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Abstract
Background/Aims: Accumulating evidence suggests that Eyes Absent Homologue 4 (EYA4) 
plays an important role in tumorigenesis and progression of various cancers. However, the role 
of EYA4 in glioma development is still unclear. Methods: The expression of EYA4 was examined 
in glioma tissues by immunohistochemistry. Cell viability and apoptosis were analyzed by 
CCK-8, BrdU assay, and flow cytometry. Results: We found that EYA4 was upregulated in 
glioma, and its expression was positively correlated with advanced tumor stage. Moreover, 
higher expression of EYA4 predicted a worse overall survival in patients with glioma. Forced 
overexpression of EYA4 enhanced glioma cell proliferation, and EYA4 suppressed the expression 
of p27Kip1 directly in these cells. Furthermore, Six1 was required for EYA4 to suppress the 
expression of p27Kip1 in glioma. Conclusion: Together, we demonstrate that EYA4 promotes 
cell proliferation by directly suppressing the expression of p27Kip1 in glioma.

Introduction

Gliomas are the most prevalent type of primary brain tumors in adults, accounting for 
more than 40% of all intracranial tumors [1, 2]. According to the World Health Organization 
grading criteria, gliomas are histologically categorized into grades I–IV. Grade IV, also called 
glioblastoma multiforme (GBM), is the most malignant grade of glioma, representing 51% 
of all central nervous system (CNS) gliomas [3, 4]. The molecular biology of GBM is highly 
heterogeneous. Despite advances in the technical proficiencies of surgical and radiation 
oncology, patients with GBM have a poor prognosis, with a median survival of less than 
one year from the time of diagnosis and a five-year mortality of over 95% [5-7]. To date, 
the pathogenesis of GBM is still poorly understood. Therefore, it is essential to elucidate the 
underlying molecular pathogenesis and to identify novel therapeutic targets for GBM.

Drosophila Eyes Absent Homologue 4 (EYA4), a component of the retinal determination 
gene network, functions as a transcriptional coactivator and interacts with Six1 to form a 
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bipartite transcription factor essential for organ development [8, 9]. Accumulating evidence 
has confirmed that EYA4 plays a vital role in tumorigenesis and tumor progression of various 
cancers, including esophagus cancer, lung cancer and colorectal carcinoma [10-13]. However, 
the role of EYA4 in the development of glioma remains unknown.

Cyclin-dependent kinase inhibitor 1B  (p27Kip1) is an inhibitor of cyclin-dependent 
kinase that in humans is encoded by the CDKN1B gene [14, 15]. It is involved in the regulation 
of the cell cycle by binding to and regulating the activity of cyclin-dependent kinases including 
CDK2 and CDK4 [16, 17]. p27Kip1 has been reported to modulate cell cycle progression 
and chemosensitivity in human malignant glioma cells. Cytosolic p27Kip1 is closely related 
with cancer cell motility, survival and tumorigenicity in glioma [18, 19]. Moreover, decreased 
levels of p27Kip1 are associated with a worse prognosis and shorter survival in patients 
with glioma [20, 21].

In the present study, we found that EYA4 was upregulated in glioma, and its levels were 
positively correlated with advanced tumor stage. Forced overexpression of EYA4 enhanced 
glioma cell proliferation, and EYA4 directly suppressed the expression of p27Kip1 in glioma 
cells. Furthermore, we also found that higher expression of EYA4 was associated with a worse 
prognosis in these patients.

Materials and Methods

Cell culture
U87MG and U251MG glioma cells (Cell bank of Chinese Academy of Sciences, Shanghai, China) were 

cultured in Dulbecco’s modified Eagle’s medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal 
bovine serum (Hyclone, Logan, UT, USA), 0.1 mg/ml streptomycin, and 100 units/ml penicillin (Invitrogen, 
California, USA) in 5% CO2 atmosphere at 37°C.

