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Small non-protein coding RNA, microRNA (miR), which regulate messenger RNA levels, have recently been identified, and
may play important roles in the pathogenesis of various diseases. The present study focused on miR-31 and investigated its
potential involvement in lung carcinogenesis. The expression of miR-31 was altered in lung cancer cells through either the
amplification or loss of the host gene locus. The strong expression of miR-31 in large cell carcinomas was attributed to the
gene amplification. Meanwhile, the loss of miR-31 expression was more frequently observed in aggressive
adenocarcinomas. Thus, miR-31 may play a pleiotropic role in the development of lung cancers among different
histological types. To the best of our knowledge, this is the first study to show the potential causative mechanism of the
altered expression of miR-31 and suggest its potentially diverse significance in the different histological types of lung
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Introduction

Lung cancer is one of the most common causes of cancer-
related death in the developed world [1,2]. Even if the primary
tumor is successfully resected, a recurrence is observed in a large
percentage of patients [1,2]. Although some lung tumors are
sensitive to conventional chemotherapeutic agents or certain
molecular targeting agents, many are not [3,4]. Thus, further
understanding of the molecular mechanism underlying lung
carcinogenesis is important for the development of novel
therapeutic strategies.

Small non-protein coding RNA, microRNA, which regulate the
messenger RNA levels, have recently been identified, and has been
shown to play important roles in the pathogenesis of various
diseases. Various microRNA (miR), including let-7, miR-21, miR-
30d, miR-31, miR-155, and miR-205, have been suggested to be
involved in the carcinogenesis of different types of malignancies
[5]. Among them, miR-31 was reported to be more strongly
expressed in tumor tissue than in non-tumorous tissue, and was
suggested to have an oncogenic role in lung carcinogenesis [6-12].
Moreover, a recent study demonstrated the prognostic value of
miR-31, because the higher expression of miR-31 was associated
with a poorer outcome in patients with lung cancer [13].
Meanwhile, a difference in miR-31 expression among histological
types of lung cancers and the potential mechanism of an altered
expression of miR-31, have not been elucidated.
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The present study analyzed the expression of miR-31 and the
status of its host gene locus in the different histological types of
lung cancers.

Materials and Methods

Cell lines and culture

An immortalized human airway epithelial cell line (16HBE14o,
Simian virus 40 (SV40)-transformed human bronchial epithelial
cells) described by Cozens AL et al. (1994) [14] was kindly
provided by Grunert DC (California Pacific Medical Center
Research Institute). A sub-clone of 16HBE14o cells, described as
NHBE-T in this study, was used. Immortalized airway epithelial
cell lines (HPLID and HPLIA, SV40-transformed human small
airway epithelial cells) were established by Masuda A et al. (1997)
[15]. Human lung cancer cell lines (A549, H322M, H358, H522,
H820, H2087, H23, EKVX, H226, H827, H1819, H441, H4006,
HOP62, H1299, and H460) and a human embryonic kidney cell
line (HEK293T) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). The human lung cancer cell
line LC2AD, Lul30, Lul35, Lul39, and Lul40, was purchased
from the Riken Cell Bank (Tsukuba, Japan). The human lung
cancer cell lines, PC9 and HARA, were from Immuno-Biological
Laboratories Co. (Gunma, Japan). The human lung cancer cell
lines, TKB1, TKB2, TKB4, TKB5, TKB6, TKB7, TKB8, TKB9,
TKB12, TKB14, TKB15, TBK17, and TKB20, were obtained
from Dr. Hiroshi Kamma via Dr. Takuya Yazawa (Kyorin
University School of Medicine) [16]. Primary small airway
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epithelial cells (SAEC) and normal human bronchial epithelial
cells (NHBE) were purchased from SANKO Kagaku (Tokyo,

Japan).

Primary lung Cancer

A total of 129 primary lung tumors (71 adenocarcinomas, 38
squamous cell carcinomas, 18 large cell carcinomas, 2 small cell
carcinomas) were removed by radical surgical resection at
Kanagawa Cardiovascular and Respiratory Center Hospital
(Yokohama, Japan). This study was performed in compliance
with the Helsinki Declaration [17], and was approved by the
Ethics Committees of Yokohama City University and Kanagawa
Prefectural Cardiovascular and Respiratory Center Hospital [18].
Written informed consent was obtained from all subjects providing
materials.

RNA extraction

Cell lines were washed with cold phosphate buffer saline and
then snap frozen. Formalin-fixed and paraffin-embedded tissue
sections were examined microscopically. Tumorous and non-
tumorous parts were dissected with a razor blade. Total RNA was
extracted using the miRNeasy mini kit (Qiagen, Valencia, CA).

