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MiR-520h-mediated FOXC2 regulation is critical for inhibition
of lung cancer progression by resveratrol
Y-H Yu1,2,16, H-A Chen3,4,16, P-S Chen5,6, Y-J Cheng7, W-H Hsu1, Y-W Chang8, Y-H Chen9, Y Jan10, M Hsiao10, T-Y Chang7, Y-H Liu9,
Y-M Jeng11, C-H Wu3,4, M-T Huang3,4, Y-H Su3,4, M-C Hung7,9, M-H Chien3,12, C-Y Chen13, M-L Kuo5,6 and J-L Su7,9,14,15

Resveratrol, a phytochemical found in various plants and Chinese herbs, is associated with multiple tumor-suppressing activities,
has been tested in clinical trials. However, the molecular mechanisms involved in resveratrol-mediated tumor suppressing
activities are not yet completely defined. Here, we showed that treatment with resveratrol inhibited cell mobility through
induction of the mesenchymal -- epithelial transition (MET) in lung cancer cells. We also found that downregulation of FOXC2
(forkhead box C2) is critical for resveratrol-mediated suppression of tumor metastasis in an in vitro and in vivo models. We also
identified a signal cascade, namely, resveratrol---|miRNA-520h---|PP2A/C---|Akt-NF-kB-FOXC2, in which resveratrol inhibited the
expression of FOXC2 through regulation of miRNA-520h-mediated signal cascade. This study identified a new miRNA-520h-
related signal cascade involved in resveratrol-mediated tumor suppression activity and provide the clinical significances of
miR-520h, PP2A/C and FOXC2 in lung cancer patients. Our results indicated a functional link between resveratrol-mediated
miRNA-520h regulation and tumor suppressing ability, and provide a new insight into the role of resveratrol-induced molecular
and epigenetic regulations in tumor suppression.
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INTRODUCTION
Metastasis, a multistep process involving the dissemination of
cancer cells from primary tumors to establish secondary tumors in
distant organs and act as a common cause of death in cancer
patients.1 Recently, the concept of the epithelial -- mesenchymal
transition (EMT), as developed in the field of embryology, has
been extended to cancer progression and metastasis.2 The
biological significance of EMT has been proven in animal models
and clarified in tumor samples by EMT-associated markers, such as
the mesenchymal markers of Fibronectin, N-cadherin,3 and
Vimentin,4 and the epithelial marker of E-cadherin.5 Epithelial
cells undergoing EMT must generate functional and morphologi-
cal changes. Multiple complex signaling systems are required to
induce EMT, such as the TGF-b, Wnt signaling and notch
pathways.6 -- 7 Some transcriptional factors, such as the zinc-finger
proteins Snail 8 and Slug,9 the E-box-binding protein ZEB1,10 the
basic helix-loop-helix protein Twist,11 the homeobox protein
Goosecoid12 and the forkhead box protein FOXC2,13 are involved
in regulating EMT-related factors.

Overexpression of FOXC2 has been shown to activate EMT and
to correlate with tumor metastasis.14 Recent report suggests that
FOXC2 could be an important prognostic indicator for esophageal
cancer patients as it is involved in cancer progression and
associated with poor prognosis.15 An in vivo study found that

FOXC2 enhanced the ability of mouse mammary carcinoma cells
metastasize to the lungs, and FOXC2 expression is significantly
correlated with a highly aggressive basal-like subtype of human
breast cancers.13 These observations indicate the central role of
FOXC2 in promoting invasion and metastasis and suggest that it
may be a potential biomarker for cancer progression.

Resveratrol (trans-3, 5, 40-trihydroxystilbene) is a polyphenol
that has been found in various plants and Chinese herbs.16 It
inhibits cancer progression at the initiation, promotion and
progression steps, and it also has chemoprevention abilities
through inhibiting molecular target such as kinases, cyclooxy-
genases, ribonucleotide reductase and DNA polymerases.17

Resveratrol inhibits several transcriptional factors associated with
EMT and the key guardians of cell survival, NF-kB 18 and AP-2,19

and downregulates protein kinases such as IkB kinase,18 AMPK,20

JNK, MAPK, ERK1/2,21 Akt,22 PKC23 and PKD.24

Seeking and investigating compounds with medicinal effects
from natural products has become a new trend, as evidenced by
the successful use of two representative drugs, paclitaxol,
extracted from Taxus brevifolia and vinorelbine, derived from the
periwinkle plant, to treat several clinical cancers. Resveratrol is
presently in phase I clinical trials for human colon and colorectal
cancers.16 However, the molecular mechanisms involved in
resveratrol-mediated tumor-suppressing activities are not yet
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completely defined. It is critical and timely to understand the
detailed molecular mechanisms that associate with resveratrol-
mediated antitumor activity in order to develop future resveratrol-
related clinical trials. Thus, we examined the signaling pathway
involved in resveratrol-mediated tumor suppression in lung cancer
cells.

This study identified a signal cascade, resveratrol ---| miRNA-520h ---|
PP2A/C ---| Akt -NF-kB -FOXC2, in which resveratrol inhibited the
expression of FOXC2 by downregulating miRNA-520h and the signal
cascade. Our results indicated a functional link between resveratrol-
mediated miRNA-520h regulation and tumor suppressing ability,
and provide a new insight into the role of resveratrol-induced
molecular and epigenetic regulations in tumor suppression.

RESULTS
Downregulation of FOXC2 is critical for resveratrol-mediated
tumor suppression
The EMT and the reversed process, mesenchymal -- epithelial
transition (MET), have been shown to have an important role in
regulating invasion and migration of cancer cells. The ability of
resveratrol to inhibit the cell mobility of lung cancer cells was
elucidated by treating CL1-5 and A549 non-small cell lung cancer
cells with various concentrations of resveratrol. Treatment with
resveratrol decreased the ability of lung cancer cells to migrate
and invade in a dose-dependent manner (Figure 1a). The ability of
resveratrol to inhibit cell mobility was confirmed by time-lapse
microscopy that traced cell mobility after resveratrol treatment
(Supplementary Figure S1A).

