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Schwann Cells From Human Neurofibromas Show Increased
Proliferation Rates Under the Influence of Progesterone
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ABSTRACT: Neurofibromatosis type 1 (NF1) is a hereditary dis-
ease caused by mutations of the NF1 gene at 17q11.2. Loss of the
NF1 gene product in Schwann cells leads to the development of
benign nerve sheath tumors. These neurofibromas may occur at any
time but tend to arise during periods of hormonal imbalance, sug-
gesting that hormones influence neurofibroma growth. As steroid
hormone levels rise during these times, we hypothesized that pro-
gesterone has proliferative effects on neurofibroma-derived Schwann
cells. We chose specific medium conditions for selective proliferation
of NF (+/—) and NF (—/—) cells from human neurofibromas.
Genetic characterization was not performed, but former works have
shown that under the conditions used (+/—) and (—/—) cells can be
selected. Different progesterone concentrations were added at differ-
ent days with BrdU-staining was performed to investigate prolifera-
tion rates and DAB-staining to identify a progesterone receptor. We
could demonstrate that Schwann cells from human neurofibromas
express progesterone receptors. These cells show elevated prolifera-
tion rates (highest in NF(—/—) cells) under progesterone, whereas
normal human Schwann cells were not affected. These data suggest
that progesterone plays an important role in the development of
neurofibromas in NF1. (Pediatr Res 64: 40-43, 2008)

Neuroﬁbromatosis type 1 (NF1) is caused by mutations of
the NF1 gene at 17q11.2 and affects approximately 1 in
3000 individuals (1). Thus, NF1 represents one of the most
frequent hereditary diseases. The disease is characterized by
typical clinical symptoms that were summarized in a “diag-
nostic criteria list” at a National Institutes of Health consensus
conference in 1988 (2). Despite a markedly variable clinical
expression, the hallmark feature of the disease is benign
peripheral nerve sheath tumors termed neurofibromas. These
tumors consist of a mixed cellular population that mainly
consists of Schwann cells and fibroblasts but also contains a
significant proportion of mast cells, perineurial, and endothe-
lial cells (3). All NF1 patients will inevitably develop neuro-
fibromas during their lifetime (1) but the number, size, and age
of onset of these tumors are entirely unpredictable.
Homozygous inactivation of the NF1 gene and subsequent
loss of its gene product neurofibromin in Schwann cells has
been identified as the primary step in a pathogenetic process
that ultimately results in the development of neurofibromas
(4,5). Many investigators (6,7) have stressed the fact that apart
from mutations at NF1, various additional factors are neces-
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sary to enable neurofibroma formation. However, still very
little is known about these additional factors, which might
affect tumor development and growth in NF1.

From a clinical view, dermal neurofibromas tend to develop
in adolescence as well as during pregnancy. These are times of
increased hormonal influence and it has to be postulated that
steroid hormones might affect neurofibroma development.

In this context, it is intriguing that progesterone—as a
steroid hormone with numerous functions in the human
body—has been shown to play an important role in myelin
synthesis of Schwann cells. Jung-Testas et al. (8) demon-
strated that human Schwann cells synthesize progesterone in
an autocrine loop and express progesterone receptors.
McLaughlin and Jacks (9) and Fishbein et al. (10) showed that
progesterone receptors are expressed in human neurofibromas.

Here, we demonstrate that neurofibroma-derived Schwann
cells are highly susceptible to progesterone and show elevated
proliferation rates in the presence of this steroid hormone. The
extent of this progesterone-induced proliferative effect appears
to be dependent on the mutational status at NF1. These
experimental data provide a convincing explanation as to why
many NF1 patients observe stimulated neurofibroma growth
during puberty or pregnancy and identify steroid hormones as
one possible factor that drives neurofibromin-deficient
Schwann cells toward tumor formation.

METHODS

Tissue sample collection and preparation of Schwann cell cultures. After
informed consent had been obtained from NF1 patients who underwent
surgery, excised neurofibromas could be used for further studies. The follow-
ing investigations were approved by our institutional review board for good
clinical practice.

