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Isolation of mesenchymal stem-like cells in meningioma specimens
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Abstract. Cells resembling bone marrow mesenchymal stem
cells (BM-MSCs) have been isolated from glioma specimens;
however, little is known about the existence of mesenchymal
stem-like cells (MSLCs) in meningioma. Here, we hypoth-
esized that cells similar to BM-MSCs exist in meningioma
specimens and sought to investigate whether these putative
meningioma stroma MSLCs (MS-MSLCs) could be isolated.
To this end, we cultured fresh meningioma specimens using
the same protocols as used previously to isolate BM-MSC.
Cultured cells were analyzed for surface markers associated
with BM-MSCs by fluorescence-activated cell sorting (FACS)
and candidate cells were exposed to mesenchymal differen-
tiation conditions. Possible locations of MS-MSLCs were
determined by immunohistochemical analysis of sections of
meningioma specimens. Spindle-shaped and, adherent cells
similar to BM-MSCs were isolated in 2 of 20 meningioma
specimens. FACS analysis showed that the surface markers
of MS-MSLCs were similar to those of BM-MSCs and the
chosen cells demonstrated an ability to differentiate into
osteogenic, adipogenic and chondrogenic cells. The tumorige-
nicity of MS-MSLCs was tested by injection of these cells into
the brain of athymic nude mice; no tumors were subsequently
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discovered. Immunohistochemical analyses indicated that
CD105* cells were closely associated with endothelial cells and
pericytes in meningioma specimens. Our results established
for the first time that cells similar to BM-MSCs exist in menin-
gioma specimens. These cells, termed MS-MSLCs, could be
one component of the meningioma cellular microenvironment.

Introduction

Brain cancer is one of the most devastating central nervous
system pathologies and recent studies suggest that cancer stem
cells (CSCs) are the most important oncogenic cells in brain
cancer (1-3). Despite the importance of tumorigenic CSCs in
the pathogenesis of brain cancer, increasing evidence supports
arole for the microenvironment or stroma of brain cancer as an
additional significant factor (4-7). Accordingly, the microenvi-
ronment including astrocytes, microglia and endothelial cells
and the stroma, composed of non-neural cells, may support
critical tumorigenic roles, such as initiation, progression (1,2)
and metastasis of cancers (5). The importance of the cancer
microenvironment has received increased scrutiny since
the ‘seed and soil’ hypothesis (8) has been revisited (9,10).
Accordingly, we have taken a keen interest in the tumor
microenvironment, especially mesenchymal stem-like cells
(MSLCs), which resemble bone marrow mesenchymal stem
cells (BM-MSCs), as components of the tumor microenviron-
ment (11,12).

Evidence suggests that glioblastomas are maintained by
glioma CSCs (gCSCs) (3,13,14) and, further, that understanding
the microenvironment of gliomas is important for grasping
glioma biology (15-18). After Lang et al first mentioned the
isolation of mesenchymal stem cells (MSCs) from glioma
specimens [Lang et al, Neuro-Oncol 9: abs. 596, 2007; Lang
et al, J Clin Oncol 26 (Suppl 15): abs. 2001, 2008], MSLCs
received considerable research attention and a recent series
of studies have reported the isolation of MSCs/MSLCs from
mouse normal brains (19), mouse orthotopic glioma specimens
(11) and Korean glioma specimens (12). Furthermore, a very
recent study investigated the relationship between gCSCs
and glioma stroma MSLCs (GS-MSLCs) in glioblastoma (7).
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Similarly, we performed a series of studies examining the
presence of gCSCs and their relationship (3,6).

Although meningioma is one among the most common
brain tumors also in Korea (20), little is known about
meningioma cell biology. The recent successful isolation and
characterization of CSCs from meningioma has provided
a better understanding of meningioma biology (21-23).
Components of the meningioma stroma are also likely impor-
tant, as supported by previous studies (24-27).

Because meningioma is a mesenchymal tumor (28,29),
it is reasonable to suppose that meningiomas have a higher
frequency of MSLCs. Despite the increased interest in menin-
gioma to the best of our knowledge, there are no studies on
meningioma stroma MSLCs (MS-MSLCs). In this study, we
hypothesized that cells similar to BM-MSCs exist in menin-
gioma specimen and tested this hypothesis based on cell
morphology, differentiation potential, surface antigens and
lack of oncogenicity. In addition, we sought to verify possible
locations of MS-MSLCs.

