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Inhibits Lung Cancer Stem Cell–like Phenotypes
through Repressing Wnt/b-catenin Signaling
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Abstract

Purpose: Lung cancer is the leading cause of cancer-related
death in the world, and emerging evidences suggest that lung
cancer stem cells (CSC) are associated with its poor prognosis,
tumor recurrence, and therapy resistance. Here we reveal
a novel role for miR-708-5p in inhibiting lung CSC–like
features.

Experimental Design: Phenotypic effects of miR-708-5p on
the lung CSC–like properties were examined by in vitro sphere
formation assay and in xenografted animal models. Immuno-
blotting, dual luciferase reporter, and immunocytochemistry
were performed to determine the target of miR-708-5p. DNA
methylation of CDH1 promoter region was tested using bisul-
fate sequencing. Genome-wide miRNA sequencing data of 990
patients from The Cancer Genome Atlas (TCGA) dataset and
148 patients from China cohort were analyzed to excavate the
pathogenic implications of miR-708-5p.

Results: Expression of miR-708-5p inhibits the CSC traits of
NSCLC cells in vitro while antagonizing miR-708-5p promotes
tumorigenesis in vivo. miR-708-5p directly suppresses the trans-
lation of DNMT3A, which results in a substantial reduction of
globalDNAmethylation and theupregulated expressionof tumor
suppressor CDH1. The upregulation of CDH1 decreased the
activity of Wnt/b-catenin signaling and then impaired the stem-
ness characteristics of NSCLC cells. Clinically, patients with high
miR-708-5p expression show significantly better survival and
lower recurrence. Furthermore, miR-708-5p has a promising
potential to apply todifferentiatinghistologic subtypes inNSCLC.

Conclusions: Our findings support that miR-708-5p sup-
presses NSCLC initiation, development, and stemness through
interfering DNMT3A-dependent DNA methylation. miR-708-5p
may function as a novel diagnostic and prognostic biomarker in
NSCLC. Clin Cancer Res; 24(7); 1748–60. �2017 AACR.

Introduction
Lung cancer, themost common cancer in humans, causesmore

than 1 million deaths worldwide annually (1, 2). Non–small cell
lung cancer (NSCLC) accounts for over 85% of all lung cancer
cases (3, 4). For decades, surgical resection has been amainstay in
the treatment of NSCLC, proving more effective than chemother-
apy and radiation and offering the greatest cure rate for early stage
(5). However, most patients will present with unresectable or
noncurable disease or have a propensity for early dissemination
and metastasis, resulting in relapse after surgery or radiotherapy
(6–8). In view of this, the major challenge in NSCLC diagnosis is
posed by the inability of current diagnostic methods to distin-

guish between indolent and aggressive tumors. Thus, there is an
urgent need to identify NSCLC biomarkers with better prognostic
and diagnostic potential. The introduction of molecularly tar-
geted therapies has dramatically improved the outcomes in the
metastatic setting for patients with NSCLC harboring somatically
activated oncogenes such as EGFR (9, 10) and translocated EML4-
ALK (11, 12). However, even with these therapies, most patients
with NSCLC will not experience prolonged disease control, and
the 5-year survival rate has remained poor at 15.9% (13). There-
fore, a second major clinical challenge is the elucidation of
pathways of tumor recurrence and metastasis of NSCLC, which
could lead to the design of better therapeutic strategies.

Tumor recurrence and progression in NSCLC has been associ-
ated with the existence of cancer stem cells (CSC) or tumor-
initiating cells (TIC) within a bulk of tumor that are refractory
to current therapies (14). CSCs are defined as self-renewing tumor
cells able to initiate and maintain tumor and to produce hetero-
geneous lineages of cancer cells that compose the tumor (15).
Recent studies show that certain miRNAs exhibit promising
therapeutic potential by suppressing both cancer cells and CSCs.
Overexpression ofmiR-34a (16), miR-200c (17) andmiR-582-3p
(18) results in loss of CSC properties in several types of cancers,
including lung cancer. Amimic ofmiR-34a,MRX34, encapsulated
in liposomal nanoparticle, has shown preliminary clinical evi-
dence of antitumor activity in a phase I clinical trial (19). More
recently, our studies have demonstrated that miR-708-5p can
weaken the stem cell–like properties of NSCLC (20). However,
the underlying mechanism of how miR-708-5p affects the char-
acters of CSCs remains unclear. Here, we uncovered thatmiR-708-
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5p can induce DNA hypomethylation by targeting DNMT3A and
then reduce the stemness of NSCLC. miR-708-5p was demon-
strated to present a marked correlation with tumor progression,
recurrence, and poor survival outcome in the malignance, sug-
gesting its clinical significance as a promisingly diagnostic and
prognostic biomarker.

Materials and Methods
Cell lines

Cell lines A549 and Calu-3 were obtained from ATCC and
culturedunder conditions providedby themanufacturer. Cell line
95D was obtained from the Cell Bank Type Culture Collection of
the Chinese Academy of Science (CBTCCCAS). All the cells were
authenticated by short tandem repeat DNA profiling upon initial
receipt and periodically thereafter, and were propagated for less
than 6 months after resuscitation. These cells were cultured at
37�C under 5% CO2 in RPMI1640 (Invitrogen) supplemented
with 10% FBS (Thermo Scientific), and penicillin/streptomycin
(Thermo Scientific).

Antibodies
Antibodies used in the present study are as following: Dnmt3a

(Santa Cruz Biotechnology), Dnmt3b (Abcam), a-Tubulin (Sig-
ma), p21 (Abcam), 5-mC (ActiveMotif), CDH1 (R&D), b-catenin
(Abcam), CD34 (Abcam), and CD133 (Abcam).

miRNA mimics, inhibitor, and sponge
miR-708-5p mimics and inhibitors are chemically synthesized

in GenePharma company (Shanghai, China). miRNAmimics are
small, chemically modified double stranded RNAs designed to
mimic endogenous mature miRNA molecules. The sequences
of miR-708-5p mimics were 50 AAGGAGCUUACAAUCUAG-
CUGGG30 for sense and50 CAGCUAGAUUGUAAGCUCCUUUU
30 for antisense. miRNA inhibitors are sequence-specific and
chemically modified antisense oligonucleotides to specifically
target and inhibit endogenous miRNA molecules through exten-
sive sequence complementarity. The sequence of miR-708-5p
inhibitors was 50 CCCAGCUAGAUUGUAAGCUCCUU 30. miR-

708-5p sponge was constructed with a method modified from
previous reports (21). miR-708-5p sponge was developed by
inserting 4 tandemly arrayed copies of miR-708-5p binding sites
into the 30UTR of a reporter gene encoding destabilized GFP
driven by the CMV promoter, which can yield abundant expres-
sion of the competitive inhibitor transcripts, and established
immortal cell lines by a lentivirus-mediated cell transformation
technique. The single-copy sequence of miR-708-5p sponge was
50-CCCAGCTAGATTGTAAGCTCCTT-30.

