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Abstract. The process of angiogenesis is essential for tumor 
development and metastasis. Vascular endothelial growth 
factor (VEGF), which is overexpressed in most human 
cancers, has been demonstrated to be a major modulator of 
angiogenesis. Thus, inhibition of VEGF signaling has the 
potential for tumor anti-angiogenic therapy. Signal transducer 
and activator of transcription-3 (STAT3) is a key regulator 
for angiogenesis by directly binding to the VEGF promoter 
to upregulate its transcription. Several factors can enhance 
STAT3 activity to affect angiogenesis. Here, we found 
that overexpression of nuclear transcription factor-Y alpha 
(NF-YA) gene could promote cell invasion and angiogenesis 
accompanying the increase of STAT3 signaling in human 
melanoma cells. Moreover, the expression and secretion of 
VEGF was also found to be upregulated by the overexpres-
sion of NF-YA gene in melanoma cells. The STAT3 inhibitor 
was able to attenuate the upregulation of VEGF induced by 
NF-YA overexpression. Enhancer of zeste homolog 2 (EZH2), 
the catalytic subunit of the Polycomb repressive complex 2, 
enhances STAT3 activity by mediating its lysine methylation. 
We also showed that NF-YA upregulated the expression of 
EZH2 and NF-YA‑induced angiogenesis could be inhibited by 
EZH2 knockdown. Taken together, these findings indicate that 
overexpression of NF-YA contributes to tumor angiogenesis 
through EZH2-STAT3 signaling in human melanoma cells, 
highlighting NF-YA as a potential therapeutic target in human 
melanoma.

Introduction

Melanoma is an aggressive and highly metastatic tumor with 
poor prognosis and an increasing incidence rate in recent 
decades  (1,2). The process of angiogenesis is a key step 
essential for tumor development and metastasis, including 
melanoma (3). Vascular endothelial growth factor (VEGF), 
a major angiogenic factor for vascular endothelial cells, is 
overexpressed in most human cancers (4,5). Targeting VEGF 
signaling pathway is a rapidly growing chemotherapy class 
for tumor anti-angiogenic therapy (6,7). Thus, a better under-
standing of the regulation of VEGF by other factors would 
provide more effective strategies for the development of new 
anti-angiogenic therapy.

Tumor hypoxia is a common feature of the microenviron-
ment of many solid tumors (8,9). VEGF expression is well 
known to be upregulated by hypoxia (10,11). Hypoxia-inducible 
factor 1 (HIF-1) is responsible for the transcriptional activation 
of the VEGF gene in cells exposed to hypoxia by binding to 
a hypoxia response element of VEGF gene promoter (12,13). 
Signal transducer and activator of transcription-3 (STAT3) 
was originally described as latent cytoplasmic transcription 
factor in response to extracellular signaling proteins (14,15). 
STAT3 is activated by phosphorylation in response to various 
cytokines and growth factors and is constitutively activated 
with high frequency in diverse human cancer cell lines and 
tissues (16). STAT3 has also been shown to be a transcriptional 
activator of the VEGF gene by directly binding to the VEGF 
promoter to upregulate its transcription (17). Enhancer of zeste 
homolog 2 (EZH2), a catalytic subunit of the Polycomb repres-
sive complex 2, catalyzes the trimethylation of lysine 27 in 
histone 3 (H3K27me3) and facilitates heterochromatin forma-
tion thereby silences gene transcription (18,19). Interestingly, 
EZH2 can also methylate non-histone proteins such as the 
transcription factor nuclear receptor RORA, Talin-1 and 
STAT4 (20-22). Moreover, EZH2 can directly bind to STAT3 
protein and then mediate its lysine methylation to enhance 
STAT3 activity (23).