The EMT involves losing epithelial differentiation and acquiring
a mesenchymal phenotype that allows cancer cells to detach from
the primary tumor mass. Disseminated cancer cells lose expression
of the epithelial marker E-cadherin that regulates cell-to-cell
contact and they acquire such mesenchymal markers such as
Fibronectin, N-cadherin and Vimentin. The effects of resveratrol in
the MET of lung cancer cells were examined by treating CL1-5 cells
with resveratrol for 48 h and observing cell morphology by phase-
contrast microscopy. Resveratrol-treated CL1-5 cells had cell
morphology that changed from spindle-shaped to epithelial
characteristics (Supplementary Figure S1B). Treatment with
resveratrol increased the expression of E-cadherin and decreased
the expression of the mesenchymal markers of Fibronectin,
N-cadherin and Vimentin in various lung cancer cell lines
(Figure 1b). These data indicated that decreased cell mobility after
resveratrol treatment may be due to the induction of the MET.

The molecular mechanisms involved in resveratrol-induced MET
were elucidated by investigating the expression of several EMT-
related transcriptional factors. Treatment with resveratrol signifi-
cantly decreased the expression of FOXC2 in CL1-5 and A549 cells,
but had less or undetectable effects on other transcriptional
factors, such as Twist, Slug, Snail, ZEB1 and Goosecoid (Figure 1c).
Resveratrol had an inhibitory effect on FOXC2 expression in the
protein and mRNA levels of several lung cancer cell lines
(Figure 1d). In addition, treatment with resveratrol decreased
FOXC2 expression in a dose-dependent manner (Supplementary
Figure S1C). These data suggest that downregulating FOXC2 is
important for the resveratrol-induced MET.

The FOXC2 expressing vector was ectopically expressed in A549
and H460 lung cancer cells to investigate whether FOXC2 is
involved in resveratrol-mediated repression of cell mobility in lung
cancer cells. Overexpressing FOXC2 in A549 (A549/FOXC2) and
H460 (H460/FOXC2) decreased E-cadherin expression and
increased the expression of the mesenchymal markers N-cadherin
and Vimentin (Figure 1e and Supplementary Figure S1D). It was
therefore of interest to determine whether resveratrol-induced
MET were exerted through the regulation of FOXC2. Stably
expressing FOXC2 in A549 cells found increased ability of the cells
to migrate and invade. Stably expressing FOXC2 rescued the

resveratrol-mediated suppression of cell mobility (Figure 1f) and
the expression of EMT markers (Figure 1e). These results indicated
that resveratrol-mediated the induction of the MET by down-
regulating FOXC2 expression in lung cancer cells.

The possibility that resveratrol decreases the aggravation of
lung cancer was explored by investigating the effects of
resveratrol on tumor growth in an animal model. A luciferase-
labeled control vector expressed A549 cells (A549/VC) and
A549/FOXC2 cells were subcutaneously injected into severe
combined immunodeficient mice. The A549/FOXC2-bearing mice
showed slightly increased tumor volume and rescued resveratrol-
mediated tumor suppression compared with A549/VC mice
(Figure 2a). We further investigated the role of FOXC2 in
resveratrol-mediated antimetastatic lung colony formation by
detecting metastatic lung colonization in experimental metastasis
models using the bioluminescence system. Tail-vein injections
transplanted A549/VC cells or A549/FOXC2 cells into severe
combined immunodeficient mice, which were then treated either
with or without resveratrol. The A549/VC mice treated with
resveratrol had inhibited lung colonization (Figure 2b, right panel,
lane 1 versus lane 2). The A549/FOXC2 mice had increased lung
colony formation as revealed by bioluminescence imaging
analysis (Figure 2b, right panel, lane 1 versus lane 3) that was
not inhibited by resveratrol treatment (Figure 2b, right panel,
lane 3 versus lane 4). The metastatic nodules in the lungs were
dissected from each mouse and quantified by dissecting
microscopy. The number of lung metastases was reduced in
A549/VC mice treated with resveratrol, but not in the A549/
FOXC2-bearing mice (Figure 2c). These observations suggest the
involvement of FOXC2 in in vitro migration/invasion, in vivo
tumorigenesis and lung colonization activity of lung cancer cells.
These data also suggest that resveratrol, through suppressing
FOXC2, may act as a therapeutic agent for cancer treatment.

The prognostic significance of FOXC2 expression was deter-
mined with 96 human lung cancer specimens that had clinical
follow-up records. Representative examples with different FOXC2
scores are shown in Supplementary Figure S2A. The relationships
between the levels of FOXC2 expression and the clinicopatholo-
gical characteristics of lung cancer are summarized in Table 1.
Among these specimens, high-FOXC2 expression levels (scores of
2 and 3) strongly correlated with reduced overall survival
(Figure 2d) and disease-free interval (Figure 2e) compared with
tumors with low-FOXC2 expression levels (scores of 0 and 1). Our
data indicate that higher levels of FOXC2 predict poor prognosis in
lung cancer.

NF-kB is involved in resveratrol-mediated FOXC2 regulation
The regulatory mechanism of resveratrol participating in the
transcriptional regulation of FOXC2 gene was explored through
FOXC2 promoter -- reporter deletion constructs (F1 --F6) (Figure 3a).
Resveratrol significantly decreased luciferase activity in cells
transfected with the F1 and F3 --F6 promoter-- reporter deletion
constructs, but not with F2 deletion construct (Figure 3a). The
shortest construct to respond to resveratrol treatment was F6,
which we analyzed for resveratrol-regulated response elements by
the TESS 2.0/TFSEARCH ver1.3 software25 and find four candidate
response elements: NF-kB, MZF-1, AP-2a and E2F. We ascertained
which of these response elements participated in regulating FOXC2
promoter activity in response to resveratrol through the use of
FOXC2 promoter -- reporter (F6) mutation constructs with these
mutated transcription factor-binding elements (Figure 3b). Com-
pared with wild type, resveratrol decreased promoter activity by
50--60% in the F6, F6/mutMZF-1, F6/mutAP-2a and F6/mutE2F
reporters, but not in the F6/mutNF-kB reporter (Figure 3c). These
results from the luciferase reporter assay indicated that NF-kB-
binding element is critical for resveratrol-mediated suppression of
FOXC2 promoter activity. The nuclear transcription factor NF-kB
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could promote tumorigenesis and has been linked to cellular
transformation, proliferation, angiogenesis and metastasis.26 We
verified the ability of resveratrol to decrease the association of
NF-kB with the FOXC2 promoter by a chromatin immunoprecipita-
tion assay. The NF-kB component p65 had decreased ability to
bind to the NF-kB response element on the FOXC2 promoter after
resveratrol treatment (Figure 3d). As NF-kB is important for
resveratrol-mediated regulation of FOXC2 promoter, the effects
of resveratrol on p65 expression and nuclear translocation were

