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Glioblastoma (GBM) usually develops in adult brain white matter. Even after complete resection, GBM recurs
around the tumor removal cavity, where GBM cells acquire chemo-radioresistance. Characterization of the
tumor border microenvironment is critical for improving prognosis in patients with GBM. Here, we compared
microRNA (miRNA) expression in samples from the tumor, tumor border, and periphery by miRNA microarray.
The top three of miRNAs showing higher expression in the tumor border were related to oligodendrocyte differ-
entiation, and pathologically oligodendrocyte lineage cellswere increased in the border,wheremacrophages and
microglia also colocalized. Medium cultured with oligodendrocyte progenitor cells (OPCs) and macrophages in-
duced stemness and chemo-radioresistance in GBM cells, similar to that produced by FGF1, EGF and HB-EGF, IL-
1β, corresponding to OPCs and macrophages, respectively. Thus, OPCs and macrophages/microglia may form a
glioma stem cell niche at the tumor border, representing a promising target for prevention of recurrence.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Glioblastoma (GBM) shows rapid growth and invasion; thus, stan-
dard treatment, including maximum resection of the tumor mass plus
chemo-radiotherapy (temozolomide [TMZ] and radiation [60 Gy]) is
performed immediately. However, the mean 5-year survival rate is
still b10% (Stupp et al., 2009). Studies focusing on glioma stem cells
(GSCs) and big data from microarray analysis and next-generation se-
quencing have helped to elucidate some of themechanisms of GBM de-
velopment and recurrence (Singh et al., 2004; Sturm et al., 2012).
However, further advancements are needed to improve patient
prognosis.

Generally, GBM cells start to invade into the white matter even dur-
ing the early stage of tumor development and in some cases can extend
into the contralateral hemisphere through the corpus callosum (Wilson,
1992). The tumor mass of GBM can be detected in gadolinium-
enhanced T1-weighed images (Gd-T1WI) frommagnetic resonance im-
aging (MRI) because of leakage of contrast-enhancing reagent from the
abnormal tumor vessels, where the blood-brain-barrier is broken (Liu
hara 252-0374, Japan.

an open access article under
et al., 2016). Moreover, GBM is typically surrounded by large edema in
the white matter, which can be detected in low- and high-intensity
areas in T1WI and T2WI, and where invading GBM cells are detected
pathologically. Although enhanced lesions and edematous areas can
be completely eliminated by intensive treatment, GBMs usually recur
in the white matter around the tumor removal cavity. Radiation is ap-
plied 2–3 cm beyond the primary enhanced lesion in Gd-T1WI, and ap-
proximately 78.5% of recurrent GBMs are found around the primary
lesion (inside and at the margin of the radiation field: 72.2% and 6.3%,
respectively) (Brandes et al., 2009), suggesting that that GSCs survive
in GSC niches at the border of the enhanced lesion (Hide et al., 2013).
To date, although intratumoral hypoxic niches and perivascular niches
have been reported, niches outside of the tumormass have not been fre-
quently observed (Charles et al., 2011; Fidoamore et al., 2016; Hide
et al., 2013; Ishii et al., 2016; Quail and Joyce, 2017). For the growth of
GBM, glioma cells as well as immune cells, neural cells, brain vascular
cells, and extracellular matrix are essential (Quail and Joyce, 2017). De-
termination of the specific microenvironment required for chemo-
radioresistance and local recurrence is fundamental for improving the
overall survival and quality of life of patients with GBM.

Accordingly, in this study, we hypothesized that some molecules at
this border area (tumor-brain interface) may enhance chemo-
radioresistance and recurrence by promoting the stem cell
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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characteristics of GBM cells. We focused on microRNAs (miRNAs)
because of their unique features, including their regulation of multiple
targets, secretion into the extracellular space, and function as communi-
cators between tumor cells and the tumor microenvironment
(Kohlhapp et al., 2015; Kros et al., 2015; Li et al., 2016). Indeed, analysis
of the expression profiles of miRNAs in the border area of the tumor
massmay provide essential information regarding themost suitablemi-
croenvironment for GSCs, i.e., the GSC niche, and functional characteri-
zation of this microenvironment may contribute to the development of
new GBM treatment strategies.

2. Materials and Methods

2.1. Evaluation of MRI Findings after Operation

Eighty-nine patients who were newly diagnosed with GBM from
January 2013 to December 2015 were enrolled in this retrospective
MRI study. Clinical data for patients with GBMwere obtained at Kuma-
moto University Hospital with the patients' consent and in accordance
with the guidelines of the Research Ethics Committee.

Complete resection was defined as a case where the enhanced mass
lesion was completely deleted in Gd-T1WIs, acquired within 72 h after
operation. Although enhanced lesions were completely removed,
cases showing other residual suspicious mass lesions in MRI were clas-
sified in the partial resection group. Biopsy cases were also counted in
the partial resection group. During themonthlyMRI examination, initial
recurrencewas defined as the occurrence of new lesions in Gd-T1WIs in
the complete resection group. The site of recurrence was classified into
white matter, gray matter, and cerebrospinal fluid dissemination. Local
recurrence indicated the emergence of newenhanced lesions at the area
attached to the tumor removal cavity. Cerebrospinal fluid dissemination
was considered distant recurrence.

