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Establishment of a benign meningioma cell
line by hTERT-mediated immortalization
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Meningioma represents the most common intracranial tumor, but well-characterized cell lines derived from
benign meningiomas are not available. A major reason for the lack of benign tumor cell lines is senescence of
nonmalignant cells in vitro, while malignant cells are often immortal. We have developed a meningioma cell line
by retrovirally transducing primary cells derived from a human WHO grade | meningothelial meningioma with
the human telomerase reverse transcriptase (hTERT) gene, which enables bypassing cellular senescence. Five
clones have been cultured for more than 21 months so far, while corresponding nontransfected cells ceased
proliferation within 3 months. Quantitative RT-PCR and a telomeric repeat amplification protocol (TRAP) assay
revealed high hTERT mRNA levels and high telomerase activity in all transduced populations, while
nontransduced cells were negative. The average telomere size of transduced cells was considerably longer
than that of parental cells and the biopsy specimen. One clone, designated Ben-Men-1, was characterized in
more detail, and exhibited typical cytological, immunocytochemical, ultrastructural and genetical features of
meningioma, including whorl formation, expression of epithelial membrane antigen, desmosomes and
interdigitating cell processes, as well as —22q. Following subdural transplantation into nude mice, tumor
tissue with typical histological features of meningothelial meningioma was found. We conclude that Ben-Men-1
represents an immortalized yet differentiated cell line useful for biological and therapeutical studies on

meningioma.
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Meningiomas arise from meningothelial (arachno-
idal cap) cells and constitute approximately 20% of
all intracranial tumors. About 85% of meningiomas
are benign (grade I), while 10% are atypical (grade
II) and 3-5% malignant (anaplastic, grade III)." A
few cell lines derived from malignant meningiomas
have been described,?* but no well-characterized
cell line originating from a benign meningioma is
available so far. The lack of differentiated cell lines
of these common neoplasms impairs experimental
studies on molecular pathogenesis, biological fea-
tures and new adjuvant therapies. The major reason
for the difficulty in generating permanent cell lines
of benign tumors is replicative senescence, which is
in part due to low or absent telomerase activity and
subsequent progressive shortening of telomeres with
each cell cycle, whereas malignant tumor cells show
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high telomerase activity enabling them to undergo
unlimited growth.®® Accordingly, telomerase activ-
ity is directly related to grade of malignancy in
meningiomas, with the vast majority of grade I
tumors being negative and virtually all grade III
tumors being positive.””® Transferring the gene for
human telomerase reverse transcriptase (hTERT),
the catalytic subunit and limiting factor of telomer-
ase, into non-neoplastic cells and benign tumor cells
has resulted in immortalized cell lines of a variety of
cell types.’®'® Here, we report on establishment of
the immortalized, yet differentiated Ben-Men-1 cell
line derived from a benign meningioma by retroviral
expression of hTERT.

Materials and methods

Isolation and Culture of Primary Human Meningioma
Cells

Tumor cells originated from a meningothelial menin-
gioma (grade I, WHO, #1238-03) attached to the
parietal falx of a 68-year-old female patient who
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underwent surgery at Miinster University Hospital.
At 20 min after surgical resection tumor tissue was
cut into small pieces and suspended in DMEM
supplemented with 10% fetal bovine serum, 100 U/
ml penicillin G and 0.01 mg/ml streptomycin sulfate
(all from Biochrom, Berlin, Germany). Cells were
grown on uncoated plastic tissue culture dishes
(Greiner, Solingen, Germany) at 37°C in a 5% CO,-
humidified atmosphere. Confluent cultures were
split by using 0.05% trypsin/EDTA (Biochrom).
Medium was changed twice a week.

