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ABSTRACT

microRNAs(miRNAs) can regulate epithelial-mesenchymal transition (EMT)
through transcription factors, however, little is known whether EMT transcription
factors can modulate miRNAs and further induce EMT and cancer metastasis. Here we
show that overexpression of Snail and Slug leads to a mesenchymal phenotype and
morphology and enhances cell invasion along with stem cell properties in squamous
cell carcinoma of oral tongue (OTSCC) cells. Repression of miR-101 expression by Snail
and Slug is essential for Snail/Slug-induced malignant phenotypes. The suppression
of miR-101 subsequently activates EZH2, the sole histone methyltransferase, inducing
EMT, migration and invasion of OTSCC cells. Importantly, co-overexpression of
Slug and Snail correlates with poor survival and elevated EZH2 expression in two
independent patient cohorts of OTSCC specimens. These findings defined a Snail and
Slug/miR-101/EZH2 pathway as a novel regulatory axis of EMT-mediated-microRNA
signaling.

into cells with mesenchymal attributes, has been shown
to play a pivotal role in various steps of tumor metastatic
cascades, including HNSCC [3, 4]. Snail (Snaill) and
Slug (Snail2), the Snail family transcription factors, are

INTRODUCTION

Squamous cell carcinoma of the head and neck
(HNSCQC) is the sixth most prevalent cancer in the world

[1]. Despite its significance and the enormous knowledge
accumulated in the past decades on the mechanisms
of HNSCC generation and progression, very little is
still known about the molecular mechanisms governing
metastatic dissemination [2]. Epithelial-mesenchymal
transitions (EMT), interconverting epithelial cell types

strong E-cadherin repressors and major EMT inducers,
express in breast cancers, ovarian cancers, and colon
cancers, and involve in tumor metastasis and recurrence
[5-8]. Importantly, Snail and Slug have been reported
to collaborate on primary tumor growth and specifically
contribute to site-specific metastasis of mouse skin
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carcinoma cell lines [9]. Thus, a comprehensive study
demonstrating the interplay between Snail and Slug will
provide essential information for the metastasis molecular
and prognosis prediction in squamous cell carcinoma of
oral tongue (OTSCC), which is one of the most common
forms of HNSCC.

Recent work has demonstrated MicroRNAs
(miRNAs) play critical roles in tumor EMT and
metastasis. Members of the miR-200 family are well-
established EMT repressors through direct targeting of
ZEB1 and ZEB2 [10, 11]. miR-182 and miR-203 induce
mesenchymal to epithelial transition (MET) features and
growth factor independent growth via repressing SNAI2
in prostate cells [12]. MiR-300 may negatively regulate
EMT by direct targeting Twist and therefore inhibit the
invasion and metastasis of HNSCC [13]. These data
showed that some miRNAs can regulate the expression
of certain genes, such as EMT transcription factors [14,
15]. However, little is known whether EMT transcription
factors can mediate miRNAs and further induce EMT and
metastasis to date.

In our previous study, we described an important
role for Snail, Slug and c-kit in the invasion and metastasis
of salivary gland adenoid cystic carcinoma [16-18], as
well as TWIST2 and SNIP1, EMT another transcription
factors, in the metastasis and prognosis of OTSCC [19].
Now, we have investigated the interplay between Snail
and Slug in tumor metastasis and prognosis in OTSCC
clinical specimens and cell lines targeting each factor by
stable RNAI, screened their miRNAs mediated by Snail
and Slug using microRNA microarray, and analyzed
their effect in the migration and invasion behavior. Our
results indicated that Snail and Slug collaborate on in
vivo and in vitro the invasion and metastasis, and EMT-
like programs in OTSCC, and miRNA-101 (miR-101)
was mediated in this process. We further showed that
repression of miR-101 caused the invasion, migration and
EMT of OTSCC cells through an increase in the level of
enhancer of zeste homologue 2 (EZH2), the sole histone
methyltransferase. Together, the present work provides
the first evidence for the coordination of Snail and Slug
in silencing tumor-suppressive miRNAs during OTSCC
malignant progression.

RESULTS

Co-overexpression of Snail and Slug correlated
with the metastasis and poor prognosis of
OTSCC patients

To evaluate the clinical relevance of Snail and
Slug expression in human OTSCC, we carried out
immunohistochemistry staining of Snail and Slug in
89 human OTSCC samples representing different T
classification and 10 normal human tongue mucous.

Representative immunohistochemical images were shown
in Figure 1A. We found that the nuclear staining of Snail
was detected in 36 of 89 (40.45%) OTSCC specimens, and
the cytoplasm and nuclear staining of Slug were detected
in 39 of 89 (43.82%). Co-overexpression of Snail and Slug
was observed in 30 (33.71%) cases, either of Snail and
Slug was found in 14 (15.73%) cases, and neither of them
was observed in 45 (50.56%) patients with OTSCC. Snail
or Slug or two protein co-expressions was significantly
associated with T classification, pathological grade, and
lymph node metastasis (Table 1). Moreover, overall
survival curves of all patients were computed with the
Kaplan—Meier method and compared between groups by
using the log-rank test. The patients with positive Snail or
Slug or metastasis had a poorer prognosis (a lower survival
rate) than those with negative (p = 0.0298, p = 0.0141,
p =0.0007, respectively, Figure 1B). And a significantly
worse overall survival rate patients who had both of Snail
and Slug overexpression had been revealed compared with
those who had one of proteins overexpression and none
protein expression (p = 0.0006, Figure 1B).

Then, co-expression of Snail and Slug, Snail
or Slug expression as well as patients’ gender, age, T
classification, pathologic grade, local regional recurrence,
and lymph node metastasis were included in the univariate
and multivariate analysis by Cox’s proportional hazards
regression model. The univariate analysis showed
that patients’ T classification, pathologic grade, local
regional recurrence, lymph node metastasis, Snail or
Slug expression and co-overexpression of Snail and
Slug were significantly associated with patient overall
and disease-free survival (p < 0.05, Supplementary
Table S1). All the variables, which showed p < 0.05 by the
univariate analyses, were used for multivariate analyses.
Multivariate analysis using the Cox’s proportional hazards
model revealed that local regional recurrence and co-
overexpression of Snail and Slug pattern were independent
and significant prognostic factors in overall survival of all
patients (p = 0.004, p = 0.012, respectively, Supplementary
Table S2), and local regional recurrence and lymph node
metastasis, and co-overexpression of Snail and Slug
pattern were independent and significant prognostic
factors in disease-free survival of all patients (p < 0.001,
p =0.014, p < 0.001, respectively, Supplementary Table
S2). These results suggest that Snail and Slug co-expression
rather than any individual expression was the independent
determinant of OTSCC prognosis. The results of THC
analysis for Snail and Slug co-expression were validated
by real-time RT-PCR in representative OTSCC fresh
samples (Data no shown). These observations implicate the
potential usefulness of Snail and Slug co-overexpression as
a novel prognostic molecular marker for OTSCC.

