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Abstract
Extracellular ATP has been shown to play an important role in invasion and the 
epithelial-mesenchymal transition (EMT) process in breast cancer; however, the 
mechanism is unclear. Here, by using a cDNA microarray, we demonstrated that 
extracellular ATP could stimulate hypoxia-inducible factor (HIF) signaling and up-
regulate hypoxia-inducible factor 1/2α (HIF-1/2α) expression. After knocking down 
HIF-1/2α using siRNA, we found that ATP-driven invasion and EMT were significantly 
attenuated via HIF2A-siRNA in breast cancer cells. By using ChIP assays, we revealed 
that the biological function of extracellular ATP in invasion and EMT process de-
pended on HIF-2α direct targets, among which lysyl oxidase-like 2 (LOXL2) and ma-
trix metalloproteinase-9 (MMP-9) mediated ATP-driven invasion, and E-cadherin and 
Snail mediated ATP-driven EMT, respectively. In addition, using silver staining and 
mass spectrometry, we found that phosphoglycerate kinase 1 (PGK1) could interact 
with HIF-2α and mediate ATP-driven HIF-2α upregulation. Furthermore, we dem-
onstrated that expressions of HIF-2α and its target proteins could be regulated via 
ATP by AKT-PGK1 pathway. Using a Balb/c mice model, we illustrated the function 
of HIF-2α in promoting tumor growth and metastasis in vivo. Moreover, by exploring 
online databases, we found that molecules involved in ATP-HIF-2α signaling were 
highly expressed in human breast carcinoma tissues and were associated with poor 
prognosis. Altogether, these findings suggest that extracellular ATP could promote 
breast carcinoma invasion and EMT via HIF-2α signaling, which may be a potential 
target for future anti–metastasis therapy.
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1  | INTRODUC TION

ATP, which has been considered as an energy source,1 is also in-
volved in the determination of cell fate,2 proliferation,3 metabolism,4 
differentiation5 and apoptosis.3 Thereby, it is possible that ATP plays 
a vital role in promoting or preventing malignant transformation. 
The amount of extracellular ATP is negligible in healthy tissues.6,7 By 
contrast, ATP accumulates at high levels in tumor sites,8,9 reaching 
hundreds of micromoles in the host-tumor interface.9,10 The pro–in-
vasive activity of ATP was first described in Fang et al11. However, 
the mechanism in breast cancer has not yet been resolved. Our pre-
vious studies have demonstrated that extracellular ATP is vital for 
cancer cell invasion and epithelial-mesenchymal transition (EMT) 
through activating P2Y2 and/or P2X7 to regulate the expressions 
of associated molecules, including IL-8, Snail, Claudin-1, E-cad-
herin, β-catenin and S100A4, as well as via activation of EGFR and 
ERK1/2.1,11-16

Endothelial PAS domain protein 1 (EPAS1) is a member of a 
basic-helix-loop-helix/PAS domain containing transcription factors, 
which has a high homology to hypoxia-inducible factor 1α (HIF-1α); 
thus, it is also termed hypoxia-inducible factor 2α (HIF-2α). 17 Like 
HIF-1α, HIF-2α could function by forming a complex with aryl hy-
drocarbon receptor nuclear translocator (ARNT; also termed HIF-1β) 
and transactivates target genes to respond to environmental stress-
ors such as hypoxia.18 In addition, HIF-2α could transactivate genes, 
particularly those involved in angiogenesis, anaerobic metabolism, 
invasion and anti–apoptosis.19,20 Although the dominant role of 
HIF-1α in controlling responses to hypoxia and tumorigenesis is 
well established, the vital function of HIF-2α in cancer is a relatively 
new topic.21 Some evidence suggests that HIF-2α drives tumor 
progression in renal cell carcinomas (RCC) in which there is a grad-
ual shift from HIF-1α to HIF-2α expression with increasing tumor 
grade.22 Cho et al23 demonstrated a significant efficacy of a HIF-2α 
antagonist in preclinical kidney cancer models. Moreover, elevated 
HIF-2α has been shown to be associated with poor patient progno-
sis in some tumors such as RCC, astrocytoma, neuroblastoma and 
glioblastoma21,24-26.

Metastasis is a complex multistep process that involves the early 
steps of tumor EMT and invasion and the late step of metastatic col-
onization in distant organs.27 To identify the genes involved in EMT 
and the invasion process of extracellular ATP, we performed cDNA 
microarray analysis on MCF-7 cells. We found that mRNA levels of 
HIF2A and HIF target genes were upregulated via ATP treatment. 
Hence, we hypothesized that extracellular ATP could drive the me-
tastasis process by upregulating HIF even under normoxic condi-
tions and investigated the mechanism involved.