explored by immunoblot (Figure 3e) and immunofluorecence
staining (Supplementary Figure S2B), which found decreased p65
protein expression in the nucleus after resveratrol treatment
(Figure 3e). Genetically knocking down NF-kB subunit, p65, by
expressing specific p65 siRNA (sip65) and treatment with specific
NF-kB activation inhibitor IV suppressed NF-kB activity in the F6
reporter, but not in the F6/mutNF-kB reporter (Figure 3f).
Furthermore, treatment with sip65 or NF-kB activation inhibitor
IV also decreased the cell migration and invasion ability (Figure 3g).
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Figure 1. Resveratrol inhibits cell mobility and induces MET through regulation of FOXC2 in lung cancer cells. (a) CL1-5 and A549 cells were
treated by the indicated concentrations of resveratrol for the transwell migration and Matrigel invasion assays. Data are representative of at
least three independent experiments performed in triplicate. Asterisks denote a significant difference compared with the values for the
untreated control (*indicates Po0.05; **, Po0.01 and ***, Po0.001). (b) EMT markers were expressed in resveratrol-treated lung cancer cells.
Lysates were collected from cells cultured with or without 10 mM resveratrol for 48 h. All experiments were performed in at least three separate
experiments. (c) The expression levels of EMT-related transcriptional factors in resveratrol-treated lung cancer cells were measured from
lysates collected from CL1-5 and A549 cells cultured with or without 10 mM resveratrol, with changes in quantities values shown with the
indicated bands. (d) The effects of resveratrol on FOXC2 expression in lung cancer cells were analyzed by immunoblot (top) and RT--PCR
(bottom) of samples from resveratrol-treated lung cancer cell lines. (e) Analyzed the regulation of EMTmarkers by FOXC2 in resveratrol-treated
cells. FOXC2 expression was analyzed by RT--PCR in A549 cells overexpressing control vector or FOXC2 (upper panel). The expression of EMT
markers was analyzed in the absence or presence of resveratrol in A549/VC cells and A549/FOXC2 cells (lower panel). (f ) The indicated
concentrations of resveratrol were added to the cells to measure the function of FOXC2 in resveratrol-suppressed migration and invasion. Bars
represent means±s.d., and asterisks denote a significant difference (* indicates Po0.05). Data are representative of at least three independent
experiments performed in triplicate.
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PP2A/C-induced Akt inactivation is required for resveratrol-
mediated suppression of NF-kB activity, FOXC2 expression and cell
mobility
Activation of phosphatidylinositol 3-kinase/Akt and ERK1/2
signaling pathways has been reported to have an important role
for FOXC2 expression in adipocytes27 and endothelial cells,28 but
the molecular mechanisms involved in expressing FOXC2 that lead
to subsequent cell mobility and in regulating EMT in lung cancer
cells are not clear. To define the signaling pathway involved in
FOXC2 regulation by resveratrol, A549 cells were treated with the
phosphatidylinositol 3-kinase/Akt inhibitor, LY294002, and with
the MEK inhibitor, U0126. The expression of FOXC2 was analyzed
by immunoblots (Figure 4a) and reporter activity assays
(Figure 4b), which revealed reduced expression of FOXC2 and
FOXC2 promoter activities by the phosphatidylinositol 3-kinase/
Akt inhibitor, LY294002, but not by the MEK inhibitor, U0126
(Figure 4b). Treatment with Akt-specific inhibitor and genetically

inhibited Akt activity or expression by expressing dominant-
negative Akt expression vector or specific Akt siRNA resulted in
suppression of phospho-Akt, FOXC2 and cell mobility in A549 cells
(Supplementary Figure S1F). The observation was confirmed by
transfecting constitutively activated Akt, myr-Akt, into A549 and
H460 cells with or without resveratrol treatment to test the role of
Akt in regulating FOXC2 expression. Activation of NF-kB by Akt has
been reported that have the critical role in cell proliferation and
EMT.29 The results revealed that constitutively activating Akt
rescued the resveratrol-mediated inhibition of NF-kB activity
(Figure 4c), FOXC2 expression, E-cadherin suppression (Figure 4d
and Supplementary Figure S1E) and subsequent cell mobility
(Figure 4e). These data suggest that Akt signaling, rather than the
MAPK signaling pathway, is involved in resveratrol-mediated
regulating FOXC2 expression and the MET in lung cancer cells.

The ability of PP2A/C, a catalytic subunit of serine/
threonine phosphatase PP2A, to downregulate Akt activity by

0
100

300

500

700

1000

T
u

m
o

r 
vo

lu
m

e 
(m

m
3 )

0
10

102
103
104
105
106
107
108

L
u

n
g

 p
h

o
to

n
 f

lu
x P<0.01

- + +-

A549/VC A549/FOXC2

Resveratrol

- + +-

A549/VC A549/FOXC2

Resveratrol

- + +-

A549/VC A549/FOXC2

Resveratrol

Vehicle Resveratrol ResveratrolVehicle

A549/VC A549/FOXC2
L

u
n

g
 m

et
as

ta
si

s
(c

o
lo

n
ie

s/
lu

n
g

) 

40
60

100
80

0
20

A549/VC A549/FOXC2

200

400

600

900
800

P<0.05

120
140
160

*

V
eh

ic
le

R
es

ve
ra

tr
o

l

R
es

ve
ra

tr
o

l

V
eh

ic
le

D
is

ea
se

-f
re

e 
S

u
rv

iv
al

O
ve

ra
ll 

su
rv

iv
al

 

Time (months)

Time (months)

