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AbstrAct
Osteosarcoma is a primary malignant bone tumor that has a poor prognosis due 

to local recurrence, metastasis, and chemotherapy resistance. Therefore, there is an 
urgent need to develop novel potential therapeutic targets for osteosarcoma. Enhancer 
of zeste homologue 2 (EZH2) is a member of the polycomb group of proteins, which has 
important functions in epigenetic silencing and cell cycle regulation. Overexpression of 
EZH2 has been found in several malignancies, however, its expression and the role of 
EZH2 in osteosarcoma is largely unknown. In this study, we examined EZH2 expression 
by immunohistochemistry in a large series of osteosarcoma tissues in association 
with tumor characteristics and patient outcomes. EZH2 expression was also analyzed 
in a microarray dataset of osteosarcoma. Results showed that higher expression of 
EZH2 was significantly associated with more aggressive tumor behavior and poor 
patient outcomes of osteosarcoma. We subsequently investigated the functional and 
therapeutic relevance of EZH2 as a target in osteosarcoma. Immunohistochemical 
analysis indicated that EZH2 expression was significantly associated with more 
aggressive tumor behavior and poorer patient outcomes of osteosarcoma. EZH2 
silencing by siRNA inhibited osteosarcoma cell growth, proliferation, migration, and 
invasion. Moreover, suppression of EZH2 attenuated cancer stem cell functions. Similar 
results were observed in osteosarcoma cells treated with EZH2 specific inhibitor 
3-deazaneplanocin A (DZNep), which exhausted cellular levels of EZH2. These results 
suggest that EZH2 is critical for the growth and metastasis of osteosarcoma, and an 
epigenetic therapy that pharmacologically targets EZH2 via specific inhibitors may 
constitute a novel approach to the treatment of osteosarcoma.

INtrODUctION

Osteosarcoma is the most common primary malignant 
tumor of bone in young adults and adolescents. Although 
the standard treatment of surgical resection and adjuvant 
chemotherapy has significantly improved the five-year 
survival rate of osteosarcoma patients to approximately  
60–70%, there has been no impressive progress in 
improving the survival rate of those with recurrence or 
metastasis over the last three decades [1–3]. Unfortunately, 
most of the current strategies have limited efficacy in 
the treatment of metastatic and recurrent osteosarcoma, 

which remains a major challenge in bone cancer fields. 
Therefore, there is an urgent need to develop novel early 
molecular markers of diagnostic and therapeutic targets for 
osteosarcoma. Meanwhile, the underlying mechanism of 
osteosarcoma cell growth and proliferation remains largely 
unclear, which needs to be further elucidated.

As a member of the polycomb group protein (PcG) 
family and the core enzymatically active component of 
the polycomb repressive complex 2 (PRC2), Enhancer 
of zeste homologue 2 (EZH2) is believed to function 
by catalyzing histone H3 trimethylation at lysine 27 
(H3K27me3) in targeted gene promoters to repress gene 
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expression [4, 5]. EZH2 is also required for the stable 
transmission of gene expression patterns to progeny cells 
throughout development [6]. Accumulating evidence 
indicates that EZH2 is involved in fundamental cellular 
processes, such as cell proliferation and differentiation, 
cell cycle regulation and fate decision, carcinogenesis, 
cancer stem cell maintenance, and drug resistance [7–11]. 
Therefore, it is not surprising that EZH2 has received 
boosted attention in the oncology field in recent years. 
There is growing evidence that EZH2 can be regulated 
at transcriptional and post-translational levels in cancers 
[12, 13]. Limited expression of EZH2 was found in 
healthy tissues, while increased levels of EZH2 have been 
widely observed during tumorigenesis and progression 
[13]. Furthermore, it has been well confirmed that EZH2 
is extensively overexpressed and is associated with more 
aggressive behavior and poor prognosis in a wide range 
of cancer types, including prostate cancer, breast cancer, 
melanoma, and non-small cell lung carcinoma [14–18]. 
Knockdown of EZH2 results in reduced proliferation, 
increased apoptosis, and diminished tumorigenicity in 
cancer cells [19–21]. However, the expression status and 
functional role of EZH2 in tumorigenesis and progression 
of osteosarcoma has not yet been fully investigated.

Recently, it has been confirmed that a cyclopentenyl 
analog of 3-deazaadenosine, 3-deazaneplanocin A 
(DZNep), can reduce EZH2 expression in breast cancer 
cells and cause concomitant inhibition of H3K27me3 
expression, which causes derepression of epigenetically 
silenced target genes [22]. Moreover, DZNep inhibits 
proliferation and promotes apoptosis in several types 
of cancer cells [23–26]. These findings indicate that 
pharmacologically targeting EZH2 via DZNep may be 
an appropriate therapeutic approach to cancer treatment. 
Currently, however, no studies on the activity of DZNep 
in osteosarcoma cells have been reported.

To this end, we first examined the extent of EZH2 
expression in osteosarcoma cell lines and tumor samples 
in a 64 osteosarcoma patient cohort via tissue microarray 
(TMA) technology, and then analyzed the relationship 
between EZH2 expression and clinical behavior of 
osteosarcoma. We further mechanistically investigated 
the functional role of EZH2 in the regulation of cell 
proliferation, apoptosis, clonogenicity, cancer stem cell 
maintenance, cell migration, and invasive malignant 
behaviors in vitro. Finally, we further assessed the effects of 
DZNep on EZH2 protein expression in osteosarcoma cells.

rEsULts

EZH2 expression and association with 
clinicopathologic features

In this study, we performed immunohistochemistry to 
evaluate the significance of EZH2 expression in tumor tissues 
from 64 osteosarcoma patients. The immunohistochemistry 

staining results showed that EZH2 protein expression 
is mainly detected in the nucleus of osteosarcoma cells 
(Figure 1A). To investigate the clinical relevance between 
EZH2 expression and osteosarcoma clinical behavior, we 
evaluated the clinicopathologic features of the osteosarcoma 
tumor samples. The correlations between EZH2 expression 
and clinicopathologic characteristics of tumors are shown in 
Table 1. In the median 81.5-month follow-up evaluation of 
the 64 post-operative patients, we found that the expression 
of EZH2 was significantly associated with post-operative 
clinical outcomes. By Kaplan-Meier analysis, EZH2-high 
expression patients had significantly poorer disease free 
survival (DFS) and overall survival (OS) than EZH2-
low expression patients (Figure 1B, 1C). In the subgroup 
analysis, the mean EZH2 expression for the non-survival 
group was significantly higher than the survival group for 
osteosarcoma (P = 0.00143; Figure 1D). Moreover, there 
was a significant association between high nuclear EZH2 
expression and metastasis at initial diagnosis (P = 0.0299; 
Figure 1E). 

