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Abstract
Purpose Heparan sulfate (HS) is one of the factors that has been suggested to be associated with angiogenesis and inva-
sion of glioblastoma (GBM), an aggressive and fast-growing brain tumor. However, it remains unclear how HS of endothe-
lial cells is involved in angiogenesis in glioblastoma and its prognosis. Thus, we investigated the effect of endothelial 
cell HS on GBM development.
Methods We generated endothelial cell-specific knockout of Ext1, a gene encoding a glycosyltransferase and essential 
for HS synthesis, and murine GL261 glioblastoma cells were orthotopically transplanted. Two weeks after transplantation, 
we examined the tumor progression and underlying mechanisms.
Results The endothelial cell-specific Ext1 knockout (Ext1CKO) mice exhibited reduced HS expression specifically in the vas-
cular endothelium of the brain capillaries compared with the control wild-type (WT) mice. GBM growth was significantly 
suppressed in Ext1CKO mice compared with that in WT mice. After GBM transplantation, the survival rate was significantly 
higher in Ext1CKO mice than in WT mice. We investigated how the effect of fibroblast growth factor 2 (FGF2), which is 
known as an angiogenesis-promoting factor, differs between Ext1CKO and WT mice by using an in vivo Matrigel assay and 
demonstrated that endothelial cell-specific HS reduction attenuated the effect of FGF2 on angiogenesis.
Conclusions HS reduction in the vascular endothelium of the brain suppressed GBM growth and neovascularization in 
mice.
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1 Introduction

Glioblastoma (GBM) is one of the most aggressive and common tumors of the central nervous system and is character-
ized by strong infiltration and angiogenesis [1, 2]. Despite current combination therapies such as surgical resection, 
radiation therapy, and chemotherapy, the prognosis for GBM patients remains poor; most patients still have a median 
survival of less than 15 months, and the 5 years survival rate is less than 3% [3].

Angiogenesis is a prominent feature of glioblastoma, and various approaches have been used to control it. The anti-
vascular endothelial growth factor (VEGF) humanized monoclonal antibody bevacizumab has shown an improvement 
in progression-free survival (PFS) in combination therapy [4, 5]. However, there is no improvement in overall survival, 
and there is an urgent need to develop an approach to improve the prognosis of GBM.

Heparan sulfate proteoglycans (HSPGs), a group of glycoconjugates composed of heparan sulfate (HS) chains 
covalently attached to core protein, are present on the cell surface and extracellular matrix and are required for the 
activity of angiogenic factors, such as vascular endothelial growth factor A (VEGFA) and fibroblast growth factor 2 
(FGF2) [6–8]. There have been reports that inhibition of FGF2 and its receptor signaling suppresses the proliferation 
of GBM cells, and that HSPGs in GBM promote tumor invasion [9, 10]. Thus, HSPGs have been suggested to have 
significant effects on angiogenesis and GBM invasion; however, it is still unclear how HS in the intratumoral vascular 
endothelium affects GBM progression. The synthesis of the HS backbone is mediated by glycosyltransferases of the 
exostosin family, including Ext1, Ext2, and others [11]. In particular, Ext1 is essential for the synthesis of HS. Cells lack-
ing the functional Ext1 allele do not synthesize HS, and Ext1 knockout mice die during early embryogenesis due to 
gastrulation defects [12, 13].

In this study, we examined how HS-reduced vascular endothelial cells are involved in the growth of glioma by using 
mice in which Ext1 expression is specifically ablated in vascular endothelial cells.

2  Materials and methods

2.1  Mice

Six-week-old C57BL6/J mice were purchased from Charles River Japan (Kanagawa, Japan). VE-Cadherin-Cre mice 
were purchased from the Laboratory Animal Resource Bank at NIBIOHN [14] and Rosa26‐CAG‐LSL‐tdTomato (Ai9, Jax#: 
007905) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). The mouse Ext1flox allele was described 
previously [12]. Male and female mice were bred, maintained, and housed in an air-conditioned room (23 ± 2 °C) with 
a 12 h light/dark cycle. These mice were provided free access to food and tap water.