Nuclear transcription factor-Y alpha (NF-YA) is a tran-
scription factor that specifically binds to CCAAT motifs of the 
promoter regions in a variety of genes (24). By the binding to 
CCAAT motifs in the promoter of genes, NF-YA can serve as 
either an activator or a repressor in the transcriptional regula-

NF-YA promotes invasion and angiogenesis by upregulating 
EZH2-STAT3 signaling in human melanoma cells

Zihan Xu,  Yaowen Sun,  Yadong Guo,  Gaoping Qin,  Shengzhi Mu,  Ronghui Fan, 
Benfeng Wang,  Wenjie Gao,  Hangli Wu,  Guodong Wang  and  Zhenxin Zhang

Department of Burns and Plastic Surgery, Provincial People's Hospital, 
Xi'an, Shaanxi 710068, P.R. China

Received December 11, 2015;  Accepted February 22, 2016

DOI: 10.3892/or.2016.4761

Correspondence to: Professor Zhenxin Zhang, Department of 
Burns and Plastic Surgery, Provincial People's Hospital, 256  West 
Youyi Road, Xi'an, Shaanxi 710068, P.R. China
E-mail: zzsxa2006@163.com

Key words: nuclear transcription factor-Y alpha, angiogenesis, 
vascular endothelial growth factor, STAT3, enhancer of zeste 
homolog 2



3631xu et al:  NF-YA promotes angiogenesis by up-regulating EZH2-STAT3 signaling

tion of its target genes (25). NF-YA target genes were found 
to be involved in cell proliferation (26), DNA repair and cell 
death (27,28). However, the role of NF-YA in invasion and 
angiogenesis of tumor cells has not been reported.

Here we demonstrate that NF-YA is upregulated in 
human melanoma cell lines with highly invasive potential. 
Overexpression of NF-YA promotes cell invasion and angio-
genesis of human melanoma cells. Moreover, the expression 
and secretion of VEGF can be upregulated by the overexpres-
sion of NF-YA gene in melanoma cells. The activity of STAT3 
is responsible for VEGF upregulation (17). We also show that 
NF-YA can induce the activity of STAT3 and NF-YA-induced 
upregulation of VEGF can be inhibited by STAT3 inhibitor. 
Furthermore, knock-down of NF-YA target gene EZH2 also 
attenuates the angiogenesis induced by the overexpression of 
NF-YA. Our results suggest that NF-YA contributes to tumor 
angiogenesis through EZH2-STAT3 signaling in human mela-
noma cells, and that NF-YA is therefore a potential therapeutic 
target for treatment of human melanoma.

Materials and methods

Reagents. STAT3 inhibitor WP1066 (working concentration: 
5 µM) was purchased from Selleck Chemicals (cat no. S2796; 
Houston, TX, USA). The mouse anti-human monoclonal anti-
bodies to NF-YA (cat no. sc-17753; 1:1,000 dilution), STAT3 
(cat no. sc-293151; 1:1,000 dilution), EZH2 (cat no. sc-166609; 
1:1,000 dilution) and β-actin (cat no. sc-8432; 1:2,000 dilu-
tion) were from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). Mouse anti-human monoclonal antibody to tyrosine 
phosphorylated STAT3 (pY-STAT3, at the 705 residue; cat no. 
#9138; 1:1,000 dilution) was from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Mouse anti-human monoclonal anti-
body to VEGF (cat no. ab155932; 1:1,000 dilution) was from 
Abcam (Cambridge, MA, USA). Rabbit anti-methylated lysine 
polyclonal antibody (Methy-K, cat no. ADI-KAP-TF121-E; 
1:1,000 dilution) was from Enzo Life Sciences (Farmingdale, 
NY, USA). Horseradish peroxidase (HRP)-labeled goat 
anti‑mouse IgG antibody (cat no. ab6789) and goat anti-rabbit 
IgG antibody (cat no. ab6721) were from Abcam. Protein A/G 
PLUS-Agarose was from Santa Cruz Biotechnology, Inc. (cat 
no. sc-2003). Alexa-568-labeled goat anti-mouse secondary 
antibodies (cat no. A-11031; Thermo Fisher Scientific Inc. 
Kalamazoo, MI, USA). 4,6-diamidino-2-phenylindole (DAPI) 
was from Sigma (cat no. D9542; St. Louis, MO, USA).

