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Metformin regulates expression of DNA o

methyltransferases through the miR-148/-152
family in non-small lung cancer cells

Bo Bin Lee'", Dongho Kim?, Yujin Kim', Joungho Han?, Young Mog Shim* and Duk-Hwan Kim'>"

Abstract

Background To understand the molecular mechanisms involved in regulation of DNA methyltransferases (DNMTs)
by metformin in non-small cell lung cancer (NSCLC) cells.

Methods Expression levels of DNMTs in response to metformin were analyzed in NSCLC cells. MicroRNAs regulat-
ing expression of DNMTs at the post-transcriptional level were searched using miRNA-target databases (miRDB and
miRTarBase), TCGA RNASeqV?2 lung cancer data, and miRNA-seq.

Results Metformin dose-dependently downregulated expression of DNMT1 and DNMT3a at the post-transcriptional
level and expression of DNMT3b at the transcriptional level in A549 lung cancer cells. Activity of DNMTs was reduced
by about 2.6-fold in A549 cells treated with 10 mM metformin for 72 h. miR-148/-152 family members (miR-148a, miR-
148b, and miR-152) targeting the 3'UTR of DNMTs were associated with post-transcriptional regulation of DNMTs by
metformin. Metformin upregulated expression of miR-148a, miR-148b, and miR-152 in A549 and H1650 cells. Transfec-
tion with an miR-148b plasmid or a mimic suppressed expression of DNMT1 and DNMT3b in A549 cells. Transfection
with the miR-148a mimic in A549 and H1650 cells decreased the luciferase activity of DNMT1 3’UTR. A combination
of metformin and cisplatin synergistically increased expression levels of miR-148/-152 family members but decreased
expression of DNMTs in A549 cells. Low expression of miR-148b was associated with poor overall survival (HR =2.56,
95% Cl 1.09—6.47; P=10.04) but not with recurrence-free survival.

Conclusions The present study suggests that metformin inhibits expression of DNMTs by upregulating miR-148/-152
family members in NSCLC cells.
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Background

Lung cancer is the leading cause of cancer-related death
in the world [1]. Despite significant advances in the
diagnosis and treatment of this disease, its prognosis is
extremely poor, with an overall five-year survival rate
of approximately 20%. Such a poor prognosis is largely
due to early micrometastatic spread of primary tumor
cells into nearby lymph nodes or tissues through lym-
phatic and blood circulation. It is also partially due to
early recurrence after curative resection. In addition,
epigenetic modifications and molecular heterogeneity of
a tumor pose significant challenges when treating lung
cancer. Epigenetic alterations have been widely described
in lung cancer and are potentially reversible. Accordingly,
a number of epigenetic changes involved in lung cancer
are potential targets for therapy.

DNA methylation is a key mechanism of epigenetic
regulation, and dysregulated expression of DNA meth-
yltransferases (DNMTs) has been reported in diverse
types of human cancer. DNA methylation is established
by interaction of DNMTs (DNMT1, DNMT3a, and
DNMT3Db) that can catalyze the transfer of a methyl
group from the ubiquitous methyl group donor S-aden-
osyl-L-methionine (SAM) to the carbon 5 position of
cytosine, which produces 5-methylcytosine. Overexpres-
sion of DNMTs and their relationships with DNA meth-
ylation in lung cancer have been reported by numerous
groups. The mRNA levels of DNMT1 and DNMT3b are
elevated in more than 50% of patients with non-small
cell lung cancer (NSCLC) [2]. Altered expression levels
of DNMT1, DNMT3a, and DNMTS3Db proteins have been
found in patients with lung cancers, especially in smok-
ers, and are correlated with hypermethylation of tumor
suppressor genes [3]. In addition, the tobacco-specific
carcinogen NNK prolongs the half-life of DNMT1 pro-
tein by activating AKT signaling associated with the
ubiquitin-proteosome system and induces DNMT1
accumulation by inhibiting GSK3p-mediated DNMT1
degradation [4]. The average number of gene-specific
hypermethylation events during lung carcinogenesis is
correlated with increased protein levels of DNMT1 and
DNMT3a [5]. DNMT3a is highly expressed in 58.5% (79
of 135) of lung adenocarcinomas. Such high expression
is associated with the histologically lepidic subtype [6].
Based on these reports, inhibition of DNMTs could be a
promising approach for lung cancer treatment. However,
there are currently no available DNMTs inhibitors for
lung cancer.

