster from healthy lung tissue to N0 stage
tumors and tumors with lymph node metastasis. This gradual
hypomethylation correlated with the overexpression of the
14q32 miRNAs. As mentioned before, different reports have
shown how aberrant DNA hypomethylation can lead to miRNA
overexpression in lung and other cancers (42), but a recent
article revealed that the DLK1-DIO3 locus, which comprises the
14q32 miRNA cluster, is also hypomethylated in smokingassociated non–small cell lung cancer compared with normal
lung tissue.
Notably, miRNAs are considered as potential diagnostic and
prognostic cancer biomarkers as they are detectable in tissues
and several bioﬂuids, such as blood, urine, or sputum (4).
Although prognostic markers are currently not implemented in
clinical routine work of lung adenocarcinoma, this information could be relevant for aftercare of patients after resection or
adjuvant therapy and might be of importance for future targeted therapy. Especially, the accessibility of miRNAs in bioﬂuids might represent novel possibilities for future prognostic
marker panels not only for clinical decision making but also for
appropriate stratiﬁcation of future clinical trials. As miR-323b,
miR-487a, and miR-539 were signiﬁcantly upregulated in lung
adenocarcinoma patients with lymph node metastasis and
involved in tumor cell motility, we analyzed their possible
role in predicting patient DFS. Interestingly, overexpression of
the three miRNAs was associated with a shorter time to relapse
in never-smoker patients, whereas this association was not
found in smoker patients Remarkably, although the levels of
miR-323b, miR-487a, and miR-539 were associated with
lymph node metastasis, association of N stage with DFS in
never-smokers did not reach the level of signiﬁcance, illustrating that expression of these miRNAs may be a better prognostic
marker than N stage in this patient group. Indeed, correction by
confounding clinical variables (N stage, T stage, and cancer
stage) showed that miRNA expression might represent an
independent prognostic biomarker in this patient subgroup.
Although one limitation of this study is the relative low
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number of events in the never-smoker group, the different
prognostic value of the miRNAs in smoker and nonsmoker
patients could be explained by the relative importance of
miRNA overexpression compared with the plethora of mechanisms to induce cell migration that have been attributed to
smoking, such as increasing promigratory cytokines as CCL20
and activation of PAK6, a kinase associated with the metastatic
process (43, 44). The possible differential effect of the 14q32
miRNA cluster in disrupting different signaling pathways in
lung cancer patients according to their smoking history warrants further investigation.
Our results indicate that multiple genes involved in motility-related processes (OVOL2, EPHA4, AXL, LOXL2, CDH2,
KIF3C, and KIF20A) have a role in the 14q32 miRNA-mediated tumor cell dissemination in lung adenocarcinoma. miR323b, miR-487a, and miR-539, which individually induce
lung adenocarcinoma cell migration and invasion, signiﬁcantly contribute to the modulation of several of the aforementioned migration-related genes: miR-539 induced the upregulation of KIF20A and AXL and the downregulation of
EPHA4, while miR-323b increased AXL, and miR-487a
decreased OVOL2 and increased AXL. However, our studies,
which included luciferase assays, indicated that they are not
direct targets of the miRNAs (data not shown). With the
exception of AXL, which is regulated by all three tested
miRNAs, moderate effects of individual miR-323b, miR487a, and miR-539 on these target genes were detectable.
This further supports the idea that miRNAs on the one hand
facilitate their biological functions through a plethora of
downstream target genes (45) and that on the other hand
the cooperative activation of clustered 14q32 miRNAs is
necessary to facilitate a pronounced migratory response in
this experimental setup.
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