Sphere formation assay
Five-hundred cellswere seeded in 6-well ultra-low cluster plates

(Corning) and cultured in DMEM/F12 serum-free medium (Invi-
trogen) supplemented with 2% B27 (BD Pharmingen), 20 ng/mL
EGF (Sigma) and 20ng/mLbFGF (Sigma). The number of spheres
(�50 mm) was counted after 7 days.

Mouse experiments
All animal experiments were performed according to the pro-

tocol of the Fudan Committee on Animal Care using 3–4-week-
old female BALB/c nude mice. A549 cells transduced with lenti-
viral constructs carrying either miR-708-5p sponge or sponge
control, were harvested, washed with PBS, and resuspended in
normal culture medium with Matrigel (BD Pharmingen). The
resulted cells were injected subcutaneously in the left and right
flank of nudemicewith twodoses (1� 103, 1� 104), respectively.
The tumors were excised, weighted and sectioned after engraft-
ment for 2 months, during which tumor volume was calculated
using the equation (L � W2)/2 every 10 days. Each group of
treated cells was injected into 6 nude mice.

Luciferase assay
For target gene assays, the predicted miR-708-5p binding

region of human DNMT3A and DNMT3B was amplified using
PCR and cloned into a pGL3 vector. Cells of 70% confluence in
24-well plates were transfected using Lipofectamine 2000. One-
hundred nanograms of constructed pGL3 vector, 5 ng of pRL-
SV40 Renilla luciferase construct (for normalization), and 100 ng
of control mimics or miR-708-5p mimics were cotransfected per
well. Cell extracts were prepared 36 hours after transfection, and
the luciferase activity was measured using GloMax (Promega).

For b-catenin activity assays, the pTOPflash (b-catenin-TCF/
LEF-sensitive) or pFOPflash (b-catenin-TCF/LEF-insensitive) vec-
tors (Promega) were cotransfected into A549 and Calu-3 cell lines
with miRNA/siRNA using Lipofectamine 2000. The Renilla lucif-
erase reporter vector pRL-SV40 was simultaneously transfected as
the control for transfection efficiency. Cell extracts were prepared
36 hours after transfection, and the luciferase activity was mea-
sured using GloMax (Promega). TCF-mediated b-catenin activity
was determined by the ratio of pTOPflash/pFOPflash luciferase
activity, each of which was normalized to the activity of the pRL-
SV40 reporter.

Dot blot analysis
The genomicDNAofA549andCalu-3 after transfectingofmiR-

708-5p or control were purified using AllPrep DNA/RNA/miRNA
universal kit (Qiagen) and the concentrations were accurately
determined by NanoDrop. Equal amount of DNA (1–2 mg) from
all samples was denatured in 1� buffer (0.4 mol/L NaOH,
10 mmol/L EDTA) at 100�C and mixed with an equal volume
of cold 2 mol/L ammonium acetate. After the membrane was

Translational Relevance

Lung cancer remains the leading cause of cancer-related
death. Cancer stem cell (CSC) can drive cancer development,
recurrence, and therapy resistance. Understanding lung CSCs
physiopathology should provide opportunity to prevent
tumor development and improve their therapeutic manage-
ment. miRNAs represent an emerging class of target biomo-
lecules considered as an alternative therapeutic approach in
different types of cancers. In this study, we identified for the
first time that miR-708-5p effectively suppressed the cell
stemness of lung cancer by targeting DNMT3A and then
reducing the subsequent DNA methylation. MiR-708-5p was
also demonstrated to act as a novel promising prognostic and
diagnostic biomarker in NSCLC. Consequently, our finding of
miR-708-5p-DNMT3A axis provided insights into pathologic
mechanisms underlyingNSCLC stemness, implying its clinical
significance in developing targets for NSCLC prediction and
therapy.
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rehydrated with 500 mL Tris-EDTA or H2O, the denatured DNA in
a 50–500 mL solution was loaded onto the membrane. Next,
the membrane was washed by 2� SSC buffer, baked at 80�C for
2 hours and blocked with 5% nonfat milk for 1 hour. The DNA-
spottedmembrane was incubated with rabbit anti-5mC antibody
(Active Motif) and the signal was detected by HRP-conjugated
secondary antibody and enhanced chemiluminescence. After
development, the membrane was hybridized with 0.02% meth-
ylene blue (Sigma) in 0.5 mol/L sodium acetate (pH 5.0) to stain
DNA as a loading control.

Bisulfite sequencing analysis
Approximately 1 mg of genomic DNA was modified with

sodium bisulfite using EZ DNA methylation-gold kit (Epige-
netics). The human CDH1 promoter region was amplified by
EpiMark hot start taq DNA polymerase (NEB) using the bisul-
fite-treated DNA as template. The products were subcloned into
pEASY-T3 cloning vector (Transgen Biotech) and then
sequenced for at least 10 colonies. The sequence results were
analyzed in website QUMA (http://quma.cdb.riken.jp/).

miRNA-seq for NSCLC samples
A total of 148 paired NSCLC samples, named FDPQG

(Population and Quantitative Genetics group of Fudan Uni-
versity) cohort, including 82 paired adenocarcinomas (LUAD)
and 66 paired squamous cell carcinomas (LUSC), were collect-
ed between 2010 and 2014 at Shanghai pulmonary hospital in
China. Samples were frozen in liquid nitrogen immediately
after resection and stored in liquid nitrogen until the extraction
of RNA. Tumors were classified according to the World Health
Organization pathologic classification system. The clinicopath-
ologic characteristics of patients were detailed in Supplemen-
tary Table S1. All patients provided informed consent and did
not receive any therapy before surgery.