Establishment of stable cell lines
Establishment of stable cell lines was performed as previously described. Briefly, lentiviral plasmids 

expressing EYA4 or p27Kip1 were co-transfected with pHelper plasmids in 293T cells. Lentiviral particles 
were harvested and purified with ultracentrifugation from the media after 48 hours of transfection. U87MG 
cells were then infected with lentiviruses encoding EYA4 or vector control. For knockdown of endogenous 
expression of EYA4 or Six1, lentiviral constructs expressing EYA4 shRNA (RiboBio Co., Guangzhou) or Six1 
shRNA were used, respectively. The following small interfering RNA (siRNA) target sequences in the human 
Six1 gene (NM_005982) were selected: #1, AGTTTGAGCTCCTGGCGTG; and #2, TTTCTATTTACAAGTGTCC. 
A scrambled sequence was used as negative control for RNA interference (RNAi), which had no significant 
homology to any human gene sequences. Inverted and self-complementary hairpin DNA oligos targeting 
Six1 mRNA were obtained from Genchem Biotechnology Company (Shanghai, China). The efficiency of 
knockdown was evaluated by western blot analysis.

Colony formation assay
Cells (2.0 × 103) were seeded into 6-well plates in triplicate in 2 ml of complete growth medium. The 

medium was changed every three days. Two weeks later, cells were stained by 0.1% crystal violet (Sigma-
Aldrich, St. Louis, MO, USA) in methanol for 10 min. Colonies (more than 50μm diameter) were counted 
directly on the plate. Statistical significance was calculated from at least three independent experiments.

Cell Counting Kit-8 (CCK-8)
Cell proliferation was evaluated using Cell Counting Kit-8 (CCK-8, Dojindo, Tokyo, Japan) according 

to the manufacturer’s instructions. The absorbance value for each well was measured at 450 nm with a 
Multiskan FC microplate reader (Thermo scientific, Waltham, MA, USA). The experiment was conducted 
three independent times.
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BrdU incorporation
Cells were exposed to 10 μM BrdU (BD Biosciences, Mountain View, CA) for 20 min, and fixed in 70% 

ethanol. Then cells were washed with PBS and incubated with 4N HCL and 0.5% Triton X-100 for 30 min 
at room temperature. Cells were neutralized with 0.1 M sodium borate after washing with PBS, and then 
were labeled with FITC-conjugated BrdU antibody (BD Biosciences, Mountain View, CA) and incubated with 
50μg/ml propidium iodide (Sigma Chemical Company, St. Louis, MO) before being analyzed by a Becton 
Dickinson FACStar Plus flow cytometer.

Tissue samples
This study protocol was approved by the Research Ethics Committee of Zhengzhou University. Written 

informed consent was obtained from all participants. Formalin-Fixed, Paraffin-Embedded (FFPE) glioma 
samples were collected at the time of diagnosis from the First Affiliated Hospital of Zhengzhou University.

Real-time PCR
RNeasy mini kit (Qiagen, Germany) was used to isolate the total RNA. cDNA was prepared using 

the SuperScript® III First-Strand Synthesis System (Invitrogen, California, USA). To examine the mRNA 
abundance of p27Kip1 (CDKN1B) in U87MG cells, the following primers were used, forward primer: 
AACGTGCGAGTGTCTAACGG, reverse primer: CCCTCTAGGGGTTTGTG ATTCT. Quantitative PCR was 
performed using SYBR Green dye on an Applied Biosystems 7300 Real-time PCR system (Applied Biosystems, 
Foster City, CA).

Western blot analysis
Cells were lysed in cold lysis buffer as previously described [22], proteins (20-30μg) were resolved 

on SDS-PAGE, transferred onto PVDF membranes, and probed with antibodies for EYA4 (ab102648, 
Abcam, used dilution: 1:500), p27Kip1 (25614-1-AP, Proteintech, used dilution: 1:1000), Six1 (10709-1-
AP, Proteintech, used dilution: 1:1000) and GAPDH (sc-32233, Santa Cruz Biotechnology, used dilution: 
1:2000) at 4°C overnight. Detection was carried out with the SuperSignal West Femto Maximum Sensitivity 
Substrate Trial Kit (Pierce, Rockford, IL, USA). The band images were digitally captured and quantified with 
a FluorChem FC2 imaging system (Alpha Innotech, San Leandro, CA, USA).