2.2  Cell lines and culture

GL261 glioma cells were kindly provided by Dr. Masanao Saio (Gunma University, Japan) and were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 0.1% penicillin–streptomycin 
solution at 37 °C and 5%  CO2. All experiments were performed within 10 passages of the frozen stock.

2.3  Intracranial tumor establishment

For intracranial glioma cell implantation, 1.0 ×  105 cells were suspended in 2 μL phosphate-buffered saline (PBS). 
Briefly, 8–12-week-old C57BL/6 mice were anesthetized using three types of mixed intraperitoneal administration 
anesthesia reported previously by Kawai et al. [15], and stereotactically injected using a 26-gauge Hamilton microliter 
syringe into the brain at the following coordinates: 2 mm lateral and 1 mm anterior to bregma at a depth of 3 mm. 

Fig. 1  Specific reduction of heparan sulfate in endothelial cells of murine brain. a Fluorescent double staining of CD31 and RFP in murine 
brains of Ext1flox/flox; VE-Cre; Lsl-tdTomato and control (VE-Cre; Lsl-tdTomato) mice. Scale bar = 100  µm. b–e Ext-1 (b) or heparan sulfate (d) 
expressions of isolated endothelial cells from the brains of Ext1 flox/flox; VE-Cre; Lsl-tdTomato and control (VE-Cre; Lsl-tdTomato) mice. Quantifi-
cations of Ext-1 (c) or heparan sulfate (e) expressions of isolated endothelial cells from the brains of Ext1flox/flox; VE-Cre; Lsl-tdTomato and con-
trol (VE-Cre; Lsl-tdTomato) mice. (n = 5 each cohort. Bars represent the mean ± SD. Student t-test, *P < 0.05) Scale bar = 50 µm. f. Endothelial 
heparan sulfate expression and its intensity graph of capillary lumens in the brains of Ext1flox/flox; VE-Cre and control (Ext1 flox/flox or Ext1flox/+) 
mice. Insets indicate high magnification of brain blood vessel. Scale bar = 50 µm
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After waiting for 1 min, the cell solution (2 µL) was added at a rate of 1 µL/min. The mice were then allowed to rest for 
1 min, and the needle was pulled out as slowly as possible.

2.4  Tissue preparation

After anesthesia, the thorax of the mice was opened, and the inferior vena cava was incised. Perfusion washing 
using a drip infusion system was performed with equal volumes of cold 0.1 M PBS and cold 4% paraformaldehyde 
(PFA) solution. The brains were dissected, divided into pieces, and used for preparing paraffin and frozen sections.

2.5  Histological and immunohistochemical procedures

Paraffin blocks were cut into 3 µm thick sections and subjected to hematoxylin and eosin (H&E) staining as 
routine procedures. Adjacent serial sections were subjected to immunohistochemistry for FGF2, Ki67, and Iba1. 
For immunostaining, deparaffinized sections were subjected to autoclave boiling in 0.015 M sodium citrate 
buffer solution (pH 6.0) for 10 min at 110 °C as an antigen retrieval procedure before incubation with 3%  H2O2 
diluted in methanol for 10 min and blocked with 2% normal bovine serum.