Total RNA containing small RNAs was isolated from
approximately 50 mg of tissue for each sample using AllPrep
DNA/RNA/miRNA universal kit (Qiagen), according to the
manufacturer's instructions. RNA integrity and concentration
were measured using RNA 6000 Nano Chip kit and the
Bioanalyzer 2100 (Agilent Technologies). Only RNA extracts
with RNA integrity number values�8 underwent further
library preparation.

For high-throughput miRNAs sequencing, small RNA libraries
were established using TruSeq Small RNA Sample Preparation Kit
(Illumina) according to the manufacturer's protocols. Briefly,
small RNA (18–30 bp) was purified from 10 mg of total RNA by
PAGE electrophoresis. After ligation with corresponding adaptors
to their 30 and 50 ends, the small RNAs were subsequently reverse
transcribed into cDNA by SuperScript II Reverse Transcriptase
(Life Technologies). The cDNA fragments were amplified using
the adaptor primers for 12–15 cycles and the fragments of around
147 bp were isolated by 6% PAGE gel for subsequent sequencing.
Illumina HiSeq 2000 (Illumina) was used for sequencing of the
miRNA libraries.

For miRNA-seq data analysis, after removing the adaptor
sequence, the trimmed reads with a length between 15–27 bp
were aligned to the human reference genome build hg19 using
Bowtie, allowing no mismatches. Annotations of the mapped
loci were retrieved from Ensemble database (v.65) and from
miRBase (v.18) and aligned reads were classified according to
these annotations. For each sample, the reads that correspond

to particular miRNAs were summed and normalized to a
million miRNA-aligned reads to generate RPM for each
miRNA.

TCGA data analysis
Clinical information and level-3 miRNA-seq/mRNA-seq data

mentioned in our research were downloaded from the TCGA
database (https://tcga-data.nci.nih.gov/; accessed on June 1st,
2016). The summary of TCGA lung cancer samples' clinical
information was presented in Supplementary Table S2. Related
gene expression was further investigated between the indicated
groups.

Statistical analysis
Unless otherwise noted, all values were presented as mean �

SD, and Student t test (two-tailed) was used to compare two
groups for independent samples, assuming equal variances on all
experimental data sets. The Mann–Whitney–Wilcoxon test or
Kruskal–Wallis test was implemented to evaluate differential
expression of miR-708-5p between various groups. The samples
from FDPQG and TCGA lung cancer cohorts were divided into
two groups according to whether they exhibited a high (>the
median) or low (<the median) miR-708-5p expression level,
respectively. The c2 test or Fisher exact test was used to analyze
the relationship betweenWnt/b-catenin pathway gene expression
and miR-708-5p expression. Survival curves were plotted using
the Kaplan–Meier method, and survival difference was assessed
by the log-rank test. Receiver operating characteristic (ROC)
curves were constructed using miRNA expression data and area
under curve (AUC) was estimated to study the feasibility to
distinguish LUAD from LUSC. P values <0.05 was considered
statistically significant.

Results
miR-708-5p attenuates the stem cell–like phenotype in NSCLC

From our previous deep sequencing analysis on cellular path-
ways globally regulated by miR-708-5p, we observed that miR-
708-5p can downregulate the stem cell signaling pathway in
NSCLC (20). This observation prompted us to assess the biolog-
ical roles of miR-708-5p in regulating stem cell-like properties of
NSCLC. First, we examined the effects of miR-708-5p overexpres-
sion and inhibition on cancer cell sphere formations. To obtain an
optimal concentration of miR-708-5p mimics and inhibitors to
treat the cancer cells, A549 cells were transfected, respectively,
with themiR-708-5pmimics (25 nmol/L, 50 nmol/L, 100 nmol/L
and 150 nmol/L) and inhibitors (50 nmol/L, 100 nmol/L, 150
nmol/L and 200 nmol/L) at different doses (Supplementary
Fig. S1A and S1B). A total of 50 nmol/L of miR-708-5p mimics
and 100 nmol/L of inhibitors could optimally suppress and
induce cell sphere formation of the cancer cell line, and will be
used to the subsequent experiments, respectively. The actual levels
of miR-708-5p in the cells of A549, Calu-3 and 95D after treat-
ment with miR-708-5p mimics and inhibitors were examined. As
expected, transfection of miR-708-5p mimics results in signifi-
cantly increased miR-708-5p levels compared with the counter-
part cells with control mimics, while miR-708-5p inhibitors
decreased the miR-708-5p levels (Supplementary Fig. S1C). In
these resultant cells, we observed that those miR-708-5p–trans-
fected cells formed smaller and fewer spheres than their corre-
sponding control cells, whereas miR-708-5p–silenced cells
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Figure 1.

miR-708-5p inhibits stem cell–like properties in NSCLC cells in vitro and in vivo.A,miR-708-5p reduces sphere formation in the indicated cells. Representative images
(left) and quantification (right) of spheres formed by A549, Calu-3, and 95D after transfection of control, miR-708-5p mimic, or miR-708-5p inhibitor
were shown. Scale bar, 60 mm. B and C, The expression of cancer stemness–related genes, including OCT4, SOX2, CD34, and CD133, in miR-708-5p mimics (B)
or miR-708-5p inhibitors (C) transfected cells compared with corresponding control ones in A549, Calu-3, and 95D cells. b-Actin was used as a normalized
control. D, Two doses (1� 103, 1� 104) of miR-708-5p-sponge A549 cells and the corresponding controls were subcutaneously injected in the left and right flank of
BALB/c nude mice (n ¼ 6 mice per group), respectively. After inoculation for 60 days, the tumor xenografts were excised and representative images
were shown (top). Histograms represent final tumorweight of all mice (lower). Scale bar, 1 cm. E, The tumor volume curves inmice injectedwith different numbers of
miR-708-5p-sponge A549 cells and the corresponding control ones were plotted (top). Tumor formation frequencies for different numbers of indicated
cells were shown (lower). F, IHC staining (left) and Western blot analysis (right) of CD34 and CD133 in tumor tissues dissected from nude mice treated with
miR-708-5p-sponge or control. Scale bar, 30 mm. For statistical analysis, � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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formed larger and more spheres compared with the control cells
(Fig. 1A). These observations indicated that miR-708-5p
decreased tumor sphere formation. Notably, qRT-PCR showed
that the mRNA expression levels of embryonic stem cell markers
related to cancer stemness, namely, OCT4, SOX2, CD34, and
CD133, were significantly reduced in A549, Calu-3, and 95D cells
transfected with miR-708-5p mimics (Fig. 1B), but boosted in
response to the presence of miR-708-5p inhibitors (Fig. 1C).