2  | MATERIAL S AND METHODS

2.1 | Antibodies and reagents

The antibodies were purchased from the following companies. 
HIF-2α (ab199), HIF-1α (ab1), phospho-AKT (T308) (ab38449), 

AKT (ab18785), LOXL2 (ab96233) and MMP-9 (ab38898) were 
from Abcam (Cambridge, UK). PGK1 (NBP2-67534) was from 
Novus (Cambridge, UK). β-Actin, P2Y2, E-cadherin and Snail were 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HRP-con-
jugated goat anti–mouse IgG (#ZB-2305), HRP-conjugated goat 
anti–rabbit IgG (#ZB-2301) were bought from OriGene (Rockville, 
MD, USA).

The reagents were purchased from the following companies. 
ATP was bought from Sigma (St Louis, MO, USA). Scrambled con-
trol siRNA and siRNAs against HIF1A, HIF2A, AKT, PGK1, LOXL2, 
MMP9 and P2Y2, were obtained from Shanghai GenePharma Co., 
Ltd. (Shanghai, China). Protein A/G beads were purchased from 
Amersham Biosciences (Piscataway, NJ, USA) and protease inhibitor 
cocktail was bought from Roche Applied Science (Indianapolis, IN, 
USA). LOXL2 and MMP-9 ELISA Kits were obtained from Abcam. 
LY294002 (AKT inhibitor) was bought from Selleck (Houston, TX, 
USA).

2.2 | Cell lines and cell culture

Human breast cancer cell lines MDA-MB-231, BT-549 and normal 
breast cell line MCF10A were obtained from American Type Culture 
Collection (ATCC, Manassas, VA, USA). MCF-7 cells were purchased 
from the Cell Resource Center, Institute of Basic Medical Sciences, 
Chinese Academy of Medical Sciences (Beijing, China). SUM159 cells 
were bought from Asterand (Detroit, MI, USA). The culture medium 
is described in Appendix S1. Cell lines were validated for authenti-
cation using the short tandem repeat method. Cells were cultured 
at 37°C in a humidified CO2 incubator (5% CO2, 95% air). Hypoxic 
incubations were performed using the InVivo2 Hypoxia Workstation 
(Biotrace International).

2.3 | cDNA microarray and data analyses

MCF-7 cells were treated with/without 100 μmol/L ATP for 
24 hours. Total RNA was extracted using Trizol Reagent (Invitrogen, 
Carlsbad, CA, USA). And then cDNA microarray was performed 
using Affymetrix Human Genome U133 Plus 2.0 Array (Affymetrix, 
Santa Clara, CA, USA), which contains 47 000 transcripts and 
38 500 clear human genes as described by Zhang et al.15 Data were 
analyzed using Student's t test, and differently expressed genes in 
mRNA levels between ATP treatment and control (n = 3, each) were 
determined with a threshold cutoff of 2-fold (P < 0.05) in this re-
search (accession number: GSE113757).

2.4 | Cell transfection

For transient gene silencing, a scramble siRNA used as a negative 
control and two distinct siRNA oligonucleotides targeting HIF1A, 
HIF2A, PGK1, AKT and P2Y2, respectively, were used. Their se-
quences are shown in Appendix S2. Cells were transfected with in-
dicated siRNA using Lipofectamine RNAi Max (Invitrogen) according 
to the manufacturer's instructions.

info:ddbj-embl-genbank/GSE113757
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For gene overexpression, cells were transfected with Flag plas-
mid or Flag-HIF plasmid using Lipofectamine 2000 (Invitrogen) 
and the stably transfected cells were selected by 500 μg/mL 
G418 (Gibco-BRL) for 21 days. See Appendix S3 for plasmid 
construction.

2.5 | In vitro cellular invasion and migration assays

Transwell chamber filters coated with 50 μL Matrigel (BD 
Biosciences) were prepared for invasion assay and no Matrigel-
coated Transwell chamber filters were used for migration assay. 
Cells were added to the top of chambers in a serum-free DMEM/
RPMI 1640. DMEM/RPMI 1640 containing 30% FBS was used 
in the lower chambers. Cells migrated to the lower surface were 
fixed in 4% formaldehyde and stained using crystal violet. Seven 
random fields were counted for each membrane at 200× magnifi-
cation under the microscope.

2.6 | Quantitative real‐time PCR

Real-time PCR was performed as described by Zhang et al.15 The 
primer sequences for quantitative RT-PCR analysis are listed in 
Appendix S4. Gene expression levels were normalized to β-Actin. The 
relative expression level of mRNA was evaluated by using the 2−ΔΔCt 
method.

