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 Background: This study aimed to perform coexpression analysis of the EZH2 gene using The Cancer Genome Atlas (TCGA) 
and the Oncomine databases to identify coexpressed genes involved in biological networks in breast cancer, 
glioblastoma, and prostate cancer, with functional analysis of the EZH2 gene in the C4-2 human prostate can-
cer cell line in vitro.

 Material/Methods: Data from TCGA and Oncomine databases were analyzed to determine the expression of EZH2 and the top 
five coexpressed genes in breast cancer, glioblastoma, and prostate cancer and the clinical significance the co-
expressed genes. Gene Ontology (GO) analysis was performed to predict the functions and pathways of EZH2 
using pathway annotation. The role of EZH2 in the C4-2 human prostate cancer cell line was studied in vitro.

 Results: Analysis of 16 micro-arrays identified 185 genes that were coexpressed with EZH2. The top five coexpressed 
genes were MCM4, KIAA0101, MKI67, RRM2, and CDC25a. Increased expression of these genes and EZH2 were 
associated with reduced survival. Coexpressed genes were involved in biological networks associated with the 
cell cycle, mitosis, and DNA damage. The effects of EZH2 on prostate cancer cell was validated in vitro as knock-
down of EZH2 resulted in a G2/M cell cycle arrest, increased DNA damage, and reduced colony number.

 Conclusions: Coexpression analysis of EZH2 identified its role in the cell cycle, mitosis, and DNA repair. The molecular mech-
anisms involved in EZH2 gene expression in the cell response to DNA damage requires further study to deter-
mine whether EZH2 is a potential human cancer biomarker.
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Background

Several types of cancer initially respond to treatment due to 
improved surgical techniques and advances in medical oncol-
ogy, but tumor relapse, progression, and resistance to chemo-
therapy and radiation therapy may occur [1]. For example, 
many patients with newly diagnosed prostate cancer present 
with advanced stage malignancy and initially respond to an-
drogen suppression therapy [2,3]. However, within months to 
years, patients no longer respond to androgen suppression 
therapy, and the tumor progresses and metastasizes and be-
comes refractory to all forms of treatment, including chemo-
therapy and radiotherapy [4,5]. The main processes involved 
in survival and resistance to treatment by malignant tumors 
involve molecular mechanisms that increase cell proliferation, 
reduce apoptosis, and enhance DNA repair.

Previously published studies have shown that epigenetic mech-
anisms play key roles in cancer biology and that aberrant epi-
genetic control of DNA methylation and histone modification 
may result in the deregulation of tumor suppressor genes [6,7]. 
The enhancer of zeste homolog 2 (EZH2) gene is a known epi-
genetic tumor suppressor. EZH2 is a histone methyltransfer-
ase that functions by forming polycomb repressive complex 2 
(PRC2) that consists of EED, SUZ12, and RBBP4 [8,9]. There is 
increasing evidence that EZH2 is overexpressed several types of 
cancer and promotes cell proliferation, invasion, and resistance 
to chemotherapy and radiation therapy [10,11]. Knockdown 
of EZH2 expression has been shown to inhibit cell prolifera-
tion, reverse drug resistance, and induce radiation sensitivity 
in some cancers [12,13]. The role of EZH2 in the promotion 
of tumor progression remains to be studied, but it is gener-
ally accepted that EZH2 serves as a transcription repressor 
of tumor-suppressive genes through histone H3 on lysine 27 
(H3K27) methylation.

Several studies have shown that rather than repress, EZH2 
can activate transcription of genes in a polycomb-indepen-
dent manner and do not involve H3K27 methylation [14,15]. 
Knockdown EZH2 expression by RNA interference (RNAi) led 
to a significant decrease in G1/S-expressed cyclins. EZH2 ac-
tivates transcription of c-Myc and cyclin D1 in breast cancer 
cells [16]. However, the question of which genes are com-
monly activated in cancer by EZH2 has not yet been answered.