Metformin is an oral antidiabetic drug used to treat
type II diabetes. It has also been tested as an anticancer
agent because of its ability to suppress tumor growth
and increase cell death. Increasing reports have shown
the effect of metformin on epigenetic regulation in lung
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cancer. For example, metformin can inhibit the prolifera-
tion of lung cancer cells by reducing miR-222, which tar-
gets p27, p57, and PTEN [7]. Metformin suppresses the
growth, migration, and invasion of A549 cells by increas-
ing the expression of miR-7, which downregulates p-AKT
and p-mTOR expression through AMPK [8]. Metformin
can also decrease the growth and invasion of lung can-
cer cells by up-regulating miR-381, which functions
as a tumor suppressor [9]. Tissue-specific indirect and
direct effects of metformin on histone modification have
also been shown in various types of cancer. Metformin
reduces histone H3 lysine 27 trimethylation (H3K27me3)
and polycomb repressor complex 2 (PRC2) in ovarian
cancer cells [10]. Metformin hinders metastasis of pros-
tate cancer cells by stimulating the expression of histone
methyltransferase SETD2 (SET Domain Containing 2)
while decreasing EZH2 (Enhancer of Zeste Homolog 2)
and H3K27me3 levels [11]. We have also reported that
metformin can reduce H3K4me3 level at promoters
of positive cell cycle regulatory genes such as E2F8 by
downregulating H3K4 methyltransferase MLL2 in lung
cancer cells [12]

Despite growing evidence showing that metformin can
regulate miRNA and histone modification, the effect of
metformin on expression of DNMTs in lung cancer and
the underlying molecular mechanisms have not been elu-
cidated. In the present study, we demonstrated that met-
formin suppressed expression of DNMTs by upregulating
miR-148/-152 family members in NSCLC cells.

Methods

Cell culture

Lung cancer cell lines (A549 and H1650) were purchased
from the American Type Culture Collection (Rockville,
MD). These cells have been authenticated using Short
Tandem Repeat (STR) profiling at Samsung Medical
Center (Seoul, Korea) within the last five years. A549
and H1650 cells were cultured in RPMI 1640 medium
containing 10 mM HEPES and complete RPMI 1640
medium, respectively, supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (GIBCO-BRL, Inv-
itrogen, Carlsbad, CA) in a humidified incubator at 37 °C
with 5% CO,. Metformin (Sigma-Aldrich, St. Louis, MO)
was dissolved in water and then diluted with phosphate-
buffered saline (pH 7.4). All experiments were performed
with mycoplasma-free cells.

Quantitative real-time RT-PCR

Total RNAs were extracted from A549 and H1650 cells
using a Qiagen RNeasy Mini Kit (Valencia, CA). cDNA
was synthesized using a QuantiTect Reverse Transcrip-
tion Kit (Qiagen) for DNMTs or miRNA First Strand
cDNA Synthesis Kit (Agilent, Santa Clara, CA) with
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tailing reaction for miRNAs. Quantitative real-time PCR
was performed with an ABI PRISM 7900HT Sequence
Detection system (Applied Biosystems, Foster City, CA)
using SYBR Green PCR Master Mix (Applied Biosystems)
according to the manufacturer’s protocol. Relative RNA
expression level was calculated by the 2724¢T method,
and GAPDH and U6 were used as internal controls for
mRNA and miRNA, respectively. Primer sequences are
listed in Additional file 1.

