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Abstract

Purpose

miR-451 is a tumor suppressive microRNA with several target genes, including Macrophage
migration inhibitory factor (MIF). As little is known about the expression and clinicopathologi-
cal significance of mir-451 in NSCLC, we performed a clinicopathological study of 370
NSCLC cases to clarify them. Cell biological experiments were also performed on NSCLC
cell lines to confirm the tumor-suppressive role of miR-451 and whether or not MIFis tar-
geted by miR-451.

Methods

We analyzed 370 NSCLC cases for the miR-451 expression by quantitative real-time
polymerase chain reaction and the MIF expression by immunohistochemistry. Eighty-four
background lung tissue samples were also evaluated for the miR-451 expression. The clini-
copathological and genetic factors surveyed were the disease-free survival, smoking status,
histological type, disease stage, EGFR gene mutations and ALK rearrangements. In 286
adenocarcinoma cases, the invasive status (adenocarcinoma in situ, minimally invasive
adenocarcinoma and invasive adenocarcinoma) was also evaluated. Five NSCLC cell lines
(H23, H441, H522, H1703, and H1975) were cultured and evaluated for their miR-451 and
MIF expression. The cell lines with lower miR-451 and higher MIF expressions were then
selected and transfected with miR-451-mimic to observe its effects on MIF expression, Akt
and Erk status, cell proliferation, and cell migration.

Results

The miR-451 expression was down-regulated in cancer tissues compared with background
lung tissues (P<0.0001). Factors such as advanced disease stage, positive pleural invasion
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and nodal status and being a smoker were significantly correlated with a lower expression of
miR-451 (P<0.05 each), while EGFR gene mutations and ALK rearrangements were not. In
adenocarcinoma, invasive and minimally invasive adenocarcinoma showed lower expres-
sion of miR-451 than adenocarcinoma in situ (P<0.0005, respectively). A survival analysis
showed that a lower expression of miR-451 was an independent predictor of a poor progno-
sis for NSCLC (P<0.05). The MIF expression was inversely correlated with the miR-451
expression. Out of 5 NSCLC cell lines examined, H441 and H1975 showed higher MIF and
lower miR-451 expressions. After the transfection of miR-451-mimic, the MIF expression
and phosphorylated Akt expression of these cell lines was suppressed, as were cell prolifer-
ation and cell migration.

Conclusion

This clinicopathological study of 370 NSCLC cases and the cell biological studies of NSCLC
cell lines clarified the tumor-suppressive role of miR-451 and its prognostic value. We also
validated MIF as a target of miR-451 in NSCLC.

Introduction

By specifically binding to the complimentary sequence in the 3’ untranslated region (3’-UTR)
of messenger RNAs (mRNAs), microRNAs (miRNA), small non-coding single-strand RNAs
17 to 28 nucleotides in length, suppress the translation or accelerate the degradation of their
target mRNAs [1,2,3]. Besides their roles in a variety of fundamental biological processes, such
as cell development, differentiation, proliferation and apoptosis, miRNAs have also been
shown to be important factors in the development of various cancer types, including lung,
breast and colorectal cancers [1,3-7].

Among the miRNAs involved in carcinogenesis and the development of various cancers,
miR-451, located on chromosome 17 at 17q11.2, is of note because of its suppressive role upon
several malignant features of cancer, including tumor growth, invasion, radioresistance, and
chemoresistance [8-15]. As a result, a lower expression of miR-451 is correlated to a worse
prognosis in gastric cancer, hepatocellular cancer, esophageal squamous cancer and nasopha-
ryngeal carcinoma [12, 13]. In non-small cell lung cancer (NSCLC), multiple studies using
NSCLC cell lines have indicated the tumor-suppressive role of miR-451. The upregulation of
miR-451 inhibits growth and enhances apoptosis of the NSCLC cell line A549, sensitizing it to
cisplatin and irradiation [8, 14]. Furthermore, the re-expression of miR-451 can reverse the
epithelial-mesenchymal transition (EMT) to mesenchymal-epithelial transition (MET) and
inhibit the invasion and metastasis of docetaxel-resistant lung adenocarcinoma (LAD) cells
[10]. However, despite mounting evidence suggesting the tumor-suppressive role of miR-451
in NSCLC, only a few studies have addressed its prognostic and clinicopathological roles in a
clinical setting [15].

We therefore examined the miR-451 expression in NSCLC patients and conducted detailed
analyses to clarify its clinicopathological and prognostic role. In analyses of the lung adenocar-
cinoma group, we attempted to strengthen the quality of the study by incorporating newly
advocated histopathological prognostic factors, such as spread through air spaces (STAS) and
nuclear and mitotic grade risk stratification, into the comparative factors [16,17]. In addition,
we performed cell biological experiments on NSCLC cell lines to confirm the effect of miR-451
on cell proliferation and migration.
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miRNAs exert their biological roles of silencing or repressing their target genes by forming
an RNA-induced silencing complex (RISC) with specific nRNAs having complimentary
sequences in their 3’-UTR [2]. For mir-451, several genes have been validated as its targets in
cancer, including c-myc, ras-related protein 14 (RAB14), MDR-1 and Macrophage migration
inhibitory factor (MIF) [11, 15, 18, 19]. Among them, MIF is notable, as it was validated as a
target gene of mir-451 in different types of cancers, including gastric cancer, colon cancer,
nasopharyngeal carcinoma and osteosarcoma [12, 18, 19]. MIF is a glycoprotein originally iso-
lated from the supernatants of activated T lymphocyte culture, and its role as a pro-inflamma-
tory cytokine or chemokine has been reported [20]. MIF also accelerates tumor growth by
activating the MAPK/PI3K/Akt pathways, promoting tumor-associated angiogenesis and in-
hibiting the antitumor immune response through the autocrine or paracrine mechanism [20].
Indeed, its expression was found to be increased in NSCLC tissues, and a high MIF expression
was associated with a poor prognosis for NSCLC [21].

Given the evidence suggesting that MIF is targeted by miR-451 and involved in NSCLC
development, we performed MIF immunohistochemistry and cell biological experiments to
determine whether or not MIF is indeed targeted by miR-451 in NSCLC.