Therefore, this study aimed to perform coexpression analy-
sis of the EZH2 gene using The Cancer Genome Atlas (TCGA) 
and the Oncomine databases to identify coexpressed genes 
involved in biological networks in breast cancer, glioblastoma, 
and prostate cancer, with functional analysis of the EZH2 gene 
in the C4-2 human prostate cancer cell line in vitro.

Material and Methods

Oncomine analysis and extraction of EZH2 coexpressed 
genes

The study protocol and data analysis are shown in 
Figure 1. Retrieval of EZH2 coexpressed genes was per-
formed from the published literature. The Oncomine data-
base (http://oncomine.org) was searched using the parameters 
of the gene, EZH2, analysis type, and coexpression analysis. 
The statistical threshold was set as P-value <1E-4, fold change 
³2, and gene rank=top 1%. In each selected dataset, the first 
200 coexpressed genes were recorded, with repetitive gene 
symbols removed. Coexpressed genes that appeared in six 
(37.5% out of 16) or more lists were considered as significant 
EZH2 coexpressed genes.

Gene Ontology (GO) and pathway analysis

The Database for Annotation, Visualization and Integrated 
Discovery (DAVID) (http://david.abcc.ncifcrf.gov) was used to 
perform functional enrichment analysis of the EZH2 coexpressed 
genes with high analysis stringency set as high. The statistical 
criteria for GO annotation were set as P<0.0001, count ³10, 
and fold enrichment >1.5. Statistical criteria for pathway-based 
enrichment and disease-based enrichment was set as P<0.05, 
fold enrichment >1.5, and false discovery rate (FDR) <0.05.

Determination of the regulative relationship between 
EZH2 and coexpressed genes

The National Center for Biotechnology Information (NCBI) 
Gene Expression Omnibus (GEO) dataset, GDS2445, analyzed 
the gene expression profile of human embryonic fibroblasts 
depleted of the polycomb group proteins EZH2, EED, SUZ12, 
or BMI-1. We queried each of the EZH2 coexpressed genes in 
GDS2445 to acquire the expression difference between EZH2 
depletion versus control human embryonic fibroblasts (http://
www.ncbi.nlm.nih.gov/sites/GDSbrowser?acc=GDS2445).

Extraction of EZH2 coexpressed genes from TCGA datasets

The open-source software platform cBioPortal for Cancer 
Genomics (http://www.cbioportal.org/) and The Cancer Genome 
Atlas (TCGA) were used for analysis. The TCGA breast, glioblas-
toma, and prostate adenocarcinoma datasets were chosen to 
extract EZH2 coexpressed genes, respectively. Statistical crite-
ria were set as Pearson’s correlation ³0.6 and n £300.

Kaplan-Meier analysis of prognosis

The Kaplan-Meier plotter (http://kmplot.com/analysis/index.
php?p=service&cancer) was used in the present study to 
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perform overall survival (OS) analysis and evaluate the prog-
nosis value of hub genes.

Cell culture

The C4-2 human prostate cancer cell line was purchased from 
American Type Culture Collection (ATCC) (Manassas, VA, USA) 
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with 10% 
fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA), 1% streptomycin-penicillin (Invitrogen, 
Carlsbad, CA, USA), and 1% L-glutamine (Invitrogen, Carlsbad, 
CA, USA) at 37°C in a humidified atmosphere with 5% car-
bon dioxide.

Transfection of siRNA or miRNA mimic

For transient transfection, cells at 50% confluence were 
transfected with chemically synthesized siRNA or miRNA 
mimic (Qiagen, Hilden, Germany) using Lipofectamine 3000 
(Invitrogen, Carlsbad, CA, USA), according to the manufactur-
er’s instructions.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA was isolated in TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA), and 1 µg of total RNA underwent reverse transcription 

using Superscript III transcriptase (Invitrogen, Carlsbad, CA, 
USA). Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed using a CFX96 system (Bio-Rad, Hercules, 
CA, USA) with SYBR green to determine the mRNA expression 
of specific genes. Expression levels were normalized against 
the expression of GAPDH. All experiments were performed in 
triplicate.