Cell culture. A375P, Malme-3M, A375-M2 and SK-MEL-28 
human melanoma cell lines were purchased from the 
American Type Culture Collection (ATCC; Manassas, VA, 
USA). Human umbilical vein endothelial cells (HUVECs) 
and HEK293T cell lines were from the Institute of Cell and 
Biochemistry Research of the Chinese Academy of Science 
(Shanghai, China). HEK293T, A375P, Malme-3M, A375-M2 
and SK-MEL-28 cells were cultured with Dulbecco's 
modified Eagle's medium (DMEM; Hyclone, Logan, UT, 
USA) supplemented with 10% fetal bovine serum (Gibco, 
Invitrogen, Grand Island, NY, USA) in a humidified atmo-
sphere containing 5% CO2 at 37˚C. HUVECs were cultured 
in Kaighn's modified Ham's F-12K medium (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) containing 10% 

fetal bovine serum (Gibco, Invitrogen), 0.1 mg/ml heparin 
(American Pharmaceutical Partners, Schaumburg, IL, USA), 
and 0.03-0.05 mg/ml ECGS (BD Biosciences, Franklin Lakes, 
NJ, USA), at 37˚C and 5% humidified atmospheric CO2.

Plasmids. The human NF-YA (NM_002505) gene stably 
overexpressing vector using lentiviral vector pCDH‑ 
CMV‑MCS-EF1-Puro (System Biosciences, Mountain View, 
CA, USA) was constructed by Genesent Biotech (Shanghai, 
China). The shRNA lentiviral vector pLKO.1 was from Open 
Biosystems (Huntsville, AL, USA). Lentivirus vectors pLKO. 1 
containing short hairpins against NF-YA or EZH2 or scram-
bled shRNA controls were purchased from Sigma. The target 
sequences of the two genes were used as follows: NF-YA, 
AGTCCAAGGGCAGCCATTAAT (sh-1-N) and CCATCA 
TGCAAGTACCTGTTT (sh-2-N); EZH2, CCCAACATAGAT 
GGACCAAAT (sh-1-E) and CCCAACATAGATGGACCA 
AAT (sh-2-E).

Lentivirus production and transduction. For lentiviral 
production, HEK293T cells (5x106) were co-transfected with 
lentiviral plasmids, packaging vector pCMV-dR8.2 dvpr, and 
VSV-G (Addgene, Cambridge, MA, USA) to produce lentiviral 
particles. The lentiviral particles were harvested after 48 h by 
centrifugation and concentrated using the Lenti™ concen-
trator kit (Clontech, Lonza, Wokingham, UK). The lentiviral 
particles were added to target cells and incubated for 24 h in 
the presence of 8 µg/ml of polybrene. Lentivirus-transduced 
cells were then selected with puromycin for 4 days to generate 
cells with stable overexpression or knockdown of the target 
genes. The expression of the target gene was detected by 
western blot analysis.

RNA purification and RT-qPCR. Total RNA was isolated from 
cultured cells with TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) for RNA extraction. The reverse transcription was 
carried out with a PrimeScript Reverse Transcriptase reagent 
kit (Takara, Japan). Real-time quantitative PCR analysis was 
performed using SYBR Green Master Mix (Takara) according 
to the manufacturer's instructions. The mRNA of β-actin was 
treated as normalization control. Primers were used as follows: 
NF-YA, 5'-GGCAGACCATCGTCTATCAACC-3' sense and 
5'-ATCTGTGCTCCTGCCAAACTGG-3', antisense; VEGF, 
5'-TTGCCTTGCTGCTCTACCTCCA-3' sense and 5'-GATG 
GCAGTAGCTGCGCTGATA-3', antisense; EZH2, 5'-GACCT 
CTGTCTTACTTGTGGAGC-3' sense and 5'-CGTCAGATG 
GTGCCAGCAATAG-3', antisense; and β-actin, 5'-CACCATT 
GGCAATGAGCGGTTC-3' sense and 5'-AGGTCTTTGCGG 
ATGTCCACGT-3', antisense. All real-time amplifications 
were performed in the ABI 7900 Fast Real-Time PCR system 
(Applied Biosystems, Foster City, CA, USA). Results of the 
real-time PCR data were represented as Ct values of target 
genes normalized to its averaged Ct values of β-actin gene to 
give a ΔCt value.

