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Downregulation of miR-218 contributes to epithelial–
mesenchymal transition and tumor metastasis in lung cancer
by targeting Slug/ZEB2 signaling
Z-M Shi1,2,7, L Wang2,7, H Shen3,7, C-F Jiang2, X Ge2, D-M Li2, Y-Y Wen2, H-R Sun2, M-H Pan4, W Li5, Y-Q Shu3, L-Z Liu6, SC Peiper6,
J He6 and B-H Jiang2,6

Epithelial–mesenchymal transition (EMT) has been recognized as a key element of cell migration and invasion in lung cancer; however,
the underlying mechanisms are not fully elucidated. Recently, emerging evidence suggest that miRNAs have crucial roles in control of
EMT and EMT-associated traits such as migration, invasion and chemoresistance. Here, we found that miR-218 expression levels were
significantly downregulated in lung cancer tissues compared with adjacent non-cancerous tissues, and the levels of miR-218 were
significantly associated with histological grades and lymph node metastasis. Overexpression of miR-218 inhibited cell migration and
invasion as well as the EMT process. Of particular importance, miR-218 was involved in the metastatic process of lung cancer cells
in vivo by suppressing local invasion and distant colonization. We identified Slug and ZEB2 as direct functional targets of miR-218.
Inverse correlations were observed between miR-218 levels and Slug/ZEB2 levels in cancer tissue samples. In addition, overexpression
of miR-218 in H1299 increased chemosensitivity of cells to cisplatin treatment through suppression of Slug and ZEB2. These findings
highlight an important role of miR-218 in the regulation of EMT-related traits and metastasis of lung cancer in part by modulation of
Slug/ZEB2 signaling, and provide a potential therapeutic strategy by targeting miR-218 in NSCLC.
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INTRODUCTION
Lung cancer is the most common cancer worldwide. Approxi-
mately 80% of lung cancers are non-small cell lung cancer
(NSCLC), with high mortality and low 5-year survival rate of o15%
after initial diagnosis.1,2 Owing to recurrence, extensive invasion
and metastasis, the clinical outcomes for patients with NSCLC are
still dismal. Cisplatin-based chemotherapy is widely used as the
first-line chemotherapeutic agent for advanced NSCLC.3 However,
the chemotherapy response varies among patients, and the
development of resistance is one of the biggest obstacles against
successful chemotherapy in clinical application. Previous studies
have demonstrated that epithelial–mesenchymal transition (EMT),
especially that induced by transforming growth factor β1 (TGF-β1),
is a necessary and a key process in metastasis of cancer including
NSCLC.4–6 Cancer cells undergoing EMT may acquire altered traits,
including migration, invasion and chemoresistance to cisplatin
and epidermal growth factor tyrosine kinase inhibitors in diverse
cancers.7,8 Therefore, it is vital to investigate the molecular
mechanisms underlying the EMT and EMT-related traits of NSCLC,
which could help to develop novel prognostic biomarkers and an
efficient strategy for the treatment of NSCLC.
MicroRNAs (miRNAs) are a class of short noncoding

RNAs, approximately 18–24 nucleotides in length, which

post-transcriptionally modulate gene expression by either inhibit-
ing translation or inducing mRNA degradation.9 MiRNAs can
function as either tumor suppressors or oncogenes, which are
involved in various biological and pathological processes such as
cell proliferation, apoptosis, differentiation and tumorigenesis.10–12

Emerging evidence has indicated that miRNAs regulate EMT and
EMT-mediated drug resistance. For example, the miR-200 family
members have been shown to reduce cell migration and invasion
by targeting ZEB1 and ZEB2 in variety cancers including lung
cancer.13–16 Overexpression of miR-216a/217 induced EMT and
promoted drug resistance by targeting PTEN and SMAD7.17

Similarly, ectopic expression of miR-200b and miR-15b reversed
the phenotype of EMT in human tongue cancer cells, and
sensitized them to cisplatin by targeting BMI1.18 These findings
suggest that alterations of certain miRNAs expression in cancer
cells may contribute to cancer EMT progression.
Deregulation of miR-218 has been reported in different types of

tumors.19,20 In lung cancer, overexpression of miR-218 inhibited
cell proliferation, migration and invasion by targeting genes such
as epidermal growth factor receptor, HMGB1,21,22 and was
associated with cisplatin chemosensitivity,23 suggested a critical
role of miR-218 in lung cancer development. However, the
function of miR-218 in lung cancer progression, in particular
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EMT and subsequently invasion, metastasis and chemoresistance,
remains to be investigated. Here, we aimed to evaluate the
underlying roles and mechanisms of miR-218 in lung tumorigen-
esis. We found that the expression level of miR-218 was
significantly lower in NSCLC tissues than in the corresponding
normal lung tissues, and inversely associated with advanced stage
and lymph node metastasis of NSCLC. Overexpression of miR-218
inhibited EMT and EMT-related traits by targeting the EMT
regulator Slug and ZEB2 in vitro and in vivo. These observations
would provide new insights into the molecular mechanism of lung
cancer development as well as new therapeutic strategy in the
future.

