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Abstract
The expression of the matricellular protein periostin has been as-

sociated with glioma progression. In previous work we found an as-

sociation of periostin with glioma angiogenesis. Here, we screen

gliomas for POSTN expression and identify the cells that express

periostin in human gliomas. In addition, we study the role of perios-

tin in an in vitro model for angiogenesis. The expression of periostin

was investigated by RT-PCR and by immunohistochemistry. In ad-

dition, we used double labeling and in situ RNA techniques to iden-

tify the expressing cells. To investigate the function of periostin, we

silenced POSTN in a 3D in vitro angiogenesis model. Periostin ex-

pression was elevated in pilocytic astrocytoma and glioblastoma, but

not in grade II/III astrocytomas and oligodendrogliomas. The ex-

pression of periostin colocalized with PDGFRbþ cells, but not with

OLIG2þ/SOX2þ glioma stem cells. Silencing of periostin in peri-

cytes in coculture experiments resulted in attenuation of the numbers

and the length of the vessels formation and in a decrease in endothe-

lial junction formation. We conclude that pericytes are the main

source of periostin in human gliomas and that periostin plays an es-

sential role in the growth and branching of blood vessels. Therefore,

periostin should be explored as a novel target for developing anti-

angiogenic therapy for glioma.
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INTRODUCTION
In order to find new targets for effective anti-angiogenic

therapy for gliomas, the identification of molecules that play
key roles in neovascularization is crucial. In spite of the fact
that gliomas are among the tumors with highest degree of vas-
cularization, anti-angiogenic therapies have not yielded major
improvements in clinical outcome (1). It remains unclear why
anti-angiogenic therapies largely fail, and whether the cur-
rently used drugs address all players in the complex process of
angiogenesis. Levels of vascular endothelial growth factor
(VEGF) are associated with tumor hypoxia that increases with
tumor progression. VEGF inhibitors like bevacizumab are
only used in patients with high-grade gliomas/glioblastomas
(GBM) (2). The blood vessels in GBM show proliferation of
endothelial cells, pericytes, and other mural cells, altogether
designated as microvascular proliferation. However, notable
changes in protein expression patterns of the vessel walls of
gliomas that do not yet show microvascular proliferation have
been recorded (3, 4). Given the notion that shifts in protein ex-
pression patterns have been recorded in the vasculature of
low-grade gliomas, new targets for anti-angiogenic therapies
in glioma should be explored.

In a previous study, we identified some proteins that are
specifically upregulated in tumor angiogenesis (3). Among the
proteins identified were aV-integrin and the matricelluar pro-
teins tenascin-C and, most prominently, periostin. Matricellu-
lar proteins are expressed during development, tissue repair
and cancer and contribute to angiogenesis by making the ex-
tracellular matrix permissive for new vascular sprouts (5–11).
In various epithelial tumors increased levels periostin were
found (5, 12–15) and a prominent role of periostin at sites of
metastasis was reported (16). Periostin has been associated
with glioma invasion and vasculature (3, 17–19), and recently
its interference with anti-angiogenic therapies was highlighted
(20). Most data were obtained in mouse models and data on
the expression site of POSTN in human glioma are sketchy. In
addition, the direct effects of periostin expression on glioma
angiogenesis have not yet been investigated.

In this study, we explored the expression of periostin in
human glioma samples by immunohistochemical detection of
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co-expression patterns and RNA in situ hybridization and
found expression of periostin by PDGFRbþ pericytes without
overlap with SOX2þ/OLIG2þ glioma stem cells. Silencing of
the POSTN gene in cultured pericytes resulted in a reduction
of angiogenic capacity, proving the importance of periostin
for glioma angiogenesis.

MATERIALS AND METHODS

Tissue Samples
Tissue samples of 21 GBM, 10 pilocytic astrocytomas

(PA), 19 grade II and III astrocytoma (A II/III), and 9 oligo-
dendrogliomas grade II/III (O II/III) were obtained from the
Department of Pathology, Erasmus Medical Center, Rotter-
dam (Table 1). Pathology diagnoses were in accordance with
the WHO criteria including the molecular criteria. IDH1 muta-
tion was present in 2/21 GBMs, in 18/19A II/III, and in all O
II/III. All oligodendrogliomas had 1p/19q codeletion (Table 1).
In order to make comparisons with normal brain and other
vascular lesions, we included 11 normal brain samples, 5 cav-
ernous hemangiomas (CH), 10 arteriovenous malformations
(AVM), and 10 hemangioblastomas (HB). The age and gender
distributions of the patients are shown in Table 1. All patients
had given consent for using their biomaterials and the study
was approved by the medical ethical committee of the Eras-
mus Medical Center.

RNA Isolation and RT-PCR
Fresh-frozen samples (n¼ 67) and formalin-fixed paraf-

fin-embedded (FFPE) samples (n¼ 28) were used for RNA
isolation. For each fresh-frozen sample, 10–15 sections of 20-
mm thickness were cut by a cryostat. Sections were collected
in RNase free Eppendorf tubes, snap frozen on dry ice, and
stored at –80�C until RNA isolation. To verify the presence of
tumor in all the sections used for RNA isolation, 5-mm sec-
tions before and after sampling for RNA isolation were col-
lected, H&E-stained and studied by a pathologist (J.M.K.).
Total RNA was isolated using RNA-Bee (Campro, Veenen-
daal, The Netherlands) according to the instructions supplied
by the manufacturer. For FFPE samples, RNA isolation and
quality control was performed as described previously (3, 4).