To further investigate the clinical relevance 
between EZH2 expression and osteosarcoma behavior, 
we also analyzed the relationship between EZH2 mRNA 
expression and the survival of osteosarcoma patients from 
53 osteosarcoma tumor samples in a microarray dataset 
(GSE21257). Notably, the mRNA expression level of 
EZH2 was significantly up-regulated in osteosarcoma 
patients who developed metastases within five years 
than in patients who did not develop metastases within 
five years (P = 0.0314; Figure 1F). Furthermore, Kaplan-
Meier survival analysis revealed that patients with high 
EZH2 expression had shorter survival in this cohort of 
osteosarcoma patients (P = 0.0310; Figure 1G).

These data demonstrate that EZH2 was overexpressed 
in primary tumors and increased in the metastatic tumors 
of patients with osteosarcoma. Furthermore, patients with 
osteosarcoma presenting with high EZH2 expression 
exhibited a worse prognosis than those with low EZH2 
expression. Thus, monitoring the expression level of EZH2 
protein in osteosarcoma specimens may provide additional 
prognostic information, which is not discernible with 
current clinical and pathology parameters alone.

EZH2 is overexpressed in osteosarcoma cell lines 
and tissues

To investigate the level of EZH2 expression in 
osteosarcoma, we detected its protein levels in a series of 
osteosarcoma cell lines and clinical specimens. Western 
blot revealed constitutive EZH2 expression in all four 
osteosarcoma cell lines (KHOS, U2OS, SAOS, and MG63) 
examined; whereas there was no expression in osteoblast 
cells (NHOST, HOBC) (Figure 2A, 2B). Expression of 
EZH2 was also found in osteoblast cell line HFOB, which 
was established and immortalized by transfection with 
SV40 large T antigen [27]. To corroborate the cell line data 
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with primary tumor tissues, EZH2 expression was also 
evaluated in eight osteosarcoma tissues. Different levels 
of EZH2 expression were observed in these osteosarcoma 
patient samples (Figure 2A, 2C). 

In addition, we performed immunofluorescence to 
determine subcellular localization in osteosarcoma cell 
lines. As shown in Figure 2D, immunoflurescent staining 
showed that EZH2 protein is also localized in the nucleus 
of osteosarcoma cells, which is consistent with the 
immunohistochemistry staining of EZH2 in osteosarcoma 
tissues.

EZH2 silencing inhibits osteosarcoma cell 
proliferation, migration, invasion, and 
clonogenicity activity

Expression of EZH2 has been found to be associated 
with poor prognosis and increased in metastasis in 
different cancers as reported by previous studies. To 
investigate the functional role of EZH2 in osteosarcoma, 
we used synthetic RNA interference (RNAi) to disrupt 
EZH2 expression in two osteosarcoma cells lines  
in vitro. U2OS and SAOS cells were transfected with EZH2 
siRNA in gradient concentrations, and downregulated 
expression of EZH2 protein was observed via western 
blot analysis (Figure 2E). EZH2 immunofluorescence 
analysis was performed to further confirm the decreased 

expression of EZH2 after transfection with EZH2 siRNA. 
Consistent with the results of the osteosarcoma TMA, 
EZH2 protein expression was mainly localized in the 
nucleus of osteosarcoma cells. Furthermore, compared 
with cells transfected with non-specific siRNA, the results 
of the EZH2 immunofluorescence assay further confirmed 
the significantly downregulated expression level of EZH2 
after transfection with EZH2 siRNA (Figure 2F).

 Since the overexpression of EZH2 is associated 
with more aggressive tumor behavior and poorer patient 
outcomes in osteosarcoma, we performed a proliferation 
assay to determine whether EZH2 silencing could inhibit 
cell growth. Inhibition of cell growth in SAOS cells 
was observed 96 h after transfection with EZH2 siRNA 
(Figure 3A). The MTT assay demonstrated that EZH2 
silencing significantly inhibited cell growth after 72 h 
(P < 0.05), while cells transfected with non-specific 
siRNA revealed no inhibition of growth along with the 
control group (Figure 3B, 3C). These results confirmed 
that EZH2 was critical for osteosarcoma cell growth. 
Moreover, RNAi mediated EZH2 knockout induced 
growth inhibition in a time-dependent manner in both 
osteosarcoma cell lines U2OS and SAOS.

To determine the migratory response of 
osteosarcoma cells to EZH2 knockdown, using a 
transwell assay, the average number of invasive cells was 
observed to be reduced approximately 50% and 67% after 

table 1: the relationship between EZH2 expression and clinicopathological features of 
osteosarcoma

clinicopathological 
features

No. of 
cases (%)

EZH2 
expression 

High (n = 16)

EZH2 
expression 

Low (n = 48)
P survival 

(%) Univariate P

Age (years) ≤ 32 35 (54.7%) 7 (43.8%) 28 (58.3%) 0.310 52.0% 0.773
> 32 29 (45.3%) 9 (56.3%) 20 (41.7%) 48.0%

Gender Male 40 (62.5%) 8 (50%) 32 (66.7%) 0.250 56.0% 0.588
Female 24 (37.5%) 8 (50%) 16 (33.3%) 44.0%

Tumor site Femur 32 (50%) 9 (56.3%) 23 (47.9%) 0.908 36.0% 0.219
Tibia 10 (15.6%) 2 (12.5%) 8 (16.7%) 28.0%

Humeral bone 7 (23.4%) 2 (12.5%) 5 (10.4%) 12.0%
Other 15 (23.4%) 3 (18.8%) 12 (25%) 24.0%

Metastasis Absent 19 (29.7%) 1 (5.3%) 18 (33.3%) 0.025 64% < 0.001
Present 45 (70.3%) 15 (94.7%) 30 (66.7%) 36%

Recurrence Absent 44 (68.8%) 11 (68.8%) 33 (68.8%) 1.000 80.0% 0.189
Present 20 (31.3%) 5 (31.3%) 15 (31.3%) 20.0%

Response to 
preoperative 
chemotherapy

Good 10 (15.6%) 3 (18.8%) 7 (14.6%) 0.685 24.0% 0.324
Poor 30 (46.9%) 6 (37.5%) 24 (50%) 36.0%
N/A 24 (37.5%) 7 (43.8%) 17 (35.4%) 40.0%

EZH2 
expression High 16 (25.0%) 88.0% 0.009

Low 48 (75.0%) 12.0%
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transfection with EZH2 siRNA as compared with U2OS 
and SAOS cells transfected with non-specific siRNA (NS) 
(P < 0.001 and P < 0.001, respectively) (Figure 3D, 3E). 
The wound healing assay was also carried out to validate 
the effects of EZH2 silencing on osteosarcoma cell 
migration. During the 36 h incubation, compared with the 
cells transfected with non-specific siRNA, the migration 
distance of U2OS cells transfected with EZH2 siRNA was 
remarkably decreased. Similar results were observed in the 
SAOS cell line (Figure 3F, 3G).