Simultaneously, the OTSCC specimens were
immunostained for several EMT-related proteins (E-cadherin,
N-cadherin and Vimentin) that are potentially relevant to
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Figure 1: Snail and Slug expression was associated with the T classification, metastasis and poor prognosis of human
OTSCC samples. (A) Representative tissue sections (left) and quantification (right) stained for Snail, Slug, E-cadherin, N-cadherin and
Vimentin by immunohistochemistry in case 1 (TINOMO), case 2 (T3NOMO) of OTSCC samples and normal tongue mucous. Scale bar,
50 mm. (B) Kaplan—Meier survival analysis in patients with OTSCC. Co-overexpression of Snail and Slug in OTSCC was associated with
a shorter overall survival rate, compared with the group with either of Snail and Slug overexpression and neither of them overexpression.
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Table 1: Clinicopathological features of OTSCC patients and their association with Snail and Slug

expression (n = 89)

Clinicopatholog- =n Snail P Slug P Snail/Slug P
ical features expression Value expression Value co-expression Value
Positive Negative Positive Negative Both Others
(n=36) (n=53) (n=39) (n=50) positive  (n =159)
(n=30)
Age 89 0.640 0.905 1.000
<=60 53 23 30 24 29 18 35
> 60 36 13 23 15 21 12 24
Gender 89 0.466 0.659 0.371
Female 40 14 26 16 24 11 29
Male 49 22 27 23 26 19 30
T classification 89 0.007 0.001 <0.001
T1/T2 51 14 37 14 37 9 42
T3/T4 38 22 16 25 13 21 17
gj‘;gzl"gical 89 <0.001 <0.001 <0.001
Well 54 6 48 12 42 5 49
ﬁoo‘frréte 35 | 30 5 27 8 25 10
K‘:;‘;:‘a:i‘;de 89 <0.001 0.006 <0.001
Yes 37 25 12 23 14 22 15
No 52 11 41 16 36 8 44
fe"ccuarlr?l’]gci:“al 89 0.011 0.113 0.009
Yes 34 20 14 19 15 19 15
No 55 16 39 20 35 11 34

tumor EMT (Figure 1A). Co-overexpression of Snail and
Slug was found to be significantly associated with lower
expression of E-cadherin (p = 0.009), higher expression of
N-cadherin (p = 0.004), and higher expression of Vimentin
(» = 0.002, Supplementary Table S3). These showed that
Snail*/Slug" OTSCC associated with tumor EMT.

Co-overexpression of Snail and Slug
synergistically contributed to the invasion and
migration, EMT of OTSCC cells and generated
stem cell-like cells

To investigate the roles of Snail and Slug in OTSCC
migration and invasion and EMT, we applied short hairpin
RNAs (shRNA) to knockdown Snail or Slug or both proteins
expression in OTSCC cell line Cal-27, as confirmed by
immunoblotting and immunofluorescence staining (Figure 2A,

2B) and real-time PCR (Supplementary Figure S1A). The
results showed that knockdown of both Snail and Slug in
Cal-27 cells impaired cell migration and invasion ability at
85%-90% (Figure 2C, 2D), compared with control, while
knockdown of Snail or Slug decreased cell migration and
invasion at 65%—70% (Figure 2C, 2D). And as Snail and
Slug are important EMT-inducing transcription factors, we
then examined both epithelial and mesenchymal markers by
immunoblotting. As can be seen, the silenced cells exhibited
a significant upregulation of B-catenin, E-cadherin and
Occludin; meanwhile the mesenchymal markers Fibronectin,
Vimentin, and N-cadherin were dramatically down-regulated,
and more prominently changed in both silenced cells
(Supplementary Figure S1B). Real-time PCR analyses also
revealed the mRNA expression up-regulation of E-cadherin,
Twist2, ZEB1, ZEB2, Prrx1, HOXB7, and downregulation of
N-cadherin mRNAs, and more prominently in both silenced
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Figure 2: Knockdown of Snail and Slug inhibited the invasion and migration of OTSCC cells. (A) Immunoblotting

assessment of the Snail or Slug protein expression after knockdowning Snail

or Slug or both proteins in Cal-27 cells. Representative of

three independent experiments was shown. (B) Immunofluorescence staining for Snail (sh-Snail#1 and sh-Snail-control) or Slug (sh-Slug#1
and sh-Slug-control). Scale bar, 100 mm. (C and D) Migration (C) and invasion (D) assays in stable Cal-27 cells transfecting sh-Snail#1 or
sh-Slug#1 or sh-Snail/Slug#1. The mean was derived from cell counts of 5 fields, and each experiment was repeated 3 times. Representative

images of migrated and invaded cells were shown.
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cells (Supplementary Figure S1C). Similar results were
observed in Tca8113 cells, a prototypic cell model for OTSCC
study. These data showed that both Snail and Slug silenced
cells have more capacity to inhibit the migratory and invasive
behaviors and EMT in OTSCC cells.

To further confirm that the effect of Snail or Slug
silencing on the decrease of migration and invasion of Cal-
27 cells is specific, we stably overexpressed Snail, Slug,
or both proteins in Cal-27 cells (Supplementary Figure
S2A). Overexpression of Snail or Slug restored migration
and invasion, and cells that co-expressed both proteins
demonstrated the highest ability for migration and invasion
(Supplementary Figure S2B). The mRNA and protein
levels of epithelial markers reduced and the mesenchymal
markers increased in Snail or Slug-restored cells, compared
with control cells, and co-expressed both proteins gained
the highest change of these markers (Supplementary
Figure S2C). Importantly, we observed that co-expressed
both protein cells displayed an elongated fibroblast-like
morphology with scattered distribution in culture, whereas
control cells retained their cobblestone-like morphology
with tight cell—cell adhesion (Figure 3A). The same results
were obtained in Tca8113 cells. Then, we applied RT-PCR
to examine the mRNA level of E-cadherin and Vimentin in
Snail/Slug groups. The results showed that the Snail/Slug-
expressing cells exhibited a significant down-regulation
of E-cadherin and up-regulation of Vimentin, compared
with vector group and Snail group (p < 0.05), Snail/Slug-
expressing cells had a significant higher level of Vimentin
than Slug group (p < 0.001) and there was no difference
of E-cadherin expression between Snail/Slug group and
Slug group (p > 0.05, Figure 3B). These data indicated that
both co-overexpression of Snail and Slug contributed to the
migratory and invasive behaviors and EMT in OTSCC cells.

Mammary epithelial cells undergoing an EMT
program have been linked to stem cell phenotypes such
as an increased CD133 high/CD44 high population and
mammosphere formation ability [20]. To determine whether
co-overexpression of Snail and Slug has the effect to lead to
the stem cell phenotypes upon induction of EMT, we carried
out FACS to identify CD133 high/CD44 high populations.
The CD133 high/CD44 high stem cell population in Cal-
27 co-expressed both Snail and Slug proteins were 19% +
1.35%, and the vector-infected cells was 6% =+ 2.45%. The
co-overexpression of Snail and Slug Cal-27 cells exhibited a
significant increase in the CD133 high/CD44 high stem cell
population compared with vector-infected cells (Figure 3D,
p < 0.05). Meanwhile, as evidenced in Figure 3C, the
co-overexpression of Snail and Slug Cal-27 cells increased
both in size and in number of mammospheres in comparison
with the vector-infected cells. We thus concluded that the
co-overexpression of Snail and Slug-induced EMT
generates mesenchymal cells with stem cell-like
phenotypes, a feature recently defined for EMT inducers.