P<0.05

Figure 2. Biological significance of FOXC2 in cancer progression in animal model and lung cancer patients. (a) FOXC2 affected resveratrol-
suppressed tumor growth in xenograft severe combined immunodeficient (SCID) mice (10 mice for each group) that had A549/VC and A549/
FOXC2 cells subcutaneously injected and tumor volumes determined 6 weeks later. (b) The A549/VC and A549/FOXC2 cells stably expressing
luciferase were injected into SCID mice by tail vein injection, and lung colonizations were bioluminescently imaged after 8 weeks (left) with
the mean signal for each group (n¼ 9) indicated (right). (c) The mice (10 mice for each group) were killed 3 months after the injections and
total numbers of metastatic colonies (arrows) in the lungs were counted and photographed. (d, e) The FOXC2 level, as determined by IHC
staining, predicted a poor clinical outcome in 96 lung cancer patients when a two-sided log-rank test compared differences between groups.
The Kaplan--Meier curves illustrate analyses of overall (d) and disease-free (e) survival in lung cancer patients.
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dephosphorylating Akt has been reported.30 The involvement of
PP2A/C in the resveratrol-mediated signaling cascade and biological
functions was examined in lung cancer cells. Treatment with
resveratrol increased the expression and activity of PP2A/C protein
in a dose- and time-dependent manner (Figures 5a,b). The role of
PP2A/C in resveratrol-mediated regulation of the signaling cascade,
FOXC2 expression, and cell migration/invasion was determined by
treating A549 cells with resveratrol in the presence of okadaic acid, a
PP2A/C inhibitor. This treatment resulted in decreased PP2A/C
expression and abolished the inhibitory effects of resveratrol on Akt
activation and FOXC2 expression (Figure 5c). Genetically knocking
down PP2A/C by expressing specific PP2A/C siRNA (siPP2A/C) in
A549 cells recovered resveratrol-inhibited Akt phosphorylation,
FOXC2 expression and cell mobility (Figures 5d--e). The siPP2A/C
rescued resveratrol-suppressed NF-kB activity in the F6 reporter, but
not in the F6/mutNF-kB reporter (Figure 5d). These findings
indicated that resveratrol inhibits FOXC2 expression and cell
mobility by regulating the PP2A/C ---| Akt -NF-kB signaling cascade.

We next investigated the prognostic significance of PP2A/C and
the correlation of PP2A/C expression with FOXC2 levels in human
lung cancer patients based on PP2A/C scores (Supplementary
Figure S3) and the relationships between PP2A/C expression levels
and lung cancer clinicopathological characteristics (Table 2). High-
PP2A/C expression levels (scores of 2 and 3) correlated with better
prognosis, better overall survival, and longer disease-free interval
than tumors with low PP2A/C expression levels (scores of 0 and 1)
(Figure 5f). Lung cancer specimens analyzed by immunohisto-
chemistry had an inverse correlation between expression of
FOXC2 and PP2A/C as tested by Spearman’s nonparametric
correlation test (correlation coefficient¼�0.174, Po0.05) (Sup-
plementary Table S1). Representative immunohistochemical stain-
ing for PP2A/C and FOXC2 on serial sections revealed inverse
staining patterns in lung cancer tissues (Supplementary Figure
S4A). The correlation of high-FOXC2 expression with low-PP2A/C
expression in human lung cancer patients is consistent with our
finding that knockdown of PP2A/C upregulates FOXC2 expression
in lung cancer cells (Figure 5d).

miR-520h has a crucial role in resveratrol-mediated PP2A/C
induction and FOXC2 expression
miRNA has been documented as a key regulator in cancer
progression.31 According to our previous study,32 PP2A/C could be

regulated by the expression of miR-520h and contribute to
anticancer activity. Therefore, we speculated that miR-520h may
involve in the resveratrol-mediated regulation of PP2A/C. In the
presence of resveratrol, expression of miR-520h was significantly
suppressed in a dose-dependent manner (Figure 6a). We also
found that expression of miR-520h decreases the protein
expression of PP2A/C in a dose-dependent manner (Supplemen-
tary Figure S4B). In addition, the resveratrol-mediated PP2A/C
induction was abolished after restoring the expression of miR-
520h, followed by rescued FOXC2 expression (Figure 6b). These
results suggest a crucial role of resveratrol in the regulation of
miR-520h, which functions on regulating PP2A/C expression and
subsequent FOXC2 inhibition. The functional role of miR-520h was
investigated by determining the migration and invasion abilities
of resveratrol-treated lung cancer cells. In contrast to the
inhibition of migration/invasion in control vector expressed
A549 (A549/Ctrl) cells, overexpression of miR-520h mitigated the
resveratrol-suppressed cell migration/invasion (Figure 6c, lane 1, 2
and 4, 5). Moreover, expression of a PP2A/C construct lacking
30UTR significantly inhibited migration/invasion ability both in
A549/Ctrl and A549/miR-520h cells (Figure 6c, lane 1, 3 and 4, 6).
To further assess the contribution of miR-520h to FOXC2
expression and cell mobility, we performed in vitro loss-of-function
analyses by silencing the endogenous miR-520h using a modified
antisense miR-520h inhibitor (antagomiR-520h, Ambion, Austin,
TX, USA). Administration of antagomiR-520h decreased the
endogenous level of miR-520h as detected by quantitative reverse
transcriptase -- polymerase chain reaction (qRT--PCR) (Supplemen-
tary Figure S5A) in A549 and other lung cancer cell lines. Treatment
with antagomiR-520h increased the expression of PP2A/C and
E-cadherin, but reduced the expression of FOXC2 and Vimentin
(Supplementary Figure S5A). At 48 h after transfection of the miR-
520h inhibitor, but not a control miRNA inhibitor, the capacity of
lung cancer cells to migrate and invade was significantly reduced
(Supplementary Figure S5B). These evidences suggest the
functional role of miR-520h in resveratrol-mediated PP2A/C
inhibition and reduced cell invasion.

To further ascertain whether expression of miR-520h correlated
with the poor clinicopathological characteristics of lung cancers, we
used qRT--PCR to analyze miR-520h expression in 106 human lung
cancer specimens. The relationship between the level of miR-520h
expression and the clinicopathological characteristics of
the lung tumors is summarized in Table 3, in which patients whose
tumors expressed high levels of miR-520h demonstrated more
advanced tumor stages, status and lymph node metastases
compared with patients whose tumors expressed low levels of
miR-520h. Next, we examined the role of miR-520h in a cohort of the
patients with lung cancer that had long-term follow-up. Using qRT--
PCR, miR-520h expression was assayed among the tumors and
separated into high expression and low expression. Both Log-rank
analysis (Figure 6d) and univariate Cox model including miR-520h
level and tumor node metastasis (TNM) status (Supplementary Table
S2) indicated that disease-free and overall survivals were signifi-
cantly worse in patients with higher (n¼ 53) miR-520h expression in
their tumor tissues compared with the patients with low miR-520h
(n¼ 53) expression (Figure 6d). This became evident that high-miR-
520h expression was accompanied by a worse clinical outcome.