Immunohistochemistry
Immunohistochemistry (IHC) analysis was performed as previously described [23]. To verify the 

specificity of EYA4 antibody used in the IHC assay, we knocked down the endogenous expression of EYA4 
in U87MG cells and performed xenograft tumor formation assay. The expression of EYA4 in xenograft 
tumor samples was then examined by IHC staining. Ki67 (ab15580, Abcam, used dilution: 1:200) and 
cleaved Caspase 9 (ab52298, Abcam, used dilution: 1:100) had been verified by the antibody suppliers. 
Immunoglobulin G (IgG) isotype controls of these corresponding antibodies used in IHC were also 
performed. Two scoring systems were used. (1) The protein abundance was scored semi-quantitatively 
based on the percentage of positive cells utilizing the following scale: +, <25%; ++, 25–49%; +++, 50–74%; 
and ++++, 75–100%. (2) The protein abundance was assessed using a combination of the intensity and 
percentage of positively stained tumor cells to generate a histological score (H-score). The H-score was 
calculated using the following equation: H-score =ΣPi (i + 1), where i is the intensity score (range 0-3), and 
Pi is the percentage of stained tumor cells at each intensity (range 0-100%). This formula produced a score 
that ranged 100 ~ 400, where 100 indicated that 100% of tumor cells were negative and 400 indicated that 
100% of tumor cells were strongly stained. The median H-score of EYA4 was used as the cut-off to divide the 
study cohort into high expression and low expression groups.

Luciferase assays
Cells were transfected with expression vectors (empty vector or EYA4), the human p27Kip1 promoter 

pGL3-p27Kip1 and renilla reniformis luciferase (Promega, Madison, WI, USA). Cells were cultured for 24 
hours and then were collected. Luciferase activities were measured using the Dual Luciferase Reporter 
Assay System (Promega, Madison, WI, USA) according to the manufacturer’s instructions.
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Chromatin Immunoprecipitation (ChIP) Assay
The ChIP assay kit (Upstate Biotechnology, Inc., Lake Placid, NY) was used as recommended by the 

manufacturer. Briefly, approximately 1.0×107 cells were fixed with 1% formaldehyde for 10 min at room 
temperature, and washed twice with 20ml of cold 1×PBS, then the cells were harvested by scraping. Next, 
cells were lysed in 1 ml of SDS Lysis Buffer containing Protease Inhibitor Cocktail II. Cell lysate was sonicated 
on wet ice four times for 15 seconds each time at intervals of 15 seconds to obtain chromatin fragments 
of about 200–1000 bp nucleotides. Insoluble material was removed by centrifuged at 12, 000×g at 4°C 
for 10 min. Each 100 µL supernatants were diluted with 900 µL of ChIP dilution buffer and preincubated 
with Protein G agarose at 4°C for 1 hour, and then pelleted agarose by brief centrifugation and removed 10 
µL (1%) of the supernatant as Input. Supernatants were incubated with 5 µg of EYA4 (ab32034, Abcam) 
and normal IgG (sc-2028, Santa cruz) overnight at 4°C with rotation, and then added 60 µL of Protein G 
Agarose to each tube and incubated for 1 hour at 4°C with rotation. After washing using washing buffer, the 
immunoprecipitates were eluted and reverse cross-linked by incubation overnight at 65°C in elution buffer. 
DNA was then purified with a PCR purification kit (Qiagen, Hilden, Germany). Immunoprecipitated DNAs 
were analyzed by quantitative real-time PCR.

Mouse xenograft assay
Mouse xenograft assay was performed as previously reported. Briefly, the BALB/c (6–8 weeks 

old) athymic nude mice were purchased from Vital River Laboratory Animal Technology (Charles River 
Laboratories, Beijing, China). The mice were subcutaneously injected in the flank regions with 1.0 × 106 
cells in 0.1 mL of PBS. The tumor size was measured every week with calipers. The tumor volume was 
calculated with the formula: (Length × Width2)/2. Four weeks after implantation, mice were euthanized by 
asphyxiation in a CO2 chamber and tumors were excised and examined. All procedures were conducted in 
accordance to Animal Care and Use Committee guidelines of Zhengzhou University.

Analysis of microarray data
Oncomine Cancer Microarray database (http://www.oncomine.org) was used to study gene 

expression of EYA4 in glioma samples as we previously described. Gene expression data were also 
obtained from The Cancer Genome Atlas (TCGA) dataset and NCBI Gene Expression Omnibus (GEO) 
database  (accession numbers:  GSE4290 and GSE7696). Expression data for EYA4 were log 
transformed, median centered per array, and the standard deviation was normalized to one per array.