Materials and methods

Single cell isolation and MS-MSLC culture. Specimens from
patients with human meningioma were freshly obtained from
the operating room with the approval of Institutional Review
Boards of our institutes. Informed consent was provided
according to the Declaration of Helsinki. Neuropathologists
diagnosed these surgical specimens according to World
health Organization (WHO) classification (30). Candidate
MS-MSLCs were isolated from meningioma specimens
within 60 min of meningioma removal using mechanical
dissociation methods proven effective for MSC isolation
from bone marrow (31,32), normal brain (19) and gliomas
(12,28). Briefly, surgical specimens were minced and dissoci-
ated with a scalpel in Dulbecco's modified Eagle's medium/
nutrient mixture F-12 (DMEM/F-12; Mediatech, Manassas,
VA, USA) and then passed through a series of cell strainers
with a 100-¢m nylon mesh (BD Falcon, Franklin Lakes, NJ,
USA). Cell suspensions were washed twice in minimal essen-
tial medium-a (MEMa,; Mediatech, Herndon, VA, USA) and
single-cell suspensions were placed in a 10-cm? cell culture
dish at a density of 2x10° cell/cm?. These cells were cultured in
complete MSC medium consisting of MEMa., 10% fetal bovine
serum (FBS; Lonza, Basel, Switzerland), 2 mM L-glutamine
(Mediatech) and antibiotic-antimycotic solution (100X, Gibco,
Invitrogen Korea, Seoul, Korea). After 24 h, non-adherent
cells were removed by washing twice with phosphate-buffered
saline (PBS; Mediatech) and the adherent cells were cultured
until they reached confluence. The cells were then trypsinized
(0.25% trypsin with 0.1% EDTA) and sub-cultured at a density
of 5,000 cells/cm?. The cells were cultured continuously
through 3-4 passages, consistent with their role as progenitor/
stem cells. Cell cultures were observed with an IX71 inverted
phase-contrast microscope (Olympus, Tokyo, Japan) to deter-
mine their morphology. Images of cells were obtained at each
passage using a DP70 Digital Microscope Camera (Olympus)
equipped with DP Controller software (Olympus).

Flow cytometry analysis. To investigate the surface antigen
expression profile, candidate MS-MSLCs were first counted
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and washed in PBS (Mediatech) by centrifugation, after
which pellets were resuspended in fluorescent-activated cell
sorting (FACS) buffer (PBS with 10% FBS) at a concentra-
tion of 5x10° cells/100 pl. These single-cell suspensions were
incubated at 4°C for 30 min with phycoerythrin-, fluorescein
isothiocyanate (FITC)-, Alexa Fluor 647-, or allophycocy-
anin-conjugated antibodies against CD105 (0.25 pg/100 ul;
eBioscience, San Diego, CA, USA), CD45 (5 ug/100 ul; BD
Pharmingen, San Diego, CA, USA), CD73 (5 ug/100 ul; BD
Pharmingen), CD90 (0.25 pg/100 pl; eBioscience), CD31
(0.5 ug/100 pl; eBioscience) and nerve/glial antigen 2 (NG2,
2.5 ug/100 ul; R&D Systems, Minneapolis, MN, USA). All
antibody solutions were prepared in FACS buffer. For the detec-
tion of NG2 proteoglycan, a FITC-conjugated secondary NG2
antibody (Millipore, Billerica, MA, USA) was used following
primary antibody incubation (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA). FACS analysis was performed using
a FACS Vantage SE (BD Biosciences) flow cytometry system
equipped with FlowJo software (Tree Star, Inc., Ashland,
OR, USA) and 30,000 events were recorded for each sample.
Because we merely sought to show the presence of MSLCs
among heterogeneous cells instead of isolating a uniform
population of MSCs (33), heterogeneous cell populations in
which FACS showed that >10% of cells expressed surface
antigen were considered positive and those with <5% by FACS
were considered negative (12).