RESULTS
MiR-218 was downregulated and associated with advanced
clinical stage and metastasis in NSCLC
Microarray-based miRNA expression profiling of A549 and A549/
TGF-β1 cells revealed a set of differentially expressed miRNA
candidates. We found that miR-218 was the most prominent
downregulated miRNA in response to TGF-β1 treatment, and
selected miR-218 for further analysis (Supplementary Table1). We
first assayed the expression levels of miR-218 in 60 pairs of human
NSCLC and their corresponding non-cancerous lung tissues. By
stem-loop quantitative reverse transcription–PCR, we verified that
the expression levels of miR-218 were significantly decreased in
human NSCLC compared with those of adjacent non-cancerous
lung tissues (Figure 1a). Correlation analysis showed that the

miR-218 expression level was reversely correlated to histological
grade (Figure 1b). Moreover, when 60 NSCLC samples were
classified based on the occurrence of lymph node metastasis, we
found that the expression levels of miR-218 were lower in NSCLC
with lymph node metastasis compared with those without
metastasis (Figure 1c, Supplementary Table2). These results
indicated that the reduced expression of miR-218 is associated
with highly metastatic capacity of NSCLC cells.

MiR-218 negatively regulated the migration, invasion and EMT
of NSCLC cells
To determine the effect of miR-218 on cancer cell metastasis, we
first assessed the expression levels of miR-218 in four human lung
cancer cell lines (A549, H1299, PC9 and SPCA-1). The miR-218
expression levels were the lowest in H1299 and the highest in
A549 among four lung cancer cell lines (Figure 2a). Meanwhile, the
migration and invasion ability of the four cell lines were tested by
Transwell assay with or without coated Matrigel. As is shown in
Figure 2b, H1299 cells (which were originally derived from a lymph
node metastasis of the lung from a patient) showed a strong
migration and invasiveness, whereas A549 cells exhibited the
lowest ability for migration and invasion, which were inversely
correlated with the expression levels of miR-218 in these cells.
Then, we chose H1299 and A549 cells for subsequent analysis
accordingly. H1299 cells with lower endogenous miR-218 expres-
sion levels were applied in gain-of-function studies using miR-218
mimics, whereas A549 cells with higher miR-218 levels were

Figure 1. MiR-218 was downregulated and associated with advanced clinical stage and NSCLC metastasis. (a) The relative mRNA levels of
miR-218 were detected by qRT–PCR and normalized against an endogenous control (U6 RNA) in 60 pairs of lung cancer tissues. (b) Relative
expression levels of miR-218 in different stages of cancer tissues. (c) qRT–PCR analysis of miR-218 expression levels in 60 pairs of primary
NSCLC tissues and their corresponding lymph node metastases. Data represent mean± s.d. of three replicates. *Indicated significant
difference at Po0.05; **Indicated significant difference at Po0.01.
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applied in loss-of-function studies using anti-miR-218 inhibitors.
Overexpression of miR-218 in H1299 cells reduced cell migration
and invasion ability by 50% and 40%, respectively, compared with
control cells (Figure 2c). In contrast, inhibition of miR-218 in A549
cells increased cell migration and invasion ability by 43.5- and
4-fold (Figure 2d). In addition, when transfected with miR-218
mimics, H1299 cells underwent morphological change from a
spindle shaped to a rounded or cobblestone-like shaped. In
contrast, more rounded A549 cells became spindle shaped when
transfected with anti-miR-218 inhibitors (Figure 2e). These
observations suggested that miR-218 may be involved in the
EMT of NSCLC cells. Next, we assessed EMT markers E-cadherin
and Vimentin using western blot analysis. The protein levels of
E-cadherin and Vimentin were significantly increased and
decreased, respectively, in H1299 cells overexpressing miR-218
(Figure 2f). Furthermore, inhibition of miR-218 caused the
decrease of E-cadherin and increase of Vimentin expression in
A549 cells (Figure 2f). Similar results were obtained by immuno-
fluorescence staining assay (Figure 2g).
It was reported that A549 cells undergo EMT morphological

changes upon exposure to TGF-β1.24 To explore whether miR-218
is involved in TGF-β1-induced EMT, we first analyzed expression
levels of miR-218 in A549 cells treated by TGF-β1. Upon treatment
with TGF-β1, the expression levels of miR-218 were decreased and
A549 cells acquired spindle-type cell morphology (Supplementary
Figures 1A and B). Overexpression of miR-218 partly reversed
TGF-β1-induced morphological change in A549 cell (Supplementary
Figure 1B). Furthermore, western blot analysis and qRT–PCR assay
showed that A549 cells treated with miR-218 and TGF-β1
stimulation showed diminished E-cadherin expression and
increased Vimentin expression (Supplementary Figures 1C and
D). These results suggest that miR-218 contributes to TGF-β1-
induced EMT in NSCLC cells.

