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Introduction

Angiogenesis, the development of new blood vessels, 
is thought to be the main mechanism by which new 
vascular networks are formed in tumors. During the last 
three decades, intensive research has been performed 
to characterize the angiogenesis process and many 
angiogenesis-related factors or genes have been identified 
(Jouanneau, 2008). 

Malignant gliomas exhibit many vessel-related 
pathological features (Yamanaka and Saya, 2009). These 
features include marked endothelial proliferation, and 
tortuous disorganized vessels of higher permeability, 
larger diameters and thicker basement membranes than 
vessels found in normal tissues. Aberrant microvasculature 
typically appears as glomeruloid tufts, proliferations of 
microvessels consisting of multilayered mitotically active 
endothelial and perivascular cells (Jain et al., 2007).

Proteins such as vascular endothelial growth factor 
(VEGF), matrix metalloproteinases and hepatocyte 
growth factor and its receptor have been identified to play 
important roles in the process of glioma angiogenesis 
(Chu et al., 2005; Li et al., 2005). Due to obvious and 
aggressive vascular proliferation and very poor prognosis, 
many antiangiogenic drugs were rushed for approval in 
clinical trials for glioma patients. Unfortunately, under 
experimental and clinical conditions antiangiogenic 
therapy has led to increased invasion and higher recurrence 
rates (Thurston and Kitajewski, 2008). Thus it is urgent 
to gain a deeper understanding of glioma angiogenesis in 
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order to find new antiangiogenic targets.
Delta-like ligand 4 (DLL4) is the most recently 

identified member of the Notch ligand family (Shutter 
et al., 2000) and plays an important role in vascular 
development. To date, VEGF and DLL4 are the only 
two genes involved in developing vasculature whose 
haploinsufficiency would lead to major vascular defects 
and embryonic lethality (Hellstrom et al., 2007). In 
addition, DLL4 is found to be highly expressed in 
experimental and human tumor tissues such as human 
clear-cell renal cell carcinomas (Patel et al., 2005) and 
colon (Jubb et al., 2009), bladder (Patel et al., 2006), 
and breast cancers (Shi and Harris, 2006). Blocking 
DLL4 promotes nonproductive angiogenesis which 
results in an inhibition of tumor growth and a decrease in 
tissue perfusion accompanied by an increase in vascular 
density. Furthermore, certain xenografts resistant to 
anti-VEGF therapy are reported to be sensitive to anti-
DLL4 (Noguera-Troise et al., 2006; Ridgway et al., 
2006; Scehnet et al., 2007). Based on these studies, 
DLL4 is regarded as a potential target of antiangiogenic 
therapy. However, few studies have investigated DLL4 
expression in human glioma and its relationship with 
glioma angiogenesis.

The aim of this study was to examine the expression 
of DLL4 in human gliomas and analyze its correlation 
with the expression of VEGF, the key modulator of tumor 
angiogenesis, and hypoxia-induced factor-1α (HIF-1α), an 
important hypoxia-inducible transcription factor involved 
in tumorigenesis. 
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Materials and Methods

Patients and tissue samples 
Human specimens of 82 primary gliomas and 7 normal 

brain tissues from patients with severe craniocerebral 
trauma who underwent internal decompression were 
resected  at the Department Of Neurosurgery, Zhongnan 
Hospital of Wuhan University in Wuhan, China. Surgeries 
were performed from 2002 to 2008 and ethical approval 
was obtained for scientific use of all human tissues from 
the medical ethics committee of Zhongnan Hospital. The 
glioma specimens were from 45 males and 37 females, 
and their ages ranged from 18 to 69 years with a median 
age of 47.6 years.

All tissues were fixed in buffered 4% paraformaldehyde 
(pH 7.4) and embedded in paraffin casts before histologic 
sections were prepared. During the histopathological 
examinations, the tumors were sorted and graded 
independently by two experienced neuropathologists 
using the brain tumor classification of the World Health 
Organization (2007) (Louis et al., 2007) as follows: 17 
cases were diagnosed as diffuse astrocytoma (grade II; 
A II), 14 as oligodendroglioma (grade II; O II), 13 as 
anaplastic astrocytoma (grade III; A III), 14 as anaplastic 
oligodendroglioma (grade III; O III) and 24 cases as 
glioblastoma multiforme (grade IV; GBM).