Following isolation, RNA samples were diluted in
nuclease-free water, snap frozen on dry ice and subsequently

stored at –80�C. Total RNA quantity was determined by
Nanodrop and RNA integrity was checked using gel electro-
phoresis. To generate cDNA, 1mg of total RNA was reverse
transcribed using the RevertAid cDNA synthesis kit (Fermen-
tas, Waltham, MA). cDNA samples were stored at –20�C until
they were measured by RT-PCR. siPOSTN sequences were
purchased from Dharmacon (Cambridge, UK) (siPOSTN 1:
catalogue #: J-020118-05-0005; siPOSTN 2: catalogue #: J-
020118-06-0005). Exon-spanning TaqMan Gene Expression
Assays of periostin (Hs00170815_m1, Applied Biosystems,
Foster City, CA) was used to measure the expression of perios-
tin. Expression of HPRT1 (Hs01003267_m1) and ACTB
(Hs99999903_m1) were used as reference genes. RT-PCR to
the endothelial marker CD31 was performed in order to cor-
rect for blood vessel density in a selection of samples (n¼ 67).
PCR was performed in a 20mL reaction volume in the Applied
Biosystems 7500 Fast Real-Time PCR System. Negative con-
trols using H2O only samples were included and showed to be
negative in all cases.

Mann-Whitney U test was used to perform statistical
analysis. All glioma subgroups were compared with each
other, and p value <0.01 was considered statistically
significant.

Immunohistochemistry
FFPE samples corresponding to the same sample used

for RNA isolation were used for immunohistochemistry. Anti-
bodies for periostin, CD31, PDGFRb, SOX2, and OLIG2
were used as previously described (2) (Table 2).

Confocal Imaging
A confocal laser-scanning microscope (LSM510; Carl

Zeiss MicroImaging, Inc., Thornwood, NY) was used. A diode
laser was used for excitation of DAPI at 405 nm, an argon la-
ser for FITC at 488 nm and a HeNe-laser for Cy5 at 633 nm.
For DAPI an emission bandpass filter of 420–480 nm, for
FITC the bandpass filter of 500–530 nm, and for Cy5 a band-
pass filter of 650 nm were used.

In Situ Hybridization
The RNAscope 1 2.0 HD Brown Chromogenic Reagent

Kit and Hs-POSTN probe (#409181) were used, according to

TABLE 1. Patient and Tumor Characteristics

Mean Age(SD) Sex(m/f) IDH1wt/mut 1p/19q CodelYes/No Total

Glioblastoma 47.4 (12.7) 15/6 19/2 0/21 21

Pilocytic astrocytoma 23.4 (18.6) 3/7 10

Astrocytoma (grade II/III) 43.2 (14.8) 7/12 1/18 0/19 19

Oligodendroglioma (grade II/III) 50.7 (7.8) 6/3 0/9 9/0 9

Normal brain 49.3 (14.8) 5/6 11

Cavernous hemangioma 19.4 (11.2) 1/4 5

Hemangioblastoma 1.3 (21.2) 6/4 10

Arterio-venous malformation 39.8 (18.3) 8/2 10

SD, standard deviation; m, male; f, female; IDH1, isodehydrogenase 1; wt, wild type; mut., mutation; codel, codeletion.
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the manufacturer’s instruction (Advanced Cell Diagnostics,
Hayward, CA). Briefly, prepared slides were baked for 1 hour
at 60�C prior to use. After deparaffinization and hydration, tis-
sue and cells were air-dried and treated with a peroxidase
blocker before heating in a target retrieval solution (#320043)
for 20 minutes at 95–100�C. Protease (#320045) was then ap-
plied for 30 minutes at 40�C. POSTN probe was hybridized for
2 hours at 40�C, followed by a series of signal amplification
and washing steps. Hybridization signals were detected by
chromogenic reaction using DAB chromogen followed by 1:1
(vol/vol)-diluted hematoxylin (Fisher Scientific, Pittsburg,
PA) counterstaining.

Cell Culture Experiments
In order to investigate the main source of periostin, vari-

ous cell lines were used. HUVEC (ScienCell-1800), human
brain vascular pericytes (ScienCell-1200), and human astro-

cytes (ScienCell-8000) were cultured following the manual
protocols. Periostin expression in cell lysates was measured by
Western blotting using Periostin antibody (HPA012306, 1:50,
Sigma Life Sciences, St. Louis, MO). In addition, GBM cell
line U87 was cultured for 3 days. After that, U87-conditioned
media was added to the cultures of HUVECs, pericytes and
astrocytes for 3 days. The expression of periostin in the cell ly-
sate and the media was measured in the 3 cells lines by West-
ern blot.

Silencing of POSTN
Two different siRNA sequences of periostin were used

(Dharmacon, GE Health Care, Eindhoven, The Netherlands). A
mix of nontargeting siRNA (referred to as siSham) were also
obtained from Dharmacon and used as a negative control for si-
lencing. Silencing experiments were performed using transfec-
tion buffer 1, following the manufacturer’s instructions. Human

TABLE 2. Z Scores of Periostin Expression Tumors, Malformations and Normal Brain and p Values of Differences in Expression
Between Tissues