Immunoblot analysis

Cultured cells were collected, rinsed with chilled PBS,
and lysed in buffer containing 2.5 mM sodium pyrophos-
phate, 1 mM beta-glycerophosphate, 150 mM NacCl, 1%
sodium deoxycholate, 20 mM Tris—HCI (pH 7.5), 1 mM
EGTA, 1% NP-40, 1 mM Na;VO,, 1 mM Na,EDTA, and
1 pg/ml leupeptin. The lysis buffer was supplemented
with 1 mM PMSF immediately before cell lysis. Lysates
were sonicated and then centrifuged at 13,000 rpm for
15 min at 4 °C to pellet insoluble proteins. Cell lysates
were subjected to 8% or 12% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Bedford, MA). Nonspecific binding
sites were blocked using 5% non-fat dry milk (Bio-Rad,
Hercules, CA) in Tris-buffered saline containing 0.1%
Tween 20 (TBS-T) for 1 h at room temperature. After
blocking, membranes were incubated with primary anti-
bodies specific for DNMT1, DNMT3a, and DNMT3b
(Cell Signaling Technology 5425, Danvers, MA) at 4 °C
overnight. These membranes were then washed with
TBS-T three times (5 min each) and incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibody for 1 h at room temperature. Protein bands
were visualized using a highly sensitive SuperSignal
West Pico Chemiluminescent Substrate (Invitrogen) for
detecting HRP.

DNMT activity assay

Nuclear extracts were prepared from A549 cells treated
with metformin using an EpiQuik "~ Nuclear Extrac-
tion Kit (Epigentek, Farmingdale, NY) according to
the manufacturer’s protocol. Protein concentrations of
nuclear extracts were determined with a Pierce” Bioin-
choninic Acid Assay (BCA) kit (Thermo Fisher Scientific,
Waltham, MA). DNA methyltransferase (DNMT) activity
(de novo, maintenance) was measured using 4—-20 pg of
protein and an EpiQuik DNA Methyltransferase Activity/
Inhibition Assay Kit (Epigentek) in accordance with the
user manual. Results were expressed as absorbance units
detected by microplate reader at 450 nm, and DNMT
enzymatic activity was calculated with the following for-
mula: DNMT activity (OD/h/mg) =(sample OD —blank
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OD) x 1,000/[(protein amount (ug) x incubation time
(hours)].

Screening of miRNAs targeting DNMTs

Two online databases, miRDB (http://www.mirdb.
org) and miRTarBase (https://bio.tools/mirtarbase),
were used to predict miRNAs with potential to regulate
DNMT genes at the post-transcriptional level. According
to the guidelines of each database, miRNAs with a target
score of 80 or higher that could simultaneously target
two or more of the DNMT1, DNMT3a, and DNMT3b
genes were selected.

Analysis of TCGA RNASeqV2 data

The Cancer Genome Atlas (TCGA) RNASeqV2 lung
cancer data were used to confirm expression status of
the miR-148/-152 family with a high target score among
miRNAs selected from prediction databases. Raw counts
of miRNAs were extracted from 45 lung cancer patients
with adjacent normal tissue samples out of 565 LUAD
(lung adenocarcinoma) patients with miRNA expression
data (level 3). Raw counts were finally extracted from 18
patients with matching RNASeqV2 data for tumor and
matched normal tissues.

