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Abstract: Increasing evidence reveals that deregulation of miRNAs contributes to carcinogenesis of the human
non-small cell lung cancer (NSCLC). Our study discovered that the expression of miR-449a was markedly decreased
in NSCLC cells with high metastatic capacity and tissues of positive lymph node metastasis. Moreover, our results
showed that miR-449a could act as a tumor suppressor by inhibiting the invasion of NSCLC cells in vitro and in
vivo. Mechanistically, miR-449a inhibited the expression of MAP2K1 by direct targeting its 3'UTR, and regulated
the activity of MEK1/ERK1/2/c-Jun pathway through an auto-regulatory feedback loop. Furthermore, the histone
methylation mediated the decreased expression of miR-449a through SUZ12. Taken together, the novel connection
between miR-449a and MAP2K1 demonstrated here provided a new, potential therapeutic target for the treatment

of non-small cell lung cancer.
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Introduction

Non-small cell lung cancer (NSCLC), including
adenocarcinoma (ADC), squamous cell carci-
noma (SCC), adenosquamous cell carcinoma
(ASC) and large cell carcinoma (LCC), accounts
for 80-85% of all lung cancer cases [1, 2]. The
overall 5-year survival rate for NSCLC patients
remains at approximately 15%, despite recent
advances in surgery, radiotherapy and chemo-
therapy [2]. Therefore, thorough understanding
of the molecular mechanisms underlying
NSCLC development and progression is of
great therapeutic value. Non-coding small
RNAs have been implicated to play important
roles in NSCLC pathogenesis [3, 4], which may
potentially serve as novel NSCLC diagnostic
markers and therapeutic targets.

Mature miRNAs are short, non-coding RNAs of
approximately 22 nucleotides that regulate
gene expression at post-transcriptional level by
targeting the 3’-UTR region of mRNA and lead-
ing to their translational inhibition or dere-
gulation [5]. MiRNAs regulate various biological
processes, including cell differentiation, pro-
liferation, apoptosis, stress resistance, fat
metabolism, and development. Their dysregu-

lation have been shown to associate with mul-
tiple human diseases such as cancer, either as
oncogenes or tumor suppressors [6]. The role
of miRNAs in tumorigenesis and tumor progres-
sion, includes both tumor cell proliferation and
metastasis [5, 7-10]. For example, miR-10b pro-
motes breast tumor metastasis, while miR-335
and miR-126 suppress the cancer metastasis
[14, 12]. Therefore, miRNAs could potentially
act as the next generation of therapeutic tar-
gets for malignant tumors [13].

The miR-449a has been mapped to the first
intron of CDC20B gene, which located on
human chromosome 5qg11.2, a region identi-
fied as a susceptibility locus in a variety of
malignancies, including lung cancer. Accu-
mulating evidence has demonstrated that the
expression of miR-449ais frequently decreased
in several types of malignant tumors, for
instance those of prostate, gastric and bladder
[14-16]. In these types of cancer, miR-449a
induces cell cycle arrest, apoptosis and senes-
cence by regulating critical cell cycle motors or
apoptosis inhibitors such as histone deacety-
lase-1 (HDAC-1), CDK6, CDC25A or sirtuinl
(SIRT1) [14-17]. However, the role of miR-449a
in lung cancer development remains unclear.
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Table 1. Correlation between miR-449a expression and clinico-
pathological features of non-small cell lung cancer

No. of MiR-449a Expression

Factor - x? value P value
cases |ower higher

Age

<62 11 6 5

>62 19 9 10 0.144 0.705
Gender

Man 23 13 10

Woman 7 2 5 1.677 0.195
Smoking history

Smoker 18 13 5

Non smoker 12 2 10 8.889 0.003"
Histology

Sq 16 9 7

Ad 13 5 8

Other 1 1 0 1.870 0.469
Stage

[+l 9 2 7

+1v 21 13 8 3.968 0.046"
Lymph node status

Negative 5 0 5

Positive 25 15 10 6.000 0.042"

“Significant difference. x? test was used to evaluate the correlation of mir-

449a expression and clinical pathologic parameters.

In the current study, we identified that miR-
449a was differentially expressed between
NL9980 and L9981 cells, both commonly used
NSCLC cell lines with distinct metastatic capac-
ity- through microRNA chip analyses. Further
characterization of miR-449a in other NSCLC
cell lines found that miR-449a functions as a
metastasis suppressor. Over-expression of
miR-449a can suppress NSCLC cell invasion
and migration in vitro and in vivo. MiR-449a
mediates metastasis suppressing activity by
modulating SUZ12 expression. Through bi-
oinformatics analysis, we identified MAP2K1
(MEK1) as a direct target of miR-449a.
Furthermore, we found that MAPK signaling
pathway is involved in miR-449a-regulated
NSCLC metastasis, in which AP-1 can directly
regulate miR-449a expression by a negative
feedback loop. Finally, we found that miR-449a
expression in lung cancer cells is epigenetically
inactivated by the oncogenic trimethylation of
histone H3Lys27 (H3K27me3), which can be
reversed by epigenetic drug treatment target-
ing histone modifications. These findings reveal
a feedback mechanism to regulate miR-449a
expression and suggest that miR-449a may
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represent a novel therapeutic tar-
get for NSCLC metastasis.