Western blot analysis and immunoprecipitation. For western 
blot analysis, cells were washed twice with PBS and then 
lysed using 200 µl of RIPA lysis buffer for 30 min on ice. The 
quantity of protein was measured using a BCA protein assay 
(Bio-Rad, Hercules, CA, USA). Samples were then separated 
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on SDS-PAGE and transferred to nitrocellulose membranes. 
The membranes were blocked with 5% BSA in TBST for 1 h at 
room temperature. The membranes were then incubated with 
specific primary antibodies overnight at 4˚C. The antibodies to 
NF-YA, STAT3, pY-STAT3, VEGF, Methy-K, and EZH2 were 
used at a 1:1,000 dilution. The antibody to β-actin were used at 
a 1:2,000 dilution. Horseradish peroxidase (HRP)-labeled goat 
anti-mouse IgG antibody and goat anti-rabbit IgG antibody 
were used at a 1:5,000 dilution. The specifically bound anti-
bodies were detected by chemiluminescence (ECL) reagent 
(ECL-Plus kit; Amersham, Piscataway, NJ, USA) and visual-
ized with Fujifilm LAS-3000 (Multi Gauge; Fujifilm, Tokyo, 
Japan). For immunoprecipitation to purify STAT3 protein, 
cells were lysed in lysis buffer (50 mM Tris-HCl at pH 8.0, 
150 mM NaCl, 2 mM EDTA and 0.1% NP-40) supplemented 
with protease and phosphatase inhibitors (cat no. 1873580 
and 4906837001; Roche Diagnostics, Basel, Switzerland) at 
4˚C for 30 min and cleared by centrifugation at 14,000 rpm 
at 4˚C. The cleared lysate was incubated for 6 h at 4˚C with 
agarose‑conjugated STAT3 antibody.

ELISA analysis. The supernatants of the cells were assayed for 
VEGF using appropriate sandwich ELISA kit (cat no. SVE00; 
R&D Systems, Minneapolis, MN, USA). The cells were incu-
bated in 24-well plates (Corning Costar, Corning, NY, USA) 
for 12 h. The medium was replaced with serum-free medium 
for 24 h. VEGF concentrations were determined by measuring 
absorbance at 420 nm. VEGF values were normalized to the 
total protein extracted from wells.

Matrigel invasion assay. Cells (5x105) were cultured in 
serum‑free DMEM for 12 h and then seeded into the upper 
chambers (24-well, pore size 8-µm; Millipore, Billerica, MA, 
USA) coated with a layer of Matrigel (BD Biosciences, San 
Jose, CA, USA). Following 24-h incubation at 37˚C, the cells 
that did not invade through the pores were removed from the 
top chamber by scraping with cotton swab. The invading cells 
were fixed with methanol and stained with hematoxylin‑eosin 
(H&E) and counted. The number of invasive cells were 
counted under a microscope (magnification, x100).

Immunofluorescence staining. The vector control or NF-YA 
over-expressed A375P melanoma cells were seeded onto 
glass slides and incubated at 37˚C with 5% CO2. Attached for 
24 h, cells were then fixed with 37% formaldehyde in PBS, 
permeabilized for 10 min in PBS containing 0.5% Triton 
X-100 and 1% bovine serum albumin (BSA). Then, fixed cells 
were incubated for 1 h in blocking buffer (5% BSA with 0.1% 
Triton X-100 in PBS). The slides were then incubated with 
anti-pY‑STAT3 (1:500) at 4˚C overnight followed by incuba-
tion with Alexa-568-labeled secondary antibodies. Nuclear 
Staining was used with DAPI. Images were obtained using 
fluorescence microscopy.

Tube formation assay. To perform the tube formation assay, 
5x104 HUVECs were plated in the upper chamber coated with 
Matrigel (BD Biosciences) followed by incubation at 37˚C 
overnight. The human melanoma cells were grown in the 
lower chamber. At confluence for melanoma cells, the medium 
was changed to serum-free medium. Cultured for 3 days, the 

tube-like structures that formed in the gel were photographed 
(magnification, x100).

Statistical analysis. The data were analyzed using GraphPad 
Prism 5.0 (GraphPad Software, La Jolla, CA, USA). Statistical 
analysis was performed using a two-tailed Student's t-test. 
Results of P<0.05 were considered to be significant.