2.2. Tissue Samples, Purification of RNAs, and miRNA Microarray

From the resected tissue, samples from three sites (intratumor tissue
[tumor], just around the tumor mass [border], and peripheral area far
from the tumor mass [periphery]) were obtained at Kumamoto Univer-
sity Hospital with the patients' consent and in accordance with the
guidelines of the Research Ethics Committee. Each tissue samplewas di-
vided into two parts; one half was used for pathological examination
while the other was frozen. RNA was then isolated from the frozen tis-
sue using anmiRNeasyMini Kit (Qiagen, Hilden, Germany) after confir-
mation of pathological features. miRNA microarray analysis was then
performed using the human miRNA Microarray Release 16.0, 8 × 60K
kit (Agilent Technologies, Santa Clara, CA, USA),ordered from Hokkaido
System Science Co., Ltd. (Sapporo, Japan). The samples were also rou-
tinely fixed in 10% neutral buffered formalin and embedded in paraffin
(FFPE) for use in standard pathological examinations. miRNA expres-
sion data were deposited at the NCBI Gene Expression Omnibus (GEO)
under the accession number GSE 109628.

2.3. miRNA In Situ Hybridization (ISH)

To confirmmiR-219-5p expression in GBM samples and brain tissues
from the xenograft mouse model, miRNA ISH was performed on 4-μm-
thick FFPE sections. We used a miRCURY LNA microRNA ISH Optimiza-
tion Kit (FFPE) (Exiqon, Vedbaek, Denmark), an LNA U6 snRNA probe
as a positive control, and amiR-Scrambled LNA probe as a negative con-
trol. Additionally, miR-21 (product code 90002) was used as a positive
control for GBM tissue (Fig. S2B). To determine the appropriate condi-
tions, ISH using miR-219-5p (miRCURY LNA Detection probe, 5′-DIG-
and 3′-DIG-labeled hsa-miR-219-5p; Exiqon; product no. 204780) was
performed in accordance with the manufacturer's protocol. Probes
were hybridized at 55 °C for 60 min.
2.4. Immunohistochemistry

Tumor tissues were fixed in formalin overnight, embedded in paraf-
fin, and then cut into 4-μm-thick sections. The following antibodies
were used to detect antigens: rabbit anti-GFAP (1:2000; Dako), rabbit
anti-Olig2 (1:100; BiocareMedical), rabbit anti-NG2 (1:200, Cell Signal-
ing Technology, Danvers, MA, USA; and 1:2, hybridoma supernatant,
American Type Culture Collection [ATCC], Manassas, VA, USA), O4
(1:2; hybridoma supernatant; ATCC), MBP (1:400 Nichirei), rabbit
anti-Iba1 (1:2000; Medical Biological Laboratories), rabbit anti-Iba-1
antibody (Wako, Tokyo, Japan), anti-CD163 (1:200, 10D6, Novocastra,
Newcastle, UK). Reactions were visualized using a diaminobenzidine
substrate system (Nichirei). Two investigators, who were blinded to
any information about the samples, evaluated the results. In immuno-
fluorescent staining, the antibodies were detected using goat anti-
rabbit IgG-A488 (1:400; Molecular Probes, Eugene, OR, USA) or goat
anti-mouse IgG-Cy3 (1: 400; Jackson ImmunoResearch). All nuclei
were counterstained with DAPI (1:1000; Wako).

2.5. GBM Cell Lines and Human GSCs

The human glioblastoma cell lines A172 and T98G were obtained
from ATCC. A172 and T98G cells were cultured in Dulbecco's modified
Eagle's medium (DMEM)/F-12 medium (Sigma Aldrich, St. Louis, MO,
USA) supplementedwith 10% fetal bovine serum (Nichirei) and 1% pen-
icillin/streptomycin/amphotericin (Nacalai Tesque, Kyoto, Japan).

To establish human GSCs, samples from human GBMs were dissoci-
ated with the Papain Dissociation System (Worthington Biochemical
Corporation, Lakewood, NJ, USA). After filtration, dissociated cells
were cultured in serum-free mediumwith growth factors as previously
described (Anai et al., 2014; Singh et al., 2004). All cells were incubated
at 37 °C in an atmosphere containing 5% CO2. To confirm their tumor-
forming potential, 1 × 105 GSCs were injected into the brains of 8-
week-old female ICR-nu mice (Crlj:CD1-Foxn1nu; Charles River Japan)
after anesthesia. Four weeks later, xenograft tumors had formed in the
brain. Pathologically, the tumors showed high cellularity and necrosis
similar to that of the original tumor (Fig. 3A and B).

2.6. Cell Culture and Preparation of CM

T98G and A172 cell lines were obtained from ATCC and cultured in
DMEM/F-12 supplemented with 10% FBS and penicillin/streptomycin
(Wako). CM from the two glioma cell lines was collected, and cells
were cultured in DMEM/F-12 supplemented with 10% FBS and penicil-
lin/streptomycin for 2 days (CM-A172 and CM-T98G).

Human OPCs were obtained from ScienCell Research Laboratories
(cat. #1610; ScienCell Research Laboratories, Carlsbad, CA, USA) and cul-
turedwithOligodendrocyte Precursor CellMedium (cat. #1601; ScienCell
Research Laboratories). For the preparation of CM from oligodendrocytes,
cells were washed with serum-free DMEM/F-12 and cultured in DMEM/
F-12 supplemented with 10% FBS and penicillin/streptomycin for
2 days, and supernatants were then collected as CM-OPC.

Peripheral bloodmononuclear cells were obtained from healthy vol-
unteer donors, all of whom had provided written informed consent for
the use of their cells in accordancewith the study protocols approved by
the Kumamoto University Hospital Review Board (#1169).