MicroRNA-seq analysis

A549 and H1650 cells were treated with 10 mM met-
formin for 72 h. After the treatment, miRNAs were
isolated from these cells using an miRNeasy Mini Kit
(Qiagen, cat No./ID: 217,004) following the manufac-
turer’s protocol. The quality of extracted miRNAs was
first assessed using a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific). RNA integrity in sam-
ples with total RNA greater than 2 pg, an optical density
(OD) of 260/280 > 2.0, and OD 260/230 > 2.0 was further
analyzed using a 2100 Bioanalyzer (Agilent). Samples
with RIN (RNA integrity number)>7 and ribosomal
RNA (rRNA) 28S/185>0.7 were selected. Small RNAs
(18-30-nucleotide segments) were separated from total
RNA by PAGE on a Bioanalyzer. An RNA library was pre-
pared according to the protocol of a NEBNext Multiplex
Small RNA Library Prep Kit for Illumina (Index Primers
1-48) and sequenced using an Illumina NextSeq500 plat-
form according to the vendor’s recommended protocol.
After sequencing, the quality of produced data was deter-
mined by Phred quality score, and reads with an average
score over 20 were accepted as good quality. Read counts
for each miRNA were normalized using quantile nor-
malization between samples. Afterward, through DEG
analysis, miRNAs whose expression levels were increased
or decreased by more than two-fold with a normalized
RC(log) value of 3 or more and a p-value of 0.05 or less as
a result of t-test were selected as differentially expressed
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miRNAs. Using MeV software, hierarchical clustering
analysis was performed, and genes whose expression
levels were increased more than 1.5-fold by metformin
were further classified through gene ontology analysis.
To understand functional roles of dysregulated miRNAs,
DAVID bioinformatics resources (v6.8; https://david.
ncifcrf.gov/) were used for gene ontology (GO) analy-
sis, and DIANA-miRPath v3.0 (http://www.microrna.
gr/miRPathv3) was employed for Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis.

Transfection assay

To demonstrate whether miR-148/-152 family mem-
bers could regulate expression of DNMTs directly, we
constructed an expression clone of miR-148b precursor
in the pEZX-MRO04 vector. A mimic of miR-148b that
exhibited the same activity as endogenous miRNA and
a single-stranded synthetic inhibitor having a comple-
mentary sequence to inhibit this activity were purchased
from Bioneer Co. (Daejeon, South Korea). For transient
transfection, A549 cells were plated onto 12-well plates.
Cells were transfected at approximately 70-80% conflu-
ency with miR-148b-3p construct, miR-148b mimic, or
miR-148b inhibitor using Lipofectamine RNAIMAX rea-
gent (Invitrogen, Cat. No. 13778150), following the man-
ufacturer’s protocol. At 24 h post-transfection, some cells
were treated with 10 mM metformin for an additional
72 h. Expression levels of DNMTs were then measured
using western blot.

Luciferase reporter assay

Putative interactions between miR-148a-3p and DNMT1
3JUTR were analyzed through a luciferase reporter
assay. miRNA 3'UTR target expression clone for Human
DNMT1 (NM_001130823.2) was purchased from Gene-
Copoeia (Rockville, MD, Cat no. HmiT094835-MT06).
For DNMT1 3’UTR reporter assay, Luc-DNMT1-3'UTR
constructs (DNMT1-WT-3'UTR and DNMT1-MT-
3'UTR) containing a potential wild-type or a mutant
binding sequence were created in the pEZX-MTO06
reporter vector (GeneCopoeia, Cat no. CmiT000001-
MTO06). The DNMTI-WT-3'UTR or DNMT1-MT-
3'UTR plasmid was transfected into A549 or H1650 cells
alone or in combination with a miR-148a mimic or an
miR-148a inhibitor in a 96-well plate using Lipofectamine
RNAIMAX reagent (Invitrogen, Cat. No. 13778150)
in 5.0 pl Opti-MEM reduced serum medium (Thermo
Fisher). Some cells were treated with 10 mM metformin
at 24 h post-transfection. Cells were harvested at 24 h
after transfection or 72 h after metformin treatment, and
luciferase activity was measured using a Gaussia lucif-
erase assay kit (Promega, Madison, WI) according to the
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manufacturer’s instructions. Independent experiments
were performed in triplicate for each plasmid construct.

Coefficient of drug interaction (CDI)

To understand the combined effect of metformin and
cisplatin on expression of miR-148/-152 and cisplatin
in lung cancer cells, we first calculated the coefficient
of drug interaction (CDI) to analyze the nature of drug
interactions. A549 cells were treated with both met-
formin (0 mM and 5 mM) and cisplatin (0 mM, 6.25 mM,
12.5 mM, 25 mM, and 50 mM) for 72 h. CDI was calcu-
lated as follows: CDI=AB/(A x B), where AB was the
OD ratio of the combination treatment groups to the
control group, and A or B was the OD ratio of the single
treatment group to the control group.