Materials and methods
Cell culture and transfection

The human lung cancer cell lines
NL9980 and L9981 were estab-
lished from the same human lung
large cell carcinoma cell line,
WCQH-9801. NL9980 cells have
much higher metastatic potential
than L9981 cells. L9981-luc, 95C
and 95D were cultured in RPMI-
1640 (Invitrogen, Carlsbad, CA)
medium supplemented with 10%
fetal bovine serum (FBS, GIBCO),
100 1U/ml penicillin and 100 U/
ml streptomycin in humidified
5% CO, at 37°C. Transfection of
miRNA/siRNA was carried out
using Lipofectamine 2000 (In-
itrogen, CA, USA) according to the
manufacturer’'s recommendation.
The mature hsa-miR-449a mimic/
inhibitor, non-specific control, we-
re synthesized by GenePharma

(Shanghai, China). Sequences are listed in
Supplementary Table 1.

Patient sample preparation

A total of 30 cases of NSCLC were obtained
from the 1st January 2006 to the 3ist
December 2009 at the General Hospital of
Tianjin Medical University. None of the 30
patients had received radiation therapy or che-
motherapy before surgery. Tissue samples
were stored in liquid nitrogen before use. The
TNM staging system of the UICC (1997) was
used to classify the specimens. The study has
been approved by hospital ethical committee.
Clinicopathological information of the patients
about age, histological type, stage and lymph
node metastasis was obtained from patient
records and summarized in Table 1.

MiRNA microarray

Differentially expressed miRNAs were identi-

fied using Agilent

miRNA chip (Agilent

Technologies Inc. CA, USA) in primary lung can-
cer tissues and matched metastasis lymph
nodes, and one pair of lung cancer cell lines
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Table 2. Primers sequence of quantitative real-time PCR

Gene Sense primer (5'—3’) Antisense primer (5'—3’)

ue TGCGGGTGCTCGCTTCGGCAGC CCAGTGCAGGGTCCGAGGT
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
miR-449a TGCGGTGGCAGTGTATTGTTAGC CCAGTGCAGGGTCCGAGGT

MAP2K1 GAATTCATGCCCAAGAAGAAGCCGACGCCCAT

CTCGAGTTAGACGCCAGCAGCATGGGTTGG

with different metastasis ability, respectively.
MIiRNA was isolated using the PreAnalytiX
PAXgene miRNA isolation kit (Qiagen) according
to the manufacturer’s protocol. Hybridization,
scanning, and data processing were performed
by Genetimes Technology Inc. (Shanghai, Chi-
na).

Plasmid construction and stable transfection
in L9981-luc cells

The eukaryotic expression vector pcDNA3.1 (+)
(Invitrogen) was used to construct the miRNAs
expression plasmid. Genomic sequence of the
human miR-449a gene was cloned from human
genomic DNA. PCR product was digested by
Xho | and BamH |, and then cloned into
pcDNA3.1 (+) vector and named as pcDNA3.1-
miR-449a. L9981-luc cells were stably trans-
fected pcDNA3.1-miR-449a in the presence of
Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions and placed under
Hygromycin B (400 pg/ml) selection for 4
weeks. Surviving colonies were isolated and
named as L9981-luc-miR-449a.

Target prediction

The target genes of miR-449a were predicted
using three Bioinformatics algorithms: mi-
Randa (microrna.org), PicTar (4-way) and
TargetScans. The MAK2K1 was chosen to con-
struct dual-Luciferase reporter vectors.

Real-time quantitative PCR

Quantitative RT-PCR was carried out using
SYBRoRPremix Ex TaqTM (Code DRRO41A,
Takara). Total RNA isolated using the mirVana
Kit (Applied Biosystems, CA) was subsequently
reverse transcribed to cDNA according to the
manufacturer’s protocol (Takara). The U6 and
GAPDH were used as internal controls, respec-
tively. All primer sequences were listed in Table
2. The reactions were placed in a 96-well plate
(ABI) or 384-well plate using a pre-heated real-
time PCR instrument (ABI 7500) or (ABI
7500HT), respectively. Program of the real-time
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instrument was cosisted of 10 sec at 95°C fol-
lowed by 40 cycles of 95°C for 5 s and 60°C for
34 s. Three independent experiments were per-
formed to analyze relative gene expressions
and each sample was tested in triplicate. Ct
values were used to calculate the expression of
RNA levels. The amount of target gene expres-
sion (222Y) was normalized using the endoge-
nous GAPDH or U6 reference, the amount of
target gene in the control sample was set as
the calibrator at 1.0.