Materials and methods
NSCLC cases and classification

We analyzed 370 NSCLC cases. The clinicopathological characteristics such as the age, sex,
Brinkman index and survival, were obtained from clinical records. These 370 NSCLC cases
were retrieved from surgical specimens obtained between 2005 and 2014 at Akita University
Hospital (Akita, Japan). None of the patients had received preoperative chemotherapy. Partici-
pants were between 30 and 86 years of age. The histopathological diagnoses were made accord-
ing to the World Health Organization Classifications [22] and graded according to the general
rule for clinical and pathological records of lung cancer by The Japanese Lung Cancer Society
(G1, well-differentiated; G2, moderately differentiated; G3, poorly differentiated; G4, large cell
carcinoma) [23]. The presence of pleural invasion was assessed with Elastica-Masson staining
of the samples. Adenocarcinomas were classified into adenocarcinoma in situ (AIS), minimally
invasive adenocarcinoma (MIA) and invasive adenocarcinoma (IA) [22]. IAs were further
classified into subtypes according to their predominant histological patterns [22]. For adeno-
carcinomas, the spread through air spaces (STAS) was also evaluated, and nuclear and mitotic
grade risk stratification was performed, as these factors are reportedly associated with the
prognosis [16], [17]. The disease stage of the cases was determined according to the UICC
TNM classification [24]. The disease-free survival was measured from the date of surgical
resection to the date of recurrence or death due to NSCLC or the date when the patients were
last known to be alive. Ethical approval was obtained from Akita University, Faculty of Medi-
cine, Ethics Committee (Reference No.1241), as was written informed consent from each
patient.

An miR-451 expression analysis by quantitative real-time polymerase
chain reaction (QRT-PCR)

RNA was extracted from FFPE tumor tissues 10 um in thickness taken from each case using
the RecoverAll Total Nucleic Acid Isolation kit (Life Technologies, Carlsbad, CA, USA). RNA
extraction was also performed on FFPE background lung tissues from 84 adenocarcinoma
cases resected in 2005 and 2014. The expression of mature miR-451 was determined by
qRT-PCR as described in detail previously using the TagMan Human MicroRNA Assay kit
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(Assay ID #001141; Life Technologies) and the 7900 HT-Fast real-time PCR system (Applied
Biosystems, Carlsbad, CA, USA) [3]. RNUG6B was used as an endogenous control (#4440887;
Life Technologies). All assays were performed in triplicate. The miRNA expression was quanti-
fied as 8Ct values, where Ct = threshold cycle, 8Ct = (Ct target microRNA — Ct RNU6B). 3Ct
was calculated using the RQ manager software program, version 1.2 (Applied Biosystems).

Analyses of EGFR gene mutations and ALK rearrangements

For EGFR mutation analysis, DNA was extracted from 10-um-thick FFPE or frozen tumor tis-
sue from each case using the Allprep DNA/RNA Micro kit (QIAGEN, Hilden, Germany)
DNA samples were screened for somatic mutations in EGFR exons 19 and 21 by a high-resolu-
tion melting (HRM) analysis, as described elsewhere [25]. The HRM analysis was carried out
using primer set A for the detection of EGFR mutations in exon 19 and primer set B for the
detection of EGFR mutations in exon 21. The sequences of primer set A were 5/ ~AAAATT
CCCGTCGCTATC-3’ (forward) and 5’ ~AAGCAGAAACTCACATCG-3’ (reverse). The
sequences of primer set B were 5’ ~AGATCACAGATTTTGGGC-3’ (forward) and 5’ -ATT
CTTTCTCTTCCGCAC-3’ (reverse). For the ALK rearrangement analysis, total RNA was
extracted from frozen tumor tissue from each case using the Allprep DNA/RNA Micro kit
(QIAGEN). Reverse transcription-PCR was performed using SuperScript III Reverse Tran-
scriptase (Thermo Fisher Scientific, Waltham, MA, USA) [26].

MIF immunohistochemistry (IHC)

A total of 110 cases were arbitrarily chosen for MIF IHC (87 adenocarcinoma, 20 squamous
cell carcinoma, 3 large-cell carcinoma). Sections 4-um-thick were stained by a Ventana Dis-
covery XT®) autostainer (Ventana Medical Systems, Tucson, AZ, USA) using a mouse anti-
body against MIF (clone # 932612; R&D Systems, Minneapolis, MN, USA) at 8 pg/ml. The
numbers of stained cells were scored using a proportion score (PS): 0 (0% cells), 1+ (<10%
cells positive), 2+ (10%-50% cells positive), or 3+ (>50% cells positive). The intensity score
(IS) was also scored according to a numerical scale (0: no expression; 1: weak; 2: moderate, 3:
strong expression). The PS (0-3) and IS (0-3) were summed as the total score (TS) from 0 to 6
[27]. Human ovarian tissues were utilized as positive controls. Negative controls were obtained
by omitting the primary antibody.

Cell lines and cell culture

Five NSCLC cell lines (H23, H441, H522, H1703, and H1975) were obtained from the Ameri-
can Type Culture Collection (ATCC) by Dr. Takashi Kohno (National Cancer Center
Research Institute Tokyo, Japan) and gifted. These cell lines were cultured in RPM11640 with
10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin-streptomycin (P/
S; Nacalai Tesque, Kyoto, Japan) in a humidified atmosphere with 5% CO, and 95% air. Small
RNA was isolated using miRNeasy mini kit (Qiagen, Venio, Netherlands).

Western blot analyses

Cells were lysed in buffer containing 50 mM Tris-HCI, pH 7.6, 150 mM NaCl, 0.1% SDS, 1%
Nonidet P-40, and 0.5% sodium-deoxycholate. Ten pg of proteins were separated by gel electro-
phoresis on 10% gels, transferred to nitrocellulose membranes, and detected by immunoblot-
ting using a chemiluminescence system (GE Healthcare Japan, Tokyo, Japan). Antibodies used
for western blot as follows: MIF (clone # 932612; R&D Systems, 1pug/ml),o-tubulin (clone; B-5-
1-2, Sigma-Aldrich, St. Louis, MO, USA, 0.2pg/ml). Antibodies against Phosphorylated Akt
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(Thr308), Akt, Phosphorylated Erk1/2 (Thr202/Tyr204) and Erk1/2 were purchased from Cell
Signaling (Danvers, MA, USA, 0.1ug/ml).

Oligonucleotide transfection, cell proliferation, and cell migration assays

H-441 and H-1975 were transfected with the oligonucleotide (miRIDIAN microRNA Human
hsa-miR-451a-Mimic or miRIDIAN microRNA Mimic Negative Control #1, GE Healthcare
Japan) at a final concentration of 200 nM using Lipofect AMINE RNAiMAX reagent (Thermo
Fisher Scientific). To evaluate the cell proliferation, H-441 and H-1975 cells with transfection of
miR-451 mimic or miR mimic negative control were seeded into 6-well plates (2.5 x 10%/well).
Cells were trypsinized at various time points and non-apoptotic cells were counted. The data
points indicate the average results from three dishes. Migration assays were performed using
transwell chambers with a polycarbonate nucleopore membrane (8 um pore size, BD Falcon).
Test cells (2 x 10*) in medium containing 0.2% FBS were seeded into the upper chambers of the
transwells. The lower compartments were filled with the same medium containing 10% FBS.
Cells that had migrated to the undersurface of the membrane after 24h of incubation were fixed
with 4% paraformaldehyde and stained with Giemsa solution. The number of migrating cells
was determined by counting cells in five microscopic fields per well, and the extent of migration
was expressed as the average number of cells per field. The assays were performed three times.