The co-expression analysis of EYA4 and p27Kip1 was performed in TCGA GBM dataset, GSE16011 and 
GSE4290 databases using the co-expression analysis module of the R2 microarray analysis and visualization 
platform (http://r2.amc.nl). The univariate survival analysis within the glioblastoma dataset of the TCGA 
(n = 504), GSE16011 (n=273) and GSE43378 (n=50) was performed using the Kaplan-Meier analysis module 
of the R2 microarray analysis and visualization platform (http://r2.amc.nl). The cutoff values of EYA4 in 
TCGA, GSE16011 and GSE43378 datasets were 14.8 (207327_at), 22.7 (238877_at) and 38.2 (203706_s_at), 
respectively.

Statistical analysis
All experiments were performed independently three times, unless otherwise stated. Data were 

expressed as mean ±standard error of the mean (SEM). Between groups and among groups comparisons were 
conducted with Student’s t-test and ANOVA, respectively. Mann-Whitney U test was used for nonparametric 
variables. The association of EYA4 expression and clinical characteristics was analyzed by Chi-square or 
Fisher’s two-tailed exact test. Statistical analysis was performed using GraphPad Prism software version 4.0 
(PRISM4) (GraphPad Software Inc, LaJolla, CA), and p<0.05 was considered significant.

Results

EYA4 is upregulated in glioma
To investigate the role of EYA4 in glioma development, we examined the expression 

of EYA4 in glioma. First, EYA4 mRNA abundance was examined in glioma by querying the 
ONCOMINE database [24]. Three databases including TGGA, GSE7696 and GSE4290 were 
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analyzed. We found that the expression of EYA4 mRNA was significantly higher in GBM 
than in the non-tumor brain tissues in three microarray expression studies. EYA4 mRNA 
expression showed an increase of 1.614-, 1.977- and 1.666- fold in TCGA, GSE7696 and 
GSE4290, respectively (Fig. 1A). Then the expression of EYA4 protein was examined in 88 
glioma tissues and 19 non-tumor brain tissues. The results showed that EYA4 expression in 
tumor tissues was significantly higher than that of the non-tumor brain tissues (Fig. 1B and 
C). Verification of the specificity of EYA4 antibody was shown in Fig. 1B.

Next, we analyzed the correlation between the expression pattern of EYA4 and the 
clinicopathological characteristics in glioma (Table 1). Overexpression of EYA4 was detected 
in 27 of 43 patients with high-grade gliomas (grades III / IV), and the levels of EYA4 expression 
were significantly correlated with higher tumor stage (p=0.032; Table 1).

We further examined the correlation of EYA4 expression with prognosis in patients 
with glioma. The survival rate was analyzed using three public glioma datasets. Univariate 
analysis of survival was performed using Kaplan-Meier analysis module of the R2 microarray 
analysis and visualization platform (http://r2.amc.nl). In TCGA dataset (n=504), patients 
with glioblastoma were divided into EYA4 high expression group (EYA4 high; n=252) and 
EYA4 low expression group (EYA4 low; n=252). Kaplan–Meier analysis indicated that 
glioblastoma patients with high expression of EYA4 had an inferior overall survival (Fig. 1D; 
p= 0.035). In the GSE16011 dataset (n=273), patients with high EYA4 expression had a worse 
overall survival than patients with low EYA4 expression (Fig. 1D; p=1.2E-13). Similarly, in 
the GSE43378 dataset, high level of EYA4 predicted poor prognosis in glioma patients, even 
though it didn’t achieve statistical significance (Fig. 1D; p= 0.057).

EYA4 promotes cell proliferation in glioma cells
To address the functional role of EYA4 in glioma, we examined the effect of EYA4 on the 

viability of U87MG cells. We first established U87MG cells with stable expression of EYA4 
using lentiviral transduction, and then assessed cell viability through CCK-8 cell growth assay 
and colony formation assay. The CCK-8 cell growth assay showed that the proliferation rate 
of U87MG and U251MG cells overexpressed with EYA4 was significantly higher than that 
of vector control cells (*, p<0.05; Fig. 2A and 2C). Colony formation assay of U87MG cells 
showed that the numbers of colonies carrying vector control and EYA4 were 45.8 ± 4.2 and 
66.0 ± 5.6, respectively (p=0.01; Fig. 2B). A similar colony formation result was got from 
U251MG cells (p<0.01; Fig. 2D).