MiR-218 directly targets Slug and ZEB2
To elucidate the molecular mechanism by which miR-218
suppresses the metastasis of NSCLC cells, we used bioinformatics
tools to identify its potential target genes. MiR-218 is predicted to
target Slug and ZEB2 (Figure 3a), which are known to be relevant
to EMT and tumor metastasis.25 In order to prove whether miR-218
directly targets both Slug and ZEB2, 3′-UTR sequences containing
wide-type or mutant miR-218-binding sites of Slug and ZEB2 were
cloned into the pMIR-REPORT vector, respectively. H1299 cells
were co-transfected with reporter plasmids and miR-218 or
miR-NC. MiR-218-transfected cells showed a remarkable inhibition
of luciferase activities of both Slug and ZEB2 reporters with wild-
type binding sites, but not with mutant binding sites (Figure 3b).
Western blot analysis showed that overexpression of miR-218
repressed protein levels of both Slug and ZEB2, and vice versa
(Figure 3c). These data indicate that miR-218 regulates Slug and
ZEB2 expression through directly targeting their 3′-UTR regions.
To explore the possible clinical relevance of these findings, we

investigated the expression levels of Slug and ZEB2 in human
NSCLC tissues. The mRNA levels of Slug and ZEB2 were found
higher in NSCLC tissues than those in non-tumor tissues
(Figure 3d). We further analyzed the correlation between Slug/
ZEB2 levels and miR-218 expression levels in the same NSCLC
specimen. As shown in Figure 3e, Spearman′s correlation analysis
demonstrated that both Slug and ZEB2 levels in NSCLC samples
were inversely correlated with miR-218 expression levels
(Spearman′s correlation r= –0.8352 and Spearman′s correlation
r= –0.8398, respectively).

Modulations of miR-218 on EMT and EMT-related invasion and
drug resistance through Slug/ZEB2 pathway
We next investigated whether Slug and ZEB2 are functionally
important in miR-218-induced alterations in EMT and EMT-related

traits of lung cancer cells. H1299 cells were co-transfected with
miR-218 or miR-NC together with pCMV-Slug or pCMV-ZEB2
for 48 h. The results showed that overexpression of Slug or ZEB2
without the 3′-UTR partially reversed the morphological change
caused by ectopic expression of miR-218 in H1299 cells
(Figure 4a). In addition, the protein levels of E-cadherin and
Vimentin were restored by overexpression of Slug or ZEB2
complementary DNA (Figure 4b). The cell invasion assay showed
that overexpression of Slug or ZEB2 abrogated the reduction
of invasion ability caused by ectopic expression of miR-218 in
H1299 cells (Figure 4c). It was reported that cancer cells
undergoing EMT may acquire the ability of migration and
invasion, as well as the increase of chemoresistance.26 As
overexpression of miR-218 can regulate the migration and
invasion of lung cancer cells, we next examined whether
miR-218 has effect on drug resistance in H1299 cells. As expected,
overexpression of miR-218 significantly increased cell chemosen-
sitivity in response to cisplatin treatment (Supplementary
Figure 2). Ectopic expression of Slug or ZEB2 partially reversed
miR-218-induced H1299 cells chemosensitivity to cisplatin
(Figures 4d and e). We also found that the combination of
miR-218 and cisplatin treatment significantly induced cell
apoptosis, whereas forced expression of Slug or ZEB2 partially
abolished the apoptosis induced by miR-218 compared with miR-
NC group (Figure 4f). These findings suggest that miR-218
regulates the EMT and EMT-related invasion and drug resistance
of NSCLC cells through suppression of Slug and ZEB2.

The role of miR-218 in tumor growth and metastasis in vivo
We further explore whether miR-218 overexpression can inhibit
tumor growth and metastasis in vivo. H1299 cells with low basal
expression levels of miR-218 were infected with lentivirus
expressing miR-218 or negative control; whereas A549 cells with
high basal expression levels of miR-218 were infected with
lentivirus expressing anti-miR-218 inhibitor or negative inhibitor
control. After the cell selection by puromycin, stable cell lines
termed as H1299/miR-NC, H1299/miR-218, A549/miR-NC-inhibitor
and A549/miR-218 inhibitor cells were established. Cells were
injected into posterior flanks of immune-deficient mice, and tumor
sizes were to be measured 12 days after injection. Compared with
miR-218 group, miR-NC group developed significantly larger
tumors started from days 12 to 22 (Figure 5a). Inhibition of
miR-218 resulted in bigger tumors than those in control mice
(Figures 5a and b). Consistent with in vitro data, the protein levels
of Slug and ZEB2 in tumor tissues from miR-218 overexpression
group were much lower than those of miR-NC group analyzed by
western blot analysis, whereas levels of Slug and ZEB2 in anti-
miR-218 inhibitor group were higher compared with the control
(Figure 5c). Taken together, these results suggest that miR-218
suppresses the expression levels of both Slug and ZEB2, and
inhibits tumor growth in vivo.
Local invasion and tumor growth at a distant site are the key