We next carried out a luciferase reporter assay to
investigate whether Snail and Slug could transcriptionally
regulate. We transiently transfected cells with luciferase

reporter constructs containing proximal promoter of
Snail or Slug or E-cadherin. The result showed that the
relative luciferase activity of E-cadherin was reduced in
cells transiently co-transfected with E-cadherin promoter
reporter together with Slug or Snail expression construct,
compared with empty vector, indicating that Snail or
Slug may directly regulate E-cadherin transcription
(Supplementary Figure S3A, S3B). However, the relative
luciferase activity of Snail was not changed in cells
transiently cotransfected with Snail promoter reporter
together with Slug expression construct or with empty
vector (Supplementary Figure S3C), indicating that Snail
expression could not activate the reporter driven by the Slug
promoter. Likewise, Slug expression did not influence the
activity of the Snail promoter. These results confirmed the
independent expression and regulation of Snail and Slug.

miR-101 was negatively regulated by both Snail
and Slug in OTSCC cells

To investigate the functional relationship between Snail
and Slug in silencing tumor-suppressive miRNAs in OTSCC,
we compared the miRNA expression profile of OTSCC cells
in which Snail or Slug had been knocked down with that
of control cells. The results showed that 29 miRNAs were
suppressed by Snail and 39 were suppressed by Slug. Notably,
twenty-two miRNAs were up-regulated in both knockdown
cells (Figure 4A). Real-time PCR verification was performed
to verify the miRNA array results (Figure 4B). Among these,
miR-101 attracted our attention for the following reasons.
Down-regulated expression of miR-101 has been found in
a variety of cancers, and associated with the invasion and
progression of malignancies. Its gene therapy is of great
potentiality to be a new modality for treatment of cancers
[21]. Nevertheless, the expression of miR-101 in OTSCC
tissues and cells, as well as the mechanisms underlying miR-
101 silencing in OTSCC remain largely unknown [22].

Next, we performed quantitative real-time PCR
(qRT-PCR) assays and found that miR-101 level was
widely repressed in OTSCC cell lines as compared with
those in human oral keratinocytes cell lines and human
immortalized oral epithelial cell (Figure 4C). To validate the
results obtained from miRNA microarray experiments, we
knocked down Snail or Slug in Cal-27 and Tca8113 cells.
qRT-PCR assays confirmed that, upon knockdown of both
gene, the expression level of miR-101 was significantly
increased in both cell lines (Figure 4D). To investigate
the mechanism of Snail/Slug repression of miR-101, we
applied a luciferase reporter assay to examine whether
miR-101 could transcriptionally regulate the Snail/Slug
expression. We found that the relative luciferase activity of
Snail was decreased proportionally to the increasing amount
of miR-101 in cells (Supplementary Figure S4A). However,
the Slug promoter activity was not changed (Supplementary
Figure S4B). These findings suggest that miR-101 may
directly regulate Snail transcription and indirectly regulate
Slug transcription.
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Figure 3: Snail/Slug-induced EMT generated stem cell-like cells. (A) Morphologic change of Cal-27 cells expressing empty
vector, Snail, Slug, or Snail/Slug. Scale bar, 100 mm. (B) The results showed that the Snail/Slug-expressing cells exhibited a significant
down-regulation of E-cadherin and up-regulation of Vimentin, compared with vector group and Snail group (p < 0.05). Snail/Slug-
expressing cells had a significant higher level of Vimentin than Slug group (p < 0.001), however, there was no difference of E-cadherin
expression between Snail/Slug group and Slug group (p > 0.05). Error bars represent the mean + SD of triplicate experiments. (C) Phase
contrast images and quantification of mammospheres formation. Scale bar, 100 mm. Error bars represent the mean + SD of triplicate
experiments. (D) FACS analysis of cell-surface markers CD133 and CD44 in cells expressing Snail/Slug or empty vector. Percentages of
mean CD133+/CD44+ subpopulation = SD based on triplicate experiments are indicated.

www.impactjournals.com/oncotarget 6800 Oncotarget



sh-neg sh-Snail sh-Slug

Up-regulated microRNAs
sh-Slug
39
Down-regulated microRNAs
- mssse |
-9.0 -1.0 7.0
B @ Cal-27 cells
@@ sh-Snail/Slug Cal-27 cells
64
c
o
@
@ 4
—
f=N
>
L+
2
€%
3
14
o-
o wn o f=N o =3 o o o =3 o o o o o o o o o © o
L RN WY W WL R O QB W QW W O “?%8“’?“?%“?
= - n £ o < o o - - - D < ~ bogd o~ o <
[7=3 V - n © o o o © D faed bl faed o o Y Y - o [v4 o
S X v v T 9O © § © T ® & o 9 T X o o5 ® = 9
T g o o O 9 o ¥ Q0 oo 2 x £ £ ¥ ¥ E ¥
4 £ .E = .E ¥ o .E ¥ o .E .E .E [+ 4 .E X o @
= E E & E £ £ E E £
P<0.0001
C 154 D 1 ;
1’ P<0.0001 1
g o ol |
2 2 BB Untreated
4 - [ shContr
s 2 9 [ shSnailiSlug
2 L
- E 4d
e ’
- 5
4 5 o
S
0d
A )
c;‘°\ﬁb &
<&

Figure 4: miR-101 was negatively regulated by both Snail and Slug in human OTSCC cells. (A) miRNA profiling of Cal-
27 cells in which Snail or Slug was knocked down. Shades of red represent increased gene expression while shades of green represent
decreased expression. 22 miRNAs were jointly up-regulated by both Snail and Slug knockdown. (B) Twenty-two miRNAs, including
miR-101, were confirmed up-regulated in the sh-Snail/Slug Cal-27 cells by real-time PCR. Error bars represent the mean + SD of triplicate
experiments. (C) Mature miR-101 levels assessed by real-time PCR analysis in normal mucous cell lines (HOK and HOEC), and various
OTSCC cell lines (Cal-27, Tca8113, SCC-9 and SCC-4). Error bars represent the mean + SD of triplicate experiments. (D) Mature miR-101
expression levels assessed by real-time PCR analysis in Cal-27 and Tca8113 cells that were treated for 72 hr with sh-negative or sh-Snail
or sh-Slug. Error bars represent the mean = SD of triplicate experiments.
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miR-101 suppressed the invasion and migration,
and EMT of OTSCC cells by targeting EZH2

Next, we aimed at investigating the effects of miR-
101 expression level on the malignant phenotype of
OTSCC cells. The results showed that miR-101 restoration
significantly reduced the migration and invasion ability of
Cal-27 cells (Figure 5A, 5B) and blocking the endogenous
miR-101 expression significantly enhanced the migration
and invasion ability, supporting the tumor suppressor
role of miR-101 in OTSCC cells. Further, we stably
overexpressed miR-101 in Snail/Slug overexpression cells
and the migration and invasion of cells were examined.
The data showed that the overexpression of miR-101
significantly inhibited the migration and invasion in Snail/
Slug overexpression cells (Figure 5A, 5B). This indicated
that miR-101 is a downstream target of Snail/Slug-induced
migration and invasion in OTSCC. Comparing with control
cells, Cal-27 and Tca8113 cells with miR-101 silencing
showed an obvious shift in morphology, from cobblestone-
like cells to more spindleshaped cells (Figure 5C). To further
probe the possible interactions between miR-101 and EMT-
inducing transcription factors, we examined the expression
of known EMT inducers. We showed that the mRNA levels
of N-cadherin, Twist2, ZEB1, ZEB2, Prrx1 were reduced in
response to miR-101 overexpression, whereas E-cadherin
mRNA level was increased (Supplementary Figure S5).
Western Blot analysis revealed a significant increase of
E-cadherin expression and reduced Vimentin expression in
miR-100 overexpression cells (Figure 5D). These results
indicate that miR-101 is required for EMT maintenance in
mesenchymal phenotype cells.