Cell cycle analysis

The C4-2 human prostate cancer cells were fixed in 70% etha-
nol overnight at –20°C. The cells were treated with DNA stain-
ing solution containing 3.4 mM Tris-Cl (pH 7.4), propidium io-
dide (PI), 0.1% Triton X-100 buffer, and 100 mg/ml of RNase A. 
The cell cycle was then analyzed using a BD FACSCalibur flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA)

Single-cell agarose gel electrophoresis

For agarose gel electrophoresis, C4-2 human prostate cancer 
cells were transfected with shEZH2 or control and cultured for 
48 h. The procedure used was as previously described [17].

Cell colony formation assays

The C4-2 human prostate cancer cells were transfected with 
siEZH2 or control. They were then suspended and then plated in 
six-well plates at 500 cells per well. The cells were maintained 
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Figure 1. Flowchart of the study design.
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in a humidified atmosphere with 5% CO2 at 37°C for 14 days. 
After fixation, the cells were stained using Giemsa. The colo-
nies that were 50 μm in diameter or more were counted and 
photographed.

Statistical analysis

GraphPad Prism version 5.0 software (GraphPad Software, La 
Jolla, CA, USA) was used for data analysis. Data were present-
ed as the mean±standard deviation (SD). Statistical analysis 
was performed using Student’s t-test. A P-value <0.05 was 
considered to be statistically significant.

Results

EZH2 coexpressed genes were enriched in multiple 
Oncomine human cancer microarrays

A total of 16 different microarrays were screened (Table 1), 
including 11 different human cancer tissue arrays, one mixed 
human cancer tissue array, and four arrays of different can-
cer cell lines. These indicated that EZH2 might play important 
roles in several types of cancer.

Meta-analysis identified 185 genes to be strongly 
coexpressed with EZH2

To identify the most frequently coexpressed genes of EZH2, 
the top 200 EZH2 coexpressed genes were identified from each 
of the 16 microarrays. Genes that were included in six or more 
arrays were considered to be significant. A total of 185 genes 
were found to be strongly coexpressed with EZH2 (Figure 2). 
Most of these genes were cell cycle-related genes, which may 
indicate the role of EZH2 in cancer cell proliferation.

Integrative analysis showed that EZH2 coexpressed genes 
were involved in biological networks associated with the 
cell cycle, mitosis, and DNA damage

To further investigate the biological function of EZH2 and its 
coexpressed genes, we then performed functional enrichment 
analysis of the 185 genes using the DAVID functional annota-
tion tool (GOTERM_BP_FAT) with high stringency conditions of 
P<0.0001, count ³10, and fold enrichment >1.5. A total of four 
annotation clusters were identified that were associated with 
the cell cycle, mitosis, and DNA damage responses (Figure 3, 
Table 2). These networks were involved in cancer development, 
progression, and response to treatments that included chemo-
therapy and radiation therapy.

Coexpression of the 185 genes and EZH2 coexpressed 
genes extracted from The Cancer Genome Atlas (TCGA) 
datasets

Because the 185 EZH2 coexpressed genes were all extracted 
from the single Oncomine database, to avoid bias, TCGA data-
base was used to verify the coexpressed genes. From TCGA 
database, three cancers were randomly chosen for validation, 
including breast cancer, glioblastoma, and prostate cancer.

The TCGA breast cancer dataset included 65 EZH2 coexpressed 
genes with the criteria of a Pearson’ s correlation ³0.60, and 
the majority (n=53; 81.54%) overlapped with the 185 Oncomine 
EZH2 coexpressed genes (Figure 4A). Similarly, 300 EZH2 coex-
pressed genes were identified from TCGA glioblastoma dataset 
with Pearson’s correlation ³0.60 and n£300. Further analy-
sis showed that there were 131 overlapping genes in the 185 
genes extracted from Oncomine and TCGA glioblastoma de-
rived 300 genes, which accounted for 70.81% of the 185 genes 
(Figure 4B). In TCGA prostate cancer dataset, there were 166 
EZH2 coexpressed genes, 109 (65.66%) of which overlapped 
with the 185 genes (Figure 4C).