Plasmid construction and Luciferase reporter
assay

The full-length 3’'untranslated region (3’'UTR) of
MAP2K1 was amplified from human genomic
DNA, and the PCR product was cloned into
pMIR-GLOTM Luciferase vector (pMIR, Inv-
etrogen) downstream of the firefly luciferase
coding region. The construct was named as
pMIR-MAP2K1-wt. Mutations of miR-449a
binding sites were introduced by site-directed
mutagenesis and the resulted plasmid was
called pMIR-MAP2K1-Mut. MAP2K1 overex-
pression was introduced by pCMV-MAP2K1
expression plasmid. Primer sequences used in
construction were list in Table 2. All the
sequences of resulted reporter plasmids were
verified by sequence analysis. Luciferase
assays were conducted using 1x10* L9981
cells plated in a 48-well plate. Co-transfection
was performed using 200ng pMIR-MAP2K1-wt,
pMIR-MAP2K1-mut or pMIR-GLOTM empty vec-
tor and either 80 ng miR-449a expression vec-
tor or pCDNA 3.1(+) empty vector. Forty-eight
hours after transfection, the cells were harvest-
ed and assayed for both firefly and renilla lucif-
erase using the Dual-luciferase glow assay
(Promega, Madison, WI). All transfection experi-
ments were conducted in triplicate.

ChIP assay
The cells were crosslinked and processed

according to the Chromatin Immunoprecipi-
tation (ChIP) Assay Kit (Invitrogen) protocol.
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Antibodies to H3K9me3 (Invitrogen) or
H3K27me3 (Invitrogen) were used at 10 ug
per immunoprecipitation reaction respectively.
ChIP results were analyzed by real-time PCR.

Western blot analysis

L9981 cells were transfected with 100nmol
miR-449a mimics or miR-449a inhibitor in six-
well plate, the cells were washed twice with
PBS after 48 h, then scraped off and harvest-
ed. Subsequently cells were lysed in RIPA buf-
fer (contain 1%o0 PMSF protease inhibitors) at
4°C for 30 min and centrifuged at 12,000 rpm
for 15 min, the protein concentrations were
quantified using the BCA protein assay (Pierce,
Rockford, IL). Samples with 50 ug total protein
were loaded on a 10% SDS-PAGE gel and trans-
ferred onto a NC (nitrocellulose) membrane.
The membrane was incubated for 60 min in
PBS containing 0.1% Tween-20 and 5% skim
milk to block nonspecific binding, followed by
incubation at 4°C overnight with antibodies
against human MEK1, c-Jun, p-c-Jun, ERK1/2,
p-ERK1/2 and MMP2 (Cell Signal Technology).
The membrane was washed three times in PBS
with 0.1% Tween-20 for 10 min and then incu-
bated for 1 h with HRP-conjugated secondary
antibody (Booster Biological Technology,
Wuhan, China). The membrane was then
washed thoroughly in PBS containing 0.1%
Tween-20; blots were detected using ECL sub-
strate following manufacturer’'s recommenda-
tion. B-actin was used as an endogenous
protein for normalization.

Cell invasion assay

Transwell assays were used to measure cell
invasion capability. L9981 and A549 cells were
transfected with miR-449a mimics or NC,
NL9980 cell was transfected with miR-449a
inhibitor or NC, respectively. Sixteen hours
later, transfected cells were trypsinized and
resuspended, 1.0x10* cells in 200 uyl RPMI-
1640 medium were placed into the upper
chambers (8-mm pore size; Millipore). The
lower chambers were filled with 600 yl com-
plete medium with 10% FBS. After incubation
for 48 h at 37°C, non-invading cells were
removed from the top of the chamber with a
cotton swab. The rescued assay, L9981 and
A549 cell was transfected with miR-449a or
co-transfected with miR-449a and pCMV-
MAP2K1, NL9980 cell was transfected with
anti-miR-449a or co-transfected with anti-miR-
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449a and siMAP2K1. 16 hours later, cells were
processed as the described invasion assay.
The invaded cells on the lower surface of the
inserts were fixed and stained with 0.1% crystal
violet, and five random fields for each insert
were counted at 200x magnifications. Transwell
assays were conducted in duplicate in two sep-
arate experiments.

In vivo metastasis assay

For the in vivo metastasis assays, the stable
cell line L9981-luc-miR-449a and control cell
line L9981-luc-pcDNA3.1 were collected and
suspended in 0.2 ml PBS for each mouse (four
in each group, 6-8 weeks age), and the cells
were injected into left side of the posterior flank
of nude mouse. Thirty minutes after cell injec-
tion, luciferase substrate was added at a dose
of 150 mg/kg and live images of the mouse
were obtained using an IVIS200 (Xenogene,
USA). These data were classified as Day O.
Luciferase activity was measured every 6 days
using the same protocol. Tumor growth and
metastasis were measured periodically. After
sacrifice, the lung and liver of the mice were
dissected and aligned on culture plates in order
to detect metastatic fluorescent foci on the sur-
face. The areas of fluorescence were captured
and a metastatic value using arbitrary units
was calculated using Image-Pro plus software
(Media Cybernetics, Bethesda, MD, USA).