steps in tumor metastasis.27 To determine if miR-218 could also
inhibit metastatic process in vivo, we stably overexpressed
miR-218 or miR-NC in H1299, the cell line with the highest
metastatic potential, then established an orthotopic lung cancer
xenograft model in nude mice. The mice were killed 50 days after
cell implantation. The metastatic foci counted based on fluor-
escent areas of tumors, the mice in miR-NC group showed
extensive invasion and contra-lateral lung metastasis, whereas
the mice in miR-218 group had far less metastasized foci
(Figures 6a and b). Furthermore, hematoxylin and eosin staining
in tissues revealed the presence of more metastatic tumor nodules
in the lungs of the miR-NC group than those in miR-218 group
(Figure 6c). The ISH assay showed that miR-218 expression was
barely detected in the majority of lung cancer tissues in miR-NC
group, but very high levels of miR-218 in the miR-218 group.
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Similarly, immunohistochemical staining of lung cancer tissues
showed that the expression levels of Slug and ZEB2 in miR-218-
overexpressing group were significantly decreased compared with

miR-NC group (Figure 6d). These findings suggested that over-
expression of miR-218 was able to suppress tumor local invasion
and metastatic ability.

Figure 2. Continued.
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DISCUSSION
Deregulation of miRNAs has been observed in various cancers;28,29

they either function as oncogenes or tumor-suppressor genes to
be involved in tumorigenesis and cancer progression.30,31 In this
study, we showed that the expression level of miR-218 was
significantly lower in human lung cancer tissues than that of
adjacent normal tissues. Meanwhile, the downregulated miR-218
was significantly associated with histological grade and lymph
node metastasis. The functional analysis revealed that ectopic
expression of miR-218 markedly repressed the migration, invasion
and EMT of lung cancer cells. Interestingly, we found that the
expression levels of miR-218 were further decreased in lung
cancer cells during TGF-β1-induced EMT process. However, the
mechanism underlying TGF-β1-induced miR-218 repression is not
understood yet. It was reported that EZH2, a catalytic subunit of
PRC2, mediated epigenetic silencing of miR-218 via histone
methylation in pancreatic ductal adenocarcinoma cells.32,33

Besides, the TGF-β signaling pathways have been associated with
PRC2 family.34,35 Therefore, we speculated that TGF-β1 may
suppress the expression of miR-218 via recruiting EZH2 to the

promoter of miR-218 gene. To the best of our knowledge, this is
the first study indicating that TGF-β1 inhibits miR-218 expression
in lung cancer. Further investigation is needed to explore
epigenetic modifications of miR-218 gene by TGF-β signaling.
EMT is a progressive biological phenomenon that epithelial cells

gradually acquire a mesenchymal (fibroblast-like) cell phenotype,
resulting in enhanced invasion and metastasis.36 Studies showed
that EMT is relevant in the progression of lung cancer toward
invasion and metastasis.37 Loss of E-cadherin expression is a
hallmark of the EMT process, and transcription factors that can
regulate E-cadherin transcription such as Snai1, Slug, ZEB1, ZEB2
and Twist1 are the focus of investigation.38–40 Recently, miRNAs
have been shown to be powerful regulators of EMT through EMT-
related signaling pathways and transcription factors.41–43 Beside
miR-200 family, miR-155 facilitated TGF-β1-induced EMT by
targeting RhoA in breast cancer cells.44 Meanwhile, it was
demonstrated that miR-33b inhibited cells growth, invasion and
EMT by suppressing Wnt/β-catenin/ZEB1 signaling in lung
adenocarcinoma.45 In this study, we found that lower expression
levels of E-cadherin and higher expression levels of Vimentin were

