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Abstract

Dermal neurofibromas are the hallmarks of neurofibromatosis type 1 (NF1).
Neurofibromas harbor Schwann cells with two different genotypes: Schwann cells
which carry the germline mutation and a healthy NF1 allele (NF1*"), and a
subpopulation of Schwann cells which harbor the so called second hit leading to
inactivation of both NF1 alleles (NFl"'). The second hit in the NF1 gene of Schwann
cells is considered to be the initial step in the development of neurofibromas. Dermal
neurofibromas typically start to grow in puberty, and their number and size increase
during pregnancy, indicating hormone responsiveness. This is the first study to address
the effect of human chorionic gonadotropin (hCG) on the proliferation of human NF1*"
and NF17" Schwann cells in vitro. In addition, the effects of estradiol and testosterone
were also investigated. The results showed that NF17~ Schwann cells were more
sensitive to estradiol, testosterone and human chorionic gonadotropin than NF1* cells.
Specifically, the proliferation of NF17~ Schwann cells was increased by up to 99 %, 110
% and 170 % compared to vehicle control when treated with estradiol, testosterone and
hCG, respectively. Interestingly, no effect of estradiol, testosterone or hCG on the
proliferation of the cells with NF1*" genotype was observed. To conclude, the somatic
second hit in the NF1 gene sensitizes Schwann cells to sex hormones resulting in a
highly increased proliferation. Our results highlight the significance of sex hormones in

the regulation of neurofibroma growth.
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Introduction

Neurofibromatosis 1 (NF1) is a neurocutaneous cancer predisposition syndrome with an
incidence of 1/2000 [1]. NF1 is caused by mutations in the NF1 gene located on
chromosomal region 17q11.2. The gene encodes a tumor suppressor protein
neurofibromin which is involved in controlling cell proliferation. Neurofibromin is a
GTPase activating protein (GAP), which facilitates conversion of active Ras-GTP to
inactive Ras-GDP. Thus, loss of neurofibromin leads to over activation of the Ras
pathway. Neurofibromin is ubiquitously expressed in normal tissues including

peripheral nerves and their Schwann cells [2-4].

Cutaneous neurofibromas are the hallmarks of NF1 and cause the main disease
burden in adults affecting the quality of life [5]. Adult NF1 patients may have hundreds
or thousands of neurofibromas in their skin. These tumors consist of Schwann cells,
perineurial cells, fibroblasts, endothelial cells, and mast cells [6]. Each neurofibroma
contains a clonal subpopulation of Schwann cells with double inactivation of the NF1
gene, resulting in NF17" genotype [7, 8]. The formation of a neurofibroma requires the
Nf1”" Schwann cells on an otherwise Nf1*" cellular background as demonstrated in an

experimental mouse model [9].

Clinical findings show that NF1 is a hormone-dependent disease since
neurofibromas arise and grow during puberty and the number and size of neurofibromas
increase especially during pregnancy [10-13]. However, surprisingly few reports on

steroid hormone action on Schwann cells have been published. Expression of steroid



hormone receptors is a prerequisite for the action of steroid hormones. Schwann cells
originating from rat sciatic nerves have been studied by Jung-Testas et al. (1993, 1996)
who showed the expression of progesterone and estrogen receptors [14, 15].
McLaughlin and Jacks (2003) found that the majority (86 %) of human cutaneous
neurofibroma tissue samples expressed progesterone receptors [16]. Fishbein et al.
(2007) reported heterogeneity between patients and individual tumors: estrogen,
progesterone and androgen receptors were differentially expressed in neurofibromas,
neurofibroma derived Schwann cell cultures, and Schwann cell cultures from sporadic
neurofibromas of otherwise healthy persons. They also reported hormone ligand-
mediated cell growth of neurofibroma derived Schwann cells suggesting association

between hormones and neurofibroma development and growth [17].

Overdiek et al. (2008) demonstrated that 60 % of the Schwann cells cultured
from cutaneous neurofibromas expressed progesterone receptors and progesterone
increased the proliferation of Schwann cells [18]. Specifically, the proliferative response
to progesterone was significantly enhanced in NF1”~ cells compared to NF1*~ or normal
human Schwann cells cultured from peripheral nerves of healthy control persons. In
genetically normal rodent Schwann cells, estradiol was shown to protect the cells from
oxidative stress, and increase Schwann cell proliferation, differentiation, and survival
[19, 20]. Our recently published dataset (accessible at NCBI GEO database, accession
GSE32029) demonstrates the expression of estrogen receptors o and 3, and receptors
for androgens, progesterone, and luteinizing hormone/chorionic gonadotropin in human

NF1*" and NF17 Schwann cells derived from NF1 associated neurofibromas.