Next, we assessed the functional presence of stem cell–like
properties by depleting miR-708-5p in vivo. Given that oligonu-
cleotide inhibitors are transiently transfected into cells and pro-
vided a correspondingly transient depression of miRNA targets,
we used miRNA sponges to knock down miR-708-5p stably in
A549 cells. To confirm the miR-708-5p inhibition by sponge, we
assessed the level of functional knockdown of miR-708-5p by a
reporter assay, in which the miR-708-5p binding site was intro-
duced into the 30UTR of a luciferase reporter gene, and found that
infectionof A549 cellswith themiR-708-5p sponge caused amore
than 3-fold increase in luciferase activity compared with the
control sponge (Supplementary Fig. S1D); this suggested that
more than 70% inhibition of miR-708-5p activity had been
achieved. Then, we assessed the effects of miR-708-5p sponge
onA549 cancer cell sphere formation. Consistentwith the effect of
miR-708-5p inhibitors, miR-708-5p sponge increased the ability
of sphere formation and induced higher expression in cancer stem
markers (Supplementary Fig. S1E and S1F). We then performed
limiting-dilution assays (LDA) and tumor transplantation assays
to monitor the effect of miR-708-5p on tumor-initiating capacity
of NSCLC cells. Two doses (1 � 103, 1 � 104) of miR-708-5p-
sponge A549 cells and their corresponding control cells were
subcutaneously inoculated in BALB/c nude mice. miR-708-5p
sponge A549 cells were subcutaneously injected in the left flank of
nude mice, while the vector control cells in the right flank. As
shown in Fig. 1D and E, miR-708-5p sponge A549 cells displayed
higher tumorigenicity and tumor growth rates than the control
cells. However, we compared the growth curves of A549 cells
transfected with miR-708-5p sponge and the corresponding con-
trol, and found that the in vitro proliferation rate of A549 cells did
not show obvious change after transfected with miR-708-5p
sponge (Supplementary Fig. S1G). Notably, only miR-708-5p
sponge cells formed visible tumors at the dose of 1 � 103 cells
inoculated, indicating that miR-708-5p might reduce the CSC
population in NSCLC cells. Consistently, tumors generated by
miR-708-5p sponge cells showed obviously higher expression in
cancer stemness–related markers such as CD34 and CD133 (Fig.
1F). These findings indicate that miR-708-5p reduces the tumor-
igenicity of NSCLC cells in vivo. Collectively, all these data suggest
that miR-708-5p inhibits the stem-like characteristics of NSCLC
cells.

DNMT3A is a direct target of miR-708-5p
To identify effectors of miR-708-5p on CSC-like phenotypes,

we implemented several in silico methods, including TargetScan,
miRanda, and RNAhybrid. Comparing the results obtained from
the different searches, DNMT3A and DNMT3B stood out as a
candidate target of miR-708-5p, which plays a pivotal role in
regulating stemness-associated pathway. Intriguingly, the poten-
tial miR-708-5p binding sites were identified in coding DNA
sequence (CDS) of DNMT3A (295–391 bp; Fig. 2A) and
DNMT3B (864–884 bp; Supplementary Fig. S2A). To test whether
DNMT3A and DNMT3B were the targets of miR-708-5p, we

respectively inserted the two regions harboringmiR-708-5p bind-
ing sites and their corresponding mutant binding sites into the
downstream of the luciferase reporter gene in pGL3 vector. The
dual-luciferase reporter assays revealed that miR-708-5p signifi-
cantly reduced luciferase activity in the presence of wild-type CDS
binding sequences of DNMT3A andDNMT3B compared with the
control miRNA, whereas it did not reduce its activity with the
mutant sequences (Fig. 2B; Supplementary Fig. S2B). However,
Western blots showed that only the protein levels of Dnmt3a, but
not Dnmt3b, were significantly decreased in A549, Calu-3, and
95D cells when transfected with miR-708-5p mimics (Fig. 2C).
Furthermore, inhibition ofmiR-708-5p significantly increased the
protein level of Dnmt3a in A549, Calu-3 and 95D (Fig. 2D;
Supplementary Fig. S2C). These findings indicate that DNMT3A
is one of miR-708-5p targets andmiR-708-5p regulates DNMT3A
expression through directly targeting its CDS.

To determine whether DNMT3A was the direct functional
mediator of miR-708-5p–suppressed stem cell–like properties
in NSCLC, we synthesized a short interfering RNA (siRNA) for
DNMT3A and introduced the siRNA into A549 and Calu-3 cells
that was transfected with miR-708-5p inhibitors. We first eval-
uated the consequence of DNMT3A suppression by different
doses of siRNAs (0–150 nmol/L) (Supplementary Fig. S2D).
Depletion of DNMT3A by siRNAs (100 nmol/L) demonstrated
the expected efficiency and specificity (Supplementary Fig. S2E
and S2F). Consistent with observations in lung cancer cells with
ectopic expression of miR-708-5p, the DNMT3A-depleted cells
had a substantial decrease in stem cell markers, such as OCT4,
SOX2, CD34, and CD133 (Supplementary Fig. S2G). Sphere
formation assays further confirmed that DNMT3A-depleted cells
have reduced stem cell–like properties (Supplementary Fig.
S2H). Then, the rescue experiment by silencing DNMT3A expres-
sion in the miR-708-5p-inhibiting A549 and Calu-3 cells showed
that the knockdown of DNMT3A abolished the enhancing effects
of miR-708-5p inhibitors on sphere formation and the expres-
sion of stem cell markers in lung cancer cells (Fig. 2E and F). On
the other hand, we also performed the rescue experiments via
restoring DNMT3A expression in miR-708-5p–expressing cells.
Because of miR-708-5p targeting at the coding sequence of
DNMT3A, miR-708-5p overexpression could interfere the over-
expression of wild-type DNMT3A. We therefore developed a
synonymous mutant of DNMT3A (DNMT3ASM) at the binding
site of miR-708-5p (Supplementary Fig. S3A). After DNMT3ASM

was confirmed not to be inhibited by miR-708-5p (Supplemen-
tary Fig. S3B) and had the equivalent ability to induce DNA
methylation as the wild-type DNMT3A (DNMT3AWT; Supple-
mentary Fig. S3C), we overexpressed DNMT3ASM in miR-708-
5p–expressing A549 and 95D cells. As illustrated in Supplemen-
tary Fig. S3D and S3E, overexpressing DNMT3ASM completely
rescued miR-708-5p–mediated sphere-forming defect. Taken
together, the bidirectional assays for engineering DNMT3A
expression both support that the ability of miR-708-5p to inhibit
cancer cell stemness is attributable to its capacity to depress
DNMT3A expression. Thus, we can conclude that DNMT3A is
indeed a direct functional mediator of miR-708-5p.