Retroviral Vectors, Transduction and Selection

The retroviral plasmid pLNCX2-hTERT was con-
structed by inserting the hTERT coding sequence
into pLNCX2 containing a neomycin resistance gene
(BD Biosciences Clontech, Heidelberg, Germany).
pCI-Neo-hTERT"” was cut with EcoR], filled in using
Klenow enzyme and cut with Sall to release hTERT
cDNA. pLNCX2 was cut with HindlIll, filled in and
cut with Sall. pLNCX2-hTERT was transfected into
the amphotropic packaging cell line Phoenix-
ampho'® (obtained from Dr Gary Nolan, Stanford
University Medical Center, CA, USA) using the
Effectene Transfection Reagent (Qiagen, Hilden,
Germany). After 24 h the supernatant was collected
and retroviral particles were harvested by filtering
through a 0.45 um filter (Schleicher and Schuell,
Dassel, Germany). Second passage meningioma cells
were seeded in 60 mm culture dishes at a density of
5 x 10°cells/dish. The next day cells were trans-
duced by incubation with viral supernatant supple-
mented with 4pg/ml polybrene (Sigma-Aldrich
Chemie, Munich, Germany) for 24 h. After 72h the
medium was changed and cells were selected with
350 ug/ml G418 (PAA Laboratories, Golbe, Germany)
for 8 weeks. Control experiments using retroviral
transduction of a green fluorescent protein (GFP)
marker gene revealed transduction efficiencies of
about 65%. Five clones were isolated and main-
tained for further investigations.

Telomerase Analysis

mRNA levels were quantified by LightCycler Telo
TAGGG hTERT Quantification kit (Roche Diagnos-
tics, Mannheim, Germany) using the LightCycler
System (Roche). Telomerase activity was measured
using a telomeric repeat amplification protocol
(TRAP) assay (Telomerase PCR ELISA kit, Roche).
Telomere length was determined by Southern blot
analysis of telomere restriction fragments using the
TeloTAGGG Telomere Length Assay kit (Roche). All
assays were performed as triplicates and repeated at
least twice.

Growth Kinetics

Doubling time was determined by counting cells at
daily intervals. First day 1 x 10°cells were seeded
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on culture dishes. At 24, 48, 72, 96 and 120h
following plating, cells were trypsinized and
counted by using a cell counter (CASY Cell Counter,
Schirfe System, Reutlingen, Germany). For each
calculation cells from two dishes were used.
Doubling time was calculated from the data ob-
tained at the logarithmic growth phase.

Immunocytochemistry

Cells were cultured in four-well Lab-Tek™ glass
chamber slides (Nunc, Wiesbaden, Germany). After
24 h the cells were washed with PBS and fixed in
buffered 3.7% paraformaldehyde in PBS for 10 min.
Cells were stained in a Horizon TechMate apparatus
(Dako, Hamburg, Germany) using the DAB-system
kit and mouse monoclonal antibodies against glial
fibrillary acidic protein (GFAP, 1:4000), vimentin
(1:100), epithelial membrane antigen (EMA, 1:200),
progesterone receptor (1:100), estrogen receptor
(1:25), cytokeratins (clone KL1, 1:75) and Ki-67
(clone MIB-1, 1:100). All antibodies were purchased
from Dako.

Electron Microscopy

Cultured cells were trypsinized, washed with PBS
two times, fixed with 2.5% glutaraldehyde, post-
fixed with 1% osmium tetroxide, embedded in Epon
and cut ultrathin. Specimens were stained with
uranyl acetate and lead citrate and examined with a
Zeiss EM910 electron microscope.