Statistical analysis

The SPSS 13.0 software (IBM SPSS Inc.,
Chicago, IL, USA) was applied to complete data
processing. Each experiment was repeated at
least three times. Statistical significance was
assessed by comparing mean values (x SD)
using Student’s t test for independent groups,
X° test was used to evaluate the correlation of
mir-449a expression and clinical pathologic
parameters. Results were considered statisti-
cally significant when satisfied for P<0.05 (*)
and P<0.01 (**).

Results

MiR-449a is downregulated in lung cancer cell
and tumor tissues and its expression is in-
versely correlated with lung cancer metastasis

Although it has been reported that a number of
mMiRNAs were implicated in NSCLC metastasis,
additional novel miRNAs might be involved in
this process due to the complexity of NSCLC
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hsa-miR-30c-2*
hsa-miR-224
hsa-miR-148a
hsa-miR-584
hsa-miR-767-5p
hsa-miR-363
hsa-miR-194
hsa-miR-30a*

metastatic capacity, L9981
and 95D, compared with
lowly metastatic capacity
cell line NL9980 and 95C.
The expression of miR-
449a was also downregu-
lated in lung cancer cell line
A549 and YTMLCO (Figure
1B).

hsa-miR-574-3p

hsa-miR-137
hsa-miR-30a
hsa-miR-371-5p
hsa-miR-483-5p

Furthermore, we found that
the expression of miR-449
a was significantly dec-
reased in metastatic lymph

hsa-miR-449a . .
"5y nodes compared with pri-
hsa-miR-338-3p mary tumor tissues of
hsa-miR-132 NSCLC (P<0.001, Figure
hsa-miR-210 1C). To gain insight into the
hsa-miR-1224-5p detailed biological role of
hsa-miR-500 miR-449a in human lung
hsa-miR-132" cancer progression, we
B C analyzed the association
& between miR-449a expres-
< 1.2 . L
b 04 sion and tumor clinicopa-
£10 g - e thological features in 30
§0_8 S os v patients with NSCLC. The
2 i result showed that do-
506 @ % (™ . .
g § 02 , sese . wnregulation of miR-449a
A g _#.9_ aze was significantly associat-
®02 - h 01 oo s ed with smoking history
g E e "aang (P=0.003), clinical stage
g s RN a0 ' ' (P=0.046), and lymph node
$ ¥ O § v-"? Cancer Lymph node metastasis (P=0.042). How-
> ~ L&

Figure 1. Expression of miR-449a was negatively correlated with metastasis
of lung cancer. A. MicroRNA chips show the significant downregulation of miR-
449a in L9981 cells which have strong metastatic ability. B. Detection of miR-
449a expression in lung cancer cells with different metastasis ability using
real-time PCR. C. Metastatic lymph node tissues showed lower expression of
miR-449a compared with cancer tissues in 30 cases of matched clinical speci-
mens. Statistical significance is indicated as: P<0.001, Student’s t test.

metastasis. We analyzed the miRNA expres-
sion profile of lung cancer cell lines with high or
low metastatic capacity, L9981 and NL9980,
by miRNA microarray analysis. A total of 10
miRNAs were identified to be down-regulated in
L9981 compared with NL9980 (Figure 1A).
MiR-371-5p, miR-449a, miR-483-5p, miR-34a,
miR-338-3p, miR-1224-5p, and miR-500 sh-
owed the lowest expression, among which the
role of miR-449a in lung cancer metastasis
remains unknown. gRT-PCR confirmed that
miR-449a expression was significantly de-
creased in two lung cancer cell lines with highly
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ever, no significant correla-
tion was observed between
miR-449a expression and
age, gender or tumor histol-
ogy (Table 1). This result
showed that miR-449a do-
wnregulation is correlated
with increased lung can-
cer metastasis, suggesting
that miR-449a might inhibit migration and inva-
sion of lung cancer cells.