miR-708-5p inhibits DNMT3A expression by suppressing its
translation

We further examined whether miR-708-5p inhibits DNMT3A
expression by mRNA degradation or by translational repression.
We firstly compared the mRNA level of DNMT3A after
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transfection of miR-708-5p, where p21, a previously validated
target to be transcriptionally repressed by miR-708-5p (20), was
here used as the positive control target. As shown in Fig. 2G, the
mRNA levels of DNMT3A, were not reduced in miR-708-5p–

overexpressing A549, Calu-3 and 95D cells compared with their
control cells. This raised the possibility that miR-708-5p regulates
DNMT3A expression at posttranscriptional level. We simulta-
neously tested the variation of mRNA and protein of DNMT3A

Figure 2.

DNMT3A is a direct target of miR-708-5p. A, Schematics of predicted binding sites of miR-708-5p in the wild-type coding DNA sequence (CDS) of DNMT3A.
Mutations in the binding sites were highlighted in lower-case letters. B, Dual-luciferase activity of reporters with CDS-wt or CDS-mut of DNMT3A in the
293T cell transfected withmiR-708-5pmimic or control. C,Western blot analysis of Dnmt3a and Dnmt3b in A549, Calu-3 and 95D cells transfected withmiR-708-5p
mimic or control. a-Tubulin was used as a loading control. D, Western blot of Dnmt3a in A549, Calu-3 and 95D cells transfected with miR-708-5p-inhibitor
or control.a-Tubulinwas used as a loading control. E,Quantification of spheres formed by the indicated cells. F, qRT-PCR analysis of cancer stemness–related genes,
including OCT4, SOX2, CD34, and CD133, in the indicated cells. b-Actin was used as a normalized control. G, qRT-PCR analyses of DNMT3A and p21 mRNA
expression in A549, Calu-3, and 95D cells transfected with miR-708-5pmimic or control. b-Actin was used as a normalized control. H, qRT-PCR analysis of DNMT3A
and p21 mRNA expression in the indicated cells. b-Actin was used as a normalized control. I, Western blot analysis for the protein expression of Dnmt3a and
p21 in the indicated cells. a-Tubulin was used as a loading control. For statistical analysis, � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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in A549 cells transfected with AGO2-specific siRNAs. AGO2
encodes the core component of the miRNA-induced silencing
complex. As shown in Fig. 2H and I, the Dnmt3a protein levels
repressed bymiR-708-5pwas increased significantly in absence of
Ago2 protein, whereas the mRNA level of DNMT3A was failed to
alter regardless of AGO2 silencing. Altogether, these results sug-
gested that miR-708-5p inhibits DNMT3A expression just by
suppressing protein translation, but not by inducing mRNA
degradation, which is dependent on Ago2-mediated silencing
machinery.

miR-708-5p reduces global DNA methylation and restores
CDH1 expression through hypomethylating its promoter
region

Dnmt3a, one ofDNAmethyltransferases, has been identified to
carry out de novo methylation during the processes of develop-
ment, stem cell regulation and progression of several diseases in
mammals (22). To address whethermiR-708-5p expression led to
the reduction of global DNA methylation status in lung cancer
cells, the genomic DNA was extracted from miR-708-5p ectopic
expressing cells, and subjected to dot blot using 5-methylcytosine
(5-mC) antibody. As shown in Fig. 3A, the methylation levels of
global DNA present significantly lower in miR-708-5p–trans-
fected A549 and Calu-3 cells compared with their corresponding
control cells.

CDH1 encodes the epithelial cell adhesion molecule E-cad-
herin that forms the core of adherens junctions between adjacent
epithelial cells (23). It functions as ametastasis suppressor during
cancer progression. Notably, DNMT3A is strongly associated with
epigenetic silencing of theCDH1 gene (24).We therefore hypoth-
esized that miR-708-5p–mediated targeting of DNMT3A may
lead to restoringCDH1expression via inducingDNAhypomethy-
lation of its promoter region. To test this hypothesis, we first
examined the mRNA and protein levels of CDH1 in the presence
of overexpressing miR-708-5p. As expected, both the mRNA and
protein levels of CDH1 showed a remarkable increasewhen either
overexpressed miR-708-5p (Fig. 3B and C) or knocked down
DNMT3A (Fig. 3DandE) in cancer cells. The results suggested that
miR-708-5p upregulates CDH1 expression by impairing
DNMT3A. Then, we analyzed the methylation status of CDH1
promoter regions using bisulfite sequencing in miR-708-5p–
expressing A549 and Calu-3. As shown in Fig. 3F, 27 individual
CpG sites within the CpG island of CDH1 genewere sequenced to
identify methylated cytosine residues after genomic DNA were
treated with bisulfite. The results showed that the frequencies of
CDH1 promoter methylation in miR-708-5p–expressing A549
andCalu-3 cells were, respectively, 21.2% and 15.6%, whichwere
markedly lower than thosemeasured in their control cells (41.1%
and 40.7%, defined as a greater than 2-fold decrease; Fig. 3G).
Thus, miR-708-5p contributes to reduce global DNAmethylation
and upregulate CDH1 expression through reducing the methyl-
ation level of its promoter region.