2.7 | ELISA

Supernatant was collected by centrifuging at 1000 g (for mouse 
blood) or 10 000 g (for cell culture medium) for 10 minutes at 4°C. 
Protein levels of LOXL2 and MMP-9 were measured, respectively, 
using the LOXL2 and MMP-9 ELISA Kit (Abcam) following the manu-
facturer's instructions. Protein concentrations were determined by 
absorbance comparison to the standard curve.

2.8 | Immunofluorescence analysis

Experiments were performed as described by Liu1, with some modi-
fications. Briefly, cells were incubated with anti–HIF-2α (1:200) or 
anti–PGK1 (1:200) antibody at 4°C overnight, followed by incuba-
tion with FITC-conjugated or Texas Red-conjugated IgG fluores-
cence secondary antibody (1:500 dilution; GIBIO). Finally, the cell 
nucleus was stained with DAPI (Vector Laboratories, Burlingame, 
CA, USA) and observed under a confocal microscope (TCS SP2 
AOBS, Leica).

2.9 | Co–immunoprecipitation analysis

Co–immunoprecipitation was carried out as described by Shan 
et al.28 In our research, primary antibody HIF-2α (1:200, 5 μL) or 
PGK1 (1:200, 5 μL) was used.

2.10 | Silver staining and mass spectrometry

Silver staining and mass spectrometry assays were carried out as 
described by Shan et al28 using resultant materials from co–immuno-
precipitation analysis. PGK1 enrichment from mass spectrometry is 
listed in Appendix S5.

2.11 | ChIP and quantitative PCR

ChIP experiments were performed as described by Shan et al.28 
Primer sequences used in the qPCR analysis are listed in Appendix 
S6.

2.12 | Western blotting analysis

Western blotting analysis were performed as described by Zhang 
et al.15 Primary antibodies used: anti–HIF-1α (1:1000), anti–HIF-2α 
(1:1000), anti–PGK1 (1:1000), anti–phospho-AKT (T308) (1:1000), 
anti–AKT (1:1000), anti–LOXL2 (1:1000), anti–MMP9 (1:1000), 
anti–E-cadherin (1:500,), anti–Snail (1:500), anti–P2Y2 (1:500), and 
anti–β-Actin (1:1000).

Results were presented as the ratio of targeted proteins to β-
Actin. Immunoreactive protein was visualized via chemilumines-
cence (Applygen Technologies Inc., Beijing, China) and quantified via 
densitometry analysis, using ImageJ software (NIH Image, Bethesda, 
MD, USA). Uncropped bands are presented in Appendix S7.

2.13 | Xenograft tumorigenesis assays

Female Balb/c nude mice of 6 weeks were bred in specific patho-
gen-free condition at the Center of Experimental Animals (Peking 
University, Beijing, China). Experimental procedures for using labo-
ratory animals were approved by the Institutional Animal Care and 
Use Committee of Peking University (No. LA2014229). Five million 
MCF-7 cells, stably transfected with Flag or Flag-HIF-2α plasmid, 
were inoculated into mammary fat pads of mice (n = 7 each group, 
randomly). Tumor volumes were measured every 2 days. One month 
after inoculation, mice were killed and primary tumors were col-
lected for quantitative RT-PCR, western blotting, H&E staining and 

F I G U R E  1   Extracellular ATP regulates hypoxia-inducible factor (HIF) signaling in breast cancer cells. A, Transwell invasion assays 
demonstrated that ATP enhanced invasion ability of breast cancer cells. B, MCF-7 cells treated with/without 100 μmol/L ATP for 24 h were 
analyzed by cDNA microarray. KEGG pathway analysis showed that ATP significantly affected HIF signaling. C, Heatmaps showed alterations 
of HIF signaling-related genes. D, Quantitative PCR demonstrated that most HIF signaling-associated genes were upregulated via 24 h ATP 
treatment. E-G, Western blotting illustrated alterations of HIF-1/2α in different hours of ATP treatment (E), different concentrations of ATP 
treatment (F) and in different cells (G). H, Immunofluorescence showed that ATP increased HIF-1/2α level. Error bars represent means ± SD 
from triplicates. *P < 0.05; **P < 0.01; ns, not significant
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immunohistochemistry (IHC) assays. Peripheral blood was collected 
for ELISA assay. Organs including lungs, livers, kidneys, spleens and 
hearts were collected for H&E staining. The study was performed in 
accordance with the Declaration of Helsinki.

2.14 | H&E staining and 
immunohistochemical staining

For histological examination, 4-μm sections were stained with H&E 
and IHC using standard protocol. Primary antibodies used: anti–
HIF-2α (1:100), anti–LOXL2 (1:100), anti–MMP-9 (1:200), anti–E-
cadherin (1:200) and anti–Snail (1:200). Data were collected from 
an average of 10 randomly selected areas for each section by using 
Image Pro-Plus (IPP) (Media Cybernetics, Silver Spring, MD, USA).