Mesenchymal differentiation. To determine the mesenchymal
differentiation potential of candidate MS-MSLCs, we used a
proven trilineage differentiation test identical to that described
previously (12,31,32). Briefly, we tested the capacity of candi-
date MS-MSLCs to differentiate along adipogenic, osteogenic
and chondrogenic lineages. For adipogenic differentiation,
MS-MSLCs were seeded in a 6-well plate at a density of
4x10* cells/cm? in complete MSC medium. At confluence, cell
differentiation was induced with adipogenic differentiation
medium from the adipogenic differentiation BulletKit (Lonza
Walkersville, Walkersville, MD, USA). These cells were fed
with fresh medium every 3-4 days for 3 weeks. In control
experiments, cells were incubated for the same period of time
in complete MSC medium. On day 21, the cells were washed in
PBS (Mediatech) and fixed in 10% formalin (Fisher Scientific,
Fair Lawn, NJ, USA) for 1 h at room temperature. After
fixation, the cells were rinsed with deionized water several
times, after which of 60% isopropanol (Pharmco-AAPER,
Brookfield, CT, USA) was added and cells were allowed to
sit for 5 min. Oil red O solution (Sigma) was then added to
each well. After 5 min, the cells were rinsed with deionized
water and briefly counter-stained with hematoxylin (Sigma).
For osteogenic differentiation, candidate MS-MSLCs were
plated at a density of 3x10* cells/cm? in a 6-well plate. The
next day, the medium was replaced with osteogenic differen-
tiation medium from the osteogenic differentiation BulletKit
(Lonza Walkersville). These cells were fed with fresh medium
every 3-4 days for 3 weeks. In control experiments, cells
were incubated for the same period of time in complete MSC
medium. On day 21, cell cultures were washed twice with PBS
(Mediatech) and fixed in 70% ice-cold ethanol (Pharmco-
AAPER) for 1 h, followed by washing with deionized water.
The cells were stained with 40 mM Alizarin Red (pH 4.2;
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Figure 1. Morphology of MS-MSLCs from human meningiomas. Candidate MS-MSLCs from WHO grade II (A) and WHO grade I (B) meningiomas grew as

spindle-shaped cells, like BM-MSCs.

Sigma) for 10 min at room temperature with rotation, followed
by washing with deionized water five times. For chondrogenic
differentiation, candidate MS-MSLCs were trypsinized and
washed in serum-containing medium. Aliquots of 2.5x10° cells
suspended in 0.5 ml of medium were placed in 15-ml conical
polypropylene tubes (SPL, Pocheon, Gyeonggi, Korea). The
cells were then gently centrifuged for 5 min at 150 x g and left
at the bottom of the tubes, which were placed in an incubator
with caps loosened to permit gas exchange. The cells formed
small pellets that were cultured for 3 weeks in chondrogenic
differentiation medium from the chondrogenic differentiation
BulletKit (Lonza Walkersville) supplemented with 20 ug/ml
of transforming growth factor (TGF)-f3 (Ontogeny Research
Products, Cambridge, MA, USA). Every 3-4 days, the cells
were fed with fresh medium. In control experiments, the cells
were incubated for the same period of time in complete MSC
medium. These pellets were fixed in 10% formalin for 1 h at
room temperature, then embedded in paraffin sections and
stained with toluidine blue (Sigma) for proteoglycans and
glycosaminoglycans.

Animal subjects. Four-to-eight-week-old male athymic nude
mice (Central Laboratory Animal Inc., Seoul, Korea) were
used to assess the tumorigenicity of candidate MS-MSLCs.
Mice were housed in micro-isolator cages under sterile
conditions and observed for =1 week before study initiation
to ensure proper health. Lighting, temperature and humidity
were controlled centrally. All experimental procedures were
approved by our Institutional Animal Care and Use Committee.
The body weights of mice were checked daily. If body weight
decreased by >15% compared with the original body weight,
mice were euthanized as proscribed by the approved protocol.
The brain was dissected and placed in formalin for patho-
logical studies.

Orthotopic meningioma xenografting of candidate MS-MSLCs.
Mice were anesthetized with a solution of Zoletil (30 mg/kg;
Virbac Korea, Seoul, Korea) and xylazine (10 mg/kg; Bayer
Korea, Seoul, Korea) delivered intraperitoneally. Candidate
MS-MSLCs were implanted into the right frontal lobe of nude
mice using a guide-screw system within the skull, as described
previously (34). Mice received 5x10° candidate MS-MSLCs
via a Hamilton syringe (Dongwoo Science Co., Seoul, Korea)
inserted to a depth of 4.5 mm. Each sample of candidate
MSLCs was injected into three mice simultaneously using a

multiple microinfusion syringe pump (Harvard Apparatus,
Holliston, MA, USA) at a speed of 0.5 yl/min, as previously
described (11,12,19,34,35). At least 180-200 days after injec-
tion, mouse brains were carefully removed, sectioned, stained
with hematoxylin and eosin (H&E) and examined for tumors.