Immunohistochemistry
Immunohistochemistry experiments were performed 

as described previously (Gesuete et al., 2009; Kang et al., 
2010) with some modification. All paraffin-embedded 
tissues were serially sectioned; sections were 4 μm. 
Immunohistochemical staining was carried out using the 
biotin-streptavidin method. Briefly, paraffin-embedded 
tissue sections were dewaxed and rehydrated through 
an alcohol series, and then endogenous peroxidase 
activities were blocked. After non-specific sites were 
saturated with 5% normal goat serum, the sections 
were incubated sequentially in the primary antibodies, 
a biotinylated secondary antibody and biotin-peroxidase 
complex. Finally, the sections were counterstained with 
hematoxylin. Staining without primary antibody in parallel 
served as negative control. The primary antibodies used 
were as follows: DLL4 (polyclonal, 1:250, Abcam, 
Cambridge, UK) ,VEGF (monoclonal, 1:50, Santa Cruz, 
CA, USA), HIF-1α (monoclonal, 1:100, Santa Cruz), and 
CD34 (monoclonal, 1:50, Dako, Carpinteria, CA). 

Evaluation of DLL4, VEGF and HIF-1α staining
The number of tumor or endothelial cells exhibiting 

DLL4, VEGF or HIF-1α staining was counted under a light 
microscope at a magnification of ×200. Five random fields 
were examined for each tumor specimen. The expression 
was classified as negative (-) if <10% of cells were 
positive, and otherwise as positive. A semiquantitative 
grading scale was adopted: weak immunoreactivity (10-
25%; +), moderate immunoreactivity (25-50%; ++), strong 
immunoreactivity (≥50%; +++).

Determination of microvessel density (MVD) 
MVD was counted under a light microscope at a 

magnification of ×400 of CD34-labelled microvessels in 
areas showing the most intense vascularization, initially 
located at low magnification. Each positive endothelial 
cell (EC) or group of cells was counted as an individual 
vessel. The mean vessel count from three fields was used 
as the number of microvessels. 

Statistical analysis
Data were presented as mean ± standard error (SE). 

All data were analyzed using Statistical Package for the 
Social Sciences (SPSS) 13.0 software. The chi-square (χ2) 
test and Spearman’s rank correlation (rs) analysis were 
performed. A probability (P)-value less than 0.05 was 
considered statistically significant.

Results

Expression pattern of DLL4, VEGF, HIF-1α in gliomas 
According to the results of immunohistochemical 

staining, DLL4 was primarily distributed in the cytoplasm 
of tumor vascular ECs in all categorical glioma. An 
occasional immunoreactivity of DLL4 protein was 
observed in sparse tumor cells in diffuse astrocytoma and 
oligodendroglioma, but some tumor cells in anaplastic 
astrocytoma, oligodendroglioma and GBM, especially 
those in perinecrotic areas, showed positive cytoplasmic 
staining for DLL4 protein. Notably, DLL4 protein was 
also detected in ECs in invading nestin lesions (Figure 1).

The immunoreactivity of VEGF was mainly observed 
in the cytoplasm of tumor cells in both astrocytic and 
oligodendrocyte gliomas, and a variable positive staining 
was also observed in some ECs of tumor blood vessels and 
extracellular matrix. Unlike VEGF, the immunoreactivity 
of HIF-1α was only observed in the nucleus or cytoplasm 
of tumor cells in astrocytic and oligodendrocyte gliomas, 
but not in ECs and extracellular matrix. As it was for 
DLL4, positive VEGF and HIF-1α staining were also 
remarkable in perinecrotic areas. No immunostaining for 
these 3 proteins was observed in parenchymal or vascular 
cells in any of the 7 normal brain tissues. 