We also investigated the effects of miR-101 level on
EZH2 gene expression, a well-known tumor-promoting
gene, recently described as an important miR-101 target
[22]. Both at transcriptional and post-transcriptional levels,
we observed a reduced EZH2 expression in Cal-27 cells
overexpressing miR-101 (Figure 5E) and an increased
EZH?2 expression in Cal-27 cells characterized by miR-
101 inhibition, confirming that EZH2 may be a direct
target of miR-101. Next, we asked whether EZH2 was
responsible for the aggressive phenotype of OTSCC cells.
We found that EZH2 knockdown significantly inhibited the
migration and invasion of Cal-27 cells (Figure 5F), and the
mRNA levels of N-cadherin, Twist2, ZEB1, ZEB2, Prrx1
were reduced in response and E-cadherin mRNA level was
increased. These data suggested that EZH2 may be a target
of miR-101 in suppressing the migration and invasion, and
EMT of OTSCC cells. Further, we stably knocked down
EZH2 in Snail/Slug overexpression cells and the migration
and invasion of cells were examined. The data showed
that there was no difference of the migration and invasion
between control and sh-EZH2 cells with Snail/Slug
overexpression (p > 0.05), indicating that the knockdown
of EZH2 significantly inhibited the invasion and migration
in Snail/Slug overexpression cells (Figure 5F). And we

stably knocked down EZH2 in miR-101 silencing cells.
The data demonstrated that the knockdown of EZH?2 also
significantly inhibited the invasion and migration in miR-
101 silencing cells (Figure 5F). These data indicated that
EZH2 may mediate Snail and Slug/miR-101-induced
migration and invasion in OTSCC cells.

Co-overexpression of Snail and Slug was
associated with lower miR-101 and higher EZH2
levels of OTSCC patients

To further investigate the impact of co-
overexpression of Snail and Slug on EZH2 expression of
OTSCC patients, we performed IHC analysis to examine
EZH2 expression in consecutive tissue slides of 30 Snail*/
Slug” OTSCC samples, and 10 normal human tongue
mucous tissues. The overexpression of EZH2 was 29/30
(96.67%) of Snail*/Slug” OTSCC tumors, whereas no
obvious expression of EZH2 was observed in any of the
10 normal tongue mucous samples (Figure 6A). EZH2
levels in Snail*/Slug" OTSCC were significantly higher
than the normal mucous (p < 0.0001).

To confirm the association of co-overexpression
of Snail and Slug with the level of EZH2 in OTSCC, we
performed THC staining for another independent OTSCC
patient cohorts. The cohorts (Zhoushan), consisted of patients
of a current prospective study with a median follow-up of 12.5
months (range, 3—50 months; n = 40). [HC staining of Snail,
Slug and EZH2 in metastasis and no-metastasis OTSCC
patients revealed similar findings (Supplementary Figure
S6A, Table S4). Co-overexpression of Snail and Slug reliably
predicted the clinical outcome (Supplementary Figure S6B;
p < 0.05), and confirmed the positive correlation of
co-overexpression of Snail and Slug with EZH2 (p < 0.001).

To quantify the correlation between miR-101 and
EZH2 in OTSCC samples, we examined the protein and
mRNA expression levels of miR-101 and EZH2 in fresh
samples from five metastatic OTSCC, five no-metastatic
OTSCC, and five normal tongue mucous tissues (Figure
6B, 6C, 6D). The protein expression of miR-101 was
totally lost in OTSCC by in situ hybridization (Figure 6B),
and all normal tongue mucous tissues assayed exhibited
higher mRNA levels of miR-101, metastasis OTSCC and
no-metastatic OTSCC showed lower levels of miR-101
(Figure 6D). As expected, metastatic OTSCC expressed
significantly higher levels of EZH2 as compared to
no-metastatic OTSCC or normal tongue mucous tissues
(»p = 0.0002, p < 0.0001, respectively, Figure 6C, 6D).
Consistent with a functional connection between miR-
101 and EZH2, miR-101 expression was significantly
decreased in metastatic OTSCC relative to no-metastatic
OTSCC or normal tongue mucous tissues (p = 0.0006,
Figure 6E). Taken together, these data strongly suggest
that co-overexpression of Snail and Slug was closely
associated with lower miR-101 and higher EZH2 levels of
OTSCC patients (Figure 6F).
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Figure 5: miR-101 restoration reversed the invasion, migration and EMT of Cal-27 cells. (A and B) Migration (A) and
Invasion (B) assay of Cal-27 cells untreated or treated with 100 nM miR-NC or miR-101 for 48 hr or miR-101 and Snail/Slug or Snail/
Slug. The mean was derived from cell counts of 5 fields, and each experiment was repeated 3 times. Representative images of migrated
and invaded cells were shown. (C) Cal-27 and Tca8113 cells with miR-101 silencing showed an obvious shift in morphology, from
cobblestone-like cells to more spindleshaped cells. Scale bar, 50 mm. (D) Western Blot analysis revealed a significant down-expression
of N-cadherin, Twist2, ZEB1, ZEB2, Prrx1 and up-expression of E-cadherin in miR-101 overexpression cells. Representative of three
independent experiments was shown. (E) The protein and mRNA levels of EZH2 expression in Cal-27 cells overexpressing miR-101
were reduced. Error bars represent the mean + SD of triplicate experiments. (F) Migration and invasion assays of Cal-27 cells with EZH2
knockdown, EZH2 knockdown with Snail/Slug overexpression, and EZH2 knockdown with miR-101 silencing. The mean was derived
from cell counts of 5 fields, and each experiment was repeated 3 times.
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patients. (A) Representative images of immunohistochemical staining for EZH2 in serial sections of OTSCC patients and normal tongue
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OTSCC and normal tongue mucous by Western blot. Representative of three independent experiments was shown. (D) Relative mRNA
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The Snail and Slug/miR-101/EZH2 pathway would be regarded as a novel regulatory axis of EMT-mediated-microRNA signaling.
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DISCUSSION

EMT has been considered the critical mechanism
involved in cancer metastasis and EMT transcription
factors could collaborate with each other [23], however,
the interplay mechanism of EMT transcription factors in
human cancers are largely unknown. Here, we identified
a novel mechanism in which co-overexpression of
Snail and Slug can recruit EZH2 by silencing of tumor-
suppressive miR-101, thus establishing a functional link
between aberrant expression of Snail and Slug and global
down-regulation of miRNAs in OTSCC. These results not
only pinpoint the role of co-expression of Snail and Slug
in regulating miRNAs in OTSCC, but also demonstrate
that EMT transcription factors can mediate miRNAs and
further induce EMT and metastasis.

