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ABSTRACT
MicroRNA-101 has been implicated as a tumor suppressor miRNA in human 

tumors. However, its potential functional impact and the underlying mechanisms 
in endometrial cancer progression have not been determined. Here, we report that 
in aggressive endometrial cancer cells, re-expression of microRNA-101 leads to 
inhibition of cell proliferation and induction of apoptosis and senescence. Ectopic 
overexpression of microRNA-101 attenuates the epithelial-mesenchymal transition-
associated cancer cell migration and invasion, abrogates the sphere-forming capacity 
and enhances chemosensitivity to paclitaxel. Algorithm and microarray-based 
strategies identifies potential microRNA-101 targets. Among these, we validated 
EZH2, MCL-1 and FOS as direct targets of miR-101 and silencing of these genes 
mimics the tumor suppressive effects observed on promoting microRNA-101 function. 
Importantly, further results suggest an inverse correlation between low miR-101 and 
high EZH2, MCL-1 and FOS expression in EC specimens. We conclude that, as a crucial 
tumor suppressor, microRNA-101 suppresses cell proliferation, invasiveness and 
self-renewal in aggressive endometrial cancer cells via modulating multiple critical 
oncogenes. The microRNA-101-EZH2/MCL-1/FOS axis is a potential therapeutic target 
for endometrial cancer.

INTRODUCTION

MicroRNAs (miRs) are naturally occurring, short, 
noncoding RNAs that repress the expression of multiple 
protein-coding mRNAs by repressing translation and/or by 
causing mRNA degradation [1]. The miRNAs can regulate 
a wide range of cellular processes including proliferation, 

apoptosis, senescence, differentiation and development [2, 
3]. Dysregulation of miRNAs contributes to tumorigenesis 
and metastasis [4, 5]. Several miRNAs are restricted to 
certain types of tumors, indicating their tissue-specific 
functions in cancer [6]. However, other miRNAs (such 
as miR-101 and miR-145) are found in various human 
tumors and predicted to have broad biological functions 
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[7, 8]. In particular, miR-101 can play a tumor-suppressive 
role in regulating tumor cell growth, migration, invasion, 
drug resistance and cancer stem cell (CSC) characteristics 
via suppression of oncogenic signaling pathways in breast 
[9], colon [10], lung [11], ovarian [12] and gastric cancers 
[13]. 

In contrast to well-differentiated, endometrioid 
endometrial cancers (ECs) with a good prognosis, poorly-
differentiated endometrioid and serous ECs (a more 
aggressive subtype) share similar molecular characteristics 
and have poor outcomes [14, 15]. Thus, the identification 
of the common molecular mechanisms responsible for 
tumorigenesis and progression of these aggressive ECs 
would be useful in developing diagnostic and therapeutic 
strategies for improving diagnosis and patient survival. 

Overexpressed miR-125b [16] could function as an 
oncogene, whereas downregulated miRNAs, including 
miR-194 [17], miR-130b [18], miR-106b [19] and miR-
34 [20], could work as tumor suppressors in aggressive 
ECs. Previous studies have shown that miR-101 is 
downregulated in both endometrioid and serous EC tissues 
[20] and it inhibits serous EC cell proliferation [21]. 
Although most evidence indicates the tumor suppressor 
activity of miR-101 in cancer cells, conflicting evidences 
also indicate that miR-101 can act as an oncogenic miRNA 
in other malignancies [22, 23, 24, 25], consistent with 
the notion that a miRNA may exhibit diverse context-
dependent functions through distinct pathways [26]. 
Currently, little is known about the biological function of 
miR-101 and its actual targets in the aggressive type of 
EC. 

Here, we report that miR-101 can suppress 
proliferation, the epithelial-mesenchymal transition 
(EMT)-associated migration and invasion, and stem cell-
like phenotype of aggressive EC cells, at least through 
targeting EZH2, MCL-1 and FOS. Furthermore, we found 
that decreased miR-101 expression correlates inversely 
with increased EZH2, MCL-1 and FOS expression in 
EC tissues. Our results suggest that miR-101 exerts its 
novel tumor suppressive activities in aggressive ECs by 
modulating multiple critical oncogenes. 

RESULTS 

MiR-101 is downregulated in aggressive EC cell 
lines and modulates cell proliferation 

To investigate the role of miR-101 in EC cells, 
we first measured the endogenous miR-101 expression 
level in four aggressive EC cell lines (serous: SPAC-1-L 
and S; poorly-differentiated endometrioid: HEC-50 and 
HOUA-I), compared to that of the immortalized human 
endometrial epithelial cell EM. Quantitative analysis 
(qRT-PCR) demonstrated that miR-101 expression 

was downregulated in all 4 EC cell lines. The greatest 
reduction of miR-101 levels was found in highly invasive 
SPAC-1-L and S cells (Figure 1a), indicating that miR-101 
might be a tumor suppressor in aggressive subtype of EC. 

To assess the biological role of miR-101, we 
evaluated the effects of miR-101 on EC cell proliferation. 
MiR-101 levels could be elevated in the pre-miR-101 
(101)-transfected SPAC-1-L (7-fold) and HEC-50 (6-
fold) cells compared with pre-miRNA negative control 
(NC)-transfected cells (Additional file 1: Figure S1a). 
Re-expression of miR-101 in these cells led to decreased 
cell proliferation at 72 and 96 hours post-transfection, 
as measured by cell counting kit-8 assays (Figure 1b 
and c). To evaluate a longer-term impact, we performed 
colony formation assays on SPAC-1-L and HEC-50 cells 
transfected with 101 or NC. As expected, overexpression 
of miR-101 significantly decreased the clonogenic ability 
of both cells (Figure 1d and e). 

To determine whether the reduction of cell 
proliferation following miR-101 treatment was due to the 
induction of apoptosis, we examined the nuclear DNA 
fragments that resulted from apoptosis using a colorimetric 
TUNEL staining assay. Positive-control, DNase-treated 
SPAC-1-L cells exhibited the expected intense TUNEL 
labeling, and the percentages of apoptotic cells with brown 
stained nuclei were significantly higher in 101-transfected 
SPAC-1-L and HEC-50 cells compared with their controls 
(Figure 1f and g). In accordance with these results, 
caspase-3/7 activity was increased in response to 101 
compared with NC (Figure 1h). To gain further insight 
into the anti-proliferative effect of miR-101, we next 
evaluated whether the decreased proliferation upon miR-
101 overexpression was a result of cellular senescence. 
SPAC-1-L and HEC-50 cells transfected with 101 or NC 
were subsequently subjected to senescence-associated 
β-galactosidase (SA-β-gal) staining and morphology 
analysis 3 days after transfection. Introduction of miR-
101 in SPAC-1-L and HEC-50 cells caused senescence-
like phenotypes, such as positive staining for SA-β-gal 
(Figure 1i and j) and enlarged, flattened cell morphology 
(Additional file 1: Figure S1b). Furthermore, immunoblot 
analysis revealed that miR-101 overexpression markedly 
enhanced the expression of pro-apoptotic gene Bax, 
apoptosis marker cleaved-PARP and senescence marker 
p21 in either cell line (Figure 1k). These results suggest 
that miR-101 can trigger apoptosis and/or senescence 
programs and in turn suppress the proliferative capacity 
of aggressive EC cells. 