No. Array name

01 Su Normal

02 Hoek Melanoma

03 Ma Cell Line

04 Roessler Liver 2

05 Phillips Brain

06 Varambally Prostate

07 Piva Cell Line

08 Detwiller Sarcoma

Table 1. Arrays used in coexpression analysis.

No. Array name

09 Kuner Lung

10 Korde Breast

11 Giordano Adrenal 2

12 Adorno Cell Line

13 Connolly Cell Line

14 Meyniel Ovarian

15 Sun Brain

16 Chapman Myeloma
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According to the two databases based on different datasets, 
more than 60% of coexpressed genes overlapped. The find-
ings shown in Figure 4A–4C indicated that the 185 genes ex-
tracted from the Oncomine database were genuinely EZH2 
coexpressed genes. The results also indicated that in addi-
tion to breast cancer, ovarian cancer, and colorectal cancer, 
these genes also contributed to other cancers, and EZH2 and 

coexpressed genes might play important roles in most human 
cancers through this novel functional network.

The impact of EZH2 and coexpressed genes on patient 
overall survival (OS)

The Kaplan-Meier plotter database included survival data of 
1,402 breast cancer patients, 1,657 ovarian cancer patients, 
882 gastric cancer patients, and 1,928 lung cancer patients. 
The prognostic value of EZH2 and the five most frequent genes 
were analyzed, including MCM4, KIAA0101, MKI67, RRM2, and 
CDC25A, which occurred 16 times in the array, and three ac-
knowledged tumor suppressor genes, including PTEN, RB, and 
TSLC1, which were used as negative controls.

The cutoff value was set as autoselect by the database for 
each gene. As shown in Figure 5, increased expression of EZH2, 
MCM4, KIAA0101, MKI67, RRM2, and CDC25A predicted worse 
overall survival in all the four tumors. Also, increased expres-
sion of genes that appeared 15 times in the array was asso-
ciated with poor lung cancer survival. Three tumor suppres-
sor genes, including PTEN, RB, and TSLC1 that were used as 
negative controls, showed an increased expression that pre-
dicted better overall survival. Therefore, EZH2 and these coex-
pressed genes were associated with reduced overall survival in 
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Figure 2.  The 185 coexpressed genes with EZH2 in 16 arrays. The X-axis represents the frequency of the genes expressed in 16 arrays. 
The Y-axis represents the gene numbers.
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Figure 3.  Functional enrichment analysis based on the DAVID 
functional annotation tool. The coexpressed genes are 
enriched in pathways related to the cell cycle, mitosis, 
and DNA damage.
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multiple tumors. Further studies are required that use larger 
sample sizes to determine whether these genes may be used 
as prognostic biomarkers in cancer.

Probable relationship between EZH2 and the coexpressed 
genes

The STRING database was used to investigate the coexpres-
sion of EZH2 with these 185 genes as the protein-protein in-
teraction (PPI) networks were searched, as shown in Figure 6A. 
Based on the description of the predicted function of these 
genes in the STRING database and the text mining results, five 
possible mechanisms were identified between EZH2 and these 
genes (Figure 6B). In the first group, these coexpressed genes 
were regulated by EZH2, including CCNB2, KIAA0101, MKI67, 
and TOP2A. The C4-2 human prostate cancer cells were trans-
fected with siEZH2, and expression of the genes were detect-
ed with quantitative real-time polymerase chain reaction (qRT-
PCR). The results are shown in Figure 6C. The expression levels 
of CCNB2, MKI67, KIF20A, CCNA2, and CDC20 were significantly 
down-regulated after knockdown of EZH2 (EZH2, P=0.003; 
CCNB2, P=0.007; MKI67, P=0.003; KIF20A, P=0.002; CCNA2, 
P=0.005; CDC20, P=0.032).