All patients whose samples were included carried the diagnosis NF1, based
on the clinical criteria list (2). Immediately after excision, the tumor samples
were placed into RPMI medium (GIBCO), shipped at room temperature to our
laboratory and processed within 24 h. The specimens were prepared as
described by Rosenbaum ez al. (11), dissected into small pieces and preincu-
bated for 2 wk at 37°C and 10% CO,. Tumor pieces were then mechanically
dissociated and transferred to fresh medium and 160 U/mL collagenase type 1
(Sigma Chemical Co.) and 0.8 U/mL dispase (Roche) added. After an
incubation period of 18-20 h at 37°C and 10% CO, tissue pieces were
completely dissolved by trituration with a narrowed Pasteur pipette. Cell
suspensions were transferred to a 50 mL Falcon tube containing DMEM with
10% FCS. After centrifugation at 5000 rpm for 10 min, the resulting pellet
was resuspended in proliferation medium, containing DMEM with 10% FCS,
500 U/mL penicillin/streptomycin, 0.5 mM 3-iso-butyl-1-methylxanthine, 10
nM B1-Heregulin, 0.5 uM forskolin and 2.5 ug/mL insulin. To selectively
expand NF (+/—) and NF (—/—) Schwann cells, half of the pellet was plated
in the abovementioned culture medium to expand NF (+/—) cells and the

Abbreviations: NF1, neurofibromatosis type 1
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other half was plated in culture medium without forskolin to expand NF
(—/—) cell (4). We did not perform a genetic characterization of these cells.
Former studies have shown that by using this method, NF (+/—) and
NF(—/—) can be selectively expanded (12). In the following discussion, we
will speak of NF(+/—) and NF(—/—) cells for simplicity reasons in spite of
the lack of genetic characterization.

The cells were then seeded onto plastic six-well plates as well as labtek
slides (Nunc) all coated with 1 mg/mL poly-L-lysine (Sigma Chemical Co.)
and 4 pg/mL natural mouse laminin (GIBCO). The labteks were used for
S100-staining in each passage. Cultures were incubated in a humidified
atmosphere at 37°C and 10% CO,. Proliferation medium was changed twice
a week and cells were passaged when cultures were 70—80% confluent.
Cultured neurofibroma-derived Schwann cells were identified by S100 stain-
ing and were regarded pure once the percentage of contaminating fibroblasts
(S100 negative) was lower than 5%. This was usually achieved by passage
3-5.

Proliferation of human neurofibroma-derived Schwann cells in the
presence of progesterone. Pure Schwann cell cultures from 10 different
dermal neurofibromas were transferred to 8-well labtek slides in proliferation
medium at a density of 2000 cells/cm?. Once they had adhered to the surface,
the medium was changed to pure DMEM plus 10% FCS with 500 U/mL
penicillin/streptomycin to arrest growth. We did not use the established N,
medium for this purpose because we found a high percentage of nonviable cell
Schwann cell cultures after N,-treatment. After testing various different media
conditions, pure DMEM plus 10% FCS appeared to be sufficient to rule out
any proliferating effects of the culture medium After 24 h in this medium,
progesterone was added in different, predetermined concentrations (0 nM, 50
nM, 100 nM, 500 nM) with the effect of each progesterone concentration
studied in pairs. Each condition was tested for NF(+/—) and NF (—/—) cells,
respectively. The first two wells of every (+/—) and (—/—) eight-well labtek
slide were left without additional progesterone as a negative control. Two
wells of each labtek slide were incubated with 50 nM, 2 wells with 100 nm,
and the remaining 2 with 500 nM progesterone (Sigma Chemical Co.). To
follow proliferation rates in the presence of progesterone over a period of
time, proliferation rates were determined on four different days in a separate
set of cultures each. Media were replaced every 2 d.