2.15 | Data analysis and statistics

All experiments were repeated at least in triplicate. Data are shown 
as means ± SD. The data were analyzed with SPSS 20.0. Student's 
t test was used to determine whether there was a significant dif-
ference between 2 groups. Nonparametric ANOVA was performed 
when multiple means were compared. Statistical significance was 
considered when P ≤ 0.05.

3  | RESULTS

3.1 | Extracellular ATP regulates hypoxia‐inducible 
factor signaling in breast cancer cells

We demonstrated that 100 μmol/L extracellular ATP treatment led 
to maximal invasion capacity in breast cancer cells1,15 (Figure 1A). To 
identify the molecular mechanism involved, we treated MCF-7 with/
without 100 μmol/L ATP for 24 hours and performed cDNA microar-
ray analysis (Accession: GSE113757). KEGG pathway analysis of the 
cDNA microarray data showed that ATP could significantly regulate 
HIF signaling (Figure 1B), including HIF2A and HIF target genes, such 
as PDK1 and ENO229 (Figure 1C).

To prove this finding, we examined HIF signaling-associated 
genes by quantitative RT-PCR. Most HIF target genes exhibited 
increased mRNA levels after ATP treatment in MDA-MB-231 and 
MCF-7 (Figure 1D). In addition, we detected HIF-1/2α alterations 
after different hours (Figure 1E) and concentrations (Figure 1F) of 
ATP treatment in breast cancer cells and human mammary epithe-
lial cells, MCF10A (Figure 1G). Here, hypoxia was used as a positive 

control. As a result, 100 μmol/L ATP significantly increased HIF-1/2α 
expression in breast cancer cells. The elevation of HIF-1/2α was also 
demonstrated via immunofluorescence (Figure 1H).

3.2 | Hypoxia‐inducible factor‐2α mediates ATP-
promoted invasion and epithelial-mesenchymal 
transition in vitro

To investigate whether HIF could promote invasion and EMT of 
breast cancer cells in vitro, we first measured HIF-1/2α levels in 
different cells. Triple-negative breast cancer cells MDA-MB-231 
exhibited higher expression of HIF-1/2α than MCF10A, while the 
HIF-1/2α level in MCF-7 was relatively lower (Figure 2A). Therefore, 
we used digoxin (100 nmol/L), a well-known inhibitor of HIF,30 to 
inhibit HIF-1/2α expression in MDA-MB-231. As a result, ATP-pro-
moted invasion was attenuated by digoxin (Figure 2B). To determine 
which HIF played a dominant role in this process, we introduced 2 
siRNA against HIF1A and HIF2A, respectively. As a result, HIF2A-
siRNA significantly decreased ATP-driven invasion (Figure 2C). 
Consistent with this finding, overexpression of HIF-2α in MCF-7 
showed significantly enhanced invasion ability (Figure 2D).

Evidence suggested that hypoxia and EMT mutually promote 
each other under malignant conditions.31 In this study, we found 
that morphologically, MCF-7/Flag maintained well-organized cell-
cell contacts and cell polarity, while MCF-7/Flag-HIF cells revealed 
a spindle-like fibroblastic morphology, indicating characteristic 
morphological changes of EMT (Figure 2E). Meanwhile, the shape 
of MDA-MB-231 cells transfected with HIF2A-siRNA looked more 
like those of epithelial cells compared with controls (Figure 2E). 
These data suggested a vital involvement of HIF-2α in EMT as well.

Together, these observations supported the roles for HIF-2α in 
ATP pro–invasion and pro–EMT in vitro. Therefore, HIF-2α was cho-
sen for further investigation.

3.3 | Identification of hypoxia‐inducible factor‐2α 
targets involved in ATP-promoted invasion and 
epithelial-mesenchymal transition

To investigate the downstream molecules involved in ATP-HIF-2α-
driven invasion, first, we focused on invasive-associated proteins. 
Matsumoto et al32 demonstrated that stromal HIF-2α induced LOX 
and MMP to promote trophoblast invasion using HIF-2α-KO mice. 
Among LOX and MMP families, LOXL233,34 and MMP-935 were re-
ported to be regulated via HIF under hypoxia status. In this study, 

