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Abstract

Introduction Tumour-associated angiogenesis is associated with the malignancy and poor prognosis of glioma. Isocitrate
dehydrogenase (IDH) mutations are present in the majority of lower-grade (WHO grade II and III) and secondary glioblas-
tomas, but their roles in tumour angiogenesis remain unclear.

Methods Using magnetic resonance imaging (MRI), the cerebral blood flow (CBF) of IDH-mutated glioma was measured
and compared with the IDH-wildtype glioma. The densities of microvessels in IDH-mutated and wildtype astrocytoma
and glioblastoma were assessed by immunohistochemical (IHC) staining with CD34, and the pericytes were labelled with
a-smooth muscle antigen (a-SMA), neural-glial antigen 2 (NG2) and PDGF receptor-p (PDGFR-), respectively. Further-
more, glia-specific mutant IDH1 knock-in mice were generated to evaluate the roles of mutant IDH1 on brain vascular
architectures. The transcriptions of the angiogenesis-related genes were assessed in TCGA datasets, including ANGPT1,
PDGFB and VEGFA. The expressions of these genes were further determined by western blot in U87-MG cells expressing
a mutant IDH1 or treated with 2-HG.

Results The MRI results indicated that CBF was reduced in the IDH-mutated gliomas. The IHC staining showed that the
pericyte coverages of microvessels were significantly decreased, but the microvessel densities (MVDs) were only slightly
decreased in IDH-mutated glioma. The mutant IDH1 knock-in also impeded the pericyte coverage of brain microvessels in
mice. Moreover, the TCGA database showed the mRNA levels of angiogenesis factors, including ANGPT1, PDGFB and
VEGFA, were downregulated, and their promoters were also highly hyper-methylated in IDH-mutated gliomas. In addition,
both mutant IDH1 and D-2-HG could downregulate the expression of these genes in U87-MG cells.

Conclusions Our results suggested that IDH mutations could reduce the pericyte coverage of microvessels in astrocytic
tumours by inhibiting the expression of angiogenesis factors. As vascular pericytes play an essential role in maintaining
functional blood vessels to support tumour growth, our findings imply a potential avenue of therapeutic strategy for IDH-
mutated gliomas.
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and pericytes [2]. Vascular pericytes play critical roles in
supporting vascular structure and function, facilitating initi-
ating vessel sprouting and vessel maturation [2, 3]. Vascular
pericytes contribute to support vessel function [4], and the
increased coverage of vascular pericytes is the main con-
stituent of microvessels (MVs) in high-grade gliomas [5],
which might protect ECs and render ECs less responsive to
anti-angiogenic agents [4]. Recent studies have focused on
the roles and morphological features of glioma vascular peri-
cytes, but there is no data whether glioma genotype alters
vascular pericytes.

Genomic analysis reveals mutations in the active sites of
isocitrate dehydrogenases (IDH) in 70-80% of lower-grade
gliomas (LGGs) and secondary glioblastomas (GBM) [6].
Oncogenic IDH mutations gain a new activity to catalyse
the NADPH-dependent reduction of a-ketoglutarate (a-KG)
to D-2-hydroxyglutarate (D-2-HG). As an oncometabolite
[6-8], D-2-HG competitively inhibits a-KG-dependent
dioxygenases, including histone demethylases and the ten-
eleven translocation (TET) family of 5-methylcytosine
hydroxylases, resulting in complex genetic and epigenetic
alterations [9]. Recently, it was reported that a mutant IDH1
knock-in resulted in severe brain haemorrhage in mice [10],
and IDH mutations affected the tumour blood flow in glio-
mas [11, 12], which implies that IDH mutations contribute
to the abnormality and dysfunction of glioma vasculature.
The clinical data have indicated that IDH-mutant glioma
patients have a better prognosis than those with wildtype
IDH, but the functions of IDH mutations in the angiogenesis
and vascular architecture of glioma remains unclear.

In this study, the cerebral blood flow (CBF) and vascu-
lar architecture of microvessels were investigated in IDH-
mutated and IDH-wildtype astrocytic tumours (astrocytomas
and glioblastomas), to explore the roles of IDH mutations on
the structural and functional aspects of glioma vasculature.