Genetic Analysis

Karyotyping was performed according to standard
cytogenetic techniques, including G-banding. DNA
was isolated from cultured cells and from paraffin-
embedded materials by using DNeasy Tissue kit
(Qiagen). Comparative genomic hybridization (CGH)
analysis was performed as previously described."®

Intracranial Transplantation Experiments

Cells were intracranially implanted into five male
nu/nu CD-1 athymic nude mice (Charles River,
Sulzfeld, Germany) aged 8 weeks using a stereo-
tactic frame (Narashige, Tokyo, Japan).?® One million
Ben-Men-1 cells in a total volume of 4 ul PBS were
subdurally injected with a Hamilton syringe at 4 mm
anterior to the interaural line, 2.5 mm lateral to the
midline, in a depth of 1.2mm. The designation
‘sudural’ here refers to a location beneath the dura,
that is, between dura and the brain, rather than to
the virtual subdural space proper (between dura and
arachnoidal cap cells) that cannot be targeted by
stereotaxy. A relatively long survival period of 107
days was selected, because we expected slow tumor
growth. Animals were killed, brains were removed



and fixed in 3.7% buffered paraformaldehyde in
PBS. Brains were embedded in paraffin, sectioned at
2um and stained with H&E as well as by using
immunohistochemistry as described above.

Results
Transduction and Selection of Meningioma Cells

Following retroviral infection, transduced cells were
selected with neomycin for 8 weeks, while neomy-
cin-treated, nontransduced primary cells died after
2 weeks. Five neomycin-resistant clones were
further characterized. One of them, called Ben-
Men-1, was additionally analyzed for ultrastruc-
tural, immunocytochemical and genetic features as
well as tumor formation in vivo (see below).

Telomerase Analysis

Quantitative RT-PCR revealed that all transduced
meningioma populations expressed high amounts of
hTERT mRNA, whereas virtually no message was
detectable in nontransduced parental cells (Figure
1a). Correspondingly, TRAP assays showed high
telomerase activity in transduced cells, but no
activity in nontransduced parental cells (Figure
1b). Telomerase activity was repeatedly measured
and remained stable over 18 months so far. Using
Southern blot analysis of telomere restriction frag-
ments, the average telomere size of transduced
meningioma populations was in the range of 16—
21kb and considerably longer than that of parental
cells and the biopsy specimen which showed a wide
variability of telomere length with a peak of about
4.0kb (Figure 1c), indicating that ectopic expression
of hTERT had elongated telomeres.

Morphological Analysis

After 2—3 months, nontransduced meningioma cells
underwent progressive morphological change re-
flecting senescence, including absent proliferation,
enlargement, polymorphism, multinucleation and
detachment (Figure 2b). In contrast, transduced
meningioma cells of all five clones did not change
morphology; they were homogeneous in shape and
continued to proliferate for now more than 23
months (Figure 2a). Electron microscopy of Ben-
Men-1 cells showed typical ultrastructural features
of meningothelial cells, including desmosomes
(Figure 2c) and interdigitating cellular processes
(Figure 2d). Immunocytochemistry revealed expres-
sion of epithelial membrane antigen (Figure 3a) and
vimentin (Figure 3b) in all transduced meningioma
populations, while GFAP, cytokeratins, progester-
one and estrogen receptors were absent. This
expression pattern corresponded to that of the
original biopsy specimen (Figure 3c, d).
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Growth Kinetics

Average doubling time of Ben-Men-1 cells was
25.6 h. Repeated analyses did not reveal significant
changes in growth kinetics with time.

In Vivo Experiments

Subarachnoidal tumor tissue was found 107 days
after transplantation of Ben-Men-1 cells. Histo-
pathologically, tumor tissue with typical features
of human benign (grade I) meningioma was encoun-
tered (Figure 3e, f), including absence of mitoses,
nuclear monomorphism, nuclear cytoplasmic inva-
ginations, whorl formations, absence of brain inva-
sion and absence of apparent distant metastases. A
few lymphocytic infiltrates were seen. Multiple
tumors were not encountered. Immunohistochemi-
cally, tumor cells were positive for vimentin and
epithelial membrane antigen (Figure 3g), while
cytokeratins and GFAP were not expressed. Ki-67
labeling index was less than 1%.