To further test whether EYA4 is required for the cell viability in glioma, endogenous 
expression of EYA4 was knocked down by lentivirus-mediated shRNA interference in U87MG 
cells. The results showed that the number of EYA4-knockdown cells was significantly less 
than the number of shRNA control cells 4 days after plating (*, p<0.05; Fig. 2E). Suppression 
of EYA4 resulted in decline in the number of colonies compared to the shRNA control group 
revealed by colony formation assay. The numbers of colonies of shRNA control, shRNA-EYA4-1 
and shRNA-EYA4-2 group were 78.9 ± 4.9, 57.0 ± 4.3 and 50.1 ± 4.4, respectively (shRNA 
control vs shRNA-EYA4-1, p=0.004; shRNA control vs shRNA-EYA4-2, p=0.005; Fig. 2F). The 
EYA4-knockdown efficiency was determined by western blot as shown in Fig. 2G. To further 
validate the above findings in xenograft tumor model, U87MG cells with stable expression of 
EYA4 or vector control were subcutaneously injected into two groups of nude mice. Tumors 
derived from EYA4 group grew more rapidly than those from the vector control group as 
assessed by tumor volume. Four weeks later, the mean tumor volume of EYA4 group and 
vector control group were (0.69 ± 0.14) cm3 and (0.36 ± 0.09) cm3, respectively (*, p<0.05; 
Fig. 2H). The average tumor weight of EYA4 group and vector control group were (0.73 ± 
0.17) g and (0.34 ± 0.07) g, respectively (*, p<0.05; Fig. 2I).

We further determined the effect of EYA4 on DNA synthesis and cell apoptosis in U87MG 
cells. As shown in Fig. 3A, the BrdU incorporation assay showed that the number of BrdU 
positive cells in EYA4 group was at least 1.5-fold higher than that in vector control group (*, 
P<0.05; Fig. 3A). Cell cycle analyses showed that overexpression of EYA4 leading to an increased 
cell proliferation index (PI) from 34% to 47% in U87MG cells (*, P<0.05; Fig. 3B). However, 
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Fig. 1. EYA4 is upregulated in glioma. A. The expression of EYA4 was upregulated in glioma compared with 
non-tumor brain tissues. All data, including fold change and p-values, were calculated from ONCOMINE 
(www.oncomine.org). B and C. The protein abundance of EYA4 in 88 glioma tissues and 19 non-tumor 
brain tissues examined by immunohistochemisty. Verification of EYA4 antibody was shown in the left 
panel. Expression levels of EYA4 were scored semi-quantitatively based on the percentage of positive cells 
according to the following scale: +, <25%; ++, 25–49%; +++, 50–74%; and ++++, 75–100%. Scale bars = 50 
µm (B), and expression levels of EYA4 were scored by H-score (C). Chi-square and Mann-Whitney U tests 
were used to analyze the statistical significance. D. The univariate analysis of survival was performed using 
the Kaplan-Meier analysis module of the R2 microarray analysis and visualization platform. Analysis of 
TCGA (left panel; n=504, p= 0.035) and GSE16011 (middle panel; n=273, p=1.2E-13) datasets indicated that 
patients with high expression of EYA4 had a worse overall survival. Right panel, high level of EYA4 showed a 
trend to predict a worse prognosis of glioma patients in the GSE43378 dataset (p= 0.057).
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the apoptosis assay 
showed no difference 
between vector 
control and EYA4 
group. (NS, not 
significant; Fig. 3C). In 
our xenograft tumor 
samples, the number 
of Ki67 positive cells 
was much higher in 
EYA4 group than in 
vector control group 
(Fig. 3D), which was 
in accordance with 
the above findings. 
On the contrary, the 
expression of cleaved 
Caspase 9 showed no 
difference between 
these two groups. 
Collectively, these 
results suggested that 
EYA4 promoted cell 
proliferation in glioma 
cells.