GBM PA AII/III Oligo n.b. CH HB AVM

GBM POSTN (–dCt) Z �1.10 23.50 –2.86 –2.98 �0.81 �0.19 �0.82

p 0.27 0.00 0.00 0.00 0.42 0.85 0.41

POSTN/CD31 (–dCt) Z �0.39 –2.22 –2.69 �0.06 �1.80 �1.13

p 0.70 0.03 0.01 0.95 0.07 0.26

PA POSTN (–dCt) Z �1.10 –3.30 –3.03 –3.39 �0.25 –1.66 �1.74

p 0.27 0.00 0.00 0.00 0.81 0.10 0.08

POSTN/CD31 (–dCt) Z �0.39 –2.72 –3.59 �0.55 –2.88 �1.78

p 0.70 0.01 0.00 0.58 0.00 0.08

AII/III POSTN (–dCt) Z –3.50 –3.30 �0.49 �0.18 –2.19 –3.60 –2.12

p 0.00 0.00 0.62 0.86 0.03 0.00 0.03

POSTN/CD31 (–dCt) Z –2.22 –2.72 �0.32 �1.53 �1.29 �1.10

p 0.03 0.01 0.75 0.13 0.20 0.27

Oligo POSTN (–dCt) Z –2.86 –3.03 �0.49 �0.38 �1.91 –3.56 –1.96

p 0.00 0.00 0.62 0.71 0.06 0.00 0.05

POSTN/CD31 (–dCt) Z

p

n.b. POSTN (–dCt) Z –2.98 –3.39 �0.18 �0.38 –2.34 –3.43 –1.92

p 0.00 0.00 0.86 0.71 0.02 0.00 0.05

POSTN/CD31 (–dCt) Z –2.69 –3.59 �0.32 –2.15 �1.76 �1.41

p 0.01 0.00 0.75 0.03 0.08 0.16

CH POSTN (–dCt) Z �0.81 �0.25 –2.19 �1.91 –2.34 �0.86 �1.47

p 0.42 0.81 0.03 0.06 0.02 0.39 0.14

POSTN/CD31 (–dCt) Z �0.06 �0.55 �1.53 –2.15 �1.47 �1.04

p 0.95 0.58 0.13 0.03 0.14 0.30

HB POSTN (–dCt) Z �0.19 �1.66 –3.60 –3.56 –3.43 �0.86 �1.10

p 0.85 0.10 0.00 0.00 0.00 0.39 0.27

POSTN/CD31 (–dCt) Z �1.80 –2.88 �1.29 �1.76 �1.47 �0.68

p 0.07 0.00 0.20 0.08 0.14 0.50

AVM POSTN (–dCt) Z �0.82 �1.74 –2.12 –1.96 –1.92 �1.47 �1.10

p 0.41 0.08 0.03 0.05 0.05 0.14 0.27

POSTN/CD31 (–dCt) Z �1.13 �1.78 �1.10 �1.41 �1.04 �0.68

p 0.26 0.08 0.27 0.16 0.30 0.50

Abbreviations: GBM¼ glioblastoma; PA¼ pilocytic astrocytoma; A II/III¼ astrocytoma WHO grades II and III; OLIGO ¼ oligodendroglioma WHO grades II and III;
n.b.¼ normal brain; CH¼ cavernous hemangioma; HB¼ hemangioblastoma; AVM¼ arteriovenous malformation; POSTN¼ periostin. P< 0.05 highlighted.
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brain vascular pericytes were transfected for 24 and 48 hours.
RNA and proteins were isolated subsequently. The silencing ef-
ficiency was evaluated by RT-PCR and by Western blotting,
following the protocols that were previously described.

3D In Vitro Angiogenesis Model
Pericytes were stained with DsRed and mixed with GFP

labeled HUVECs at 1:5 ratio as described previously (21). To
create a 3D in vitro angiogenesis model, bovine collagen type
1 was used. The parameters of angiogenesis, namely: number
of tubule formation, length of tubule formation, and number
of junctions were measured following 3 days of coculturing.
These experiments were repeated 6 times.

RESULTS

POSTN Expression Is Associated With
Angiogenesis in the Glial Tumors

The RNA expression of POSTN was corrected for vessel
density by relating it to the expression of the endothelial
marker CD31. POSTN expression was strongly elevated in PA
and GBM as compared with that in normal brain (Fig. 1A).
POSTN expression was also high in CH, HB, and AVM. The
expression was low in A II/III and O II/III. The absolute ex-
pression and expression relative to vessel density (CD31 ex-
pression) are shown in Table 2. The results of
immunohistochemistry were in line with those of the RT-PCR

(Fig. 1B–E). In GBM, the expression of periostin was present
in the perivascular area of hypertrophic and glomeruloid ves-
sels, with dissemination in the neuropil (Fig. 1B). In the PAs
expression was confined to the hypertrophied vasculature
(Fig. 1C). The expression levels of periostin in A II/III and O
II/III were comparable to those found in control brain samples
(Fig. 1D, E). In AVM and CH, periostin was variably
expressed in arteries and veins. In the HB, only a minority of
capillaries was surrounded by perivascular periostin.

POSTN Is Expressed by Pericytes
In order to characterize the cells that express periostin,

we performed double labeling fluorescent IHC. Periostin ex-
pression colocalized with PDGFRbþ pericytes (Fig. 2A).
RNA in situ hybridization revealed that periostin protein ex-
pression localized with POSTN expression in scattered cells
present just outside the cells expressing CD31 (Fig. 2B).
GFAP-positive cells did not express POSTN (data not shown).
IHC to the stem cell markers SOX2 and OLIG2 revealed that
the expression of periostin does not colocalize with SOX2 and
OLIG2-positive cells (Fig. 2C).