As strong E-cadherin repressors and major EMT
inducers, Snail and Slug play a critical role in the invasion
and metastasis of plenty of human cancers [5—8]. However,
the interplay between Snail and Slug in the promotion of
EMT in OTSCC has not been reported. In the present
study, we provide evidence that Snail and Slug are
regulated independently and act collaboratively to promote
EMT: 1) co-overexpression of Snail and Slug indicates
the worst prognosis for OSTCC patients; 2) OSTCC
cell lines harboring both Snail and Slug showed a higher
migratory and invasion ability; 3) co-overexpression
of Snail and Slug can generate CD133 high/CD44 high
stem cell-like cells; 4) Snail and Slug did not influence
the expression/promoter activity of each other, suggesting
that Snail may not be able to bind directly to the Slug
promoter; rather, it may indirectly activate the Slug
promoter through as yet unidentified intermediate factors.
This was the first report to demonstrate the independent
regulation of Snail and Slug and their additive effects on
EMT promotion of OTSCC. The results were in line with
the reports that many EMT-inducing transcription factors
are often activated simultaneously, such as expression of
Twistl, Snail, Snail2 and ZEB2 in neural crest cells [24,
25]. Castro Alves et al. [26] found that Slug might act
synergistically with Snail and SIP1 in the down-regulation
of E-cadherin in 59 gastric carcinomas tissues, and Casas
et al. [27] showed that Twist]l and Snail2 acted together
to promote EMT and breast tumor metastasis. These data
implicated the interactions among these EMT inducers,
however, the mechanism that the transcription factors,
especially Snail and Slug, coordinated the EMT program
to promote tumor metastasis remained largely unknown.

Although some miRNAs are up-regulated during
tumorigenesis [28], a global reduction of abundant
miRNAs appears a general feature of human cancers,
and plays a causal role in the process of malignant
transformation as oncogenes or tumor suppressors [29—
31]. In this study, microRNA microarray expression
profiling showed that the expression and function of Snail

and Slug complex were under rigorous surveillance of 22
tumor-suppressive miRNAs. Further, we found that the
Snail and Slug complex target, miR-101, regulated the
migration and invasion of OTSCC cells. As an important
tumor-suppressive miRNA, plenty of data demonstrated
that miR-101 expression was reduced in several human
cancers [32-36] and could inhibit the expression of tumor
promoting genes [37-39]. During the process of OTSCC,
we showed that the Snail and Slug complex was activated
and miR-101 was silenced, resulting the migration and
invasion, EMT of OTSCC cells. Thus, the process of
OTSCC would be accelerated upon miR-101 loss.

Then we found that miR-101 silencing could
lead to EZH2 overexpression. Although miR-101 based
regulation over EZH2 has been addressed independently in
human cancers [37, 40—41], the interaction between Snail/
Slug, miR-101 and EZH2 remains to be systematically
investigated. In the present study we explored that Snail
and Slug up-regulated EZH2 by down-regulating miR-101
in OTSCC. EZH2 is the sole histone methyltransferase
that catalyzes trimethylation of histone H3 at lysine
27 (H3K27me3), thereby mediating epigenetic gene
silencing [42]. Although mounting evidence suggests that
EZH2 was aberrantly elevated in a subset of aggressive
solid tumors including breast cancer [43], melanoma
[44], bladder cancer [45], gastric cancer [46] and other
cancers [47], recent studies in myeloid malignancies
and lymphomas show that EZH2 has a tumor suppressor
role [48], suggesting that the role of EZH2 in cancer
development varies with different types of cancer [49].
Our studies show that EZH2 has an oncogenic role in
HNSCC, and co-overexpression of Snail and Slug is
closely associated with lower miR-101 and high EZH2
levels of OTSCC patients. However, there is no difference
between early and advanced tumor stage relative to EZH2
expression in HNSCC reported by Banerjee group [22].
The discrepancy might be due to different histological
characteristics of the chosen tumors. More work should
be done.

HNSCC accounts for about 80% of all oral
malignant tumors. The 5-year survival rate for patients
with  HNSCC was still poor, approximately 56%,
predominantly because of widespread lymphatic and
distant metastasis [50, 51]. Recent studies have linked
EMT with OTSCC. Targeting the EMT-like phenotypes
would seem to represent the potential strategy for the
development of novel anticancer therapeutics. Our
results in this study are in favor of a strong inverse
correlation between Snail/Slug and miR-101, and the loss
of miR-101 and concomitant elevation of EZH2 is most
pronounced in metastatic cancer. Hence, we postulate
that approaches to silence Snail/Slug and re-introduce
miR-101 into OTSCC may have therapeutic benefit by
reverting the epigenetic program of tumor cells to a more
normal state.
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MATERIALS AND METHODS

Patients and specimens

Patients with OTSCC who were diagnosed, treated,
and followed at the Department of Oral and Maxillofacial
Surgery, West China Hospital of Stomatology (Sichuan
University) between 2002 and 2005 were recruited for
the present study after giving informed consent. Inclusion
criteria were primary resection, no prior treatment,
complete medical records and the availability of all the
histopathologic slides of the resection specimens. Finally,
89 patients, 49 male and 40 female, were recruited in this
study, demographic and other variables were retrieved
from the database provided by the tumor registry (Table 1).
The protocol of the study was approved by the Institutional
Ethics Committee of the West China Medical Center,
Sichuan University, China.

Immunohistochemical staining

Antigen retrieval and staining with polyclonal
antibodies were used to identify the markers in cancer
cells. All the sections were dewaxed and rehydrated.
Endogenous peroxidase activity was blocked by incubation
with 3% hydrogen peroxide for 20 min. Antigen retrieval
was accomplished by 0.01 M citrate buffer solution
(pH = 6.0) in a microwave oven 700 W for 15 min. The
sections were washed in phosphate-buffered saline (PBS)
for 5 min twice, and then incubated with 5% normal
goat serum for 20 min. The slides were then exposed in
a humid chamber for 1 hour at 37°C and overnight at
4°C to the primary antibodies against Snail and Slug.
Sections were then incubated with biotinylated anti-goat
IgG and streptavidin-biotin peroxidase. Diaminobenzidine
tetrahydrochloride (DAB) was used to detect antigen-
antibody binding, and the slides were counterstained with
haematoxylin. Nuclear expression of Snail and cytoplasm
staining of Slug were graded as positive expression.