Collectively, these findings suggest that steroid hormones have a role in the formation

of cutaneous neurofibromas

Malignant peripheral nerve sheath tumors (MPNSTS) are tumors originating
from Schwann cells of large peripheral nerves. NF1 patients have approximately 16 %
lifetime risk of MPNST and the 5-year survival is only 30-50 % [21, 22]. Estradiol has
been reported to increase the cell proliferation in mouse xenograft models of human

MPNSTSs, while hormone deprivation inhibits the proliferation [23, 24].

The action of sex hormones is mediated through receptors which ultimately
regulate gene expression [25]. Human chorionic gonadotropin (hCG) plays an important
role in the reproductive physiology. hCG is structurally and functionally similar to
luteinizing hormone (LH) and both bind to the same receptor, LH/CG-R [26]. hCG is
important for the maintenance of pregnancy following the implantation of the embryo.
The levels of hCG increase during the first months of pregnancy from 5 IU/ml up to 100
000 IU/ml. Estradiol is synthesized in ovaries, testes, and adrenal cortex. In women, the
level of estradiol varies during the menstrual cycle between 0.1 — 2 nmol/l, increases
during pregnancy, and decreases during menopause below the level of 0.13 nmol/l. In
men, the level of estradiol is up to 0.1 nmol/l. Also testosterone is produced by the
adrenal glands, testes and ovaries. The testosterone levels vary with age between 0.1 —

40 nmol/l in men and between 0.1-2 nmol/l in women.

A method to culture NF1*"~ and NF17~ Schwann cells separately from

neurofibromas has previously been described [7, 27] and is based on the observation



that the presence of forskolin promotes proliferation of cells bearing only the first hit of
the NF1 gene (NF1™") while the Schwann cells with two hits (NF17") are able
proliferate without forskolin. The protocol has successfully been used in further
characterization of the second hit mutations of the NF1 gene in Schwann cells cultured
from cutaneous neurofibromas in NF1 [28]. The cell culture method provides an
opportunity to selectively study the effect of one or two hits of the NF1 gene on
hormone sensitivity of Schwann cells. Specifically, the aim of this study is to elucidate
the roles of estradiol, testosterone and hCG in the regulation of Schwann cell

proliferation.
Materials and Methods
Patients and neurofibroma tissue samples

The study was approved by the Ethics Committee of Southwest Finland Hospital
District, Turku, Finland. Cutaneous neurofibromas were obtained from the Department
of Dermatology at Turku University Hospital with informed written consent of each
patient. Patients fulfilled the NIH diagnostic criteria for NF1 [29] and they came for
removal of disturbing cutaneous neurofibromas. Tumors were removed with CO, laser
and immersed immediately into RPMI medium (Gibco, Grand Island, NY, USA). Eight
cutaneous neurofibromas from 2 patients were used in the study. The tissue donors were
a female aged 37-39 years (germline NF1 mutation ¢.3868A>T, p.K1290X) and a 36-

year-old male (germline NF1 mutation c.1246C>T, p.Arg416X).

Preparation of tumor tissue for cell culture



NF1*" and NF17 cells were cultured essentially as described by Serra et al. [7], with
minor modifications: relatively small (= 5-15 mm) neurofibromas (Fig.1 a) were used
for establishing cell cultures because they showed the greatest growth potential. The
neurofibroma tumor tissue was dissected from surrounding dermis and subcutaneous
fat, cut into 1x1 to 2x2 mm pieces, and immersed into preincubation medium containing
D-MEM, inactivated 10 % fetal bovine serum (iFBS; Invitrogen, USA), 2 umol/L
forskolin (Merck, Darmstadt, Germany), and antibiotics (Penicillin G, 100 U/mL,

Gibco; Amphotericin B 1.25 pg/mL, Gibco) for 3 to 7 days at 37 °C and 5 % CO..
Enzymatic and mechanical dissociation of the tumors