MiR-449a inhibits migration and invasion of
NSCLC cells in vitro and in vivo

To test the role of miR-449a on the ability of
lung cancer cell invasion, we increased miR-
449a expression in L9981 and A549 cells by
transfecting with miR-449a mimics. Mimics-
dependent restoration of miR-449a expression
in both cell types inhibited cell invasion by tran-
swell assays (P=0.001 or P=0.003, Figure 2A).
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Figure 2. Demonstrate the relationship between miR-449a and lung cancer cell metastasis in cells and animals. (A) The invasion capability of L9981, A549, and
NL9980 cells with indicated transfections were detected by transwell assay. The data is shown as mean + SD. Student’s t test, “"P<0.01. (B) The primary tumor
site, lung and liver metastasis of L9981-luc-pcDNA-miR-449a and L9981-luc-pcDNA cells were detected by in vivo metastasis assay in mice. (C) The tumor size in
xenograft experiments was shown. The data is shown as mean * SD. Student’s t test, "P<0.05. (D) The miR-449a expression was detected by real-time quantitative
PCR assays in each tumor as shown in (D). "*P<0.01, Student’s t test.
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Figure 3. MiR-449a could downregulate p-ERK, c-Jun, p-c-Jun and MMP2 through its target gene MAP2K1. A. Figures explained MAP2K1 3’ UTR and miR-449a
complementary sequences. B. Construction of reporter gene plasmids and point mutation plasmids of MAP2K1 3’ UTR. C. Reporter assay results demonstrated
can decrease the activity of wild-type gene plasmid MAP2K1 3'UTR report, but has no effect on mutant plasmids. The data shown as mean + SD. Student’s t test,
"*P<0.01. D and E. L9981 and A549 was transfected with miR-449a and NL9980 was transfected with anti-miR-449a, then testing MAP2K1 expression in mRNA
and protein. The data shown as the means + SD. Student’s t test, ""P<0.01. F. To detect the expression of MAP2K1, ERK1/2, p-ERK1/2, c-Jun, p-c-Jun and MMP2
in L9981 transfected with miR-449a, NL9980 transfected with anti-miR-449a and MEK inhibitor U0126. G. The invasion ability of L9981, A549, and NL9980 cells
with indicated transfections were detected by transwell assays. The data shown as the means + SD. Student’s t test, “"P<0.01.
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Consistently, the silence of miR-449a by miR-
449a inhibitor in NL9980 cells promoted cell
invasion (P=0.005, Figure 2A). To confirm the
tumor suppressor function of miR-449a in vivo,
L9981-luc cells stably expressing miR-449a
(named L9981-luc-pcDNA-miR-449a) were
subcutaneously implanted into nude mice to
generate a xenograft model. Comparing with
vehicle control, the fluorescence intensity of
both primary tumor and metastatic nodules in
the lung and liver was dramatically decreased
in miR-449a-overexpressed group (Figure 2B).
In addition, the volume of primary tumors was
also significantly decreased in miR-449a-over-
expressed group than control group (P=0.026,
Figure 2C). As expected, miR-449 expression in
the tumors was dramatically elevated in L9981-
luc-pcDNA-miR-449a group comparing to the
control, measured by real-time quantitative
PCR (P=0.002, Figure 2D). These results dem-
onstrated that miR-449a inhibited the invasive
capability of lung cancer cells in vitro and in
vivo.

MiR-449a inhibits MEK1/ERK1/2/c-Jun path-
way in lung cancer cells

To investigate the underlying molecular mecha-
nism by which miR-449a inhibits the migration
and invasion of lung cancer cells, we identified
the potential targets of miR-449a using several
computational methods including TargetSan,
PicTar (4-way) and miRanda. MAP2K1, one of
the predicted potential targets of miR-449a,
was selected as the candidate for further study
due to its critical roles in cancer cell metasta-
sis. To further determine whether miR-449a
could directly associate with the conserved
binding site in the 3’-untranslated region
(3'UTR) of MAP2K1 mRNA, we constructed a
reporter plasmid harboring the wild-type or
mutant binding site sequence in MAP2K1
3-UTR, which located downstream of lucifer-
ase reporter gene (Figure 3A and 3B). In L9981
cells transfected with wild-type reporter plas-
mid, miR-449a significantly decreased the
luciferase activity compared with control
(P=0.007, Figure 3C). However, in L9981 cells
transfected with mutant binding site sequence,
the luciferase activity was not affected by miR-
449a (Figure 3C). Furthermore, overexpression
of miR-449a in L9981 (P=0.003) and A549
(P=0.000) cells markedly inhibited the expres-
sion of MAP2K1 at both mRNA and protein
level. In consistent with this finding, the mRNA
and protein level of MAP2K1 were significantly
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increased by the downregulation of miR-449a
in NL9980 (P=0.001) cells (Figure 3D and 3E).
These results demonstrated that the expres-
sion of MAP2K1 is regulated by miR-449a
through directly targeting its 3'UTR in lung can-
cer cells.

As the MEK1/ERK1/2/c-Jun pathway play a
critical role in cell migration and invasion, we
further investigated whether MEK1/ERK1/2/c-
Jun pathway was manipulated by miR-449a
through targeting MAP2K1. We found that over-
expression of miR-449a in L9981 cells reduced
the protein level of MAP2K1, p-ERK1/2, c-Jun,
p-c-Jun, and MMP2 (Figure 3F). Moreover, inhi-
bition of miR-449a in NL9980 cells increased
the level of MAP2K1, p-ERK1/2, ¢c-Jun, p-c-Jun,
and MMP2. In addition, MEK1 inhibitor (U0O126)
could eliminate the upregulation of p-ERK1/2,
c-Jun, p-c-Jun, and MMP2 by miR-449a. In
order to verify that MAP2K1 mediates the role
of miR-449a in suppressing NSCLC invasion,
the rescued assay was performed. We discov-
ered that the invasion ability of A549 and
L9981 cells was restored by simultaneous
overexpression of miR-449a and MAP2K1,
compared with overexpression of miR-449a
only. When both miR-449a and MAP2K1 were
knocked down, the invasion ability of the cells
was inhibited as miR-449a knockdown (Figure
3G). These results indicated that miR-449a
regulated the activity of MEK1/ERK1/2/c-Jun
pathway.