miR-708-5p regulates Wnt/b-catenin signaling to weaken CSC
traits

On thebasis of themiR-708-5p–mediatedpromotionofCDH1
expression demonstrated above, we further explored the under-
lyingmechanismbywhich themiR-708-5p-DNMT3A-CDH1 axis
regulated stem cell–like properties. It is well documented that
CDH1would affectWnt/b-catenin signaling by binding b-catenin
anchored at the cytoplasmic membrane and preventing b-catenin

to form TCF/LEF transcription factor complex through blocking
its nuclear translocation (25).Wnt/b-catenin signaling pathway is
considered crucial for the maintenance of cellular stemness and
implicated in carcinogenesis of NSCLC (26). Thus, we asked
whether miR-708-5p–mediated CDH1 promotion would affect
intracellular Wnt/b-catenin signaling. To address this, we per-
formed b-catenin reporter assays using the Topflash construct
with multiple TCF/LEF-binding sites in the promoter of a firefly
luciferase reporter gene. These assays demonstrated thatmiR-708-
5p decreased b-catenin activity about 50% in A549, Calu-3 and
95D cells (Fig. 4A). Silencing CDH1 expression completely res-
cued b-catenin activity in miR-708-5p–overexpressing A549 and
Calu-3 cells (Fig. 4B); whereas silencing of DNMT3A strikingly
reversed the high activity of b-catenin in miR-708-5p-depleting
A549 and Calu-3 cells (Fig. 4C). These data indicated that miR-
708-5p inhibits Wnt/b-catenin signaling and this inhibition is
attributable to its capacity to inhibit DNMT3A. Meanwhile, the
mRNA and protein level of b-catenin was respectively detected,
and the results showed that there is not any difference between
miR-708-5p–overexpressing cells and their corresponding control
cells (Supplementary Fig. S4). However, the immunofluorescence
staining assays was used to observe the subcellular localization of
b-catenin and showed that miR-708-5p overexpression in A549
and Calu-3 cells showed a large pool of b-catenin enriched on the
cytoplasmicmembrane, whereas inmiR-708-5p–inhibiting A549
and Calu-3 cells this protein equally distributed in both cyto-
plasm and nucleus (Fig. 4D). Moreover, MYC, PPARD, and
FGF18, the well-established downstream target genes of the
Wnt/b-catenin pathway were significantly decreased in miR-
708-5p–overexpressing A549 and Calu-3 cells, whereas all these
target geneswere increased in themiR-708-5p–silencing cells (Fig.
4E). Furthermore, we tested the clinical relevance of miR-708-5p
and b-catenin–activated genes. As expected,miR-708-5p level was
positively correlated with CDH1 level and inversely correlated
with b-catenin–activated genes in the TCGA lung cancer dataset
(Fig. 4F). Thus, these data indicated that b-catenin activity is
impaired by miR-708-5p.

Next,we further examinedwhether the ability ofmiR-708-5p to
suppress cancer cell stemness depended on upregulating CDH1
expression and inactivating b-catenin. Either knocking-down
CDH1 or overexpressing b-catenin reversed the ability of tumor
cells to form spheres in miR-708-5p–expressing A549 and Calu-3
cells (Fig. 4G). These data indicate that miR-708-5p overexpres-
sion can impair the stemness and tumorigenesis of NSCLC cells
through inactivating Wnt/b-catenin signaling.

miR-708-5p correlates with NSCLC patient survival and
reversely with recurrence

To explore the pathogenic implications of miR-708-5p in the
development and progression of NSCLC, we extended to analyze
the relationships between miR-708-5p expression and clinico-
pathologic features of NSCLC in two independent clinical groups
including TCGA lung cancer cohort and FDPQG cohort. Clinico-
pathologic characteristics of the two cohorts are summarized in
Supplementary Tables S1 and S2. Our previous study demon-
strated that miR-708-5p expression significantly correlated with
patient survival in our FDPQGdataset (20). To further validate the
prognostic impact of miR-708-5p in NSCLC, we interrogated
these associations in the lung cancer dataset of TCGA. We thus
analyzed miR-708-5p expression levels of those patients with
adenocarcinoma (LUAD) and squamous cell carcinoma (LUSC)
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for whose pathologic stage, recurrence, and overall survival (OS)
data were available. A total of 484 and 470 cases for LUAD
and LUSC were divided into high (>median) and low (<median)
miR-708-5p subgroups. The patients with higher miR-708-5p
expression had longer OS than those expressing lower levels of
miR-708-5p (Fig. 5A). Among 484 LUAD cases, the two sub-
groups of patients with high and lowmiR-708-5p expression had
themedian survival times respectively with 54.1 and 41.9months
and the cumulative 5-year survival rates, respectively, with 49.4%

and 30.2%, while among 470 LUSC patients, the two subgroups
with high and low miR-708-5p expression had the median
survival times with over 60 and 56.4 months and the cumulative
5-year survival rates with 57.5%and41.1%, respectively (Fig. 5A).
Furthermore, in the TCGA cohort, only 379 LUAD and 315 LUSC
caseswere censoredwith the data of recurrence after surgery. These
cases were also stratified into two subgroups by the median
cutoff of miR-708-5p expression. LUSC patients with high miR-
708-5p expression had longer recurrence-free survival (RFS)

Figure 3.

miR-708-5p promotes the expression of CDH1 via hypomethylating its prompter region. A, miR-708-5p reduces the global DNA methylation. The genomic DNA
from A549 and Calu-3 was prepared after transfecting with miR-708-5p mimic or control for 48 hours and then subjected to dot blot analysis using 5mC
antibody. Left, representative images were shown. Equal DNA loading was verified by staining the membranes with 0.2% methylene blue. Right, graph is the
quantification of dot blot intensity from left. qRT-PCR (B) and Western blot (C) analysis of CDH1 in miR-708-5p–transfected cells compared with the
corresponding control ones in A549, Calu-3, and 95D cells. qRT-PCR (D) and Western blot (E) analysis of CDH1 in si-DNMT3A–transfected cells compared with
the corresponding control ones in A549, Calu-3, and 95D cells. b-Actin was used as a normalized control in qRT-PCR analysis and a-Tubulin was used as a
loading control in Western blot analysis. F, CpG sites in CDH1 promoter region was indicated as small vertical lines. Numbers refer to the position relative to the
transcriptional start site (TSS) of CDH1. G, Bisulfite analysis for the change of DNA methylation in CDH1 promoter region in A549 and Calu-3 cells transfected
with miR-708-5p mimic or control for 48 hours. Left, open circles indicate unmethylated CpG sites, while filled circles indicate methylated CpG sites. Results
of 10 clones were presented. Right, the methylation ratio of CDH1 for all the CpG sites of 10 clones in miR-708-5p–transfected cell or the corresponding
control one was shown in the bar chart.
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Figure 4.