Subsequently, we performed the colony formation 
assay to investigate the effect of EZH2 silencing on 

clonogenicity and found that the average number of 
colonies formed by U2OS-EZH2-siRNA and SAOS-
EZH2-siRNA cells were significantly lower than the 
number formed by U2OS-NS and SAOS-NS cells 
(P < 0.001 and P < 0.001, respectively), and the sizes 
of the colonies were also reduced (Figure 3H, 3I). To 
exclude the possibility of artifact induced by in vitro 
culture, we further confirmed the above results in a mimic  
in vivo environment using a three-dimensional cell culture 
assay. Consistent with the results obtained from the two-
dimensional colony formation assay, the average diameter 
of cancer spheroids formed from U2OS-EZH2-siRNA 

Figure 1: Association of EZH2 protein expression and clinical outcome in osteosarcoma patients. (A) Representation 
images of different immunohistochemical staining intensities of EZH2 protein expression in osteosarcoma tissues are shown on TMA 
sections. EZH2 immunoreactivity was found mostly in the nucleus of tumor cells. EZH2 expression was classified into 1 to 5 categories 
according to the EZH2 staining intensity and extension values: 1+ (score 0), 2+ (score 1–2), 3+ (score 3–4), 4+ (score 6–8), and 5+ 
(score 9–12) staining. For statistical analysis, groups 4+ and 5+ were defined as high expression of EZH2, and the other final scores were 
considered as low expression. (b) Kaplan–Meier curves depicting overall survival rates in the two sets of osteosarcoma patients by EZH2 
staining (low and high). (c) Kaplan–Meier curves depicting disease free survival rates in the 2 sets of osteosarcoma patients by EZH2 
staining (low and high). (D) Distribution of EZH2 staining scores among the survival and non-survival patients. (E) Distribution of EZH2 
staining scores among primary and metastasis patients at initial diagnosis. (F) Levels of EZH2 mRNA expression among osteosarcoma 
patients who developed metastases and patients with non-metastases within five years. (G) Kaplan-Meier curves depicting overall survival 
rates in the two sets of osteosarcoma patients by EZH2 mRNA expression (low and high).
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and SAOS-EZH2-siRNA cells was significantly lower 
than the diameter formed from U2OS-NS and SAOS-
NS in the three-dimensional cell culture environment 
(Figure 3J, 3K). These data demonstrate that osteosarcoma 
cell invasive and migratory activities were significantly 
suppressed after EZH2 silencing. Meanwhile, silencing 
EZH2 inhibited the expression of metastasis-associated 
proteins MT1-MMP, MMP-2, and MMP-7, indicative of 
reduced invasive potential (Figure 4A, 4B).

Effect of EZH2 knockdown on the expression of 
cD44 and Notch-3

Previous studies have shown that EZH2 also 
plays a role in cancer stem cell via regulation of stem 
cell gene expression. Expression of EZH2 is required 
for maintenance of a stem cell state in different cancers, 
including prostate cancer, breast cancer, and glioblastoma 
[11, 28, 29]. We therefore examined the effect of EZH2 

Figure 2: Expression of EZH2 in osteosarcoma cell lines and tissues, and effects of EZH2 knockdown by sirNA in 
osteosarcoma cell lines. (A) Expressions of EZH2 in osteosarcoma cell lines (U2OS, SAOS, KHOS, MG63), osteoblast cell lines 
(NHOST, HFOB, HOBC), and osteosarcoma tissues. (b and c) Western blots from A were analyzed by densitometry as described in 
Materials and Methods. Quantitative results of EZH2 expression for cell lines and tissues were presented as relative expression.  
(D) Confirmation of EZH2 expression in osteosarcoma cell lines by immunofluorescence with antibodies to EZH2 (green) and β-actin (red). 
Hoechst 33342 was added to counterstain the cell nucleus (blue). Green fluorescence of EZH2 protein was mainly localized in the nucleus 
of osteosarcoma cells. (E) siRNA knocked down EZH2 expression in osteosarcoma cells in a dose-dependent manner. (F) Confirmation of 
EZH2 knockdown in osteosarcoma cell lines by immunofluorescence.
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silencing on the protein expressions of cancer stem cell 
markers; include CD44 and Notch-3 in osteosarcoma 
cells. Figure 4C and Figure 4D show that the expressions 
of CD44 and Notch-3 were remarkably decreased in 
U2OS cells transfected with EZH2 siRNA. These results 
indicate that EZH2 silencing may also attenuate cancer 
stem function in osteosarcoma.

Effect of EZH2 knockdown on apoptosis in 
osteosarcoma cell lines

To investigate the underlying mechanisms of 
inhibition in growth and survival by EZH2 silencing, 
we performed flow cytometry analysis and apoptosis-

associated protein measurement. As demonstrated by flow 
cytometry analysis, significantly increased apoptosis rates 
were observed in EZH2 silenced cells (Figure 5A, 5B). 
Meanwhile, EZH2 knockdown decreased the expressions 
of anti-apoptotic proteins, including survivin, Bcl-xl, Bcl- 2, 
Bim-1, and Pro-caspase-3 (Figure 5C). We also observed 
an increase in the pro-apoptotic cleaved-caspase-3 and 
cleaved-PARP proteins in cells transfected with the EZH2 
siRNA (Figure 5C). Quantitative measurement of these 
apoptotic associated proteins confirmed the significant 
effect of EZH2 knockdown on apoptosis in U2OS and 
SAOS cells (data were not shown). Thus, these results 
indicated that EZH2 silencing could induce cell apoptosis 
via regulation of apoptotic proteins in osteosarcoma cells.

Figure 3: Effects of EZH2 silencing on osteosarcoma cell proliferation, migration, and invasion. (A) Representative images 
of osteosarcoma cells after transfection with non-specific siRNA or EZH2 siRNA in a 12-well plate. (b and c) Effects of EZH2 knockdown 
on osteosarcoma cell growth and proliferation after transfection with either non-specific siRNA or EZH2 siRNA (*P < 0.01. **P < 0.001). 
(D and E) Transwell assays to assess osteosarcoma cell migration after EZH2 knockdown (crystal violet staining of migratory cells; 
**P < 0.001; scale bar, 50 mm). (F) Micrographs of osteosarcoma SAOS cells at 0 and 36 hours after wounding. (G) Migration distance 
of SAOS for each time point and condition (**P < 0.001). (H and I) Representative results of colony formation of osteosarcoma cell lines 
transfected with non-specific siRNA or EZH2 siRNA (*P < 0.01. **P < 0.001). (J and K) Formation of spheres from osteosarcoma cell 
lines transfected with non-specific siRNA or EZH2 siRNA accessed by three-dimensional cell culture. All the results were reproducible in 
three independent experiments. The data are presented as the mean ± SD. *P < 0.01). 
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DZNep inhibits EZH2 expression and cell 
proliferation in osteosarcoma cell lines

EZH2 inhibitor DZNep has been shown to induce 
apoptosis in different cancer cells. Consistent with the 
findings of EZH2 siRNA silencing in osteosarcoma 
cells in this study, treatment of osteosarcoma cell lines 
U2OS and SAOS with DZNep resulted in significant 
reduction of EZH2 protein levels and subsequently 
decrease H3K27me3 levels in a dose-dependent manner 
(Figure 6A). Furthermore, we evaluated the effect of 
DZNep treatment on the growth of osteosarcoma cells by 
growth inhibition assay. Significant proliferation inhibition 
was observed when osteosarcoma cell lines were treated 
with DZNep (Figure 6B). The IC50 values for DZNep in 
the osteosarcoma cells lines were 0.45 µM (U2OS) and 
0.26 µM (SAOS). These results indicate the potential 
therapeutic use of DZNep in osteosarcoma treatment. 