MiR-101 inhibits aggressive EC cell migration, 
invasion and EMT

We evaluated the effects of miR-101 on cell 
migration and invasion of SPAC-1-L and HEC-50 cells 
with relatively lower levels of miR-101, or on HOUA-I 
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cells, which expresses relatively higher levels of miR-
101. Stable SPAC-1-L cell lines overexpressing miR-101 
were established by transfection of miR-101 expression 
vector (pCMV-101), and the miRNA levels were analyzed 
using qRT-PCR (Additional file 2: Figure S2a). We first 
examined the effect of miR-101 stable overexpression 
on SPAC-1-L cell migration using wound healing assay 
in the presence of proliferation inhibitor Mitomycin 
C. pCMV-101-overexpressing SPAC-1-L cells had 

slower motility (wound closure) compared with pCMV-
control vector (pCMV-NC)-transfected cells (Figure 2a). 
Furthermore, we investigated whether suppression of 
miR-101 expression would induce EC cell migration. A 
miR-101-specific inhibitor (AS-101) was introduced into 
HOUA-I cells to neutralize endogenous miR-101 activity 
(Additional file 2: Figure S2b). The inhibition of miR-101 
by AS-101, but not anti-miRNA negative control (AC), 
significantly increased migratory abilities in a transwell 

Figure 1: MiR-101 is downregulated in aggressive EC cell lines and modulates cell proliferation. (a) Relative miR-101 
expression of four aggressive endometrial cancer cell lines and immortalized endometrial epithelial cell line EM were examined with 
the quantitative real-time RT-PCR (qRT-PCR) assay. The expression of GAPDH was used as a normalization control, and the results are 
presented as the fold-change in expression compared with EM. Effects of ectopic expression of miR-101 on the proliferation of SPAC-1-L 
cells (b) and HEC-50 cells (c) were assessed with cell counting kit-8 assay. Clone formation assays were performed in SPAC-1-L (d) and 
HEC-50 (e) cells transduced with pre-miR-101 (101) or pre-miRNA negative control (NC). (f) Representative images of TUNEL assay in 
SPAC-1-L cells at 72 hours after transfection. Arrows indicate TUNEL-positive cells. (g) The percentages of TUNEL-positive SPAC-1-L 
and HEC-50 cells. (h) SPAC-1-L and HEC-50 cells were transfected with 101 or NC for 72 hours, and the relative ratio of caspase-3/7 
activities were determined. (i) SA-β-gal staining analysis in SPAC-1-L cells transfected with 101 or NC at 72 hours after transfection. 
Arrows indicate blue senescent cells positive for SA-β-gal staining. (j) The percentages of SA-β-gal-positive SPAC-1-L and HEC-50 cells. 
(k) Western blot analysis of p21, Bax, total PARP and cleaved PARP in SPAC-1-L and HEC-50 cells after transduction with 101 or NC. 
**P < 0.01. 
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chamber assays (Additional file 2: Figure S2c). Matrigel 
invasion assay showed that transient transfection of 101 
dramatically reduced the invasion of SPAC-1-L and HEC-
50 cells (Figure 2b). Although SPAC-1-L cells are highly 
invasive, this cell displays an epithelial-like morphology, 
thus we next examined whether the silencing of miR-101 
expression can cause a gain in mesenchymal features. 
The inhibition of miR-101 by AS-101 in SPAC-1-L cells 
changed cell morphology from an epithelial to a more 
mesenchymal phenotype and increased cell invasion 
(Additional file 2: Figure S2d, e and f). Consistent with 
these observations, knockdown of miR-101 by AS-101 in 
HOUA-I cells induced cell scattering and invasiveness in 

Matrigel (Additional file 2: Figure S2g and h). Western 
blot analyses showed that re-expression of 101 in SPAC-
1-L cells was associated with upregulation of epithelial 
marker E-cadherin and downregulation of mesenchymal 
markers N-cadherin and Vimentin. Along similar lines, 
loss of miR-101 expression in HOUA-I cells led to 
marked reduction of E-cadherin and increased expression 
of N-cadherin and Vimentin (Figure 2c). These data 
suggest that ectopic expression of miR-101 can reduce 
mesenchymal phenotype and invasive ability of aggressive 
EC cells. 

Tumor cells undergoing epithelial-mesenchymal 
transition (EMT) often acquire CSC-like characteristics, 

Figure 2: Overexpression of miR-101 inhibits aggressive EC cell migration, invasion and EMT. (a) The scratch wound 
healing assay was performed in SPAC-1-L cells transfected with either 101 or NC in the presence of Mitomycin C. The wound healing was 
determined at the time points as indicated. Solid lines: the initial wound boundaries; dashed lines: the boundaries of migrated cells. Bars 
represented the percentage of wound healing. (b) SPAC-1-L and HEC-50 cells were transfected with 101 or NC, and subjected to invasion 
assay. Photos were representative fields of invasive cells on the membrane. (c) Western blot analysis of E-cadherin, N-cadherin and Vimentin 
was performed in SPAC-1-L and HOUA-I cells at 72 hours after 101 or anti-miR-101 inhibitor (AS-101) transfection, respectively. (d) 
Representative images (left) and quantification (right) of sphere formation in SPAC-1-L and HEC-50 cells transfected as indicated. (e) 
SPAC-1-L cells transfected with 101 or NC were treated with Paclitaxel for 24 hours. Cell viability was measured with cell counting kit-8 
assay. The values were expressed as the percentage of viable cells, with the viability of DMSO-treated cells set at 100%. Relative mRNA 
expression of EMT, invasion and stemness-related genes (normalized to GAPDH) in SPAC-1-L cells after miR-101 overexpression (f), or 
in HOUA-1 cells following miR-101 knockdown (g), were determined using qRT-PCRs. Anti-miRNA negative control (AC). **P < 0.01. 



Oncotarget6053www.impactjournals.com/oncotarget

including enhanced ability to form mammospheres, drug 
resistance and upregulation of stem cell markers [27, 28]. 
Therefore we tested whether miR-101 overexpression can 
reduce CSC properties. We found that 101-transfected 
SPAC-1-L and HEC-50 cells formed significantly 
smaller numbers of spheres in serum-free suspension 
cultures (Figure 2d). In addition, upregulation of miR-
101 sensitized SPAC-1-L cells to paclitaxel toxicity, 
as measured by cell counting kit-8 assay (Figure 2e). 
In contrast, silencing of miR-101 in HOUA-I cells 
decreased apoptotic response to paclitaxel (Additional file 
2: Figure S2i). Of importance, overexpression of 101 in 

SPAC-1-L cells increased the mRNA levels of epithelial 
markers (E-cadherin, ZO-1 and desmoplakin) and 
metastasis suppressor gene TIMP-3, however decreased 
the mRNA levels of mesenchymal markers (N-cadherin 
and Vimentin), known EMT inducer TWIST1, metastasis 
promoter S100A4, CSC markers (ALDH and NANOG) and 
chemoresistance marker MDR1 (Figure 2f). These changes 
were reversed by knockdown of miR-101 in HOUA-I cells 
(Figure 2g). Taken together, these findings suggest that 
miR-101 suppresses the EMT-associated phenotypes of 
aggressive EC cells. 