The tumor pieces were enzymatically digested using 160 U/mL collagenase type 1
(Merck) and 0.8 U/mL dispase grade 1 (Roche, Indianapolis, Indiana, USA) at 37 °C
and 5 % CO, for 18 — 24 h. After the incubation, tissue pieces were dissociated
mechanically with pipette tips. The cell suspension was centrifuged at 1200 rpm for 10
min, suspended in fresh D-MEM with 10 % iFBS for a quick wash, and centrifuged
again. At this point the cells could be frozen or continued to cultivation. The cells were
cultured on cell culture plastics coated with 1 mg/mL poly-L-lysine (Sigma-Aldrich, St.
Louis, Missouri, USA) and 4 pg/mL laminin (Invitrogen). During the first two passages,

the cells were cultured on coated 6-well plates and later on coated cell culture flasks.
Schwann cell cultivation and enrichment of NF1* cells

To enrich NF1*" cells, half of the tumor cell suspension was plated in proliferation

medium containing D-MEM, 10 % fetal calf serum (Invitrogen), 100 U/mL penicillin



G, 0.5 mM 3-iso-butyl-1-methylxanthine (IBMX, Sigma, St. Louis, Missouri, USA), 10
nM B1-heregulin (Peprotech, NJ, USA), 2.5 pg/mL insulin (Sigma-Aldrich) and 0.5 uM
forskolin. Half of the medium volume was replaced with fresh medium every 3 to 4

days and the cells were passaged with trypsin when they reached 60 — 70 % confluency.
Schwann cell cultivation and enrichment of NF1” cells

To enrich NF1™7" cells, half of the cell suspension from a tumor was treated with
proliferation medium containing forskolin, prepared as described above, for 24 hours,
followed by serum-free N2 medium [30] containing 73 % D-MEM, 25 % F12 nutrient
mix (Gibco), 100 U/mL penicillin G, 1 % N2-supplement (Gibco) and 0.5 mM IBMX
for 24 h. The cells were then cultured in proliferation medium without forskolin, which
is a crucial difference from the protocol of culturing NF1*" cells. Half of the medium
volume was changed to fresh medium every 3 to 4 days. If NF17 cells looked non-
viable or had to be further divided, the cells were treated as above: with proliferation
medium containing forskolin for 24 hours, followed by serum-free N2 medium for 24 h,

and then proliferation medium without forskolin.
Incubation of Schwann cells with sex hormones and measurement of cell proliferation

The effect of sex hormones on human NF1*"~ and NF1” Schwann cell proliferation was
quantified with 5-bromo-2-deoxyuridine (BrDU) colorimetric ELISA immunoassay
(Roche Diagnostics, Mannheim, Germany). Schwann cells, of passage 5 or greater,
were plated on coated 96-well plates at a density of 6000 cells per well in 100 pl of

proliferation medium without forskolin. Colorless D-MEM (Gibco) was used to prepare



the proliferation medium for hormone testing. Each experiment contained four replicate
wells. Estradiol (Sigma), testosterone (Sigma) and hCG (Sigma) were added as ethanol
solutions on day 0 at concentrations of 0.001 nM — 100 nM for 48 (Day 2) or 96 (Day 4)
hours. For controls, 1 % ethanol was added instead of hormones. Ten UM BrDU was
added to the medium for 18 hours before the cells were fixed with ethanol and excess
background was blocked with blocking reagent (Roche Diagnostics) for 30 min. Cells
were then incubated with Anti-BrDU antibody for 1 hour, followed by washing. After
30 min incubation with substrate and the development of the color, stop solution was
added into the wells. Absorbance at 450 nm was measured with the Hidex microplate
reader (The Plate Chameleon Multilabel Counter, Hidex Oy, Turku, Finland) to
determine BrDU incorporation in the cells, reflecting cell proliferation during the BrDU

incubation period.

Statistical analysis

Blank measurements were subtracted from the absorbance readings of the cell
proliferation assays, and the resulting numbers were normalized relative to the vehicle
controls specific to the assay day and cell line. To account for correlation between
assays from the same cell line and cells from the same patient, linear mixed effects
regression with random intercepts for tumor and patient was used for statistical analysis.
Comparisons were made between the vehicle control and hormone treatments as well as
between genotypes. Statistical software R version 3.3.2 with ImerTest package version

2.0-33 was used for the analysis.