DIscUssION

In the present study, we found that EZH2 was 
constitutively highly expressed in osteosarcoma cell 
lines and tissues. Further correlation analyses revealed 
that abnormally high expression of EZH2 was positively 
correlated with increased aggressive and metastatic 
behavior, indicating that EZH2 expression may contribute 
to the progression of osteosarcoma by functioning as 
an oncogene. These data are consistent with previous 
results demonstrating overexpression of EZH2 in other 
types of cancer, including prostate, breast, ovarian, 
and pancreatic cancers, as well as the findings that 
overexpression of EZH2 is associated with aggressive 
and metastatic behavior and poor prognosis in cancers 
[18, 30, 31]. By Kaplan-Meier analysis, we present the 
first study to examine the prognostic value of EZH2 
expression in osteosarcoma patients using high-throughput 

Figure 4: Effects of EZH2 silencing on the expression of metastasis-associated proteins and stem cell markers in 
osteosarcoma cell lines. (A) The levels of MT1-MMP, MMP-2, and MMP-7 were detected in cells after transfection with non-specific 
siRNA or EZH2 siRNA and determined by western blot analysis. (b) Western blots from A were analyzed by densitometry, which was 
carried out using Image J software and normalized to β-actin expression. (c) The levels of CD44 and Notch-3 were detected in cells after 
transfection with non-specific siRNA or EZH2 siRNA and evaluated by western blot analysis. (D) Western blots from C were analyzed 
by densitometry as described in Materials and Methods. All the results were reproducible in three independent experiments. The data are 
presented as the mean ± SD with **P < 0.001.
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Figure 5: Effects of EZH2 silencing on apoptosis in osteosarcoma cells. (A and b) Apoptosis was determined by cytometric 
analysis. Cells stained with annexin-V-APC were considered as apoptotic. The apoptotic index was defined as the percentage of apoptotic 
cells (*P < 0.01). (c) The levels of Bcl-xl, surviving, caspase-3, Bcl-2, PARP, BIM-1, and RUNX-2 were detected in osteosarcoma cells 
after transfection with non-specific siRNA or EZH2 siRNA and determined by western blot analysis. 

Figure 6: Effects of EZH2 inhibitor DZNep on the expression of EZH2 and cell growth in osteosarcoma cell lines. 
(A) DZNep decreased the expression of EZH2 and H3K27me3 in osteosarcoma cells in a dose-dependent manner. (b) DZNep inhibited 
osteosarcoma cell proliferation. Cells were treated with DZNep at the indicated concentrations. The relative sensitivity of each line to 
DZNep was determined by the MTT assay. 
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tissue microarray analysis. The results confirmed that 
higher EZH2 expression was associated with a poorer 
prognosis in osteosarcoma. Multivariate analysis further 
corroborated that EZH2 expression was an independent 
prognostic factor of outcome. These results suggest 
that EZH2 may play an important role in osteosarcoma 
development. Dysregulated expression of EZH2 may 
be involved in the progression of osteosarcoma, and 
may be a valuable prognostic marker that distinguishes 
less aggressive osteosarcoma from those at risk of lethal 
progression.

To examine the role of EZH2 in osteosarcoma 
cell growth and proliferation, we used RNAi to disrupt 
EZH2 expression in osteosarcoma cells in vitro. Our 
study observed that knockdown of EZH2 significantly 
inhibited osteosarcoma cell growth, survival, and 
clonogenicity, as well as decreased cell migration and 
invasion ability, implying that EZH2 plays an important 
role in osteosarcoma progression. In order to further 
investigate the function of EZH2 in osteosarcoma, we 
mimicked the in vivo environment by using a three-
dimensional cell culture. Knockdown of EZH2 expression 
in osteosarcoma cells resulted in slower migration and 
repressed invasion activity. Consistent with our findings 
in the tissue microarray analysis that the presence of 
EZH2 in osteosarcoma is linked to higher metastatic 
migration, similar observations have also been reported in 
pancreatic cancer, prostate cancer, oral tongue squamous 
cell carcinoma, and breast cancer [32–34]. Metastasis is a 
complex biological process in which tumor cells acquire 
the invasive and migration abilities for disseminating 
from a primary tumor to distant secondary organs or 
tissues [22, 23]. We found reduced expressions of MT1-
MMP, MMP-2, and MMP-7 after EZH2 knockdown in 
osteosarcoma cells. These proteins have been shown to 
play critical roles in the processes of tumor cell invasion 
and metastasis by pericellular extracellular matrix (ECM) 
degradation in osteosarcoma [35, 36]. Furthermore, stem 
cell markers of CD44 and Notch-3 were decreased in 
osteosarcoma cells after inhibition of EZH2. These results 
indicate that EZH2 silencing may also attenuate cancer 
stem function in osteosarcoma. Other stem cell markers, 
including CD133, Ki-67, and ABCG2 have been used to 
sort osteosarcoma stem cells [37, 38]. All of these results 
are indicative of the critical role of EZH2 in cancer cell 
proliferation, migration, and invasion. Interestingly, while 
our manuscript was in the preparation, a study reported 
that overexpression of EZH2 is associated with poor 
prognosis in osteosarcoma. In addition, this study also 
showed that silencing EZH2 resulted in tumor growth 
inhibition, apoptosis, and chemosensitivity enhancement. 
Moreover, suppression of EZH2 markedly inhibited tumor 
growth and lung metastasis in vivo [39].

Inhibition of apoptosis is one of the major 
mechanisms in cancer development and ultimately leads 
to the expansion of neoplastic cells with deregulated 
proliferation and accumulation of genetic instability 

and mutations. Knockdown EZH2 has been shown 
to induce apoptosis in different cancers [12, 15, 33]. 
However, the mechanisms of apoptosis induction by 
EZH2 inhibition remain poorly understood. To further 
elucidate the molecular mechanisms underlying the effects 
of EZH2 in osteosarcoma cells, we investigated several 
apoptotic related proteins after EZH2 silencing and the 
results showed that several anti-apoptotic proteins were 
reduced, as well as activation of caspase-3 and PARP 
cleavage. Our findings indicate that EZH2 functions 
as a key coordinator involved in apoptosis signaling in 
osteosarcoma. Furthermore, we confirmed for the first 
time that DZNep is effective in reducing EZH2 expression 
and inhibits tumor growth in osteosarcoma. Numerous 
studies suggest that DZNep induces death in tumor cells 
through EZH2 downregulation and H3K27me3 reduction 
[12, 13, 25]. In our current osteosarcoma model, we also 
found that DZNep reduces EZH2 at the protein level and 
subsequently decreases H3K27me3. The data showed that 
pharmacologic disruption of EZH2 via DZNep inhibited 
growth in osteosarcoma cell lines in a dose-dependent 
manner. These findings were consistent with findings from 
previous studies in different types of tumors.