Statistical analysis

For univariate analysis, ¢-test or analysis of variance
(ANOVA) was used for the continuous variables such as
miR-148/-152 expression levels. The means between an
experimental group and a control group were compared
using the Student t-test. Correlation of the two continu-
ous variables was assessed using Pearson’s correlation
coefficient. The effect of miR-148/-152 expression on
overall or recurrence-free survival of NSCLC patients
was estimated using the Kaplan—Meier survival curve,
and the difference between survival curves of the two
groups was evaluated by log-rank test. The hazard ratio
of low miR-148/-152 family expression for survival was
computed using Cox proportional hazards analysis after
adjusting for potential confounding factors. All statistical
analyses were conducted using R software (version 4.2.1).

Results

Metformin regulates expression of DNMT1 and DNMT3a

at the post-transcriptional level

To understand the effect of metformin on expres-
sion of DNMTs (DNMT1, DNMT3a, and DNMT3b),
A549 NSCLC cells were treated with 0 mM, 5 mM, and
10 mM of metformin for 72 h. DNMT1 and DNMT3a
mRNA levels increased in a dose-dependent manner
(Fig. 1A, B), whereas DNMT3b mRNA levels decreased
with increasing dosage of metformin (Fig. 1C). Unlike
mRNA changes of DNMT1 or DNMT3a, protein levels
of the three DNMTs were decreased in response to met-
formin (Fig. 1D-F). Protein levels of DNMT1, DNMT3a,
and DNMT3b decreased by 8.5-, 7.7-, and 6.4-fold in
response to metformin treatment, respectively. Activ-
ity of DNMTs also decreased by about 2.6-fold in cells
treated with 10 mM metformin (Fig. 1G). These results
suggest that metformin regulates the expression of
DNMTs in NSCLC cells at the transcriptional or post-
transcriptional level.
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The miR-148/-152 family is a potential target of metformin
in NSCLC cells
To identify miRNAs with the potential to regulate expres-
sion of DNMTs at the post-transcriptional level, we first
searched the 3'UTR of DNMTs using two common bio-
informatic algorithms, miRDB and miRTarBase. Based
on guidelines of each algorithm, we selected miRNAs
from two groups among those with a target score of 80 or
higher: 1) miRNAs (miR-148, miR-29 and miR-548) that
could simultaneously target two or more of the DNMT1,
DNMT3a, and DNMT3b genes and 2) miRNAs (miR-
200, miR-101, miR-2276, miR-4708 and miR-7152) that
could target each of the three DNMTs. Second, a rela-
tionship between candidate miRNAs and DNMT expres-
sion was analyzed using HT-12 array data of 42 NSCLCs
reported previously [12]. No relationship was found
between miR-152 expression and expression of the three
DNMTs. However, miR-148a expression was inversely
correlated with the expression of DNMT1 (p=—0.31,
P=0.04), whereas miR-148b expression showed negative
correlation with the expression of DNMT3A (p=—0.38,
P=0.02) and DNMT3B (p=-0.33, P=0.03) in tumor
tissues from 42 NSCLC patients (Fig. 2A).

Third, to determine whether the selected miR-148/-152
family members were significantly reduced in lung cancer