Figure 3: MiR-101 directly targets EZH2, MCL-1 and FOS. (a) Total RNAs of SPAC-1-L cells transduced with 101 or NC were 
used for a microarray analysis. Predicted 28 potential targets of miR-101 were shown (left). Transcripts of 991 genes were found to be 
downregulated by miR-101 mimic (right). The overlapping 14 genes were determined. (b) The heatmap (green and yellow: downregulated 
14 genes by miR-101; red: two predicted miR-101 target genes ASPN and LRCH2 whose expression was not affected by transfection with 
101). The numbers indicated the fold change of gene expression (Fold 101/NC) in SPAC-1-L cells transduced with 101 compared to NC, 
as determined by microarray. (c) qRT-PCRs showed the downregulation of NEK7, UBE2D1 and FLRT3 after miR-101 overexpression in 
SPAC-1-L cells (left), and the upregulation of these genes after miR-101 knockdown in HOUA-I cells (right). (d) qRT-PCRs showed the 
downregulation of EZH2, MCL-1 and FOS after miR-101 overexpression in SPAC-1-L cells (left), and the upregulation of these genes after 
miR-101 knockdown in HOUA-I cells (right). (e) Western blotting for EZH2, MCL-1 and FOS after transfection with 101 in SPAC-1-L 
cells (left), or with AS-101 in HOUA-I cells (right). Luciferase reporter assays confirmed that EZH2, MCL-1 and FOS were direct targets 
of miR-101 in SPAC-1-L (f) and HOUA-I cells (g). WT: Wild-type; M: Mutant 3’-UTR. **P < 0.01. 
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MiR-101 directly targets EZH2, MCL-1 and FOS

In order to identify potential targets of miR-101, 
we combined in silico analysis and microarray gene 
expression analysis using 101-transfected SPAC-1-L cells 
relative to NC-transduced control cells. First, we identified 
28 genes predicted to be targeted by miR-101 (Additional 
file 3: Figure S3a) by using three prediction softwares 
(TargetScan, miRNA.org and DIANA-microT) with high 
precision and sensitivity [29, 30]. We further detected 991 
gene transcripts downregulated (P < 0.05) by miR-101 
overexpression in SPAC-1-L cells using genome-wide 
arrays, and cross-referenced these genes with 28 predicted 
genes to determine the overlapping 14 genes (Figure 3a 
and b). Among them, we again identified three cancer-
related genes (NEK7, UBE2D1 and FLRT3) (Figure 3b), 
whose mRNA expressions were repressed by miR-101 
overexpression in SPAC-1-L cells and induced by AS-101 
in HOUA-I cells (Figure 3c). Interestingly, we noticed 
that a group of genes (EZH2, MCL-1 and FOS) containing 
putative binding site(s) on their 3’-untranslated regions 

(3’-UTRs) (Additional file 3: Figure S3b) were also 
markedly downregulated (at least 2-fold by microarray 
analysis) in 101-transduced SPAC-1-L cells (Figure 3b), 
and fell into known miR-101 targets in human diseases 
except EC (Additional file 3: Figure S3c). In agreement 
with this, a negative correlation between endogenous miR-
101 levels and EZH2, MCL-1 and FOS mRNA expression 
was found in EC cells (Figure 1a and Additional file 3: 
Figure S3d). Next, we confirmed that endogenous mRNA 
and protein levels of these genes were downregulated in 
101-transfected SPAC-1-L cells (Figure 3d and 3e, left 
panel). Knockdown of miR-101 by AS-101 conversely 
induced the mRNA and protein levels of EZH2, MCL-1 
and FOS in HOUA-I cells (Figure 3d and 3e, right panel). 
Luciferase reporter assay showed that exogenous miR-101 
in SPAC-1-L cells exerted repressive effects on luciferase 
activity of wild-type EZH2, MCL-1 and FOS 3’-UTR 
vectors (Figure 3f), and administration of AS-101 into 
HOUAI-I cells resulted in an increased luciferase activity 
(Figure 3g). When mutations were introduced into the 
potential 3’-UTR miR-101 binding sites, only mutation 

Figure 4: Knockdown of EZH2, MCL-1 and FOS expression reduce proliferation, invasion and CSC-like phenotypes 
of aggressive EC cells. SPAC-1-L and HEC-50 cells were transduced with specific siRNAs (siEZH2, siMCL-1, siFOS) or control siRNA 
(siNC), and western blotting of EZH2, MCL-1 and FOS expression (a and b) along with analysis of cell apoptosis, senescence, invasion and 
sphere formation ability ( c and d) were conducted as indicated. **P < 0.01. 



Oncotarget6055www.impactjournals.com/oncotarget

at position 114-21 for EZH2, position 451-8 for MCL-
1 and position 524-31 for FOS 3’-UTR prevented the 
downregulation of reporter activities by miR-101 (Figure 
3f). These results were also confirmed in HOUA-I cells 
(Figure 3g), verifying that the suppressive effects of miR-
101 is mainly due to direct interaction with binding sites in 
the EZH2, MCL-1 and FOS 3’-UTR at these perfect 8-mer 
sites (Additional file 3: Figure S3b). 

Knockdown of EZH2, MCL-1 and FOS 
expression repress proliferation, invasion and 
CSC-like phenotypes of aggressive EC cells

To evaluate whether suppression of EZH2, MCL-1 
and FOS is responsible for the miR-101-mediated tumor 
suppression, we knocked down these three genes using 
specific siRNAs in SPAC-1-L and HEC-50 cells, and 
found that decreased expression of these genes (Figure 

Figure 5: An inverse correlation between decreased miR-101 expression and elevated expressions of EZH2, MCL-1 
and FOS in ECs. (a) qRT-PCR analysis showed the downregulation of miR-101 in 22 pairs (#1-22) of EC tissues (C) and their adjacent 
normal tissues (N), depicted as normalized data (left, fold changes) and raw expression values (right, calculated with the 2−ΔΔCt method). 
(b) Expression analysis (qRT-PCR) of EZH2, MCL-1 and FOS in 10 pairs of ECs (#1-10) compared with adjacent normal tissues, depicted 
as normalized data (left, fold changes) and raw expression values (right, calculated with the 2−ΔΔCt method). (c) Immunochemical analysis 
(IHC) of EZH2, MCL-1 and FOS in a separate set of samples (50 patients with grade 3 endometrioid ECs and 14 normal tissues) revealed 
that abundant EZH2, MCL-1 and FOS expression in cancer cells, but not in benign cells. (d) High expression of EZH2, MCL-1 and FOS 
was found in ECs, as measured by the immunostaining scores. *P < 0.05; **P < 0.01. 
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4a and b) was able to significantly induce cell apoptosis 
and senescence (Figure 4c and d, upper panel), possibly 
accounting for the inhibitory effects of EZH2, MCL-1 
and FOS siRNA on EC cell proliferation (Additional file 
4: Figure S4). We also observed that transfection EZH2, 
MCL-1 and FOS siRNA significantly inhibited the ability 
of SPAC-1-L and HEC-50 cells to invade and to form 
spheres (Figure 4c and d, lower panel), mimicking the 
tumor suppressive effects upon miR-101 overexpression. 
We found that the protein expression of epithelial marker 
E-cadherin, senescence marker p21, pro-apoptosis factor 
Bax were markedly upregulated, and mesenchymal marker 
Vimentin and nuclear β-catenin levels (a stem cell-related 
gene) were greatly downregulated in both cell lines, 
following the transfection with EZH2, MCL-1 and FOS 
siRNA (Figure 4a and b), suggesting that suppression of 
multiple oncogenes including EZH2, MCL-1 and FOS by 
miR-101 attenuates cell proliferation and invasiveness, 
and abrogates CSC-like properties in aggressive EC cells. 