Statistical analyses

Statistical analysis was performed with the GraphPad Prism 6 software program for Windows
(GraphPad Software, San Diego, CA, USA) except for the multivariate survival analysis, which
was performed with the JMP 13.1 software program (SAS Institute Japan, Tokyo, Japan). Dif-
ferences in the miRNA expression among the groups were analyzed by paired or unpaired t-
tests and a one-way analysis of variance (one-way ANOVA). The chi-squared test was used to
evaluate the clinicopathological or genetic correlations. Survival curves were estimated by the
Kaplan-Meier method, and the differences in the disease-related survival between subgroups
were compared by the log-rank test. The Cox proportional hazards model was used for the
multivariate survival analysis. Differences were determined to be significant when the proba-
bility value (p) was <0.05.

Results

Histopathological classification, clinicopathological factors and genetic
alterations of the cases

The cases were 286 adenocarcinomas, 73 squamous cell carcinomas, 5 adenosquamous carci-
nomas, 4 large cell carcinomas and 2 mucoepidermoid carcinomas. Regarding grading, 132
cases were classified as grade 1, 115 as grade 2, 119 as grade 3 and 4 as grade 4. Pleural invasion
was noted in 145 cases. Of the 286 adenocarcinoma cases, 28 were AIS, 25 were MIA and 233
were IA. All of the AIS and MIA cases were non-mucinous adenocarcinomas. The IA cases
comprised 11 lepidic, 45 acinar, 128 papillary, 36 solid and 13 mucinous adenocarcinomas. Of
the 286 adenocarcinoma cases, 44 showed STAS, and 78 were categorized as high-risk cases by
nuclear and mitotic grade risk stratification. According to the TNM classification, 148 cases
were stage 0 or Ia disease, 103 were stage Ib, 62 were stage II and 59 were stage III or IV, with
89 cases having metastases to the lymph nodes.

Of the 370 total cases, 164 were never-smokers, and 206 were former and current smokers.
The Brinkman index for former and current smokers ranged from 115-3600 with an average
of 1063.7.
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An EGFR mutation analysis was successfully performed in 296 cases (230 adenocarcinomas,
59 squamous cell carcinomas, 4 adenosquamous carcinomas, 3 large-cell carcinomas). Eighty
(27.0%) harbored EGFR mutations. Histopathologically, 78 of the 80 EGFR-mutated cases were
adenocarcinoma, and the rest were adenosqumaous carcinoma (n = 1) and squamous cell carci-
noma (n = 1). An ALK rearrangement analysis was performed in 195 cases (140 adenocarcino-
mas, 50 squamous cell carcinomas, 3 adenosquamous carcinomas, 2 large-cell carcinomas). Six
(3.1%) were positive for ALK rearrangement. All of the cases with ALK rearrangement were ade-
nocarcinomas. An EGFR mutation analysis was not successfully performed in 74 cases due to the
poor quality of DNA extracted from FFPE samples and/or failures of the HRM analysis. ALK
analyses were not performed in 175 cases because frozen samples were not available.

Differences in the miR-451 expression between background lung tissue
and NSCLC

Eighty-four pairs of background lung tissue and NSCLC (72 adenocarcinomas and 12 squa-
mous cell carcinomas) were compared for their miR-451 expression. The average -6Ct value
(-Ct miR-451+Ct RNU6B) for background lung tissue was 1.93 versus 0.86 for NSCLC (Fig 1).
Thus, the miR-451 expression in NSCLC was significantly downregulated in comparison with
the background lung tissue by a paired t-test (P<0.0001).

miR-451 expression and clinicopathological factors in NSCLC

In NSCLGC, factors such as male gender; stages IB, I, IIl and IV disease; histological grade of
G2, G3 and G4; positive pleural invasion and nodal status and being a smoker were significantly
correlated with a lower expression of miR-451 (P<0.05, respectively) (Table 1). Squamous cell
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Fig 1. miR-451 expression in paired background lung and non-small cell lung cancer tissues. The

miR-451 expression is significantly lower in NSCLC tissues than in background lung tissue (P<0.0001 with
paired t-test). Y-axis: -6Ct = - -(Ct miR-451-Ct RNU6B).

https://doi.org/10.1371/journal.pone.0181270.9001
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Table 1. Correlations of the miR-451 expression with clinicopathological factors in non-small cell lung carcinomas.

Number of cases miR-451 expression* P-value

Gender Male 236 0.606

Female 134 1.037 <0.05
Age, years >65 114 0.907

<65 256 0.699 0.307
Histological type Adenocarcinoma 286 0.906** ***

Squamous cell carcinoma 73 0.285%* *** <0.05***

Adenosquamous carcinoma 5 0.652**

Large cell carcinoma 4 0.704**

Mucoepidermoid carcinoma 2 0.568%*
Stage la 148 1.31

Ib, II, I, IV 222 0.395 <0.000001
Histological grade G1 132 1.22

G2,G3, G4 238 0.51 <0.001
Pleural invasion negative 226 0.928

positive 144 0.5 <0.05
Lymph node metastasis negative 281 0.866

positive 89 0.425 <0.05
Smoking status Never-smoker 164 1.034

Smoker 206 0.5784 <0.00001
EGFRgene status wild type 216 0.631

mutant 80 0.729 0.675
ALK rearrangement negative 188 0.733

positive 6 1.05 0.938

*Average -0Ct = - (Ct miR-451-Ct RNU6B)
**P<0.0001 with a one-way analysis of variance (ANOVA) test
**%* P<0.05 with an unpaired t-test

https://doi.org/10.1371/journal.pone.0181270.t001

carcinoma showed a lower expression of mir-451 than adenocarcinoma (P<0.05). In contrast,
the EGFR gene or ALK rearrangement status was not correlated with the miR-451 expression.

In lung adenocarcinoma, the miR-451 expression was lower in MIA and IA than in AIS
(P<0.0005, respectively) (Table 2). In IA, no significant difference was observed among the
histological types. The miR-451 expression was also lower in high-grade cases than in low-
grade cases by nuclear and mitotic grade risk stratification (P<0.05), while the STAS status
was not correlated with the miR-451 expression.