EYA4 suppresses 
the expression of 
p27Kip1 in glioma
The cell cycle 

inhibitor p27Kip1 plays a crucial role in tumorigenesis and progression of glioma [25, 26]. 
In the present study, we found that the expression of p27Kip1 was suppressed by EYA4 
in glioma cells. As shown in Fig. 4A, the expression of p27Kip1 protein was significantly 
lower in U87MG cells transduced with EYA4 than in vector control cells. We then examined 
whether EYA4 could regulate the expression of p27Kip1 at the transcription level. The 
quantitative PCR analysis showed that the expression of p27Kipl mRNA in cells transduced 
with EYA4 was decreased by at least 60% as compared to vector control cells (*, p<0.05, 
Fig. 4B). Futhermore, co-expression analysis of EYA4 and p27Kip1 in three independent 
glioma microarray datasets showed that EYA4 was negatively correlated with p27Kip1 in 
gliomas (TCGA: r: -0.185, p=1.4E-5; GSE16011: r: -0.311, p=8.7E-8; and GSE4290: r=-0.288, 
p=3.1E-4; Fig. 4C).

Next, to explore whether EYA4 could directly regulate the promoter activity of p27Kip1 
in glioma cells, U87MG cells were transfected with the human p27Kip1 promoter reporter 
(p27Kip1-Luc) in the presence of increasing concentrations of EYA4 plasmids. The results 
showed that EYA4 significantly suppressed the luciferase activity of p27Kip1 promoter 
reporter in a dose dependent manner (*, p<0.05, Fig. 4D). To determine whether EYA4 
could bind to the p27Kip1 promoter in chromatin, a chromatin immunoprecipitation 
(ChIP) analysis was performed in U87MG cells. It has been reported that EYA protein can’t 
directly bind to DNA, and it usually acts as a co-factor for the Six family proteins, which are 
transcription factors binding to DNA directly [8, 27]. We found a putative Six1-binding site 
(GGGTATCA) in the promoter region of the p27Kip1 gene, at -1670 from the transcription 
star site. Normal IgG bound to the p27Kip1 promoter was used as negative control. As shown 
in Fig. 4E, EYA4 could bind to the p27Kip1 promoter between -1811 and -1632, whereas an 
irrelevant sequence far from the transcriptional start site (-5000 to -5175) could not bind to 

Table 1. The relationship between EYA4 expression and clinical characteristics 
of patients with glioma. Abbreviation: KPS, Karnofsky performance score

 1 

 
 

 
Characteristics 

EYA4 expression  
p value Low (n=44)            High(n=44) 

Age (years) 
＜45   
≥45           

 
    16                  21 
    28                  23 

0.388 

Gender 
Female              
Male   

 
17 23 
27 21 

0.284 

Tumor size 
＜5cm   
≥5cm   

 
27 19 

17                   25   
0.135 

KPS 
＜90   
≥90 

 
24 19 
20 25 

0.394 

Stage 
I / II                      

III / IV   

 
28 17 
16 27 

0.032 

Differentiation  
   Low 
   High 

 
18                  27 
26                  17 

0.087 

Recurrence 
Yes                      

No  

 
19 26 
25 18 

0.201 

Chemotherapy 
Yes                     
No        

 
25 23 
19 21 

0.831 

Radiotherapy  
Yes                     
No 

 
29  27 

15                   17 
0.825 

Resection 
Partial                        
Subtotal                       
Total                     

 
9                     6 

10 18 
25                   20 

0.179 
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EYA4. In summary, our data demonstrated that EYA4 suppressed the expression of p27Kip1. 
Therefore, p27Kip1 could be considered as an in vivo target of EYA4 in glioma cells.