MiR-101 and its targets show inverse expression 
levels and in EC tissues 

Since miR-101 and its targets appear to play an 
important role in EC progression, we compared the 
endogenous expression levels of miR-101, EZH2, MCL-
1 and FOS between EC tissues and adjacent normal 
tissues by qRT-PCR analysis. As previously reported 
[20, 21], miR-101 levels were lower in 22 (#1-22) ECs 
than in normal tissues (Figure 5a). In contrast, among 
10 tumors (#1-10) from the same set of samples, the 
mRNA expression of its targets (EZH2, MCL-1 and 

FOS) was significantly higher in cancer tissues (Figure 
5b). These results show an inverse association between 
loss of miR-101 and upregulation of EZH2, MCL-1 and 
FOS. We also assessed EZH2, MCL-1 and FOS levels 
by immunochemical analysis (IHC) in a separate set of 
samples including 50 grade 3 endometrioid ECs and 14 
benign endometrial samples (Figure 5c and d). When 
comparing normal samples, EC tissues showed elevated 
EZH2, MCL-1 and FOS expression (Figure 5, Table S2 
and Table S3). These data are consistent with our in vitro 
evidences showing that miR-101 targets EZH2, MCL-1 
and FOS in aggressive EC cells, and suggest that the miR-
101-EZH2/MCL-1/FOS signaling axis serves as a novel 
mechanism underlying endometrial tumorigenesis and 
metastasis, providing potential new therapeutic targets. 

DISCUSSION

The miRNAs can simultaneously bind and silence 
multiple target genes, and indirectly regulate downstream 
pathways of these target genes, thus affecting malignant 
cellular behaviors [4, 5]. The clarification of functional 
roles and the underlying mechanisms of certain miRNAs 
that are aberrantly expressed in human tumors would 
provide valuable insight for the development of new 
miRNA-based therapies. Although previous findings 
support a tumor suppressor role of miR-101 in human 
malignancies, the overexpression of miR-101 has been 
also detected in other tumor tissues and miR-101 may 
exhibit its tumor-promoting properties in certain contexts 
[22-25]. The role and its novel downstream targets of miR-
101 in aggressive endometrial cancer have not yet been 

Figure 6: A schematic model depicting the mechanisms of miR-101-mediated tumor suppression. In aggressive EC 
cells, miR-101 can downregulate three novel oncogenes (EZH2, MCL-1 and FOS), in turn suppresses tumor cell proliferation, EMT, cell 
migration, invasion and cancer stemness, and enhances chemosensitivity to paclitaxel (E-cadherin: E-cad; Vimentin: Vim). 
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described. 
Here, we showed that miR-101 levels was 

significantly downregulated in aggressive EC cell 
lines compared with immortalized human endometrial 
epithelial cells. Increasing levels of miR-101 in invasive 
EC cells reduce cell proliferation, most likely due to 
miR-101-induced apoptosis and senescence. Moreover, 
upregulation of miR-101 in EC cells can remarkably 
reverse EMT-associated phenotypes, including reduced 
cell migration and invasiveness, restored sensitivity to 
Paclitaxel and impaired sphere formation. We further 
indentified potential miR-101 targets by computational 
prediction and microarray screening. Among them, three 
oncogenes (EZH2, MCL-1 and FOS) were verified them 
as direct targets of miR-101. The silencing of these genes 
with specific siRNAs mimics the tumor suppressive 
effects of miR-101 overexpression in EC cells. Further 
qRT-PCR and IHC experiments clearly reveal that lower 
miR-101 expression is inversely correlated with higher 
EZH2/MCL-1/FOS protein levels in EC tissues. Our 
results provide the first evidence that, in aggressive EC 
cells, miR-101 governs multiple malignant phenotypes 
including proliferation, migration, invasion and cancer 
stemness, at least partly via downregulating the expression 
of EZH2, MCL-1 and FOS (Figure 6). Our data brings a 
new insight into the mechanisms by which loss of miR-
101 expression promotes EC initiation and progression. 

EZH2 is a master regulatory gene that has a 
critical role in cancer development through its ability 
to epigenetically silence tumor suppressor genes [31]. 
High EZH2 expression serves as a marker of advanced 
or aggressive diseases in many human tumors [32]. 
Overexpression of EZH2 confers an invasive phenotype 
on cancer cells via downregulation of tumor suppressor 
TIMP-3 [33]. Knockdown of EZH2 expression in 
cancer cells induced cellular senescence, apoptosis 
and mesenchymal-to-epithelial transition features [34, 
35]. EZH2 activity has been reported to be required 
for CSC maintenance [36]. Recent studies have linked 
EZH2 overexpression to EC invasion/metastasis [37, 
38], and shRNA-mediated EZH2 inhibition in EC cells 
decreased proliferation, migration and invasion via either 
upregulation of E-cadherin or inactivation of Wnt/β-
catenin signaling [39]. Although the interaction between 
miR-101 and EZH2 has been verified in other tumors [40, 
41], our results suggest that miR-101 not only promotes 
cell apoptosis and senescence, but also suppresses the 
EMT and CSC properties of aggressive EC cancer cells, 
at least in part through attenuating EZH2 expression, with 
a consequential elevation of Bax, p21, epithelial markers 
and TIMP-3, downregulation of mesenchymal markers as 
well as suppression of Wnt/β-catenin signaling evidenced 
by decreased β-catenin levels in the nucleus (Figure 4a 
and b). 

In addition to EZH2, two miR-101 targets (MCL-1 
and FOS) tested in our present study, have been reported 

to regulate tumorigenesis and metastasis. Pro-survival 
protein MCL-1 is a crucial inhibitor of apoptosis [42] and 
senescence [43]. Increased MCL-1 levels are responsible 
for tumor cell proliferation [42], migration [44], self-
renewal of CSC [45] and drug resistance to Paclitaxel [46]. 
Increased MCL-1 mRNA expression has been found in EC 
tissues compared with matched normal tissues [47]. On 
the other hand, FOS was thought to enhance proliferation, 
motility and invasiveness of cancer cells [48, 49], and 
have oncogenic role in promoting the development of 
EMT [50]. The FOS levels were higher in EC than in 
normal endometrium [51]. A recent study reported that 
shRNA-mediated silencing of FOS in breast cancer 
cells upregulates Bax levels and induces apoptosis [52]. 
However, FOS may also have tumour-suppressor activity 
[53]. Thus, it is not clear whether the negative regulation 
of MCL-1 and FOS contributes to the suppression of EC 
cell proliferation, invasion and CSC-like phenotype by 
miR-101. Here, we showed that in aggressive EC cells, 
silencing of either MCL-1 or FOS by specific siRNAs 
can induce cell apoptosis and senescence, inhibit EMT-
associated cell invasion, and reduce sphere formation 
ability. Previous studies from hepatocellular carcinomas 
have suggested that MCL-1 [54] and FOS [49] were 
regulated by miR-101. In accordance with these findings, 
our study further confirmed that miR-101 directly targets 
MCL-1 and FOS in aggressive EC cells, thus miR-101 
may suppress multiple steps of EC metastasis through its 
combined effects on EZH2, MCL-1 and FOS. 

In conclusion, we demonstrate that miR-101 
suppresses cancer cell growth, invasiveness and self-
renewal by simultaneously downregulating multiple 
oncogenes in aggressive ECs. The miR-101-EZH2/MCL-
1/FOS axis serves as a novel mechanism underlying the 
invasive and stemness properties of EC cells. Therefore, 
the restoration of miR-101, or in combination with 
EZH2, MCL1 and FOS inhibitors, might be a potential 
therapeutic strategy for blocking EC initiation, progression 
and drug resistance. 