In summary, we have provided evidence 
demonstrating that elevated EZH2 expression in 
osteosarcoma is significantly associated with tumor 
metastasis and poor prognosis. Measuring EZH2 expression 
level may carry potential as a novel molecular biomarker of 
osteosarcoma. In addition, we have shown that EZH2 plays 
a crucial role in mediating cell proliferation, invasion, and 
migration. EZH2 inhibitor DZNep can inhibit the growth of 
osteosarcoma cell lines, indicating that pharmacologically 
targeting EZH2 via an inhibitor may constitute a novel 
approach to the treatment of osteosarcoma.

MAtErIALs AND MEtHODs

Patients, specimens, and cell lines

This study was approved by the ethics committee 
of Massachusetts General Hospital, and all patients 
provided informed consent. This study was conducted 
with the approval of the MGH Institutional Review 
Board (IRB protocol #:2007-P-002464/5). Cancer 
tissue specimens were obtained from 64 osteosarcoma 
patients between 1993 and 2009 at the Department of 
Orthopaedic Surgery, Massachusetts General Hospital, 
Boston, USA. Haematoxylin and eosin-stained (HE) 
slides from each tissue block were read by a pathologist 
to obtain representative triplicate 0.5-mm-diameter core 
biopsies. Clinical information of all the patients was 
collected and managed from the archives, including age, 
gender, tumor location, tumor stage (primary/metastasis/
recurrent), whether the patient received pre-operative 
chemotherapy or not, the disease status, and the follow-up 
months. Metastasis is defined as the presence of metastatic 
disease in the initial diagnosis. Recurrence is defined as 
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the presence of recurrence in the last follow-up visit of the 
patient. The tissue specimens were fixed in 4% formalin and 
embedded in paraffin for immunohistochemical staining. 
To determine the immunohistochemical expression of 
EZH2 in osteosarcoma, we used Formalin-Fixed, Paraffin-
Embedded (FFPE) tumors tissue placed in a tissue 
microarray (TMA). Representative areas of osteosarcoma 
tumor specimens from the paraffin-embedded samples for 
each case were selected and circled as previously described 
[40, 41]. Briefly, in order to ensure accurate representation 
of the selected cores, three areas of tumor parts per case 
were selected for assembling the recipient master block. 
The TMA was constructed by the Tissue Microarray and 
Imaging Core at the Dana-Farber/Harvard Cancer Center.

The human osteoblast cell line HOB-c was 
purchased from PromoCell GmbH (Heidelberg, Germany), 
and the Simian Vacuolating Virus 40 (SV40) large T 
antigen transfected and immortalized human osteoblast 
HFOB was purchased from ATCC (Manassas, VA). The 
human osteosarcoma cell lines U2OS, SAOS, and MG63 
were also purchased from ATCC. The human osteosarcoma 
cell line KHOS was provided by Dr. Efstathios Gonos 
(Institute of Biological Research and Biotechnology, 
Athens, Greece). Cells lines were maintained in RPMI 
1640 supplemented with 1% penicillin/streptomycin and 
10% fetal bovine serum (FBS) in a 5% CO2, 37°C cell 
culture incubator.

Expression data sets

A set of microarray data (GSE21257) that included 
gene expression from a total of 53 patient osteosarcoma 
tissues was downloaded from the Gene Expression 
Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo) [42]. 
Expression results of EZH2 from this data set were 
retrieved, and the association between the expression 
levels of EZH2 and the clinical significance were analyzed 
using BRB-array tools [43]. 

Immunohistochemical staining and evaluation of 
EZH2 expression

Briefly, 5-µm-thick TMA sections were depara-
ffinized and hydrated as previously described [40, 41], 
and antigen retrieval was performed with Target 
Retrieval Solution (Dako, Carpinteria, CA) following 
the manufacturer’s instructions. Peroxide blocking was 
performed at room temperature for 30 minutes with 3% 
H2O2 in methanol. Slides were then blocked with goat 
serum, avidin solution, and biotin solution. The slides 
were incubated with EZH2 primary antibody (Monoclonal, 
catalogue number:5246, Cell Signaling Technology, MA) 
at 4°C overnight (1:100 dilution, in 1% bovine serum 
albumin PBS) and then probed with biotinylated goat 
anti-rabbit secondary antibody (Vector Laboratories, 
Burlingame, CA) and high-sensitivity streptavidin–HRP 
conjugate. To visualize staining, slides were incubated in 

3, 30-diaminobenzidine in 0.1% H2O2 in Tris–HCl buffer, 
and subsequently counterstained with Hematoxylin QS 
(Vector Laboratories). We used synovial sarcoma tissues 
as external positive controls for EZH2 staining, and goat 
serum (without EZH2 primary antibody) as the negative 
controls for EZH2 staining.

Sections were semi-quantitatively scored for the 
EZH2 staining patterns as follows: the staining extent 
in each core was scored as 1+ (< 25% staining of tumor 
cells), 2+ (25–50% staining of tumor cells), 3+ (50% to 
75% staining of tumor cells), or 4+ (> 75% staining of 
tumor cells). Additionally, the staining intensity was 
quantified as 0 (negative), 1+ (weak), 2+ (intermediate), or 
3+ (strong). The final immunoreaction score was obtained 
by multiplying the intensity and extension values (range 
0–12) and the samples were grouped as 1+ (score 0), 
2+ (score 1–2), 3+ (score 3–4), 4+ (score 6–8), and 5+ 
(score 9–12) staining. Meanwhile, for statistical purposes, 
scores of 4+ and 5+ were defined as high expression and 
the other final scores were considered as low expression. 
Categorizing the EZH2 staining was completed by two 
independent investigators (Ranran Sun and Yan Gao) 
in the Sarcoma Research Laboratory with an approach 
as previously described [40], who were blinded to the 
clinicopathologic data, with a consensus reached in all 
cases. EZH2 staining images were obtained using a Nikon 
Eclipse Ti-U fluorescence microscope (Nikon Instruments, 
Inc., Japan) with a SPOT RT digital camera (Diagnostic 
Instruments Inc., Sterling Heights, MI). Discrepant scores 
between the two investigators were rescored to get a single 
final score. 

small interfering rNA-mediated gene silencing 
of EZH2

EZH2 knockdown in osteosarcoma cells was 
performed by transfection of synthetic human EZH2 siRNA 
(AM16708; Ambion at Applied Biosystems, Foster City, 
USA). The siRNA sequence targeting EZH2 corresponded to 
coding regions (5′-AGAUCUACAUCGUGAUGAATT-3′, 
antisense 5′-UUCAUCACGAUGUAGAUCUTG-3′) of 
the EZH2 gene. The non-specific siRNA oligonucleotides 
(AM4637; Applied Biosystems) were used as negative 
controls. 5000 cells per well were seeded in 96-well plates 
with complete growth medium without antibiotics and 
transfected with non-specific siRNA or EZH2 siRNA. 
Transfections were performed with Lipofectamine 
RNAiMAX (Invitrogen Carlsbad, CA) following the 
manufacturer’s instructions.