EYA4 enhances cell proliferation through suppression of p27Kip1 in glioma
We next investigated whether EYA4 could promote cell proliferation through suppression 

of p27Kip1 in glioma cells. To this end, p27Kip1 was forced overexpressed in U87MG cells 
with stable expression of EYA4, and then cell growth assay and colony formation assay were 
performed. As a result, the cell growth assay demonstrated that overexpression of EYA4 
significantly enhanced cell proliferation; however, this growth advantage conferred by EYA4 
was compromised after re-expression of p27Kip1 in glioma cells (*, p<0.05, Fig. 5A). The 
numbers of colonies of vector control group, EYA4 group and EYA4+p27Kip1 group were 
(75.3± 4.8), (102.0± 6.1) and (72.7± 4.3), respectively (*, p<0.05, Fig. 5B). Cell cycle and 

Fig. 2. EYA4 promotes cell proliferation in glioma cells. A, B. CCK-8 cell growth assay (A) and colony 
formation assay (B) of U87MG cells stably transfected either with EYA4 or control plasmids. Student’s t-test 
was used to analyze the statistical significance of difference in numbers of colonies in different groups; Data 
were pooled from three independent experiments. n=9 in each group; Bars, s.e.m.; *, p<0.05. C, D. CCK-8 
cell growth assay (C) and colony formation assay (D) of U251MG cells stably transfected either with EYA4 
or control plasmids. E, F. CCK-8 cell growth assay (E) and colony formation assay (F) of U87MG cells stably 
transfected either with EYA4 shRNAs (shRNA-EYA4-1 and shRNA-EYA4-2) or scramble control. One-way 
ANOVA was used to analyze the statistical significance of difference in numbers of colonies contained in 
different groups; Data were pooled from three independent experiments. n=9 in each group; Bars, s.e.m.; *, 
p<0.05. G. The EYA4-knockdown efficiency was determined by western blot. H. in vivo in xenograft tumor 
model. U87MG cells with stable expression of EYA4 or vector control were subcutaneously injected into two 
groups of nude mice. Tumor volumes were measured every week and were calculated using the formula: 
(Length × Width2)/2. I. Representative subcutaneous tumor xenografts and the weight of tumors. Statistical 
significance of the tumor weight in different groups was determined using Student’s t-test. n=5 in each 
group. Bars, s.e.m.; *, p<0.05.
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BrdU incorporation analyses also showed that overexpression of EYA4 enhanced the cell 
proliferation index (PI) and DNA synthesis, respectively; however, this growth advantage 
was compromised after re-expression of p27Kip1 (*, p<0.05, Fig. 5C and 5D). Taken together, 
these results demonstrated that suppression of p27Kip1 by EYA4 was essential for EYA4-
induced cell proliferation in glioma cells.

Six1 is required for EYA4 to suppress the expression of p27Kip1 in glioma
Members of the Six family have been reported to induce nuclear translocation of Eya 

proteins and direct them bind to specific promoter sequences. The complex exerts both 
activator and repressor functions  [8, 9, 28-30]. Therefore, our additional aim in this study 
was to test whether Six1 was required for EYA4 to suppress the expression of p27Kip1. To 
this end, we first knocked down the endogenous Six1 expression in U87MG cells with stable 
EYA4 expression, and then examined the changes of p27Kip1 expression at both mRNA and 
protein levels. The results showed that EYA4 could suppress the expression of p27Kip1 
mRNA and protein, however, the suppression effect of EYA4 on p27Kip1 expression was 
abolished after knockdown of endogenous Six1 in glioma cells (*, p<0.05, Fig. 6A and 6B). 
Similarly, luciferase assay showed that Six1 was required for transcriptional inactivation of 
p27Kip1 by EYA4 (*, p<0.05, Fig. 6C). Moreover, our study found that knockdown of Six1 
dramatically decreased the binding activity of EYA4 to p27Kip1 promoter as determined by 
ChIP assay (*, p<0.05, Fig. 6D). Therefore it was inferred that Six1 was required for EYA4 to 
suppress the expression of p27Kip1 in glioma.

Discussion

The Eyes absent (EYA) gene family which has been identified as a key regulator for eye 
development in Drosophila is now implicated in processes as disparate as organ development, 
DNA damage repair, tumorigenesis, angiogenesis and cancer metastasis [31, 32]. EYA4, as 