Quantitative RT-PCR

To detect miRNA, first-strand cDNA was synthesized from total
RNA wusing the Mir-X miRNA First-Strand Synthesis Kit
according to the protocols of the manufacturer (Takara, Kyoto,
Japan). The cDNA generated was used as a template in real-time
PCR with SYBR Premix EXTaq (Takara) and run on a Thermal
Cycler DICE real-time PCR system (Takara). The forward primer
used for the detection for miR-31 was 5'- AGGCAA-
GATGCTGGCATAGCT (mature miR-31, MIMAT0000089).
The reverse primer was the universal mRQ 3’ primer (Takara).
The primer set used to detect U6 snRNA was purchased from
Takara Bio Inc. MiR-31 level was normalized to U6 snRNA
levels. To detect mRINA, first-strand cDNA was synthesized from
total RNA using the SuperScript III First-Strand Synthesis System
(Invitrogen). The cDNA generated was used as a template in real-
time PCR with TagMan Gene Expression Assay system (Applied
Biosystems, Foster City, CA) and run on a Thermal Cycler DICE
real-time PCR system (Takara). The TagMan probes and primer
set used to detect GAPDH [NM_002046.5], ITGA5
[NM_002205.2], MMPI16 [NM_005941.4], and RHOA
[NM_001664.2], was customized and purchased Applied Biosys-
tems. ITGA5, MMP16, and RHOA levels were normalized to
GAPDH levels.

PCR analysis of the miR-31 locus

Genomic DNA was extracted from the cancer cell lines using
the DNeasy kit (Qiagen). The status (deletion or retention) of the
miR-31 hot gene locus was analyzed by genomic DNA PCR using
the primer set of F 5'- TAACTACATCTTCAAAAGCGGAC
and R 5'- TACATAGCAGGACAGGAAGTAA. The status of
the CDKN2A gene locus (D9S974) and another distant locus of
the short arm of chromosome 9 (D9S304) were also analyzed using
the primer sets of F 5'- GAGCCTGGTCTGGATCATAA and R
5'- AAGCTTACAGAACCAGACAG, and F 5'-
GTGCACCTCTACACCCAGAC and R 5- TGTGCCCACA-
CACATCTATC, respectively.

In situ hybridization for miRNA
In situ hybridization was performed according to a method
described previously [19]. Briefly, the locked nucleic acid (LNA)-
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modified detection probes for miR-31 and U6 snRNA, and
scrambled negative control probe (Exiqon, Vedbaek, Denmark)
were labeled with digoxigenin (DIG) using the DIG Oligonucle-
otide Tailing kit (Roche, Basel, Switzerland) according to the
manufacturer’s instructions. Formalin-fixed and paraffin-embed-
ded tissue sections were acetylated and hybridized with DIG-
labeled detection probes, and were then probed with alkaline
phosphatase-conjugated anti-DIG Fab fragments (Roche). The
hybridization signal was visualized using a color developer solution
(Roche).

Fluorescent in situ hybridization (FISH) for the gene locus

Formaldehyde-fixed and paraffin-embedded tissue sections were
used for the analysis. Sections were boiled in citrated buffer
(0.01 M, pH 6.0) to release closed chromosomal structures [20].
These sections were hybridized with a Cy3-labeled probe covering
the miR-31 locus (BAC clone: RP11-354P17) and a FITC-labeled
probe for the centromere locus on chromosome 9 (Vysis INC.,
Downer Groves, IL). The signal from the miR-31 locus and
centromere 9 was counted for more than 50 cells in every tumor,
and the copy number of the miR-31 locus relative to that of
centromere 9 was calculated.

Treatment with 5-azacytidine and trichostatin A

Cells were treated either with 10 uM of 5-azacytidine (Sigma,
St. Louis, MO) for 72 hours by exchanging the medium every day
or with 300 ng/ml of trichostatin A (Wako, Osaka, Japan) for
24 hours. Cells were also treated with 5-azacytidine for 48 hours
and then with a combination of 5-azacytidine and trichostatin A
for an additional 24 hours.

Methylation-specific PCR

Genomic DNA was subjected to a bisulfate conversion
treatment using the MethylEasy DNA bisulfate modification kit
(Human Genetic Signatures, Macquarie Park, Australia). Methyl-
ation-specific PCR targeting the two CpG sites in the promoter
locus of the miR-31 host gene (LOC554202), which was previously
demonstrated [21], was performed according to the method
described elsewhere [21].

Bisulfate DNA Sequencing

A GpC site in the promoter locus of the miR31 host gene
(LOC554202), which was previously demonstrated [21], was
PCR-amplified using bisulfate-treated genomic DNA as a
template, according to the method described elsewhere [21].
The PCR product was sub-cloned into the pT7 blue plasmid
vector (Novagen, Darmstadt, Germany), and was then subjected to
a cycle dye-terminator reaction with the universal T7 promoter
primer using the Big Dye Terminator Version 3.1 kit (Applied
Biosystems, Foster City, CA).

Statistical Analysis

Differences in the means of the relative copy number of the
miR-31 locus among groups classified according to various
pathological parameters were analyzed with one-way ANOVAs.
Differences in the means of miR-31 levels in the inhibitory
experiment were analyzed with an unpaired Student’s t test.
Statistical analyses were performed using SPSS software (SPSS for
Windows Version 10.0, SPSS, Chicago, IL, USA).
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Figure 1. The copy numbers of miR-31 and U6 snRNA were measured using quantitative RT-PCR. MiR-31 levels were normalized to U6
snRNA levels. Technical replicates were performed in triplicate. Means and standard deviations (error bars) are shown. AEC, airway epithelial cells

(non-cancerous cells); ADC, adenocarcinoma; SQC, squamous cell carcinoma; LCC, large cell carcinoma cell; SCC, small cell carcinoma.

doi:10.1371/journal.pone.0100581.g001

Others

The experimental procedures used to perform immunohisto-
chemistry for Ki-67 and analyze oncogenic mutations in the
KRAS and EGFR genes were described elsewhere [22].