Pericytes Are the Main Source of POSTN
In order to study the function of POSTN, we first identi-

fied the periostin expressing cells in vitro. Western blotting us-
ing a periostin specific antibody confirmed that pericytes are
the main source of expression. In addition, periostin expres-

FIGURE 1. Results of RT-PCR to POSTN and immunohistochemistry to periostin. (A) Box plots of RT-PCR to POSTN. Highest
expression levels of POSTN were found in GBM and PA. Significantly lower levels of expression are encountered in A II/III and O
II/III. In HB and cerebral vascular malformations (CH and AVM), POSTN expression levels are high relative to A II/III and O II/III. In
normal brain (n.b.) samples, lowest expression was recorded. (B–E) Periostin immunohistochemistry in GBM. Expression is
concentrated around areas of MVP (B). The expression is confined to the proliferated vessels in PA (C). In A II/III (D) and O II/III
(E), periostin expression is found in around scattered blood vessels (�100).
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sion was found in astrocytes also, but to a lesser extent than in
pericytes. No expression was detected in endothelial cells
(Fig. 3A). To investigate periostin expression in the presence
of glial tumor cells, we added the conditioned media of U87

cells to the cultured pericytes and measured the expression of
periostin after 24 hours. Glioma-conditioned media stimulated
pericytes to express higher level of periostin (Fig. 3B). In-
creased periostin expression was also obtained following cul-

FIGURE 2. Periostin is expressed by pericytes. (A) Glioblastoma tissue immunostained for periostin and the pericyte marker
PDGFRb. There is overlapping expression of PDGFRb and periostin (�400). (B) RNA in situ hybridization to POSTN in
glioblastoma (lower right panel) reveals expression in scattered cells just outside of the endothelial layer. The CD31-positive
endothelial cells (lower left panel) do not overlap with this RNA expression of POSTN (�40). (C) Cells expressing the stem cell
transcription markers SOX2 and OLIG-2 do not overlap with the cells expressing periostin (IHC; �40; DAPI counterstaining).

FIGURE 3. Western blotting to POSTN in cell cultures of various lineages. (A) Western blots for periostin in cell cultures of HUVEC
(endothelial cells), pericytes, and normal astrocytes. POSTN expression is high in pericytes while expression is lower in astrocytes
and absent from HUVEC. (B) Periostin protein expression by cultured pericytes w/wo cell lysates of the glioma cell line U87, or
U87-conditioned media (U87-CM). Increased expression of periostin is observed following the addition of U87-CM, and after
culturing the pericytes in the presence of U87 cell lysates.
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FIGURE 4. In vitro angiogenesis following silencing of POSTN. (A) Bar diagram of RT-PCR results showing the successful silencing of
POSTN by 2 siRNAs. (B) Western blots showing levels of periostin in pericyte cell lysates and conditioned media, following silencing of
POSTN in the pericytes. Silencing by sequence #2 resulted in significant reduction of periostin expression in the pericyte cell lysates
and conditioned media. Silencing by sequence #1 resulted in reduced expression only in the conditioned media, not in the cell
lysates. (C) Images of the 3D angiogenesis culture assay (pericytes stained with DsRed, HUVEC expressing GFP) using different
conditions: Off-target silencing sequences (siSham) did not affect the formation of the blood vessels (upper panel right); effective
silencing of POSTN resulted in significant reduction of formation of angiogenesis for both sequences (lower panels). (D) Bar diagrams
showing the results of POSTN silencing in the pericytes on angiogenesis. For both silencing sequences, significant reductions in
numbers of tubules (middle panel), tubular lengths (right panel), and number of vascular junctions (left panel) was achieved.
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turing the pericytes in the presence of U87 cell lysates
(Fig. 3B).

POSTN Effect on In Vitro Angiogenesis
In functional assays, we silenced POSTN in pericytes

and used a 3D in vitro angiogenesis assay. Silencing POSTN
was achieved by 2 different siRNA sequences and POSTN
was successfully downregulated using siPOSTN for both
sequences (n¼ 3; mean 6 SEM; p¼ 0.005) (Fig. 4A). Effec-
tive downregulation of periostin protein in conditioned media
and cell lysates of the cultured pericytes was achieved by us-
ing sequence #2. Following the use of sequence #1, downregu-
lation of POSTN expression was only detected in the
conditioned media, not in the cell lysates (Fig. 4B). The peri-
cyte cultures silenced for POSTN were cocultured with endo-

thelial cells in the 3D in vitro angiogenesis model. The
number and length of the tubules and the number of junctions
formed in the assay revealed significant differences for both
silencing sequences (Fig. 4C, D).

In Vitro Angiogenesis Following Silencing of
POSTN Partially Restored in the Presence of U87
Cells or U87 Conditioned Medium

The effects of silencing of periostin on angiogenesis
was measured following the introduction of U87 (glioma)
cells and following the addition of U87-conditioned media to
the culture system. The angiogenesis-inhibiting effect of
POSTN silencing in pericytes was partially saved by the addi-
tion of U87 cells or conditioned medium (Fig. 5A, B). The
effects of silencing were stronger by using sequence #2.