Meningioma tissue preparation and immunofluorescence
labeling. The possible location of MS-MSLCs in human
meningioma specimens was investigated using double
immunofluorescence labeling. Meningioma specimens were
immediately removed and post-fixed in 4% paraformaldehyde
at 4°C overnight. After dehydration with 30% sucrose in PBS,
meningioma specimens were frozen with OCT compound
(Sakura Finetek USA. Inc., Torrance, CA, USA) at -80°C.
Frozen sections were processed for immunofluorescence
labeling using goat anti-human CD105 (1:100; R&D Systems),
rabbit anti-human CD31 (1:50, an endothelial cell marker;
Abcam, MA, USA) and rabbit anti-human NG2 antibodies
(1:100, a pericyte marker; Millipore, Danvers, MA, USA).
Alexa Fluor 488- and Alexa Fluor 555-conjugated goat anti-
rabbit IgG antibodies (1:2,000; Invitrogen, CA, USA) were
used as secondary antibodies. Samples were mounted in
DAPI (4',6-diamidino-2-phenylindole)-containing Vectashield
mounting medium (H-1200; Sunil Technopia, Seongnam,
Korea) to stain nuclei and were examined under a fluores-
cence inverted microscope (IX71; Olympus) equipped with
DP Controller software (Olympus).

Statistical analyses. Data are expressed as means + stan-
dard deviations. Survival curves for MS-MSLC-implanted
mice were obtained using the Kaplan-Meier method. SPSS
version 18.0KO software (SPSS Korea, Seoul, Korea) was used
for calculations.

Results

Step 1: selection of MS-MSLCs by adherence to plastic.
MS-MSLCs were obtained from a total of 20 meningioma
specimens (10 WHO grade I and 10 WHO grade II) and
grown under MSC culture conditions, as described previously
(12,31,32). Candidate MS-MSLCs with general properties of
human BM-MSCs and MSLCs, characterized by their spindle
shape and ability to adhere to plastic, were selected from
WHO grade II (Fig. 1A) and grade I (Fig. 1B) meningiomas.
Five of the ten WHO grade II meningioma samples and 2 of
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Table I. Step 1: selection of candidate MS-MSLCs based on adherence to plastic under MSC culture conditions.
MS-MSLCs Age Sex WHO grade Pathology Adherence to plastic Pass step 1
MS-MSLCO0519 75 M II Atypical meningioma No No
MS-MSLC0824 56 F I Atypical meningioma No No
MS-MSLCO0831 70 F II Atypical meningioma Yes Yes
MS-MSLC0907 72 F II Atypical meningioma No No
MS-MSLC1013 77 M I Atypical meningioma No No
MS-MSLC1208 69 M II Atypical meningioma Yes Yes
MS-MSLC0525 52 F II Atypical meningioma No No
MS-MSLCO0817 48 F II Atypical meningioma Yes Yes
MS-MSLC0802 55 M II Atypical meningioma Yes Yes
MS-MSLC1025 55 F II Atypical meningioma Yes Yes
MS-MSLC0614 37 M I Transitional meningioma No No
MS-MSLC0603 69 F I Meningothelial meningioma No No
MS-MSLC0622 30 F I Meningothelial meningioma Yes Yes
MS-MSLC0629 82 F I Meningothelial meningioma No No
MS-MSLC0223 26 M I Meningothelial meningioma Yes Yes
MS-MSLC0405 65 M I Microcystic meningioma No No
MS-MSLC0928 51 F I Secretory meningioma No No
MS-MSLC0608 46 F I Meningothelial meningioma No No
MS-MSLC0627 20 F I Meningothelial meningioma No No
MS-MSLCI1112 37 F I Fibrous meningioma No No

Table II. Step 2: selection of candidate MS-MSLCs based on surface marker expression.*