Results

MiR-31 and the expression of its known targets in lung
cancer cell lines

MiR-31 expression appeared to be strong in some cancer cell
lines, but was completely absent in other some cell lines (Fig. 1).
The expression of let-71 was also examined. Let-71 was expressed
in all the cell lines and its levels differed from those of miR-31
(Figure SI). It served as a control to assess the quality of the
materials and ensured that marked alterations occurred in the
expression of miR-31. Moreover, a preliminary experiment
demonstrated that the restoration of miR-31 markedly suppressed

the growth of a cancer cell line (LCG2AD) that almost lost its ability
to express miR-31 (Figure S2). These results prompted us to
further investigate the potential significance of the altered
expression of miR-31 in lung carcinogenesis.

Status of the miR-31 gene locus in lung cancer cell lines

The statuses of the miR-31 gene locus, CDKN2A locus, and the
adjacent locus (D9S304), were investigated using PCR analysis.
Among the forty-one cell lines examined, six cell lines (14.6%, 6/
41 cell lines; H322, TKB1, TKB2, TKB5, TKB8, and TKB9) lost
the miR-31 host gene locus (Fig. 2, Table 1), while twelve lines
(29.3%, 12/41 cell lines; TKB14, H4006, A549, LC2AD, TKB4,
H460, H322, TKB1, TKB2, TKB5, TKBS, TKB9) lost the
CDKN2A locus (Fig. 2, Table 1). All six lines that lost the miR-31
locus also lost the CDKN2A locus (Fig. 2, Table 1). The adjacent
locus (D9S304) served as a positive control for PCR analysis
(Fig. 2).
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Figure 2. Lung cancer cell lines were examined for the status of the miR-31 gene locus, and also the statuses of the CDKN2A locus
and another site of the short arm of chromosome 9 (D9S304). The results from PCR analysis are shown. AEC, airway epithelial cells (non-
cancerous cells); ADC, adenocarcinoma; SQC, squamous cell carcinoma; LCC, large cell carcinoma cell; SCC, small cell carcinoma.

doi:10.1371/journal.pone.0100581.g002
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Epigenetic modification of the miR-31 promoter and its
expression

MiR-31 expression was absent in all the six cell lines losing the
miR-31 host gene locus (Fig. 2, Table 1). Meanwhile, the five cell
lines (H441, LC2AD, Lul40, TKB15, and TKB17) that retained
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Table 1. miR-31 expression and statuses of the miR-31 and CDK2NA gene loci in non-cancerous airway epithelial cell and lung
cancer cell lines.

Cell Histology miR-31 exp miR-31 lcs CDK2NA lcs
SAEC AEC + s +
NHBE AEC + + +
NHBE-T AEC + + +
HPLTA AEC + + +
HPL1D AEC + + +
H827 ADC + + +
H522 ADC + + +
HOP62 ADC + + +
TKB6 ADC + + +
TKB14 ADC + + -
EKVX ADC + + +
H4006 ADC + + -
H322M ADC - - -
A549 ADC + + -
H441 ADC - + +
H820 ADC + + +
H1819 ADC + + +
H358 ADC + + +
H2087 ADC + s +
H23 ADC + + +
PC9 ADC + + +
LC2AD ADC - + -
H226 SQC + + +
HARA SQC + + +
TKB4 SQC + + -
TKB7 SQC + +

TKB20 sQC G 1F +
H460 LCC + + -
TKB5 LCC - - -
TKB2 Lcc - - -
TKB1 Lcc - - -
H1299 LCC + + +
TKBS LcC - - -
TKB9 LcC - - -
Lu130 ScC + + +
Lu135 SccC + +
Lu139 SCC + 1 +
Lu140 ScC - + +
TKB12 SCC + + +
TKB15 scc - + +
TKB17 scc - + +
exp, expression; Ics, locus; AEC, non-cancerous airway epithelia; ADC, adenocarcinoma; SQC, squamous cell carcinoma; LCC; large cell carcinoma; SCC, small cell
carcinoma; +, detectable expression or retained gene locus; -, loss of expression or gene locus; Cell lines in which expression of miR-31was absent are underlined.
doi:10.1371/journal.pone.0100581.t001

the miR-31 gene locus (Fig. 2, Table 1) also lost miR-31 expression
or markedly reduced its level (Fig. 2, Table 1), which indicated the
potential involvement of epigenetic modification in its downreg-
ulation. Thus, the cell lines that lost miR-31 expression, but
retained its gene locus were examined to investigate the effects of