FIGURE 5. In vitro angiogenesis following silencing of POSTN in the presence of U87 cells or U87-conditioned medium. (A)
Images of the angiogenesis culture assay following silencing of POSTN (using 2 different sequences) combined with U87 cells or
U87 condition medium. (B) Quantification of the numbers and lengths of tubes and junctions. The effects of silencing POSTN on
the number of vascular tubes, their length and the number of junctions were reduced in the presence of U87 cells or U87-
conditioned medium.
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DISCUSSION
In this study, we investigated the expression of periostin

in gliomas of various malignancy grades and found the highest
levels of expression in gliomas with proliferated microvascu-
lature, that is, GBM and PA. Periostin expression appeared
also to be high in other cerebral lesions with angiogenic activ-
ity, like HB and vascular malformations. In gliomas of lower
malignancy grade, in which no visible changes of the vessel
walls exist, the expression levels were comparable to those in
normal brain. Both in the tissue samples of the patients and in
the cell cultures, periostin was expressed by PDGFRbþ peri-
cytes. However, in the cell cultures low-level expression by
astrocytes was also observed. In the functional studies, we
showed that periostin expression is necessary for proper for-
mation of vasculature and that the presence of glioma cells (or
their secretome) positively influences the angiogenesis-
promoting effects of periostin.

Periostin is a matricellular protein and member of the tu-
mor growth factor (TGF) family and its expression is induced
by TGF-b and BMP-2 (22). Periostin promotes the incorpora-
tion of tenascin-C into the extracellular matrix (23) and inter-
acts with bone morphogenic proteins 1/2 (BMP1/2) for the
regulation of collagen cross-linking (24). Periostin interacts
with various matricellular proteins in reparative processes and
plays a role in the epithelial-mesenchymal transition in the
context of neoplasia (2, 23–27). In recent years, it became
clear that periostin plays roles in the proliferation, migration
and the epithelial-mesenchymal transition of cancer (28–31).
In breast cancer, periostin is expressed by tumor associated
fibroblasts and promotes the proliferation and metastatic ca-
pacities of the tumor cells (32, 33). The N-terminal region of
the molecule binds to integrins aVb3, aVb5, and a6b4
through its FAS domain (28), thereby promoting migration of
tumor cells via the activation of Akt/PKB and focal adhesion
kinase-mediated signaling pathways (14). In accordance,
knock-down of POSTN in the ErbB2/Neu-driven murine
breast tumor model results in reduced activity of the Notch
signaling pathway and deceleration of tumor growth (34, 35).
In breast and colonic cancer, it was shown that the expression
of periostin by stromal cells is induced by tumor cells and is
associated with cell proliferation, immune evasion, migration
and genomic instability and decreases apoptosis of cancer
cells (14, 36, 37). Periostin was associated with angiogenesis
in wound healing and vascular heart disease, and also in neo-
plasia (38–44). In breast cancer-associated angiogenesis, the
endothelial cells that navigate the branching of newly formed
vessels, the vascular tip cells, also transiently express periostin
(45).

To date, only few studies have focused on the expres-
sion of periostin in glial neoplasms and its expression was as-
sociated with tumor cell invasion (3, 17, 20, 46, 47). In
contrast to periostin, the matricellular proteins tenascin-C and
integrin-aV have been strongly associated with glioma angio-
genesis (48–52). It is likely that endothelial cells and pericytes
are responsible for the perivascular expression of tenascin-C
while the proliferating glial tumor cells are the extravascular
source of this protein (53, 54). The expression of tenascin-C is
induced by several angiogenic factors, including VEGF, acidic

and basic fibroblast growth factors (FGF), platelet-derived
growth factor (PDGF), and tumor necrosis factor (TNF) (55).
The perivascular presence of tenascin-C correlates with micro-
vessel density and tumor cell proliferation (49, 50, 52, 53).
Therefore, tenascin-C was selected as target for experimental
tumor therapy with the use of radio-labeled anti-tenascin-C
monoclonal antibodies (55). Integrin-aV is another molecule
that interacts with periostin and not only plays a role in angio-
genesis, but also in the proliferation, migration and invasion of
the tumor cells (56). Integrins coordinate the interaction of the
extracellular matrix with the cytoskeleton. Tenascin-C prefer-
entially binds to integrin-aVb3 (56). The expression of integ-
rin-aV is increased during physiological angiogenesis (56, 57)
and has been found upregulated in vascular malformations just
as we found to be the case with respect to periostin (58). In the
CNS, VEGF triggers the expression of integrin-aV by
pericytes and endothelial and glial cells. The expression of
integrin aVb3 parallels the progression from low-grade to
high-grade tumors (5, 59–61). Literature data point to upregu-
lation of periostin expression by hypoxia and VEGF-driven
angiogenesis (62–66). However, the expressional regulation
seems more complex from the present findings. We found
high expression of periostin in GBM as opposed to low ex-
pression in the lower-grade gliomas in which hypoxia is not
yet dominant. However, hypoxia certainly drives angiogenesis
in GBM, but the vascular proliferation in PA seems not essen-
tially hypoxia-driven while the hypertrophied vasculature dif-
fers in architecture and protein expression patterns (67). We
conclude that periostin expression contributes to aberrant an-
giogenesis, both in malformations and in gliomas, and that the
formation and structure of the malformed blood vessels is a re-
sult of the cellular and environmental context of its
expression.