Determination of proliferation rates. To determine the percentage of
proliferating Schwann cells under these conditions, incorporation of 5'-
bromo-2'-deoxyuridine-5'-monophosphate (BrdU, Roche) was visualized by
immunochemistry. To achieve this, BrdU was added to the medium and cells
were fixed 18 h later as described in several previous studies before (13-15).
Immunocytochemical detection was performed as described by Bosse et al.
(16). In that way, one 8-well-labtek of NF(+/—) and of NF(—/—) cells was
stained at each of the preselected days 1, 3, 5 and 8. As a control neurofi-
broma-derived Schwann cells left in DMEM plus 10% FCS with 500 U/mL
penicillin/streptomycin were used. To compare the influence of progesterone
on the growth of normal and neurofibroma-derived human Schwann cells, we
performed the same experiment with human Schwann cells derived from
healthy multiorgan donors.

Proliferation rates of neurofibroma-derived and normal human Schwann
cells at different days and under different conditions were subjected to a ¢ test
(two-tailed) for statistical analysis.

Detection of progesterone receptors in human neurofibroma-derived
Schwann cells. Progesterone receptors in neurofibroma-derived Schwann
cells were visualized by DAB receptor staining. Cells were first fixed with 4%
paraformaldehyde in Tris-buffered saline (TBS) for 5 min at room tempera-
ture and with 4% paraformaldehyde with 0.03% Triton X-100 for another 10
min. Subsequently, cells were rinsed three times in PBS and preincubated for
30 min with 10% normal goat serum in TBS. Cells were then rinsed a further
three times in PBS and then blocked with H,O,/TBS for another 30 min. After
again rinsing the cells three times, they were incubated overnight at 4°C with
the primary antibody in the following dilution: mouse monoclonal antipro-
gesterone receptor IgG1 (Affinity Bioregents) 1:2500. Cells were again rinsed
three times in TBS and incubated with a biotinylated secondary anti-rabbit
antibody (1:200, Vector) for 1 h at room temperature. The Vectastain Elite
ABC System (Vector) followed by DAB staining was used to detect bound
antibodies. Cell bodies were visualized using Meyers Hamalaun (Merck).
After a final wash, cultures were mounted using Aquatex (Merck).

RESULTS

Detection of a progesterone receptor in human neurofi-
broma-derived Schwann cells. We were able to visualize a
progesterone receptor in human neurofibroma-derived
Schwann cells by DAB staining (Fig. 1) in 60% of the tumors.

Figure 1. Neurofibroma-derived Schwann cells (200X magnification) show
an intracellular progesterone receptor. Positive DAB staining in NF1 (—/—)
(A) and NF 1 (+/—). (B) Schwann cells, but negative staining in fibroblasts.
(C) From the same neurofibroma. Positive cells are marked by an asteriks.

DAB staining is mainly concentrated intracellularly where we
assumed the receptor localization. The progesterone receptor
was not detectable in neurofibroma-derived fibroblasts. There-
fore, we hypothesized that addition of progesterone to the
culture medium might have an effect on the growth rates of
neurofibroma-derived Schwann cells.

Proliferation of human Schwann cells. It was known that
proliferation of Schwann cells in vitro is crucially dependant
on the presence of various growth factors. Leaving Schwann
cell cultures without these factors leads to growth arrest. In
experiments with rodent Schwann cells, the established N,
medium (17) is used to block Schwann cell proliferation.
Usually a 24 h passage in N, medium is sufficient to produce
a quiescent but viable Schwann cell culture on which the
proliferative effect of a given factor of interest can then be
tested. Although we previously showed that this procedure
also works for human Schwann cells (4,11), we found a high
percentage of detached, nonviable human Schwann cell cul-
tures after N, treatment. Therefore, we tested various media
conditions and finally used pure DMEM plus 10% FCS with
500 U/mL penicillin/streptomycin to keep human Schwann
cells alive but induce growth arrest. Although this medium
was different from the inert N, medium and did contain certain
growth factors, proliferation rates under these conditions were
considerably low so that any proliferative effect of added
progesterone was clearly visible. Adding progesterone to these
cultures resulted in proliferation of all Schwann cells (Fig. 2).
However, progesterone-induced proliferation of normal hu-
man Schwann cells was significantly lower as in the usual
proliferation-promoting medium GFM.