Materials and methods
Glioma samples

All glioma tissue slides were collected from the Department
of Pathology at Xijing Hospital of Fourth Military Medical
University, including 29 astrocytoma (Grade II), 21 ana-
plasia astrocytoma (Grade III) and 34 GBM (Grade 1V)
samples. Fresh glioma specimens were obtained from the
Department of Neurosurgery at Tangdu Hospital of Fourth
Military Medical University. The pathological diagnoses of
these glioma samples were confirmed by experienced neuro-
pathologists according to the 2016 WHO criteria for classifi-
cation of CNS tumours. The IDH status was determined by
Sanger sequencing, and the 1p/19q co-deletion was analysed
using fluorescent in situ hybridization (FISH) assays.
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Arterial spin labelling

Arterial spin labelling (ASL) was acquired using pseudo-
continuous labelling (pCASL) [13] and was performed
using a background-suppressed 3D fast spin echo (FSE)
technique in the Department of Radiology, Xijing Hospi-
tal, at the Fourth Military Medical University. The detailed
parameters of 3D-pCASL were as follows: post-labelling
delay = 1525 ms; NEX =3; matrix =512 % 512; slice thick-
ness=4.0 mm; TR =4632.0 ms; bandwidth=62.5 kHz; and
TE=10.5 ms. In all, the pairs of labelled and control images
were obtained. The total acquisition time was 4 min 29 s.

Mice
Idh1*SERI32Q% mijce were generously donated by Prof. Tak
W. Mak of the Ontario Cancer Institute at Princess Marga-
ret Hospital, University Health Network (Toronto, Canada).
Idh1FSERIB20M4 . Gfap-Cre (Idh1-KI) mice and the corre-
sponding control Idh1**;Gfap-Cre (Idh1-WT) mice were
generated by breeding Idh1*SERI329% mice [10, 14] with
Gfap-Cre transgenic mice (012886, Jax). Animals were
maintained under a 12-h on/off light cycle with free access
to water and chow diet. Mouse protocols were approved by
the Animal Ethics Committee of Fourth Military Medical
University.

Cell culture

The parental (HTB14) and IDH1 (R132H) (HTB14IG)
U87-MG cells were obtained from ATCC. Cell cultures
were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM,; Gibco, USA) containing 10% foetal bovine serum
(FBS; ExCell Bio, China) and 100 U/ml penicillin/strepto-
mycin. Cells were cultivated in humidified air in 5% CO,
at 37 °C at air saturation. To investigate the influences of
D-2-HG on the expressions of angiogenesis-related genes,
the U87-MG cells were treated with 5 mM or 10 mM
D-2-HG (87873, Selleck) for 24 h, and the protein and
mRNA levels were evaluated by immunoblotting and quan-
titative PCR, respectively.

TCGA gene expression analysis

To analyse the mRNA levels of the PDGFR-f, VEGFA,
PDGFB and ANGPT]1 in lower-grade gliomas (WHO grade
IT and IIT) and GBM, we obtained data from The Cancer
Genome Atlas (TCGA) via the cBioportal website (http://
www.cbioportal.org) [15, 16]. The differences in mRNA lev-
els between IDH-mutated and IDH-wildtype gliomas were
analysed by two-tailed Student’s ¢ tests. The methylation
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status of the ANGPT1, PDGFB, VEGFA gene promoters
were analysed in 283 cases of lower-grade glioma (TCGA,
Provisional), using the Illumina Human Methylation 450
(HM450) assay. A methylated status was defined by a
value greater than 0.20 [17].