Figure 1. Immunohistochemical Staining of DLL4 in 
Human Brain Gliomas. Note lack of staining in normal 
brain tissue (A). In astrocytoma (B) and GBM (C), DLL4 
immunostaining (brown) was primarily distributed in the 
cytoplasm of vascular ECs and occasionally tumor cells. The 
same was found for invading nestin lesions (D) 
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In 58.5% (48/82) of all glioma specimens, DLL4 
immunostaining was observed in the cytoplasm of tumor 
vascular ECs, while only in 15.9% (13/82) was DLL4 
staining seen in tumor cells. VEGF staining in either tumor 
cells or tumor vascular ECs was seen in 81.7% (67/82) of 
the glioma cases. In 68.3% (56/82) of glioma specimens, 
HIF-1α positive staining was observed only in tumor 
cells. The frequency and intensity of DLL4, VEGF and 
HIF-1α expression varied by grades of primary gliomas. 
As the degree of malignancy of the primary glioma 
increased, positive staining rates for DLL4, VEGF and 
HIF-1α increased significantly (Figure 2). No significant 
difference in DLL4, VEGF and HIF-1α expression was 
observed between astrocytic and oligodendroglial tumors.

Relationship of DLL4, VEGF and HIF-1α expression 
with MVD

MVD increased significantly as the malignancy of the 
primary glioma increased. A relationship emerged between 
the MVD and the expressions of DLL4, VEGF and HIF-
1α. MVD was higher in tumors that stained positive for 
DLL4, VEGF and HIF-1α, compared to those that stained 
negative (Figure 3).

Correlation of DLL4 with VEGF and HIF-1α in gliomas
A significant positive correlation existed between the 

expression of DLL4 and VEGF (rs = 0.473, P < 0.001). 

Between the expression of DLL4 and HIF-1α, a positive 
correlation was also observed (rs = 0.244, P = 0.027).

Discussion

Glioma is characterized by rapid growth, intense 
angiogenesis, vascular malformations and a tendency to 
recur. Because of the abundant vessels existed in glioma, 
the translation of antiangiogenic therapy from laboratory 
to the clinic is most noteworthy for glioma treatment.

Notch signaling is an evolutionarily conserved signaling 
pathway important for intercellular communication and 
cell fate decision. Four Notch receptors (Notch1, 2, 3, 4) 
and 5 ligands (Jagged 1 and 2, and Delta-like 1, 3, and 
4) have been identified in mammals (Yamanda et al., 
2009). An optimal range of Notch signaling is required 
for vascular development, not only for embryonic 
vasculature but also in tumor angiogenesis. Notch1, 
Notch4, Jagged1, and DLL4 are reported to participate in 
tumor angiogenesis. DLL4 is the most recently identified 
Notch ligand which could interact with Notch1 and Notch4 
(Yamanda et al., 2009).

To our knowledge, in this study we are the first to 
examine DLL4 expression in human glioma tissues 
using immunohistochemistry. Our results showed that 
DLL4 expression is upregulated in human categorical 
gliomas compared with normal brain tissues, and the 
immunoreactivity of DLL4 is stronger in high grade 
tumors than low grade tumors. Our results are consistent 
with other studies which showed that DLL4 is highly 
expressed in human tumors. For example, DLL4 
expression was observed preferentially in the endothelium 
of 71% of colon cancers, but not in the endothelium 
adjacent to normal mucosa (Jubb et al., 2009). The 
expression of DLL4 was also significantly upregulated in 
human superficial and invasive bladder cancer, clear-cell 
renal cell carcinoma, breast cancer, and pancreatic cancer 
(Buchler  et al., 2005; Patel et al., 2005; Patel et al., 2006; 
Shi and Harris, 2006). In transgenic livers, Hainaud et 
al., (2006) showed that DLL4 was gradually upregulated 
as hepatocarcinoma progressed, and expressed in tumor 
sinusoidal ECs. Furthermore, in the present study DLL4 
expression was also detected in ECs in invading nestin 
lesions, suggesting that DLL4 may play an important role 
in the early stage of glioma invasion. 