MATERIALS AND METHODS

Cell lines and transient transfection

Human serous EC cell lines SPAC-1-L and SPAC-
1-S were kindly provided by Dr. Fumihiko Suzuki 
(Tohoku University, Sendai, Japan), and maintained in 
RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO) 
supplemented with 10% fetal bovine serum (FBS). The 
HEC-50 (JCRB Cell Bank, Osaka, Japan) and HOUA-I 
(RIKEN cell bank, Tsukuba, Japan) cell lines were 
derived from poorly-differentiated endometrioid EC, 
and grown in DMEM/F12 medium (Sigma-Aldrich, St. 
Louis, MO, USA) supplemented with 10% FBS. The 
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immortalized human endometrial epithelial cell line EM 
[55] was a kind gift from Professor Satoru Kyo (Shimane 
University, Japan) and maintained in DMEM/F12 medium 
supplemented with 15% FBS. The cells were transfected 
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 
transfection protocol, according to the manufacturer’s 
instructions. 101, NC, AS-101, AC, siRNA-EZH2 
(siEZH2), -MCL-1 (siMCL-1), -FOS (siFOS) and siRNA 
negative control (siNC) were obtained from Ambion 
(Austin, TX). Cells were transfected at final miRNA 
concentration of 40 nM, and final siRNA concentration of 
10 nM, respectively. 

Plasmid and stable transfection

The pCMV-miR-101-3p (pCMV-101) vector 
carrying pre-microRNA-101-3p and the control vector 
(pCMV-NC) (OriGene, Rockville, MD) were transfected 
into SPAC1-L cells by Lipofectamine PLUS Reagent 
(Invitrogen, Carlsbad, CA) as described previously [56]. 
Transfected cells were selected using 400 μg/ml of G418 
(Sigma-Aldrich, St. Louis, MO). Single cell colonies were 
selected six weeks following transfection. 

Quantitative real time RT-PCR (qRT-PCR) 
analysis of miRNA and mRNAs

 Total RNA was extracted from cell lines with 
TRIzol reagents (Invitrogen, Carlsbad, CA). QRT-PCR 
was performed to quantify mature miRNA expression 
with the NCode miRNA qRT-PCR analysis (Invitrogen, 
Carlsbad, CA), or mRNA expression with the Takara 
SYBR Premix Ex Taq II (Takara, Japan). The forward 
primer for miR-101-3p was obtained from Invitrogen 
(5’-CCGGTACAGTACTGTGATAACTGAA-3’). 
GAPDH or control miRNA U6 was used for 
normalization. The primers used for mRNA expression 
were obtained from the PrimerBank database (http://pga.
mgh.harvard.edu/primerbank/). QRT-PCR was performed 
with the Applied Biosystems 7300 real-time PCR system 
(Applied Biosystems). 

Cell viability assay, cell proliferation assay and 
colony formation assay

Cells (5 × 103) were plated in 96-well plates for 
24 hours and then treated with DMSO or varying doses 
of paclitaxel (Cell Signaling Technology, Beverly, MA) 
as indicated. Cell viability was determined by the Cell 
Counting Kit-8 (Dojindo, Kumamoto, Japan) 24 hours 
later. The absorbance was determined at 450 nm using 
a microplate reader, and the percentage absorbance 
was calculated against DMSO-treated cells. For cell 
proliferation assay, cells (2.5 × 103) were plated in 96-

well plates, transfected with 101or NC as described above, 
and the growth curve of cells, covering a total of four days 
of culturing, were plotted with the Cell Counting Kit-8 
method. For colony formation assay, approximately 500 
cells were added to each well of a 6-well culture plate, and 
each experiment was performed in triplicate. After 12 days 
of culture at 37°C, cells were fixed with 10% formalin 
and stained with 10% Giemsa solution. The number 
of colonies containing ≥ 50 cells was counted under a 
microscope. 

Cell migration, invasion assay and wound healing 
assay

Invasion assays were performed were performed 
using Transwell system (8-μm pore size, matrigel-coated 
polycarbonate membrane BD Biosciences, Bedford, 
MA), as described previously [57]. Briefly, 5 × 104 
cells resuspended in serum-free medium was added to 
the upper inserts. In the lower chamber, 750 μl medium 
supplemented with 10% FBS served as a chemoattractant. 
After incubation for 24 hours, the number of cells adhering 
to the lower surface of membrane was counted under the 
microscope. Migration assays were carried out in the same 
way as the invasion assay, except that the membrane was 
not coated with matrigel, and the incubation time was 12 
hours. Wound healing assay was also used to assess cell 
migration as previously reported [58]. Confluent cells 
were scraped by 200-μl pipette tip to create an artificial 
wound, and incubated with fresh medium containing 
Mitomycin C (5 μg/ml) for 12 hours. Distance migrated 
was quantitated by taking pictures at 0 and 12 hours. 

Apoptosis assay (TUNEL staining)

Apoptosis was determined using the terminal 
deoxynucleotidyl transferase mediated dUTP nick-
end labeling (TUNEL) assay (DeadEnd Colorimetric 
TUNEL System, Promega, Madison, WI), following the 
manufacturer’s instructions. Cells were transfected with 
as described above. After 72 hours, cells were fixed, 
treated with proteinase K followed by the incubation 
with the TdT reaction mixture. Cells were then incubated 
in streptavidin-HRP, and the color was developed with 
diaminobenzidine as a chromogen. Apoptotic nuclei 
exhibiting fragmented DNA were stained dark brown 
and the number of apoptotic cells was expressed as a 
percentage of the total population in four separate 200× 
fields. Cells exposed to RQ1 DNase solution (Promega, 
Madison, Wisconsin) served as a positive control. 
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Caspase-Glo 3/7 assay

3 × 103 cells were plated in triplicates in 96-well 
plates and transfected as indicated. The enzymatic activity 
of Caspase-3 and 7 was evaluated as an indicator of 
apoptosis using a Caspase-Glo 3/7 assay kit according to 
the manufacturer’s instructions (Promega, Madison, WI). 
Luminescence was measured after 3 hours of incubation 
with the caspase substrate. 

Senescence assay (SA-β-gal staining)

The activity of senescence-associated 
β-galactosidase (SA-β-gal), a marker of cellular 
senescence, was determined by using the Cellular 
Senescence Assay Kit (Chemicon International, Temecula, 
CA, USA) according to the manufacturer’s instructions. 
72 hours after transfection as indicated above, cells were 
washed twice with PBS, fixed with 1X fixing solution 
and incubated at room temperature for 10 minutes. 
After removing the fixing solution, cells were washed 
twice again with PBS, and incubated overnight with 
freshly prepared 1X SA-β-gal detection solution at 37°C, 
without CO2 and protected from light. The percentages 
of blue-stained senescent cells (SA-β-gal–positive) were 
determined by counting 150 to 200 cells in six microscopic 
fields. 

Western blot analysis

Whole cell lysates were obtained using the 
M-Per Mammalian Protein Extraction Reagent 
(Pierce Biotechnology, Woburn, MA). Nuclear protein 
extracts were prepared using a Nuclear Extraction Kit 
(Chemicon International, Temecula, CA) according to 
the manufacturer’s instructions. Total proteins (40 µg) 
and nuclear proteins (10 µg) were separated on 10% 
SDS-PAGE and transferred to nitrocellulose membranes. 
Antigen-antibody complexes were detected using the 
enhanced chemiluminescence (ECL) blotting analysis 
system (Amersham Pharmacia Biotech, Buckinghamshire, 
UK). The following antibodies were used for analysis: 
anti-EZH2 (5246, Cell Signaling, Danvers, MA), anti-
PARP (9542, Cell Signaling, Danvers, MA), rabbit 
polyclonal anti-E-cadherin (A01589, GenScript, 
Edison, NJ), mouse monoclonal anti-N-cadherin (BD, 
Transduction, San Jose, CA), rabbit polyclonal anti-
Vimentin (A01189, GenScript, Edison, NJ). Anti-MCL-1 
(sc-819), anti-FOS (sc-52), anti-p21 (sc-397), anti-Bax 
(sc-493), anti-β-catenin (sc-1496), and anti-GAPDH (sc-
47724) and anti-lamin B1 (sc-20682) were purchased from 
Santa Cruz Biotechnology (Santa Cruz Biotechnology, 
Santa Cruz, CA). GAPDH (whole cell lysate) and lamin 
B (nuclear protein) were blotted to show equal protein 

loading, respectively. 