MS-MSLCs WHO Pathology CD105 CD9 CD73 CD45 CD31 NG2  Pass
grade (%) (%) (%) (%) (%) (%) step2
MS-MSLCO0831 II Atypical meningioma Failed to subculture No
MS-MSLC1208 II Atypical meningioma 95.97 2.10 98.50 1.13 1.24 594 No
MS-MSLC0802 II Atypical meningioma 97.40 83.70 95.50 1.78 0.40 0.51 Yes
MS-MSLC0817 II Atypical meningioma 92.10 11.10 91.10 5.80 0.68 0.34 Yes
MS-MSLC1025 II Atypical meningioma 98.1 27.7 942 032 0.33 3.29 Yes
MS-MSLC0223 I Meningothelial meningioma 97.60  98.30 97.60 3.63 445 297 Yes
MS-MSLC0622 I Meningothelial meningioma 97.29 34.84 1.35 1.35 1.19 1.61 No

*Cells that were positive for CD105, CD90 and CD73 and negative for CD45, CD31 and NG2 were chosen for further tests of differentiation

ability.

the 10 WHO grade I meningioma samples passed step 1 and
were selected for characterization (Table I). Although the
proportion of spindle-shaped, adherent cells in each of these
selected specimens was different, their morphology showed
little difference between WHO grade I and II.

Step 2: selection of MS-MSLCs based on surface antigen
expression. Flow cytometry analysis was used to assess surface
antigen expression in spindle-shaped cells that adhered to
plastic under MSC/MSLC culture conditions. Although there
are no specific pathognomonic markers for human BM-MSCs,
it is generally agreed that CD105, CD90 and CD73 are posi-

tive markers and CD45 is negative marker for most MSLCs
(12,32,33). Using these criteria, we tested whether candidate
cells are MS-MSLCs (Fig. 2). Because MSLCs from mice
normal brains (19), glioma xenografts (11) and Korean glioma
specimens (12) are found around vessels, CD31, a marker of
endothelial cells and NG2, a marker of pericyte were addi-
tionally used to discriminate MS-MSLCs and vessel-related
cells. MS-MSLCs were negative for CD31 and NG2 (Fig. 2), as
expected for these non-endothelial, non-pericyte cells. Of the
meningioma specimens that passed step 1, three of five WHO
grade II and one of two WHO grade I specimens showed
proper surface antigen expression (Table II).
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Figure 2. Selection of candidate MS-MSLCs based on surface antigen expression by flow cytometric analysis. The mesenchymal markers CD105, CD90 and
CD73 were chosen as positive markers and CD45 (leukocytes), CD31 (endothelial cells) and NG2 (pericytes) were used as negative markers.

Figure 3. Trilineage mesenchymal differentiation potential of MS-MSLCs.

(A) Differentiation of candidate MS-MSLCs into osteocytes, as evidenced by

calcium deposition (Alizarin Red staining), was observed under osteogenic conditions. (B) Alizarin Red staining revealed that non-induced candidate
MS-MSLCs (control) were negative for osteogenesis. (C) Differentiation of candidate MS-MSLCs into adipocytes, as evidenced by the presence of intra-
cellular lipid droplets (Oil Red O staining), was observed under adipogenic differentiation conditions. (D) Oil Red O staining revealed that non-induced
candidate MS-MSLCs were negative for adipogenesis. (E) Differentiation of candidate MS-MSLCs into chondrocytes, as evidenced by the presence of
proteoglycans and glycosaminoglycans (toluidine blue staining), was observed under chondrogenic differentiation conditions. (F) Toluidine blue staining

revealed that non-induced MS-MSLCs were negative for chondrogenesis.

Step 3: selection of MS-MSLCs based on mesenchymal
differentiation. MSCs/MSLCs exhibit trilineage - osteo-
cyte, adipocyte and chondrocyte - differentiation capacity
(11,12,19,33). To validate the mesenchymal trilineage differ-
entiation potential of MS-MSLCs, we tested candidate cells

that passed steps 1 and 2 for their ability to differentiate into
osteocytes, adipocytes and chondrocytes when cultured in
induction medium (Fig. 3A, C and E). Differentiation into
only two of the three cell types meant failure to pass step 3.
No trilineage differentiation was observed in control medium
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Figure 4. Non-tumorigenicity of intracranially implanted MS-MSLCs in nude
mice. Survival curves demonstrate that engrafted nude mice implanted with
MS-MSLCO0817 or MS-MSLC1025 cells survived for >6 months. Although
nude mice implanted with the MS-MSLCO0802 cell group died earlier, death
was not caused by tumors but was rather attributable to infection.

(Fig. 3B, D and F). Among the selected candidate MS-MSLCs,
only WHO grade II meningioma cells satisfied the criterion of
trilineage differentiation potential (Table III).