Wound healing and invasion assays 

Cell migration activity was assessed by wound 
healing assay. In brief, cells were seeded onto plates and a 
scraped; a cellular area was created using a 200 μL tip. We 
then observed the spread of wound closure and measured 
the fraction of cell coverage across the line for migration 
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rate. Three images were taken per well at each time point 
via microscope (Nikon Instruments, Inc.).

Cell invasion activity was evaluated by the Matrigel 
invasion assay with a BD BioCoat™ Matrigel™ Invasion 
Chamber (Becton-Dickinson, MA) according to the 
manufacturer’s instructions. Briefly, 1 × 104 cells were seeded 
into the upper chamber of each well in serum-free medium, 
and the bottom chambers were filled with medium without 
antibiotics and containing 10% FBS as a chemoattractant. 
Transfection reagents were added into the upper chamber. 
After 48 h, the non-invading cells were gently removed with 
a cotton swab. Invasive cells located on the lower side of 
the chamber were stained with crystal violet, air dried, and 
photographed. For colorimetric assays, the samples were 
treated with 150 ml 10% acetic acid and the absorbance was 
measured at 560 nm with a spectrophotometer (Spectramax 
M5, Molecular Devices, LLC, Sunnyvale, CA).

Images were acquired by Nikon Eclipse Ti-U 
fluorescence microscope and phase contrast microscope 
equipped with a SPOT RT digital camera. The number of 
invading cells was counted in three images per membrane 
by microscopy using a 20× objective.

Western blotting

Western blotting reagents and procedures have 
been previously described [44]. Briefly, total protein was 
isolated with RIPA Lysis Buffer (Upstate Biotechnology, 
New York, USA). The concentration of the protein was 
determined by protein assay reagents (Sigma-Aldrich, St. 
Louis, MO, USA) with a spectrophotometer (Beckman 
DU-640, Beckman Instruments, Inc., Indianapolis, IN). 
20–30 μg of protein extracted from tumor tissues or cell 
lysates were separated by SDS-PAGE electrophoresis 
and then transferred onto nitrocellulose membranes. 
Membranes were then blocked with 5% non-fat milk 
in 1× PBS-T and then probed with a specific primary 
antibody to human EZH2 (1:1000 dilution, Cell Signaling 
Technology) or mouse monoclonal antibody to human 
β-actin (Sigma-Aldrich, St. Louis, MO, USA) at 4°C 
overnight. The membranes were further probed with 
respective secondary antibodies (LI-COR Biosciences, 
Lincoln, NE) and scanned by Odyssey® CLx equipment 
(LI-COR Biosciences) to detect the bands and the density. 
All other antibodies used in this study were purchased 
from Santa Cruz Biotechnology or Cell Signaling 
Technologies. Densitometric analysis of Western blot 
results was performed with Image J as described in the 
software’s User Guide. The relative expression of protein 
was normalized to its respective actin expression. 

Proliferation assay

Effects of EZH2 siRNA on cellular growth and 
proliferation were determined in vitro using the MTT 
assay. 2000 cells were seeded in 96-well plates with 
complete growth medium without antibiotics in a volume 

of 100 μL and transfected with non-specific siRNA or 
EZH2 siRNA. After incubation, 20 μL of MTT (5 mg/mL, 
Sigma, MO) was added to each well and absorbance was 
read at a wavelength of 490 nm using a SPECTRAmax 
Microplate Spectrophotometer (Molecular Devices). All 
procedures were repeated for five consecutive days.

clonogenic assay

Colony formation assay was conducted to investigate 
the effect of EZH2 on cell growth and proliferation of 
osteosarcoma cells as described previously. In brief, 48 h 
after non-specific or EZH2 siRNA transfection, about 
1000 single cells were seeded into each well of a 6-well 
plate. Cells were cultured for 9 to 11 days in the 37°C 
incubator. Cells were washed by PBS and fixed by 4% 
paraformaldehyde, stained with 2% crystal violet, and then 
washed with water. The number of colonies with > 50 cells 
was counted manually using a microscope.

Immunofluorescence

To visualize immunofluorescence of EZH2 
expression, MG63 and U2OS cells were transfected with 
non-specific siRNA or EZH2 siRNA in 24-well chambers 
for 72 h. The samples were fixed with 4% PFA (Sigma-
Aldrich) in PBS for 15 min at room temperature, and 
then permeabilized with ice-cold methanol for 10 min. 
Unspecific binding of the antibodies was blocked with 
1% BSA in PBS-T for 30 min, and then incubated with 
EZH2 primary antibody (1:50 dilution, Cell Signaling 
Technology) and β-actin (1:200 dilution, Sigma-Aldrich) 
at 4°C overnight. Samples were incubated with Alexa 
Fluor 488 (Green) conjugated goat anti-rabbit antibody 
(Invitrogen, USA) and Alexa Fluor 594 goat anti-mouse 
antibody (Invitrogen, USA) for 1 h.

three-dimensional cell culture assay

To accurately mimic the environment in vivo, a 
three-dimensional cell culture assay was performed to 
assess the effect of EZH2 inhibition on the cell growth and 
proliferation of osteosarcoma cells. Briefly, 48 h after non-
specific or EZH2 siRNA transfection, a 5000 cell suspension 
in a volume of 40 μL was seeded into a Perfecta3D 96-well 
Hanging Drop plate (3D Biomatrix, USA) following the 
manufacturer’s instructions. Cells were cultured for 7 days 
in the 37°C incubator and then stained by Calcein AM. 
Osteosarcoma cell spheres were then visualized and images 
were acquired with a Nikon Eclipse Ti-U fluorescence 
microscope (Nikon Instruments) and imaged.

Flow cytometric analysis of cell apoptosis 

The extent of apoptosis was measured with an 
Annexin V-APC Apoptosis Detection kit (BD Biosciences) 
according to the manufacturer’s instructions. Untransfected 
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or EZH2-siRNA transfected U2OS and SAOS cells were 
collected, washed with cold PBS twice, gently resuspended 
in 100 µl of 1× binding buffer containing 2.5 µl APC-
conjugated annexin-V and 1 µl of 100 µg/mL PI, and then 
incubated at room temperature in the dark for 15 min. 
The stained cells were analyzed by flow cytometry (BD 
Biosciences). The experiments were performed in triplicate.