CD14+ monocytes were isolated using CD14-microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany). These monocytes were plated in
12-well culture plates (2 × 105 cells/well; UpCELL, CellSeed, Tokyo,
Japan) and cultured in 2% human serum, 1 ng/mL granulocyte
macrophage-colony stimulating factor (Wako), and 50 ng/mL
macrophage-colony stimulating factor (Wako) for 7 days to induce
macrophage differentiation. For preparation of CM from macrophages,
cells were washed with serum-free DMEM/F-12 and cultured in
DMEM/F-12 supplemented with 10% FBS and penicillin/streptomycin
for 2 days, and supernatants were then collected as CM-Mac.



96 T. Hide et al. / EBioMedicine 30 (2018) 94–104
2.7. Colony-Forming Assays

Cell lines (100 cells/50 μL/well) were cultured in DMEM/F-12 sup-
plemented with 10% FBS and SphereMax (Wako) using a 96-well
ultra-low attachment plate (Corning, NY, USA) for 10 days. CM (25 μL)
was added to each well. The number of colonies (size N 100 μm) was
counted under a microscope, and the total cell viability was evaluated
by analyzing cellular ATP activity using a Cell Titer-Glo Luminescent
Cell Viability Assay Kit (Promega, Madison, WI, USA).

Recombinant OPN, HB-EGF, OSM, GRO-a, IL-6, CCL1 (I309), TNF-α,
IL-1β, C5a, IGF-II, IGF-BP3, FGF1, VEGF-C, PIGF1, EFEMP1, and EGF
were purchased from Peprotech (Rocky Hill, NJ, USA), Wako, or R&D
Systems (Minneapolis, MN, USA), and all cytokines were added at a
final concentration of 10 ng/mL.

2.8. Real-Time Quantitative PCR (RT-qPCR)

Total RNA was isolated using an RNAiso Plus (Takara Bio Inc., Otsu,
Japan). RNA was reverse-transcribed using a PrimeScript RT Reagent
Kit (Takara Bio Inc.). Quantitative real-time PCR was performed using
TaqMan polymerase with SYBR Green Fluorescence (Takara Bio Inc.)
and an ABI PRISM 7300 Sequence Detector (Applied Biosystems, Foster
City, CA, USA). The relative expression level was determined using the
2−ΔΔCq normalization method. Predesigned primer sets for Nanog,
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showed distant recurrence in the white matter.
Sox2, ALDH1, Oct3/4, Bmi1, and ABCG2were purchased from Takara Bio
Inc. (Perfect Real Time PCR support system).

2.9. Western Blot Analysis

Cells were lysed in ice-cold lysis buffer (50 mM Tris, pH 8.0, 1 mM
ethylenediaminetetraacetic acid, 150 mM NaCl, 1% NP-40) containing
phosphatase inhibitor cocktail (R&D Systems) and protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA). The proteins were trans-
ferred to polyvinylidene difluoride membranes and then reacted with
anti-pSTAT3, anti-STAT3 (Cell Signaling Technology), or anti-actin anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Horseradish
peroxidase-goat anti-mouse or rabbit IgG (Invitrogen, Camarillo, CA,
USA) was used as the secondary antibody. Immunoreactive bands
were visualized using a Pierce Western Blotting Substrate Plus Kit
(Thermo Scientific, Rockford, IL, USA) and ImageQuant LAS-4000 mini
system (Fuji Film, Tokyo, Japan).

2.10. cDNA Microarray

OPCs and macrophages cultured in DMEM/F-12 supplemented with
10% FBS and penicillin/streptomycin for 2 days (pooled samples from
three independent culturewells)were lysed usingRNAiso Plus (Takara),
and cDNA microarray analysis (SurePrint G3 Human Gene Expression
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Microarray; Agilent Technologies) was performed with a Cell Inovator
(Fukuoka, Japan). Expression data were deposited at NCBI Gene Expres-
sion Omnibus (GEO) under the accession number GSE 104742.

2.11. Statistics

To compare the three groups, one-way analysis of variance (ANOVA)
was used, and data are presented as the mean ± SEM. All values from
in vitro studies were representative results of two or three independent
experiments. Data are expressed as the means ± standard deviation.
Student's t-tests were used for comparisons of the two groups in our
in vitro studies. P b 0.05 was considered statistically significant.

3. Results

3.1. GBMRecurrenceWasObserved in theWhiteMatter Attached to the Tu-
mor Removal Cavity

Brain function, such as motor ability, sensory ability, and speech, is
localized in specific areas, and such functional areas are also connected
to the other important areas via bundles of nerve fibers. Generally, GBM
develops in the white matter, and GBM cells start to spread along nerve
fibers, such as association fibers and commissural fibers. The areas of
perifocal edema around tumor mass showing low and high intensity
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in T1WI and T2WI in MRI are caused by increasing permeability to
water due to invasion of GBM cells (Fig. 1A) (McMillan et al., 2009).
Such perifocal edema is extended into the white matter. To avoid dete-
rioration of brain function, neurosurgeons attempt to completely
remove the main mass lesions detected with Gd-T1WI. However, de-
spite complete removal of the lesion, we found that GBM commonly re-
curred within a year in the local white matter (Fig. 1B), but rarely in the
distant area and subarachnoid space in the early stage of recurrence. To
detect early recurrence and regrowth,MRI examination is typically per-
formed every month for 2–3 years in our hospital.