Prognostic significance of the miR-451 expression in NSCLC and lung
adenocarcinoma

Cases were divided into miR-451 high-expression (H) and low-expression (L) groups based on
the average miR-451 expression of the cohort. For NSCLC, the average miR-451 expression
(-8Ct value [-Ct miR-451+Ct RNU6B]) was 0.761, and 173 cases were categorized as miR-451
H and 197 cases as miR-451 L. For adenocarcinoma, the average miR-451 expression (-8Ct
value [-Ct miR-451+Ct RNUG6B]) was 0.896, and 132 cases were categorized as miR-451 H and
154 cases as miR-451 L.

In both NSCLC and adenocarcinoma, the miR-451 L group showed a worse disease-free
survival than the miR-451 H group (Fig 2). We also analyzed the prognostic value of other
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Table 2. Correlations of the miR-451 expression with clinicopathological factors in lung adenocarcinomas.

Number of cases | miR-451 expression* | P-value

Adenocarcinoma progression Adenocarcinoma in situ (AlS) 28 2.54%% xxx <0.0001**
Minimally invasive adenocarcinoma (MIA) | 25 1.02%* *x* <0.0005%**
Invasive adenocarcinoma (IA) 233 0.697%* **x
Histological type of invasive adenocarcinoma | Lepidic adenocarcinoma 11 0.452 0.1363
Acinar adenocarcinoma 45 1.03
Papillary adenocarcinoma 128 0.81
Solid adenocarcinoma 36 0.123
Mucinous adenocarcinoma 13 0.247
Spread through air spaces (STAS) Absent 242 0.935
Present 44 0.708 0.443
Nuclear and mitotic grade risk stratification Low grade 208 1.051
High grade 78 0.504 <0.05

*Average -0Ct = - (Ct miR-451-Ct RNU6B)
**P<0.0001 with a one-way analysis of variance (ANOVA) test
**%* P<0.0005 with an unpaired t-test in comparison with AIS

https://doi.org/10.1371/journal.pone.0181270.t002

clinicopathological factors to identify the factors significantly influencing the survival. The
pathological stage, histological grade, pleural invasion and lymph node metastasis were con-
firmed as factors significantly correlated with the prognosis in NSCLC (Table 3). In adenocar-
cinoma cases, prognostic significance was confirmed for adenocarcinoma progression, STAS
and nuclear and mitotic grade risk stratification (Table 4). We next performed a multivariate
survival analysis using these factors as variables (Tables 5 and 6), where the P-values for mir-
451 expression (H/L) were <0.05 in the NSCLC group and 0.316 in the adenocarcinoma

group.
A B
100 Lung
i — NSCLC with high 5 == adenocarcinoma
r miR-451 expression > with high miR-451
2 > expression
2 3
3 "]
. - 50 Lung )
c 501 ° adenocarcinoma
0 . NSCLC with low 0 == with low miR-451
o miR-451 expression : expression
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Pe0.05 P<0.05
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Fig 2. miR-451 and the disease-free survival (DFS) in non-small cell lung cancer (NSCLC) and lung adenocarcinoma cases. (A) NSCLC cases with
a low miR-451 expression showed a significantly worse prognosis than cases with a high miR-451 expression. (B) Lung adenocarcinoma cases with a low
miR-451 expression showed a significantly worse prognosis than cases with a high miR-451 expression. Tick: censored cases.

https://doi.org/10.1371/journal.pone.0181270.9002
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Table 3. A univariate analysis of clinicopathological factors for a disease-free survival in non-small
cell lung cancer patients.

Clinicopathological factors P-value
Gender (Male vs. Female) 0.6033
Age, years (>64 vs. <65) 0.3425
Histological type (Non-adenocarcinoma vs. Adenocarcinoma) 0.0793
Pathological stage (lb, II, Ill, and IV vs. 0 and la) <0.0001
Histological grade (G2, G3, and G4 vs. G1) <0.05
Pleural invasion (Present vs. Absent) <0.0005
Lymph node metastasis (Positive vs. Negative) <0.0001
Smoking status (Smoker vs. Never-smoker) 0.9318
EGFRgene status (Mutated vs. Wild type) 0.1977
ALK rearrangement (Positive vs. Negative) 0.1905
miR-451 expression (Low vs. High) <0.05

https://doi.org/10.1371/journal.pone.0181270.t003

MIF and miR-451 expression in NSCLC

Of the 110 NSCLC cases analyzed, 41 were scored as 0 in TS (37.3%), 9 as 2 (8.1%), 13 as 3
(8.1%), 18 as 4 (16.2%), 18 as 5 (16.2%) and 11 as 6 (9.9%) (Fig 3). On categorizing them into
an MIF low-expression group (TS 0 and 2), intermediate-expression group (TS 3 and 4) and
high-expression group (TS 5 and 6), the mean expression/SEM of miR-451 in each group
(-8Ct value [-Ct miR-451+Ct RNU6B]) was 2.371/0.3636, 0.2364/0.6034 and -1.744/0.2630,
respectively. Thus, the miR-451 expression differed among MIF low-, intermediate-, and high-
expression groups (P<0.05, one-way ANOVA) and decreased as the MIF expression increased
(P<0.05, unpaired t-test). Stage 0 and IA cases in the MIF low-expression group (25/50 cases,
50%) were significantly more frequent than in the MIF intermediate- and high-expression
groups (12/60 cases, 20%) (P<0.01, chi-squared test). There were no significant differences in
the prognosis among the MIF expression groups.

Induction of miR-451 in NSCLC cell lines suppressed MIF expression,
cell proliferation, and cell migration

Comparing H23, H441, H522, H1703, and H1975 for the expression of MIF showed higher
expression in H441 and H1975 and lower for the rest (Fig 4A). The miR-451 expression of the
cells was H-23,-3.86; H441,-4.33; H522, -4.08; H1703, -4.94, and H1975,-4.27, respectively
(-8Ct value [-Ct miR-451+Ct RNUG6B]). H441 and H1975 cells, which showed increased
expression of MIF and reduced miR-451, were selected for further analyses. H441 and H1975
cells were transfected with an oligonucleotide mimicking miR-451 (miR-451-mimic). After
the transfection, the miR-451 expression in these cells was augmented (data not-shown), and
the MIF expression was down-regulated (Fig 4B). Induction of miR-451 reduced Akt activa-
tion in these cells, which was detected by phosphorylation of Akt at Thr308, while it did not
modify Erk activation (Fig 4B). Moreover, miR-451-mimic transfection suppressed the cell

Table 4. A univariate analysis of clinicopathological factors for a disease-free survival in non-small cell lung cancer patients.