Sections were incubated with rabbit anti-FGF2 antibody (dilution 1:200, Bioss), rabbit anti-Ki67 antibody 
(dilution 1:500, CST), rabbit anti-Iba1 antibody (dilution 1:500, Wako), rabbit anti-phospho-ERK1/2 (pERK1/2) 
antibody (dilution 1:200, CST), or rabbit anti-ERK1/2 antibody (dilution 1:100, CST) overnight at 4 °C, followed 
by incubation with conjugated secondary antibodies for 60 min at 37 °C. Immunoreaction was visualized 
using 3,3′-diaminobenzidine tetrahydrochloride (DAB, Sigma). The sections were counterstained with hema-
toxylin. Fluorescent staining was used for rat anti-CD31 antibody (dilution 1:50, Dianova) and rabbit anti-Red 
Fluorescent Protein (RFP) antibody (dilution 1:500, Rockland) double staining with fluorophore-conjugated 
secondary antibodies for 60 min at 37 °C. Anti-RFP antibody was used to identify the location of tdTomato in 
paraffin sections.

Frozen sections were used for lectin and dextran staining. Fifteen minutes after injecting lectin (50 µg/100 µl 
 dH2O, VECTOR) or dextran (2000 kDa, 200 µg/100 µl  dH2O, Sigma) via the jugular vein, the brain was removed 
and fixed in 4% paraformaldehyde overnight at 4 °C, and then incubated in 30% sucrose for cryoprotection 
(4 °C for 2–3 days), embedded in the optimal cutting temperature (OCT ) compound, and frozen with liquid 
nitrogen. They were sectioned coronally at 5 µm with a cryostat (Leica), and each section was stored at − 80 °C. 
For immunostaining, sections were incubated with rabbit anti-PDGFRβ antibody (dilution 1:500, Abcam) or 
mouse anti-HS antibody (clone F58-10E4, dilution 1:100, Amsbio) overnight at 4 °C, followed by incubation 
with conjugated secondary antibody for 60 min at 37 °C.

2.6  Immunostaining of cells

Endothelial cells were isolated from the mouse brain using CD31 microbeads (Miltenyi Biotec). Cells were fixed 
with a 15-min incubation in 4% PFA. After washing thrice with PBS, the cells were permeabilized in 0.2% Tween 
solution in PBS for 15 min. Cells were washed three times in PBS, blocked with 2% bovine serum in PBS for 1 h, 

Fig. 2  No significant differences in the homeostasis of capillary function with heparan sulfate reduction. a Pericytes adjacent to capillaries 
evaluated by fluorescent immunostaining with anti-PDGFRβ antibody in the brain of Ext1flox/flox; VE-Cre and control (Ext1flox/+) mice. Lower 
shows a more strongly enlarged figure. Arrows in insets indicate high magnification of pericytes. Scale bar = 50 µm. b Quantification of brain 
blood vessels of in Ext1flox/flox; VE-Cre and control (Ext1flox/+) mice. (n = 5, each cohort. Bars represent the mean ± SD. Student t test, n.s. = not 
significant). c Quantification of pericyte proportion in brain capillaries of in Ext1 flox/flox; VE-Cre and control (Ext1flox/+) mice. (n = 5, each cohort. 
Bars represent the mean ± SD. Student t-test, n.s. = not significant). d Vascular permeability and its intensity graph in brain capillaries of Ext1 
flox/flox; VE-Cre; Lsl-tdTomato and control (VE-Cre; Lsl-tdTomato) mice. Dextran (green), FITC-Dextran (2000  kDa). Scale bar = 100  µm. e Iba1 
(microglia marker) expression in brain capillaries of Ext1 flox/flox; VE-Cre and control (Ext1 flox/flox or Ext1flox/+) mice. Scale bar = 50 µm. f Quantifi-
cation of Iba1 positive cells in brain capillaries of Ext1 flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice. (n = 10 each cohort. Bars repre-
sent the mean ± SD. Student t-test, n.s. = not significant)

▸



Vol.:(0123456789)

Discover Oncology           (2021) 12:50  | https://doi.org/10.1007/s12672-021-00444-3 Research

1 3



Vol:.(1234567890)

Research Discover Oncology           (2021) 12:50  | https://doi.org/10.1007/s12672-021-00444-3

1 3

and subsequently stained with rabbit anti-Ext1 antibody (dilution 1:50, Bioworld) or mouse anti-HS antibody 
(dilution 1:100, Amsbio) overnight at 4 °C. Cells were washed thrice with PBS, incubated with fluorophore-
conjugated secondary antibodies for 1 h at room temperature, and finally stained with DAPI (dilution 1:1000, 
Wako).