Fig. 3. The effect of EYA4 on DNA synthesis and cell apoptosis. A-C. BrdU incorporation assay (A, n=9 in 
each group), cell cycle analysis (B, n=9 in each group) and apoptosis assay (C, n=9 in each group) of U87MG 
cells stably transfected either with EYA4 or control plasmids. D. Ki67 and cleaved Caspase 9 staining in 
xenograft tumor samples. Statistical significance of the tumor weight in different groups was determined 
using Student’s t-test. All experiments were performed three times independently. bars, s.e.m.; *, p<0.05. 
NS, not significant.
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Fig. 4. EYA4 suppresses the expression of p27Kip1 in glioma. A, B. The protein (A) and mRNA (B, n=9 in 
each group) changes of p27Kip1 affected by EYA4 in U87MG cells. C. Co-expression analysis of EYA4 and 
p27Kip1 in three independent glioma microarray datasets using the gene correlation module of the R2 
microarray analysis and visualization platform. D. EYA4 directly regulated the promoter activity of p27Kip1 
in glioma cells. U87MG cells were transfected with the human p27Kip1 promoter reporter (p27Kip1-Luc) in 
the presence of increasing concentrations of EYA4 plasmids, and luciferase activities were measured using 
the Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA). n=9 in each group. E. ChIP analysis 
indicated that EYA4 could bind to the p27Kip1 promoter between -1811 and -1632, whereas an irrelevant 
sequence far from the transcriptional start site did not bind to EYA4. Statistical significance between two 
groups was determined using Student’s t-test. All experiments were performed three times independently. 
Bars, s.e.m.; *, p<0.05.
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Fig. 5. EYA4 enhances cell proliferation through suppression of p27Kip1 in glioma. CCK-8 cell growth 
assay (A), colony formation assay (B), cell cycle analysis (C) and BrdU incorporation assay (D) showed 
that suppression of p27Kip1 was essential for EYA4-induced cell proliferation of glioma cells. Statistical 
significance between two groups was determined using Student’s t-test. All experiments were performed 
three times independently. Bars, s.e.m. ; *, p<0.05.
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Fig. 6. Six1 is required for EYA4 to suppress the expression of p27Kip1 in glioma. A, B. The changes in 
mRNA (A) and protein (B) levels of p27Kip1 after inhibition of endogenous Six1 expression in U87MG cells. 
C. Luciferase assay showed that Six1 was required for transcriptional inactivation of p27Kip1 by EYA4. D. 
ChIP assay demonstrated that knockdown of Six1 dramatically decreased the activity of EYA4 on binding to 
p27Kip1 promoter. Statistical significance between two groups was determined using Student’s t-test. All 
experiments were performed three times independently. Bars, s.e.m.; *, p<0.05.
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one of the EYA family members, has 
been reported to play an important 
role in various cancers [11, 12, 33, 
34]. In this study, we found that 
EYA4 was upregulated in glioma 
and its levels were positively 
correlated with advanced tumor 
stage, which was consistent with 
its previously reported roles in 
other cancers.

The cyclin kinase inhibitor 
p27Kip1 is considered as a 
tumor suppressor that plays a 
critical role in cell proliferation, 
differentiation, and apoptosis [35-
38]. Dysregulation of p27Kip1 
gene expression at the mRNA or the protein level was reported in various cancers [39, 
40]. Especially, p27Kip1 has been implicated in tumorigenesis and oncogenic progression 
of gliomas [41, 42]. Here we provide evidence that p27Kip1 is a transcriptional target of 
EYA4, and its expression can be suppressed by EYA4 in glioma cells. Therefore, our study 
demonstrates that EYA4 promotes cell proliferation through downregulation of p27Kip1 in 
glioma cells, further emphasizing the critical role of p27Kip1 in the development of gliomas.

Studies have shown that EYA4 interacts with Six1 to form a bipartite transcription 
factor essential for the regulation of various downstream targets expression [34, 43, 44]. The 
transcription co-activator EYA4 could be recruited in the context of local chromatin; however, 
it lacks intrinsic DNA-binding activity. EYA domain (ED), a large, highly conserved C-terminal 
domain of EYA family proteins, is essential for its ability to bind to Six and DACH proteins 
[31]. Our data suggest that Six1 is required for the ability of EYA4 to suppress the expression 
of p27Kip1 in glioma cells (Fig. 7), which is in line with previous reports that Eya4/Six1 
regulates normal cardiac function through regulation of p27Kip1 [43].

Conclusion

In conclusion, this study demonstrates that EYA4 is overexpressed in glioma, and its 
overexpression leads to increased glioma cell proliferation through downregulation of 
p27Kip1, implying the important role of EYA4 in the development of glioma.
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