Recently, it was suggested that periostin plays a role in
the maintenance of stem cells in normal bone marrow and in
the maintenance of leukemia-initiating cells (68). Among vari-
ous extracellular matrix proteins, periostin was identified as
important for the glioma stem cell niche (69). A similar effect
of periostin on breast cancer stem cells has been described
(32). In mice, it was shown that glioma stem cells defined by
expression of SOX2 and OLIG2 produce periostin that stimu-
lates the recruitment of tumor-associated macrophages
through aVb3 integrin signaling. In addition, periostin remod-
els the tumor micro-environment in concert with osteopontin
and proteins of the CNN family by interaction with tumor-
associated macrophages and other immune cells (69). Follow-
ing their arrival in the brain, monocytes differentiate into
M2-like macrophages that promote tumor progression and
counteract the antitumor effects of T lymphocytes. In GBM
the secretion of periostin was preferentially seen around cells
marked by OLIG2 and SOX2 (69). In this study, we identified
the PDGFRbþ pericytes as the source of periostin production.
The perivascular RNA expression and the overlap with the
protein by scattered cells corroborate this finding. In another
recent paper, periostin secretion has been associated with gli-
oma cell invasion, adhesion, migration and stem cell survival
in gliomas, and correlates directly with glioma grade (70).
Periostin expression was reportedly found in tumor cells but
no double labeling for GFAP or other markers was provided.
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The association between the expression levels of periostin on
the one hand, and glioma grade and patient survival on the
other, was explained by the increase in angiogenesis during
glioma progression (70). Although we found expression of
periostin in cultured astrocytes, we were unable to detect any
expression in astrocytic tumor cells in the human glioma sam-
ples. We are, however, unable to confirm expression of perios-
tin by any of the numerous cells expressing OLIG2 or SOX2,
and we did not observe its overlap with the expression of
SOX2 or OLIG2. Unfortunately, Zhou et al did not include im-
munohistochemistry to PDGFR in their study, which might
have identified the true origin of periostin in their GBM sam-
ples. Therefore, we are unable to confirm expression of perios-
tin by glioma tumor cells or glioma stem cells. The data
indicate that the periostin expression in mice is only partly re-
capitulated in man.

In conclusion, periostin expression in gliomas serves a
variety of functions that relate to neo-angiogenesis, an associa-
tion that is also present in cerebral vascular malformations.
The expression is significant in gliomas with microvascular
proliferation (GBM and PA). We identified PDGFRþ peri-
cytes as the source of periostin, a finding that is relevant to
new anti-angiogenic strategies in glioma.

ACKNOWLEDGMENTS
The authors thank Mr. F. van der Panne for his assis-

tance with the photography, and the laboratory staff of the
Department of Experimental Cardiology of the Erasmus
Medical Center for their help and provision of the blood ves-
sel culture systems. Mrs. Vanja de Weerd is thanked for her
technical assistance.

REFERENCES
1. Van Meir EG, Hadjipanayis CG, Norden AD, et al. Exciting new advan-

ces in neuro-oncology: The avenue to a cure for malignant glioma. CA
Cancer J Clin 2010;60:166–93

2. Ferrara N, Hillan KJ, Gerber HP, et al. Discovery and development of
bevacizumab, an anti-VEGF antibody for treating cancer. Nat Rev Drug
Discov 2004;3:391–400

3. Mustafa DA, Dekker LJ, Stingl C, et al. A proteome comparison between
physiological angiogenesis and angiogenesis in glioblastoma. Mol Cell
Proteomics 2012;11:M111.008466

4. Mustafa D, van der Weiden M, Zheng P, et al. Expression sites of colligin
2 in glioma blood vessels. Brain Pathol 2010;20:50–65

5. Tabatabai G, Weller M, Nabors B, et al. Targeting integrins in malignant
glioma. Targ Oncol 2010;5:175–81

6. Llera AS, Girotti MR, Benedetti LG, et al. Matricellular proteins and in-
flammatory cells: A task force to promote or defeat cancer? Cytokine
Growth Factor Rev 2010;21:67–76

7. Midwood KS, Orend G. The role of tenascin-C in tissue injury and tu-
morigenesis. J Cell Commun Signal 2009;3:287–310

8. Orend G. Potential oncogenic action of tenascin-C in tumorigenesis. Int J
Biochem Cell Biol 2005;37:1066–83

9. Hsia HC, Schwarzbauer JE. Meet the tenascins: Multifunctional and
mysterious. J Biol Chem 2005;280:26641–4

10. Bornstein P, Sage EH. Matricellular proteins: Extracellular modulators
of cell function. Curr Opin Cell Biol 2002;14:608–16

11. Matsui Y, Morimoto J, Uede T. Role of matricellular proteins in cardiac
tissue remodeling after myocardial infarction. World J Biol Chem 2010;
1:69–80

12. Bao S, Ouyang G, Bai X, et al. Periostin potently promotes metastatic
growth of colon cancer by augmenting cell survival via the Akt/PKB
pathway. Cancer Cell 2004;5:329–39

13. Carnemolla B, Castellani P, Ponassi M, et al. Identification of a
glioblastoma-associated tenascin-C isoform by a high affinity recombi-
nant antibody. Am J Pathol 1999;154:1345–52

14. Ruan K, Bao S, Ouyang G. The multifaceted role of periostin in tumori-
genesis. Cell Mol Life Sci 2009;66:2219–30

15. Baril P, Gangeswaran R, Mahon PC, et al. Periostin promotes invasive-
ness and resistance of pancreatic cancer cells to hypoxia-induced cell
death: Role of the beta4 integrin and the PI3k pathway. Oncogene 2007;
26:2082–94

16. Oskarsson T, Massague J. Extracellular matrix players in metastatic
niches. EMBO J 2012;31:254–6

17. Broudy VC, Kovach NL, Bennett LG, et al. Human umbilical vein endo-
thelial cells display high-affinity c-kit receptors and produce a soluble
form of the c-kit receptor. Blood 1994;83:2145–52

18. Lal A, Lash AE, Altschul SF, et al. A public database for gene expression
in human cancers. Cancer Res 1999;59:5403–7

19. Tso CL, Shintaku P, Chen J, et al. Primary glioblastomas express mesen-
chymal stem-like properties. Mol Cancer Res 2006;4:607–19