2.7  Matrigel angiogenesis assay

Ext1 flox/flox;  VE- Cre ;  Lsl-tdTomato  and control (VE- Cre ;  Lsl-tdTomato)  mice were injected subcutaneously 
at the lateral  abdominal area with 0.5 ml of Matrigel premixed on ice with 200 ng/2 µl recombinant 
mouse FGF2 (Abcam) or PBS as control.  After 2  weeks,  Matrigel  was removed and f ixed in 4% para-
formaldehyde at room temperature for 4 h and then incubated in 20% sucrose for cryoprotection, at 
room temperature for 18 h,  embedded in the OC T compound, and frozen with l iquid nitrogen. They 
were sectioned coronally at 14 µm with a cryostat (Leica),  and each section was stored at − 80 °C. For 
immunostaining, Matrigel sections were mounted onto frosted microscope slides and blocked with 2% 
bovine serum in PBS for 1 h. Tissue sections were then stained with rat anti-CD31 antibody (dilution 
1:50,  Dianova) and incubated overnight at 4  °C.  Next,  the tissue was washed thrice,  incubated with 
f luorophore -conjugated secondar y antibodies for 1 h at room temperature,  and finally stained with 
DAPI (dilution 1:1000, Wako).

2.8  Real‑time RT‑PCR

Total RNA was isolated from transplanted tumors or endothelial cells from the mouse brain using the Maxwell 
RSC simplyRNA Tissue Kit (Promega Corp.). cDNA was synthesized using the SuperScript III First-Strand Synthe-
sis Kit (Life Technologies). Quantitative real-time RT-PCR was performed using the StepOnePlus system (Applied 
Biosystems). The primers used for real-time RT-PCR are listed in Supplementary Table 1. The comparative Ct 
method was used to analyze the relative gene expression. Two independent experiments were performed in 
duplicate in each experiment. Beta-actin was used as a housekeeping gene for normalization.

2.9  Microarray analysis

Total RNA was isolated from transplanted tumors using the Maxwell RSC simplyRNA Tissue Kit (Promega Corp.). Cy3-
labeled probes were prepared from total RNA using the Low Input Quick Amp Labeling Kit 1-color (Agilent Technolo-
gies) and hybridized with a microarray slide (SurePrint G3 Mouse GE 8 × 60 K Microarray; Agilent Technologies) for 17 h 
at 65 °C. Next, the slide was washed and scanned with a microarray scanner (ArrayScan, Agilent Technologies) to obtain 
the probe’s fluorescent signal, processed for digitization using Feature Extraction software (Agilent Technologies), and 
analyzed with GeneSpring GX software (Agilent Technologies) for gene expression analysis. Moderated t-tests were used 
to reveal significant differences in gene expression between tumors in control and Ext flox/flox; VE-Cre mice.

2.10  Statistical analysis

For mouse experiments, statistical details of the experiments can be found in the figure legends. Statistical signifi-
cance was determined using Student’s t-test, Welch’s t-test, Tukey’s test, or log-rank test. All statistical analyses 
were performed using JMP 14.2 (SAS Institute Inc.). Statistical significance was set at P ≤ 0.05 for all analyses.