DISCUSSION
The therapeutic potential and the action mechanisms of naturally
occurring phytochemicals have been of great interest throughout
history. Resveratrol, a lead compound in clinical trials, induces
arrest of growth and mitigates inflammation by regulating
apoptotic and inflammatory signaling pathways such as p53 and
prostaglandin production in human cancers.33 Numerous of
in vivo and clinical studies have documented its chemopreventive
effects and its antitumor effects that prevent cancer progression,

Table 1. Clinicopathological characteristics of lung cancer patients
with associated FOXC2 expression

Characteristics FOXC2 low (n¼ 48) FOXC2 high (n¼ 48) P-value

Gender
Female 23 28 0.3055
Male 25 20

Stage, no. of patients
I-II 22 19 0.5376
III-IV 26 29

Tumor status, no. of patients
T1 39 34 0.2318
T2-T4 9 14

Node status, no. of patients
N0 23 10 *0.0052
N1-N3 25 38

Distant metastasis, no. of patients
M0 33 32 0.8231
M1 15 16

*Po0.05. Significances of association were determined using a w2 test.
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angiogenesis and metastasis.34 Resveratrol also potentiates the
apoptotic effects mediated by cytokines and chemotherapeutic
agents.34 This study identifies a novel mechanism of resveratrol
that induces MET and suppresses tumor metastasis through the
underlying pathway of upregulating miR-520h-mediated PP2A/C
expression that consequently inactivates AKT/NF-kB and further
inhibits the expression of FOXC2. This study provides evidence of
resveratrol treatment functionally regulating MET.

During the progression of cancer, EMT consequently enhances
the invasiveness and metastasis ability of cancer cell. Here we
have studied the ability of resveratrol to induce MET in cancer
cells, which occurs by inhibiting FOXC2 expression. FOXC2 is a
crucial transcriptional factor that controls EMT, regulates embryo-
nic development and induces tumor angiogenesis and meta-
stasis.35 -- 37 Elevated FOXC2 has been identified in patients with

advanced stages of cancer and poor survival probability.13,15

These prior studies and our results indicating the ability of
resveratrol to inhibit FOXC2 expression provide evidence of a
novel resveratrol function in MET induction. Recent studies have
indicated that inducing EMT may result in the formation of cancer
stem cells and the induction of anticancer drug resistance.38 As
the resveratrol-suppressed expression of FOXC2 dramatically
induces MET, resveratrol may also suppress both the maintenance
of cancer stem cells and the induction of drug resistance.

Both AKT and MAPKs have been identified as EMT gatekeepers
that regulate such key transition factors as SNAIL, SLUG, TWIST
and FOXC2.39 Similar to our findings on the role of AKT/NF-kB in
regulating FOXC2 expression in lung cancer, expressing FOXC2
is known to be regulated by activating AKT and ERK1/2 in
endothelial cells and adipocytes.27,28 However, as numerous
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studies have indicated that AKT and NF-kB are frequently
activated in human cancers and have critical roles in drug
resistance and metastasis, we speculate that resveratrol may also
function through other AKT/NF-kB-dependent mechanisms to
suppress cancer progression, in addition to inhibiting FOXC2. We
identify AKT-mediated NF-kB activation as the pathway leading to
EMT that is resveratrol-suppressed and FOXC2-dependent. When
Akt activates the NF-kB pathway, matrix metalloproteinase
production is stimulated through the phosphorylation of the IkB

kinase, resulting in IkB degradation and further activation of
NF-kB nuclear translocation.40,41 Activating NF-kB by Akt upregu-
lates Snail expression and induces the EMT.42 Here, we show that
resveratrol downregulating FOXC2 and consequently inducing
MET depends on inactivated AKT-mediated NF-kB. This mechan-
istic network linking AKT, NF-kB, FOXC2 and EMT is a potential
target for anti-metastatic therapeutics.

A major serine -- threonine phosphatase in cells, PP2A, mitigates
the aberrant activities of oncogenic kinases expressed in cancer
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cells,43 and has been suggested to regulate the phosphatidylino-
sitol 3-kinase, NF-kB, MAPK, Wnt and PKC pathways.43 Inactivating
PP2A genetically or functionally has been found in human breast,
colon, lung tumors and melanoma.44 This evidence has identified
PP2A as a potential target for tumor suppressor drugs. Activation
of PP2A enhanced by forskolin, FTY720 and 1,9-dideoxy-forskolin
is currently known to dramatically suppress the development of
drug resistance and progression of cancer.44 -- 47 The highly
promising role of PP2A in cancer treatment means that
discovering new molecules targeting PP2A has become a novel
strategy for therapy. Here, we identify the function of resveratrol
in activating PP2A, which provide new evidence supporting the
therapeutic potential of resveratrol, and precisely explaining the
pathway leading to AKT/NF-kB inactivation.

The newly identified small noncoding RNAs, miRNAs, belong to
a novel class of gene regulators that control gene expression by
binding to complementary sequences in the 30UTRs of target
mRNAs. Deregulated expression of miRNAs has been reported in
human cancers48 and may affect multiple steps during metastasis.
An example is the miR-200 family of miRNAs, which targets the
transcription repressors ZEB1 and ZEB2 to have an emerging role
in promoting EMT and metastasis.49 The oncogenic- and tumor-
suppressive roles of miRNAs have been revealed by several
studies, but their function and regulation are still incomplete.31

The ability of resveratrol to regulate the miRNA expression of
miR-663 and miR-155 has only been investigated in SW480 and
THP-1 cells.50,51 Here, we provide evidence that resveratrol
treatment could inhibit the expression of oncogenic miR-520h.
Similar results from a study of the closely-related miR-520c (both
belong to the miR-515 gene family) revealed a prometastasis
function that induced invasion of MCF-7 cells.52 Our study
provides a miRNA-mediated sequential pathway triggered by
resveratrol: resveratrol ---| miR-520h ---| PP2A/C ---| AKT - NF-kB -
FOXC2 - EMT (Figure 6e). These results shed light on the
mechanism of the antitumor effects of resveratrol.