Because VEGF is considered the key proangiogenic 
factor during glioma angiogenesis and the cross-talk 
between VEGF and DLL4 in ECs during vascular 
differentiation has been reported (Liu et al., 2003; 
Thurston and Kitajewski, 2008; Benedito et al., 2009), 
we evaluated the association of DLL4 with VEGF and 
microvessel number. A significant positive correlation 
was revealed between DLL4 and VEGF, and between 
DLL4 and MVD. As we know, angiogenesis requires a 
tightly coordinated balance between EC sprouting and the 
maintenance of existing vascular tubes. This equilibrium 
has been shown to be controlled by DLL4 expression in 
endothelial tip cells, which activates Notch signaling and 
thereby suppresses sprouting in adjacent ECs (Benedito et 
al., 2009). Accordingly, impaired DLL4/Notch expression 
or function leads to excessive but nonproductive sprouting 

Figure 2. DLL4, VEGF, HIF-1α Expression in 
Different Histological and Malignant Gliomas. No 
significant difference in DLL4, VEGF or HIF-1α expression 
was observed between astrocytic tumors and oligodendroglial 
tumors (P > 0.05 ). However, positive staining for DLL4, 
VEGF and HIF-1 in high grade glioma (AⅢ n=13, OⅢ n=14, 
GBM n=24) were significantly increased compared with those 
in low grade glioma (AⅡ n=17, OⅡ n=14) (P < 0.01)

Figure 3. MVD in Glioma with Different Pathological 
Grade and Different Expression of DLL4, VEGF and 
HIF-1α. A, in high grade glioma (AⅢ n = 13, OⅢ n = 14, 
GBM n = 24), MVD was significantly higher than in low grade 
glioma (AⅡ n = 17, OⅡ n = 14) (P < 0.05). B, in DLL4 (n = 48), 
VEGF (n = 67) and HIF-1α (n = 56) positive staining gliomas, 
MVD was also higher than in DLL4 (n = 34), VEGF (n = 15) 
and HIF-1α (n = 26) negative staining gliomas (P < 0.05)
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because too many ECs respond to VEGF (Benedito et 
al., 2009). Therefore, it is very important for functional 
glioma angiogenesis to keep a balance between DLL4 
and VEGF. Our results provide further support that these 
may together regulate the vascular quantity and quality of 
glioma through cross-talk in signaling pathways. 

Besides abundant microvessels, regional necrosis is 
another common pathological feature in glioma tissues 
and emerging evidence has suggested that hypoxia 
is an important modulator in the process of glioma 
angiogenesis (Jensen, 2009). In a previous study we 
observed that hypoxic-, but not normoxic-, conditioned 
media partially blocked endothelial-like cell apoptosis 
induced by hypoxia. Hypoxic-conditioned media also 
promoted the cord formation of endothwelial-like cells 
seeded on Matrigel (Xu et al., 2010). It is well known that 
intratumoral hypoxia can trigger a series of downstream 
factors such as VEGF through HIF-1α. Our results showed 
the positive association of DLL4 with HIF-1α, indicating 
that DLL4 expression in glioma may be regulated by 
hypoxia. Indeed Diez et al., (2007) demonstrated that in 
various EC lines hypoxic conditions led to the induction 
of the Notch ligand DLL4 by HIF-1α. 

Angiogenesis emerges as a prospective target for 
glioma therapy. However, antiangiogenic agents targeting 
VEGF or its receptors, which have shown strong efficacy 
in experimental models, did not demonstrate exciting 
results in clinical trials, implying that other factors are 
involved. The role of DLL4 in glioma angiogenesis and 
its correlation with VEGF and HIF-1α make DLL4 a 
potentially important target of antiangiogenic therapy. 
Antitumor effects of DLL4 blockade were recently 
reported (Noguera-Troise et al., 2006; Ridgway et al., 
2006) and characterized by nonproductive angiogenesis, 
in which thin, dense, and nonperfused vessels with few 
pericytes were observed. Thus DLL4 blockade could be 
effective for tumors resistant to anti-VEGF therapy.
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