Sphere formation assay

Spheres culture was performed as described [18]. 
Cells (1000 cells/ml) were grown in serum-free medium 
supplemented with N2 plus media supplement (Invitrogen, 
CA), 20 ng/ml epidermal growth factor (EGF), 20 ng/
ml basic fibroblast growth factor (bFGF) (Invitrogen, 
CA), and 4 mg/ml heparin (Sigma-Aldrich, UK) for 14 
days. Then the number of spheres larger than 50 μm was 
counted. 

Microarray analysis

SPAC-1-L cells were transfected with pre-101 or 
NC, and 72 hours after transfection total RNAs were 
isolated with TRIzol reagents (Invitrogen, Carlsbad, CA). 
Genome-wide gene expression analysis was performed 
using Superprint G3 Human GE 8x60k Microarray 
(Agilent Technologies) as previously described [59]. 

Luciferase activity assay

The 3’-UTR vectors of human EZH2 and FOS were 
purchased from OriGene Technologies (Rockville, MD). 
Human MCL-1 3’-UTR cloned downstream of a firefly 
luciferase gene was obtained from Switchgear Genomics 
(Menlo Park, CA). Mutant constructs containing point 
mutations in the miR-101-binding sites were created using 
a quick-change site-directed mutagenesis kit (Stratagene, 
CA). Cells were seeded in 24-well plates and transfected 
with wild-type or mutated reporter vectors, or 40 nM 
of 101, AS-101 or their negative controls. Cells were 
collected 24 hours after transfection, and the luciferase 
activity was measured using the dual-luciferase reporter 
assay system (Promega, WI). The effects of miR-101 
on MCL-1 3’-UTR was examined with the LightSwitch 
Luciferase Assay Reagent (Menlo Park, CA). 

Patients, tissue samples and 
immunohistochemistry analysis (IHC)

Formalin-fixed, paraffin-embedded blocks from 
50 patients who underwent surgical resection of grade 
3 endometrioid ECs at the Cancer Center, Sun Yat-Sen 
University, were analyzed for the expression of miR-101, 
EZH2, MCL-1 and FOS. The clinical and pathological 
characteristics of these patients were described in Table 
S1. 14 normal endometrium specimens served as normal 
comparators. The study has received Research Ethics 
Committee approval from the Sun Yat-Sen University. 
In addition, 22 pairs of endometrioid ECs and adjacent 
normal endometrial tissues were obtained for RNA 
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extraction. The streptavidin-biotin peroxidase complex 
technique was used for staining as previously reported 
[28]. The primary antibodies against EZH2 (5246), MCL-
1 (sc-819), FOS (sc-52), estrogen receptor (H-150) and 
progesterone receptor (SP2) were obtained from Cell 
Signaling (Beverly, MA), Santa Cruz Biotechnology 
(Santa Cruz, CA) and Lab Vision Corporation (Fremont, 
CA), respectively. PBS with without either primary or 
secondary antibody was applied as the negative control. 
Expression of EZH2, MCL-1 and FOS were scored 
according to the average staining intensity (SI) and the 
percentage of positive cells (PT) [28]. The SI score ranged 
from 0 (absent), 1 (weak), 2 (moderate) to 3 (strong). The 
PT score varied from 0 (0-5%), 1 (5-25%), 2 (26-50%), 
3 (51-75%) to 4 (76-100%). The immunostaining score 
(IRS) was calculated as the sum of SI and PT (range 0-7). 
The IRS scores of tumors were defined as the following 
rule: negative (score = 0-2) and positive (score = 3-7). 
Tumors with positive ER or PR nuclear staining in > 10% 
of tumor cells were defined as ER or PR positive. 

Statistical analysis

All experiments were performed in triplicate. For 
in vitro results, values represent mean ± s.e. and were 
analyzed by Student’s t-test or Wilcoxon matched-pairs 
test, when appropriate. The Fisher’s exact test was used 
to compare the categorical data. Significance was defined 
as P < 0.05. 

ACKNOWLEDGEMENTS

This work was funded by a grant from the 
Department of Women’s Health Educational System, 
a Grant-in-Aid from the Ministry of Health, Labour 
and Welfare of Japan, and a Grant-in-Aid for Scientific 
Research (C) (24592496). We thank Dr. Zhujie Xu for 
excellent technical assistance. 

REFERENCES

1. Lujambio A, Lowe SW. The microcosmos of cancer. 
Nature. 2012 Feb 15;482(7385):347-55. 

2. Olivieri F, Rippo MR, Monsurrò V, Salvioli S, Capri M, 
Procopio AD, Franceschi C. MicroRNAs linking inflamm-
aging, cellular senescence and cancer. Ageing Res Rev. 
2013 Sep;12(4):1056-68. 

3. Croce CM, Calin GA. miRNAs, cancer, and stem cell 
division. Cell. 2005 Jul 15;122(1):6-7.

4. Yan J, Gumireddy K, Li A, Huang Q. Regulation of 
Mesenchymal Phenotype by MicroRNAs in Cancer. Curr 
Cancer Drug Targets. 2013 Nov;13(9):930-4. 

5. Zhong X, Coukos G, Zhang L. miRNAs in human cancer. 
Methods Mol Biol. 2012;822:295-306. 

6. Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto 
K, Yi M, Stephens RM, Okamoto A, Yokota J, Tanaka 
T, Calin GA, Liu CG, Croce CM, Harris CC. Unique 
microRNA molecular profiles in lung cancer diagnosis and 
prognosis. Cancer Cell. 2006 Mar;9(3):189-98. 

7. Zhang H, Hao Y, Yang J, Zhou Y, Li J, Yin S, Sun C, Ma 
M, Huang Y, Xi JJ. Genome-wide functional screening of 
miR-23b as a pleiotropic modulator suppressing cancer 
metastasis. Nat Commun. 2011 Nov 22;2:554. 

8. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, 
Petrocca F, Visone R, Iorio M, Roldo C, Ferracin M, 
Prueitt RL, Yanaihara N, Lanza G, Scarpa A, Vecchione A, 
Negrini M, Harris CC, Croce CM. A microRNA expression 
signature of human solid tumors defines cancer gene targets. 
Proc Natl Acad Sci U S A. 2006 Feb 14;103(7):2257-61. 

9. Ren G, Baritaki S, Marathe H, Feng J, Park S, Beach S, 
Bazeley PS, Beshir AB, Fenteany G, Mehra R, Daignault 
S, Al-Mulla F, Keller E, Bonavida B, de la Serna I, Yeung 
KC. Polycomb protein EZH2 regulates tumor invasion via 
the transcriptional repression of the metastasis suppressor 
RKIP in breast and prostate cancer. Cancer Res. 2012 Jun 
15;72(12):3091-104. 

10. Strillacci A, Valerii MC, Sansone P, Caggiano C, Sgromo 
A, Vittori L, Fiorentino M, Poggioli G, Rizzello F, Campieri 
M, Spisni E. Loss of miR-101 expression promotes Wnt/β-
catenin signalling pathway activation and malignancy in 
colon cancer cells. J Pathol. 2013 Feb;229(3):379-89. 

11. Cho HM, Jeon HS, Lee SY, Jeong KJ, Park SY, Lee HY, 
Lee JU, Kim JH, Kwon SJ, Choi E, Na MJ, Kang J, Son 
JW. microRNA-101 inhibits lung cancer invasion through 
the regulation of enhancer of zeste homolog 2. Exp Ther 
Med. 2011 Sep;2(5):963-967. 