Figure 2. MiR-218 negatively regulated the migration, invasion and EMT of NSCLC cells. (a) The expression levels of miR-218 were detected by
qRT–PCR in human lung cancer cells (A549, H1299, PC9 and SPCA-1). (b) The levels of cell migration and invasion in indicated human lung
cancer cells (A549, H1299, PC9 and SPCA-1) were analyzed using the Transwell chambers assay with or without coated Matrigel. (c) MiR-218
overexpression decreased cell migration and invasion activities in H1299 cells. Indicated cells were subjected to migration and invasion assay.
Scale bar, 20 μm. (d) Anti-miR-218 inhibitor increased cell migration and invasion activities in A549 cells. Indicated cells were subjected to
migration and invasion assay. Scale bar, 20 μm. (e) Phase contrast images of H1299 and A549 cells in indicated treatment. H1299 transfected
with miR-218 underwent morphological change from a spindle-shaped to a rounded or cobblestone-like shaped. In contrast, more rounded
A549 cells became spindle-shaped after the treatment with anti-miR-218 inhibitor. (f) Western blot analysis of EMT markers E-cadherin and
Vimentin were shown in H1299 and A549 cells, respectively. (g) Immunofluorescence images of EMT markers, E-cadherin and Vimentin were
shown in H1299 and A549 cells, respectively. Data represent mean± s.d. of three replicates. *Indicated significant difference at Po0.05;
**Indicated significant difference at Po0.01.
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Figure 3. MiR-218 targets Slug and ZEB2. (a) The miR-218 binding site predicted in the 3′-UTR regions of Slug/ZEB2 mRNAs. Mutant constructs
were generated at the seed regions of Slug/ZEB2 3′-UTRs as indicated in red. 3′-UTR fragments of Slug/ZEB2 mRNAs containing wild-type or
mutant of the miR-218 binding sequences were cloned into the downstream of the luciferase gene in pMIR-vector. (b) H1299 cells were
transfected with pMIR reporter vectors containing either wild-type or mutant Slug/ZEB2 3′-UTRs (indicated as pMIR-Slug/ZEB2-WT and pMIR-
Slug/ZEB2-MT) with either miR-NC or miR-218. Luciferase activities were determined 48 h after transfection. (c) The protein levels of Slug and
ZEB2 in H1299 and A549 cells were examined by western blot analysis. (d) The expression levels of Slug or ZEB2 in normal tissues and human
NSCLC specimens were determined by qRT–PCR analysis, and fold changes were obtained by the ratios of Slug or ZEB2 to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) levels. (e) Spearman′s correlation analysis was used to determine the correlations between the
expression levels of Slug or ZEB2 and miR-218 in human NSCLC specimens. Data represent mean± s.d. of three replicates. *Indicated
significant difference at Po0.05; **Indicated significant difference at Po0.01.
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Figure 4. Effect of miR-218 on EMT and drug resistance through Slug/ZEB2 pathway. (a) Image showing the morphological changes of H1299
cells expressing miR-218 mimics or miR-NC or miR-218 in combination with Slug or ZEB2 overexpression. Overexpression of Slug or ZEB2
partially reversed the morphological change caused by ectopic expression of miR-218 in H1299 cells. (b) H1299 cells stably expressing miR-NC
or miR-218, or miR-218 in combination with Slug or ZEB2 overexpression were conducted by western blot analysis. (c) Indicated cells were
subjected to Matrigel invasion assay. Scale bar, 20 μm. (d and e) H1299 cells stably expressing miR-NC or miR-218, miR-218 in combination
with Slug or ZEB2 overexpression were pretreated with 5 μM cisplatin for indicated time points, then subjected to CCK-8 Assay, and apoptosis
analysis by flow cytometry (f). Data represent mean± s.d. of three replicates. *Indicated significant difference at Po 0.05 compared with miR-
NC control; **At Po0.01 compared with miR-NC control; #At Po0.05 compared with miR-218 plus Slug or ZEB2 overexpression.
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detected in the cells that underwent EMT triggered by miR-218
inhibition. Ectopic expression of miR-218 decreased the invasive
capacity of lung cancer cells. Meanwhile, we identified that Slug
and ZEB2 are functional targets in miR-218-mediated EMT
inhibition, which is clinical relevant as evidenced by the inverse
correlations between miR-218 and Slug/ZEB2 expression levels in
clinical tumor samples. These in vitro results indicated that
miR-218 expression is closely related to invasion and metastasis
by regulating EMT. We further found that miR-218 significantly
decreased local invasion and the contra-lateral lung metastasis by
using an orthotopic human lung cancer xenograft model. It is
generally believed that activation of EMT promoted carcinoma
cells to dissociate from each other and to metastasize to distant
organs.46–48 Reversion of EMT is essential to establish macro-
metastasis, which clearly supported the role of an EMT in
dissemination and the necessity of a subsequent MET for
colonization.49 However, controversial findings existed regarding
the role of EMT in the process of metastasis using experimental
system in vivo. For example, it was indicated that engineered
cancer cells to express a Cre-switchable fluorescent marker so that
the expression of red fluorescent protein can be switched to green
fluorescent protein upon the activation of mesenchymal-specific
markers.50 By using this EMT-tracking system, the authors
concluded that EMT is not required for metastasis. The findings
were supported by a similar study in genetically engineered
mouse models of pancreatic ductal adenocarcinoma, demonstrat-
ing that the deletion of Twist1 or Snai1 could not reduce cancer
initiation and metastasis.51 These two studies showed that EMT
may not be as indispensable as it was previously assumed in