Immunohistochemical staining

Hydrated sections were boiled for 15 min in citric acid
buffer (pH 6.0), and endogenous peroxidase was inactivated
by 3% H,0, in 80% methanol for 20 min. The slides were
blocked in relevant serum at room temperature for 1 h and
then incubated with the primary antibodies overnight at
4 °C. The primary antibodies included mouse anti-human
CD34 (ZM-0046, ZSGB Biotech), mouse anti-human
o-SMA (MAB-0006, MXB Biotech), mouse anti-human
IDH1(R132H) (MAB-0733, MXB Biotech), rabbit anti-
mouse CD31 (77699, Cell Signaling Technology), rabbit
anti-human PDGFR-p (C82A3, Cell Signaling Technol-
ogy) and rabbit anti-rat NG-2 (AB5320, Millipore). After
washing with PBS, the slides were incubated with an HRP-
labelled secondary antibody for 1 h at room temperature
followed by extensive washing. Then, the slides were visu-
alized using diaminobenzidine (DAB), counter-stained with
haematoxylin for 1 min, successively dehydrated in increas-
ing concentrations of alcohol gradients, clarified in xylene
and then mounted. The immunoreactivity in the specimens
was scored according to intensity (0 =negative, 1 =weak,
2 =moderate, 3 =strong staining). The densities of CD34-
and a-smooth muscle actin (a-SMA)-positive MVs were
counted and analysed in at least five random areas of each
glioma slide by experienced pathologists.

Electron microscopy

Mouse brains were removed at birth, fixed in 2.5% cold glu-
taraldehyde overnight at 4 °C, and then incubated in 1%
osmium tetroxide for 1 h at 4 °C. The samples were dehy-
drated in an ascending ethanol series and embedded in the
Epon 812 resin, and ultra-thin sections (70 nm) were cut and
placed onto slides. Sections were stained with uranyl acetate
and lead citrate and imaged on the JEM-1011 transmission
electron microscope.

Quantitative PCR

Total RNA was extracted from the tissues and cultured cells
using TRIzol (Invitrogen) according to the manufacturer’s
instructions. The cDNA was produced by a Primer Script
RT Reagent kit (TaKaRa, Japan).Quantitative PCR (qPCR)
was performed using the SYBR Green kit (TaKaRa, Japan)
on the ABI PRISM 7500 system (Applied Biosystems). The
primers used for qPCR are listed in Supplementary Table 1.

Immunoblotting

All proteins were lysed into Radio Immunoprecipitation Assay
(RIPA) buffer containing protease inhibitor cocktails (Roche,
Switzerland), separated by 10% or 12% SDS-PAGE and trans-
ferred onto a PVDF membrane (Millipore). The membranes
were blocked with 5% non-fat milk and incubated with appro-
priate primary antibody at 4 °C overnight, including mouse
anti-IDH1(R132H) (MAB-0733, MXB Biotech), mouse anti-
p-actin (KM9001, Sungene Biotech), rabbit anti-PDGFR-f
(C82A3, Cell Signaling Tech), rabbit anti-PDGFB (ab178409,
Abcam), rabbit anti-ANGPT1 (ab183701, Abcam), rabbit anti-
VEGFA (190031-1-AP, Proteintech). The membrane was
washed with 0.5% Tween-20/PBS three times, and then incu-
bated with appropriate HRP-linked secondary antibodies at
room temperature for 1 h. After being extensively washed with
PBS, the proteins of interest were detected using enhanced
chemiluminescence (ECL) and exposure to X-ray film.

Statistical analysis

All data are expressed as the mean + standard error (SE).
The results are representative of two or three independent
experiments. All statistical analyses were performed using
GraphPad Prism software (GraphPad Software, Inc., USA)
via paired or unpaired z-tests, and differences of P <0.05
were considered statistically significant.

Results

IDH mutation altered the cerebral blood flow
of glioma

To evaluate the functions of IDH mutations in the tumour-
associated angiogenesis of glioma, the cerebral blood flow
(CBF) was assessed by arterial spin labelling (ASL) imag-
ing. As shown in (Fig. 1a), the glioma areas were outlined
according T2 Flair, and ASL was acquired using a pseudo-
continuous labelling (pCASL) as previously described [13],
and performed using a background suppressed 3D fast spin
echo (FSE) technique. The relevant areas in other hemi-
spheres were used as controls. The results showed that the
mean CBF, max CBF and relative CBF were lower in IDH-
mutated astrocytic LGG than those harbouring wildtype
IDH (Fig. 1b), which implied that the IDH mutation affected
the angiogenesis in glioma.