Fig. 3  Heparan sulfate reduction in brain capillaries suppresses GL261 glioma growth in  vivo. a Representative H&E staining of murine 
brains of Ext1flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice following transplantation of GL261 glioma cells. Scale bar = 1 mm and 
50 µm, respectively. b Tumor area quantification in brain tumors of Ext1flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice. (n = 11 and 10, 
respectively. Bars represent the mean ± SD. Welch t-test, *P < 0.05). c Overall survival of Ext1flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+ or 
Ext1+/+) mice. (n = 10 and 11, respectively. log-rank test, *P < 0.05). d–g Immunostaining of Ki67 (d) and Iba1 (f) in tumor tissues of Ext1flox/flox; 
VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice. Quantification of Ki67 (e) and Iba1 (g) in tumor tissues of Ext1flox/flox; VE-Cre and control (Ext-
1flox/flox or Ext1flox/+) mice. Scale bar = 50 µm (n = 9 and 10, respectively. Bars represent the mean ± SD. Student t test, n.s. = not significant)
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3  Results

3.1  HS reduction in endothelial cell‑specific Ext1 knockout mice

To examine whether HS on vascular endothelial cells of the brain affects endothelial homeostasis, we generated 
epithelial cell-specific Ext1 knockout mice by crossing Ext1flox/flox with VE-cadherin Cre/ + mice (Ext1flox/flox;VE-cad-
herin-Cre). Ext1 encodes a glycosyltransferase that catalyzes the polymerization of alternating glucuronic acid and 
N-acetylglucosamine sugar residues in the HS biosynthetic process [16]. Ext1 is indispensable for HS synthesis, 
as cells lacking a functional Ext1 allele cannot synthesize HS [17, 18]. Endothelial cell-specific Ext1 knockout mice 
are referred to as Ext1CKO mice.

By crossing VE-cadherin-Cre with Lsl-tdTomato reporter mice, we confirmed that Cre recombinase under the 
VE-cadherin promoter was almost activated in vascular endothelial cells with CD31 expression (Fig. 1a). Next, we 
isolated vascular endothelial cells from Ext1CKO; Lsl-tdTomato, and control (VE-cadherin-Cre; Lsl-tdTomato) mice and 
examined the Ext1 and HS expression by immunofluorescent staining (Fig. 1b–e). Ext1 expression in endothelial 
cells of Ext1CKO; Lsl-tdTomato mice was significantly lost compared with that of control mice, although small cross 
reactivity was observed (Fig. 1b and c). Similarly, HS expression in endothelial cells of Ext1CKO; Lsl-tdTomato mice 
was significantly reduced compared with that of control mice (Fig. 1d and e). This is consistent with previous 
reports that Ext2 may rescue HS synthesis in vivo or in vitro to some extent [11, 19, 20]. In our study, Ext2 gene 
expression level was not significantly reduced, so Ext2 may rescued HS synthesis as in previous reports (Fig. S1a). 
Because the blood vessels genetically modified did not regenerate so much in the Matrigel assay, it was also sug-
gested that the blood vessels with a large decrease in heparan sulfate may not be able to grow properly (Fig. S2a).

To assess the ablation of HS expression in the endothelium in the Ext1CKO mouse brain, we examined HS expres-
sion of the vascular endothelium by using anti-HS antibody with an intravenous injection of lectin to detect 
vascular endothelium. Immunofluorescent staining revealed that HS expression in the lumen of capillaries was 
reduced in Ext1CKO mice compared with that in control mice (Fig. 1f ). These results indicate that endothelial cell-
specific ablation of Ext1 leads to reduced HS in the brain capillaries of mice.

3.2  HS reduction doesn’t affect the homeostasis of capillary function in vivo

While we observed Ext1CKO mice for approximately a year carefully, Ext1CKO mice did not show any abnormal-
ities or diseases other than a slightly smaller body compared with control mice. To investigate the effect on 
the blood–brain barrier (BBB) in endothelial cell-specific HS reduction, we examined the relationship between 
endothelial cells and pericytes, one of the constituents of the BBB and blood vessels in the brain. Immunofluores-
cent staining using anti-PDGFRβ antibody, one of the markers for pericytes, showed no significant difference in 
the number of blood vessels and the ratio of pericytes around the blood vessels to the number of blood vessels 
between the two cohorts (Fig. 2a–c).