In this study, we present data for 89 patients with newly diagnosed
GBM admitted to our institution from January 2013 to December 2015;
total resection was performed in 43 cases (48.3%), and partial resection
was performed in 46 cases (51.7%). Total resectionwas defined as no re-
sidual enhanced tumor mass in Gd-T1WI and no other suspicious mass
lesions in T2WIs. In the total resection group, no recurrence was ob-
served in 13 cases (30.2%; mean duration of follow up: 19.1 months
[3–36 months]), and recurrence was observed in 30 cases (69.8%) dur-
ing the same study period. The site of recurrence first detected in Gd-
T1WI was local in 26 cases (86.7%) and distant in four cases (13.3%;
Fig. 1B–C). Local recurrence was characterized as tumor recurrence at
the edge of the tumor removal cavity (cases 3 and 4), and distant recur-
rence was defined as tumor recurrence at a region separate from the re-
moval cavity (case 5) and in the subarachnoid space (case 6). All local
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recurrencewas detected inwhitematter (86.7%), and not in graymatter
(0%). Conversely, distant recurrence in white matter was identified in
only one case (3.3%), but three other distant lesions were subarachnoid
dissemination (10.0%; case 6) in the group showing recurrence (Fig. 1C
and Table S1). Even after complete resection of the enhanced mass le-
sion, the majority of recurrent cases emerged in local white matter.
These results and previous reports (Brandes et al., 2009) suggested
that GBM cells in the border area, but not in the area distant from the
enhanced tumor mass, survive after chemo-radiotherapy, resulting in
local recurrence. Thus, a hotbed for recurrence of GBM exists in the
white matter just around the tumor mass.

3.2. Identification of miRNAs Showing Characteristic Changes at the Inter-
face between the Tumor and Brain

We hypothesized that studies of the white matter adjacent to the
tumor mass could lead to the discovery of new mechanisms inducing
chemo-radioresistance in GBM cells. To elucidate the features of the
unique microenvironment required for GBM cells at the tumor border
in white matter, we compared miRNA expression in samples from
three sites in the resected tissue: the tumor mass (tumor), the border
area between the tumor mass and brain where tumor and normal
cells co-exist (border), and the peripheral area far from the tumor
mass containing mostly normal cells (periphery), from individual pa-
tients (Fig. 2A). Abnormal tumor vessels were always identified in the
tumor, but were rarely observed in the border (Fig. S1). In resected tis-
sues, pathological features were confirmed by hematoxylin and eosin
Fig. 3.Oligodendrocyte lineage cells were increased in the border, but not in the tumor. (A) Tum
were strongly detected in the tumor;miR-219-5p-positive andOlig2-positive cells were observe
in the tumor but Olig2 positive cellswere detected in outer areas. (C) Higher-magnification view
positive cells were rare. (D-G) A representative case from the Olig2high group (D and F) and t
markers, i.e., Olig2 and NG2 for OPCs, O4 for immature oligodendrocytes, and MBP for mature
(HE) staining, and small RNAswere purified formiRNAmicroarray anal-
ysis (Fig. 2A and Fig. S1). Twenty sets of samples from GBM patients
were examined (Table S2).

Upregulated miRNAs in the border region were defined as having
more than two-fold higher expression than those in the tumor and pe-
riphery; downregulated miRNAs in the border region were defined as
having less than half of the expression observed in the tumor and pe-
riphery. In results from 12 patients, five upregulated miRNAs (miR-
219-5p, miR-219-2-3p, miR-338-3p, miR-27b, and miR-23b; Fig. 2B and
Table S3) and seven downregulated miRNAs (miR-630, miR-1246, miR-
642b, miR-1181, miR-H18, miR-3195, andmiR-3663-3p) were identified
(Fig. 2C and Table S4). The expression of miR-219-5p in the border and
peripheral region was significantly higher than that in the tumor
(Fig. 2D and Fig. S2A). When the data of the patient who showed the
highest miR-219-5p expression were deleted, the expression of miR-
219-5p in the border and peripheral region was still significantly higher
(Fig. S2B). In ourmicroarray data, lower expression ofmiR-219-5p,miR-
124, andmiR-128 and higher expression ofmiR-21was observed inGBM
compared with the peripheral region, similar to the results of previous
reports (Fig. 2D and Fig. S3A) (Rao et al., 2013; Yang et al., 2015). Nota-
bly,miR-219-5p has been reported to function as a tumor suppressor in
glioblastoma, hepatocellular carcinoma, papillary thyroid carcinoma,
and colorectal cancer (Huang et al., 2015; Huang et al., 2012; Jiang
et al., 2015; Rao et al., 2013; Xiong et al., 2015). In this study, we focused
on miR-219-5p as a key molecule to reveal the special microenviron-
ment of GBM cells allowing them to acquire chemo-radioresistance in
the border region.
or tissues showed high cellularity on hematoxylin-eosin (HE) staining. GFAP-positive cells
d in the border (B) Higher-magnification view in the tumor; GFAP positive cells were seen
in the periphery;miR-219-5p-positive andOlig2-positive cellswere observed but GFAP=
he Olig2low group (E and G) in lower and higher magnification. Oligodendrocyte lineage
oligodendrocytes, were strongly detected in the border in both groups.

Image of Fig. 3
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In situ hybridizationwas performed to confirmmiR-21 expression as
a positive control in GBM(Fig. S3B), and increased numbers ofmiR-219-
5p-positive cells were observed in the border region comparedwith the
periphery, but not in the tumor (Fig. 2E). These results corresponded to
our miRNA microarray data. Moreover, in mouse brains injected with
GSCs established from resected GBM tissue of a 68 year-old male pa-
tient, the same distribution pattern of miR-219-5p was identified
(Fig. 2F, Fig. S4A–B). Notably,miR-219-5p-positive cells were increased
in the area in which tumor cells invaded into the white matter, but not
in the clear interface between the tumor and brain (Fig. S4B).

