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Low miR-145 silenced by DNA methylation
promotes NSCLC cell proliferation, migration
and invasion by targeting mucin 1
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MiR-145 has been implicated in the progression of non-small cell lung cancer (NSCLC); however, its exact mechanism
is not well established. Here, we report that miR-145 expression is decreased in NSCLC cell lines and tumor tissues and
that this low level of expression is associated with DNA methylation. MiR-145 methylation in NSCLC was correlated with
a more aggressive tumor phenotype and was associated with poor survival time, as shown by Kaplan-Meier analysis.
Additional multivariate Cox regression analysis indicated that miR-145 methylation was an independent prognostic
factor for poor survival in patients with NSCLC. Furthermore, we found that restoration of miR-145 expression inhibited
proliferation, migration and invasion of NSCLC by the direct targeting of mucin 1 by miR-145. Our results indicate that
low miR-145 expression, due to methylation, promotes NSCLC cell proliferation, migration and invasion by targeting
mucin 1. Therefore, miR-145 may be a valuable therapeutic target for NSCLC.

Introduction

Lung cancer is the leading cause of death from cancer around
the world, and presumably 80-85% of lung cancers are non—small
cell lung cancer (NSCLC)." Despite improvements in therapeutic
approaches, most patients are diagnosed at advanced stages, and
the overall prognosis of NSCLC remains unsatisfactory.” There-
fore, it is important to better understand the mechanisms of dis-
ease pathogenesis and to identify new therapeutic targets.

MicroRNAs (miRNAs) are a class of noncoding small RNAs of
approximately 22 nucleotides in length that regulate gene expres-
sion by suppressing and/or degrading protein-coding mRNA.’
Emerging evidence has shown that miRNAs are involved in cancer
initiation and progression.* MiR-145 has been reported as an
important tumor suppressor gene in ovarian carcinoma,”®’
malignant pleural mesothelioma,® breast cancer,’ pancreatic can-
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exact mechanism is not well established. Here, we show that miR-
145 methylation, resulting in low-level miR-145 expression, was
associated with a more aggressive tumor phenotype in NSCLC.
Kaplan-Meier analysis revealed that miR-145 methylation in
NSCLC was associated with shorter survival time, and multivari-
ate Cox regression analysis indicated that miR-145 methylation
was an independent prognostic factor for poor survival in patients
with NSCLC. Furthermore, we found that restoration of miR-
145 expression inhibited proliferation, migration and invasion of
NSCLC cells through its direct targeting of mucin 1, which is a
critical oncogene that promotes NSCLC progression. In sum-
mary, our results provide novel mechanistic insights into the
NSCLC progression evoked by miR-145 loss and identify a

potential clinical biomarker for lung cancer prognosis.
Results
Downregulated miR-145 expression is frequently detected
in NSCLC cells and human NSCLC tissues

To explore miR-145 expression in NSCLC, we examined its
expression using real-time PCR in a human bronchial epithelial
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cell line (HBE), 4 NSCLC cell lines and 20 paired human
NSCLC and matched adjacent non-tumor tissues. The results
showed that all 4 NSCLC cell lines (A549, NCI-H520, NCI-
H460 and NCI-H596) had lower miR-145 expression than the
normal HBE cell line (Fig. 1A). Furthermore, miR-145 expres-
sion was significantly lower in the NSCLC samples than in the
matched non-tumor tissues (P < 0.01) (Fig. 1B). In addition,
miR-145 expression was examined in 10 primary NSCLC tissue
samples with metastasis and 10 primary NSCLC tissues samples
without metastasis. We found that miR-145 expression was
downregulated in the 10 primary NSCLC tissues with metastasis
compared to those without metastasis (? < 0.01) (Fig. 1C). Fur-
thermore, we conducted real-time PCR to examine the expres-
sion of miR-145 in NSCLC tissue samples of 122 patients. The
median value of all 122 NSCLC samples was chosen as the cutoff
point for separating tumor samples with high miR-145 expres-
sion from those with low-level miR-145 expression, resulting in
61/122 (50%) NSCLCs with high miR-145 expression and

Kaplan-Meier analysis suggested that the low miR-145 expres-
sion in NSCLCs was associated with poor survival time

(P < 0.01, Fig. 1D).