cancer metastasis. Given the characteristics of the different tumors
and the complexity of the process of metastasis, EMT may not be
the essential factor in metastasis, but could still be very important
in tumor development. As discussed in the same study, although
EMT driven by Snail or Twist was not necessary for pancreatic
cancer progression, possibilities remained that other EMT genes
are responsible for metastasis. More studies using in vivo system
are needed in order to clarify the roles of EMT and MET during
cancer progression and metastasis in specific contexts in the
future.
It is known that EMT is associated with drug resistance, resulting

in recurrence and metastasis after initial standard chemother-
apeutic treatments in various cancers.52,53 The dysregulation of
transcription factors associated with EMT progress is correlated
with higher tumor aggressive behavior and resistance to
chemotherapy drugs. For example, knockdown of Slug in
gefitinib-resistant cells sensitized cells to gefitinib and enhanced
gefitinib-induced apoptosis through Bim upregulation and
caspase-9 activation.54 ZEB2 is also involved in multi-drug
resistance in small cell lung cancer and cisplatin resistance in
ovarian cancer.55,56 Consistent with these results, we found that
miR-218 sensitized cells to cisplatin treatment through inhibition
of Slug and ZEB2. This finding reveals a new role of miR-218/Slug/
ZEB2 pathway in EMT-related drug resistance, and provides a clue
to use miR-218 mimic in cancer treatment. In summary, our study
demonstrated that downregulation of miR-218, a frequent event
in lung cancer, is associated with progression and metastasis of
NSCLC. MiR-218 regulates EMT and EMT-related traits by suppres-
sion of Slug and ZEB2 expression, thus inhibits tumor growth and

Figure 5. The role of miR-218 in tumor growth in vivo. (a) H1299/miR-NC, H1299/miR-218, A549/miR-NC-inhibitor and A549/miR-218 inhibitor
cells (5 × 106 cells) were dispersed in 100 μl of serum-free RPMI 1640 medium, and subcutaneously injected into both sides of posterior flanks
of the nude mice (n= 6). Tumors were measured every 3 days after they were apparently detectable at day 12. Tumor volumes were calculated
using the following formula: volume= 0.5 × (length ×width2). (b) Tumor growth assay and average weights of tumors from indicated groups
(bar= 2 mm). (c) The total proteins were extracted from xenografts and subjected to western blot analysis to test levels of Slug and ZEB2 as
indicated. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels were used as the internal control. Data represent mean± s.d. of three
replicates. *Indicated significant difference at Po0.05; **Indicated significant difference at Po0.01.
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metastasis. In addition, overexpression of miR-218 sensitizes lung
cancer cells in response to cisplatin treatment (Figure 7). With
more understanding of its functions, miR-218 may be used as a
potential prognostic biomarker and therapeutic target for NSCLC
treatment.

MATERIALS AND METHODS
Human lung cancer specimens
Human lung cancer samples and normal tissues were obtained from the
Department of Oncology, the First Affiliated Hospital of Nanjing Medical

University, Nanjing, China. Tissue samples were collected at surgery,
immediately frozen in liquid nitrogen and stored until total RNAs or
proteins were extracted. This study was approved by the institutional
review board and the ethics committee of Nanjing Medical University and
written informed consent was obtained from all participants.

MiRNA microarray analysis
Total RNAs from A549 and A549 cells with TGF-β1 treatment were isolated
with Trizol reagent (Invitrogen, Carlsbad, CA, USA), and miRNA fractions
were further purified using a mirVana miRNA isolation kit (Ambion, Austin,
TX, USA). The isolated miRNAs from two different cell lines were labeled
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Figure 6. The role of miR-218 in tumor growth and metastasis in vivo. (a) We established an orthotopic lung cancer xenograft model in nude
mice. The trimmed tumor pieces of 1 mm in diameter were transplanted into lung tissues by surgical orthotopic implantation. The fluorescent
areas in lungs of mice indicated were tumor tissues with H1299-red fluorescent protein (RFP) cells 7 weeks after the transplantation. (b) We
counted the incidence of lung metastasis in the H1299/miR-NC and H1299/miR-218 xenografts based on the fluorescent areas showing the
metastatic foci in the lung tissues of the mice. (c) Hematoxylin and eosin (H&E) staining was conducted, and arrowheads indicated metastatic
tumor nodules. Magnification, × 40; scale bar, 200 μm. (d) In situ hybridization analysis showed miR-218 expression was not detected in the
majority of miR-NC tissues with blue staining, and very high levels of miR-218 in miR-218-expressing tissues with strong brown signals in the
cytoplasm. The expression levels of Slug and ZEB2 were analyzed in tumor tissues using immunohistochemistry. Magnification, × 400; scale
bar, 50 μm.
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with Hy3 using the miRCURY Array Labeling kit (Exiqon, Vedbaek,
Denmark) and hybridized, respectively, on a miRCURY LNA microRNA
Array (v 8.0, Exiqon) as was described.57 Microarray images were acquired
using a Genepix 4000B scanner (Axon Instruments, Union City, CA, USA),
processed and analyzed using Genepix Pro 6.0 software (Axon
Instruments).