3.3. Oligodendrocyte Lineage Cells (OLCs) were Increased in the Border

Interestingly, the top threemiRNAs (miR-219-5p,miR-219-2-3p, and
miR-338-3p) showing higher expression in the border region were re-
lated to oligodendrocyte differentiation (Barca-Mayo and Lu, 2012;
Dugas et al., 2010; Zhao et al., 2010). Immunohistochemical staining
of Olig2 for identification of oligodendrocyte progenitor cells (OPCs)
and glial fibrillary acidic protein (GFAP) for identification of astrocytes
was performed. The distribution pattern of Olig2+ cells was similar to
Fig. 4. OPCs increased in the border, and macrophages accumulated in the tumor and border. (A
accumulated in the tumor and border in lower-magnification views. (B) In the Olig2low grou
macrophages strongly accumulated in the tumor and border. (C) In the Olig2low group, the nu
periphery (p b 0.001) and tumor (p b 0.001). Iba1- and CD163+ cells accumulated in the tumor
cellswere found in the border in a xenograftmodel. (E) Influorescent immunohistochemical analy
that of miR-219-5p in the border, whereas GFAP+ cells were mainly
found in the tumor (Fig. 3A–C).

Olig2 is expressed in not only OPCs in the normal brain but also GSCs
in GBM (Kupp et al., 2016; Ligon et al., 2007; Lu et al., 2001; Marie et al.,
2001; Suva et al., 2014; Wegener et al., 2015). Here, we analyzed 19
consecutive GBM samples that contained border tissues by HE staining.
Olig2+ cells were characteristically observed in the border region in all
GBMs, particularlywhere GBMcells began to invade into thewhitemat-
ter, but were not abundant at the clear interface between the tumor
mass and normal brain. From the results of Olig2 staining, GBMs were
classified into two groups (high and low) based on the rate of Olig2+

cells in the tumor. Olig2high cases (n=10, 52.6%) showedmanypositive
cells in the tumor and border (Fig. 3D), whereas Olig2low cases (n = 9,
47.4%) showed fewpositive cells in the tumor, butmany cells in the bor-
der (Fig. 3E).

Cells positive for other oligodendrocyte lineagemarkers, such as O4,
NG2 (also known as chondroitin sulfate proteoglycan 4), and myelin
basic protein (MBP), were also consistently found in the border region
of Olig2high (Fig. 3D and F) and Olig2low samples (Fig. 3E and G). These
data suggest that most Olig2+ cells in the border region were OLCs.
) In the Olig2low group, Olig2+ cells were increased in the border but Iba1+ macrophages
p, Olig2+ cells were found in the border, and Iba1+ M1 macrophages and CD163+ M2
mber of Olig2+ cells was significantly increased in the border compared with that in the
and significantly in the border (p b 0.001). (D)miR-219-5p-, Olig2-, MBP-, and Iba1-positive
sis, NG2-positive OPCs and Iba1-positivemacrophageswere colocalized in the border region.

Image of Fig. 4
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3.4. Macrophages/Microglia Were Attracted to and Colocalized with OPCs
in the Border

Infiltration of large numbers of macrophages/microglia into GBM tis-
sues is commonly observed (Hambardzumyan et al., 2016; Komohara
et al., 2012; Kuratsu et al., 1989; Pyonteck et al., 2013; Wei et al., 2013).
Additionally, the anti-apoptotic function of miR-219-5p in macrophages
has been reported (Lou et al., 2016). To confirm accumulation of macro-
phages in the border and tumor, immunohistochemical staining for Iba1
as a marker of tumor-suppressive macrophages/microglia and CD163 as
a marker of tumor-promoting macrophages was performed. The num-
bers of Iba1+ and CD163+macrophageswere increased in bothOlig2high

and Olig2low samples. In Olig2low samples, the border region was readily
detected by determination of the distribution of Olig2+ cells (Fig. 4A).
Both types of macrophages were significantly increased in the border
and tumor regions compared with that in the periphery in nine Olig2low

samples (Fig. 4B–C). Similar to human GBM samples, Olig2-, MBP-, and
Iba1-positive cells were also increased in the border in the xenograft
model (Fig. 4D). Moreover, NG2+ OPCs were close to Iba1+ macro-
phages/microglia in the border region of human GBM (Fig. 4E). These re-
sults indicated that OPCs and macrophages/microglia formed a
characteristic environment in the border region.

3.5. Secreted Factors Derived from OPCs and Macrophages Increased
Stemness Gene Expression in GBM Cells

To investigate whether OPCs, macrophages, and glioma cells
interacted, we prepared conditioned medium (CM) from human OPCs
(CM-OPC), human macrophages (CM-Mac), and human GBM cell lines
(A172 [CM-A172] and T98G [CM-T98G]) and then cultured the cells in
Fig. 5.GBMcells acquired stemness by interactingwithOPCs andmacrophages. (A) The relative
plus CM-Mac (p b 0.01), CM-A172 (p b 0.01), and CM-T98G (p b 0.05) comparedwith that in the
0.005), and CM-T98G (p b 0.005). (C) CM-OPC increased the relativemRNA expression of Sox2 (
0.05), and Bmi1 (p b 0.005) in T98G. (D) CM-Mac increased the relativemRNA expression of Sox2
b 0.01), and Bmi1 (p b 0.005) in T98G.
medium containing CM. OPC viability was significantly increased by
CM-Mac, CM-A172, and CM-T98G (Fig. 5A). These results suggest that
soluble factors derived from GBM increased the viability of OPCs. In mi-
gration assays, increased numbers of macrophages were attracted by
CM-A172 and CM-T98G (Fig. 5B), similar to previous reports
(Komohara et al., 2012; Kuratsu et al., 1989).