Step 4: selection of MS-MSLCs based on in vivo non-tumor-
igenicity. Unlike CSCs, MSCs/MSLCs are not tumorigenic
in vivo. To satisfy this criterion, most mice intracranially
implanted with candidate MS-MSLCs that passed steps 1, 2
and 3 should survive for more than 6 months. Tests of the
three candidate MS-MSLCs from WHO grade II menin-
gioma samples that passed steps 1, 2 and 3 showed that mice
implanted with candidate MS-MSLCs from two samples
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(MS-MSLCO0817 and MS-MSLC1025) survived for >6 months
(Fig. 4), whereas those implanted with the third sample
(MS-MSLCO0802) died ~4 months later (Table IV). Notably,
however, mice in the group implanted with MS-MSLC0802
meningioma cells that failed to survive >4 months died from
infection and not because of a tumor. Accordingly, two groups
of MS-MSLCs (MS-MSLC0817 and MS-MSLC1025) isolated
from meningioma specimens passed step 4, the final test for
MS-MSLC selection, convincingly demonstrating no tumori-
genicity or general toxicity (Table V).

Immunofluorescence detection of CD31, NG2 and CDI05.
The results of steps 1-4 corroborate the hypothesis that
MSLCs exist in meningioma specimens, although the question
of where MS-MSLCs are located remained. Previous studies
of MSLCs in normal mouse brains (19), mouse glioma xeno-
grafts (11) and Korean glioma specimens (12) have suggested
that these cells were located in a perivascular site. To verify
that MS-MSLCs might also be located in a perivascular
niche, we analyzed meningioma specimens for expression of
the markers CD105, CD31 and NG2 by immunofluorescence.
CDI105, a surface marker present in most MSCs/MSLCs,
was selected for establishing the presence of MS-MSLCs. To
determine whether CD105-positive cells were near endothelial
cells, we performed double-immunofluorescence labeling
for the endothelial cell markers, CD31. Histological analyses
suggested that some CD105-positive cells were closely associ-
ated with CD31-positive cells (Fig. 5A). To determine whether
CD105-positive cells were associated with pericytes, we
performed double-immunofluorescence labeling for CD105
and the pericyte marker NG2. Similar to the results obtained
with CD105 and CD31 double-immunofluorescence labeling,
some CD105-positive cells were intimately associated with
NG2-positive cells (Fig. 5B). Accordingly, we infer that some
CD105-positive candidate MS-MSLCs are located in the

Figure 5. Double-immunofluorescence labeling (CD105/CD31 and CD105/NG2) of meningioma specimens. Green fluorescence labeling indicates CD105-
positive cells, some of which may be MS-MSLCs. Red fluorescence labeling indicates CD31-positive (endothelial cells) or NG2-positive (pericytes) cells.
Nuclei are counterstained with DAPI (blue). (A) CD105/CD31 double staining demonstrates the close relationship between CD105-positive and CD31-positive
cells (arrows), although not all CD105-positive cells are associated with CD31-positive cells (arrowheads). (B) CD105/NG2 double staining of demonstrates
the close relationship between CD105-positive and NG2-positive cells (arrows), although but not all CD105-positive cells are associated with NG2-positive

cells (arrowheads).
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Table III. Step 3: selection of MS-MSLCs based on in vitro mesenchymal differentiation.*

MS-MSLCs WHO grade Pathology Osteogenesis  Adipogenesis Chondrogenesis  Pass step 3

MS-MSLC0802 II Atypical meningioma Yes Yes Yes Yes

MS-MSLC0817 II Atypical meningioma Yes Yes Yes Yes

MS-MSLC1025 II Atypical meningioma Yes Yes Yes Yes

MS-MSLC0223 I Meningothelial meningioma Yes No Yes No

*Chosen cells were tested for their ability to differentiate into osteocytes, adipocytes and chondrocytes.

Table IV. Step 4: selection of candidate MS-MSLCs based on tumorigenicity.

MS-MSLCs WHO grade Pathology Tumorigenesis Pass step 4

MS-MSLC0802¢ II Atypical meningioma No No

MS-MSLCO0817 I Atypical meningioma No Yes

MS-MSLC1025 II Atypical meningioma No Yes

*The nude mice implanted with this cell population died not because of tumor but infection.

Table V. Final success rate for isolation of MS-MSLCs according to selection step (1-4).