Results

The two genotypically different (NF1* and NF17") Schwann cell populations displayed
different phenotypes as illustrated in Figure 1. More specifically, NF17 cell cultures
were homogenous and contained typical spindle shaped Schwann cells [7] (Fig. 1c)
which grew tail to tail and formed lattices. The morphology and growth pattern of
NF1*" cells were clearly different. The cell cultures were dense and the cells formed
linear bundles and swirls (Fig. 1b). Both NF1*"~ and NF1™" cells were S100 positive (not

shown).

Human Schwann cell cultures with NF1*~ and NF17" genotypes were treated
with estradiol, testosterone and hCG at concentrations ranging from 0.001 nM to 100
nM for two or four days. The tested hCG concentrations correspond to 0.53 U/l —
53000 1U/I. The effect of sex hormones on human NF1*" and NF1” Schwann cell

proliferation was quantified with BrDU colorimetric ELISA immunoassay.

Addition of estradiol (Fig. 2), testosterone (Fig. 3) or hCG (Fig. 4) had no
consistent effect on the proliferation of the cells with NF1*" genotype after two or four
days of treatment. In contrast, testosterone and hCG increased the proliferation of the
NF17 Schwann cells already after two days by 15 — 22 % (Fig. 3) and 29 — 51% (Fig.
4), respectively. The effect on NF1™" cells was markedly more pronounced after four
days (P < 0.001), testosterone yielding up to 110 % and hCG up to 170 % increase in
cell proliferation compared to vehicle control. The highest concentration, 100 nM, of

hCG failed to produce a significant increase in cell proliferation. Estradiol resulted in a
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significant 86 — 99 % increase in proliferation at concentrations 0.001-10 nM on day

four, but only minor effect was observed on day two (Fig. 2).

Direct comparisons between NF1*~and NF1”~ Schwann cells at specific
hormone concentrations and time points indicated that the difference between genotypes
was statistically significant for hCG at the lowest concentrations on day 4 (Fig. 4).
Assays with estradiol and testosterone showed high variation on day 4, since one cell
line with NF17~ genotype responded more strongly to estradiol and testosterone
treatment than the other cell lines. Exclusion of this outlier reduced the increase in cell
proliferation to 40 — 56 % and 49 — 60 % compared to vehicle control at estradiol and
testosterone concentrations 0.001 — 10 nM, respectively (P < 0.001 compared to vehicle
for all). Despite the reduction in effect size, the differences between genotypes were
significant with P < 0.05 at 0.001 — 10 nM estradiol and 0.001-100 nM testosterone,
indicating that the responses to hormone treatments are robust for the exclusion of the

exceptionally sensitive outlier cell line.

Discussion

The findings of this study provide new information about the behavior of Schwann cells
of two different genotypes, NF1* and NF1”", when exposed to estradiol, testosterone or
human chorionic gonadotropin (hCG). Moreover, this is the first study to address the
effect of hCG on the proliferation of human NF1*" and NF1”~ Schwann cells in vitro.

The hormone concentrations used in the current study were based on the physiological

11



range of the tested hormones. These results demonstrate that the hormones can act
directly on Schwann cells, and offer a feasible explanation for clinical observations
which show an increase in the number and size of neurofibromas in association with
puberty and pregnancy. The results also point out that Schwann cells with two hits in
the NF1 gene are more prone to the effects of sex hormones than the cells with one
mutation only. Specifically, the sex hormones used in this study increased the
proliferation of NF17~ Schwann cells by up to 99 % — 170 % compared to vehicle
control after 4 days of treatment. Estradiol and hCG stimulated Schwann cell
proliferation at concentrations 0.001-10 nM while the 100 nM concentration did not

show significant effect.

Since neurofibromin inhibits the proliferation controlling Ras pathway, its
complete loss in NF17~ Schwann cells may allow more pronounced proliferative
responses to mitogens such as the sex hormones estradiol, testosterone and hCG. In
addition, the receptors for these hormones directly interact with the Ras pathway,
possibly increasing its activation [31-33]. Therefore, the hormone sensitivity of NF1”"
Schwann cells may be due to aberrant signal transduction resulting from complete loss

of neurofibromin.