Clinicopathological factors P-value
Adenocarcinoma progression (Invasive adenocarcinoma vs. Adenocarcinoma in situ and minimally invasive adenocarcinoma) <0.0001
Spread through air spaces (STAS) (Present vs. Absent) <0.05
Nuclear and mitotic grade risk stratification (High-grade vs. Low-grade) <0.0001
miR-451 expression (Low vs. High) <0.05

https://doi.org/10.1371/journal.pone.0181270.t004
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Table 5. A multivariate survival analysis in non-small cell lung cancer cases.

HR (95% CI) Pvalue
Pathological stage (Ib, II, Ill, and IV vs. 0 and la) 1.77(0.855-3.71) 0.123
Histological grade (G2, G3, and G4 vs. G1) 1.14(0.639-2.12) 0.659
Pleural invasion (Present vs. Absent) 1.47(0.877-2.54) 0.146
Lymph node metastasis (Positive vs. Negative) 3.21(1.96-5.32) <0.0001
miR-451 expression (Low vs. High) 1.59(1.01-2.56) <0.05

HR, hazard ratio; Cl, confidence interval

https://doi.org/10.1371/journal.pone.0181270.t005

proliferation of H441 cells and H1975 cells (Fig 4C), and the cell migration of H1975 cells
(Fig 4D).

Discussion

Accumulating evidence has revealed the diverse roles of miRNA in the development of human
cancers [1, 3, 4]. These miRNAs may function as oncogenic factors (e.g. miR-21) or as tumor
suppressive factors (e.g. let-7) [3-7]. miR-451 is an miRNA linked to cancer development and
is considered a tumor suppressor based on clinicopathological and cell biological evidence.
From a clinicopathological perspective, the miR-451 expression is downregulated in various
types of cancers, and its lower expression is correlated with a worse prognosis in cancers such
as NSCLC, gastric cancer and hepatocellular cancer [12, 13, 15]. From a cell biology perspec-
tive, the upregulation of miR-451 inhibits malignant biological behavior, such as chemoresis-
tance, radioresistance, EMT, invasion and metastasis, in multiple cancer cell lines [8-15]. Our
clinicopathological observation of 370 cases also clearly illustrated the tumor-suppressive role
of miR-451 in NSCLC. miR-451 was downregulated in NSCLC compared to background lung
tissue, and a lower expression of miR-451 was an independent predictor of a poor prognosis
for NSCLC. Furthermore, its downregulation was associated with multiple clinicopathological
factors, such as an advanced disease stage, greater histological grade, pleural invasion and
nodal metastasis, all of which were related to a worse biological behavior of tumor. The tumor
suppressive role of miR-451 was also illustrated in the lung adenocarcinoma group (286 cases),
where the lower expression of mir-451 was also a worse prognostic factor in a univariate sur-
vival analysis, and its downregulation was associated with adenocarcinoma progression from
AIS and MIA to IA and a high tumor grade on nuclear and mitotic grade risk stratification. By
miR-451-mimic transfection, cell biological experiments of multiple NSCLC cell lines also
illustrated its tumor-suppressive properties by attenuating cell proliferation and cell migration.

Table 6. A multivariate survival analysis in lung adenocarcinoma cases.
HR (95% Cl) | Pvalue

Adenocarcinoma progression (Invasive adenocarcinoma vs. Adenocarcinoma in | 5.16 (1.54— <0.05

situ and minimally invasive adenocarcinoma) 32.1)

Spread through air spaces (STAS) (Present vs. Absent) 1.59(0.895- | 0.095
2.71)

Nuclear and mitotic grade risk stratification (High-grade vs. Low-grade) 2.59 (1.61— <0.0001
4.20)

miR-451 expression (Low vs. High) 1.29 (0.79— 0.316
2.16)

HR, hazard ratio; Cl, confidence interval

https://doi.org/10.1371/journal.pone.0181270.t006
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Multiple mechanisms are known to be involved in the regulation of the miR-451 expression,
including epigenetic regulation, activation by SMAD3 and SMAD4 and transcriptional activation
by transcription factor E2a [13]. The first two factors may be involved in the dysregulation of
miR-451 in NSCLC, as they are reportedly perturbed in the carcinogenic process of NSCLC [28,
29]. Of the two, epigenetic regulation is more likely to be involved, based on the present results
showing a strong correlation between tobacco smoking and miR-451 downregulation [30]. We
previously screened epigenetically silenced microRNAs by the 5-aza-2’-deoxycytidine (5-aza-
CdR) treatment of NSCLC cell lines, which failed to show miR-451 as an epigenetically silenced
microRNA [31]. However, Wang et al. reported a 2.5-fold increase in the miR-451 expression in
NSCLC cell lines by similar treatment with 5-aza-CdR [15]. The discrepancy between these two
studies may be attributed to our criteria for selecting epigenetically silenced microRNAs in the
microRNA microarray study: (i) miRNAs within CpG islands, (i7) miRNAs <1 kbp downstream
of CpG islands and (i) miRNAs within gene introns whose host promoters have CpG islands.
miR-451 does not meet the criteria, as it does not have any CpG islands within the region 2 kb
upstream. Wang et al. hypothesized the DNA methylation effects of the long-distant (>2 kb)
CpG-rich region of miR-451 [15]. Further investigation of NSCLC clinical samples is therefore
warranted to clarify this issue by an analysis of the long-distant CpG-rich region of miR-451.

Interestingly, AIS showed higher miR-451 expression than background lung tissue. In this
specific early-stage lung adenocarcinoma that retains its miR-451 function, the miR-451 ex-
pression is presumably augmented to oppose the oncogenic processes. In bronchoalveolar stem
cells (BSCSs), miR-451 was identified as one of the nine most significantly overexpressed micro-
RNAs compared with control lung cells [31]. Although the underlying mechanism is not clear,
the overexpression of miR-451 may reflect a phenotypical resemblance between BSCSs, which
are the postulated origin cells of lung adenocarcinoma, and early-stage lung adenocarcinoma.

Several lines of evidence indicate that MIF is a candidate target gene of miR-451 and pro-
motes tumor progression [12, 18, 20, 21]. The present results corroborate the evidence by
showing that the MIF expression was negatively correlated with the miR-451 expression in
NSCLC cases and that a higher MIF expression was correlated with an advanced disease stage.
Cell biological experiments of multiple NSCLC cell lines also illustrated the suppression of
MIF by the transfection of miR-451-mimic. The increased MIF expression of tumor cells pro-
motes tumor growth through the activation of MAPK/PI3K/Akt pathways by the autocrine or
paracrine loop [20]. In fact, the decrease of phosphorylated Akt expression by miR-451-mimic
transfection was observed alongside of MIF down-regulation in NSCLC cell lines, while phos-
phorylated Erk unchanged. The supression of MIF and PI3/Akt pathway would be certainly
involved in tumor suppressive role of miR-451. However, the biological role of MIF in NSCLC
remains unclear, as a higher MIF expression was not a worse prognostic factor in the analysis.
In the loop, the binding of MIF to its receptor, CD74, is indispensable for the activation of
MAPK/PI3K/Akt pathways. Therefore, clarifying the biological role of MIF in NSCLC cases
will require the evaluation of CD74 status, including the assessment of the recently identified
oncogenic fusion gene CD74-NRG1 [32]. By miR-451-mimic transfection, MIF expression
was suppressed in NSCLC cell lines. However, we cannot rule out the possibility that the sup-
pression was an indirect effect of miR-451. In our present study, experiments to confirm the
direct targeting of miR-451 on MIF, such as luciferase reporter assay or an RNA immunopre-
cipitation (RIP) assay, were not performed, which may limit the validity of the discussion.