June 2014 | Volume 9 | Issue 6 | €100581
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Figure 3. The possible involvement of epigenetic modifications in the downregulation of miR-31 in lung cancer cell lines was
investigated. Cells treated with vehicle control (CTL), 5-azacytidine (AZA), trichostatin A (TRC), or a combination of AZA and TSA (AZ/TR) were
examined for the restoration of miR-31 expression using quantitative RT-PCR. The relative level of miR-31 normalized to those of U6 snRNA was
calculated. Two independent experiments were performed. Technical replicates of PCR analysis were performed in triplicate. Means and standard
deviations (error bars) are shown (A). The two sites (S1 and S2) from the putative promoter of miR-31 were PCR-amplified with primers specific for
either methylated (M) or unmethylated (UM) DNA using sodium bisulfate-modified genomic DNA as a template, according to the method described
in a previous study [21]. Representative results are presented (B). The region of the miR-31 promoter containing CpG sites was PCR-amplified using
sodium bisulfate-modified genomic DNA as a template, according to the method described in a previous study [21]. Eight subclones of PCR products
were analyzed for their methylation status using DNA sequencing. Open (O) and filled (@) circles indicated unmethylated and methylated cytosine at
the indicated CpG sites, respectively (C). AEC, airway epithelial cells (non-cancerous cells); ADC, adenocarcinoma; SQC, squamous cell carcinoma; LCC,
large cell carcinoma; SCC, small cell carcinoma.

doi:10.1371/journal.pone.0100581.9003
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Figure 4. The expression of miR-31 was examined in primary lung tumors (20 adenocarcinomas (ADC), 9 squamous cell carcinoma
(SQC), and 10 large cell carcinomas (LCC), which comprised some of the 127 non-small cell lung cancers listed in Table 2, and 2
small cell carcinomas (SCC)). MiR-31 levels were evaluated in primary lung tumors and the corresponding lung non-tumorous tissue. The copy
numbers of miR-31 and U6 snRNA were measured using quantitative RT-PCR. Technical replicates were performed in triplicate. The means and
standard deviations (error bars) of miR-31 levels normalized to those of U6 snRNA are shown as the results obtained from all tumors (A) and those of
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ADC (B). Significant differences in the mean miR-31 levels in adenocarcinomas among the different histological grades (9 well differentiated
carcinomas (WEL); 3 moderately differentiated carcinomas (MOD); 8 poorly differentiated carcinomas (POR)) and subtypes (8 bronchioloalveolar
carcinoma (BAC); 3 acinar carcinoma (ACN); 8 solid carcinoma (SOL)(one papillary carcinoma (= well differentiate carcinoma) was excluded from a
statistical analysis) were analyzed with a one-way ANOVA. The means and standard deviations (error bars) of the histological grades (C) and subtypes

(D) are presented.
doi:10.1371/journal.pone.0100581.g004

inhibitors for DNA methyltransferase and histone deacetylase on
the expression of miR-31. Either and/or the combination of both
inhibitors did not reproducibly restore miR-31 expression in these
cells (Fig. 3A). Methylation-specific PCR analysis on two sites in
the promoter region of the miR-31 host gene revealed that the two
sites were methylated in all cell lines examined (Fig. 3B). Bisulfate
DNA sequencing analysis on the CpG site of the promoter region
also revealed that it was occasionally methylated in all cell lines
examined (SAEC, NHBE-T, H820, H441, LC2AD, Lul40,
TKB15, and TKB17) (Fig. 3C). The levels of methylation
appeared to be not significantly different between cells retaining
the expression of miR-31 (SAEC, NHBE-T, and H820) and those
losing it (H441, LC2AD, Lul40, TKB15, and TKB17) (Fig. 3C).
The methylation status of the putative promoter regions of the
miR-31 host gene was not associated with the recovery status of
miR-31 levels following the treatments with the inhibitors (Fig. 3A
and 3C). Thus, DNA methylation in the putative region examined
here could not be attributed to the downregulation of miR-31.

Expression of miR-31 in primary lung cancers
Quantitative RT-PCR analysis revealed that some tumorous
and non-tumorous tissues expressed miR-31 at detectable levels
(Fig. 4A). These levels varied, but were markedly high in some of
the tumors examined (Fig. 4A). These appeared to be slightly
higher in large cell carcinomas and slightly lower in adenocarci-
nomas (Fig. 4A). Among the adenocarcinomas examined, the
expression of miR-31 was lower in poorly differentiated carcinoma
(Fig. 4B and 4C) as well as in the solid subtype (Fig. 4D). Severe

tissue damage accompanied by regenerative reactions was
observed in non-tumorous tissues expressing miR-31 (not shown).

In situ hybridization analysis for miR-31 on tissue sections
confirmed that miR-31 was expressed in neoplastic cells and also
revealed that it even varied among neoplastic cells even in the
same tumor (Fig. 5). Regenerative epithelial cells, interstitial cells,
and inflammatory cells also expressed miR-31 at various levels

(Fig. 5).