Pathology Step 1 Step 2 Step 3 Step 4 Final success rate

Plastic Surface antigen Mesenchymal No tumori- of MS-MSLCs
adherence % expression % differentiation % genesis % isolation %

WHO grade 11 50 (5/10) 60 (3/5) 100 (3/3) 66.7 (2/3) 20 (2/10)
Atypical MNG 50 (5/10) 60 (3/5) 100 (3/3) 66.7 (2/3) 20 (2/10)

WHO grade I 20 (2/10) 50 (1/2) 0 (0/1) 0 (/1) 0 (0/10)
Meningothelial MNG 60 (3/5) 50 (1/2) 0 (0/1) 0 (/1) 0(0/2)
Microcystic MNG 0 (0/1) 0 (0/1)
Secretory MNG 0 (0/1) 0 (0/1)

MNG, meningioma.

perivascular niche (Fig. 5, arrows). However, not all CD105-
positive cells were found near vessels. These cells may be
niche-independent cells (Fig. 5, arrowheads).

Discussion

Considerable recent evidence supports the presence of MSCs in
various human tissues (19,36). Other studies have also reported
the existence of MSCs or MSLCs in the stroma of brain and
other tumors (6,19,37-39), although little information about the
function of these cells is available. In the present study, we
successfully isolated MS-MSLCs from meningioma speci-
mens with plastic adherence properties (Fig. 1 and Table I) and
a surface antigen profile (Fig. 2 and Table II) similar to those
of BM-MSCs. In addition, these cells exhibited mesenchymal
trilineage differentiation capacity (Fig. 3 and Table IIT) and the
absence of tumorigenicity (Fig. 4 and Table IV). We also found

evidence for localization of a subset of these MS-MSLCs to
perivascular areas.

Ultimately, MS-MSLCs that satisfied all four criteria
(adherence to plastic, surface antigen expression, mesenchymal
differentiation and non-tumorigenicity) were isolated from 2 of
10 WHO grade II meningioma specimens (20%). In a previous
study, Korean GS-MSLCs (KGS-MSLCs) were isolated from
1 of 5 WHO grade II Korean glioma specimens (20%), but
not from WHO grade I specimens (0/1) (12). Consistent with
this, both meningioma specimens that yielded MS-MSLCs
in the present study were WHO grade 11 (Table V). Because
meningiomas are mesenchymal tumors (28,29) and gliomas
are neuroepithelial in origin, we initially anticipated that the
rate of isolation of MSLCs from meningiomas would be higher;
however, this turned out not to be the case. Despite the fact that
meningiomas and gliomas are histologically different tumors,
MSLC isolation rates were similar (20%) and only WHO
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grade II tumors yielded MSLCs that satisfied all criteria. Thus,
although sample sizes were small (e.g., only 1 WHO grade I
and 5 grade II gliomas in the previous study), the results of
our study taken together with the previous report (12) suggest
that the frequency of MSLC isolation depends on WHO grade
rather than cancer type.

Malignant meningiomas are highly aggressive and easily
recur after surgical treatment (40), so understanding the
mechanism of meningioma recurrence is highly important.
Studies have shown that arachnoid cells, which share similar
properties with meningioma cells, are a significant factor in
recurrence (41) demonstrating, for example, that arachnoid
membranes containing arachnoid cells and clusters of cancer
cells are closely related to meningioma recurrence (42).
These studies suggest that cancer cells near arachnoid cells
and a perivascular site might follow the mechanism by which
arachnoid cells preferentially locate around perivascular
areas and penetrate into the brain (41,43). The results of our
double-immunofluorescence labeling for CD31, NG2 and
CDI105 might be consistent with localization of MS-MSLCs
in a vascular niche, possibly indicating that MSLCs follow
a mechanism similar to that of penetrating arachnoid cells,
although our data do not provide direct evidence for this, such
a mechanism could be a crucial determinant of meningioma
recurrence. We are currently following the progression-free
survival of the two different patient groups: those from whom
MS-MSLCs could be isolated and those from whom they could
not. These follow-up observations could show the prognostic
value of MS-MSLCs.