20. Park SY, Piao Y, Jeong KJ, et al. Periostin (POSTN) regulates tumor re-
sistance to antiangiogenic therapy in glioma models. Mol Cancer Ther
2016;15:2187–97

21. Koh W, Stratman AN, Sacharidou A, et al. In vitro three dimensional col-
lagen matrix models of endothelial lumen formation during vasculogene-
sis and angiogenesis. Methods Enzymol 2008;443:83–101

22. Horiuchi K, Amizuka N, Takeshita S, et al. A. Identification and
characterization of a novel protein, periostin, with restricted expres-
sion to periosteum and periodontal ligament and increased expression
by transforming growth factor beta. J Bone Miner Res 1999;14:
1239–49

23. Kii I, Nishiyama T, Li M, et al. Incorporation of tenascin-C into the ex-
tracellular matrix by periostin underlies an extracellular meshwork archi-
tecture. J Biol Chem 2010;285:2028–39

24. Hwang EY, Jeong MS, Park EK, et al. Structural characterization and in-
teraction of periostin and bone morphogenetic protein for regulation of
collagen cross-linking. Biochem Biophys Res Commun 2014;449:
425–31

25. Kii I, Nishiyama T, Kudo A. Periostin promotes secretion of fibronectin
from the endoplasmic reticulum. Biochem Biophys Res Commun 2016;
470:888–93

26. Conway SJ, Izuhara K, Kudo Y, et al. The role of periostin in tissue
remodeling across health and disease. Cell Mol Life Sci 2014;71:
1279–88

27. Kudo A. Periostin in fibrillogenesis for tissue regeneration: Periostin
actions inside and outside the cell. Cell Mol Life Sci 2011;68:3201–7

28. Morra L, Moch H. Periostin expression and epithelial-mesenchymal tran-
sition in cancer: A review and an update. Virchows Arch 2011;459:
465–75

29. Moniuszko T, Wincewicz A, Koda M, et al. Role of periostin in esopha-
geal, gastric and colon cancer. Oncol Lett 2016;12:783–7

30. Xu X, Chang W, Yuan J, et al. Periostin expression in intra-tumoral stro-
mal cells is prognostic and predictive for colorectal carcinoma via creat-
ing a cancer-supportive niche. Oncotarget 2016;7:798–813

31. Sato-Matsubara M, Kawada N. New player in tumor-stromal interaction:
Granulin as a novel therapeutic target for pancreatic ductal adenocarci-
noma liver metastasis. Hepatology 2017;65:374–6

32. Malanchi I, Santamaria-Martinez A, Susanto E, et al. Interactions be-
tween cancer stem cells and their niche govern metastatic colonization.
Nature 2012;481:85–9

33. Ghajar CM, Peinado H, Mori H, et al. The perivascular niche regulates
breast tumour dormancy. Nat Cell Biol 2013;15:807–17

34. Tanabe H, Takayama I, Nishiyama T, et al. Periostin associates with
Notch1 precursor to maintain Notch1 expression under a stress condition
in mouse cells. PLoS One 2010;5:e12234

35. Sriram R, Lo V, Pryce B, et al. Loss of periostin/OSF-2 in ErbB2/Neu-
driven tumors results in androgen receptor-positive molecular apocrine-
like tumors with reduced Notch1 activity. Breast Cancer Res 2015;17:7

36. Contie S, Voorzanger-Rousselot N, et al. Increased expression and serum
levels of the stromal cell-secreted protein periostin in breast cancer bone
metastases. Int J Cancer 2011;128:352–60

37. Kikuchi Y, Kashima TG, Nishiyama T, et al. Periostin is expressed in
pericryptal fibroblasts and cancer-associated fibroblasts in the colon. J
Histochem Cytochem 2008;56:753–64

J Neuropathol Exp Neurol • Volume 79, Number 8, August 2020 Periostin in Glioma Angiogenesis

871

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article-abstract/79/8/863/5869578 by Erasm

us U
niversity R

otterdam
 user on 04 August 2020



38. Hill JJ, Tremblay TL, Pen A, et al. Identification of vascular breast tumor
markers by laser capture microdissection and label-free LC-MS. J Prote-
ome Res 2011;10:2479–93

39. Hakuno D, Kimura N, Yoshioka M, et al. Periostin advances atheroscle-
rotic and rheumatic cardiac valve degeneration by inducing angiogenesis
and MMP production in humans and rodents. J Clin Invest 2010;120:
2292–306

40. Zhu M, Fejzo MS, Anderson L, et al. Periostin promotes ovarian cancer
angiogenesis and metastasis. Gynecol Oncol 2010;119:337–44

41. Takanami I, Abiko T, Koizumi S. Expression of periostin in patients with
non-small cell lung cancer: Correlation with angiogenesis and lymphan-
giogenesis. Int J Biol Markers 2008;23:182–6

42. Roy S, Patel D, Khanna S, et al. Transcriptome-wide analysis of blood
vessels laser captured from human skin and chronic wound-edge tissue.
Proc Natl Acad Sci USA 2007;104:14472–7

43. Gillan L, Matei D, Fishman DA, et al. Periostin secreted by epithelial
ovarian carcinoma is a ligand for alpha(V)beta(3) and alpha(V)beta(5)
integrins and promotes cell motility. Cancer Res 2002;62:5358–64

44. Sun F, Hu Q, Zhu Y, et al. High-level expression of periostin is signifi-
cantly correlated with tumor angiogenesis in prostate cancer. Int J Clin
Exp Pathol 2018;11:1569–74