F I G U R E  2   Extracellular ATP promotes breast cancer cell invasion via hypoxia-inducible factor (HIF)-2α in vitro. A, HIF-1/2α expression 
was examined by western blotting. B, Western blotting demonstrated that HIF-1/2α was decreased by digoxin (left). Transwell invasion 
assays illustrated that ATP-driven invasion was attenuated (right). C, Western blotting demonstrated that HIF-1/2α was knocked down 
(left). Transwell invasion and migration assays showed that ATP-driven invasion and migration were attenuated via HIF2A-siRNA (right). 
D, Western blotting illustrated HIF-1/2α elevation in stably transfected MCF-7 cells (left). Transwell invasion and migration assays showed 
that HIF-1/2α enhanced MCF-7 invasion and migration capacities. E, The morphology of MCF-7/Flag-HIF-2α cells looked like dispersed 
spindle-shaped mesenchymal cells, while MCF-7/Flag cells displayed cobblestone-like clusters of epithelial cells (upper). The shape of the 
MB-231/HIF2A-siRNA-treated cells looked more like the shape of epithelial cells (lower). Error bars represent means ± SD from triplicate 
experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant
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we found that LOXL2 and MMP-9 could, indeed, be upregulated 
via HIF-2α overexpression (Figure 3A-C) as well as ATP treatment 
(Figure 3D-F). Therefore, LOXL2 and MMP-9 were chosen for fur-
ther study. Furthermore, knocking down HIF-2α attenuated ATP-in-
duced elevation of LOXL2 and MMP-9 (Figure 3G). In addition, qChIP 
assay using antibody against HIF-2α demonstrated that LOXL2 and 
MMP9 were HIF-2α direct target genes (Figure 3H). For functional 
experiments, both LOXL2-siRNA and MMP9-siRNA could attenuate 
ATP-driven invasion and migration (Figure 3I-J).

Hypoxia-inducible factor targets have been implicated in EMT, 
an early event in cancer metastasis.36 To investigate the potential 
role of HIF-2α in regulating EMT, we focused on epithelial marker 
E-cadherin and mesenchymal marker Snail, which were reported 
to be regulated via extracellular ATP in our previous research.16 
We found that E-cadherin and Snail levels could be regulated by 

both HIF-2α overexpression (Figure 3A,B) and ATP treatment 
(Figure 3D,E). Hence, E-cadherin and Snail were chosen for further 
study. Furthermore, knocking down HIF-2α attenuated ATP-induced 
expression changes of E-cadherin and Snail (Figure 3G). By using the 
qChIP assay with antibody against HIF-2α, we demonstrated that 
CDH1 and SNAI1 were HIF-2α direct target genes (Figure 3H).

Collectively, these observations support the roles of HIF-2α tar-
gets in ATP-driven invasion and EMT.

3.4 | Phosphoglycerate kinase 1 interacts 
with hypoxia-inducible factor-2α and increases 
its expression

To investigate the functional mechanism of HIF-2α in ATP-driven in-
vasion, we used mass spectrometry to screen the proteins that are 

F I G U R E  3   ATP promotes invasion and epithelial-mesenchymal transition (EMT) via hypoxia-inducible factor (HIF) signaling-2α targets 
LOXL2, MMP-9, E-cadherin and Snail, respectively. A, Quantitative PCR. B, western blotting demonstrated that expressions of indicated 
molecules were altered in MCF-7/Flag-HIF-2α cells. C, ELISA proved that secreted LOXL2 and MMP-9 were elevated in MCF-7/Flag-HIF-2α 
cells. D, Quantitative PCR. E, Western blotting. F, ELISA demonstrated alterations of indicated molecules in ATP-treated cells (24 h). G, 
Western blotting illustrated that ATP-driven alterations of indicated molecules were attenuated by HIF2A-siRNA. H, qChIP analysis of the 
promoter of indicated molecules with antibodies against HIF-2α proved that they were HIF-2α direct target genes. I, Transwell invasion. 
J, Transwell migration assays showed that ATP-driven invasion and migration were attenuated by LOXL2- or MMP9-siRNA. Error bars 
represent means ± SD from triplicates. *P < 0.05; **P < 0.01; ***P < 0.001