Restoration of miR-145 expression inhibits NSCLC cell
proliferation, migration and invasion

To explore the potential biological function of miR-145 in
NSCLC cells, we used Cell Counting Kit-8 (CCK-8) assays and
colony formation assays to determine the role of miR-145 in
NSCLC cell proliferation. A549 and NCI-H520 cells were trans-
fected with miR145 mimics and miR-control, respectively.
CCK-8 assays showed that the OD value difference between the
second day and the first day decreased significantly in A549 and
NCI-H520 cells transfected with miR-145 mimics compared
with miR-control-transfected cells (p = 0.0056, 0.0037)
(Fig. 2A). And the similar difference can be found between the
third day and the second day in A549 and NCI-H520 cells
(p = 0.0475, 0.0459). All the results showed that overexpression

61/122 (50%) NSCLCs with low miR-145 expression. of miR-145 suppressed remarkably the proliferation of A549 cells
and NCI-H520 cells. Furthermore,
colony formation assays showed that
miR-145 overexpression suppressed

A B the colony-forming ability of A549
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Figure 1. The expression of miR-145 in non-small cell lung cancer cell (NSCLC) lines and tissues. (A) . .
MiR-145 expression was determined in HBE cells and in 4 NSCLC cell lines by real-time PCR (n=3 repli- Compared with the Correspondlng non-
cate experiments; P < 0.05). (B) MiR-145 expression in 20 paired NSCLC and adjacent non-tumor tissue tumor lung tissues (Fig. 3A). In addi-
samples. (C) MiR-145 expression in NSCLCs with and without distant metastasis. The mean level of miR- |  tion, analysis of these results indicated
145 expression in NSCLCs with distant metastasis was lower than that without distant metastasis. (D) that low-level miR-145 expression was
Kapr:m-N!eier analysis suggested that the low miR-145 expression in NSCLCs was associated with poor associated with RKIP promoter meth-
survival time. ylation in NSCLC tissues (Fig. 3B).
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To test whether this epigenetic silenc-
ing of miR-145 also occurred in
human NSCLC cell lines, real-time
PCR was performed to examine miR-
145 expression after 5-aza-20-deoxy-
cytidine treatment in NSCLC cells,
and an obvious increase in miR-145
levels was detected in these cells
(Fig. 3C). These data showed that
miR-145 expression is silenced by
hypermethylation in NSCLC cells.
Opverall, these results confirm that
methylation is indeed responsible for
the downregulation of miR-145
expression in NSCLC.

To further investigate the clinico-
pathological and prognostic signifi-
cance of miR-145 methylation status
in patients with NSCLC, we per-
formed analysis. The
results showed that miR-145 methyla-
tion in NSCLC was associated with a
more aggressive tumor phenotype
(Table 1). Kaplan-Meier  analysis
revealed that miR-145 methylation in
NSCLC was associated with shorter
survival time (? < 0.01, Fig. 3D),
and multivariate Cox regression analy-
sis indicated that miR-145 methyla-
tion was an independent prognostic

correlation

factor for poor survival in patients

with NSCLC (Table 2).

Mucin 1 is a direct target of
miR-145

MiRNAs exert their function by
regulating gene expression via target-
ing protein-encoding mRNAs. A tar-
get prediction program, TargetScan,
showed that mucin 1 may be a poten-
tial target of miR-145. The 3'-UTR
of the mucin 1 mRNA contains a con-
served binding site for the seed region
of miR-145 (Fig. 4A). A549 cells and
NCI-H520 cells were therefore trans-
fected with miR145 mimics and miR-
control, respectively; however, restora-
tion of miR-145 expression did not
elicit the degradation of the mucin

mRNA (Fig. 4B). To determine

whether mucin 1 was a direct target of miR-145 in NSCLC, a
human mucin 1 3-UTR fragment containing a wild-type or
mutant miR-145 binding sequence was cloned downstream of
the firefly luciferase reporter gene. Restoration of miR-145
expression reduced the activity of luciferase reporter genes fused

to the wild-type mucin 1 3“UTR in A549 cells and NCI-H520
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Figure 2. Restoration of miR-145 expression inhibits NSCLC cell proliferation, migration and invasion.
(A) Restoration of miR-145 expression in A549 and NCI-H520 cells significantly reduced proliferation
compared with the miR-control. (B) Restoration of miR-145 expression in A549 and NCI-H520 cells signif-
icantly suppressed colony-forming ability. (C) Restoration of miR-145 expression in A549 and NCI-H520
cells significantly inhibited migration ability. (D) Restoration of miR-145 expression in A549 and
NCI-H520 cells significantly reduced invasion ability.