Cell lines and cell culture

Human squamous cell carcinoma of tongue cancer
cell lines, Cal-27, Tca8113, SCC-9 and SCC-4, were
provided by State Key Laboratory of Oral Diseases,
Sichuan University. Cells were cultured in RPMI 1640
medium (Gibco) supplemented with 10% heat-inactivated
FCS (Hyclone), 2 mmol/L L-glutamine, 25 mmol/L
HEPES, and 100 units/mL penicillin and streptomycin in
a humidified 5% CO, atmosphere.

Cloning, lentivirus preparation, and plasmids

The lenti-X shRNA expression system (Clontech)
was used for the construction of the lentivirus expression
construct according to the manufacturer’s instruction.

Short pairs of sense and antisense DNA oligo encoding
a sense-loop-antisense sequence to Snail and Slug
genes were synthesized for the validated corresponding
siRNAs, and sequences are listed as following: shRNA-
Snail:  5'-aggccttcaactgcaaata-3’; shRNA-  Slug:
S'-ggaccacagtggctcagaa-3';  and  shRNAnegative-:
S'-actaccgttgttataggtg-3'. The cDNA oligos were annealed
and cloned to the BamH I/EcoR I-digested pLVX-shRNA1
vectors (Clontech). The recombinant vectors were
purified and cotrans fected with Lenti-X HT packaging
Mix (Clontech) into HEK 293T packaging cells using
Lenti-X™ HTX Packaging System (Clontech). The virus-
containing cell culture supernatants were collected 48
hours after transfection, passed through a 0.45-um filter,
and stored at —80°C. The virus titration was determined
using puromycin selection following the manufacturer’s
protocol. After 24 hours, the OTSCC cells were infected
with recombinant lentivirus vectors at a multiplicity of
infection of 5.

The full-length Snail and Slug cDNA was cloned
into the pcDNA3 plasmid vector and transfected into cells
by LipofectAMINE reagent (Invitrogen) according to the
manufacturer’s instructions. Stable transfected cells were
selected in 400 pg/mL Geneticin and further subcloned.

Transfection of miRNA mimics and inhibitors

A total of 2 x 10° cells were plated in triplicate
overnight in antibiotic-free complete medium in 6-well
plates. The cells were then transiently transfected with
200 pL containing 100 nM of a mature miRNA mimic or
inhibitor (Applied Biosystems) using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol.
72 h after transfection, the total RNA and protein were
collected for further analysis.

Immunofluorescence assay

Cells were seeded onto coverslips at a density
of 10/mL and cultured in a 6-well culture plate for 24
hours. Cells grown on coverslips were washed in cold PBS
and fixed in 2% paraformaldehyde-PBS for 20 minutes,
permeabilized in 0.5% Triton X-100 in PBS for 10 minutes
at 4°C, and blocked in 1% bovine serum albumin for 30
minutes at room temperature. Coverslips were incubated
overnight with primary antibodies, followed by incubation
with TRITC-conjugated secondary antibodies for 1 h, and
then stained with DAPI. Finally, coverslips were observed
under a fluorescence microscope (Olympus BX51).

Western blot

Total proteins were isolated from the cultured
monolayer cells with a total protein extraction kit
(Keygen), and protein concentrations were detected
by a bicinchoninic acid protein assay kit (Pierce).
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Thirty-microgram proteins from each sample were separated
on 8% SDS-PAGE and transferred electrophoretically
to polyvinylidene difluoride membranes (Millipore).
Membranes were blocked with 2% bovine serum albumin in
TBS containing 0.1% Tween20 (TBST) at 37°C for 2 hours
and then incubated for 2 hours respectively with primary
antibody. Horseradish peroxidase—conjugated antimouse
or antirabbit [gG were used as secondary antibody. Bands
were scanned using a densitometer (GS-700, Bio-Rad
Laboratories), and quantification was done using Quantity
One 4.4.0 software.

Quantitative real-time reverse
transcriptase-PCR

Total RNA was isolated with TRIzol reagent
(Invitrogen) and treated with RNase-free DNase I (Takara)
to avoid genomic DNA contamination. PCR amplification
of the cDNA template was done using Thunderbird SYBR
gPCR mix (TOYOBO) on ABI PRISM 7300 sequence
detection system (Applied Biosystems). Reactions were
run in triplicate, and results were averaged. Each value
was normalized to GAPDH as the housekeeping gene to
control for variations in the amount of input cDNA. The
relative expression level of the genes was calculated using
the 2*-AACT method.

Wound-healing assay

Cells were plated in 6-well plates at 2.0 x 10° cells/
well. When cells reached 80% confluence, the individual
wells were wounded by scratching with a pipette tip and
incubated with medium containing no FBS to 0, 18 h. Cells
were photographed under phase-contrast microscopy (*10).

Transwell invasion assays

In vitro cell invasion assays were performed with
QCMTM 96-well cell invasion assay kit (Chemicon
International, Temecula, CA, USA). 5 x 10* cells were
seeded into the top chamber coated with Matrigel (BD
Biosciences). Complete medium was added to the bottom
wells to stimulate invasion. After cells were incubated for
2448 h, they were stained with 0.1% Crystal Violet. The
cells that had invaded through matrigel and reached to the
reverse side were counted under a microscope in five pre-
determined fields at a magnification of x 200. Each assay
was performed in triplicate.

Luciferase reporter assay

Cells of 50%-90% confluence in 48-well plates
were transfected using Lipofectamine 2000 (Invitrogen).
Firefly luciferase reporter gene construct (100 ng) and
a Renilla luciferase construct (5 ng; for normalization)
were co-transfected per well. Cell extracts were prepared

48 h after transfection, and the luciferase activity was
measured using the Dual-Luciferase Reporter Assay
System (Promega).

Mammosphere formation assays

Single cells were plated at 10,000 cells/mL on
6-well ultra-low attachment plates (Corning) in serum-free
DMEM/F12 supplemented with 20 ng/mL bFGF, 20 ng/mL
EGF, 4 mg/mL insulin, 4 mg/mL heparin, 1 mg/mL
hydrocortisone, 0.4% BSA and B27. Fresh medium was
supplemented every 3 days. The mammospheres were
counted at day 14.

Flow cytometry

A total of 1 x 10° cells were resuspended in 100 mL
PBS containing 2% FBS (FACS buffer), and then incubated
on ice for 10 minutes. CD133-APC and CD44- PE (BD
Biosciences) were added to cell suspension and incubated
on ice for 30 minutes. Cells were washed and resuspended
in 500 mL FACS buffer and analyzed using a FACS Calibur
Flow Cytometer (Cytomic FC500, Beckman).

microRNA microarray and data analysis

Total RNA from cells was isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. Two mg of total RNA from
each sample were labeled using the miRCURY™ Hy3™/
Hy5™ labelling kit and hybridized on the miRCURYTM
LNA Array (v.8.0) (Exiqon, Vedbaek, Denmark). Signal
intensities were normalized using the global Lowess
regression algorithm. For subsequent analysis, we used
the log2 of the background-subtracted, normalized median
spot intensities of ratios from the two channels (Hy3/Hy5).
To find consistently differentially expressed genes, the
data were subjected to SAM analysis.

miRNA expression analysis

Total RNA was isolated from cell lines using TRIzol
(Invitrogen). Reverse transcription was performed using
miScript Reverse Transcription Kit (Qiagen) and real-
time PCR was performed in triplicate on CFX96 Real-
Time PCR Detection System (Bio-Rad), using the SYBR
Premix Ex Taq (Takara). The 2"-AACT method was used
to determine the relative gene expression, with miRNA
levels normalized to U6 small nuclear RNA. Primer of
miR-101 is CTACAGTACTGTGATAACTGAA and
RNU6B 2 miScript Primer (QIAGEN).