To evaluate vascular permeability in the BBB, we administered fluorescent dextran. No extravasation was 
observed in Ext1CKO mice, suggesting that the function, at least in vascular permeability, may be maintained 
(Fig. 2d). Changes in microglia were also examined using Iba1 immunostaining as an evaluation of the immune 
system, but no significant changes were observed between the two cohorts (Fig. 2e, f ). These data demonstrated 

Fig. 4  Intratumoral angiogenesis is inhibited by heparan sulfate reduction in brain capillaries. a Immunostaining of FGF2 in brain tissues 
transplanted GL261 glioma cells in Ext1flox/flox; VE-Cre. Insets indicate high magnification of FGF2-positive endothelial cells in capillaries (upper) 
and FGF2-positive tumor tissues (lower). Scale bar = 50 µm. b Transcriptional profiles related to angiogenesis in transplanted GL261 glioma 
tissues in Ext1flox/flox;VE-Cre and control (Ext1flox/flox) mice (n = 4 each cohort). #1–7 indicate 1: A_55_P2048705, 2: A_52_P376768, 3: A_51_
P399845, 4: A_55_P2741794, 5: A_52_P638895, 6: A_51_P482552, 7: A_52_P249424, respectively. c, d Quantification of relative expressions 
of Fgf2 (c) and Vegfa (d) in transplanted GL261 glioma tissues in Ext1flox/flox; VE-Cre and control (Ext1flox/flox) mice, evaluated by real time RT-
PCR. (n = 3 each cohort. Bars represent the mean ± SD. Student t test, n.s. = not significant). e Immunostaining for CD31 in brain tissues trans-
planted GL261 glioma cells in Ext1 flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice. Insets indicate CD31-positive endothelial cells in cap-
illaries. Scale bar = 50 µm. f Quantification of intratumoral vessel’s area in Ext1flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice. (n = 7 
each cohort. Bars represent the mean ± SD. Student t-test, **P < 0.01). g Immunofluorescent staining for CD31 in brain tissues transplanted 
GL261 glioma cells into Ext1flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice. Scale bar = 50  µm. h Quantification of CD31 immuno-
fluorescent positive area in Ext1 flox/flox; VE-Cre and control (Ext1flox/flox or Ext1flox/+) mice. (n = 10 each cohort. Bars represent the mean ± SD. 
Student t test, *P < 0.05)

▸



Vol.:(0123456789)

Discover Oncology           (2021) 12:50  | https://doi.org/10.1007/s12672-021-00444-3 Research

1 3



Vol:.(1234567890)

Research Discover Oncology           (2021) 12:50  | https://doi.org/10.1007/s12672-021-00444-3

1 3

that endothelial cell-specific HS reduction may not affect, in a part, the murine BBB homeostasis, which is associ-
ated with vascular permeability.

3.3  HS reduction in the endothelium of brain capillaries suppressed glioma growth in vivo

To test whether endothelial cell-specific HS reduction affects tumor growth in the murine brain, we performed 
an orthotopic transplantation experiment with murine glioma GL261 cells. Fourteen days after the tumor was 
transplanted, we performed brain excision to evaluate the tumor transplant site histologically by H&E staining 
according to the previous report [21] (Fig. 3a, Fig. S3a, b). The tumor area at the tumor transplantation site was 
significantly reduced in Ext1CKO mice compared with that in control mice (Fig. 3b). We next confirmed whether 
there was a change in the overall survival time. As a result, a significant increase in survival time was observed in 
Ext1CKO mice compared to control mice (Fig. 3c).

To elucidate the mechanisms underlying the difference in tumor volume between Ext1CKO and control mice, 
we performed immunostaining for Ki67, a proliferation marker, in both cohorts. The results showed no significant 
difference between the two cohorts (Fig. 3d, e). Furthermore, intratumoral immunity and microglial infiltration 
were evaluated by immunostaining for Iba1, a microglia marker; however, there was no significant change in the 
Iba1-positive cell area between the two cohorts (Fig. 3f, g). These results indicate that endothelial cell-specific HS 
reduction, at least, suppresses glioma growth and prolongs overall survival.