Results

NF-YA is upregulated in highly invasive human melanoma 
cells and promotes cell invasion. To examine the role of NF-YA 
in human melanoma cells, we first screened four human mela-
noma cell lines with different invasive capacities. Western blot 
analysis indicated that the expression of NF-YA was detectable 
in all of these cell lines (Fig. 1A). By performing real-time 
PCR, we also found that the NF-YA mRNA expression patterns 
were consistent with the protein expression pattern (Fig. 1A). 
Malme-3M, A375P, SK-MEL-28 and A375-M2 human mela-
noma cell lines differ in their invasive properties. A375P cell 
lines are poorly metastatic, Malme-3M cell lines are moder-
ately metastatic, while A375-M2 and SK-MEL-28 are highly 
metastatic  (29-31). The data show that NF-YA expression 
patterns are consistent with the invasive potentials of these 
human melanoma cell lines. Next, we stably over-expressed 
NF-YA gene in A375P and Malme-3M cells  (Fig. 1B). As 
shown in Fig. 1B, melanoma cells with NF-YA overexpres-
sion exhibited significant increase of cell invasion, whereas, 
knock-down of NF-YA significant inhibited the invasion of 
A-375-M2 and SK-MEL-28 cells (Fig. 1B).

NF-YA promotes angiogenesis induced by melanoma cells. 
Invasive tumor cells usually increase vascular endothelial 
cell proliferation and angiogenic activity. As a transcriptional 
factor, NF-YA may be involved in the regulation of angiogen-
esis to vascular endothelial cells by NF-YA target genes. Thus, 
we performed a tube formation assay in human umbilical vein 
endothelial cells (HUVECs) co-cultured with melanoma cells. 
HUVECs were co-cultured with vector control or NF-YA 
stably over-expressed A375P or Malme-3M melanoma cells 
through the collagen matrix. As shown in Fig. 2A, HUVECs 
co-cultured with NF-YA stably overexpressed melanoma cells 
exhibited significantly increased tubular networks formation 
compared with the vector control. Additionally, HUVECs 
co-cultured with NF-YA stably knock-down melanoma cells 
exhibited significantly decreased tubular networks forma-
tion compared with the scramble control (Fig. 2A). Vascular 
endothelial growth factor (VEGF) is a major modulator to 
angiogenesis (6). Here, we also found that the secretion of 
VEGF was augmented by NF-YA stably overexpressed mela-
noma cells (Fig. 2B).

NF-YA upregulates the expression of VEGF and increases 
the activity of STAT3. Elevated VEGF secretion was found 
in NF-YA stably overexpressed melanoma cells together 
with an increased tubular networks formation. We then 
performed western blot analysis and real-time PCR to 
examine whether NF-YA affect the expression of VEGF in 
protein and transcription levels. Overexpression of NF-YA 
significantly increased the expression of VEGF in A375P 
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or Malme-3M melanoma cells at both the transcription and 
protein levels (Fig. 3A). To further investigate the signaling 
pathway that mediated VEGF overexpression, we detected the 
activity of STAT3 in NF-YA overexpressed cells. STAT3 is a 
latent transcription factor, which is phosphorylated in active 
forms. Active STAT3 directly regulates the promoter of the 
VEGF gene and up-regulates its expression (17). Tyrosine 
phosphorylated STAT3 at the 705 residue (pY-STAT3) is a 

constitutively active form of STAT3 (32). We assessed the 
expression of total and phosphorylated STAT3 (pY-STAT3) 
in vector control and NF-YA overexpressed melanoma cells 
with western blot. We found that the STAT3 total expression 
levels remained unchanged after overexpression of NF-YA 
in melanoma cells, whereas STAT3 phosphorylation was 
enhanced (Fig. 3B). Moreover, immunofluorescence analysis 
on A375P melanoma cells indicated increased number of 