cells (Fig. 4C). Conversely, in luciferase assays using a plasmid
harboring a mutant version of the mucin 1 mRNA 3-UTR (the
miR-145 binding sites were inactivated by site-directed mutagen-
esis), the luciferase activity of the mutant reporter was unaffected
by transfection of miR-145 into A549 and NCI-H520 cells
(Fig. 4C). These data suggest that miR-145 may suppress mucin
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Methylation status of

All cases miR-145, n (%)
Tissues (n=122) Methylated ~ Unmethylated P value
NSCLC tumour 122 79 (64.8) 43 (35.2) <0.01
Non-tumour tisssues 122 9(7.4) 113 (92.6)
Methylation status of
All cases miR-145, n (%)
MiR-145 expression (n=122) Methylated  Unmethylated P value
Low level 76 52(68.4) 24(31.4) <0.01
High level 76 27(35.5) 49(64.5)
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Figure 3. Methylation status of miR-145 in NSCLC. (A) Methylation-specific PCR assays showed that the
methylation status of miR-145 was significantly higher in 122 NSCLC tissue samples compared with the
corresponding non-tumor lung tissues. (B) Low miR-145 expression was associated with RKIP promoter
methylation in 122 NSCLC tissue samples. (C) Real-time PCR was performed to examine the expression
of miR-145 after 5-aza-20-deoxycytidine treatment in NSCLC cells, and obvious increases were detected
in these cells. (D) Kaplan-Meier analysis revealed that miR-145 methylation in NSCLC was associated
with shorter survival time.
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1 gene expression through the miR-
145 binding sequence in its 3*UTR.
The effects of miR-145 on the
endogenous expression of mucin 1
were determined using Western blot-
ting (Fig. 4D). Restoration of miR-
145 expression resulted in a marked
decrease in mucin 1 expression in
A549 and NCI-H520 cells, whereas
miR-145

induced a significant increase in mucin

inhibitor  oligonucleotides

1 expression.

To examine whether the biological
effects of low miR-145 expression cor-
related with mucin 1 protein levels in
clinical NSCLC tissues, mucin 1 pro-
tein levels in 20 paired NSCLC and
adjacent non-tumor tissue samples
were determined by Western blotting,
and miR-145 expression was exam-
ined by real-time PCR (data not
shown). The degree of mucin 1 up-
regulation correlated inversely with
the extent of miR-145 downregulation
(R2 = 0.5795, P < 0.01) (Fig. 4E),
indicating that the inhibitory effects
of miR-145 on mucin 1 were clini-
cally relevant in NSCLC.

These results indicate that miR-145
inhibits mucin 1 expression at the
post-transcriptional level by directly
targeting the 3-UTR of the mucin 1
mRNA.

Restoration of mucin 1 expression
reverses the miR-145-mediated
inhibition of proliferation, migration
and invasion of NSCLC cells

To explore whether mucin 1
inverses the miR-145-mediated inhi-
bition of proliferation, migration and
invasion of NSCLC cells, we per-
formed rescue experiments by co-
transfecting a constitutively active
form of PAKG6 or a mock construct
with a miR-145 mimic into A549
and NCI-H520 cells. The results of
the CCK-8 assays and colony forma-
tion assays showed that mucin 1 pro-
moted the proliferation and colony-
forming ability of A549-miR-145
and NCI-H520-miR-145 cells com-
pared with mock-transfected cells
(Fig. 5A, B). The results of transwell
migration assays and matrigel inva-
sion assays indicated that mucin 1
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Table 1. Correlation of miR-145 methylation in tissue samples with clinicopathological variables of patients in 122 cases of non-small cell lung cancer