Statistical analyses

Chi-square was used to analyze the associations
between Snail and Slug expression and clinical-pathological
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characteristics. The Kaplan—Meier method was applied
for the overall survival and disease-free survival and the
statistical significances between the groups were evaluated
using the log-rank test. Univariate and multivariate analyses
were performed by means of the Cox proportional hazards
model. Variables with p value < 0.05 after the univariate
analysis were entered into multivariate analysis with a
forward stepwise selection. The comparisons of means
among groups were analyzed by one-way ANOVA, and
the Dunn’s Multiple Comparison Test was further used
to determine the specific differences between groups. All
statistical analyses were done using the SPSS package
(version 13.0). A value of p < 0.05 was considered
statistically significant.

ACKNOWLEDGMENTS

This work was supported by National Natural
Science Foundation of China grants (Nos. 81361120399,
81272961, 81372891 and 81321002), by the Fundamental
Research Funds of the Central Universities of China
(2011), and by State Key Laboratory of Oral Diseases
Special Funded Projects.

CONFLICT OF INTERESTS

The authors declare no conflicts of interest.

REFERENCES

1. Chin D, Boyle GM, Porceddu S, Theile DR, Parsons PG,
Coman WB. Head and neck cancer: past, present and future.
Expert Rev Anticancer Ther. 2006; 6:1111-1118.

2. Bhave SL, Teknos TN, Pan Q. Molecular parameters of
head and neck cancer metastasis. Crit Rev Eukaryot Gene
Expr. 2011; 21:143-153.

3. Acloque H, Adams MS, Fishwick K, Bronner-Fraser M,
Nieto MA. Epithelial-mesenchymal transitions: the impor-
tance of changing cell state in development and disease.
J Clin Invest. 2009; 119:1438-1449.

4. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-
mesenchymal transitions in development and disease. Cell.
2009; 139:871-890.

5. Come C, Magnino F, Bibeau F, De Santa Barbara P, Becker
KF, Theillet C, et al. Snail and slug play distinct roles dur-
ing breast carcinoma progression. Clin Cancer Res. 2006;
12:5395-5402.

6. Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH fac-
tors in tumor progression: an alliance against the epithelial
phenotype? Nat Rev Cancer. 2007; 7:415-428.

7. Hajra KM, Chen DY, Fearon ER. The SLUG zinc-finger
protein represses E-cadherin in breast cancer. Cancer Res.
2002; 62:1613-1618.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Olmeda D, Jorda M, Peinado H, Fabra A, Cano A. Snail
silencing effectively suppresses tumor growth and invasive-
ness. Oncogene. 2007a; 26:1862—1874.

Olmeda D, Montes A, Moreno-Bueno G, Flores JM,
Portillo F, Cano A. Snail and Snai2 collaborate on tumor
growth and metastasis properties of mouse skin carcinoma
cell lines. Oncogene. 2008; 27:4690—4701.

Korpal M, Lee ES, Hu G, Kang Y. The miR-200 fam-
ily inhibits epithelialmesenchymal transition and cancer
cell migration by direct targeting of E-cadherin transcrip-
tional repressors ZEB1 and ZEB2. J Biol Chem. 2008;
283:14910-14914.

Korpal M, Kang Y. The emerging role of miR-200 fam-
ily of microRNAs in epithelial-mesenchymal transition and
cancer metastasis. RNA Biol. 2008; 5:115-119.

Qu Y, Li WC, Hellem MR, Rostad K, Popa M,
McCormack E, et al. MiR-182 and miR-203 induce mes-
enchymal to epithelial transition and self-sufficiency of
growth signals via repressing SNAI2 in prostate cells. Int J
Cancer. 2013; 133:544-555.

Yu J, Xie F, Bao X, Chen W, Xu Q. miR-300 inhibits
epithelial to mesenchymal transition and metastasis by
targeting twist in human epithelial cancer. Mol Cancer.
2014; 13:121. doi:10.1186/1476-4598—13—121.

Kim NH, Kim HS, Li XY, Lee I, Choi HS, Kang SE, et al.
A p53/miRNA-34 axis regulates Snaill-dependent cancer
cell epithelial-mesenchymal transition. J Cell Biol. 2011;
195:417-433.

Liang YJ, Wang QY, Zhou CX, Yin QQ, He M, Yu
XT, et al. MiR-124 targets Slug to regulate epithelial-
mesenchymal transition and metastasis of breast cancer.
Carcinogenesis. 2013; 34:713-722.

Tang Y, Liang X, Zheng M, Zhu Z, Zhu G, Yang J, Chen Y.
Expression of c-kit and Slug correlates with invasion and
metastasis of salivary adenoid cystic carcinoma. Oral
Oncol. 2010; 46:311-316.

Tang Y, Liang X, Zhu G, Zheng M, Yang J, Chen Y.
Expression and importance of zinc-finger transcription
factor Slug in adenoid cystic carcinoma of salivary gland.
J Oral Pathol Med. 2010; 39:775-780.

Tang YL, Fan YL, Jiang J, Li KD, Zheng M, Chen W,
et al. C-kit induces epithelial-mesenchymal transition and
contributes to salivary adenoid cystic cancer progression.
Oncotarget. 2014; 5:1491-1501.

Liang X, Zheng M, Jiang J, Zhu G, Yang J, Tang Y.
Hypoxia-inducible factor-1 alpha, in association with
TWIST2 and SNIP1, is a critical prognostic factor in
patients with tongue squamous cell carcinoma. Oral Oncol.
2011; 47:92-97.

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A,
Zhou AY, et al. The epithelial-mesenchymal transition
generates cells with properties of stem cells. Cell. 2008;
133:704-715.

www.impactjournals.com/oncotarget

6808

Oncotarget



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gui T, Shen K. miRNA-101: a potential target for tumor
therapy. Cancer Epidemiol. 2012; 36:537-540.

Banerjee R, Mani RS, Russo N, Scanlon CS, Tsodikov
A, Jing X, et al. The tumor suppressor gene rapl GAP is
silenced by miR-101-mediated EZH2 overexpression
in invasive squamous cell carcinoma. Oncogene. 2011;
30:4339-4349.

Taube JH, Herschkowitz JI, Komurov K, Zhou AY,
Gupta S, Yang J, et al. Core epithelial-to-mesenchymal
transition interactome geneexpression signature is associ-
ated with claudin-low and metaplastic breast cancer sub-
types. Proc Natl Acad Sci U S A. 2010; 107:15449—-15454.
Nieto MA. The snail superfamily of zinc-finger transcrip-
tion factors. Nat Rev Mol Cell Biol. 2002; 3:155-166.