In the second group, EZH2 and the coexpressed genes were reg-
ulated by the same gene or transcription factor (E2F1, ANCCA, 
and FOXM1). For example, E2F1 could regulate EZH2, MCM4, 
RRM2, and CDC6. ANCCA regulated EZH2, TOP2A, KIF11, and 
KIF15. Expression levels of related genes were detected af-
ter transfection of siE2F1, siANCCA, or siFOXM1 to C4-2 cells 
(Figure 6D) as follows: EZH2, P=0.008; MCM4, P=0.026; RRM2, 
P=0.002; DHFR, P=0.005; CCNE2, P=0.035; CDC25A, P=0.002. 
Figure 6E, EZH2, P=0.006; TOP2A, P=0.032; MYBL2, P<0.001; 
BUB1, P=0.003; CCNA2, P=0.026; CDC6, P=0.001. Figure 6F, 
EZH2, P=0.003; ARUKA, P<0.001; MAD2L1, P=0.006; ZNF367, 
P=0.005; KPNA2, P=0.002; and TPX2, P=0.005.

In the third group, EZH2 interacted with other genes and then 
regulated the coexpressed genes, such as HOTAIR. The ex-
pression of Hotair in C4-2 cells was knocked down with the 
transfection of siHOTAIR. The expression of CCNA2, CHEK1, 
HMMR, NUSAP1, FANCI, and NCAPG were also down-regu-
lated (Figure 6G) as follows: CCNA2, P=0.002; CHEK1, P=0.003; 
HMMR, P=0.008; NUSAP1, P=0.006; FANCI, P=0.006; and 
NCAPG, P=0.007.

In the fourth group, EZH2 and the coexpressed genes were 
regulated by the same miRNA or miRNA associated net-
work such as miR-221 and miR-101. After transfection of the 

Term Count P-value Fold FDR

Cluster 1, Score: 86.8

GO: 0022403 – cell cycle phase 89 4.47E-90 17.3 6.86E-87

GO: 0000279 – M phase 82 1.06E-87 20.1 1.62E-84

GO: 0022402 – cell cycle process 94 6.78E-85 13.4 1.04E-81

Cluster 2, Score: 72.7

GO: 0000278 – mitotic cell cycle 78 1.05E-76 17.0 1.61E-72

GO: 0007067 – mitosis 65 5.08E-73 23.8 7.80E-70

GO: 0000280 – nuclear division 65 5.08E-73 23.8 7.80E-70

GO: 0000087 – M-phase of mitotic cell cycle 65 1.91E-72 23.4 2.94E-69

GO: 0048285 – organelle fission 65 9.64E-72 22.9 1.48E-68

Cluster 3, Score: 16.0

GO: 0006974 – response to DNA damage stimulus 34 2.32E-19 7.4 3.57E-16

GO: 0006281 – DNA repair 28 9.77E-17 7.9 1.67E-13

GO: 0033554 – cellular response to stress 34 5.96E-14 4.8 9.14E-11

Cluster 4, Score: 12.0

GO: 0051327 – M phase of meiotic cell cycle 16 9.41E-13 13.1 1.45E-09

GO: 0007126 – meiosis 16 9.41E-13 13.1 1.45E-09

GO: 0051321 – meiotic cell cycle 16 1.28E-12 12.9 1.96E-09

Table 2. Functional enrichment of EZH2 coexpressed genes.

Cluster – annotation cluster; Score – enrichment score; Fold – fold enhancement; FDR – false discovery rate.
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miR-221 mimic, the expression of EZH2 and CDC20 were sig-
nificantly upregulated (Figure 6H) as follows: EZH2, P=0.009; 
CDC20, P=0.002. There may have been a miRNA regulated net-
work between miR-221 and EZH2. When cells were transfect-
ed with miR-101 mimic, EZH2, STMN, PLK1, and BUB1B were 
down-regulated (Figure 6I) as follows: EZH2, P=0.028; STMN, 
P=0.037; PLK1, P=0.006; and BUB1B, P=0.005.