patients of other races, we analyzed TCGA RNASeqV2
data. Raw counts of miRNAs were extracted from 45 lung
cancer patients with adjacent normal tissue samples out
of 565 LUAD patients with miRNA expression data (level
3). Raw counts were finally extracted from 18 patients
with matching RNASeqV2 data. Using the LIMMA pack-
age of R language, we found that the expression of miR-
148/-152 family members was significantly reduced in
12 of these 18 patients (Fig. 2B). Fourth, miRNAs regu-
lated by metformin were investigated using miRNA-seq.
Through DEG analysis, miRNAs whose expression levels
were increased or decreased by more than two-fold with
a normalized RC(log) value of 3 or more and a p-value
of 0.05 or less were selected. Hierarchical clustering
(Fig. 2C; Additional file 2) and gene ontology analysis
(Additional file 3) were performed using MeV program.
DNMT1 was found to be related to miR-152 in A549 cells
(Fig. 2C) and miR-148b in H1650 cells (Additional file 2).
For validation of miR-148/-152 selection, qRT-PCR was
performed for A549 and H1650 cells treated with met-
formin for 72 h. We found that expression levels of the
miR-148/-152 family members were increased depending
on metformin concentration (Fig. 2D-F). Considering
these observations, we selected the miR-148/-152 family
as a potential target since its expression was increased in
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response to metformin and correlated with expression of
DNMTs in lung cancer cells.

miR-148b directly controls DNMT1 and DNMT3b in lung
cancer cells.

We cloned a precursor miR-148b nucleotide (Fig. 3A)
into the pEZX-MRO04 vector to study whether miR-148b
could modulate the expression of DNMTs under the
influence of metformin. When the miR-148b clone was
transfected into A549 cells, protein levels of DNMT1
and DNMT3b were reduced by at least 30% compared to
those in the control. They were suppressed by more than
50% when cells were cultured with 10 mM metformin
for an additional 72 h following a 24 h incubation after
transfection. (Fig. 3B). When the miR-148b mimic was

transfected, expression levels of DNMT1 and DNMT3b
were reduced compared to those in cells treated with a
negative control. When cells were treated with met-
formin, their levels were reduced by greater than 50%
(Fig. 3C). However, in the presence of an miR-148-3p
inhibitor, the effect of metformin on DNMT expression
was minimal (Fig. 3C). Cell death had an inverse relation-
ship with the expression level of miR-148b (Additional
file 4).

miR-148a controls luciferase activity of DNMT1 3’UTR

Luciferase assay was performed using A549 cells
(Fig. 4A—C) and H1650 cells (Fig. 4D-F) to understand
whether miR-148/-152 family members could interact
with DNMT1 3'UTR. A Luc-DNMT1-3'UTR construct
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containing a potential binding sequence (WT48-54
DNMT1 3'UTR) and a construct with a mutant bind-
ing sequence (MT48-54 DNMT1 3'UTR) were created
in the pEZX-MTO06 reporter vector. Transfection of the
miR-148a mimic in A549 and H1650 cells inhibited the
activity of the luciferase reporter vector containing the
WT48-54 DNMT1 3'UTR by 40%. However, it did not
affect the luciferase activity of the MT48-54 DNMT1
3'UTR (Fig. 4A, D). Inhibition of miR-148a had no effect
on the luciferase activity of DNMT1 3'UTR (Fig. 4B, E).
In addition, luciferase activity was further inhibited when
both cell lines were additionally treated with metformin
(Fig. 4C, F). These observations suggest that DNMT1 is
a potential target for miR-148a and that its 3’'UTR is a
functional target site for miR-148a in NSCLC cells.

Effect of metformin combined with cisplatin

on miR-148/-152 family members and DNMTs in NSCLC
cells

To investigate the effect of metformin combined with
cisplatin on the expression of miR-148/-152 family
members and DNMTs, drug interaction was analyzed

by measuring the CDI between cisplatin and met-
formin. After A549 cells were treated with various con-
centrations of the two drugs, the CDI was measured.
Within a wide concentration range, CDI was less than
0.7, showing a meaningful synergistic effect (Addi-
tional file 5). Quantitative RT-PCR of miR-148/-152
family members was performed to investigate whether
metformin and cisplatin had a synergistic effect on the
expression of miR-148/-152 family members. Like met-
formin (Fig. 5A, D, G), cisplatin also led to a maximum
three-fold increase in the expression of miR-148/-152
family members in a concentration-dependent man-
ner, although the fold change was small in comparison
with metformin (Fig. 5B, E, H). Expression levels of
miR-148/-152 family members were increased syner-
gistically when cells were simultaneously treated with
metformin and cisplatin rather than treated with them
individually (Fig. 5C, F, I). In contrast, the expression
of DNMT1 and DNMT3b was decreased synergistically
after treatment with combined metformin and cispl-
atin. DNMT3a also showed a slightly decreasing ten-
dency (Fig. 5]).
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Clinicopathological characteristics of miR-148/-152 family
members