F I G U R E  4   Phosphoglycerate kinase 1 (PGK1) interacts with hypoxia-inducible factor (HIF)-2α and mediates ATP-induced HIF-2α 
elevation. A, MCF-7 cells were treated with/without ATP for 24 h. Cells were lysed and co–immunoprecipitated with anti–immunoglobulin 
G (IgG) or anti–HIF-2α. The elutes were resolved by SDS-PAGE, silver-stained. The presence of PGK1 was detected by mass spectrometry. 
B, Physical interaction between PGK1 and HIF-2α was determined by co–immunoprecipitation and western blotting. C, Cells were double-
stained with HIF-2α (green) and PGK1 (red) and counterstained with DAPI (blue). The merged regions indicated their co–localization. D, 
Western blotting demonstrated that PGK1-siRNA abolished ATP-driven upregulation of HIF-2α but did not affect HIF-1α expression
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interacted with HIF-2α in vivo. Cellular extracts from MCF-7 with/
without ATP treatment were co–immunoprecipitated by immuno-
globulin G (IgG) or anti–HIF-2α antibody, resolved on SDS-PAGE and 
visualized via silver staining (Figure 4A). The protein bands on the 
gel were recovered and then analyzed by mass spectrometry. The 
results indicated that HIF-2α co–immunoprecipitated with proteins, 
including PGK1 (Appendix S5), ALDOC, and ENO2, etc. Evidence 
suggested that PGK1, which was considered as a vital kinase in cel-
lular activity37 and a target gene of HIF-1α,37 could form a positive 
feed-forward loop with HIF-1α and, thus, stimulated breast cancer 

progression and metastases.38 However, we discovered that PGK1 
could form a complex with HIF-2α using silver staining and mass 
spectrometry, which seemed interesting. To confirm this result, we 
checked for physical interaction between PGK1 and HIF-2α fol-
lowing ATP treatment by co–immunoprecipitation in MCF-7 and 
MDA-MB-231 (Figure 4B). Moreover, we observed co–localization 
of HIF-2α and PGK1 via immunofluorescence (Figure 4C), which fur-
ther suggests their interaction.

Because PGK1 could interact with HIF-2α, we wondered 
whether PGK1 could affect HIF-2α expression. We found that ATP 

F I G U R E  5   ATP stimulates hypoxia-inducible factor (HIF)-2α signaling via AKT pathway. A, Western blotting illustrated that HIF1A-siRNA 
did not affect phosphoglycerate kinase 1 (PGK1) or HIF-2α expression. B, Western blotting demonstrated that ATP-induced elevation of 
HIF-2α was abolished by AKT-siRNA. C, Western blotting demonstrated that ATP-induced expression changes of HIF-2α and target proteins 
were attenuated by LY294002 (AKT inhibitor). D, Western blotting illustrated that phosphorylation of AKT could be regulated by HIF2A-
siRNA (left) or Flag-HIF-2α (right). E, Western blotting proved that P2Y2-siRNA attenuated ATP-mediated alterations in HIF-2α signaling

F I G U R E  6   Hypoxia-inducible factor (HIF)-2α promotes xenograft tumor growth and metastasis in vivo. A, MCF-7/Flag or MCF-7/
Flag-HIF-2α cells were inoculated orthotopically onto the mammary fat pad of 6-wk-old female Balb/c mice (n = 7). Tumor volumes were 
quantified every 2 days (left) and tumors were shown on the 30th day (right). B, Primary tumor and representative metastasis specimens 
were H&E stained (left). Necrosis area ratio in primary tumors and numbers of metastatic lesions in lungs were quantified (right). C-E, 
Expressions of HIF-2α and its targets were examined by quantitative PCR (C), western blotting (D) and immunohistochemistry (IHC) staining 
(E) from primary tumor tissue of each mouse. F, LOXL2 and MMP-9 levels were detected by ELISA. Error bars represent means ± SD from 
triplicates. *P < 0.05; **P < 0.01; ***P < 0.001
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upregulated PGK1 expression as well (Figures 1C,4D) and PGK1-
siRNA attenuated ATP-driven HIF-2α elevation but did not affect 
HIF-1α expression (Figure 4D), suggesting that PGK1 specifically 
mediates ATP-induced HIF-2α elevation.

3.5 | Extracellular ATP stimulates phosphoglycerate 
kinase 1‐hypoxia‐inducible factor‐2α signaling via 
AKT pathway

To investigate the regulation of PGK1-HIF-2α via extracellular ATP, 
first, we focused on HIF-1α, of which PGK1 was generally identified 
as a target gene.37 Regrettably, knocking down HIF-1α did not influ-
ence ATP-induced PGK1 upregulation, suggesting that HIF-1α was 
not involved in this signaling (Figure 5A). Evidence suggested that 
AKT signaling, which can be stimulated via ATP, as demonstrated in 
our previous study,14 activated PGK1 by decreasing K220 acetyla-
tion of endogenous PGK1.39 Therefore, we speculated that AKT 
might be involved in PGK1-HIF-2α signaling in ATP treatment. As a 
result, blocking AKT signaling using AKT-siRNA or LY294002 (AKT 
inhibitor) significantly attenuated expressions of PGK1 and HIF-2α 
(Figure 5B,C), as well as HIF-2α target proteins (Figure 5C).