The function of EZH2 in C4-2 human prostate cancer cells

The cell cycle in C4-2 human prostate cancer cell was ana-
lyzed with flow cytometry after the transfection of shEZH2 
or the negative control (Figure 7A, 7B). Knockdown of EZH2 
resulted in G2/M cell cycle arrest (23.98% for the control vs. 
28.12% for shEZH2; P=0.026) and reduction in G1/S (76.02% 
for the control vs. 71.88% for shEZH2). To investigate the lev-
el of DNA damage, the single-cell agarose gel electrophoresis 
study was performed. As shown in Figure 7C, the comet tail 
length of the cell transfected with shEZH2 was significantly 
greater than the cell in the control group (Figure 7D) (9.98±1.51 
vs. 16.31±2.62; P=0.007).

The colony formation assay was also performed to assess 
cell proliferation and cell resistance to radiation. Cell colony 

number was reduced in cells transfected with shEZH2, and the 
colony number was further reduced when treated with radia-
tion, which showed that shEZH2 enhanced radiotherapy sen-
sitivity (Figure 7E, 7F) (P=0.025 for 2 Gy and P=0.005 for 6 Gy). 
Also, the relationship between the expression of the six genes 
and cancer recurrence or progression after radiation was eval-
uated, which showed that these genes could mediate cancer 
cell proliferation or DNA damage repair (Figure 7G).

Discussion

EZH2 is an oncogene that is overexpressed in several hu-
man cancers [18–20]. EZH2 acts as a transcriptional repres-
sor, inhibiting tumor suppressor genes, such as E-CADHERIN 
and DAB2IP [21,22]. However, recent studies have shown 
that EZH2 may also function as a transcriptional activator in 
some cancers. For example, EZH2 is a transcription activa-
tor in castration-resistant prostate cancer and is polycomb-
independent [15,23]. EZH2 can promote the expression of 
CCND3, CCNE2, CDK4, and CDK6 genes in nasopharyngeal 
carcinoma [24]. EZH2 has been shown to enhance the trans-
activation of c-MYC and cyclin D1 promoters in breast cancer 
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65 EZH2 co-expression genes
from TCGA breast
(Pearson’s correlation≥0.60)

300 EZH2 co-expression genes
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166 EZH2 co-expression genes
from TCGA prostate cancer
(Pearson’s correlation ≥0.60)

185 outlier genes

A

C

B

Figure 4.  Coexpressed genes verified from The Cancer Genome Atlas (TCGA) database. (A) Based on TCGA database, in breast cancer, 
65 EZH2 coexpressed gene were identified, and the majority (n=53, 81.54%) overlapped with the 185 Oncomine EZH2 
coexpressed genes. (B) TCGA glioblastoma dataset showed 300 EZH2 coexpressed genes and there were 131 overlapping 
genes (43.67%). (C) In TCGA prostate cancer dataset, there were 166 EZH2 coexpressed genes, 109 (65.66%) of which 
overlapped with the 185 genes.
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cell lines [25]. Ectopic over-expression of EZH2 is associated 
with the upregulation of b-Catenin, CCND1, and EGFR in hu-
man hepatocellular carcinoma [26].

EZH2 may play dual roles in gene regulation, but the mecha-
nisms involved in the activation of these genes by EZH2 remain 
unclear. EZH2 has been shown to bind to p38, and overexpres-
sion of EZH2 leads to phosphorylation and activation of p38. 
In castration-resistant prostate cancer, EZH2 is involved in the 