MiR-449a regulates MEK1/ERK1/2/c-Jun
through an auto-regulatory feedback loop

MiR-449a was known to restrain E2F1 activity
and cell proliferation through a negative feed-
back loop [18]. Accordingly, in this study, we
investigated whether miR-449a could also uti-
lize a negative feedback loop mechanism to
inhibit MEK1/ERK1/2/c-Jun pathway, therefore
limiting cell invasion and metastasis in lung
cancer. The results showed that knockdown of
MAP2K1 (MEK1) decreased miR-449a level in
A549 and L9981 cells, whereas MAP2K1 over-
expression increased miR-449a level in
NL9980 cells (Figure 4A). The promoter
sequence of miR-449a was analyzed using the
TFSEARCH software online, and three AP-1
binding sites were identified at core promoter
region of miR-449a (Figure 4B), which implicat-
ed that AP-2 might regulate the transcription of
miR-449a. Therefore, the sequence flanking
the core promoter region of miR-449a including
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dent’s t test, "*P<0.01.

2739 Am J Cancer Res 2015;5(9):2730-2744



MiR-449a regulates invasion via MAP2K1

‘A Cdc20  mir440s increased level of miR-
. : [ o 449a induced by MAP2K1
-1000 -500 +1 +500 __ #1000  +2000 overexpression was disru-
a pted by c-Jun knockdown
in NL9980 (Figure 4D).
B ChiP: miR-449a D ChiP: miR-449a Consistently, MAP2KL kn-
' ’ ockdown eliminated miR
a a 449a upregulation induced
= 07,0NLO9B0BASIO MLOO8T s =% 067 a siControl by c-Jun overexpression in
€ os g o5 |msisuziz — A549 and L9981 cells
i 05 § 0.4 (Figure 4E and 4F). Taken
e 04 g together, these results indi-
S 03 5 cated that the miR-449a
o 02 o 029 transcription was promoted
® o 2 o1 by MAP2Kl-activated c-J-
g o e 0l un, which provided an auto-
[} 1o oy o i -
S @@ $q_. \&9 @Q regulator}/ n.ega.tlve fegd
) A ;\} back circuit in  which
£ g & MAP2K1 activated c-Jun,
subsequently promoted the
transcription of miR-449a,
c & o E . further increased expres-
) ™~ o .
0§ 03;\, s 021, B AS0 —2t—m S|or'1 of MAP2K1 and the
& & I s activation of MEK1/ERK1
E o /2/c-jun pathway, which
Suz12 [WEE— | - - S contributed to the promo-
> S ©o Y . K -
) > = tion of metastatic ability of
B-actin |- s 0.06 lung cancer cells.
[+ 3
[+
Suz12 F— - = o Histone methylation medi-
— 3 = 0 ates the decreased ex-
: < &
B-actin B -— @o" pression of miR-449a by

Figure 5. The histone H3K27me3 level of miR-449a promoter, which is medi-
ated by SUZ12, correlates with metastasis capability in lung cancer cell lines.
A. MiR-449a is located in the CDC20 gene. B. The histone H3K27me3 but not
H3K9me3 level at miR-449a promoter is significantly higher in highly metastatic
lung cancer cell line L9981 and A549, than low metastatic lung cancer cell line
NL9980, which can be down-regulated by SUZ12 siRNA. C. The western blot
assay confirmed SUZ12 expression interference. D. The histone H3K27me3
marks at miR-449a promoter was reduced after histone methyltransferase was
disturbed in L9981 cells. E. MiR-449a expression was remarkably increased
along with SUZ12 interference in L9981 and A549 cells. The data is shown as

the means + SD. Student’s t test, “"P<0.01.