MATERIALS AND METHODS
Reagents and antibodies
Trans-resveratrol, LY294002 (2 -- 4-morpholino)-8-phenyl-4H-1-benzopyran-
4-one), and okadaic acid23 were purchased from Sigma-Aldrich (St Louis,

MO, USA). UO126 (1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)bu-
tadiene) was purchased from Calbiochem (Nottingham, UK). Antibodies to
the following were used: E-cadherin (Cell Signaling Technology Inc.,
Danvers, MA, USA), Fibronectin (BD Biosciences, San Jose, CA, USA),
N-cadherin (BD Biosciences), Vimentin (Neomarker, Fremont, CA, USA),
FOXC2 (Abcam, Cambridge, MA, USA), PP2A/C (Cell Signaling Technology
Inc.), Akt (Cell Signaling Technology Inc.), anti-phospho-extracellular signal-
regulated kinase 1/2 (Cell Signaling Technology Inc.), anti-phospho-Akt
(Thr308, Cell Signaling Technology Inc.), NF-kB (Cell Signaling Technology
Inc.), Twist (Santa Cruz Technology, Santa Cruz, CA, USA), Slug (Santa Cruz
Technology), Snail (Santa Cruz Technology), E2F (Santa Cruz Technology),
MZF-1 (Santa Cruz Technololgy), AP2a (Santa Cruz Technology), IgG (Santa
Cruz Technology) and a-tubulin (Sigma-Aldrich).

Cell culture
The GPþ E86 and PA317 cell lines were cultured in Dulbeco’s Modified
Eagle Medium (GIBCO, Invitrogen, Carlsbad, CA, USA). The lung cancer cell
lines, CL1-5, A549, H322 and H1435 cell lines, and HEK293T human
embryonic kidney fibroblast cells, were maintained in Dulbeco’s Modified
Eagle Medium/F12 (1:1) (Hyclone Laboratories, Logan, Utah, USA).
NCI-H520 cells were cultured in RPMI-1640 (Hyclone Laboratories). The
A549/siPP2A/C and CL1-5/siPP2A/C cells were cultured in Dulbeco’s
Modified Eagle Medium/F12 medium containing puromycin 2 mg/ml
(Sigma-Aldrich). Medium were supplemented with 10% fetal bovine serum
and antibiotics (100 unit/ml penicillin G and 100mg/ml streptomycin). Cells
were incubated at 37 1C in a humidified 5% CO2 atmosphere.

Establish stable cell line by retrovirus infection
The human FOXC2 cDNA was subcloned into the pBabe-Puro vector
(Addgene, Cambridge, MA, USA). A retroviral vector expressing either the
FOXC2 gene or the control vector was transfected into an ecotropic
packaging cell line, GPþ E86, by lipofectamin LTX (Invitrogen), incubated
overnight, and harvested. A total of 8 mg/ml polybrene was added to the
supernatants in 3 ml medium for the cells of the second packing cell line
PA317. After 2 h the complete medium was added to the PA317 cells, and
they were incubated overnight and then harvested. Packaging cells were
then selected with 2 mg/ml puromycin. To collect the amphotropic virus
from the medium of the PA317 cells so that lung cancer cells could be
infected, cells were selected by adding 2 mg/ml puromycin and then were
diluted 1000-fold to obtain single clones.

Western blotting analysis
Cells were lysed in NETN lysis buffer (150 mM NaCl, 20 mM Tris-HCl pH8.0,
0.5% NP40 and 1 mM EDTA) containing a protease inhibitor cocktail
(Sigma-Aldrich). Equal amounts of proteins were separated by SDS -- PAGE
and transferred to PVDF membrane (Millipore Corporation, Billerica, MA,
USA). After blocking, the blots were probed with the indicated primary
antibodies. After washing and incubating with secondary antibodies, the
blots were visualized by ECL reagent (Millipore).

Transwell migration and invasion assays
Migration and invasion assays were performed as described previously.32

Briefly, transwell migration assays used 1� 105 cells plated in a
noncoated top chamber (24-well insert; pore size, 8 mm; Corning Costar
Corning Incorporated, NY, USA) and incubated for 24 h. The invasion
assay used 1� 105 cells plated in a Matrigel-coated top chamber
and incubated for 48 h. Each well was coated freshly with 60 mg Matrigel
(BD Bioscience) before the invasion assay. In both assays, cells were
plated in medium without serum or growth factors, and medium
supplemented with serum was used as a chemoattractant in the lower
chamber. The cells were incubated for 24 (migration assay) or 48 h
(invasion assay) and cells that did not migrate or invade through the
pores were removed by a cotton swab. Cells on the lower surface of
the membrane were fixed with methanol and stained with crystal violet.
The number of cells migrating through or invading through the

Table 2. Clinicopathological characteristics of lung cancer patients
with associated PP2A/C expression

Characteristics PP2A/C low (n¼ 62) PP2A/C high (n¼ 34) P-value

Gender
Female 38 21 1
Male 24 13

Stage, no. of patients
I-II 20 21 *0.0052
III-IV 42 13

Tumor status, no. of patients
T1 47 26 0.9203
T2-T4 15 8

Node status, no. of patients
N0 16 19 *0.0034
N1-N3 46 15

Distant metastasis, no. of patients
M0 37 22 0.6315
M1 25 12

*Po0.05. Significances of association were determined using a w2 test.
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membrane was counted under a light microscope (� 40, three random
fields per well).

Cell tracing by time-lapse microscope image system
Cells were seeded in cell culture dishes and grown in Dulbeco’s Modified
Eagle Medium/F12 supplemented with 10% fetal bovine serum. After 7 h,
cells were set down on a fluorescence microscope (Axioplan 2, Zeiss,
Oberkochen, Germany) equipped with a charge-coupled device camera
(Axiocam, Zeiss) and incubated at 37 1C in a humidified 5% CO2

atmosphere. The cells were imaged every 15 min for a 24-hour period
and quantified with the image J system.

Cell viability by MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) test
5� 104 cells per well were seeded in 96-well plates in medium containing
1% fetal bovine serum. Cells were allowed to adhere for 24 h and were
subsequently incubated with the indicated drug concentrations. Each
condition was tested in triplicate wells. Viability was assessed by Celltiter96
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independent experiments performed in triplicate. (b) Left panel, the role of miR-520h in PP2A/C regulation was determined by collecting cell
lysates from control A549 cells (A549/Ctrl) and from A549 cells overexpressing miR-520h (A549/miR-520h) that had both been cultured with or
without resveratrol. Right panel, after miRNA transfection, RNA was isolated from A549-- transfected cells and the expression of miRNAs was
confirmed by qRT--PCR. The data were normalized to the level of U47 RNA in each sample. Asterisks denote a significant difference. Data are
representative of at least three independent experiments performed in triplicate. (c) The functions of miR-520h in regulating PP2A/C-
mediated cell migration and invasion were assayed by comparing A549/Ctrl and A549/mir-520h cells that did or did not receive resveratrol
treatment. The expression of PP2A/C was rescued by introducing an expression construct of PP2A/C into both the A549/Ctrl and A549/mir-
520h cells. Bars represent mean±s.d. and asterisks denote a significant difference (* indicates Po0.05; **, Po0.01 and ***, Po0.001). Data are
representative of at least three independent experiments. (d) MiR-520h level predicts poor clinical outcome in 106 patients with lung cancer.
The log-rank test (two-sided) was used to compare differences between groups. The Kaplan--Meier curves show analyses of disease-free (left)
and overall (right) survival in patients with lung cancer. (e) A working model shows the molecular mechanism underlying the ability of
resveratrol to suppress EMT as human lung cancer progresses.
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Aqueous1 (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. The amount of MTT formazan product was analyzed
spectrophotometrically at a wavelength of 570 nm. Each individual
experiment was repeated at least three times.