Determination of the effects of the DZNep on the 
osteosarcoma 

DZNep was purchased from Selleck Chemicals 
(Houston, TX) and resuspended in DMSO. Firstly, 
we treated the U2OS and SAOS cells with DZNep at 
different concentrations for 72 h and assessed the effect 
of DZNep on the expression of EZH2 and proliferation 
of osteosarcoma cells in vitro. At least three independent 
experiments were performed to determine the half 
maximal inhibitory concentration (IC50) values for each 
cell line. IC50 values were determined using GraphPad 
Prism 4.0 (GraphPad Software, San Diego, CA).

statistical analysis 

Kaplan-Meier plots and log-rank tests were used 
for survival analysis. Univariate and multivariate Cox 
proportional hazard regression models were used to 
analyze independent prognostic factors. The Student’s 
t-test was used to analyze the statistical difference among 
groups. Data were analyzed by one-way ANOVA followed 
by Tukey’s post hoc test. In all cases, results were 
presented as mean ± SD and P < 0.05 was assumed to be 
statistically significant. All data points represent the mean 
of triplicate data points.

AcKNOWLEDGMENts AND FUNDING

This work was supported by a Joint Research Fund 
devoted to clinical pharmacy and precision medicine (Z.D 
and Q.K). Support has also been provided by the National 
Natural Science Foundation of China (No.: 81402266 
and 81372875), the Gattegno and Wechsler funds, and 
the Kenneth Stanton Fund. Dr. Sun is supported by the 
5451 project of Health Science and Technology of Henan 
Province, China.

cONFLIcts OF INtErEst

The authors declare no conflicts of interest.

rEFErENcEs

1. PosthumaDeBoer J, Witlox M, Kaspers G, Van Royen B. 
Molecular alterations as target for therapy in metastatic 
osteosarcoma: a review of literature. Clin Exp Metastasis 
2011; 28:493–503.

 2. Zhou W, Hao M, Du X, Chen K, Wang G, Yang J. Advances 
in targeted therapy for osteosarcoma. Discov Med. 2014; 
17:301–307.

 3. Isakoff MS, Bielack SS, Meltzer P, Gorlick R. 
Osteosarcoma: Current Treatment and a Collaborative 
Pathway to Success. J Clin Oncol. 2015; 33:3029–3035.

 4. Kuzmichev A, Margueron R, Vaquero A, Preissner TS, 
Scher M, Kirmizis A, Ouyang X, Brockdorff N, Abate-
Shen C, Farnham P. Composition and histone substrates 
of polycomb repressive group complexes change during 
cellular differentiation. Proc Natl Acad Sci U S A. 2005; 
102:1859–1864.

 5. Chen H, Rossier C, Antonarakis SE. Cloning of a human 
homolog of the Drosophila enhancer of zeste gene (EZH2) that 
maps to chromosome 21q22.2. Genomics. 1996; 38:30–37.

 6. Jacobs JJ, van Lohuizen M. Cellular memory of 
transcriptional states by Polycomb-group proteins. Semin 
Cell Dev Biol. 1999; 227–235.

 7. Qi W, Chan H, Teng L, Li L, Chuai S, Zhang R, Zeng J, Li 
M, Fan H, Lin Y. Selective inhibition of Ezh2 by a small 
molecule inhibitor blocks tumor cells proliferation. Proc 
Natl Acad Sci U S A. 2012; 109:21360–21365.

 8. Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, 
Tempst P, Jones RS, Zhang Y. Role of histone H3 lysine 27 
methylation in Polycomb-group silencing. Science. 2002; 
298:1039–1043.

 9. Sauvageau M, Sauvageau G. Polycomb group proteins: 
multi-faceted regulators of somatic stem cells and cancer. 
Cell stem cell. 2010; 7:299–313.

10. Suvà M-L, Riggi N, Janiszewska M, Radovanovic I, 
Provero P, Stehle J-C, Baumer K, Le Bitoux M-A, Marino D, 
Cironi L, Marquez VE, Clément V, Stamenkovic I. EZH2 Is 
Essential for Glioblastoma Cancer Stem Cell Maintenance. 
Cancer Res. 2009; 69:9211–9218.

11. Rizzo S, Hersey JM, Mellor P, Dai W, Santos-Silva A, 
Liber D, Luk L, Titley I, Carden CP, Box G, Hudson DL, 
Kaye SB, Brown R. Ovarian cancer stem cell-like side 
populations are enriched following chemotherapy and 
overexpress EZH2. Mol Cancer Ther. 2011; 10:325–335.

12. Chang C, Hung M. The role of EZH2 in tumour progression. 
Br J Cancer. 2012; 106:243–247.

13. Yamaguchi H, Hung MC. Regulation and Role of EZH2 in 
Cancer. Cancer Res Treat. 2014; 46:209–222.

14. Collett K, Eide GE, Arnes J, Stefansson IM, Eide J, Braaten 
A, Aas T, Otte AP, Akslen LA. Expression of enhancer of 
zeste homologue 2 is significantly associated with increased 
tumor cell proliferation and is a marker of aggressive breast 
cancer. Clin Cancer Res. 2006; 12:1168–1174.

15. 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; 24:268–273.



Oncotarget38345www.impactjournals.com/oncotarget

16. Raaphorst FM, Meijer CJ, Fieret E, Blokzijl T, Mommers E, 
Buerger H, Packeisen J, Sewalt RA, Ottet AP, van Diest PJ. 
Poorly differentiated breast carcinoma is associated with 
increased expression of the human polycomb group EZH2 
gene. Neoplasia. 2003; 5:481–488.

17. Behrens C, Solis LM, Lin H, Yuan P, Tang X, Kadara H, 
Riquelme E, Galindo H, Moran CA, Kalhor N. EZH2 
protein expression associates with the early pathogenesis, 
tumor progression, and prognosis of non–small cell lung 
carcinoma. Clin Cancer Res. 2013; 19:6556–6565.

18. Varambally S, Dhanasekaran SM, Zhou M, Barrette TR, 
Kumar-Sinha C, Sanda MG, Ghosh D, Pienta KJ, Sewalt 
RGAB, Otte AP, Rubin MA, Chinnaiyan AM. The 
polycomb group protein EZH2 is involved in progression 
of prostate cancer. Nature. 2002; 419:624–629.

19. Karanikolas BD, Figueiredo ML, Wu L. Comprehensive 
evaluation of the role of EZH2 in the growth, invasion, and 
aggression of a panel of prostate cancer cell lines. Prostate. 
2010; 70:675–688.

20. Ougolkov AV, Bilim VN, Billadeau DD. Regulation of 
pancreatic tumor cell proliferation and chemoresistance by 
the histone methyltransferase enhancer of zeste homologue 2.  
Clin Cancer Res. 2008; 14:6790–6796.

21. Wagener N, Holland D, Bulkescher J, Crnković-Mertens 
I, Hoppe-Seyler K, Zentgraf H, Pritsch M, Buse S, 
Pfitzenmaier J, Haferkamp A. The enhancer of zeste 
homolog 2 gene contributes to cell proliferation and 
apoptosis resistance in renal cell carcinoma cells. Int J 
Cancer. 2008; 123:1545–1550.

22. Tan J, Yang X, Zhuang L, Jiang X, Chen W, Lee PL, 
Karuturi RM, Tan PBO, Liu ET, Yu Q. Pharmacologic 
disruption of Polycomb-repressive complex 2-mediated 
gene repression selectively induces apoptosis in cancer 
cells. Genes Dev. 2007; 21:1050–1063.