wild type or mutant binding sites of AP-1 were
subcloned into luciferase reporter plasmid
(Pro-AP1 and Pro-AP1mutl, 2, 3) (Figure 4C).
Luciferase reporter assays showed that overex-
pression of MAP2K1 resulted in an increased
luciferase activity in NL9980 cells transfected
with plasmid with wildtype AP1-2 binding site,
compared with control, whereas, the mutant
binding site of AP1-2 abrogated the activity
of MAP2K1 (Figure 4C). Furthermore, the
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MiR-449a was found to be
consistently and markedly
downregulated in highly
metastatic lung cancer cell
lines and metastatic lymph
nodes [19], but the un-
derlying mechanism was
unknown. Previous studies
revealed that miR-449a
expression could be epige-
netically repressed by his-
tone modification in hepatocellular carcinoma
cells [20]. Therefore, we investigated whether
the repression of miR-449a expression was
also regulated by histone methylation in lung
cancer cells. MiR-449a is known to be mapped
to the first intron of CDC20 on chromosome 5
and shares a common promoter with CDC20
(Figure 5A). ChlP assay was performed to ana-
lyze the histone methylation status of CDC20
promoter using two antibodies against specific
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histone  modifications: H3K9me3 and
H3K27me3, which were generally associated
with chromatin with transcriptional activity. The
results showed that the level of H3K27me3
was significantly higher in L9981 (P=0.005)
and A549 (P=0.007) cells with upregulated
miR-449a level than that in NL9980 cells with
downregulated miR-449a, however, the level of
H3K9me3 was not significantly altered among
these three cell lines (Figure 5B). SUZ12 is an
essential component of Polycomb Repressive
Complex2 (PRC2), which modifies the transcrip-
tion by affecting the methylation of histone and
DNA (Pasini D et al). We also investigated
whether SUZ12 might regulate the H3K27me3
level of CDC20 promoter. The expression of
SUZ12 were markedly inhibited by siRNA in
L9981 and A549 cells (Figure 5C), and the level
of H3K27me3 was consequently reduced by
SUZ12 siRNA in L9981 cells, compared with
siRNA control (P=0.037, Figure 5D). In addition,
the results showed that the expression of miR-
449a were increased by SUZ12 siRNA in both
L9981 (P=0.002) and A549 (P=0.001) cells
(Figure 5E). These data suggested that the
altered expression of miR-449a in lung cancer
cells was regulated by histone methylation
probably mediated by SUZ12.

Discussion

Invasion and metastasis are the leading causes
of cancer-related morbidity and mortality, espe-
cially for NSCLC. In NSCLC cases, the high
recurrence rate often confounds the long term
survival of patients after curative resection,
which is mainly due to the spread of lymphatic
metastasis. Therefore, it is critical to identify
metastatic factors and better understand the
underlying molecular mechanisms involved in
the progression of invasion and metastasis.
Recent findings from investigations of human
cancer support a fundamental role of miRNA in
human cancer invasion and metastasis [21,
22], and studies to identify miRNA target genes
have identified novel cancer invasion and
metastasis suppressor genes, demonstrating
that miRNAs are valuable tools for better under-
standing of cancer biology. Therefore, miRNAs
started a novel avenue to uncover the molecu-
lar mechanism of cancer invasion and metasta-
sis and to develop potential therapeutics
against human cancer. Herein, we performed
miRNA profiling of a pair of lung cancer cell
lines, L9981 and NL9980, which had high and
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low metastatic ability, respectively, to identify
miRNAs that might be involved in cancer inva-
sion and metastasis.

In the present study, 21 miRNAs was found dif-
ferentially expressed between L9981 and
NL9980: 11 of which, including miR-224, -137,
-363 etc., were validated to be up-regulated;
and 10 of which, including miR-449a, -34a,
-500 etc. were validated to be down-regulated
in L9981. Among the miRNAs, miR-449a was
taken for further characterization for several
reasons. Firstly, the function of miR-449a is
almost unknown. Secondly, patients with low
miR-449a expression were more likely than
high expression patients to have advanced dis-
ease (P=0.046) and lymph node metastasis
(P=0.042). Finally, the level of miR-449a
expression had an almost 10-fold difference
between L9981 and NL9980 cells (between
95C and 95D). Consistent with our findings, a
recent study showed miR-449a inhibits cell
proliferation and is downregulated in gastric
cancer [23]. All of these suggested a potential
cancer invasion and metastasis suppressor
role of miR-449a. In support of this notion, its
suppressive activity to NSCLC invasion and
metastasis was investigated in vitro and in vivo.

The fundamental function of miRNAs is to regu-
late target genes by direct target mRNA degra-
dation or protein synthesis inhibition, depend-
ing on the degree of complementarity with the
target 3'UTR [24]. Recent studies show that
miRNAs can act as inhibitors of human cancer
metastasis and invasion by targeting some
oncogenes. It has been reported that the miR-
409 suppresses tumor cell invasion and metas-
tasis by directly targeting radix in gastric cancer
[24]. MiR-218 inhibits the invasion and metas-
tasis of gastric cancer by targeting the Robol
receptor [25]. MiR-34a inhibits migration and
invasion of colon cancer cells via targeting
Fra-1 [26]. However, few studies have focused
on the mechanisms of miR-449a-regulated
NSCLC invasion and metastasis. To explore the
molecular mechanism underlying miR-449a
function, we use bioinformatics analysis to
search for its target genes, especially those
involved in cancer migration and/or invasion.
MAP2K1 (MEK1) was detected by Target-Scan
program. Results from luciferase reporter
assays support that MAP2K1 is the direct tar-
get of miR-449a. MAP2K1 expression was also
found suppressed by miR-449a mainly through
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translational inhibition. Therefore, MAP2K1
mMRNA and protein levels were highly expressed
in L9981 compared with NL9980.