In clinical settings of oncology, miRNAs are expected to play roles such as prognostification
tools, ancillary markers for a histopathological diagnosis and blood biomarkers [5, 8, 19]. As
shown in this study, miR-451 was an independent prognostic marker in NSCLC and is a good
candidate for an NSCLC prognostification tool. For histopathological classification, miR-451
was differently expressed between adenocarcinoma and squamous cell carcinoma and may

PLOS ONE | https://doi.org/10.1371/journal.pone.0181270  July 12,2017 11/15


https://doi.org/10.1371/journal.pone.0181270

o e
@ ) PLOS ‘ ONE Low miR-451 predicts a worse prognosis in NSCLC

Fig 3. The macrophage migration inhibitory factor (MIF) expression of non-small cell lung cancers.
Representative adenocarcinoma (a) and squamous cell carcinoma (b) cases with a high expression of MIF (objective
x20). The cases were scored as follows: (a) Proportion score (PS), 3; intensity score (IS), 3 and total score (TS), 6. (b)
PS, 3;1S,2and TS, 5. An adenocarcinoma case negative for MIF expression (TS, 0) is shown in (c).

https://doi.org/10.1371/journal.pone.0181270.g003

serve as an ancillary marker for the differential diagnosis of adenocarcinoma and squamous
cell carcinoma, which is an urgent requirement for the selection of chemotherapy regimens
and of molecular-targeted therapy regimens [22]. However, the miR-451 expression varied not
only among histopathological types but also among disease stage. Furthermore, the results
were based on the analysis of surgically resected samples and were not validated in small
biopsy samples. Therefore, further studies are required, such as determining the appropriate
threshold for eliminating the influence of disease stage and validating the results in small
biopsy samples, before the miR-451 expression can be used as an ancillary marker to differenti-
ate lung adenocarcinoma and small cell carcinoma.

Conclusions

We analyzed 370 NSCLC cases for their miR-451 expression and found that (1) the miR-451
expression was lower in carcinoma tissues than in paired background lung tissues, (2) a lower
expression of miR-451 was an independent predictor of a poor prognosis, and (3) the MIF
expression was inversely correlated with the miR-451 expression. It was also shown that MIF
expression, phosphorylated Akt expression, cell proliferation, and cell migration were sup-
pressed by miR-451-mimic transfection NSCLC cell lines. This study illustrated the tumor-
suppressive role of miR-451 and validated MIF as a target of miR-451 in NSCLC from clinico-
pathological and cell biological points of view.
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Fig 4. Macrophage migration inhibitory factor (MIF) expression of non-small cell lung cancer (NSCLC) cell lines and the effects of miR-451
mimic transfection of NSCLC cell lines. (A) MIF expression in NSCLC cell lines by western blotting. H441 and H1975 showed relatively higher MIF
expression. (B) Western blotting of MIF, phosphorylated Akt (pAkt), total Akt, phosphorylated Erk (pErk), and total Erk of H441 and H1975 cells after miR-
451-mimic (miR-451) and Mimic Negative Control (control) transfection. (C) Cell proliferation assay of H441 and H1975 cells after miR-451-mimic (miR-
451) and Mimic Negative Control (control) transfection d: day, error bars: +/-SEM, *: P<0.05 (unpaired t-test), **: P <0.005 (unpaired t-test). (D) Cell
migration assay of H1975 cells after miR-451-mimic (miR-451) and Mimic Negative Control (control) transfection. Migrated cell stained with Giemsa
solution (left) and migrated cell counts (right). Error bars: +/-SEM, **:P<0.005 (unpaired t-test).

https://doi.org/10.1371/journal.pone.0181270.9004

Acknowledgments

The authors wish to thank Mr. Yukitsugu Asabe-Kudo and Ms. Yutaka Nakamura of Akita
University for their helpful support. We also wish to thank Dr. Shigeki Morita of The Univer-
sity of Tokyo for his insightful suggestion.

Author Contributions
Conceptualization: Akiteru Goto.
Funding acquisition: Akiteru Goto.

Investigation: Akiteru Goto, Masamitsu Tanaka, Makoto Yoshida, Michinobu Umakoshi,
Hiroshi Nanjo, Kouya Shiraishi, Motonobu Saito, Takashi Kohno, Sei Kuriyama, Hayato
Konno, Kazuhiro Imai, Hajime Saito, Yoshihiro Minamiya, Daichi Maeda.

Project administration: Akiteru Goto.
Supervision: Akiteru Goto.

Writing - original draft: Akiteru Goto, Masamitsu Tanaka, Kouya Shiraishi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181270  July 12,2017 13/15


https://doi.org/10.1371/journal.pone.0181270.g004
https://doi.org/10.1371/journal.pone.0181270

@° PLOS | ONE

Low miR-451 predicts a worse prognosis in NSCLC

Writing - review & editing: Akiteru Goto, Masamitsu Tanaka, Daichi Maeda.

References

1.
2.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.2004; 116(1):281-97.

Kobayashi H, Tomari Y. RISC assembly: Coordination between small RNAs and Argonaute proteins.
Biochim Biophys Acta. 2016; 1859(1): 71-81. https://doi.org/10.1016/j.bbagrm.2015.08.007 PMID:
26303205

Goto A, Dobashi Y, Tsubochi H, Maeda D, Ooi A. MicroRNAs associated with increased AKT gene
number in human lung carcinoma. Hum Pathol. 2016; 56:1-10. https://doi.org/10.1016/j.humpath.
2016.04.011 PMID: 27189341

Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006; 6(11):857—66.
https://doi.org/10.1038/nrc1997 PMID: 17060945

Di Leva G, Croce CM. miRNA profiling of cancer. Curr Opin Genet Dev. 2013; 23(1):3—11. https://doi.
org/10.1016/j.gde.2013.01.004 PMID: 23465882