Status of the miR-31 host gene locus in primary lung
cancers

FISH analysis revealed that the miR-31 host gene locus was lost
in the neoplastic cells of some tumors, as the signal count from the
miR-31 locus was lower than that from the centromere of
chromosome 9 (Fig. 6A). The gene dosage of the miR-31 locus
estimated by the ratio of miR-31/centromeres in adenocarcino-
mas and squamous cell carcinomas was slightly lower than that in
non-cancerous bronchial epithelia (Fig. 6B). However, in some
tumors of large cell carcinomas the miR-31 locus was amplified
(Fig. 6C). The gene dosage was significantly higher in large cell
carcinomas than in non-cancerous epithelia and other histological
types (Fig. 6C, Table 2). All tumors with an amplification of the
gene locus, that were availably examined, expressed a high level of
the miR-31 transcript. In contrast, among adenocarcinomas, the
gene dosage further tended to be lower in more aggressive tumors
(poorly differentiated tumors or solid subtype tumors) (Table 2).

Figure 5. The expression and localization of miR-31 (top panels) and U6 snRNA (middle panels) were investigated by in situ
hybridization analysis. A probe consisting of the scrambled random sequence served as a negative control (bottom panels). Representative
photographs from tumorous (left two panels) and non-tumorous tissue (right two panels), which expressed miR-31 (center two panels) or did not
(lateral two panels), are presented.

doi:10.1371/journal.pone.0100581.g005
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Figure 6. Primary lung tumors were examined for the status of
the miR-31 host gene locus using fluorescent in situ hybridiza-
tion. Representative results from tumorous and non-tumorous tissues
are presented, and green and red signals indicate the miR-31 locus and
centromere locus of chromosome 9, respectively (A). The signal count
from the miR-31 locus normalized to that from the centromere locus of
chromosome 9 was determined as the FISH score. The FISH scores
measured are presented (B). The mean scores in non-tumorous
bronchial epithelia and in the different histological types of lung
cancers are presented (C). Differences in the mean score were analyzed
with a one-way ANOVAs test. P values are indicated. BEC, bronchial
epithelial cells (non-cancerous cells); ADC, adenocarcinoma; SQC,
squamous cell carcinoma; LCC, large cell carcinoma.
doi:10.1371/journal.pone.0100581.9g006
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Discussion

An initial study on breast cancers suggested that miR-31 could
be a tumor suppressor, which inhibited the invasive and metastatic
spread of neoplastic cells [23]. Other studies have supported this
initial finding and revealed the potential molecular mechanisms
underlying how miR-31 evades invasion and metastasis [24]. MiR-
31 was also shown to be downregulated in gastric cancers and was
suggested to function as a tumor suppressor [25]. In contrast, miR-
31 was found to be upregulated in colorectal cancers, and was
suggested to promote the invasive and metastatic spread of
neoplastic cells [26,27]. Thus, the potential role of miR-31 in
carcinogenesis may differ among the various types of cancers. In
lung cancer, the expression of miR-31 has generally been reported
to be higher in tumor tissue than in corresponding non-tumorous
tissue [6-12]. Our results from quantitative RT-PCR analysis, in
which several primary lung tumors were shown to strongly express
miR-31, appeared to be consistent with the previous findings
[6,7,9-12]. FISH analysis revealed that the amplification in the
host gene locus could be one of the mechanisms responsible for the
strong expression of miR-31. A recent study demonstrated a
prognostic value of miR-31, as the higher expression of miR-31
was associated with a poorer outcome in lung cancers [13], and
also suggested its oncogenic role through i vitro experiments [13].
Taken together with these findings, miR-31 was suggested to
promote carcinogenesis, especially of large cell carcinomas. In
contrast, miR-31 expression was markedly reduced or completely
absent in some lung cancer cell lines. Moreover, its levels varied in
primary lung tumors. Some tumors expressed miR-31 at lower
levels than the corresponding non-tumorous tissue, while other
tumors did not express it at all. Among the adenocarcinomas
examined, the gene dosage was slightly lower in more aggressive
tumors (poorly differentiated or solid subtype tumors). These
results suggested that miR-31 may play a suppressive role in the
carcinogenesis of adenocarcinomas. Thus, miR-31 may play a
pleiotropic role in the development of lung cancers of different
histological types. The expression of some known targets of miR-
31, such as ITGA5, MMP16, and RHOA [28], was preliminarily
examined in miR-31-transfected cells and lung cancer cells (Figure
S3). However, the forced expression of miR-31 did not reduce the
mRNA levels of these molecules. In native lung cancer cell lines,
no correlation was observed between the level of these molecules
and miR-31 levels among different histological types (Figure S3).
Targets of miR-31 may vary in different situations, and complex
crosstalk between the targets may lie hidden in lung cancer cells.
Further studies that comprehensively investigate downstream
targets are warranted in order to elucidate the potential molecular
mechanism underlying how miR-31 promotes the carcinogenesis
of different histological types of lung cancer.

Non-tumorous tissues exhibiting severe damage and inflamma-
tion strongly expressed miR-31. In situ hybridization analysis also
confirmed the strong expression of miR-31 in regenerating non-
neoplastic epithelial cells and mesenchymal cells. Thus, miR-31
may be induced by stimuli promoting cell growth in response to
tissue damage and may control regenerative reactions. The altered
expression of miR-31, whether it is downregulated or upregula-
tion, may result in a disruption in the cellular homeostasis and may
also participate in neoplastic transformation.