Proliferation of NF 1 (+/—) Schwann cells under differ-
ent conditions. After evaluation of proliferation rates on the
preselected days 1, 3, 5, and 8 at different progesterone
concentrations we could demonstrate that neurofibroma-
derived Schwann cells exhibit an increased proliferation rate
in response to progesterone compared with normal human
Schwann cells (Fig. 2). Neurofibroma-derived Schwann cells
proliferate in proliferation medium (GFM) with proliferation
rates of approximately 15-20% at the different days. Once the
proliferation medium was replaced by pure DMEM with FCS,
those cells were merely proliferating at rates of 5-7%. By
addition of progesterone to this medium, we were able to
increase proliferation rates up to 15-20% in NF (+/—) cells.
These proliferation rates were comparable with those achieved
with our usual proliferation medium (including 3-iso-butyl-1-
methylxanthine, Insulin, 3-Heregulin and Forskolin). Prolif-
eration rates of NF(%) Schwann cells were highly increased
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Proliferation rates of normal human Schwann cells (n = 2). (A) NF 1 (+/—) Schwann cells (n = 8) (B) and NF1 (—/—) Schwann cells (n = 7) (C)

in GFM compared with DMEM/10% FCS with 0, 50, 100, 500 nM added progesterone. Progesterone has only a minor proliferating effect on normal human
Schwann cells. In NF (+/—), proliferation is accelerated by the addition of progesterone at day 3, 5, and 8 at concentrations of 50 and 100 nM. In NF (—/-)
proliferation is elevated at day 3 and 5 at concentrations of 50 nM and especially at 100 nM. Although proliferation rates of both, NF 1 (+/—) and NF 1 (—/—)
Schwann cells are elevated by progesterone, NF1 (—/—) Schwann cells appear to react more sensitive to the hormone B day 3, [] day 5, # day 8.

with progesterone concentrations of 50—100 nM. With higher
concentrations, proliferation rates were still higher than in
absence of progesterone but could not be further increased.
Proliferation of NF 1 (—/—) Schwann cells under differ-
ent conditions. NF 1 (—/—) Schwann cells show higher
proliferation rates than NF1 (+/—) Schwann cells under pro-
liferation conditions (rates of 20-27%) (Fig. 2). In medium
without proliferative stimuli, they tend to proliferate with a
rate up to 10%. Even in these cells that showed high sponta-
neous proliferation rates, proliferation could further be in-
creased by addition of progesterone. Although the addition of
50 nM progesterone showed an effect on day 3, with prolif-
eration rates increasing to 30%, 100 nM progesterone elevated
proliferation rates on day 3 and day 5 to over 36%.

DISCUSSION

Our studies show that neurofibroma-derived Schwann cells
express progesterone receptors and that their proliferation can
be enhanced by progesterone. The stimulating effect of hor-
mones on neurofibroma growth has previously been studied
by other groups. Most of these studies focused on the in vitro
effects of hGH (18,19) whereas Fischbein et al. (10) recently
examined expression of various steroid hormone receptors and
ligand-mediated cell growth in cultured normal and neurofi-
broma-derived Schwann cells. From a clinical point of view,
there are well-documented observations showing that neuro-
fibromas tend to grow during adolescence and pregnancy.
Although increased levels of growth hormone might be re-
sponsible for enhanced tumor growth during puberty, this
cannot sufficiently explain the observed increase in tumor size
and number during pregnancy. Here, profound changes in sex
steroid levels, in particular progesterone, might play a crucial
role in promoting neurofibroma growth.