Cell culture
Human lung cancer cell lines A549, H1299, PC9 and SPCA-1 were
purchased from ATCC (Manassas, VA, USA) and maintained in RPMI
1640, and human embryonic kidney 293T (HEK-293T) cells were cultured in
Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal bovine
serum and antibiotics (100 units/ml penicillin and 100 mg/ml streptomy-
cin). Cells were incubated at 37 °C in a humidified atmosphere of 5% CO2

in air.

Lentivirus packaging and stable cell lines
The lentiviral packaging kit was purchased from Open Biosystems
(Huntsville, AL, USA). Lentivirus carrying hsa-miR-218, hsa-miR-negative
control (miR-NC), hsa-miR-218 inhibitor and hsa-miR-NC-inhibitor were
packaged following the manufacturer’s manual. Lentivirus was packaged
in HEK-293T cells. Thirty-six hours after the co-transfection, supernatants
were collected and incubated with cells to be infected for 24 h in the
presence of polybrene (2.5 μg/ml). After infection, puromycin (1.5 μg/ml)
was used to select stably transduced cells.

RNA extraction, reverse transcription and real-time RT–PCR
RNA was isolated from harvested cells or human tissues with Trizol reagent
according to the manufacturer′s instruction (Invitrogen). To measure
expression levels of miR-218, stem-loop-specific primer method was used.
Expression of U6 was used as an endogenous control. To determine the
mRNA levels of Slug, ZEB2, E-cadherin and Vimentin, total RNAs were
reversely transcribed by oligodT primer using RT Reagent Kit (Vazyme,
Nanjing, China). Housekeeping gene GAPDH was used as internal control.
The complementary DNAs were amplified by qRT–PCR using AceQqPCR
SYBR Green Master Mix (Vazyme) on a 7900HT system, and fold changes
were calculated by relative quantification (2−ΔΔCt). Primers were listed in
Supplementary Table 3.

Western blot
Cells were washed with ice-cold phosphate-buffered saline buffer, scraped
from the dishes and centrifuged at 12 000 r.p.m., 4 °C for 15 min. Cell
lysates were prepared using RIPA buffer supplemented with protease
inhibitors (100 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100,
1% deoxycholate acid, 0.1% sodium dodecyl sulfate, 2 mM phenylmethyl-
sulfonyl fluoride, 1 mM sodium orthovanadate, 2 mM DTT, 2 mM leupeptin,
2 mM pepstatin). The supernatants were collected and protein concentra-
tion was determined using BCA assay (Beyotime, Jiangsu, China). Tumor
tissues from human and nude mice were grinded into powder in liquid
nitrogen with RIPA buffer, and the total tissue proteins were extracted as
described above. Aliquots of protein lysates were fractionated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, transferred to a
polyvinylidene difluoride membrane (Roche, Basel, Switzerland), and
subjected to western blot analysis according to the manufacturer’s
instruction. ECL Detection System (Thermo Scientific, Rockford, IL, USA)
was used for signal detection. Antibodies against E-cadherin and Slug were
purchased from Cell Signaling Technology (Danvers, MA, USA). Antibody
against glyceraldehyde 3-phosphate dehydrogenase was from Bioworld
Technology (Atlanta, GA, USA), and antibodies against ZEB2 and Vimentin
were from Abcam (Cambridge, UK), respectively.

Cell migration and invasion assays
Cell migration and invasion assays were analyzed using the Transwell
chambers assay (Costar, Corning Inc., Corning, NY, USA), with or without
coated Matrigel (BD Biosciences, San Jose, CA, USA). Cells were plated at a
density of 5 × 104 per well in the upper chamber without serum. The lower
chamber of the Transwell device was filled with 500 μl RPMI 1640
supplemented with 10% fetal bovine serum. After incubation for 12–24 h,
noninvading cells were removed from the top well with a cotton swab,
whereas the bottom cells were fixed with 3% paraformaldehyde, stained
with 0.1% crystal violet, and photographed in three independent fields for
each well. They were finally extracted with 33% acetic acid and detected
quantitatively using a standard microplate reader (at 570 nm). Three
independent experiments were conducted in triplicate.

Luciferase reporter assay
Cells were seeded in triplicate in 24-well plates and allowed to settle for
24 h. Indicated plasmids plus pRL-TK Renilla plasmid were transfected into
the cells using Lipofectamine 2000 Reagent (Life Technologies, Carlsbad, CA,
USA). Twenty-four hours after transfection, dual-luciferase reporter assay
(Promega, Madison, WI, USA) was performed according to the manufacturer’s
instructions. Primers were listed in Supplementary Table 3.