miR-708-5p suppresses Wnt/b-catenin signaling. A, Luciferase assay of TCF/LEF transcriptional activity in A549, Calu-3, and 95D cells transfected with the
miR-708-5p mimic or control. B and C, Luciferase assay of TCF/LEF transcriptional activity in the indicated cells. D, Confocal images of A549 and Calu-3 cells
transfected with miR-708-5p, miR-708-5p-inhibitor, or control for the localization of b-catenin. Scale bars, 30 mm. E, qRT-PCR analysis of the expression of
downstream genes for Wnt/b-catenin pathway, including MYC, PPARD, and FGF18, in the indicated cells. F, Percentage of specimens showing low or high
miR-708-5p expression in relation to the expression of CDH1, MYC, PPARD, and FGF18 in TCGA LUSC cohort. The c2 test was used to analyze statistical significance.
G, The effect of knocking-down CDH1 by siRNA or overexpression of b-catenin on cellular sphere formation in the miR-708-5p–transfected A549 and Calu-3
cells. For statistical analysis, � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 5.

miR-708-5p correlateswith prognosis and recurrence in NSCLC.A,Kaplan–Meier analysis of the 5-year survival rate and overall survival time (OS) of NSCLC patients
with LUAD (left) or LUSC (right), for whom OS information was available in the TCGA lung cancer dataset. The patients were stratified by high group versus
low group depending on the expression of miR-708-5p. B, Kaplan–Meier analysis of the recurrence of NSCLC patients with LUAD (left) or LUSC (right), for whom
recurrence information was available in the TCGA lung cancer dataset. The patients were stratified depending on the expression of miR-708-5p, as indicated.
C andD,miR-708-5p expression in LUAD and LUSC patients from FDPQG cohort (C) and TCGA cohort (D). The expression ofmiR-708-5pwas extraordinarily higher
in LUSC patients than that in LUAD patients. E and F, ROC curve analysis showing the ability of miR-708-5p expression to discriminate between LUAD
and LUSCpatients fromFDPQGcohort (E) and TCGAcohort (F).G,The association ofmiR-708-5p expressionwith the protein level of DNMT3A andmethylation level
of CpG sites of CDH1 promoter in 20 NSCLC tissue samples (10 LUAD and 10 LUSC). Top, miR-708-5p expression measured by qRT-PCR; middle, the
methylation level of CDH1 promoter region detected by bisulfite sequencing. Bottom, the protein level of DNMT3A measured by Western blotting. GAPDH was
used as a loading control. H, The heatmap of miR-708-5p expression and 425 differentially methylated CpG sites from 111 genes in TCGA cohort. Top,
two-dimensional hierarchical clustering based on the beta values of those CpG sites with different methylation status between TCGA LUAD and LUSC samples. CpG
sites are in rows, and samples are in columns. Bottom, miR-708-5p expression.
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than those with low miR-708-5p expression (log-rank test, P ¼
0.003), whereas among LUAD patients, no significant statistical
difference was present between the two subgroups with high and
low miR-708-5p expression (Fig. 5B). Altogether, these results
suggested that the expression level of miR-708-5p was associated
with OS and RFS in NSCLC and might be indicative of the
prognosis of NSCLC patients.

miR-708-5p serves as a biomarker to distinguish histologic
subtypes of NSCLC

To further test whether thatmiR-708-5p can serve as biomarker
for distinguishing between LUAD and LUSC, we initially com-
pared the miR-708-5p expression status of patients with LUAD
and LUSC in our FDPQG cohort. As shown in Fig. 5C, the average
expression level of miR-708-5p among 66 LUSC patients was 4-
fold higher than that among 82 LUAD patients (P < 0.001). The
receiver operating characteristic (ROC) analysis further showed
that miR-708-5p expression can be a single significant parameter
to discriminate between LUAD and LUSC with an area under the
ROC curve (AUC)of 0.859 (P <0.001; Fig. 5E). In parallel, we also
analyzed the miR-708-5p expression data of lung cancer in the
TCGA cohort. The average expression level of this miRNA from
478 LUSC patients was much higher than that from 512 LUAD
cases (Fig. 5D), and ROC analysis revealed that this miRNA was a
remarkable biomarker to distinguish well LUSC from LUADwith
an AUC of 0.881 (P < 0.001; Fig. 5F). The results corresponded
well with that draw from our FDPQG cohort. To further explore
the clinical implications of miR-708-5p, we investigated the
relationship between miR-708-5p expression and different
molecular subtypes within adenocarcinomas, respectively, clas-
sified by the genotypes of EGFR, ALK, TP53, and KRAS in TCGA
lung cancer cohort. However, miR-708-5p did not show signif-
icant difference between the two groups of wild -type andmutant
samples categorized by any aforementioned gene of interest
(Supplementary Fig. S5A). Taken together, miR-708-5p is a novel
and efficient diagnostic biomarker for discriminating adenocar-
cinoma and squamous cell carcinoma in NSCLC.

Given the precise histology of lung cancer has gained new
importance for guiding patient management and choice of ther-
apy, and combinatorial epigenetic therapy has demonstrated
encouraging clinical activity, we investigated the association of
miR-708-5p expression with the protein level of its target gene
DNMT3A using 20 representative tumor specimens of our lung
cancer cohort. The data showed that miR-708-5p expression in
lung adenocarcinomas (LUAD) is significantly lower than that in
lung squamous carcinomas (LUSC), while the protein level of
DNMT3A and the methylation level of CDH1 promoter in LUAD
were correspondingly higher than those in LUSC (Fig. 5G).
Moreover, in TCGA cohort, we performed the hierarchical clus-
tering analysis based on the methylation status of 425 CpG sites
from 111 genes involved in the development and progression of
cancer cells, which were screened with differential methylation
level between LUAD and LUSC (27). As shown in Fig. 5H, of 425
CpG sites, 308 sites accounting for 72.5% presented hypermethy-
lated in LUAD, while the remaining 117 sites representing 27.5%
were hypermethylated in LUSC, indicating that the total methyl-
ation level in LUAD was significantly higher than that in LUSC
among these genes. Notably, the miR-708-5p expression pre-
sented comparatively lower in LUAD patients with totally higher
methylation levels of those genes than in LUSC with lower
methylation levels. Among those CpG sites, 6 representative sites

with the most significant difference between LUAD and LUSC
were shown in Supplementary Fig. S5B. Intriguingly, all the 6CpG
sites are assigned in the promoter region of tumor suppressor
genes, such as APC, AXIN1, CDH13, DKK3, GAS1, and RUNX3.
So, miR-708-5p expression not only considerably precisely dis-
tinguish the subtypes of NSCLC, but may also play a suggestive
role in making treat decisions for the patients whether they are
suitable for the epigenetic therapy of DNMT inhibitors.