Interestingly, knocking down HIF-2α in MDA-MB-231 cells 
abolished ATP-induced phosphorylation of AKT. Meanwhile, 
overexpression of HIF-2α in MCF-7 indeed increased the AKT 
phosphorylation level, suggesting that there might be a recipro-
cal feedback loop between ATP-driven HIF-2α and AKT signaling 
(Figure 5D).

We had demonstrated that P2Y2 receptor mediated ATP-driven 
invasion and AKT signaling activation in cancer cells.12,13,15,16 Here, 
we found that P2Y2-siRNA also abolished AKT-PGK1-HIF-2α signal-
ing in ATP treatment (Figure 5E).

Taken together, these results suggest that it is the AKT pathway 
that modulates PGK1-HIF-2α signaling in ATP treatment.

3.6 | Hypoxia‐inducible factor‐2α promotes 
xenograft tumor growth and metastasis in vivo

To explore the role of HIF-2α in breast cancer metastasis in vivo, a Balb/c 
mice model was used. Five million MCF-7/Flag-HIF-2α and MCF-7/Flag 
control cells were orthotopically implanted into the mammary fat pad 
of 6-week-old female mice (7 for each group). The growth of primary 
tumors was monitored every 2 days over a period of 1 month. As a re-
sult, the MCF-7/Flag-HIF-2α injected group exhibited increased tumor 
growth (Figure 6A), necrosis and lung metastasis (Figure 6B). In addi-
tion, tumors in the MCF-7/Flag-HIF-2α-injected group demonstrated 
apparent invasion into the neighboring tissues (Figure 6B).

Then, using quantitative RT-PCR (Figure 6C), western blotting 
(Figure 6D) and IHC staining (Figure 6E), we examined expression 
changes of HIF-2α and its targets, which were in line with our previous 
findings in vitro. In addition, peripheral LOXL2 and MMP-9 levels in 
the MCF-7/Flag-HIF-2α group were significantly increased (Figure 6F).

Taken together, HIF-2α promoted xenograft tumor growth and metas-
tasis in mice, which further confirmed our in vitro ATP-HIF-2α signaling.

3.7 | The ATP‐hypoxia‐inducible factor‐2α axis is 
associated with clinical breast cancer progression

To further investigate the role of the ATP-HIF-2α signaling in 
human cancers and to explore the clinical significance, we ana-
lyzed ATP-HIF-2α signaling-associated genes using the Oncomine 
database (https ://www.oncom ine.org/) (Figure 7A). The expres-
sions of HIF2A, AKT, LOXL2, MMP9, SNAI1 and PGK1 were rela-
tively higher in breast cancer tissues than in normal breast tissues. 
Moreover, Kaplan-Meier survival analysis (http://kmplot.com/analy 
sis/) showed that high levels of PGK1, LOXL2, MMP9 and SNAI1 
were associated with worse survival rates in breast cancer patients 
(Figure 7B). Altogether, these data were consistent with our previous 
discoveries.

4  | DISCUSSION

It has been demonstrated that during cancer growth and invasion, 
ATP is highly enriched in the tumor extracellular environment and 
fulfills a key role as an extracellular messenger.7,40 As early as 2008, 
it was demonstrated that ATP levels in the extracellular milieu of 
solid tumors could reach hundreds of micromoles, which is much 
higher than the usual concentration of this nucleotide in the inter-
stitium of healthy tissues (10-100 nmol/L).41 Hence, the 100 μmol/L 
extracellular ATP treatment used in our research is a suitable simula-
tion of the in vivo tumor microenvironment.

Based on cDNA microarray data and KEGG pathway analysis, 
extracellular ATP activated quite a few signalings. The reasons that 
HIF or HIF-2α was chosen for further investigation were as follows: 
(i) HIF-1/2α is a vital transcription factor in tumor progression;42 
(ii) although the elevation of HIF-1/2α in hypoxia status has been 
well investigated, the exact molecular mechanisms underlying HIF 
activity in normoxic have not been fully elucidated, and we are the 
first to demonstrate that ATP could upregulate HIF-1/2α expression 
under normoxic and determined that it was HIF-2α that played a 
dominant role in ATP-driven invasion and the EMT process; and (iii) 
the Oncomine database showed that HIF2A was highly expressed 
in breast cancer tissues (Figure 7A), and HPA, GTEx and FANTOM5 
datasets showed that HIF2A was expressed in all cancer categories 
(https ://www.prote inatl as.org/). Therefore, HIF-2α could serve as 
a possible molecular target in tumor therapies.