IDH mutation reduced the pericyte coverage
of microvessels in glioma

To determine the effects of IDH mutations on the vascu-

lature, human glioma tissues were analysed by HE and
immunohistochemical (IHC) staining with CD34 and
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Fig.1 IDH mutations altered the cerebral blood flow in gliomas.
a The representative images of cerebral blood flow (CBF) in IDH-
wildtype (IDH-WT) and IDH-mutated (IDH-MU) astrocytoma and
anaplasia astrocytoma. b The statistical results showed that the mean

a-SMA. Under HE staining, the walls of MVs in IDH-
mutated astrocytic tumour were relatively thinner than
those in IDH-wildtype glioma, especially in the LGGs
(grades II-IIT) (Fig. 2a). As a marker of vascular ECs,
CD34 outlines all blood vessels in gliomas. The density of
CD34 + MVs was increased as the glioma grade increased
but was unaffected by IDH mutation (Fig. 2a, b). Further-
more, the staining with a-SMA, a widely used marker
of vascular smooth muscle cells (VSMCs), showed that
the density of a-SMA + MVs was significantly reduced
in IDH-mutated LGG compared to those in the same
subtypes with wildtype IDH (Fig. 2a, c). However, the
density of a-SMA +MVs was similar in GBMs with dif-
ferent IDH statuses because the proliferative vessels were
associated with the formation of complex glomeruloid
structures in GBM (Fig. 2a, c). Intriguingly, the statis-
tical analysis indicated that the a-SMA +/CD34 + MV
ratio was significantly reduced in IDH-mutated gliomas
compared with that in the same subtypes of IDH-wildtype
glioma (Fig. 2d). In addition to VSMCs, a-SMA is also
detected in pericyte subsets, and these results implied the
IDH mutation reduced the pericyte coverages of MVs in
glioma.

Moreover, the neural-glial antigen 2 (NG2) and PDGF
receptor-p (PDGFR-), two more specific pericyte mark-
ers, were further used to identify the vascular pericytes
(Fig. 2e). The immunoblotting and qPCR indicted that the
mRNA and protein levels of PDGFR-p were reduced in
the IDH-mutated astrocytoma, anaplasia astrocytoma and
GBM (Supplementary Fig. la, b). In addition, datasets
of PDGFR-p mRNA levels were lower in IDH-mutated
astrocytic LGG than those harbouring wildtype IDH
(Supplementary Fig. 1c¢). Thus, these results indicated
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CBF, max CBF and relative CBF were significantly reduced in IDH-
mutated (IDH-MU) gliomas. n=5 in IDH-WT group, and n=6 in
IDH-MU group. *P <0.05 and **P <0.01

that pericyte coverage was significantly reduced in IDH-
mutated glioma.

Mutant IDH1 knock-in impeded the pericyte
coverage of microvessels in mouse brain

A previous study had reported that the brain-specific mutant
IDHI1 knock-in (KI) mice resulted in haemorrhage. D-2-HG,
the product of mutant IDH, could block the prolyl-hydrox-
ylation of collagen, causing a defect in collagen protein
maturation [10]. Consistently, our results indicated that the
mutant IDH1 knock-in impeded the structures of microves-
sels in mouse brain (Fig. 3a). The immunohistochemical
staining indicated that the densities of a-SMA +MVs were
reduced in mutant IDH1 KI brains (Fig. 3b). Under elec-
tron microscopy, the pericytes were easily identified in the
brains of wildtype mice, but rarely seen in the mutant IDH1
KI brains (Fig. 3c). These results suggested that the mutant
IDH1 KI could impede the pericyte coverage of MVs in
mouse brain.