An analysis of the status of the gene locus demonstrated that the
homozygous deletion of the miR-31 gene locus was one cause for
the loss of its expression in lung cancer cell lines. However, some
cell lines that retained the miR-31 gene locus also severely
attenuated its expression. Previous studies reported that the
hypermethylation of DNA or histone in the promoter locus of
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Table 2. Correlation between the status of the miR-31 host gene locus and pathologic subjects.

Subjects FISH score
*Histology (127)
ADC (71) 0.706+0.303
*Grade
WEL (47) 0.759+0.297
MOD (8) 0.787%0.316
POR (16) 0.511£0.262
*Subtype
BAC (36) 0.766+0.302
ACI (12) 0.663+0.321
PAP (3) 0.762+0.253
SOL (12) 0.459+0.273
MUC (8) 0.851£0.212
SQC (38) 0.658+0.395
Grade
WEL (0) -
MOD (34) 0.649+0.415
POR (4) 0.736+0.145
LCC (18) 3.236+3.298
BRE (30) reference 1.007£0.130
Vascular involvement (127)
Present (30) 0.872+0.916
Absent (97) 1.626+2.650
Lymphatic canal involvement (127)
Present (25) 1.499+2.589
Absent (102) 0.941£1.135
Lymph node metastasis (114)
Present (10) 0.706+0.341
Absent (104) 0.630+0.345
MIB1 labeling index (127)
Low level (<10%) (36) 1.187+1.789
High level (=10%) (91) 0.706+0.313
Oncogenic mutation (111)
KRAS (5) 0.723£0.189
EGFR (22) 0.805+0.213
NONE (84) 0.662+0.382

without KRAS or EGFR mutations.
doi:10.1371/journal.pone.0100581.t002

the miR-31 host gene was the cause for the severe downregulation
of miR-31 in breast cancers [21] or adult T cell leukemia [29].
However, our results from the experiment using inhibitors for
DNA methyltransferase and histone deacetylase did not support
the involvement of epigenetic modification in the attenuation of
miR-31 expression. Methylation-specific PCR and bisulfate
sequencing analyses also failed to demonstrate a causative
relationship between DNA hypermethylation of the promoter
and such severe attenuation. A potential mechanism other than
epigenetic modification is likely to be involved in the downreg-
ulation of miR-31 expression. The putative promoter locus of the

PLOS ONE | www.plosone.org

*Significant in a one-way ANOVA analysis; BRE versus ADC, P<<0.0001; BRE versus SQC, P<<0.0001; BRE versus LCC, P=0.0008; ADC/WEL versus ADC/POR, P =0.0049;
ADC/MOD versus ADC/POR, P =0.0332; BAC versus SOL, P =0.0013; PAP versus SOL, P =0.0433; MUC versus SOL, P =0.0007; ADC, adenocarcinoma; SQC, squamous cell
carcinoma; LCC, large cell carcinoma; BRE, bronchial epithelia; WEL, well differentiated; MOD, moderately differentiated; POR, poorly differentiated carcinomas; BAC,
bronchioloalveolar carcinoma; ACI, acinar adenocarcinoma; PAP, papillary adenocarcinoma; SOL, solid adenocarcinoma; MUC, mucinous adenocarcinoma; NONE, cases

miR-31 host gene contains multiple CCAAT enhancer elements
[30]. CCAAT element binding protein (C/EBP)-B was found to
induce miR-31 expression in airway epithelia in response to
certain external stimuli [30]. C/EBP-o. was shown to be severely
downregulated in lung cancers [31-34], and may be the cause for
the disordered expression of miR-31. An investigation on the
possible involvement of the C/EBP family in the attenuation of
miR-31 expression in lung cancer is warranted. Meanwhile, non-
cancerous immortalized airway epithelial cell lines transformed by
the SV40 large T antigen (NHBE-T, HPL1D, and HPLIA), in
which p53 and RB-mediated pathways are inactivated, were found
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to express miR-31 at markedly lower levels than small airway
epithelial cells (SAEC) and bronchial epithelial cells (NHBE). This
viral antigen may directly and indirectly modulate the expression
of miR-31.

In summary, the results of present study suggest that an altered
expression of miR-31 due to either amplification or loss of its host
gene locus may participate in lung carcinogenesis. To the best of
our knowledge, this is the first study to describe the potential
causative mechanism underlying the altered expression of miR-31
in lung cancers.

Supporting Information

Figure S1 The copy numbers of let-7i and U6 snRNA
were measured using quantitative RT-PCR. Let-7i levels
were normalized to U6 snRNA levels. AEC, airway epithelial cells
(non-cancerous cells); ADC, adenocarcinoma; SQC, squamous
cell carcinoma; LCC, large cell carcinoma cell; SCC, small cell
carcinoma.

(TIF)

Figure S2 Biological effect of the restoration of miR-31
on a lung cancer cell line (LC2AD) is presented. The pro-
retrovirus vector pLHCX (BD Clontech) bearing DNA fragments
including the miR-31 coding region (MIMATO0000089) flanking
about a 100 base-pairs margin in both directions, was obtained.
The retrovirus vectors (empty vector (MOCK), the sense strand of
miR-31 (SS), and the antisense strand of miR-31 (AS)) were
infected as the same method previously described [17]. Following
a brief selection with Hygromycin B (BD Clontech), the surviving
cells were harvested and counted, and 2.0x10" were re-seeded
onto a 10 cm dish. After 15 days, the cells were methanol-fixed

References
1. Hoffman PC, Cohen EE, Masters GA, Haraf DJ, Mauer AM, et al. (2002)

Carboplatin plus vinorelbine with concomitant radiation therapy in advanced
non-small cell lung cancer: a phase I study. Lung Cancer 38: 65-71.