3.4  HS reduction resulted in intratumoral angiogenesis suppression in the glioma microenvironment

Since HS is required for FGF2 signal activation as a receptor [7, 8], we hypothesized that the tumor suppressive 
effect was due to the attenuation of angiogenesis in brain capillaries. First, in Ext1CKO mice, we performed immu-
nostaining for FGF2, a protein related to angiogenesis, to investigate its localization. FGF2 was expressed not only 
in the vascular epithelium but also in glioma cells, although the staining was weak (Fig. 4a). In the transcriptional 
profiling of whole tumor tissues in Ext1CKO and control mice on vascular angiogenesis, Fgf2 and Vegfa expression 
levels did not change significantly between the two cohorts (Fig. 4b). Real-time quantitative PCR (qPCR) also 
showed that relative expression levels were maintained in Ext1CKO mice (Fig. 4c, d). Thus, it seemed that reduced 
production of FGF2 and VEGFA was not occurred in Ext1CKO mice. On the other hand, pERK1/2, which is a down-
stream signal of FGF2, was weakened by immunostaining although ERK1/2 (ERK control without phosphorylation) 
was present in both groups, suggesting that FGF2-ERK signaling activation might be weak in the microenvironment 
(Fig. S4a-b). Secondly, we performed CD31 staining to evaluate angiogenesis within the tumor. The results showed 
significant suppression of angiogenesis in both immunostaining and fluorescent immunostaining in Ext1CKO com-
pared with that in control (WT) mice (Fig. 4e–h, Fig. S5a). These data suggest that glioma growth inhibition might 
be caused by the suppression of intratumoral angiogenesis related to FGF2.

3.5  Endothelial cell‑specific HS reduction attenuated FGF2 stimulation in vivo

To confirm the direct role of FGF2 in angiogenesis, an in vivo angiogenesis assay was performed using Matrigel 
with or without mouse recombinant FGF2 protein. Matrigel with or without FGF2 was administered subcu-
taneously in both groups and excised 14 days later. The excised Matrigel plugs with FGF2 had a red color in 
appearance compared to those without FGF2 (Fig. 5a). The FGF2-containing Matrigel plug in the control group 
showed strong adhesion to the skin compared with that without FGF2.

In H&E staining, immune cell infiltration was observed, especially in the control group Matrigel plugs. In 
the FGF2-containing Matrigel plugs, blood vessels with a more solid structure were observed (Fig. 5b). CD31 

Fig. 5  Angiogenesis induced by FGF2 stimulation is inhibited in capillaries with heparan sulfate reduction. a Gross appearance of Matrigel 
plugs resected from Ext1flox/flox; VE-Cre; Lsl-tdTomato and control (VE-Cre; Lsl-tdTomato) mice with or without FGF2 induction. b, c H&E stain-
ing (b) and CD31 immunofluorescent staining (c) of Matrigel plugs resected from each cohort shown in a. Arrows indicate endothelial cells 
with inflammatory cells. Scale bar = 50 µm. d Quantification of vessel number in each cohort (n = 5 each cohort. Bars represent the mean ± SD. 
Turkey’s test, **P < 0.01). The number is evaluated at magnifications of × 400 (high power field; HPF). e A schema of a mechanism found in 
this study
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fluorescent staining showed that FGF2-containing Matrigel plugs had thicker blood vessels than that without FGF2 
in both groups (Fig. 5c). Evaluation of the number of endothelial cells demonstrated that the FGF2-containing 
Matrigel plug in the control group showed a significant increase compared with other ones (Fig. 5d). In addition, 
the rate of increase was larger in the control group than in the mutant group, suggesting that the effect of FGF2 
was attenuated in the mutant group.