Progesterone is a steroid hormone produced by the ovaries
and adrenal glands, and is known to regulate reproductive
functions and gonadotropin release. Progesterone is synthe-
sized from cholesterol to pregnenolon, which is further trans-
formed to androgens, and therefore plays an important role in
the steroid hormonal cascade of both genders. Progesterone
can also be synthesized by glial cells and some types of
neurons and may thus also be considered a neurosteroid. This
term refers to steroid hormones that can be synthesized within
the central and peripheral nervous system. In the peripheral

nervous system, progesterone is synthesized by Schwann
cells. Robert et al. (20) showed that its actions are important
for normal cell function and cell regeneration. Rat Schwann
cells express progesterone receptors (8) and produce proges-
terone themselves in an autocrine loop, which seems to be
important for myelination (8). These data suggest that ade-
quate Schwann cell function is at least in part dependent on
the presence of progesterone. Since Schwann cells play a key
role in neurofibroma formation, this raises the question of
whether elevated progesterone levels during pregnancy might
interfere with Schwann cell function, predisposing for neuro-
fibroma growth.

Schwann cells are the predominant cell type in neurofibro-
mas (3) and harbor a “second hit” at the NF1 locus (4,5),
which makes them different from all other cells present in
neurofibromas. However, loss of NF1 in Schwann cells ap-
pears to be insufficient to cause neurofibroma formation. Early
experiments with the first generation of NFI-knockout mice
demonstrated that Schwann cells with a homozygous mutation
of the NF1 gene do not hyperproliferate in vitro (21). This
indicates that NF1 mutations as such cannot explain the
cellular hyperproliferation seen in human NF1-associated tu-
mors. In a conditional NFI knockout mouse model loss of
NF1 in Schwann cells resulted in cellular hyperproliferation in
the presence of a haploinsufficient cellular environment (7).
Finally, in vitro growth of neurofibromin-deficient human
Schwann cells can be modulated by different culture condi-
tions (4). These studies indicate that there might be a com-
bined effect of genetic and environmental factors, which fi-
nally results in neurofibroma formation. Progesterone might
be one of these environmental factors, which promotes neu-
rofibroma growth under certain conditions.

Just recently, Fishbein et al. (10) published new data on the
hormonal influence of progesterone in Schwann cell cultures
of human neurofibromas. They showed significantly increased
progesterone receptor expression in neurofibroma sections
compared with Schwann cell cultures. On RNA level, it was
almost 100% positive. They suggested that different cell types
are involved in steroid receptor expression and that not mainly
Schwann cells harbor the receptor.

We could demonstrate that neurofibroma-derived Schwann
cells but not neurofibroma-derived fibroblasts express proges-
terone receptors. Only 60% of the analyzed cultures were
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receptor-positive without any significant difference between
NF(+/—) and NF(—/—) cells, which corresponds with the
results of Fishbein et al. They suggested that other cells and
not Schwann cells alone must have influence on progesterone
receptor RNA expression.

Our data now clearly show that human neurofibroma-
derived Schwann cells are in a certain percentage progester-
one receptor-positive and respond to elevated progesterone
levels with increased proliferation. In NF1 (—/—) Schwann
cells, this effect was significantly higher than in NF1 (+/—) or
even normal human Schwann cells.

It remains to be investigated whether this might be caused
by a qualitative change of the receptor or due to a higher
autocrine progesterone production.

Furthermore, it will be of interest to see whether NF
Schwann cell proliferation is reduced under the influence of
antiprogesterones, which could lead the way to innovative
treatment strategies. Fishbein er al. (10) have already done
initial studies on this topic, but could only retrieve controver-
sial results. Further studies on the subject are needed. Our
study, with its close look at NF (—/—) cells, supports the
hypothesis that antiprogesterones should have an effect.

Another question that arises is whether hormonal contra-
ceptives are safe enough to be prescribed for NF patients.
Lammert et al. (22) performed a retrospective analysis of NF
patients and did not find a significant relationship between
tumor growth and intake of hormonal contraceptives. This
might be due to relatively low doses of gestagen in most
combined estrogen-gestagen preparations. Nevertheless, they
found that in patients treated with depot gestagens and thus
higher hormone dosages there was a significant rise in tumor
growth. This supports our experimental data and underlines
the necessity of further investigation on this relevant topic.
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