Next, we examined whether glioma cells acquired stem cell profiles
by interactionwith OPCs andmacrophages. Real-time polymerase chain
reaction (PCR) was used for quantification of the stemness-related
genes Nanog, Sox2, aldehyde dehydrogenase isoform 1 (ALDH1), Oct3/
4, and Bmi1. CM-OPC significantly upregulated the expression of Sox2
and Bmi1 in A172 cells and that of Nanog, ALDH1, Oct3/4, and Bmi1 in
T98G cells (Fig. 5C). CM-Mac induced significantly higher expression
of Sox2 and Bmi1 in A172 cells and Nanog, ALDH1, Oct3/4, and Bmi1 in
T98G cells (Fig. 5D). These data demonstrate that both types of glioma
cells acquired the expression of stemness genes and that different
types of glioma cells showed varying sensitivity to OPCs and macro-
phages, but showed cell line-specific induction of stemness genes.

3.6. Glioma Cells Acquired Chemo-Radioresistant Properties through Inter-
action with OPCs and Macrophages

Next, to test whether GBM cells obtained stemness properties and
treatment resistance by interactingwith OPCs andmacrophages, glioma
cells were treatedwith CM fromOPC/macrophage cocultures (CM-OM).

We performed sphere-forming and proliferation assays to deter-
mine how stem cell characteristics were acquired. To evaluate sphere
forming ability, glioma cells were cultured in medium containing
SphereMax (Wako, Tokyo, Japan) (Aihara et al., 2016) with CM in
super low attachment plates. CM-OM significantly upregulated
viability of OPCswas increased significantly following treatmentwith conditionedmedium
control. (B) The invasion ability ofmacrophageswas increased by CM-OPC, CM-A172 (p b

p b 0.05) and Bmi1 (p b 0.005) in A172 andNanog (p b 0.05), ALDH1 (p b 0.005),Oct3/4 (p b
(p b 0.01) and Bmi1 (p b 0.005) inA172 andNanog (p b 0.05), ALDH1 (p b 0.005),Oct3/4 (p

Image of Fig. 5
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sphere-forming ability and cell viability in both A172 and T98G cells
(Fig. 6A–C). Additionally, the expression of ATP-binding cassette sub-
family G member 2 (ABCG2), which is related to drug efflux ability,
was significantly elevated in both A172 and T98G cells in real-time
PCR (Fig. 6D). To confirm the acquisition of chemoresistance, we se-
lected A172 cells, because A172 cells are TMZ sensitive, but T98G cells
are resistant (Lee et al., 2011; Perazzoli et al., 2015). A172 cells cultured
with CM were treated with TMZ, a standard therapeutic drug for GBM.
Cell viability after treatment with TMZ was decreased by 70%, whereas
addition of CM-OPC or CM-OM significantly recovered cell viability to
85% in A172 cells (Fig. 6E). Next, we analyzed the levels of phosphory-
lated signal transducer and activator of transcription 3 (pSTAT3) be-
cause pSTAT3 is important for radioresistance, immunosuppression,
anti-apoptosis, stemness, and tumorigenesis (Jahani-Asl et al., 2016;
Kaneko et al., 2015; Komohara et al., 2014). We found that the
pSTAT3/STAT3 ratio was increased in A172 cells cultured with CM-
OPC and CM-OM for 15 min (Fig. 6F). Thus, glioma cells affected by
OPCs and macrophages exhibited significantly higher sphere-forming
ability and chemoresistance and showed increased radioresistant po-
tential. These data indicate that the chemo-radioresistance and recur-
rence of GBM could be attributed to the interactions with OPCs and
macrophages.