12. Semaan A, Qazi AM, Seward S, Chamala S, Bryant CS, 
Kumar S, Morris R, Steffes CP, Bouwman DL, Munkarah 
AR, Weaver DW, Gruber SA, Batchu RB. MicroRNA-101 
inhibits growth of epithelial ovarian cancer by relieving 
chromatin-mediated transcriptional repression of p21(waf¹/
cip¹). Pharm Res. 2011 Dec;28(12):3079-90. 

13. He XP, Shao Y, Li XL, Xu W, Chen GS, Sun HH, Xu HC, 
Xu X, Tang D, Zheng XF, Xue YP, Huang GC, Sun WH. 
Downregulation of miR-101 in gastric cancer correlates 
with cyclooxygenase-2 overexpression and tumor growth. 
FEBS J. 2012 Nov;279(22):4201-12. 

14. Dong P, Kaneuchi M, Konno Y, Watari H, Sudo S, Sakuragi 
N. Emerging therapeutic biomarkers in endometrial cancer. 
Biomed Res Int. 2013;2013:130362. 

15. Mhawech-Fauceglia P, Wang D, Kesterson J, Syriac S, 
Clark K, Frederick PJ, Lele S, Liu S: Gene expression 
profiles in stage I uterine serous carcinoma in comparison to 
grade 3 and grade 1 stage I endometrioid adenocarcinoma. 
PLoS One. 2011 Mar 23;6(3):e18066. 

16. Jiang F, Liu T, He Y, Yan Q, Chen X, Wang H, Wan X. 
MiR-125b promotes proliferation and migration of type II 
endometrial carcinoma cells through targeting TP53INP1 
tumor suppressor in vitro and in vivo. BMC Cancer. 2011 



Oncotarget6061www.impactjournals.com/oncotarget

Oct 5;11:425.
17. Dong P, Kaneuchi M, Watari H, Hamada J, Sudo S, 

Ju J, Sakuragi N. MicroRNA-194 inhibits epithelial 
to mesenchymal transition of endometrial cancer cells 
by targeting oncogene BMI-1. Mol Cancer. 2011 Aug 
18;10:99. 

18. Dong P, Karaayvaz M, Jia N, Kaneuchi M, Hamada J, 
Watari H, Sudo S, Ju J, Sakuragi N. Mutant p53 gain-of-
function induces epithelial-mesenchymal transition through 
modulation of the miR-130b-ZEB1 axis. Oncogene. 2013 
Jul 4;32(27):3286-95.

19. Dong P, Kaneuchi M, Watari H, Sudo S, Sakuragi N. 
MicroRNA-106b modulates epithelial–mesenchymal 
transition by targeting TWIST1 in invasive endometrial 
cancer cell lines. Mol Carcinog. 2013 Sep 3. doi: 10.1002/
mc.21983. [Epub ahead of print]

20. Hiroki E, Suzuki F, Akahira J, Nagase S, Ito K, Sugawara J, 
Miki Y, Suzuki T, Sasano H, Yaegashi N. MicroRNA-34b 
functions as a potential tumor suppressor in endometrial 
serous adenocarcinoma. Int J Cancer. 2012 Aug 
15;131(4):E395-404. 

21. Hiroki E, Akahira J, Suzuki F, Nagase S, Ito K, Suzuki T, 
Sasano H, Yaegashi N. Changes in microRNA expression 
levels correlate with clinicopathological features and 
prognoses in endometrial serous adenocarcinomas. Cancer 
Sci. 2010 Jan;101(1):241-9. 

22. Sachdeva M, Wu H, Ru P, Hwang L, Trieu V, Mo YY. 
MicroRNA-101-mediated Akt activation and estrogen-
independent growth. Oncogene. 2011 Feb 17;30(7):822-31. 

23. Li Q, Wang G, Shan JL, Yang ZX, Wang HZ, Feng J, 
Zhen JJ, Chen C, Zhang ZM, Xu W, Luo XZ, Wang D. 
MicroRNA-224 is upregulated in HepG2 cells and involved 
in cellular migration and invasion. J Gastroenterol Hepatol. 
2010 Jan;25(1):164-71. 

24. Lee KH, Chen YL, Yeh SD, Hsiao M, Lin JT, Goan YG, Lu 
PJ. MicroRNA-330 acts as tumor suppressor and induces 
apoptosis of prostate cancer cells through E2F1-mediated 
suppression of Akt phosphorylation. Oncogene. 2009 Sep 
24;28(38):3360-70. 

25. Chen S, Wang H, Ng WL, Curran WJ, Wang Y. 
Radiosensitizing effects of ectopic miR-101 on non-small-
cell lung cancer cells depend on the endogenous miR-101 
level. Int J Radiat Oncol Biol Phys. 2011 Dec 1;81(5):1524-
9. 

26. Sun YM, Lin KY, Chen YQ. Diverse functions of miR-125 
family in different cell contexts. J Hematol Oncol. 2013 Jan 
15;6:6. 

27. Singh A, Settleman J. EMT, cancer stem cells and drug 
resistance: an emerging axis of evil in the war on cancer. 
Oncogene. 2010 Aug 26;29(34):4741-51. 

28. Dong P, Kaneuchi M, Xiong Y, Cao L, Cai M, Liu X, 
Guo SW, Ju J, Jia N, Konno Y, Watari H, Hosaka M, 
Sudo S, Sakuragi N. Identification of KLF17 as a novel 
epithelial to mesenchymal transition inducer via direct 

activation of TWIST1 in endometrioid endometrial cancer. 
Carcinogenesis. 2014 Apr;35(4):760-8.

29. Alexiou P, Maragkakis M, Papadopoulos GL, Reczko 
M, Hatzigeorgiou AG. Lost in translation: an assessment 
and perspective for computational microRNA target 
identification. Bioinformatics. 2009 Dec 1;25(23):3049-55.

30. Witkos TM, Koscianska E, Krzyzosiak WJ. Practical 
Aspects of microRNA Target Prediction. Curr Mol Med. 
2011 Mar;11(2):93-109. 

31. Crea F, Fornaro L, Bocci G, Sun L, Farrar WL, Falcone 
A, Danesi R. EZH2 inhibition: targeting the crossroad of 
tumor invasion and angiogenesis. Cancer Metastasis Rev. 
2012 Dec;31(3-4):753-61. 

32. Chase A, Cross NC. Aberrations of EZH2 in cancer. Clin 
Cancer Res. 2011 May 1;17(9):2613-8. 

33. Shin YJ, Kim JH. The role of EZH2 in the regulation of 
the activity of matrix metalloproteinases in prostate cancer 
cells. PLoS One. 2012;7(1):e30393. 

34. Alimova I, Birks DK, Harris PS, Knipstein JA, 
Venkataraman S, Marquez VE, Foreman NK, Vibhakar R. 
Inhibition of EZH2 suppresses self-renewal and induces 
radiation sensitivity in atypical rhabdoid teratoid tumor 
cells. Neuro Oncol. 2013 Feb;15(2):149-60. 

35. Moore HM, Gonzalez ME, Toy KA, Cimino-Mathews 
A, Argani P, Kleer CG. EZH2 inhibition decreases p38 
signaling and suppresses breast cancer motility and 
metastasis. Breast Cancer Res Treat. 2013 Apr;138(3):741-
52. 

36. van Vlerken LE, Kiefer CM, Morehouse C, Li Y, Groves 
C, Wilson SD, Yao Y, Hollingsworth RE, Hurt EM. EZH2 
is required for breast and pancreatic cancer stem cell 
maintenance and can be used as a functional cancer stem 
cell reporter. Stem Cells Transl Med. 2013 Jan;2(1):43-52. 