Figure 1. NF-YA is upregulated in highly invasive human melanoma cells and promotes cell invasion. (A) Left: NF-YA protein levels in human melanoma cell 
lines by western blot analysis; right: relative mRNA expression of NF-YA by real-time quantitative PCR in human melanoma cell lines, *P<0.003 compared 
with the control group (SK-MEL-28). (B) NF-YA protein levels in vector control and NF-YA stably overexpressed A375P/Malme-3M cells or in scramble 
control and NF-YA stably knock-down A-375-M2/SK-MEL-28 cells by western blot analysis. These cells were seeded in a Matrigel-coated upper chamber. 
Cells invaded through the Matrigel after incubation for 24 h was detected by H&E staining and quantified (lower panel). Data expression was analyzed by 
quantification of six randomly selected fields. *P<0.001 compared with the control group. H&E, hematoxylin and eosin.
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pY-STAT3 positive cells in NF-YA overexpressed cells 
compared to the vector control (Fig. 3C).

NF-YA induced upregulation of VEGF can be attenu-
ated by STAT3 inhibition. Because our data indicate that 

Figure 2. NF-YA promotes angiogenesis. (A) HUVECs were plated in the upper chamber coated with Matrigel in Transwell filters (0.4 µm). The vector control 
and NF-YA stably overexpressed A375P/Malme-3M cells or scramble control and NF-YA stably knock-down A-375-M2/SK-MEL-28 cells were grown in the 
lower chamber. Cultured for 3 days, the tube-like structures that formed in the gel were photographed (magnification, x100). (B) Secretion of VEGF in the culture 
medium from vector control or NF-YA stably overexpressed A375P/Malme-3M cells was determined by ELISA. *P<0.005 compared with the control group.

Figure 3. NF-YA increases the expression of VEGF and activity of STAT3. (A) NF-YA, VEGF and β-actin protein levels were detected by western blot analysis 
in vector control or NF-YA stably overexpressed A375P/Malme-3M cells (left panel); relative mRNA expression of VEGF in vector control or NF-YA stably 
overexpressed A375P/Malme-3M cells by real-time quantitative PCR (left panel), *P<0.003 compared with the control group. (B) STAT3, pY-STAT3 (tyrosine 
phosphorylated STAT3 at the 705 residue) and β-actin protein levels were detected by western blot analysis in vector control or NF-YA stably overexpressed 
A375P/Malme-3M cells. (C) Immunofluorescence staining showing expression of pY-STAT3 (red) in vector control or NF-YA stably overexpressed A375P 
cells. Nuclei were stained with DAPI (blue).
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overexpression of NF-YA upregulates the expression of VEGF 
and increases the activity of STAT3, we investigated a possible 
downstream factor of NF-YA to mediate this effect. WP1066 
is a STAT3 inhibitor by blocking constitutively activated 
STAT3 phosphorylation (Tyr 705 residue) (32,33). We further 
examined the role of WP1066 in NF-YA stably overexpressed 
melanoma cells. With the treatment of WP1066 in NF-YA 
stably overexpressed A375P or Malme-3M melanoma cells, 
NF-YA induced upregulation of VEGF and increased activity 
of STAT3 was inhibited  (Fig. 4A). EZH2 was reported to 
directly bind to STAT3 protein and then mediate its lysine 
methylation to enhance STAT3 activity (23). Actually, NF-YA 
is a key regulator of EZH2 expression (34). In NF-YA stably 
over-expressed A375P and Malme-3M melanoma cells, we 
confirm that the expression of EZH2 is upregulated by the 
overexpression of NF-YA at both transcription and protein 
levels (Fig. 4B). In addition, we sought to determine the effects 
of NF-YA knockdown in melanoma cells. Stable knockdown 
of NF-YA in A375-M2 melanoma cells resulted in downregu-
lated expression of EZH2 and VEGF (Fig. 4C), and the activity 
of STAT3 was also inhibited in A375-M2 melanoma cells with 
NF-YA stable knockdown (Fig. 4C).