Seike M, Goto A, Okano T, Bowman ED, Schetter AJ, Horikawa |, et al. MiR-21 is an EGFR-regulated
anti-apoptotic factor in lung cancer in never-smokers. Proc Natl Acad Sci U S A. 2009; 106(29):12085—
90. https://doi.org/10.1073/pnas.0905234106 PMID: 19597153

Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M, et al. Unique microRNA molecular
profiles in lung cancer diagnosis and prognosis. Cancer Cell. 2006; 9(3):189-98. https://doi.org/10.
1016/j.ccr.2006.01.025 PMID: 16530703

Bian HB, Pan X, Yang JS, Wang ZX, De W. Upregulation of microRNA-451 increases cisplatin sensitiv-
ity of non-small cell lung cancer cell line (A549).J Exp Clin Cancer Res. 2011; 30:20. https://doi.org/10.
1186/1756-9966-30-20 PMID: 21329503

Bitarte N, Bandres E, Boni V, Zarate R, Rodriguez J, Gonzalez-Huarriz M, et al. MicroRNA-451 is
involved in the self-renewal, tumorigenicity, and chemoresistance of colorectal cancer stem cells. Stem
Cells.2011; 29(11):1661-71. https://doi.org/10.1002/stem.741 PMID: 21948564

Chen D, Huang J, Zhang K, Pan B, Chen J, De W, et al. MicroRNA-451 induces epithelial-mesenchymal
transition in docetaxel-resistant lung adenocarcinoma cells by targeting proto-oncogene c-Myc. Eur J
Cancer. 2014; 50(17):3050-67. https://doi.org/10.1016/j.ejca.2014.09.008 PMID: 25310895

Huang J, Chen'Y, LiJ, Zhang K, Chen J, Chen D, et al. Notch-1 Confers Chemoresistance in Lung Ade-
nocarcinoma to Taxanes through AP-1/microRNA-451 Mediated Regulation of MDR-1.Mol Ther
Nucleic Acids. 2016; 5:e375. https://doi.org/10.1038/mtna.2016.82 PMID: 27727250

Liu N, Jiang N, Guo R, Jiang W, He QM, Xu YF, et al. MiR-451 inhibits cell growth and invasion by tar-
geting MIF and is associated with survival in nasopharyngeal carcinoma. Mol Cancer. 2013; 12(1):123.
https://doi.org/10.1186/1476-4598-12-123 PMID: 24138931

Pan X, Wang R, Wang ZX. The potential role of miR-451 in cancer diagnosis, prognosis, and therapy.
Mol Cancer Ther. 2013; 12(7):1153-62. https://doi.org/10.1158/1535-7163.MCT-12-0802 PMID:
23814177

Tian F,Han Y, Yan X, Zhong D, Yang G, Lei J, et al. Upregulation of microrna-451 increases the sensi-
tivity of A549 cells to radiotherapy through enhancement of apoptosis. Thorac Cancer. 2016; 7(2):226—
31. https://doi.org/10.1111/1759-7714.12318 PMID: 27042226

Wang R, Wang ZX, Yang JS, Pan X, De W, Chen LB. MicroRNA-451 functions as a tumor suppressor
in human non-small cell lung cancer by targeting ras-related protein 14 (RAB14). Oncogene.2011; 30
(23):2644-58. https://doi.org/10.1038/onc.2010.642 PMID: 21358675

von der Thisen JH, Tham YS, Pattenden H, Rice A, Dusmet M, Lim E, et al. Prognostic significance of
predominant histologic pattern and nuclear grade in resected adenocarcinoma of the lung: potential
parameters for a grading system. J Thorac Oncol. 2013; 8(1):37—44. https://doi.org/10.1097/JTO.
0b013e318276274e PMID: 23242436

Warth A, Muley T, Kossakowski CA, Goeppert B, Schirmacher P, Dienemann H, et al. Prognostic
Impact of Intra-alveolar Tumor Spread in Pulmonary Adenocarcinoma. Am J Surg Pathol. 2015; 39
(6):793-801. https://doi.org/10.1097/PAS.0000000000000409 PMID: 25723114

Bandres E, Bitarte N, Arias F, Agorreta J, Fortes P, Agirre X, et al. microRNA-451 regulates macro-
phage migration inhibitory factor production and proliferation of gastrointestinal cancer cells. Clin Can-
cer Res. 2009; 15(7):2281-90. https://doi.org/10.1158/1078-0432.CCR-08-1818 PMID: 19318487

Liu W, Liu SY, He YB, Huang RL, Deng SY, Ni GX, et al. MiR-451 suppresses proliferation, migration
and promotes apoptosis of the human osteosarcoma by targeting macrophage migration inhibitory fac-
tor. Biomed Pharmacother. 2017; 87:621-627. https://doi.org/10.1016/j.biopha.2016.12.121 PMID:
28086136

PLOS ONE | https://doi.org/10.1371/journal.pone.0181270  July 12,2017 14/15


https://doi.org/10.1016/j.bbagrm.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26303205
https://doi.org/10.1016/j.humpath.2016.04.011
https://doi.org/10.1016/j.humpath.2016.04.011
http://www.ncbi.nlm.nih.gov/pubmed/27189341
https://doi.org/10.1038/nrc1997
http://www.ncbi.nlm.nih.gov/pubmed/17060945
https://doi.org/10.1016/j.gde.2013.01.004
https://doi.org/10.1016/j.gde.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23465882
https://doi.org/10.1073/pnas.0905234106
http://www.ncbi.nlm.nih.gov/pubmed/19597153
https://doi.org/10.1016/j.ccr.2006.01.025
https://doi.org/10.1016/j.ccr.2006.01.025
http://www.ncbi.nlm.nih.gov/pubmed/16530703
https://doi.org/10.1186/1756-9966-30-20
https://doi.org/10.1186/1756-9966-30-20
http://www.ncbi.nlm.nih.gov/pubmed/21329503
https://doi.org/10.1002/stem.741
http://www.ncbi.nlm.nih.gov/pubmed/21948564
https://doi.org/10.1016/j.ejca.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25310895
https://doi.org/10.1038/mtna.2016.82
http://www.ncbi.nlm.nih.gov/pubmed/27727250
https://doi.org/10.1186/1476-4598-12-123
http://www.ncbi.nlm.nih.gov/pubmed/24138931
https://doi.org/10.1158/1535-7163.MCT-12-0802
http://www.ncbi.nlm.nih.gov/pubmed/23814177
https://doi.org/10.1111/1759-7714.12318
http://www.ncbi.nlm.nih.gov/pubmed/27042226
https://doi.org/10.1038/onc.2010.642
http://www.ncbi.nlm.nih.gov/pubmed/21358675
https://doi.org/10.1097/JTO.0b013e318276274e
https://doi.org/10.1097/JTO.0b013e318276274e
http://www.ncbi.nlm.nih.gov/pubmed/23242436
https://doi.org/10.1097/PAS.0000000000000409
http://www.ncbi.nlm.nih.gov/pubmed/25723114
https://doi.org/10.1158/1078-0432.CCR-08-1818
http://www.ncbi.nlm.nih.gov/pubmed/19318487
https://doi.org/10.1016/j.biopha.2016.12.121
http://www.ncbi.nlm.nih.gov/pubmed/28086136
https://doi.org/10.1371/journal.pone.0181270

