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Figure 3: Angiogenesis gene pathway and JAG1 were down-regulated in KDM2A-depleted cells. A. GSEA analysis 
demonstrated the downregulation of angiogenesis gene pathway and the concurrent decrease of JAG1, NOTCH1 and HEY1 in KDM2A-
depleted cells. B. Total RNA was harvested from MDA-MB-231 cells and two KDM2A-depleted clones. The expression of JAG1 
mRNA was quantified by qRT-PCR. C. The mRNA and protein levels of KDM2A in breast cancer cell lines with KDM2A knockdown or 
overexpression were studied by Western blot analysis and qRT-PCR. D. Quantitative ChIP-PCR showed the decrease of KDM2A binding 
to the JAG1 promoter and the alteration of histone methylation status in proximal promoter region in KDM2A-depleted cells. 

regulated by KDM2A knockdown (Figure 6A). Ectopic 
expression of JAG1 completely rescued the reduction of 
SOX2 in MDA-MB-231-2A2 cells (Figure 6B). Western 
blot analysis demonstrated that overexpression of JAG1 
does not affect KDM2A level while it reversed the 
expression of SOX2 suggesting JAG1 is a downstream 
mediator of KDM2A to upregulate SOX2 (Figure 6C). 

Similar results were also found in KDM2A-depleted 
SKBr3 cells (Figure 4A and 4B). NOTCH activation 
induced by JAG1 leads to the generation of a NOTCH 
intracellular domain (NICD) which complexes with Maml 
and Rbpj to activate downstream transcriptional target 
genes via the Rbpj binding sites [17]. We found high 
levels of NICD and SOX2 proteins in MDA-MB-231 cells 
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Inhibition of KDM2A attenuates tumor 
angiogenesis in vitro and in vivo

Our GSEA results showed that inhibition of 
KDM2A is associated with reduced angiogenesis. In 
addition, two core-enriched genes JAG1 and PDGFA are 
well-characterized pro-angiogenic factors. Therefore, we 
investigated the effect of KDM2A on tumor angiogenesis 
in vitro and in vivo. To test whether JAG1 expressed 
on breast cancer cells could induce tube formation 
in endothelial cells via direct contact, we co-cultured 
EA.hy926 endothelial cells with various MDA-MB-231 

clones and found that co-culture of MDA-MB-231 cells 
but not MDA-MB-231-2A2 cells induced the formation 
of tube-like structure (Figure 7A). Ectopic expression of 
KDM2A, JAG1 or PDGFA in KDM2A-depleted MDA-
MB-231-2A2 cells significantly increased their ability to 
induce tube formation and restored total branching and 
segment lengths (Figure 7B and 7C).

As shown in Figure 7D, knockdown of KDM2A 
reduced tumor weight by 60%. Abundant blood vessels 
were detected around the tumors generated by injection 
of MDA-MB-231 cells (Figure 7E). In addition, 
immunohistochemical staining showed strong CD31-

Figure 4: Knockdown of KDM2A also reduced JAG1 and PDGFA in SkBr3 breast cancer cells. A. Expressions of different 
target genes in SkBr3 cells transfected with control or KDM2A shRNA were studied by qRT-PCR. B. Western blot analysis was performed 
to demonstrate the protein level of various target genes in control and KDM2A-depleted SkBr3 cells. C. KDM2A expression is positively 
associated with JAG1 in a dataset containing the results of 286 breast cancer patients. *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5: Knockdown of KDM2A reduced tumorsphere formation and enhanced cisplatin sensitivity. A. Cells were 
labeled with PKH26 and subjected to sphere formation assay. The morphology of tumorsphere and the retention of PKH26 on cells 
were detected by light and fluorescent microscope respectively. B. The sphere formation ability of breast cancer cell lines with KDM2A 
knockdown or JAG1 overexpression was assayed by culturing cells in low attachment plates. For the second sphere formation, the spheres 
collected at day 14 were dispersed to single cell by continuous pipetting and then re-seeded into the low attachment plate for another round 
of sphere formation assay. C. The effect of a KDM2A inhibitor daminozide (Dam) on the expression of JAG1 and the sphere formation of 
MDA-MB-231 cells. 
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positive blood vessels in the MDA-MB-231 tumors 
suggesting intense angiogenesis in these tumors (Figure 
7F). Conversely, angiogenesis was reduced in the MDA-
MB-231-2A2 tumors (Figure 7F). We also found SOX2-
positive cancer cells were higher in the MDA-MB-231 
tumors when compared to the MDA-MB-231-2A2 tumors 
(Figure 7G). Figure 8 summarized the results of this 
study to propose a mechanistic model by which KDM2A 
promotes breast cancer progression.

DISCUSSION

In this study, we provide evidence that JAG1 is a 
direct target of KDM2A and is important for KDM2A 
to promote tumor stemness and angiogenesis. Previous 
studies demonstrated that high expression of JAG1 
is frequently found in human breast cancer and is 
significantly associated with poor survival [19, 20]. 
In addition, aberrant activation of NOTCH signaling 

Figure 5 (Continued ): D. The population of CD24−/CD44hi cells in breast cancer cell lines with KDM2A knockdown or JAG1 overexpression 
was determined by flow cytometry. A typical figure was shown in the left panel and the results from three independent assays were shown in the 
right panel. E. The cytotoxic effect of cisplatin on MDA-MB-231 cells and KDM2A-depleted MDA-MB-231-2A2 cells measured by MTT assay.  
F. The viability of MDA-MB-231 cells pre-incubated without or with the KDM2A inhibitor daminozide followed by treatment of different 
concentrations of cisplatin. *p<0.05, **p<0.01 and ***p<0.001.
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Figure 6: KDM2A increased cancer stemness via SOX2. A. Expression of three stemness transcription factors in MDA-MB-231 
cells and two KDM2A-depleted clones was studied by qRT-PCR. B. SOX2 expression in breast cancer cell lines with KDM2A knockdown 
or JAG1 overexpression was studied by qRT-PCR. C. The protein level of KDM2A, JAG1 and SOX2 in breast cancer cell lines with 
KDM2A knockdown or JAG1 overexpression was investigated by Western blot analysis. D. MDA-MB-231 cells were treated without 
or with theγ-secretase inhibitor DAPT and the level of NICD and SOX2 protein was studied by Western blot analysis. E. Cells were 
transfected with the human SOX2 promoter-luciferase construct and were incubated without or with theγ-secretase inhibitor DAPT (10μM) 
for 24 h. Luciferase activity was determined as described in Materials and Methods. F. The scheme showed the SOX2 gene promoter region 
(upper panel) and the effect of KDM2A knockdown and JAG1 overexpression on the SOX2 promoter activity was studied by determining 
luciferase activity. G. Three SOX2 promoter constructs with mutations in specific CSL sites were trasnfected into cells and the luciferase 
activity was determined to identify the specific CSL binging site involved in the regulation of SOX2 promoter activity by KDM2A. *p<0.05, 
**p<0.01 and ***p<0.001.
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Figure 7: Inhibition of KDM2A attenuated tumor angiogenesis in vitro and in vivo. A. Tube formation of EA.hy926 human 
endothelial cells co-cultured with breast cancer cell lines with KDM2A knockdown or overexpression of various pro-angiogenic genes. 
B. Total branching length of tubes formed by EA.hy926 human endothelial cells under co-culture conditions was analyzed by the ImageJ 
software. C. Total segments length of tubes formed by EA.hy926 human endothelial cells under co-culture conditions was analyzed by the 
ImageJ software. 
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