2. Spira A, Ettinger DS (2004) Multidisciplinary management of lung cancer.
N Engl ] Med 350: 379-392.

3. Okudela K, Woo T, Kitamura H (2010) KRAS gene mutations in lung cancer:
particulars established and issues unresolved. Pathol Int 60: 651-660.

4. Woo T, Okudela K, Yazawa T, Wada N, Ogawa N, et al. (2009) Prognostic
value of KRAS mutations and Ki-67 expression in stage I lung adenocarcino-
mas. Lung Cancer 65: 355-362.

5. Watanabe K, Emoto N, Hamano E, Sunohara M, Kawakami M, et al. (2012)
Genome structure-based screening identified epigenetically silenced microRNA
associated with invasiveness in non-small-cell lung cancer. Int J Cancer 130:
2580-2590.

6. Guan P, Yin Z, Li X, Wu W, Zhou B (2012) Meta-analysis of human lung
cancer microRNA expression profiling studies comparing cancer tissues with
normal tissues. J Exp Clin Cancer Res 31: 54.

7. JangJS, Jeon HS, Sun Z, Aubry MC, Tang H, et al. (2012) Increased miR-708
expression in NSCLC and its association with poor survival in lung
adenocarcinoma from never smokers. Clin Cancer Res 18: 3658-3667.

8. Gao W, Yu Y, Cao H, Shen H, Li X, et al. (2010) Deregulated expression of
miR-21, miR-143 and miR-181a in non small cell lung cancer is related to
clinicopathologic characteristics or patient prognosis. Biomed Pharmacother 64:
399-408.

9. Vosa U, Vooder T, Kolde R, Fischer K, Valk K, et al. (2011) Identification of
miR-374a as a prognostic marker for survival in patients with ecarly-stage
nonsmall cell lung cancer. Genes Chromosomes Cancer 50: 812-822.

10. Xing L, Todd NW, Yu L, Fang H, Jiang I (2010) Early detection of squamous
cell lung cancer in sputum by a panel of microRNA markers. Mod Pathol 23:
1157-1164.

11. Yu L, Todd NW, Xing L, Xie Y, Zhang H, et al. (2010) Early detection of lung
adenocarcinoma in sputum by a panel of microRNA markers. Int ] Cancer 127:
2870-2878.

12. Tan X, Qin W, Zhang L, Hang J, Li B, et al. (2011) A 5-microRNA signature
for lung squamous cell carcinoma diagnosis and hsa-miR-31 for prognosis. Clin
Cancer Res 17: 6802-6811.

13. Meng W, Ye Z, Cui R, Perry J, Dedousi-Huebner V, et al. (2013) MicroRNA-31
predicts the presence of lymph node metastases and survival in lung
adenocarcinoma patients. Clin Cancer Res.

PLOS ONE | www.plosone.org

miR-31 in Lung Carcinogenesis

and Giemsa-stained (A). The means and standard deviations (error
bars) of colony counts from triplicate experiments are presented
(B). Cells selected were grown and passed several times.
Cumulated population doublings are presented (C). Cells harvest-
ed immediately after the selection process were examined for the
expression of miR-31 and U6 snRNA by quantitative RT-PCR.
The level of miR-31 normalized to that of U6 snRNA is presented
D).

(TIF)

Figure S3 The copy numbers of ITGA5, RHOA, MMP-
16, and GAPDH mRNA were measured using quantita-
tive RT-PCR. ITGA5 (A), RHOA (B), and MMP-16 (C) levels
normalized to GAPDH levels are shown. AEC, airway epithelial
cells (non-cancerous cells); TRAS, LC2AD lung cancer cell line -
based transfectants (empty vector (MOCK), the sense strand of
miR-31 (SS), and the antisense strand of miR-31 (AS)); ADC,
adenocarcinoma; SQC, squamous cell carcinoma; LCC, large cell
carcinoma cell; SCC, small cell carcinoma.

(TIF)

Acknowledgments

We especially thank Emi HONDA and Misa OTARA (Kanagawa
Prefectural Cardiovascular and Respiratory Center Hospital, Yokohama,
Japan) for their assistance.

Author Contributions

Conceived and designed the experiments: K. Okudela K. Ohashi.
Performed the experiments: YS YT SU TS HM. Analyzed the data: K.
Okudela. Contributed reagents/materials/analysis tools: YM MT MM
TW. Wrote the paper: K. Okudela.

14. Cozens AL, Yezzi MJ, Kunzelmann K, Ohrui T, Chin L, et al. (1994) CFTR
expression and chloride secretion in polarized immortal human bronchial
epithelial cells. Am J Respir Cell Mol Biol 10: 38-47.