Colony formation assay
A total of 5� 102cells were seeded in 6-well tissue culture dishes and
treated with or without resveratrol. After 7 days, colonies were fixed with
4% paraformaldehyde and stained by 0.05% crystal violet. The total
number of colonies in each well was counted.

RT -- PCR
Total RNA was isolated using TRIzol (Invitrogen) and reverse transcribed
into cDNA using M-MLV reverse transcriptase (Invitrogen). The sequences
of the primers were: 50-GCCTAAGGACCTGGTGAAGC-30 (sense) and
50-TTGACGAAGCACTCGTTGAG-30 (antisense) for human FOXC2, and
50-GCTCGTCGTCGACAACGGCTC-30 (sense) and 50-CAAACATGATCTGGGT
CATCTTCTC-30 (antisense) for human b-actin. The reaction mixture was
first denatured at 94 1C for 5 min. The PCR conditions for FOXC2 were 94 1C
for 30 s, 56 1C for 30 s and 72 1C for 30 s for 35 cycles, whereas for b-actin,
they were 94 1C for 30 s, 55 1C for 30 s and 72 1C for 30 s for 22 cycles
followed by 72 1C for 10 min.

Specimens and immunohistochemistry
The tissue specimens were obtained from the Cancer Tissue Core of the
National Taiwan University Hospital. None of the patients had received
preoperative neoadjuvant chemotherapy or radiation therapy. The surgical
specimens had been fixed in formalin and embedded in paraffin before
being archived. The archived specimens were used for immunohisto-
chemical staining. The histological diagnosis of lung adenocarcinoma was
made according to WHO recommendations. The tumor size, local invasion,
lymph node metastasis and final disease stage were determined as
described previously.53 Follow-up of patients was carried out up to 200
months. Patients who died of postoperative complications within 30 days
after surgery were excluded from the survival analysis. A four-point
staining intensity scoring system was devised for determining the relative
expression of FOXC2 and PP2A/C in cancer specimens; the staining
intensity score ranged from 0 (no expression) to 3 (maximal expression).
The results were classified into two groups according to the intensity and

extent of staining: the low-expression group had either no staining present
(staining intensity score¼ 0) or positive staining detected in o10% of the
cells (staining intensity score¼ 1), whereas in the high-expression group had
positive immunostaining was present in 10 --30% of the cells (staining
intensity score¼ 2) or 430% (staining intensity score¼ 3). All immunohis-
tochemical staining results were reviewed and scored independently by two
pathologists. Lung cancer tissue sections were deparaffinized, soaked in
10mM sodium citrate buffer and boiled in a microwave for 15 min at 500 W to
retrieve cell antigens. The primary antibodies, which were mouse monoclonal
anti-FOXC2 (1:100; Abnova, Taipei, Taiwan) and rabbit polyclonal anti-PP2A/C
(1:25; Cell Signaling), were applied to the slides and incubated at 4 1C
overnight. The slides were washed and then the samples were stained by the
avidin--biotin-peroxidase method (LSABþ System HRP; Dako, Kyoto, Japan)
and counterstained with hematoxylin.

Construct of luciferase reporters
The FOXC2 promoter (nucleotides �1990 to þ 6) was amplified by PCR
(sense: 50-TGCTCGAGTGCCCAACCAGACCAGCAAC-30 and antisense:
30-ACTAAGCTTCTGCGTGCTGCTTCCGAGAC-50) using the BAC clone (RP11-
1017A18, Invitrogen) as the template. The PCR product was inserted into
the XhoI/HindIII site of the pGEM T-easy vector (Promega). The fragment
was subcloned into the pGL3-basic reporter (Promega). Series deletions of
FOXC2 promoter reporter constructs were established by using the primer
sequences from �984 to þ 6 of 50-ACTAAGCTTCGCTTGGATTGGAATGG-
CAGG-30 (sense) and 30-ACTAAGCTTCTGCGTGCTGCTTCCGAGAC-50 (anti-
sense) and by using the primer sequences from �215 to þ 6 of 50-TGCT
CGAGATCCGCCCGGTCCGCTGAAG-30 (sense) and 30-ACTAAGCTTCTGCGTG
CTGCTTCCGAGAC-50 (antisense). The restriction enzyme BlpI digested the
FOXC2-promoter from �984 to þ 6 to generate a FOXC2-promoter from
�460 to þ 6. Digestion of the FOXC2-promoter from �460 to þ 6 by the
restriction enzyme SmaI generated a FOXC2-promoter from �215 to þ 6.
The mutant luciferase reporters F6/mutE2F (sense: 50-CCCTCTGGCTCT
CTAATACTCTCTCGCTCTC-30 and antisense: 50-GAGAGCGAGAGAGTATTA
GAGAGCCAGAGGG-30), F6/mutNF-kB (sense: 50-CGCGTGCTAGCCCGTTTCC
GCCCCTCCCGC-30 and antisense: 50-GCGGGAGGGGCGGAAACGGGCTAGCA
CGCG-30), F6/mutAP-2a (sense: 50-CCTCCTCTCCCCCTCCAATTCTCTCGCGCT
CTC-30 and antisense: 50-GAGAGCGCGAGAGAATTGGAGGGGGAGAGGAGG-
30) and F6/mutMZF-1 (sense: 50-GCTCCCCTCCTCTTTTTCTCTGGCTCTCTCG-30

and antisense: 50-CGAGAGAGCCAGAGAAAAAGAGGAGGGGAGC-30) were
generated by the QuickChange XL Site-Directed Mutagenesis Kit
(Stratagene, Santa Clara, CA , USA). We searched for potential transcrip-
tional factor-binding sites on the FOXC2-promoter with TESS 2.0/TFSEARCH
ver1.3 software.25

Luciferase reporter assay
Luciferase reporter assays analyzed luciferase activities by the Luciferase
Assay System (Promega) as describe previously.22 Firefly luciferase reporter
gene construct and pTK-Renilla luciferase construct (for normalization)
were cotransfected at 1 mg each per well. Cell extracts were prepared 48 h
after transfection and luciferase activity was measured by the Dual-
Luciferase Reporter Assay System (Promega).