Multiple genetic alterations confer hyperactivation of AKT in 
human solid tumors and hematological malignancies.43 Our previous 
research revealed the involvement of AKT signaling in bFGF-driven 
HIF-1α activation.20 In this study, we demonstrated that extracellu-
lar ATP activated AKT-PGK1-HIF-2α signaling in breast cancer cells. 
The possible explanation might be that HIF-1α and HIF-2α have 48% 
amino acid identity and similar protein structures, and might display 
both unique and overlapping patterns in molecular signaling path-
ways.44 Although PGK1 was generally identified as a direct target 
of HIF-1α,37 here we demonstrated that it was AKT, not HIF-1α, that 
functioned upstream of PGK1-HIF-2α in ATP treatment.

https://www.oncomine.org/
http://kmplot.com/analysis/
http://kmplot.com/analysis/
https://www.proteinatlas.org/
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F I G U R E  7   ATP-hypoxia-inducible factor (HIF)-2α-axis is associated with clinical breast cancer progression. A, Analysis of Oncomine 
dataset illustrated significant difference of ATP-HIF-2α signaling-related genes between breast carcinoma and normal mammary tissues. B, 
Kaplan-Meier survival analysis showed the negative correlations between survival time of breast cancer patients and levels of PGK1, LOXL2, 
MMP9 and SNAI1. DMFS, distant metastasis-free survival; OS, overall survival; RFS, relapse-free survival
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The P2Y2 receptor was demonstrated to play a vital role in ATP-
HIF-2α signaling in this study. The detailed reasons for examining 
the involvement of P2Y2 were: (i) compared with MCF-10A, breast 
cancer cells showed higher P2Y2 levels;15 (ii) the TCGA database 
showed that P2Y2 was highly expressed in breast cancer tissues as 
well;15 and (iii) ATP is the preferred ligand for P2Y2 receptor and 
our previous studies had demonstrated that P2Y2 played an im-
portant role in ATP-mediated invasion and AKT activation.12,13,15,16 
However, considering that ATP could function via quite a few re-
ceptors, whether there was other receptor involved in this process 
needs to be explored further in the future.

Epithelial-mesenchymal transition is a vital step during cancer 
progression.14 In this research, we identified HIF-2α mediated ATP 
pro–EMT function via E-cadherin and Snail, which are well-known 
EMT markers.45,46 We noticed that HIF-2α directly bound to the 
CDH1 promoter and suppressed its expression. The function of 
a transcription factor might depend on cell type specificity,47 
tissue type specificity or partner proteins.48 For example, if one 
transcription factor interacts with corepressor complexes, it is 
possible to repress target gene expressions.28 Besides PGK1, we 
speculated that HIF-2α also had other partner proteins, because 
silver staining showed that bands existed in that anti–HIF-2α 
group (Figure 4A). Hence, it is possible that corepressor complexes 
functioned in this process. It is worth mentioning that the O2 
level could also determine partner proteins and targets of HIF.49 

Therefore, the regulation of target genes of HIF could even vary 
under different O2 levels.

In fact, subsequent metastatic spread is a complex process re-
sulting from the coordinated and sequential events of cancer cells.3 
Among those, degradation and reorganization of the extracellular 
matrix (ECM), which is generally facilitated by the release of MMP50 
and LOX,51 is considered a vital step.3 Salvador et al52 reported that 
LOXL2 was involved in the metastatic process via modifying the 
ECM stiffness in PyMT tumors. Evidence highlights a dominant role 
for MMP-9 in breast cancer invasion as well.53 These results were in 
line with our findings that LOXL2 and MMP-9 functioned as HIF-2α 
targets and could mediate the ATP-driven invasion process.

The limitations of our research included that, first, we focused on 
HIF-2α-mediated invasion and the EMT process without specifically 
concentrating on ATP-HIF-2α-mediated cellular functions. However, 
even though it is a well-known phenomenon, the novelty of our re-
search elaborates on a new mechanism of ATP-HIF-2α under nor-
moxia conditions. Second, we only demonstrated that an interaction 
existed between PGK1 and HIF-2α without identifying the interact-
ing domains. We will attempt to identify the interaction domains of 
PGK1 and HIF-2α in the future.

Taken together, we are the first to illustrate that HIF-2α could 
be elevated via extracellular ATP under normoxic conditions. We 
revealed the roles of ATP-HIF-2α in promoting breast cancer in-
vasion and EMT. As direct targets of HIF-2α, LOXL2 and MMP-9 
mediate ATP-driven invasion, and E-cadherin and Snail mediate 
ATP-induced EMT. Both HIF-2α and its targets could be regulated 
via AKT-PGK1 signaling by ATP (Figure 8). These findings have sig-
nificant implications regarding our understanding of breast cancer 
progression. The pleiotropic effects of ATP-HIF-2α signaling in 
invasion and EMT suggest that it could be an effective target for 
breast cancer therapy.
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