Genetic Analysis

CGH of both the original tumor specimen and
Ben-Men-1 cells revealed —22q as the sole chromo-
somal imbalance (Figure 3h). Karyotyping of 10
metaphases of Ben-Men-1 cells confirmed loss of
one chromosome 22 in all cells, while other
chromosomal changes were absent (45, XX, —22;
not shown).

Discussion

We have transduced primary benign meningioma
cells with the hTERT gene, resulting in increased
telomerase activity, elongated telomere length and
extension of life span. Nontransduced parental cells
showed no telomerase activity and senesced after 3
months, whereas transduced cells have been main-
tained in culture for now more than 23 months
without decreasing growth kinetics. Ben-Men-1
cells showed distinct ultrastructural and immuno-
cytochemical meningothelial differentiation. Their
loss of chromosome 22 as demonstrated by karyo-
typing and CGH is a typical genetic feature of
meningioma. Furthermore, subdural xenotrans-
plantation showed classical histological features
of benign meningioma. Ben-Men-1 thus represents
an immortalized yet differentiated meningioma cell
line.

Previously Published Meningioma Cell Lines

Following the first trials to culture human menin-
gioma cells in the 1920s in Cushing’s laboratory, the
general experience of virtually all subsequent
approaches up to now has been that benign
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meningioma cells placed into cell culture may grow  immortal cell lines derived from human malignant
vigorously in early passages, but eventually cease = meningeal tumors have been established and subse-
proliferation, undergo senescence and do not give  quently used in several studies, including IOMM-
rise to permanent cell lines.**' In contrast, a few Lee, F5 and KT21-MG1.232272¢ These cell lines

Figure 2 Morphological analysis in vitro. (a and b) Phase contrast microscopy showing that transduced cells are monomorphic and
densely growing (a), while nontransduced parental meningioma cells after identical time in cell culture exhibit features of senescence,
including rounding, detachment and enlargement (b). (¢ and d) Electron microscopy of Ben-Men-1 cells in monolayer culture show-
ing characteristic ultrastructural features of meningothelial cells, including desmosomes (c, arrows) and interdigitating cellular
processes (d).

<

Figure 1 Telomerase analysis of transduced meningioma cells. (a) Real-time reverse transcriptase-polymerase chain reaction
demonstrates that five transduced meningioma clones (1-5) express high levels of hTERT transcripts, while nontransduced cells (6)
show extremely low levels. 7 represents water control. (b) Telomeric repeat amplification protocol (TRAP) assay showing that all
transduced populations (1-5) exhibit high levels of telomerase activity, while parental cells (P) are negative. Negative controls (open
bars) represent telomerase activity following inactivation by heat. Values indicate arbitrary absorbance units. (c) Southern blot (Telomere
Length Assay) showing that telomeres of all transduced populations (1-5) are much longer than that of the biopsy specimen (B). The
broad band of the biopsy specimen indicates wide variability of telomere length, while transduced cells are more uniform. Note that the
five clones showed very similar behavior in all telomerase assays. In (a—c), clone 3 represents Ben-Men-1 cells.

Laboratory Investigation (2005) 85, 1163—1171
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Figure 3 (a—d) Immunocytochemical analysis. Ben-Men-1 cells (a and b) and cells of the original paraffin-embedded biopsy specimen (c
and d) are positive for epithelial membrane antigen (a and c¢) and vimentin (b and d). Note whorl formation of Ben-Men-1 cells (arrows in
a and b). (e—g) Histopathology of nude mouse subdural xenotransplant showing a meningeal tumor that is well delineated from the brain
(e) with a meningothelial growth pattern such as cellular whorls (f, arrow) and immunohistochemical expression of epithelial membrane
antigen (g). (h) Comparative genomic hybridization (CGH) fluorescence ratio profiles of original biopsy specimen (upper) and Ben-Men-1

cells (lower) showing loss of 22q.