Van de Putte T, Maruhashi M, Francis A, Nelles L,
Kondoh H, Huylebroeck D, Higashi Y. Mice lacking
ZFHXI1B, the gene that codes for Smad-interacting
protein-1, reveal a role for multiple neural crest cell defects
in the etiology of Hirschsprung disease-mental retardation
syndrome. Am J Hum Genet. 2003; 72:465-470.

Castro Alves C, Rosivatz E, Schott C, Hollweck R,
Becker I, Sarbia M, et al. Slug is overexpressed in gas-
tric carcinomas and may act synergistically with SIP1 and
Snail in the down-regulation of E-cadherin. J Pathol. 2007;
211:507-515.

Casas E, Kim J, Bendesky A, Ohno-Machado L, Wolfe CJ,
Yang J. Snail2 is an essential mediator of Twistl-induced
epithelial mesenchymal transition and metastasis. Cancer
Res. 2011; 71:245-254.

Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A,
Petrocca F, et al. A microRNA expression signature of
human solid tumors defines cancer gene targets. Proc Natl
Acad Sci U S A. 2006; 103:2257-2261.

Gao B, Zheng LW. microRNA expression in rat apical peri-
odontitis bone lesion. Bone Research. 2013; 1:170-185.
Kent OA, Chivukula RR, Mullendore M, Wentzel EA,
Feldmann G, Lee KH, et al. Repression of the miR-
143/145 cluster by oncogenic Ras initiates a tumor-
promoting feed-forward pathway. Genes Dev. 2010;
24:2754-2759.

Iliopoulos D, Hirsch HA, Struhl K. An epigenetic switch
involving NF-kappaB, Lin28, Let-7 MicroRNA, and IL6
links inflammation to cell transformation. Cell. 2009;
139:693-706.

Wang HJ, Ruan HJ, He XJ, Ma YY, Jiang XT, Xia Y]J,
et al. MicroRNA-101 is down-regulated in gastric cancer
and involved in cell migration and invasion. Eur J Cancer.
2010; 46:2295-2303.

Smits M, Nilsson J, Mir SE, van der Stoop PM, Hulleman
E, Niers JM, et al. MiR-101 is down-regulated in glioblas-
toma resulting in EZH2-induced proliferation, migration,
and angiogenesis. Oncotarget. 2010; 1:710-720.

Zhang JG, Guo JF, Liu DL, Liu Q, Wang JJ. MicroRNA-101
exerts tumor-suppressive functions in nonsmall cell lung

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

cancer through directly targeting enhancer of zeste homo-
log 2. J Thorac Oncol. 2011; 6:671-678.

Semaan A, Qazi AM, Seward S, Chamala S, Bryant CS,
Kumar S, et al. MicroRNA-101 inhibits growth of epithe-
lial ovarian cancer by relieving chromatin-mediated tran-
scriptional repression of p21(wafl/cipl). Pharm Res. 2011;
28:3079-3090.

Thu KL, Chari R, Lockwood WW, Lam S, Lam WL. MiR-
101 DNA copy loss is a prominent subtype specific event in
lung cancer. J Thorac Oncol. 2011; 6:1594-1598.
Varambally S, Cao Q, Mani RS, Shankar S, Wang X,
Ateeq B, et al. Genomic loss of microRNA-101 leads to
overexpression of histone methyltransferase EZH2 in can-
cer. Science. 2008; 322:1695-1699.

Carvalho J, van Grieken NC, Pereira PM, Sousa S,
Tijssen M, Buftart TE, et al. Lack of microRNA-101 causes
E-cadherin functional deregulation through EZH2 upregula-
tion in intestinal gastric cancer. J Pathol. 2012; 228:31-44.
Su H, Yang JR, Xu T, Huang J, Xu L, Yuan Y, et al.
MicroRNA-101, down-regulated in hepatocellular carci-
noma, promotes apoptosis and suppresses tumorigenicity.
Cancer Res. 2009; 69:1135-1142.

Friedman JM, Liang G, Liu CC, Wolff EM, Tsai YC, Ye W,
et al. The putative tumor suppressor microRNA-101 mod-
ulates the cancer epigenome by repressing the polycomb
group protein EZH2. Cancer Res. 2009; 69:2623-2629.

Cao P, Deng Z, Wan M, Huang W, Cramer SD, Xu J, et al.
MicroRNA-101 negatively regulates Ezh2 and its expres-
sion is modulated by androgen receptor and HIF-1alpha/
HIF-1beta. Mol Cancer. 2010; 9:108.

Margueron R, Reinberg D. The Polycomb complex PRC2
and its mark in life. Nature. 2011; 469:343-349.

Kleer CG, Cao Q, Varambally S, Shen R, Ota I, Tomlins SA,
et al. EZH2 is a marker of aggressive breast cancer and pro-
motes neoplastic transformation of breast epithelial cells.
Proc Natl Acad Sci U S A. 2003; 100:11606-11611.

Bachmann IM, Halvorsen OJ, Collett K, Stefansson 1M,
Straume O, Haukaas SA, et al. EZH2 expression is associated
with high proliferation rate and aggressive tumor subgroups
in cutaneous melanoma and cancers of the endometrium,
prostate, and breast. J Clin Oncol. 2006; 24:268-273.
Weikert S, Christoph F, Kollermann J, Miiller M,
Schrader M, Miller K, et al. Expression levels of the EZH2
polycomb transcriptional repressor correlate with aggres-
siveness and invasive potential of bladder carcinomas. Int J
Mol Med. 2005; 16:349-353.

Matsukawa Y, Semba S, Kato H, Ito A, Yanagihara K,
Yokozaki H. Expression of the enhancer of zeste homolog
2 is correlated with poor prognosis in human gastric cancer.
Cancer Sci. 2006; 97:484-491.

Bracken AP, Pasini D, Capra M, Prosperini E, Colli E,
Helin K. EZH2 is downstream of the pRB-E2F pathway,

essential for proliferation and amplified in cancer. EMBO J.
2003; 22:5323-5335.

WWw

.impactjournals.com/oncotarget

6809

Oncotarget



48.

49.

Ernst T, Chase AJ, Score J, Hidalgo-Curtis CE, Bryant C,
Jones AV, et al. Inactivating mutations of the histone meth-
yltransferase gene EZH2 in myeloid disorders. Nat Genet.
2010; 42:722-726.

Cao Q, Yu J, Dhanasekaran SM, Kim JH, Mani RS,
Tomlins SA, et al. Repression of E-cadherin by the poly-

comb group protein EZH2 in cancer. Oncogene. 2008;
27:7274-7284.

50. Kademani D, Bell RB, Bagheri S, Holmgren E, Dierks E,

51.

Potter B, et al. Prognostic factors in intraoral squamous
cell carcinoma: the influence of histologic grade. J Oral
Maxillofac Surg. 2005; 63:1599—-1605.

Ratajczak-Wrona W, Jablonska E, Antonowicz B,
Dziemianczyk D, Grabowska SZ. Levels of biological mark-
ers of nitric oxide in serum of patients with squamous cell
carcinoma of the oral cavity. Int J Oral Sci. 2013; 3:141-145.

www.impactjournals.com/oncotarget

6810

Oncotarget