PI3K-Akt pathway and acts as a transcriptional coactivator of 
the androgen receptor. EZH2 also allows constitutive Wnt/b-
catenin signaling in hepatocellular carcinoma (HCC) cells [26]. 
These findings prompted the investigation of genes that are 
positively regulated by EZH2, including in EZH2 knockout hu-
man fibroblasts [27]. However, previous studies have been 
cancer-specific or cell-specific, and functional studies have 
not been previously performed.
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Figure 5.  The impact of EZH2 and coexpressed genes on the overall survival (OS) of patients with cancer. Increased expression of EZH2 
and the five most frequently expressed genes (MCM4, KIAA0101, MKI67, RRM2, and CDC25A) are associated with a lower 
survival rate in breast cancer, gastric cancer, liver cancer, and lung cancer. In lung cancer, the 15 most commonly expressed 
genes are also analyzed. Increased expression of nine genes (TOP2A, CCNB2, BUB1, BUB1B, CDK1, CCNB1, TPX2, FANCI, and 
CENPA) predict a lower overall survival. Tumor suppressor genes, PTEN, RB, and TSLC1, are used as negative controls.
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Figure 6.  The relationship between EZH2 and the 185 coexpressed genes. (A) The network constructed using the STRING database. 
(B) The relationship between EZH2 and the 185 coexpressed genes. (C–I) Quantitative real-time polymerase chain reaction 
(qRT-PCR) was performed to verify the associations. (C) The quantitative real-time polymerase chain reaction (qRT-PCR) 
findings show that knockdown of EZH2 with si-EZH2 inhibited expression of CCNB2, MKI67, KIF20A, CCNA2, and CDC20. 
(D) The knockdown of E2F1 inhibited the expression of EZH2, MCM4, RRM2, DHFR, CCNE2, and CDC25A. These coexpressed 
genes and EZH2 are regulated by the same gene, E2F1. (E) EZH2 and the coexpressed genes (TOP2A, MYBL2, BUB1, CCNA2, 
and CDC6) were down-regulated when ANNCA was knocked down. (F) EZH2 and the coexpressed genes, ARUKA, MAD2L1, 
ZNF367, KPNA2, and TPX2 are regulated by FOXM1, and knockdown of FOXM1 deregulated these genes. (G) Knockdown 
of HOTAIR deregulated CCNA2, CHEK1, HMMR, NUSAP1, FANCI, and NCAPG. (H) Upregulation of miR-221 promoted the 
expression of EZH2 and CDC20. (I) Upregulation of miR-101 inhibited the expression of EZH2, STMN, PLK1, and BUB1B. 
(* P<0.05; ** P<0.01; *** P<0.001).
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In this study, we used a meta-analysis method to extract the 
common outlier EZH2 coexpressed genes from various cancer 
microarrays. The majority (81%) of these genes were shown to 
be reduced in EZH2-knockout human fibroblasts, suggesting that 
EZH2 might be the driver gene in the gene coexpression network. 
The integrative analysis showed that the 185 EZH2 coexpressed 
genes were involved in biological networks related to the cell 
cycle, mitosis, the DNA damage response, and the p53 signal-
ing pathway. The study findings also showed that knockdown of 
EZH2 in prostate cancer cells resulted in reduced colony number, 
G2/M cell cycle arrest, and an increased rate of DNA damage.

Previous studies showed the importance of EZH2 in cancer cell 
proliferation, but only a few cell cycle-related genes were iden-
tified. In this study, the majority of EZH2 coexpressed genes 
were cell cycle-related genes, which further emphasize the role 
of EZH2 in cell cycle and cell division. Therefore, EZH2 may be 

involved in complicated gene networks to regulate the cell cy-
cle and cell proliferation in a controlled manner.