NCI-H520-miR145 cells (Fig. 5C). All of these results
showed that restoration of mucin 1 expression could inverse
the miR-145-mediated inhibition of proliferation, migration

and invasion of NSCLC cells.

miR-145

Variables All cases (n = 122) Methylated n (%) Unmethylated n (%) P Value*

Age (years)
<60 55 35 20 0.815
>60 67 44 23

Gender
Male 78 51 27 0.846
Female 44 28 16

Histological type
SqcC 36 25 1 0.758
A 71 45 26
Other 15 9 6

Differentiation
Low 65 48 17 0.025
Moderate+ high 57 31 26

T factor
T +T2 71 49 22 0.642
T3+ T4 41 30 1

Lymph node
NO + N1 58 29 29 0.001
N2 + N3 64 50 14

Distant metastasis
MO 98 58 40 0.009
M1 24 21 3

Clinical stage
=1/"ROMAN | + = 2/" ROMAN | 56 28 28 0.002
= 3/"ROMAN Ill 4+ = 4/° ROMAN IV 66 51 15

*XZ test; SqCC, squamous cell cancer; A, adenocarcinoma.

increased the migration and invasion of A549-miR145 and Discussion

In this study, we found that miR-145 acts as a tumor-suppres-
sor marker in NSCLC. Restoration of miR-145 expression inhib-
ited  NSCLC cell proliferation, migration and invasion.

Table 2. Univariate and multivariate analysis of factors associated with survival time of patients with non-small cell cancer

Clinical variable Case number HR (95% CI) P Value
Univariate analysis
miR-145 (Unmethylation vs. Methylation) 43/79 1.851(1.355-2.528) <0.001
Age ( >60 vs. <60) 67/55 1.034(0.777-1.375) 0.819
Gender (Male vs. Female) 78/44 1.202(0.896-1.613) 0.220
Histological type (SqQCC vs A vs. Other) 36/71/15 1.087(0.847-1.394) 0513
Distant metastasis
(M1 vs. MO) 24/98 5.280(3.552-7.850) <0.001
T factor (T3 + T4 vs. T1 + T2) 41/71 1.249(0.940-1.660) 0.126
Lymph node (N2 + N3 vs. NO + N1) 64/58 5.466(3.942-7.580) <0.001
Clinical stage (= 3/* ROMAN Ill + = 4/* ROMAN IV vs. 66/56 7.424(5.228-10.541) <0.001
= 1/* ROMAN | 4+ = 2/* ROMAN II)
Differentiation
(Moderate + high vs. Low) 57/65 2.006(1.500-2.684) <0.001
Multivariate analysis
miR-145 (Unmethylation vs. Methylation) 43/79 0.414(0.297-0.578) <0.001
Differentiation
(Moderate + high vs. Low) 57/65 1.295(0.928-1.806) 0.128
Distant metastasis
(M1 vs. MO0) 24/98 3.877(2.515-5.976) <0.001
Lymph node (N2 + N3 vs. NO + N1) 64/58 1.270(0.703-2.297) 0.428
Clinical stage ( = 3/* ROMAN Il + = 4/* ROMAN IV
vs. = 1/* ROMAN | + = 2/* ROMAN II) 66/56 6.171(3.248-11.726) <0.001
www.tandfonline.com Cancer Biology & Therapy 1075
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Figure 4. Mucin 1 is target of miR-145. (A) Schematic of the predicted miR-145 binding sequence in the mucin 1
3-UTR. The complementary site in the mucin 1 3-UTR for the seed region of miR-145 was mutated as indicated. A
human mucin 1 3:UTR fragment containing a wild-type or mutant miR-145 binding sequence was cloned down-
stream of the luciferase reporter gene. (B) Real-time PCR was performed to analyze mucin 1 expression in NSCLC cells
transfected with miR-145 or the miR-control; the data were normalized to GAPDH mRNA expression. The endoge-
nous levels of mucin T mRNA did not change significantly in the miR-145 groups compared with the miR-control.
(€) Luciferase activity of the wild-type (Wt) or mutant (Mut) mucin 1 3'UTR reporter gene in NSCLC cells transfected
with miR-145 or miR-control. (D) Mucin 1 immunoblotting of NSCLC cells transfected with miR-145 or miR-control
and anti-miR-145 (miR-145 inhibitor) or anti-miR-control. Restoration of miR-145 inhibited mucin 1 expression in
A549 and NCI-H520 cells compared with the miR-control. Anti-miR-145 promoted mucin 1 expression in A549 and
NCI-H520 cells compared with the anti-miR-control. (E) Mucin 1 protein levels in 20 paired NSCLC and adjacent non-
tumor tissue samples were determined by Western blotting, and miR-145 expression was examined by real-time
PCR. The degree of mucin 1 upregulation correlated inversely with the extent of miR-145 downregulation.
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low miR-145