PP2A phosphatase activity assay
Cells were treated with resveratrol at the indicated time points and lysed with
NETN lysis buffer containing proteinase inhibitors. Equal amounts of protein
were used to analyze PP2A phosphatase activity (Millipore). Briefly, 2mg anti-
PP2A/C-subunit antibody was added to protein lysates and the samples were
rotated at 4 1C overnight and then washed. Phospho-peptide was added to
the lysate and the mixture was incubated at 30 1C for 10 min. Next, the
malachite green detection solution was added to the lysate, it was incubated
for 10 min at room temperature and activity was detected at OD650.

Construction and production of shRNA clone in lentiviral vector
system
The shPP2A clone TRCN000002486, the pLKO.1-shLuc vector that was
shRNA against luciferase act as a control, the pCMV-VSV-G plasmid and the

Table 3. Clinicopathological characteristics of lung cancer patients
with associated miR-520 expression

Characteristics miR-520 low (n¼ 53) miR-520 high (n¼ 53) P-value

Gender
Female 22 27 0.3297
Male 31 26

Stage, no. of patients
I-II 43 30 *0.0064
III-IV 10 23

Tumor status, no. of patients
T1 34 17 *0.001
T2-T4 19 36

Node status, no. of patients
N0 37 24 *0.0106
N1-N3 16 29

Distant metastasis, no. of patients
M0 50 47 0.2965
M1 3 6

*Po0.05. Significances of association were determined using a w2 test.
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pCMVdeltaR8.91 plasmid were obtained from National RNAi Core Facility at
the Genomics Research Center (Academia Sinica, Taipei, Taiwan).
Recombinant lentiviruses were produced by HEK293T cells that were
cotransfected with the lentivirus expression plasmid, pCMVdeltaR8.91 and
pCMV-VSV-G, using Lipofectamine LTX. The viruses were collected from the
culture medium 2 days after transfection. Lung cancer cells were infected
with lentivirus containing 8 mg/ml polybrene and selected with 2 mg/ml
puromycin.

Animal studies
All animal work was performed in accordance with protocols approved by
the Institutional Animal Care and Use Committee of China Medical
University. Female severe combined immunodeficient mice, age matched
and 4 -- 6 weeks old, were used in assays for tumor growth in a
subcutaneous xenograft model and lung colonization metastasis in an
experimental metastasis model. For experimental metastasis assays,
1� 106 viable cells were resuspended in 0.1 ml of phosphate-buffered
solution and introduced into the circulation via tail-vein injection. Lung
metastasis was quantified 8 weeks after injection. The tumor growth assay
used 2� 106 cells suspended in a 1:1 mixture of phosphate-buffered
solution and Matrigel, and subcutaneously transplanted into the back of
severe combined immunodeficient mice. The xenograft and metastasis
models involved daily intraperitoneal administration of either resveratrol at
20 mg/kg or vehicle control to mice. Tumor development was analyzed by
measuring tumor length (L) and width (W) and calculating volume (V)
through the formula, V¼ LW2/2. Lung metastatic colonies were counted
with a stereoscopic microscope. The luciferase-based, noninvasive
bioluminescent imaging and analysis were performed by the Xenogen
IVIS-200 system (Xenogen, Alameda, CA, USA).

Chromatin immunoprecipitation assay
The chromatin immunoprecipitation assay was performed with the EZ ChIP
kit (Millipore). Cells were fixed with 1% formaldehyde, washed and lysed. The
nuclei were released with SDS lysis buffer and sonicated with a MISONIX
Sonicator 3000 (Misonix, Farmingdale, NY, USA). The soluble chromatin at
200 ml per immunoprecipitation assay were diluted 10-fold in ChIP dilution
buffer and then the lysate was precleared with protein G-agarose beads
(Millipore) for 1 h at 4 1C. Antibodies for either nonimmune IgG or target
protein were added to the precleared lysate and the mixtures were rotated
overnight at 4 1C. The immunocomplexes were pulled down by protein
G-agarose beads and then washed with the low-salt wash buffer, the
high-salt wash buffer, the LiCl wash buffer and finally two times with Tris-
EDTA buffer. The bound protein was eluted with elution buffer containing 1%
SDS and 100 mM NaHCO3. The crosslinks were reversed by overnight
incubation at 65 1C. The DNA was purified by the QIAquick PCR purification
Kit (QIAGEN, Valencia, CA, USA), and the FOXC2 promoter was
amplified by PCR with the 50-ATCCGCCCGGTCCGCTGAAG-30 sense primer
and the 50- CTGCTCGCTCAGGTAGGGCAC-30 antisense primer. Transcripts
were detected by quantitative PCR with the LightCycler FastStart DNA Master
SYBR Green I kit (Roche Diagnostics, Basel, Switzerland) with the LightCycler
480 (Roche Diagnostics). Cycling conditions were 95 1C for 10 min followed
by 35 cycles of 95 1C for 15 s, 55 1C for 10 s and 72 1C for 12 s.

TaqMan miRNA real-time RT -- PCR
To determine the expression of miRNA-520h from lung cancer patients, we
used TaqMan MicroRNA Assay kit (Applied Biosystems, Carlsbad, CA, USA)
following manufacturer’s protocol. In all, 10 ng of RNA from patient
samples were reverse transcribed using 7 ml of RT mixture containing
dNTPs, RT and RNase inhibitor and 3 ml of respective primer. The mixture
was incubated at 16 1C for 30 min, 42 1C for 30 min, followed by 85 1C for
5 min. Real-time PCR reactions were then carried out in a total volume of
20ml reaction mixture containing 1.33ml of RT product, 10 ml of 2�
Taqman universal PCR master mix, 7.67ml of water and 1 ml of TagMan
assay probe. All reactions, including controls were performed in triplicate.
Relative expression of miRNAs was analyzed using Ct method and was
normalized by RNU6B expression for patient samples.

Statistical analysis
Results are expressed as mean±s.d.54 as indicated. All statistical tests were
two-sided. A value of Po0.05 was considered statistically significant.
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