4  Discussion

Here, we found that specific reduction of HS in vascular endothelial cells suppresses GBM growth in endothe-
lial cell-specific Ext1 knockout mice. While there are many reports that HS upregulation in GBM cells is a poor 
prognostic factor for tumors [10, 22, 23], the mechanism by which HS on the vascular endothelium affects GBM 
growth is unclear. Several studies have examined tumor growth in mice with endothelial cell-specific loss of 
HS. Fuster et al. [24] reported that, in endothelial cell-specific knockout mice of Ndst1, which encodes the HS 
N-acetylglucosamine N-deacetylase/N-sulfotransferase 1, the growth of lung cancer cells was significantly 
suppressed in the transplantation models. It has also been reported that HS 6-O-sulfation in the vascular 
endothelium is elevated in ovarian cancer, and that inhibition of HS 6-O-sulfotransferases 1 and 2 in ovar-
ian cancer significantly suppressed tumor growth and angiogenesis in vivo [25, 26]. Similar to these reports, 
angiogenesis was significantly suppressed in our experiment, which may have greatly affected tumor growth 
(Fig. 5e). As mentioned in Secondary structure of Scherer [27], migration to perivascular area is occurred in 
glioblastoma invasion [28]. Therefore, decreased angiogenesis may partially suppressed glioblastoma invasion, 
leading to tumor growth reduction.

FGF2 is one of the most potent angiogenic stimulators in tumor growth and is known to be a stronger angio-
genic factor than VEGF, i.e., the current therapeutic target in GBM [29, 30]. FGF2 is retained in the basement 
membrane in a stable state and secreted by astrocytes and GBM [31–34]. FGF2 has a strong angiogenic effect; 
however, the presence of HS is essential for the efficient expression of its angiogenic effect. A large difference 
in effect expression between HS derived from vascular endothelial cells and HS derived from the extracellular 
matrix has been reported [31]. In this study, only HS on the vascular endothelium was attenuated, but the 
effect of FGF2 was significantly reduced.

In our study, Ki67-postive tumor cells were not suppressed in Ext1CKO group. Although reduced angiogenesis 
results in a hypoxic environment, Ki67 of glioblastoma is reported to not be suppressed despite of hypoxic 
condition in some articles like our result [35, 36]. On the other hand, Webster et al. suggested that tumor cell 
cycle become slowly in an ischemic environment, and some tumor cells rest in G2 phase permanently [37]. 
Thus, although the apparent proliferative capacity is maintained, it is possible that a decrease in proliferative 
capacity is actually observed. In addition, our result may be influenced by the fact that the sections were pre-
pared at 14 days after tumor transplantation, which is a relatively early timing, leading to mild ischemia that 
glioma can somehow grow even slowly.

HS is one of the components of the glycocalyx in the BBB that is involved in maintaining homeostasis and 
regulating the inflammatory response [38–40]. Therefore, we investigated homeostasis and immunity but 
found no significant changes. This is probably because the glycocalyx in the brain is overwhelmingly thicker 
than other organs and is maintained to some extent even if damaged. It is also reported that chondroitin and 
dermatan sulfate are upregulated when heparan sulfate is reduced [41]. Therefore, it seems that the decrease 
in HS alone does not disrupt endothelial function [42].

The limitations of this study are that it is a transplant model and cannot imitate the natural course and that the 
effects on the immunity of organs other than the brain and immunity at the time of exacerbation of inflammation, 
such as infectious diseases, cannot be denied. It is also known that glioma may become malignant if the ischemic 
state continues, but long-term changes can’t be investigated in this model [43]. Further research is required to 
accurately assess the impact of these events.
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5  Conclusions

Specific reduction of HS in vascular endothelial cells suppresses tumor growth of GBM. Therefore, HS on the vas-
cular endothelium has an important effect on angiogenesis in GBM.
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