expression was associated with

Meanwhile,

miR-145 methylation status
and was correlated with a
more aggressive tumor pheno-
type, indicating that miR-145
is an independent predictor of

reduced survival time in
patients with NSCLC.
Previous studies  have

shown that miR-145 is down-
regulated in different types of
cancer and is an important
tumor suppressor that inhibits
cancer cell  proliferation,
migration and invasion. Some
groups have also reported that
low miR-145 expression in
NSCLC is associated with
poor survival time and is
implicated in the progression
of NSCLC.**3' Cho et al
implicated mutation of epi-
dermal growth factor receptor
in low miR-145 expression;32
however, the exact mecha-
nism for the low-level expres-
sion of miR-145 had been
largely unknown.

DNA methylation is a crit-
ical epigenetic signature that
is involved in transcriptional
regulation, genomic imprint-
ing, and silencing of repetitive
DNA

recently recognized and grow-

elements.>* One

novel role for
DNA
hypermethylation is the fos-

ing key,
abnormal promoter
tering of pathway disruption,
which with the
transcriptional repression of
multiple miRNAs. This could
lead to the upregulation of
oncogenic targets of micro-
RNAs and
activation of signaling that

correlates

to constitutive

could increase invasion and
migration activities.”>  Suh
et al showed that miR-145
was regulated by DNA meth-
ylation in prostate cancer.”’
However, to our knowledge,
there were no reports about
low miR-145 expression asso-
ciated with DNA methylation
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in NSCLC. In this study, we found
that DNA methylation was indeed
responsible for the downregulated
miR-145 expression in NSCLC, indi-
cating a novel molecular mechanism
for low miR-145 expression.

Mucin 1 is a member of a family of
extensively O-glycosylated  proteins
that are predominantly expressed by
epithelial cells. Mucin 1 and other
mucins create a physical barrier that
protects from  damage
induced by exposure to the external
The mucin 1 onco-

epithelia

environment.>°
protein is aberrantly overexpressed in
diverse human malignancies, includ-
ing lung cancer, conferring a poor
prognosis in NSCLC p:itie:nts.37’38
However, the mechanism of mucin 1
overexpression in NSCLC patients has
remained largely unknown. In our
study, we found that mucin 1 was tar-
geted by miR-145 in NSCLC and
that overexpression of mucin 1 caused
by low miR-145 levels promoted can-
cer cell proliferation, migration and
invasion.

In summary, our data show that
low miR-145 expression, due to meth-
ylation, promotes NSCLC cell prolif-
eration, migration and invasion by
targeting mucin 1. Therefore, miR-
145 may be a valuable therapeutic tar-
get for NSCLC.

Materials and methods

Tissue specimens

All NSCLC tdssue samples and
adjacent normal tissue samples were
obtained after attaining informed con-
sent from the patients at the Third
Affiliated Hospital, Sun Yat-sen Uni-
versity (Guangzhou, China), between

January 2005 and January 2008. All patients’ diagnoses were
histopathologically confirmed. This study was approved by the

institutional research ethics committee.