3.7. FGF 1, EGF, HB-EGF, and IL-1β Increased Sphere-Forming Ability and
Cell Viability in Glioma Cells

To identify soluble factors that promote stemness profiles in glioma
cells, DNA microarray analysis was performed. A172 and T98G pos-
sessed different sensitivities to CM-OPC and CM-Mac, indicating that
CM-OPC and CM-Mac contained different characteristic soluble factors.
From the microarray data, we selected some candidate genes that
showed higher and differential expression patterns between OPCs and
Fig. 6. Conditioned medium derived from OPCs and macrophages induced stemness and chem
control (without CM), CM-Mac, CM-OPC, and CM-MO. (B) Sphere-forming ability in A172
increased relative to that in the control. Sphere-forming ability in T98G cells cultured with CM
that in the control. (C) Viability in A172 cells cultured with CM-Mac, CM-OPC (p b 0.005), and
(p b 0.005), CM-OPC (p b 0.005), and CM-MO (p b 0.005) increased significantly relative to th
0.005), CM-OPC (p b 0.005), and CM-MO (p b 0.005) in A172 cells and was also increase
(E) Resistance to the chemotherapeutic agent temozolomide (TMZ) in A172 cells was induce
p-STAT3/STAT3 ratio was increased by CM-OPC and CM-MO in 15 min; the increase was main
macrophages (Fig. 7A). Here, A172 cells, which were more sensitive to
CM-OPC, were cultured with candidate factors (10 ng/mL) showing
higher expression in OPCs, such as insulin-like growth factor-2 (IGF-
2), IGF-binding protein 3 (IGF-BP3), FGF-1, vascular endothelial growth
factor-C (VEGF-C), placental growth factor-1 (PIGF-1), EGF-containing
fiburin-like extracellular matrix protein 1 (EFEMP1), and EGF. The via-
bility of A172 cells was increased by culturing with all the selected fac-
tors as compared with the control; in particular, the number of spheres
and viability of cells after culture with FGF1 and EGF were increased
more than that of cells cultured with CM-OPC (Fig. 7B–C). T98G cells,
which were more sensitive to CM-Mac, were cultured with candidate
factors (10 ng/mL) showing higher expression in macrophages, such
as osteopontin (OPN), HB-EGF, oncostatin M (OSM), IL-6, I309, tumor
necrosis factor (TNF), IL-1β, and C5a. HB-EGF and IL-1β increased
sphere-forming ability and cell viability similarly to CM-Mac (Fig. 7D–
E). These data suggest that GBM cells in the border colocalize with
OPCs and macrophages/microglia, and that growth factors and cyto-
kines secreted from these cells promote stemness profiles and chemo-
radioresistance in GBM cells. These crosstalk events, which include
OPCs, macrophages/microglia, and GBM cells, in the border may be
promising targets for preventing recurrence and prolonging survival
in patients with GBM (Fig. 7F).

4. Discussion

Clinically, GBMdevelops, invades, and recurs inwhitematter, where
abundant OPCs proliferate and differentiate intomyelinatingmature ol-
igodendrocytes. OPCs represent themajority of proliferating cells in the
adult brain and exhibit specific characteristics; for example, individual
OPCs occupy their own territory, andOPC density ismaintained through
local proliferation. Additionally, OPCsmigrate rapidly to the injured site
(Hughes et al., 2013) and occupy regions of traumatic brain injury
o-radioresistant abilities. (A) Photographs of T98G spheres cultured in medium with the
cells cultured with CM-Mac (p b 0.01), CM-OPC (p b 0.005), and CM-MO (p b 0.005)
-Mac (p b 0.005), CM-OPC (p b 0.05), and CM-MO (p b 0.005) also increased relative to
CM-MO (p b 0.005) increased significantly, and that in T98G cells cultured with CM-Mac
at of the control. (D) Relative mRNA expression of ABCG2 was increased by CM-Mac (p b

d by CM-Mac (p b 0.01), CM-OPC (p b 0.05), and CM-MO (p b 0.005) in T98G cells.
d by CM-OPC (p b 0.05) and CM-MO (p b 0.05). (F) In western blot analysis, the relative
tained by treatment with CM-OPC and CM-MO for 30 min.

Image of Fig. 6
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within 1 day (Dimou and Gallo, 2015), which is faster than the reaction
of astrocytes (Fernandez-Castaneda and Gaultier, 2016). Neuronal ac-
tivity also remodels white matter rapidly, and running stimulates OPC
proliferation and oligodendrocyte production within only a few days
(McKenzie et al., 2014). Additionally, OPCs may be cell of origin for
GBM (Galvao et al., 2014; Hide et al., 2011; Liu et al., 2011; Sugiarto
et al., 2011). Thus, based on proliferation potential, OPCs have been
discussed with regard to gliomagenesis, but not with regard to their
supportive function for GBM cells.

In this study, all local recurrent lesions appeared in white matter,
and not in gray matter. Young et al. reported that OPCs in forebrain
white matter (corpus callosum) have a shorter cell division cycle
(~10 days) than those in gray matter (motor cortex; ~36 days) of the
mouse brain at 60 days after birth (Young et al., 2013). Moreover,
from single-cell RNA sequencing in 5072 cells, OLCs were classified
Fig. 7. FGF1 and EGF from OPCs and HB-EGF and IL-1β from macrophages reproduced the sp
representative genes expressed in OPCs and macrophages. (B, C) Sphere-forming ability (N10
(10 ng/mL) in A172 cells. (D, E) Sphere-forming ability (N50 μm/well) and cell viability f
(F) Scheme showing the concept of a “border niche”. GBM cells affected OPCs and macropha
and macrophages produced HB-EGF and IL-1β, conferring stemness and chemo-radioresista
cells resulted in formation of the border niche, in which OPCs functioned as glioma-ass
macrophages/microglia (GAMs). GBM cells in the border niche caused recurrence.
into 13 populations showing region- and age-specific distributions
(Marques et al., 2016). Further studies are needed to determine func-
tional variations in OLCs in the development and recurrence of GBM.

Macrophages/microglia have contradictory roles in promoting and
preventing GBM growth. Pyonteck et al. reported that co-injection of
macrophages with glioma cells enhanced tumor growth by 62% com-
pared with injection of glioma cells alone. Moreover, macrophages
and glioma cells have reciprocal effects on survival, proliferation, and/
or polarization of each other to promote tumorigenesis (Pyonteck
et al., 2013). One important tumor-promotingmechanism is that glioma
cells decrease basal caspase-3 activity in microglia, thereby supporting
glioma tumor growth (Shen et al., 2016). Conversely, Sarkar reported
that activation of macrophages and microglia by amphotericin B (Amp
B) suppresses the sphere-forming ability of GSCs and that Amp B treat-
ment reduces tumor growth and prolongs survival of mice with
here forming ability and cell viability observed in GBM cells. (A) Heat map showing the
0 μm/well) and cell viability following addition of selected growth factors and cytokines
ollowing addition of selected growth factors and cytokines (10 ng/mL) in T98G cells.
ges, and macrophages interacted with OPCs. Accumulated OPCs secreted FGF1 and EGF,
nt potential on GBM cells, similar to GSCs. Interactions of OPCs, macrophages, and GBM
ociated oligodendrocytes (GAOs) and macrophages functioned as glioma-associated