Immunofluorescence
Cells were transfected with miRNA oligonucleotides or inhibitors, as
described in the section of oligonucleotide transfection, plated onto glass
coverslips in Millicell EZ SLIDES (Merck Millipore, Bedford, MA, USA) and
stained after 96 h. For E-Cadherin and Vimentin staining, cells were fixed in
4% paraformaldehyde, permeabilized in 0.1% Triton X-100 and probed
with rabbit-anti-E-Cadherin antibody (1:200; Proteintech Technology,
Chicago, IL, USA) or mouse-anti-Vimentin antibody (1:1000; Proteintech
Technology) overnight at 4 °C. The primary antibody was detected using
anti-rabbit-Alexa594 or anti-mouse-Alexa488-conjugated antibodies (1:200;
Invitrogen). To detect nuclei, cells were co-stained with 4,6-diamidino-2-
phenylindole. Fluorescence was observed and imaged using a ZEISS
ScopeA1 microscope (Carl Zeiss, Jena, Germany).

In vitro chemosensitivity array
Cancer cells were seeded at a density of 5000 cells per well in a 96-well
plate overnight. Freshly prepared cisplatin (Sigma, St Louis, MO, USA) was
added with the final concentration ranging from 1 to 32 μM. Forty-eight
hours later, cell viability was assayed by CCK-8 kit.

Apoptosis assay
Apoptosis was measured by flow cytometry as described before.58 For
Annexin V staining, 5 μl phycoerythrin-Annexin V, 5 μl propidium iodide
(BD Pharmingen, San Jose, CA, USA) and 400 μl 1 × binding buffer were
added to the samples, which were incubated for 15 min at room
temperature in the dark. Then, the samples were analyzed by flow
cytometry (FACSCanto II, BD Biosciences) within 1 h. The data were

Figure 7. Schematic diagram. TGF-β1 signaling promoted EMT,
tumor growth and metastasis by altering expression levels of
downstream genes including miR-218. In cancer cells, activated TGF-
β1 inhibited miR-218 expression, which in turn activated expression
of the key EMT promoting transcription factors Slug and ZEB2 that
repressed the expression of E-cadherin, and induced the expression
of Vimentin, which in turn promotes EMT and metastasis of
disseminated tumor cells in lung.
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analyzed using FlowJo software (LLC, Ashland, OR, USA). Three experi-
ments were performed in triplicate.

In situ hybridization
The slides were treated according to the manufacturer′s instruction, and
hybridized with a 10 pmol probe (DIG labeled oligonucleotide, Exiqon,
Vedbaek, Denmark) complementary to miR-218. After incubation with anti-
DIG-HRP Fab fragments conjugated to horseradish peroxidase, the
hybridized probes were detected by incubating with 3′3-diaminobenzidine
solution and nuclei were counterstained with hematoxylin.

Animal studies
BALB/c nude mice (4-week-old) were used for animal studies. H1299 cells
with stably overexpression miR-218 and A549 cells with miR-218-
inhibition were established, injected subcutaneously into each side of
the posterior flank of the same nude mouse. Twenty-two days later, all
mice were killed. Tumor sizes were evaluated by the formula: volume
(mm3) = (width2(mm2) × length (mm))/2, then the tumor were trans-
planted into lungs of nude mice. Total proteins were extracted for
western blot.
An orthotopic human lung cancer xenograft model was established

for in vivo tumor invasion and metastasis analysis. Briefly, H1299 cells
stably overexpressing miR-218 and miR-NC were used to generate
tumors as above. The tumor specimens for orthotopic implantation were
derived from tumor tissues that grew subcutaneously in nude mice.
Tumor tissues were trimmed of necrotic and any non-tumor portion and
cut into small pieces of 1 mm in diameter. The trimmed tumor pieces
were transplanted into lung tissues by surgical orthotopic implantation as
was described.59–62 At the 50 day, intraliver dissemination and lung
metastasis were determined by fluorescent areas using Image-Pro Plus
software 6.0 (Media Cybernetics Inc., Bethesda, MD, USA), and conducted
by pathological examinations. Tumors were formalin-fixed, paraffin-
embedded, and sectioned at 5 μm for Slug and ZEB2 immunohistochem-
ical staining under the standard procedure as described before.63 All
procedures were approved by the Animal Care and Use Committee of
Nanjing Medical University, Nanjing, China.

Statistics
All experiments were performed three times and data were analyzed with
GraphPad Prism 5 (La Jolla, CA, USA). The correlation between miR-218
expression and Slug as well as ZEB2 levels in human NSCLC tissues were
analyzed using Spearman′s rank test. Qualitative variables were compared
using Fisher's exact test. Statistical evaluation for data analysis was
determined by t-test. The differences were considered to be statistically
significant at Po 0.05.
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