37. Bachmann IM, Halvorsen OJ, Collett K, Stefansson IM, 
Straume O, Haukaas SA, Salvesen HB, Otte AP, Akslen 
LA. 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 Jan 10;24(2):268-73. 

38. Zhou J, Roh JW, Bandyopadhyay S, Chen Z, Munkarah 
AR, Hussein Y, Alosh B, Jazaerly T, Hayek K, Semaan 
A, Sood AK, Ali-Fehmi R. Overexpression of enhancer of 
zeste homolog 2 (EZH2) and focal adhesion kinase (FAK) 
in high grade endometrial carcinoma. Gynecol Oncol. 2013 
Feb;128(2):344-8. 

39. Eskander RN, Ji T, Huynh B, Wardeh R, Randall LM, 
Hoang B. Inhibition of enhancer of zeste homolog 2 
(EZH2) expression is associated with decreased tumor cell 
proliferation, migration, and invasion in endometrial cancer 
cell lines. Int J Gynecol Cancer. 2013 Jul;23(6):997-1005. 

40. Zhang JG, Guo JF, Liu DL, Liu Q, Wang JJ. MicroRNA-101 
exerts tumor-suppressive functions in non-small cell lung 
cancer through directly targeting enhancer of zeste homolog 
2. J Thorac Oncol. 2011 Apr;6(4):671-8.



Oncotarget6062www.impactjournals.com/oncotarget

41. Cao P, Deng Z, Wan M, Huang W, Cramer SD, Xu J, Lei 
M, Sui G. MicroRNA-101 negatively regulates Ezh2 and 
its expression is modulated by androgen receptor and HIF-
1alpha/HIF-1beta. Mol Cancer. 2010 May 17;9:108. 

42. Quinn BA, Dash R, Azab B, Sarkar S, Das SK, Kumar S, 
Oyesanya RA, Dasgupta S, Dent P, Grant S, Rahmani M, 
Curiel DT, Dmitriev I, Hedvat M, Wei J, Wu B, Stebbins 
JL, Reed JC, Pellecchia M, Sarkar D, Fisher PB. Targeting 
Mcl-1 for the therapy of cancer. Expert Opin Investig 
Drugs. 2011 Oct;20(10):1397-411. 

43. Bolesta E, Pfannenstiel LW, Demelash A, Lesniewski 
ML, Tobin M, Schlanger SE, Nallar SC, Papadimitriou 
JC, Kalvakolanu DV, Gastman BR. Inhibition of Mcl-
1 promotes senescence in cancer cells: implications for 
preventing tumor growth and chemotherapy resistance. Mol 
Cell Biol. 2012 May;32(10):1879-92. 

44. Gao J, Li L, Wu M, Liu M, Xie X, Guo J, Tang H, Xie 
X. MiR-26a inhibits proliferation and migration of breast 
cancer through repression of MCL-1. PLoS One. 2013 Jun 
4;8(6):e65138. 

45. Singh S, Bora-Singhal N, Kroeger J, Laklai H, Chellappan 
SP. βArrestin-1 and Mcl-1 modulate self-renewal growth of 
cancer stem-like side-population cells in non-small cell lung 
cancer. PLoS One. 2013;8(2):e55982. 

46. Wertz IE, Kusam S, Lam C, Okamoto T, Sandoval W, 
Anderson DJ, Helgason E, Ernst JA, Eby M, Liu J, Belmont 
LD, Kaminker JS, O’Rourke KM, Pujara K, Kohli PB, 
Johnson AR, Chiu ML, Lill JR, Jackson PK, Fairbrother 
WJ, Seshagiri S, Ludlam MJ, Leong KG, Dueber EC, 
Maecker H, Huang DC, Dixit VM. Sensitivity to antitubulin 
chemotherapeutics is regulated by MCL1 and FBW7. 
Nature. 2011 Mar 3;471(7336):110-4. 

47. Hirata H, Hinoda Y, Zaman MS, Chen Y, Ueno K, Majid 
S, Tripsas C, Rubin M, Chen LM, Dahiya R. Function 
of UDP-glucuronosyltransferase 2B17 (UGT2B17) is 
involved in endometrial cancer. Carcinogenesis. 2010 
Sep;31(9):1620-6. 

48. Eferl R, Wagner EF. AP-1: a double-edged sword in 
tumorigenesis. Nat Rev Cancer. 2003 Nov;3(11):859-68. 

49. Li S, Fu H, Wang Y, Tie Y, Xing R, Zhu J, Sun Z, Wei L, 
Zheng X. MicroRNA-101 regulates expression of the v-fos 
FBJ murine osteosarcoma viral oncogene homolog (FOS) 
oncogene in human hepatocellular carcinoma. Hepatology. 
2009 Apr;49(4):1194-202. 

50. Fialka I, Schwarz H, Reichmann E, Oft M, Busslinger 
M, Beug H. The estrogen-dependent c-Jun ER protein 
causes a reversible loss of mammary epithelial cell polarity 
involving a destabilization of adherens junctions. J Cell 
Biol. 1996 Mar;132(6):1115-32. 

51. Fujimoto J, Hori M, Ichigo S, Morishita S, Tamaya T. 
Clinical implication of fos and jun expressions and protein 
kinase activity in endometrial cancers. Eur J Gynaecol 
Oncol. 1995;16(2):138-46. 

52. Shi R, Peng H, Yuan X, Zhang X, Zhang Y, Fan D, 

Liu X, Xiong D. Down-regulation of c-fos by shRNA 
sensitizes adriamycin-resistant MCF-7/ADR cells to 
chemotherapeutic agents via P-glycoprotein inhibition 
and apoptosis augmentation. J Cell Biochem. 2013 
Aug;114(8):1890-900. 

53. Teng CS. Protooncogenes as mediators of apoptosis. Int 
Rev Cytol. 2000;197:137-202. 

54. Su H, Yang JR, Xu T, Huang J, Xu L, Yuan Y, Zhuang 
SM. MicroRNA-101, down-regulated in hepatocellular 
carcinoma, promotes apoptosis and suppresses 
tumorigenicity. Cancer Res. 2009 Feb 1;69(3):1135-42. 

55. Kyo S, Nakamura M, Kiyono T, Maida Y, Kanaya T, 
Tanaka M, Yatabe N, Inoue M. Successful immortalization 
of endometrial glandular cells with normal structural 
and functional characteristics. Am J Pathol. 2003 
Dec;163(6):2259-69. 

56. Dong P, Xu Z, Jia N, Li D, Feng Y. Elevated expression of 
p53 gain-of-function mutation R175H in endometrial cancer 
cells can increase the invasive phenotypes by activation of 
the EGFR/PI3K/AKT pathway. Mol Cancer. 2009 Nov 
16;8:103. 

57. Dong PX, Jia N, Xu ZJ, Liu YT, Li DJ, Feng YJ. Silencing 
of IQGAP1 by shRNA inhibits the invasion of ovarian 
carcinoma HO-8910PM cells in vitro. J Exp Clin Cancer 
Res. 2008 Nov 27;27:77. 

58. Loughlin DT, Artlett CM. Modification of collagen by 
3-deoxyglucosone alters wound healing through differential 
regulation of p38 MAP kinase. PLoS One. 2011 May 
6;6(5):e18676. 

59. Recio L, Phillips SL, Maynor T, Waters M, Jackson AF, 
Yauk CL. Differential expression of long noncoding 
RNAs in the livers of female B6C3F1 mice exposed to the 
carcinogen furan. Toxicol Sci. 2013 Oct;135(2):369-79. 