Image of Fig. 7
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xenograft tumors (Sarkar et al., 2014). Furthermore, inhibition of
colony-stimulating factor-1 receptor reprograms macrophages to
become antitumorigenic (Quail et al., 2016). Based on these studies, re-
cruited macrophages and microglia have fundamental roles in the pro-
gression of glioma. Glioblastoma-associatedmicroglia andmacrophages
are thought to function as therapeutic targets inhibiting immunosup-
pression, invasion, and angiogenesis (Poon et al., 2017), and our data
suggest that macrophages/microglia induce stemness and chemo-
radioresistance in GBM cells.

Astrocytes were not evaluated in this study because GFAP-positive
cells were detected in the tumor, border, and peripheral region. How-
ever, astrocytes seemed to play indirect roles in the formation of the
GSC niche at the border because astrocytes affect the proliferation and
remyelination of OPCs (Lundgaard et al., 2014; Moore et al., 2011). Ad-
ditionally, brain-derived neurotrophic factor (BDNF) secreted by astro-
cytes promotes oligodendrogenesis after white matter damage
(Miyamoto et al., 2015). In contrast, astrocytes have a low proliferation
rate and migration potential to sites of wound injury (Bardehle et al.,
2013). OPCs and microglia, but not astrocytes, play an immediate role
in central nervous system injury (Fernandez-Castaneda and Gaultier,
2016). Thus, the rapid reaction potential of OPCs and macrophages/mi-
croglia provides advantages for GBM cells in the formation of the GSC
niche in the border because GBM cells possess higher proliferation
and migration potential, thereby necessitating rapid adaptation of sup-
portive cells.

Several growth factors and cytokines are related to tumor growth. C-
C motif chemokine ligand 2 (CCL-2), also known as monocyte
chemoattractant protein 1 (MCP-1), is a major chemokine that acts as
a glioma cell-derived monocyte chemotactic factor (Kuratsu et al.,
1989). Moyan reported that CCL-2 and IL-1β levels are increased in ac-
tivated OPCs and within areas of cuprizone-induced demyelination in
the mouse brain. Overexpression of CCL-2 in OPCs results in increased
migration (Moyon et al., 2015). Conversely, stromal cells such asmacro-
phages secretemore CCL-2 into the cancermicroenvironment than can-
cer cells (Salacz et al., 2016; Yoshimura, 2017). In a positive feedback
loop, GBM cells secrete CCL-2 and attract OPCs and macrophages/mi-
croglia; these cells also secrete CCL-2, and the number of activated
cells is increased, resulting in the development of the GSC niche. Indeed,
in our analysis, CCL-2 expression was higher in both OPCs and macro-
phages. Thus, GBM cells, OPCs, and macrophages/microglia exhibited a
robust reciprocal network in proliferation, migration, and stemness.

GSCs are commonly cultured in medium containing FGF2 and EGF,
but not FGF1. Expression of FGF1 and EGF in OPCs increased the num-
bers of spheres and viability of A172 cells. FGF1 is the most abundant
FGF in white matter and suppresses the differentiation of OPCs
(Mohan et al., 2014). Additionally, activation of Aurora A kinase through
the FGF1/FGFR signaling axis sustains the stem cell characteristics of
GBM cells (Hsu et al., 2016). Thus, FGF1 in the white matter is essential
for acquisition and maintenance of stemness. Moreover, expression of
HB-EGF and IL-1β in macrophages significantly increased sphere-
forming ability and viability in T98G cells. HB-EGF is a member of the
EGF family, and has been reported to activate mitogenic signaling and
to show increased expression in human malignant gliomas (Mishima
et al., 1998). In contrast, IL-1β is expressed rapidly in response to neuro-
nal injury, predominantly by microglia, and is associated with the pro-
inflammatory response (Simi et al., 2007). IL-1β promotes tumor
growth and increases the cancer stem cell phenotype in glioma cells
by activating the p38 mitogen-activated protein kinase signaling path-
way and inducing expression of MCP-1 (Feng et al., 2015). Taken to-
gether, our findings demonstrate that these factors are closely
associatedwith GBM cells, OPCs, andmacrophage/microglia and induce
stem cell profiles in GBM cells. Thus, our data and previous reports sug-
gest that during tumor growth, OPCs and macrophages/microglia mi-
grate and proliferate rapidly in the border region, where they secrete
growth factors and cytokines, causing GBM cells to acquire stem cell
profiles and chemo-radioresistance. Accordingly, we propose that this
sanctuary for GBM cells in the border be called the “border niche”, in
which OPCs and macrophages/microglia function as glioma-associated
oligodendrocytes (GAOs) and glioma-associated macrophages/microg-
lia (GAMs), respectively, similar to cancer-associated fibroblasts and
tumor-associated macrophages in other cancers (Fig. 7G).

In summary, our data provide important insights into the essential
features of the border niche for chemo-radioresistance and recurrence,
representing a promising treatment target. In particular, GAOs may be
critical target cells that should be studied in greater detail. Moreover,
further studies of the border niche are needed to improve clinical out-
comes and prevent recurrence in patients with GBM.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.02.024.
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