There have been few studies on the role of EZH2 in the cancer 
cell response to DNA damage, and the results are controver-
sial. Wu et al. reported that the major response to DNA dam-
age of EZH2-inhibited cells was enhanced apoptosis, indicat-
ing that EZH2 may play a protective role during cell stress [27]. 
Conversely, Zeidler et al. reported that overexpression of EZH2 
impaired DNA repair in breast epithelial cells and reduced clono-
genic capacity following DNA damage induced by etoposide or 
ionizing radiation [28]. In the current study, more than 30 DNA 
damage and repair related genes are coexpressed with EZH2, 
including the previously reported CHEK1 and RAD51 [29,30]. 
The findings from the present study showed that EZH2 might 
play critical roles in DNA damage and repair. Further studies 
are required to investigate the mechanisms involved.
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The present study investigated the common outlier EZH2 co-
expressed genes from different cancer types. The EZH2 coex-
pressed genes were not cell-specific or cancer-specific; they 
were common in several cancer types as the biologically con-
served functional partner network of EZH2. Among the 185 
genes, five genes, MCM4, KIAA0101, CDC25A, MKI67, and RRM2, 
were the most frequently coexpressed genes that appeared in 
15 out of 16 microarrays. To determine the prognostic value 
of the five genes and EZH2, overall survival (OS) analysis was 
studied in different tumors (breast cancer, gastric cancer, liv-
er cancer, and lung cancer). The results showed that increased 
expression of the six genes was associated with reduced sur-
vival, which indicated the genes might have a potential role 
as prognostic biomarkers in human malignancy.

Minichromosome maintenance-deficient 4 homolog (MCM4) 
encodes a subunit of the MCM2-7 complex, which is the rep-
lication licensing factor and helicase. MCM2-MCM7 were in-
cluded in the 185 gene list [31]. High MCM4 expression was 
correlated with high EZH2 expression and acted as a prognos-
tic factor in ovarian cancer, esophageal carcinoma, and cervi-
cal cancer [32–34].

The PCNA-associated factor of 15 KDa, p15 PAF (KIAA0101), is 
involved in cell proliferation. Park and colleagues showed that 
KIAA0101 enhances Wnt target gene transactivation by bind-
ing to b-catenin in colon cancer cells and recruiting EZH2 to 
the coactivator complex [35]. Cell division cycle 25A (CDC25A) 
is required for progression from G1 to the S phase of the cell 
cycle [36]. CDC25A acts as an oncogene by preventing cells 
with damaged DNA from cell division [37], but the relationship 
between CDC25A and EZH2 has not been reported. Marker of 
proliferation Ki-67 (Mki67) is associated with multiple can-
cer cell proliferation, and its overexpression is well correlated 
with increased EZH2 in cancer [38–40]. Ribonucleotide reduc-
tase M2 (RRM2) overexpression is found to exist in different 
cancers and promote cancer progression [41,42]. EZH2 and 
RRM2 might be putative ZBTB4 downstream target genes [43].

Conclusions

This study aimed to perform coexpression analysis of the EZH2 
gene using The Cancer Genome Atlas (TCGA) and the Oncomine 
databases to identify coexpressed genes involved in biological 
networks in breast cancer, glioblastoma, and prostate cancer, 
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Figure 7.  The effects of siEZH2 in the C4-2 human prostate cancer cell line. (A) The results of cell cycle analysis showed that 
knockdown of EZH2 resulted in G2/M arrest (B) 23.98% for the control vs. 28.12% for shEZH2 (P<0.05). (C) Single-cell agarose 
gel electrophoresis for the cell transfected with control or siEZH2. (D) The results showed the tail length of cells transfected 
with shEZH2 was significantly longer than the cell in the control group (9.9 8±1.51 for the control group vs. 16.31±2.6 for the 
siEZH2 group). (E) Colony formation assay shows that knockdown of EZH2 inhibited cell proliferation when irradiated, and 
the results are shown in panel F. (G) Based on The Cancer Genome Atlas (TCGA) prostate dataset, the increased expression 
of EZH2, MCM4, KIAA0101, MKI67, RRM2, and CDC25A were associated with recurrence or progression after radiation. 
(* P<0.05; ** P<0.01)
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with functional analysis of the EZH2 gene in the C4-2 human 
prostate cancer cell line in vitro. Coexpression analysis of the 
EZH2 gene identified its role on the cell cycle, mitosis, and DNA 
repair. The molecular mechanisms involved in EZH2 gene ex-
pression in the cell response to DNA damage require further 

studies to determine whether EZH2 may have a potential role 
as a prognostic and therapeutic biomarker in human cancer.
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