NF-YA upregulates VEGF expression through activating 
EZH2-STAT3 signaling. Since NF-YA knockdown suppresses 
the expression of EZH2 and the activity STAT3, we examined 
whether knockdown of NF-YA inhibits the lysine methylation 

of STAT3 in A375-M2 cells. STAT3 protein from control or 
NF-YA knockdown A375-M2 cells were immunoprecipitated 
with anti-STAT3 antibody and the blots were analyzed for 
methylated STAT3 using pan-methyl lysine antibody. The 
methylation of STAT3 protein from NF-YA knockdown 
A375-M2 cells was significantly reduced compared with the 
scramble control A375-M2 cells  (Fig.  5A). The enhanced 
STAT3 activity was mediated by its lysine methylation. 
Consistent with the methylation of STAT3, STAT3 phos-
phorylation (Tyr 705 residue) was also inhibited in NF-YA 
knockdown A375-M2 cells (Fig. 5A). Next, we determined 
whether EZH2 knockdown could affect the expression of 
NF-YA. The result showed that EZH2 knockdown did not 
affect the expression of NF-YA in A375P cells  (Fig.  5B). 
Differently, knockdown of EZH2 inhibited the expression 
of VEGF, the methylation and activity of STAT3 (Fig. 5B). 
Together, these data suggest that NF-YA regulates STAT3 
activity and VEGF expression via upregulating EZH2 expres-
sion. To further confirm this, we overexpressed NF-YA in 
EZH2 knockdown A375P cells. Although NF-YA was over-
expressed in EZH2 knockdown A375P cells, the expression 
of VEGF and the activity of STAT3 did not change (Fig. 5B). 
Likely, NF-YA did not affect the cell invasion of A375P cells 
with EZH2 knockdown (Fig. 5C). HUVECs co-cultured with 
EZH2 knockdown A375P cells did not exhibit significant 
tubular networks formation by the overexpression of NF-YA 
in these EZH2 knockdown cells (Fig. 5D).

Figure 4. NF-YA upregulated VEGF in a STAT3-dependent manner. (A) NF-YA, STAT3, pY-STAT3, VEGF and β-actin protein levels were detected by western 
blot analysis in vector control or NF-YA stably overexpressed (or NF-YA stably overexpressed plus STAT3 inhibitor WP1066 treatment) A375P/Malme-3M 
cells. (B) EZH2 and β-actin protein levels were detected by western blot analysis in vector control or NF-YA stably overexpressed A375P/Malme-3M cells 
(upper panel). Relative mRNA expression of VEGF in vector control or NF-YA stably overexpressed A375P/Malme-3M cells by real-time quantitative PCR 
(low panel), *P<0.004 compared with the control group. (C) NF-YA, EZH2, STAT3, pY-STAT3, VEGF and β-actin protein levels were detected by western blot 
analysis in scramble control or NF-YA stably knockdown (sh-1-N, sh-2-N) A375-M2 cells.
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Discussion

Melanoma is an aggressive and highly metastatic tumor with 
a high angiogenic potential (1). Angiogenesis is triggered by 
molecular signals from tumor cells when tumor tissues require 
nutrients and oxygen (35). A number of growth factors stimu-
late angiogenesis by inducing endothelial cell migration (4), 
proliferation (6) and expansion (36). These growth factors 
include vascular endothelial growth factor (VEGFs), basic 
fibroblast growth factor (bFGF), hepatocyte growth factor 
(HGF), platelet-derived growth factor (PDGF), transforming 
growth factors β (TGFβ), interleukin-6 (IL-6), interleukin-8 
(IL-8) and epidermal growth factor (EGF) (35,37). Among 
these, VEGF (also known as VEGF-A) is a protein with 
vascular permeability activity that was first identified as a 
factor secreted by tumor cells (38,39). VEGF is a well-studied 
and powerful angiogenic factor. Anti-angiogenic therapy 
targeting VEGF signaling is a rapidly growing chemotherapy 
class for cancer therapy (6). Thus, a better understanding of 
the regulation of VEGF by other factors would provide more 
effective strategies for the development of new anti-angiogenic 
therapy.

The expression of VEGF is well known to be upregulated 
by hypoxia (13). Hypoxia induces the expression of VEGF 
via hypoxia-inducible factor-1α (HIF-1α) by binding to a 
hypoxia response element of VEGF gene promoter to acti-
vate VEGF gene expression in cells exposed to hypoxia (11). 
Moreover, STAT3 also has been shown to be a transcriptional 
activator of the VEGF gene by directly binding to the VEGF 
promoter  (12). In the present study, we demonstrated that 
NF-YA increases the expression of VEGF and promotes 
angiogenesis of human melanoma cells in vitro. The results 
suggest that targeting NF-YA has the potential for tumor anti-
angiogenic therapy.