IDH mutation reduced the expression of molecules
involved in angiogenesis

To explain the mechanisms of how IDH mutation reduced
the pericyte coverage in gliomas, the data from The Cancer
Genome Atlas (TCGA) were analysed via the cBioportal
website (www.cbioportal.org). The results showed that the
mRNA levels of the angiogenesis factors, such as ANGPT1I,
PDGFB and VEGFA, were significantly decreased in IDH-
mutated LGG (Grade II and III, P <0.001) compared with
IDH-wildtype LGG, and the ANGPTI mRNA was also
reduced in IDH-mutated GBM (Fig. 4a—c). Furthermore, the
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Fig.2 IDH mutations reduced pericyte coverage in the vasculature
of glioma. a The MVs in glioma were analysed via HE staining,
endothelial cells were immunohistochemically (IHC) stained with
CD34, and vascular smooth muscle cells (VSMCs) were labelled
with a-SMA. The representative microphotos of astrocytic tumours,
including astrocytoma (A, Grade II), anaplasia astrocytoma (AA,
Grade III) and glioblastoma (GBM, Grade IV), showed that the MV
densities were similar in the same subtypes of gliomas with differ-
ent IDH statuses, while the number of a-SMA +MVs was signifi-
cantly reduced in IDH-mutated gliomas (IDH-MU) compared to
that in the same subtypes of wild-type IDH gliomas (IDH-WT).

immunoblotting showed that the protein levels of ANGPT]I,
PDGFB, and VEGFA were consistently decreased in the
IDH1(R132H)-mutated U87-MG cells (Fig. 4d), and the
quantitative PCR showed a similar tendency of the mRNA

Bar=100 pm. b-d The densities of CD34 and a-SMA +MVs were
counted and statistically analysed. IDH mutations did not affect the
densities of CD34+MVs (b) but significantly reduced the density of
a-SMA +MVs (¢) and the ratio of a-SMA/CD34+MVs (d) in astro-
cytoma (A), anaplasia astrocytoma (AA) and glioblastoma (GBM).
The data are presented as the mean+SE. *P <0.05 and **P <0.01.
e The IHC staining of NG2 and PDGFR-f showed that the pericyte
coverages of vasculature were significantly reduced in IDH-mutated
glioma (IDH-MU) compared to the same subtype with wildtype IDH
(IDH-WT). Bar=100 pm

levels in the IDH-mutated U87-MG cells (Fig. 4e). These
results suggested that the IDH mutation reduced the expres-
sion of angiogenesis-related genes.
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Fig.3 Mutant IDH1 knock-in
impeded the pericyte cover-
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that the CD31 + endothelium of C
MVs was relatively normal, but
the intensity of a-SMA were
reduced in the brains of new-
born Idh1-KI mice compared
to those in the control Idhi1-WT
mice. ¢ Electron microscopy
(EM) showed that the pericytes
were absent around the MVs

in the brains of IdhI-KI mice.
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D-2-HG inhibited the expression of angiogenesis
factors in glioma cells

The mutant IDH obtained a new enzymatic activity to reduce
a-ketoglutarate into D-2-HG, which was believed to be an
oncometabolite. D-2-HG was proved to competitively inhibit
the a-KG-dependent dioxygenases, such as TET1/2, which
resulted in the hypermethylation of DNA. The TCGA data-
base showed that the promoters of ANGPT1, VEGFA and
PDGFB genes were hypermethylated in the IDH-mutated
LGG compared with the IDH-wildtype LGG (Fig. 5a).
In vitro, D-2-HG reduced the protein and mRNA levels of
ANGPT1, VEGFA and PDGFB in a dose-dependent pattern
in U87-MG cells (Fig. 5b, c¢). These results indicated that
D-2-HG inhibited the expression of the angiogenesis factors
in glioma, which could explain the reduced pericyte cover-
age of microvessels in IDH-mutated glioma.

Discussion

Tumour neovascularization is vital for tumour growth and
progression, but the nascent microvessels (MVs) in tumours
are usually characterized by a disordered architecture and
abnormal functioning [18, 19]. Abnormal MV architectures
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could also reduce the relative cerebral blood volume (rCBV)
in tumours, which might lead to hypoxia, insufficient nutri-
ent supply, and resistance to chemo-radiotherapy [19, 20].
In glioma, the rCBYV is correlated with the malignancy grade
and indicates worse patient outcomes [21], and recent stud-
ies have shown that the absolute tumour blood flow, relative
tumour blood flow and rCBV were significantly lower in
glioma patients with mutant IDH than in those with wildtype
IDH [12, 22]. Here, we found that IDH mutation reduced the
CBF in glioma, which was consistent with the previous stud-
ies [12, 22, 23] and better clinical outcomes of IDH-mutated
glioma patients.