45. Shao R1, Bao S, Bai X, et al. Acquired expression of periostin by human
breast cancers promotes tumor angiogenesis through up-regulation of
vascular endothelial growth factor receptor 2 expression. Mol Cell Biol
2004;24:3992–4003

46. Formolo CA, Williams R, Gordish-Dressman H, et al. Secretome signature
of invasive glioblastoma multiforme. J Proteome Res 2011;10:3149–59

47. Zinn PO, Majadan B, Sathyan P, et al. Radiogenomic mapping of edema/
cellular invasion MRI-phenotypes in glioblastoma multiforme. PLoS
One 2011;6:e25451

48. Kulla A, Liigant A, Piirsoo A, et al. Tenascin expression patterns and
cells of monocyte lineage: Relationship in human gliomas. Mod Pathol
2000;13:56–67

49. Behrem S, Zarkovic K, Eskinja N, et al. Distribution pattern of tenascin-
C in glioblastoma: Correlation with angiogenesis and tumor cell prolifer-
ation. Pathol Oncol Res 2005;11:229–35

50. Maris C, Rorive S, Sandras F, et al. Tenascin-C expression relates to clin-
icopathological features in pilocytic and diffuse astrocytomas. Neuropa-
thol Appl Neurobiol 2008;34:316–29

51. Zagzag D, Friedlander DR, Miller DC, et al. Tenascin expression in
astrocytomas correlates with angiogenesis. Cancer Res 1995;55:
907–14

52. Leins A, Riva P, Lindstedt R, et al. Expression of tenascin-C in various
human brain tumors and its relevance for survival in patients with astro-
cytoma. Cancer 2003;98:2430–9

53. Zagzag D, Shiff B, Jallo GI, et al. Tenascin-C promotes microvascular
cell migration and phosphorylation of focal adhesion kinase. Cancer Res
2002;62:2660–8

54. Zagzag D, Friedlander DR, Dosik J, et al. Tenascin-C expression by an-
giogenic vessels in human astrocytomas and by human brain endothelial
cells in vitro. Cancer Res 1996;56:182–9

55. Midwood KS, Hussenet T, Langlois B, et al. Advances in tenascin-C bi-
ology. Cell Mol Life Sci 2011;68:3175–99

56. Weis SM, Cheresh DA. alphav integrins in angiogenesis and cancer.
Cold Spring Harb Perspect Med 2011;1:a006478

57. Reardon DA, Zalutsky MR, Bigner DD. Antitenascin-C monoclonal anti-
body radioimmunotherapy for malignant glioma patients. Expert Rev
Anticancer Ther 2007;7:675–87

58. Seker A, Yildirim O, Kurtkaya O, et al. Expression of integrins in cere-
bral arteriovenous and cavernous malformations. Neurosurgery 2006;58:
159–68. discussion 159–68

59. Schnell O, Krebs B, Wagner E, et al. Expression of integrin alphavbeta3
in gliomas correlates with tumor grade and is not restricted to tumor vas-
culature. Brain Pathol 2008;18:378–86

60. D’Abaco GM, Kaye AH. Integrins: Molecular determinants of glioma in-
vasion. J Clin Neurosci 2007;14:1041–8

61. Hashimoto T, Lawton MT, Wen G, et al. Gene microarray analysis of hu-
man brain arteriovenous malformations. Neurosurgery 2004;54:410–23.
discussion 23–5

62. Liang X, Shen D, Huang Y, et al. Molecular pathology and CXCR4 ex-
pression in surgically excised retinal hemangioblastomas associated with
von Hippel-Lindau disease. Ophthalmology 2007;114:147–56

63. Takagi Y, Kikuta K, Moriwaki T, et al. Expression of thioredoxin-1 and
hypoxia inducible factor-1alpha in cerebral arteriovenous malformations:
Possible role of redox regulatory factor in neoangiogenic property. Surg
Neurol Int 2011;2:61

64. Zhu Y, Wu Q, Fass M, et al. In vitro characterization of the angiogenic
phenotype and genotype of the endothelia derived from sporadic cerebral
cavernous malformations. Neurosurgery 2011;69:722–31. discussion
31–2

65. Shimamura M, Taniyama Y, Katsuragi N, et al. Role of central nervous
system periostin in cerebral ischemia. Stroke 2012;43:1108–14

66. Ouyang G, Liu M, Ruan K, et al. Upregulated expression of periostin by
hypoxia in non-small-cell lung cancer cells promotes cell survival via the
Akt/PKB pathway. Cancer Lett 2009;281:213–9

67. Bouwens van der Vlis TAM, Kros JM, Mustafa DAM, et al. The comple-
ment system in glioblastoma multiforme. Acta Neuropathol Commun
2018;6:91

68. Khurana S, Schouteden S, Manesia JK, et al. Outside-in integrin signal-
ling regulates haematopoietic stem cell function via Periostin-Itgav axis.
Nat Commun 2016;7:13500

69. Zhou W, Ke SQ, Huang Z, et al. Periostin secreted by glioblastoma stem
cells recruits M2 tumour-associated macrophages and promotes malig-
nant growth. Nat Cell Biol 2015;17:170–82

70. Mikheev AM, Mikheeva SA, Trister AD, et al. Periostin is a novel thera-
peutic target that predicts and regulates glioma malignancy. Neuro Oncol
2015;17:372–82

Huizer et al J Neuropathol Exp Neurol • Volume 79, Number 8, August 2020

872

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article-abstract/79/8/863/5869578 by Erasm

us U
niversity R

otterdam
 user on 04 August 2020