Although the origin of meningioma is unclear, it is believed
that arachnoid cells are the most likely source (44); thus, most
meningiomas occur near cerebral meninges. To evaluate in vivo
tumorigenicity, we used an intracranial meningioma mouse
model, implanting candidate MS-MSLC:s into the right frontal
lobe of a nude mouse. Although the use of this xenograft model
might be questioned because cells were intracranially injected,
these cells were usually injected into the subdural space near
cerebral meninges, where meningiomas are typically found.
Because, in the intracranial xenograft model system, tumors
form within the brain, they might show some differences in
characteristics. However, others have tested the tumorigenesis
of WHO grade II meningioma using intracranial injection
mouse models (21). Accordingly, we adopted this intracranial
xenograft system (21) to evaluate the in vivo tumorigenicity of
meningioma-derived MSLCs (Fig. 4).

CD105 (endoglin) is an endothelial cell protein that binds
TGF-p (45). CD10S5 is also expressed on immature blood
vessels, whereas CD31 is an endothelial cell marker that is
not expressed on immature vessels. For this reason, CD105
can be used as a single marker to verify angiogenesis (46,47).
However, endothelial cells are not the only cells that express
CD105; BM-MSCs are also highly CD105-positive. Hence,
CD105 is frequently used as a marker for MSCs/MSLCs
and a tool for isolating MSLC populations from specimens
(12,48.,49). Although CDI105 is used to screen for MSCs,
there is no single marker for these cells. Because of this, it
is impossible to confirm that CD105-positive cells are MSCs.
Following the minimal requirement for defining MSCs (33),
we used the surface markers CD90, CD73 and CD45 (12)
to define MSLCs (Fig. 2). To distinguish MS-MSLCs from
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endothelial cells and pericytes, we used CD31, a marker of
endothelial cells and NG2, a marker of pericytes, as negative
surface markers (Table II).

The results of double-immunofluorescence labeling for
CD31, NG2 and CDI0S5 in this study showed that CD105-
positive cells were located in two different sites (Fig. 5). Some
clusters of these cells were situated near endothelial cells
(Fig. 5A, arrows) and pericytes (Fig. 5B, arrows), whereas
others were located inside the meningioma stroma (Fig. 5,
arrowheads). This outcome indirectly suggests the possible
location of MS-MSLCs as the meningioma stroma and
perivascular areas. Although our study is the first to show
the successful isolation and characterization of MSLCs
from meningioma specimens, there is no direct method to
definitively establish their location. Another question is the
uncertain origin of putative MS-MSLCs near blood vessels.
These cells could be innate meningioma stroma MSLCs or
circulating MSLCs derived from bone marrow. Resolving this
question will require further studies to validate the origin of
cells situated near the vascular niche.

Recent studies demonstrated the isolation and characteriza-
tion of meningioma stem-like cells (21,23). The relationship
between these so-called meningioma CSCs (mCSCs) and the
MS-MSLC:s isolated from meningiomas and described in the
present study is not clear. One report on gliomas suggests a
relationship between gCSCs and GS-MSLCs (7). In that study,
GS-MSLCs were proposed to influence gCSCs and make
gliomas more aggressive by promoting angiogenesis (7). On
the basis of this relationship, we postulate that MS-MSLCs are
related to mCSCs, although further study will be required to
verify this hypothesis. Mesenchymal tumors share a molecular
signature with MSCs (50), indicating a close relationship
between meningiomas and mesenchymal molecular signatures.
This suggests that the mesenchymal molecular features of
meningiomas might be derived from MSLCs in the meningioma
stroma. The intriguing possibility of a connection between
the mesenchymal molecular signatures of meningiomas and
MS-MSLCs, which was not directly addressed in the present
study, is currently under investigation in our laboratory.

According to the ‘seed and soil’ hypothesis (8), CSCs are
considered the seed and the tumor microenvironment is consid-
ered the soil (9,10). Within the tumor, CSCs are identified by
virtue of their self-renewal, differentiation and tumorigenicity
in orthotopic xenografts (3,13,14), whereas other cells in the
tumor microenvironment might be thought of as elements that
are significant for the biologic behavior of CSCs (4,7). The seed
and soil hypothesis is crucially important for understanding
the mechanism of metastasis (8,9). According to our studies,
MS-MSLCs might be considered an important part of menin-
giomas and could be a new cell source of the meningioma
microenvironment. In addition, these MS-MSLCs might be the
key to unlocking the relationship between mCSCs and menin-
gioma stroma cells. Investigating the biological relationship
between MS-MSLCs and mCSCs in the context of the seed
and soil concept is a fertile avenue for future research.
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