Similar to normal microvasculature, tumour vessels con-
sist of two distinct cellular compartments, ECs and pericytes
[2], but the pathologic alterations of pericyte coverage in
gliomas are poorly understood. In the CNS, pericytes can
be found in complex structures composed of microglia cells,
neurons, ECs and astrocyte end-feet that together form the
so-called functional neurovascular unit (NVU) [24], and the
highest pericyte coverage in vasculature has been observed
in the CNS [25, 26]. It was widely accepted that the peri-
cytes played essential roles in maintaining the vessel sta-
bility and regulating CBF [27-29], although the details of
pericytes in controlling CBF are still controversial [30-33].
In the pericyte-deficient mice, the pericyte loss diminished
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Fig.4 IDH mutation significantly reduced the expression of angio-
genesis factors in glioma. a—¢ The mRNA levels of ANGTPI (a),
PDGFB (b) and VEGFA (c) were analysed in lower-grade glioma
(LGG) and glioblastoma (GBM) with wildtype IDH (IDH-WT,
n=>52 in LGG and 135 in GBM) and mutant IDH (IDH-MU, n=131
in LGG and 7 in GBM) in the TCGA database (http://www.cbiop

brain capillary perfusion, reduced CBF, and limited oxygen
supply to the brain [28, 34]. The pathological characteristics
of pericytes could be used as indices of malignant grades in
gliomas [5], and the locally proliferated pericytes are the
main constituent of MVs in high-grade gliomas. Here, via
THC staining with three specific markers, including «-SMA,
NG2 and PDGFR-§, we found that the vascular pericyte
coverage was reduced in IDH-mutated gliomas compared
with IDH-wildtype glioma. Selectively inhibiting neoplas-
tic pericytes could disrupt the blood-tumour barrier (BTB),
thereby increasing drug effusion into established tumours,
which highlights the clinical potential of targeting neoplas-
tic pericytes to significantly improve glioma treatment [35].

Mutant IDH lowers the bioavailability of a-KG and
increases 2-HG levels, which is believed to competitively
inhibit a-KG-dependent dioxygenases, including his-
tone demethylases and the TET family of 5-methylcyto-
sine (SmC) hydroxylases. In IDH-mutant gliomas, DNA

ortal.org/). d, e The protein and mRNA levels of ANGPT1, PDGFB
and VEGFA in the parental and IDH1(R132H)-mutated U87-MG
cells were detected by immunoblotting (d) and quantitative PCR
(e) respectively. The data are presented as the mean+SE. n=3,
*P<0.05 and **P <0.01

hypermethylation at a large number of loci is thought to
the competitive inhibitor of D-2-HG on DNA demethylases
[36]. Several angiogenesis factors, including ANGPTI,
PDGF-B and VEGF-A, were involved in pericyte recruit-
ment, migration and proliferation [37], and their expres-
sions were regulated by the promoter of DNA methylation
[38—40]. In this study, the results from TCGA databases and
IDH1(R132H) mutant U87-MG cells indicated that IDH
mutation could reduce the expressions of ANGPT1, PDGFB
and VEGFA in gliomas. More importantly, the promoters
of ANGPTI, PDGFB and VEGFA genes were hypermethyl-
ated in IDH-mutated gliomas. Collectively, our findings sug-
gested that D-2-HG, a product of mutant IDH, might affect
the demethylation of the promoter of angiogenesis factors
and thus reduced their expressions, which in turn impeded
the proliferation of pericytes in gliomas. In all, IDH muta-
tion displayed lower angiogenic gene expression in lower-
grade gliomas.
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Fig.5 D-2-HG inhibited the expressions of angiogenesis factors by
hypermethylating their promoters. a The methylation of ANGPTI,
PDGF-B and VEGFA promoters was analysed in the lower-grade
glioma (LGG) with wildtype IDH (IDH-WT, n=64) and mutant
IDH (IDH-MU, n=218) using CpG probes (HM450) in the TCGA

In conclusion, IDH mutation downregulated the expres-
sions of angiogenesis factors, which resulted in the lower
pericyte coverage of vasculatures in the IDH-mutated glioma.
These results are of substantial importance for understanding
the functions of IDH mutations in tumour angiogenesis, as
well as for the development of novel therapeutic strategies in
the IDH-mutated glioma.
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