Cell lines and cell culture
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Figure 5. Restoration of mucin 1 expression reverses miR-145-suppressed proliferation, migration and
invasion. (A) CCK-8 assays showed that mucin 1 promoted the proliferation of A549-miR-145 and NCI-
H520-miR-145 cells compared with mock groups. (B) The colony-forming abilities of A549-miR-145 and
NCI-H520-miR-145 cells transfected with the mucin 1 vector were promoted compared with cells trans-
fected with the control vector. (C) Transwell migration assays and matrigel invasion assays indicated
that mucin 1 increased the migration and invasion abilities of A549-miR145 and NCI-H520-miR145 cells.

newborn calf serum (Gibco, Invitrogen Life Technologies, Carls-
bad, USA), and the HBE cells were cultured in keratinocyte
serum—{ree medium with 25 pg/ml bovine pituitary extract and
0.2 ng/ml recombinant epidermal growth factor (Invitrogen Life

Technologies, Carlsbad, CA USA). The cells were transfected

Cell lines used in this study included human bronchial epithe-
lial cells (HBE) and NSCLC cells (A549, NCI-520, NCI-460,
NCI-H596), all of which were purchased from Cell Bank, Chi-
nese Academy of Sciences (Shanghai, China). The NSCLC cell
lines were maintained in RPMI 1640 (Gibco, Invitrogen Life
Technologies, Carlsbad, CA USA) supplemented with 10%

www.tandfonline.com

with DNA constructs for 5 min using siPORT™ NeoFX™
Transfection Agent (Ambion, USA).

RNA isolation and quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA USA). cDNA was synthesized

Cancer Biology & Therapy 1077



using the PrimeScript RT Reagent Kit (Promega, Madison, WI
USA) according to the manufacturer’s instructions, and real-time
PCR was performed using the ABI 7900HT Fast Real-Time
PCR system (Applied Biosystems, CA, USA).

Vector construction
The pre-miR-23a, pre-miR-23a-sponge-inhibitor sequence
and mucin 1 plasmids were synthesized by GenePharma

(Shanghai, China).

Luciferase reporter assay

The putative miR-145 binding site and mutated 3’ UTR
sequences of the mucin 1 mRNA were cloned and named Wt
mucin 1 3’ UTR and Mut mucin 1 3" UTR, respectively. For the
reporter assays, cells grown in a 48-well plate were cotransfected
with Wt mucin 1 3’ UTR or Mut mucin 1 3’ UTR and miR-
145 or miR-control. A dual luciferase assay was then conducted
48 h after transfection. Transfections were performed in dupli-
cate and repeated at least 3 times in independent experiments.

Western blotting

The following primary antibodies were used: anti-mucin 1
(1:1000; Santa Cruz Biotechnology) or anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:8000, Cell Signaling).
The intensities of protein fragments were examined using Gene-

Tools software (version 3.03; Syngene, Cambridge, UK).

Methylation-specific PCR (MSP)
MSP assays were performed as described previously.*

CCK-8 proliferation assays

Cell proliferation capability was determined using CCK-8
proliferation assays. Cells (3 x 10%) were incubated in 96-well
culture plates with 10 wl CCK-8 solution on days 1, 2, and 3.
Then the optical density was examined using a spectrophotome-
ter (Bio-Rad).

Colony formation assays

Cells were seeded in 6-well plates at 5 x 107 cells per well, and
after 14 days, the colonies were stained with 0.01% crystal violet.
Each experiment was performed in triplicate and in 2 indepen-
dent assays.

Matrigel invasion assays and transwell migration assays

For matrigel invasion assays, 5 x 10* cells were plated in
a matrigel invasion chamber (BD Biosciences) without serum;
medium with serum was used as a chemoattractant. Twenty-
four hours later, the non-invading cells were removed with
cotton swabs. Invasive cells located on the lower side of the
chamber were then fixed in formaldehyde and stained with
crystal violet. Transwell migration assays were performed in a
similar manner as the matrigel invasion assays, but without
matrigel on the filter.

Statistical analysis

Statistical analyses were performed using SPSS software (ver-
sion 17.0). Differences between variables were assessed using the
X’ test. Kaplan-Meier analysis was used for the survival analysis,
and differences in overall survival were determined using the log-
rank test. Using the Cox regression model, multivariate survival
analysis was conducted on all variables that were significant by
univariate analysis. P-values <0.05 were considered statistically
significant.
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