Clinicopathological significance of miR-148/-152 family
members was analyzed in tumor tissues from 42 NSCLC
patients (Additional file 6). No association was found
between the expression of miR-148/-152 family mem-
bers and histology, recurrence (Fig. 6B, C), sex, patho-
logic stage, smoking status, lymphatic invasion, lymph
node metastasis, venous invasion, or nervous invasion.
In addition, tumor size was not correlated with expres-
sion of miR-148/-152 family members (Additional file 7),
but miR-148a expression was inversely correlated with
patient age (- 0.33, P=0.03; Fig. 6A; Additional file 7).
To analyze the effect of expression of miR-148/-152 fam-
ily members on patient survival, patients were divided
into high- and low-expression groups by the mean value
of miR-148/-152 family members. The median follow-
up period of patients was 5.3 years. The expression of
miR-148a and miR-152 did not show a relationship with
patient survival (Fig. 6D—F; Additional file 8). However,
patients with low expression of miR-148b showed signifi-
cantly poor overall survival (P=0.03, Fig. 6D). Cox pro-
portional hazards analysis showed that overall survival

of patients with low miR-148b expression was 2.56 times
(95% CI 1.09—6.47; P=0.04) poorer than that of those
with high expression of miR-148b after adjusting for
confounding factors (Additional file 9). Five-year over-
all survival rates of patients with low and high miR-148b
expression were 37% and 68%, respectively.

Discussion

In this study, we investigated the potential of metformin
as an inhibitor of DNMTs and the underlying mecha-
nisms of DNMT regulation in NSCLC cells. A couple of
groups have reported that metformin can downregulate
DNMT expression in human cancer cells. The combina-
tion of metformin and berberine synergistically inhib-
ited DNMT1 expression by reducing transcription factor
SP1 and 3-phosphoinositide-dependent protein kinase-1
(PDPK1) expression in NSCLC cells [13]. Metformin-
activated AMPK increased DNMT3A activity in liver
and breast cancer cells [14]. The present study showed
that metformin decreased DNMT expression at the tran-
scriptional or post-transcriptional level through upregu-
lation of miR-148/-152 family members in NSCLC cells
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(Additional file 10), suggesting that metformin has poten-
tial as a DNMT inhibitor.

The miR-148/-152 family consists of miR-148a, miR-
148b, and miR-152, which are located at human chro-
mosomes 7, 12, and 17, respectively. miR-148/-152
family members are known to act as tumor suppressors
in NSCLC, playing important roles in initiation, growth,
and metastasis through various regulatory mechanisms
[15]. Mounting evidence has indicated that miR-148/-
152 family members target the DNMT1 3'UTR in the
development and progression of human cancer. DNMT1
was regulated by interleukin-6-dependent miR-148a,
miR-152, and miR-301 in human malignant cholangio-
cytes [16]. Ectopic overexpression of miR-148a decreased
DNMT1 expression in acute myeloid leukemia [17],
gastric cancer [18], hepatocellular carcinoma [19], pan-
creatic cancer [20], and prostate cancer cells [21]. miR-
148a also repressed proliferation of bladder cancer cells
by establishing a positive feedback loop between ERBB3/