23. Kemp CD, Rao M, Xi S, Inchauste S, Mani H, Fetsch P, 
Filie A, Zhang M, Hong JA, Walker RL. Polycomb 
repressor complex-2 is a novel target for mesothelioma 
therapy. Clin Cancer Res. 2012; 18:77–90.

24. Hayden A, Johnson PW, Packham G, Crabb SJ. 
S-adenosylhomocysteine hydrolase inhibition by 
3-deazaneplanocin A analogues induces anti-cancer effects 
in breast cancer cell lines and synergy with both histone 
deacetylase and HER2 inhibition. Breast Cancer Res Treat. 
2011; 127:109–119.

25. Miranda TB, Cortez CC, Yoo CB, Liang G, Abe M, 
Kelly TK, Marquez VE, Jones PA. DZNep is a global 
histone methylation inhibitor that reactivates developmental 
genes not silenced by DNA methylation. Mol Cancer Ther. 
2009; 8:1579–1588.

26. Fiskus W, Wang Y, Sreekumar A, Buckley KM, Shi H, 
Jillella A, Ustun C, Rao R, Fernandez P, Chen J. Combined 
epigenetic therapy with the histone methyltransferase EZH2 
inhibitor 3-deazaneplanocin A and the histone deacetylase 
inhibitor panobinostat against human AML cells. Blood. 
2009; 114:2733–2743.

27. Harris SA, Enger RJ, Riggs BL, Spelsberg TC. Development 
and characterization of a conditionally immortalized 
human fetal osteoblastic cell line. J Bone Miner Res.  
1995; 10:178–186.

28. Li H, Bitler BG, Vathipadiekal V, Maradeo ME, Slifker M, 
Creasy CL, Tummino PJ, Cairns P, Birrer MJ, Zhang R. 
ALDH1A1 is a novel EZH2 target gene in epithelial ovarian 
cancer identified by genome-wide approaches. Cancer Prev 
Res (Phila). 2012; 5:484–491.

29. Suva ML, Riggi N, Janiszewska M, Radovanovic I, 
Provero P, Stehle JC, Baumer K, Le Bitoux MA, Marino D, 
Cironi L, Marquez VE, Clement V, Stamenkovic I. EZH2 
is essential for glioblastoma cancer stem cell maintenance. 
Cancer Res. 2009; 69:9211–9218.

30. Kleer CG, Cao Q, Varambally S, Shen R, Ota I, Tomlins SA, 
Ghosh D, Sewalt RG, Otte AP, Hayes DF. EZH2 is a 
marker of aggressive breast cancer and promotes neoplastic 
transformation of breast epithelial cells. Proc Natl Acad Sci 
U S A. 2003; 100:11606–11611.

31. Wei Y, Xia W, Zhang Z, Liu J, Wang H, Adsay NV, 
Albarracin C, Yu D, Abbruzzese JL, Mills GB. Loss of 
trimethylation at lysine 27 of histone H3 is a predictor of 
poor outcome in breast, ovarian, and pancreatic cancers. 
Mol Carcinog. 2008; 47:701–706.

32. Smits M, Nilsson J, Mir SE, van der Stoop PM, 
Hulleman E, Niers JM, de Witt Hamer PC, Marquez VE, 
Cloos J, Krichevsky AM. miR-101 is down-regulated in 
glioblastoma resulting in EZH2-induced proliferation, 
migration, and angiogenesis. Oncotarget. 2010; 1:710. doi: 
10.18632/oncotarget.205.

33. Chen Y, Xie D, Yin Li W, Man Cheung C, Yao H, Chan CY, 
Chan CY, Xu FP, Liu YH, Sung JJ, Kung HF. RNAi 
targeting EZH2 inhibits tumor growth and liver metastasis of 
pancreatic cancer in vivo. Cancer Lett. 2010; 297:109–116.

34. Mu Z, Li H, Fernandez SV, Alpaugh KR, Zhang R, 
Cristofanilli M. EZH2 knockdown suppresses the growth 
and invasion of human inflammatory breast cancer cells.  
J Exp Clin Cancer Res. 2013; 32:70.

35. Itoh Y, Seiki M. MT1-MMP: A potent modifier of pericellular 
microenvironment. J Cell Physiol. 2006; 206:1–8.

36. Bjørnland K, Flatmark K, Pettersen S, Aaasen AO, 
Fodstad Ø, Mælandsmo GM. Matrix metalloproteinases 
participate in osteosarcoma invasion. J Surg Res. 2005; 
127:151–156.

37. Tirino V, Desiderio V, d’Aquino R, De Francesco F, 
Pirozzi G, Graziano A, Galderisi U, Cavaliere C, De Rosa A, 
Papaccio G, Giordano A. Detection and characterization of 
CD133+ cancer stem cells in human solid tumours. PLoS 
One. 2008; 3:e3469.

38. Liu B, Ma W, Jha RK, Gurung K. Cancer stem cells in 
osteosarcoma: recent progress and perspective. Acta Oncol 
(Madr). 2011; 50:1142–1150.

39. Lv Y-F, Yan G-N, Meng G, Zhang X, Guo Q-N. Enhancer 
of zeste homolog 2 silencing inhibits tumor growth and lung 
metastasis in osteosarcoma. Sci Rep. 2015; 5.



Oncotarget38346www.impactjournals.com/oncotarget

40. Zhang L, Guo S, Schwab JH, Nielsen GP, Choy E, 
Ye S, Zhang Z, Mankin H, Hornicek FJ, Duan Z. Tissue 
microarray immunohistochemical detection of brachyury is 
not a prognostic indicator in chordoma. PLoS One. 2013; 
8:e75851.

41. Gao Y, Feng Y, Shen JK, Lin M, Choy E, Cote GM, 
Harmon DC, Mankin HJ, Hornicek FJ, Duan Z. CD44 is a 
direct target of miR-199a-3p and contributes to aggressive 
progression in osteosarcoma. Sci Rep. 2015; 5:11365.

42. Buddingh EP, Kuijjer ML, Duim RA, Burger H, 
Agelopoulos K, Myklebost O, Serra M, Mertens F, 
Hogendoorn PC, Lankester AC, Cleton-Jansen AM. Tumor-

infiltrating macrophages are associated with metastasis 
suppression in high-grade osteosarcoma: a rationale for 
treatment with macrophage activating agents. Clin Cancer 
Res. 2011; 17:2110–2119.

43. Simon R, Lam A, Li MC, Ngan M, Menenzes S, Zhao Y. 
Analysis of gene expression data using BRB-ArrayTools. 
Cancer Inform. 2007; 3:11–17.

44. Osaka E, Yang X, Shen JK, Yang P, Feng Y, Mankin HJ, 
Hornicek FJ, Duan Z. MicroRNA-1 (miR-1) inhibits 
chordoma cell migration and invasion by targeting slug. J 
Orthop Res. 2014; 32:1075–1082.