MAPK is activated by specific MAPK kinase
(MAPKK) through the phosphorylation of spe-
cific threonine and tyrosine residues (Thr-X-Tyr).
MAPKK is also activated by MAPKK kinase via
similar mechanisms [27, 28]. These kinases
constitute MAP kinase cascades. In mammali-
an cells, at least four MAPKs, including extra-
cellular signal-regulated kinases (ERKs) [29],
c-Jun N-terminal kinase/stress-activated pro-
tein kinases (JNK/SAPKs) [30], p38 [31], and
ERK5/big MAP kinase have been identified
[32].

We hypothesized that miR-449a inhibits the
invasion and metastasis of NSCLC cells by reg-
ulating MEK1/ERK1/2/c-Jun signal pathway.
Several salient findings reported here support
this hypothesis. Firstly, forced miR-449a
expression inhibited the expression of MAP2K1
(MEK1) in L9981 cells, concomitant with
decreased p-ERK1/2, c-Jun, p-cJun, and
MMP2. Secondly, inhibition of miR-449a in
NL9980 cells enhanced the expression of
MAP2K1, p-ERK1/2, c-Jun, p-c-Jun, and MMP2.
Thirdly, up-regulation of p-ERK1/2, c-Jun, p-c-
Jun, and MMP2 was inhibited after adding
MEKZ1 inhibitor (U0126) in NL9980 cells.
Moreover, miR-449a was recently shown to be
directly transactivated by E2F1. It is very inter-
esting that miR-449a is placed at a key node in
a feedback circuit in which E2F1 transactivates
the transcription of miR-449 that in turn tar-
gets and inhibits CDC25A and CDK6. Reduced
levels of CDC25A and CDK6 result in the
dephosphorylation of pRB and subsequently
inhibits the release of E2F1 [33]. Whether miR-
449a regulates MEK1/ERK1/2/c-Jun signal
pathway through a feedback circuit was investi-
gated. Our studies demonstrated that MEK1
up-regulated the transcription of miR-449 by
c-Jun through MEK1/ERK1/2/c-Jun signal cas-
cade. In turn, miR-449a inhibited MEK1 protein
expression by directly targeting MAP2K1
(MEK1), suggesting a distinct negative feed-
back loop regulating the lung cancer invasion
and metastasis. Collectively, these findings
demonstrated that miR-449a inhibits the inva-
sion and metastasis of lung cancer cells
by regulating MEK1/ERK1/2/c-Jun pathway
through an auto-regulatory negative feedback
circuit.
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SUZ12 could function as an oncogene by pro-
moting proliferation and metastasis in human
tumor, including ovarian cancer, breast cancer,
and mantle cell lymphoma [34-37]. We con-
firmed the altered expression of miR-449a was
regulated by histone methylation probably
mediated by SUZ12 in lung cancer cells. Our
study suggests that miR-449a is a novel tumor
invasion and metastasis suppressor in lung
cancer. Moreover, the present study demon-
strates that MAP2K1 (MEK1) is a miR-449a
target gene that is required for lung cancer cell
invasion and metastasis. Finally, miR-449a
inhibits the invasion and metastasis abilities of
lung cancer cells by regulating MEK1/ERK1/2/
c-Jun pathway through an auto-regulatory nega-
tive feedback circuit.

Furthermore, MEK1 can also be targeted by
other miRNAs besides miR-449a. For example,
a recent report indicates that both miR-1826
and miR-424 can suppress MEK1 expression
by interacting with the same miR-449a binding
site located in the MEK1 3'UTR [38, 39], sug-
gesting that multiple miRNAs may have an
additive or synergetic effect on regulation of
gene expression, which may also result in an
additive or synergetic effect on inhibition/pro-
motion of tumor invasion and metastasis. On
the other hand, it is very likely that miR-449a
may also regulate other genes simultaneously
to inhibit NSCLC invasion and metastasis. For
example, miR-449a also targets EFNB1. A
recent study demonstrates that up-regulated
expression of EFNB1 C-terminal peptide can
suppress the dissemination of gastric cancer
[40]. In addition to these three targets identi-
fied in this study, miR-449a may possess other
targets yet to be identified. Therefore, the
observed miR-449a-mediated inhibition of
NSCLC invasion and metastasis is likely due to
simultaneously targeting multiple genes.
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Supplementary Table 1. Sequences of has-miR-449a mimic/inhibitor

Name Sequences

Inhibitor 5’-ACCAGCUAACAAUACACUGCCA-3’

Inhibitor control 5’-CAGUACUUUUGUGUAGUACAA-3’

Mimics Sense  5-UGGCAGUGUAUUGUUAGCUGGU-3’
Antisense 5’-CAGCUAACAAUACACUGCCAUU-3’

Mimics control Sense  5-UUCUCCGAACGUGUCACGUTT-3’

Antisense 5’-ACGUGACACGUUCGGAGAATT-3’