Discussion
The recent studies indicate that many genetic and epigenetic

changes underlying the aggressive and destructive behavior of
cancer cells are orchestrated by a discrete population of cancer
cellswith stemcell properties (28). These cells are knownas cancer
stem cells. However, identification of valid CSC markers and
development of new therapies that can selectively target lung
CSCs lag behind other cancers. The ability of miRNAs to regulate
stem cell fate and differentiation by attenuating the protein levels
of various factors that are required for stem cell functions opens a
new dimension of miRNA in regulation of CSC functions. Our
current work has led to the identification of tumor-suppressive
miR-708-5p that inhibits synthesis of the Dnmt3a protein, result-
ing in the global DNA hypomethylation (including CDH1 pro-
moter region), and promoting CDH1 expression; these facilitate,
in turn, to assemble the CDH1/b-catenin complex in the cyto-
plasmic membrane and preventing b-catenin nuclear transport,
thereby inactivating Wnt/b-catenin signaling and suppressing
carcinoma cell stemness (Fig. 6). Although previous investiga-
tionshave established themolecular linkagebetweenmiR-708-5p
and stem cell molecules CD44 (29), we first demonstrate that the
functional interactions between miR-708-5p and DNA methyla-
tion, a major epigenetic code, determine lung cancer cell fate via
CDH1 reexpression, providing a new layer of mechanism by
which the Wnt/b-catenin–mediated stem cell-like properties of
NSCLC cells are developed. In addition, clinical evidences proved
that miR-708-5p can be a significant parameter to discriminate
adenocarcinoma from squamous cell carcinoma in NSCLC. miR-
708-5p expression correlated with NSCLC patient survival and
inversely with recurrence. Taken together, these findings suggest
that miR-708-5p alteration has significant potential as a disease
biomarker for diagnosis and prognosis in NSCLC.

DNA methyltransferase (DNMT) enzymes Dnmt1, Dnmt3a or
Dnmt3b, regulating DNA methylation, have been targeted in
therapeutic approach. DNMT inhibitors 5-azacytidine and deci-
tabine are FDA-approved for the treatment of hematologic malig-
nancies, myelodysplasia and acute myeloid leukemia (30). A
novel first-in-class oxidative epigenetic agent RRx-001 is currently
under investigation in multiple phase II clinical trials, alone or in
combination, for the treatment of solid tumors (31). Besides, the
Wnt/b-catenin signaling plays an important role in the develop-
ment of stem cell–like properties, which is well defined in a wide
variety of cancer types, making it an attractive therapeutic target
(32, 33). OMP-18R5, a humanized mAb, which targets Fzd
receptors, is currently in a phase I clinical trial (34). PRI-724, an
inhibitor of b-catenin/CBP interaction, also entered a phase I
clinical trial and was treated with solid tumors (35). As for
miRNAs, mounting evidence suggests thatmiRNAs are promising
molecules for use in therapeutic interventions likely, because
miRNAs function as master regulators of cellular genes and exert
strong regulatory effects on tumor development and progression
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by targeting multiple molecules. Our current study revealed that
miR-708-5p had double-layer effects on anti-stem cell properties:
one is inhibiting global hypermethylation by targeting DNMT3A;
another is restoring CDH1 expression to inactivateWnt/b-catenin
signaling. These results suggest that miR-708-5p may be a novel
prototype therapeutic agent that can target lung CSCs to suppress
tumorigenesis and relapse. Moreover, when compared with
LUSC tumors, LUAD tumors totally exhibited lower expression
of miR-708-5p and higher DNA methylation status, especially of
some tumor suppressor genes. The underlying mechanism of
miR-708-5p–mediated epigenetic changes demonstrated here
suggests the promising target for epigenetic therapies. Therefore,
miR-708-5p expression may be helpful for making treat decision
for NSCLC patients whether epigenetic therapy is acceptable.
However, further clinical investigation is warranted.

In the past, NSCLCswere lumped together without attention to
more specific histologic typing, as there was no therapeutic
implication to further separating histologic subtypes such as
LUAD and LUSC. With the development of precision medicine,
especially targeted therapy, this has changed. Precision medicine
relies on validated biomarkers which help cancer patients get
more accurate diagnostics about the clinical subtype and predict
their probable disease risk, prognosis, and response to treatment
(36). For NSCLC, LUAD is more susceptible to pemetrexed than
LUSC (37), while patients with LUSC fared better with gemcita-
bine than that of LUAD (38). Furthermore, EGFR mutation and
ALK gene rearrangement are almost exclusively detected in LUAD.
EGFR-positive non-small cell lung adenocarcinoma is currently its
own taxon as opposed to being included in the general lung
adenocarcinoma taxon and is treated with different chemother-
apy from that of non-EGFR–driven adenocarcinomas (39). ALK
translocation–positive subtype leads to patients being eligible for
crizotinib (40). Therefore, it is clinically important to identify
LUAD and LUSC histotype. Currently, distinguishing subtypes
mainly depends on IHC staining of complete surgical resection
specimens in clinical diagnosis. The sensitivity of themost widely
used staining protein, TTF-1, is only 62%, suggesting that com-
plementary markers are needed to enhance the specificity. miR-
NAs have been demonstrated to be efficient biomarkers for the

histotyping of NSCLC (41). Here, miR-708-5p shows high sen-
sitivity and specificity for histologic diagnosis with an AUC of
more than 0.85 under the ROC curve, and presents a potential to
act as a prognostic and diagnostic biomarker in NSCLC. More-
over, our studies demonstrated that NSCLC patients with high
expression ofmiR-708-5phave the low risk to recurrence and long
survival time when compared with those with low expression of
miR-708-5p. In addition, miRNAs are well preserved in formalin-
fixed tissue and can bemeasured in a variety of biologicalmaterial
(for example, blood, organ tissue, stool, saliva, and urine), mak-
ing them as ideal candidates for molecular markers for use in
routinely processed material (42, 43). Thus, we anticipate that
miR-708-5p would be added into existing biomarker panels in
precision medicine of lung cancer.
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Figure 6.

A proposed model for Wnt/b-catenin
inhibition by miR-708-5p through
suppression of DNMT3A in NSCLC.
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