AKT2/c-myc signaling and DNMT1 [22] or by regulat-
ing expression levels of DNMT1 and undifferentiated
embryonic cell transcription factor 1 (UTF1) in cervical
cancer cells [23]. Transfection of miR-148b or miR-152
in pancreatic cancer cells reactivated tumor suppres-
sor genes such as BNIP3, SPARC, PENK, and TFPI-2 by
downregulating DNMT1 [24]. Upregulation of miR-148b
reversed cisplatin resistance in NSCLC cells by targeting
the DNMT1 3'UTR, but not DNMT3a or DNMT3b [25].
miRNA-148b suppressed cell cycle progression and facil-
itated cell apoptosis by regulating DNMT1 in cervical
cancer [26] and endometrial cancer [27] in a caspase-3
dependent manner. miR-152 inhibited the proliferation,
migration, or invasion by targeting the DNMT1 3'UTR
directly in hepatitis B virus-related hepatocellular carci-
noma [28], ovarian cancer [29], glioma [30], nasopharyn-
geal cancer [31] and bladder cancer cells [32]. All these
findings indicate that DNMTs are downstream targets of
miR-148/-152 family members in various types of cancer.
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The miR-148/-152 family members have been reported
to induce sensitization to cisplatin chemotherapy by tar-
geting DNMT]1. Sui et al. [25] reported that miR-148b
is substantially downregulated in cisplatin-resistant
NSCLC cells, and that upregulation of miR-148b can
increase the sensitivity to cisplatin by negatively regu-
lating DNMT1 expression. Overexpression of miR-152
upregulated cisplatin sensitivity both in vitro and in vivo
by suppressing DNMT1 directly in ovarian cancer cells
[29]. In this study, the effect of cisplatin on the expres-
sion of miR-148/-152 family members and DNMTs was
smaller than that of metformin. However, a synergistic
effect was found when they were used in combination,
suggesting that cisplatin combined with metformin could
modulate epigenetic changes in NSCLC.

Recent studies have demonstrated that the miR-
148/-152 family may serve as a promising biomarker of
prognosis in cancer patients. For example, reduction
of miR-148a was independently associated with recur-
rence of hepatocellular carcinoma [33]. Those with

low expression of miR-148a showed increased lymph
node metastasis and poor clinical outcomes in NSCLC
[34], bladder cancer [35], and gastric cancer [36, 37]. A
meta-analysis of 24 eligible studies showed that high
expression levels of miR-148a and miR-148b were asso-
ciated with favorable overall survival, particularly in the
Asian population [38]. Low expression level of miR-152
also was correlated with poor DFS/RES in various can-
cers [39]. Inconsistent with these observations, our data
showed that only miR-148b was associated with overall
and recurrence-free survival in NSCLC. The lack of rela-
tionship between miR-148a and patient survival in our
data might be due to the small number of patients and
different criteria used for patient grouping. Further large-
scale studies are needed to confirm the prognostic effect
of miR-148/-152 members in NSCLC.

This study was limited by several factors. First, the
molecular mechanism by which metformin regulates
the expression of miR-148/-152 family members was not
investigated. It has been demonstrated that miRNAs are
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predisposed to methylation-related silencing through a
feedback loop with DNMT1, and that miRNA expres-
sion is affected by copy number alterations; another
possibility is upregulation of miR-148/-152 family mem-
bers through targeting of histone methyltransferases
(Additional file 11). Further studies are required to dem-
onstrate mechanisms for metformin to regulate miR-
148/-152 family members in NSCLC. Second, only a
subset of miR-148/-152 family members was analyzed
in the transfection and luciferase assays. Third, the rela-
tionships between the expression of miR-148/-152 family
members and clinicopathological variables were analyzed
in a small number of samples. Further studies in a large
cohort are required to confirm the results. Finally, the
combined effect of cisplatin and metformin as a promis-
ing therapeutic approach to treating NSCLC needs to be
tested in clinical trials.

Conclusions

The present study suggests that metformin modulates
epigenetic changes by downregulating DNMT expres-
sion through upregulation of miR-148/-152 family mem-
bers in NSCLC cells. In addition, this study indicates that
metformin in combination with cisplatin may synergis-
tically regulate the expression of miR-148/-152 family
members and DNMTs.
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