15. Masuda A, Kondo M, Saito T, Yatabe Y, Kobayashi T, et al. (1997)
Establishment of human peripheral lung epithelial cell lines (HPLI) retaining
differentiated characteristics and responsiveness to epidermal growth factor,
hepatocyte growth factor, and transforming growth factor betal. Cancer Res 57:
4898-4904.

16. Yazawa T, Kamma H, Fujiwara M, Matsui M, Horiguchi H, et al. (1999) Lack
of class II transactivator causes severe deficiency of HLA-DR expression in small
cell lung cancer. J Pathol 187: 191-199.

17. World Medical Association I (2009) Declaration of Helsinki. Ethical principles
for medical research involving human subjects. J Indian Med Assoc 107: 403—
405.

18. Okudela K, Yazawa T, Ishii J, Woo T, Mitsui H, et al. (2009) Down-regulation
of FXYD3 expression in human lung cancers: its mechanism and potential role
in carcinogenesis. Am J Pathol 175: 2646-2656.

19. Pedrioli DM, Karpanen T, Dabouras V, Jurisic G, van de Hoek G, et al. (2010)
miR-31 functions as a negative regulator of lymphatic vascular lineage-specific
differentiation in vitro and vascular development in vivo. Mol Cell Biol 30:
3620-3634.

20. Okudela K, Suzuki M, Kageyama S, Bunai T, Nagura K, et al. (2007) PIK3CA
mutation and amplification in human lung cancer. Pathol Int 57: 664-671.

21. Augoff K, McCue B, Plow EF, Sossey-Alaoui K (2012) miR-31 and its host gene
IncRNA LOC554202 are regulated by promoter hypermethylation in triple-
negative breast cancer. Mol Cancer 11: 5.

22. Okudela K, Yazawa T, Woo T, Sakaeda M, Ishii J, et al. (2009) Down-
regulation of DUSP6 expression in lung cancer: its mechanism and potential role
in carcinogenesis. Am J Pathol 175: 867-881.

23. Valastyan S, Reinhardt F, Benaich N, Calogrias D, Szasz AM, et al. (2009) A
pleiotropically acting microRNA, miR-31, inhibits breast cancer metastasis. Cell
137: 1032-1046.

24. Augoft K, Das M, Bialkowska K, McCue B, Plow EF, et al. (2011) miR-31 is a
broad regulator of betal-integrin expression and function in cancer cells. Mol
Cancer Res 9: 1500-1508.

25. Zhang Y, Guo J, Li D, Xiao B, Miao Y, et al. (2010) Down-regulation of miR-31
expression in gastric cancer tissues and its clinical significance. Med Oncol 27:
685-689.

June 2014 | Volume 9 | Issue 6 | €100581



26.

28.

29.

30.

Cottonham CL, Kaneko S, Xu L (2010) miR-21 and miR-31 converge on
TIAMI to regulate migration and invasion of colon carcinoma cells. J Biol
Chem 285: 35293-35302.

Slaby O, Svoboda M, Fabian P, Smerdova T, Knoflickova D, et al. (2007)
Altered expression of miR-21, miR-31, miR-143 and miR-145 is related to
clinicopathologic features of colorectal cancer. Oncology 72: 397-402.
Valastyan S, Chang A, Benaich N, Reinhardt F, Weinberg RA (2010)
Concurrent suppression of integrin alphad, radixin, and RhoA phenocopies
the effects of miR-31 on metastasis. Cancer Res 70: 5147-5154.

Yamagishi M, Nakano K, Miyake A, Yamochi T, Kagami Y, et al. (2012)
Polycomb-mediated loss of miR-31 activates NIK-dependent NF-kappaB
pathway in adult T cell leukemia and other cancers. Cancer Cell 21: 121-135.
XiS, Yang M, Tao Y, Xu H, Shan J, et al. (2010) Cigarette smoke induces C/
EBP-beta-mediated activation of miR-31 in normal human respiratory epithelia
and lung cancer cells. PLoS One 5: ¢13764.

PLOS ONE | www.plosone.org

1

31.

32.

33.

34.

miR-31 in Lung Carcinogenesis

Costa DB, Dayaram T, D’Alo F, Wouters BJ, Tenen DG, et al. (2006) C/EBP
alpha mutations in lung cancer. Lung Cancer 53: 253-254.

Bennett KL, Hackanson B, Smith LT, Morrison CD, Lang JC, et al. (2007)
Tumor suppressor activity of CCAAT/enhancer binding protein alpha is
epigenetically down-regulated in head and neck squamous cell carcinoma.
Cancer Res 67: 4657-4664.

Costa DB, Li S, Kocher O, Feins RH, Keller SM, et al. (2007)
Immunohistochemical analysis of C/EBPalpha in non-small cell lung cancer
reveals frequent down-regulation in stage IT and IIIA tumors: a correlative study
of E3590. Lung Cancer 56: 97-103.

Halmos B, Huettner CS, Kocher O, Ferenczi K, Karp DD, et al. (2002) Down-
regulation and antiproliferative role of C:/EBPalpha in lung cancer. Cancer Res
62: 528-534.

June 2014 | Volume 9 | Issue 6 | €100581