EZH2 was reported to directly bind to STAT3 protein and 
mediate its lysine methylation to enhance STAT3 activity (23). 
Moreover, NF-YA is a key regulator of EZH2 expression by 
up-regulating its transcription (34). Consistent with this report, 
we also showed that overexpression of NF-YA in human mela-
noma cells up-regulated the expression of EZH2. Because our 
data indicate that NF-YA upregulates the expression of VEGF 
and increases the activity of STAT3, STAT3 inhibitor WP1066 
was used to study the role of STAT3 in NF-YA induced 
up-regulation of VEGF. With the treatment of WP1066 in 

Figure 5. The role of EZH2 in NF-YA induced VEGF expression and STAT3 activation. (A) Immunoprecipitation of STAT3 protein using antibodies for 
STAT3 (IP), or a non-specific immunoglobulin G (IgG) from scramble control or NF-YA stably knockdown (sh-1-N) A375-M2 cells, followed by immunoblots 
with the indicated antibodies. Methy-K, means rabbit anti-methylated lysine antibody; input indicate 5% of pre-immunoprecipitated samples. (B) NF-YA, 
EZH2, STAT3, pY-STAT3, VEGF and β-actin protein levels were detected by western blot analysis in scramble control or EZH2 stably knockdown (sh-1-E, 
sh-2-E) A375P cells (left panel); immunoprecipitation of STAT3 protein using antibodies for STAT3 (IP), or a non-specific immunoglobulin G (IgG) from 
scramble control or EZH2 stably knockdown (sh-2-E) A375P cells, followed by immunoblots with the indicated antibodies. Methy-K, means rabbit anti-
methylated lysine antibody; input indicate 5% of pre-immunoprecipitated samples (middle panel); NF-YA, STAT3, pY-STAT3, VEGF and β-actin protein 
levels were detected by western blot analysis in vector control and NF-YA stably overexpressed A375P cells with EZH2 stably knockdown (sh-2-E) (right 
panel). (C) The vector control or NF-YA stably overexpressed A375P-sh-2-E cells were seeded in a Matrigel‑coated upper chamber. Cells invaded through the 
Matrigel after incubation for 24 h was detected by H&E staining and quantified (lower panel). Data expression was analyzed by quantification of six randomly 
selected fields. A375P-sh-2-E, means A375P cells with EZH2 stably knockdown (sh-2-E). (D) HUVECs cells were plated in the upper chamber coated with 
Matrigel in Transwell filters (0.4 µm). The vector control or NF-YA stably overexpressed A375P-sh-2-E cells were grown in the lower chamber. Cultured for 
3 days, the tube-like structures that formed in the gel were photographed (magnification, x100).   
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NF-YA stably overexpressed A375P or Malme-3M melanoma 
cells, NF-YA induced upregulation of VEGF and the increased 
activity of STAT3 was inhibited.

EZH2-induced lysine methylation of STAT3 is a critical 
modification that leads to STAT3 activation (23). In the present 
study, we observed that the lysine methylation of STAT3 protein 
from NF-YA knockdown A375-M2 cells was significantly 
reduced compared with the control A375-M2 cells. Consistent 
with the methylation of STAT3, STAT3 phosphorylation (Tyr 
705 residue) was also inhibited in NF-YA knockdown A375-M2 
cells. Furthermore, knockdown of EZH2 was shown to inhibit 
the expression of VEGF and phosphorylation of STAT3 in 
A375P cells. Importantly, the expression of VEGF and phos-
phorylation of STAT3 were not affected by the overexpression 
of NF-YA in EZH2 stably knockdown A375P cells. Similarly, 
NF-YA did not affect the cell invasion and angiogenesis of 
A375P cells with stable EZH2 knockdown.

Taken together, the present study demonstrated that 
overexpression of NF-YA contributes to cell invasion and 
angiogenesis through EZH2-STAT3 signaling in human mela-
noma cells. Therefore, our results suggest the possibility that 
NF-YA might be a potential therapeutic target in the treatment 
of human melanoma.
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