exhibit malignant features in vitro and in vivo, such
as dedifferentiation, anchorage-independent growth
in soft agar, and invasion of mouse brain, bone and
muscle. Specifically, IOMM-Lee xenografts lack
typical features of meningioma such as desmo-
somes, expression of epithelial membrane antigen
and loss of chromosome 22, while they show
metastases and a very high Ki67/MIB-1 proliferation
index of 30%.%2° Furthermore, IOMM-Lee cells are
unusal in that this cell line was established from a
primary intraosseous tumor,*® and scanning electron
microscopy revealed features resembling hemangio-
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pericytoma (previously referred to as ‘hemangioper-
icytic meningioma’).” Thus, it remains unclear
whether IOMM-Lee cells are of meningothelial
origin at all. Similarly, Korsgaard et al** described
a cell line originating from a metastasizing tumor of
the sacral bone and the epidural space, referred to as
‘meningiosarcoma’, but based on the data provided
and the limited characterization possible at that
time, it is questionable whether the tumor was
meningothelial. Another cell line, KT21-MG1, origi-
nated from an irradiated malignant meningioma of
the falx, but original tumor and xenografts did not



Figure 3 Continued.

show typical meningothelial differentiation except
for monosomy 22 and scant desmosomes in xeno-
grafts.? Other meningioma cell lines have been
sporadically used, such as CH-157NN,*?”*®
SF1335%° and HBL-52 (Cell Lines Service and
Cellbank, Heidelberg, Germany),*® but histopatho-
logical, immunocytochemical, electron microscopi-
cal and cell biological data for demonstrating
meningothelial differentiation, grade of malignancy
as well as immortality have not been published.
Short-term cultures of benign meningiomas have
also occasionally been referred to as meningioma
cell lines, but they do not represent immortal cell
lines.*" In conclusion, our literature survey did not
reveal any immortal cell line that unequivocally had
been established from a benign meningioma.

Benign meningioma cell line
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Ben-Men-1 as a New Meningioma Model

Although most meningiomas are benign, therapy is
often limited by incomplete resection of the tumor,
its disadvantageous position in the brain and
missing adjuvant therapies. For understanding
low-grade meningioma tumor biology as well as for
developing and testing efficient therapies, there is
need for not only a highly differentiated cell line,
but also a representative, that is, intracranial in vivo
model. While several heterotopic transplantation
sites have been employed, such as subcutis, sub-
renal capsule and chorioallantoic membrane, ortho-
topic in vivo models have rarely been used. Most
approaches have utilized malignant meningiomas,
in particular the malignant meningioma cell lines

1169
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mentioned above.???%2325%27 These models show

frankly malignant, highly proliferative, invasive
tumors, which may be useful for studying anaplastic
meningioma. Recent efforts to establish a benign
meningioma in vivo model have employed implan-
tation of tissue blocks or cell suspensions directly
from patients’ biopsy material into nude mice.**™**
Specifically, subdural injection of 10° primary cells
derived from benign meningiomas produced tumors
in athymic mice, and no animal harboring a tumor
died within 90 days of implantation; histologically
these tumors were consistent with meningioma and
commonly showed a whorling pattern and no signs
of atypia or malignancy.** The major problem with
these approaches is the heterogeneous, nonstandar-
dized nature of primary cells. In a mouse model
with conditional Nf2 gene inactivation, meningio-
mas occurred following Cre-mediated excision of
Nf2 exon 2 in arachnoidal cells.*®* However, only
30% of animals developed tumors and their location
and interval were highly variable. To our knowl-
edge, our approach is the first benign meningioma in
vivo model utilizing a permanent meningioma cell
line. By subdural (subarachnoidal) transplantation
of Ben-Men-1 into nude mice, we were able to
generate a slowly growing tumor with typical
histological features of benign meningioma. Neither
invasion of brain or bone nor histological features of
atypia or anaplasia were encountered. Ben-Men-1
thus represents an immortalized yet differentiated
cell line which should be a useful model for further
biological and therapeutical studies.
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