@° PLOS | ONE

Low miR-451 predicts a worse prognosis in NSCLC

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Nobre CC, de Araujo JM, Fernandes TA, Cobucci RN, Lanza DC, Andrade VS, et al. Macrophage
Migration Inhibitory Factor (MIF): Biological Activities and Relation with Cancer. Pathol Oncol Res.
2016; [Epub ahead of print]. https://doi.org/10.1007/s12253-016-0138-6 PMID: 27771887

White ES, Flaherty KR, Carskadon S, Brant A, lannettoni MD, Yee J, et al. Macrophage migration inhibi-
tory factor and CXC chemokine expression in non-small cell lung cancer: role in angiogenesis and prog-
nosis. Clin Cancer Res. 2003; 9(2):853-60. PMID: 12576459

Travis WD BE, Burke AP, Marx A, Nicholson AG. WHO Classification of Tumours of the Lung, Pleura,
Thymus and Heart, 4™ edn. 2015; IARC Press, Lyon

The Japan Lung Cancer Society. General Rule for Clinical and Pathological Record of Lung Cancer, 8"
edn. 2017; Kanehara-shuppan, Tokyo

Goldstraw P, Chansky K, Crowley J, Rami-Porta R, Asamura H, Eberhardt WE, et al. The IASLC Lung
Cancer Staging Project: Proposals for Revision of the TNM Stage Groupings in the Forthcoming
(Eighth) Edition of the TNM Classification for Lung Cancer.J Thorac Oncol. 2016, 11(1):39-51. https://
doi.org/10.1016/}.jtho.2015.09.009 PMID: 26762738

Nomoto K, Tsuta K, Takano T, Fukui T, Fukui T, Yokozawa K, et al. Detection of EGFR mutations in
archived cytologic specimens of non-small cell lung cancer using high-resolution melting analysis. Am.
J. Clin. Pathol. 2006; 126(4), 608—615 https://doi.org/10.1309/N5PQNGW2QKMX09X7 PMID:
16938658

Soda M, Isobe K, Inoue A, Maemondo M, Oizumi S, Fuijita Y, et al. A prospective PCR-based screening
for the EML4-ALK oncogene in non-small cell lung cancer. Clin Cancer Res. 2012; 18(20):5682—9.
https://doi.org/10.1158/1078-0432.CCR-11-2947 PMID: 22908099

Yokouchi H, Nishihara H, Harada T, Ishida T, Yamazaki S, Kikuchi H, et al. Immunohistochemical profil-
ing of receptor tyrosine kinases, MED12, and TGF-BRII of surgically resected small cell lung cancer,
and the potential of c-kit as a prognostic marker. Oncotarget. 2016; https://doi.org/10.18632/
oncotarget.14410 PMID: 28055980

Wen J, Fu J, Zhang W, Guo M. Genetic and epigenetic changes in lung carcinoma and their clinical
implications. Mod Pathol. 2011; 24(7):932—43. https://doi.org/10.1038/modpathol.2011.46 PMID:
21423157

Zhao J, Liu J, Lee JF, Zhang W, Kandouz M, VanHecke GC, et al. TGF-B/SMAD3 Pathway Stimulates
Sphingosine-1 Phosphate Receptor 3 Expression: IMPLICATION OF SPHINGOSINE-1 PHOSPHATE
RECEPTOR 3 IN LUNG ADENOCARCINOMA PROGRESSION. J Biol Chem. 2016; 291(53):27343—
27353. https://doi.org/10.1074/jbc.M116.740084 PMID: 27856637

Watanabe K, Emoto N, Hamano E, Sunohara M, Kawakami M, Kage H, et al. Genome structure-based
screening identified epigenetically silenced microRNA associated with invasiveness in non-small-cell
lung cancer. Int J Cancer. 2012; 130(11): 2580-90. https://doi.org/10.1002/ijc.26254 PMID: 21702040

Qian S, Ding JY, Xie R, An JH, Ao XJ, Zhao ZG, et al. MicroRNA expression profile of bronchioalveolar
stem cells from mouse lung. Biochem Biophys Res Commun. 2008; 377(2): 668—73. https://doi.org/10.
1016/j.bbrc.2008.10.052 PMID: 18948085

Nakaoku T, Tsuta K, Ichikawa H, Shiraishi K, Sakamoto H, Enari M, et al. Druggable oncogene fusions
in invasive mucinous lung adenocarcinoma. Clin Cancer Res. 2014; 20(12):3087-93. https://doi.org/
10.1158/1078-0432.CCR-14-0107 PMID: 24727320

PLOS ONE | https://doi.org/10.1371/journal.pone.0181270  July 12,2017 15/15


https://doi.org/10.1007/s12253-016-0138-6
http://www.ncbi.nlm.nih.gov/pubmed/27771887
http://www.ncbi.nlm.nih.gov/pubmed/12576459
https://doi.org/10.1016/j.jtho.2015.09.009
https://doi.org/10.1016/j.jtho.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26762738
https://doi.org/10.1309/N5PQNGW2QKMX09X7
http://www.ncbi.nlm.nih.gov/pubmed/16938658
https://doi.org/10.1158/1078-0432.CCR-11-2947
http://www.ncbi.nlm.nih.gov/pubmed/22908099
https://doi.org/10.18632/oncotarget.14410
https://doi.org/10.18632/oncotarget.14410
http://www.ncbi.nlm.nih.gov/pubmed/28055980
https://doi.org/10.1038/modpathol.2011.46
http://www.ncbi.nlm.nih.gov/pubmed/21423157
https://doi.org/10.1074/jbc.M116.740084
http://www.ncbi.nlm.nih.gov/pubmed/27856637
https://doi.org/10.1002/ijc.26254
http://www.ncbi.nlm.nih.gov/pubmed/21702040
https://doi.org/10.1016/j.bbrc.2008.10.052
https://doi.org/10.1016/j.bbrc.2008.10.052
http://www.ncbi.nlm.nih.gov/pubmed/18948085
https://doi.org/10.1158/1078-0432.CCR-14-0107
https://doi.org/10.1158/1078-0432.CCR-14-0107
http://www.ncbi.nlm.nih.gov/pubmed/24727320
https://doi.org/10.1371/journal.pone.0181270