By the age of 8, nearly all NF1 patients have 2 or more of the features included
in the NIH Diagnostic Criteria. Neurofibromas are present in half of the 10-year-old
patients and an increase in their number occurs during puberty and later during
pregnancy. Over 80 % of 20-year-old NF1 patients have neurofibromas [34, 35]. In

addition to the effect of sex hormones on the natural course of neurofibroma growth,
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another clinically interesting question is whether oral contraceptives promote the growth
of benign neurofibromas. The only study published on this issue suggested that low
doses of estrogen and progesterone did not seem to stimulate the growth of
neurofibromas in most of the 59 NF1 patients studied. However, tumor growth was

observed in two patients taking high doses of progesterone [36].

The results showed that relatively small (2 5-15 mm) neurofibromas (Fig.1a)
were optimal sources for cell cultures with respect to growth potential. NF1*~ and NF1™"
Schwann cells were grown in culture medium containing phenol red which is known to
bind to estrogen receptors [37, 38]. Culturing in a medium devoid of phenol red was
tested but the cells were not sufficiently viable and proliferated very slowly. Thus, the
red culture medium was used for expansion of the cultures but the hormone testing was
carried out in colorless medium. Culture medium also contained FBS which contains

hormones. Culturing without FBS was tested but the cells did not survive without it.

The crucial difference between NF1*~ and NF17~ Schwann cell cultures is the
proliferation medium with (NF1*") or without (NF17) forskolin, which allows
segregating the genotypes from each other. In vitro studies of a genetically normal
peripheral nerve injury mouse model demonstrated that estradiol promoted Schwann
cell proliferation in the presence of forskolin, and differentiation in the absence of
forskolin leading to early remyelination of the injured peripheral nerve [20]. Forskolin
is known to be a unique diterpene activator of cyclic AMP (cCAMP) production [39].
Serra et al. (2000) noted that removal of forskolin enriched NF17~ Schwann cells,

whereas addition led to enrichment of NF1*" Schwann cells. Nevertheless, NF1” cells
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were growing best when forskolin was present in the culture medium for 24 hours after
the cells were plated. They indicated that the stimulation of CAMP pathway was

important for NF17 cells, yet even more important to NF1*" cells [7].

Our recently published dataset (accessible at NCBI GEO database, accession
GSE32029) together with earlier literature show that NF1*~ and NF1”" Schwann cells
express estrogen, androgen and LH/CG-R receptors. The current study demonstrates
that the somatic second hit in the NF1 gene sensitizes Schwann cells to sex hormones
resulting in a highly increased proliferation which explains, at least in part, the growth

of neurofibromas in puberty and pregnancy.
Conclusions

Neurofibroma-derived Schwann cells whose both NF1 alleles were mutated responded
to sex hormones by increased proliferation. The results elucidate the proliferation of the

NF17 Schwann cells and may pave the way for future therapeutic approaches.

Abbreviations

NF1 neurofibromatosis type 1

NF1 human NF1 gene

NF1*" cells carrying the constitutional NF1 mutation only
NF1” cells with the NF1 second hit

NIH National Institutes of Health

PBS phosphate buffered saline

BSA bovine serum albumin

MPNST malignant peripheral nerve sheath tumor

hCG human chorionic gonadotropin

14



Availability of data

Raw data is available on request.

Ethics and consent to publish

This study has been performed in accordance with the Declaration of Helsinki and
approved by the Ethics Committee of Southwest Finland Hospital District, and patients
gave their informed written consents. The study was carried out at Turku University

Hospital and the University of Turku.

Conflict of Interest

The authors declare no conflict of interest.

Authors' contributions

JP conceived the study. JP and SP made a significant contribution to writing the paper.
SP collected the neurofibroma samples. RAK analyzed the data, drafted and revised the
paper. PP designed the experiments, cultured Schwann cells, performed the assays,
analyzed the data and wrote the paper. All authors read and approved the final version

of the manuscript.

Acknowledgment

We would like to thank Mr. Miso Immonen for technical support. This work was
supported by The Turku University Foundation and The Jalmari and Rauha Ahokas

Foundation.

15



References

10.

11.

12.

13.

14.

15.

16.

Uusitalo E, Leppavirta J, Koffert A, Suominen S, Vahtera J, Vahlberg T, Poyhonen M,
Peltonen J, Peltonen S (2015) Incidence and mortality of neurofibromatosis: a total
population study in Finland. J Invest Dermatol 135: 904-906 DOI 10.1038/jid.2014.465
Jouhilahti EM, Peltonen S, Heape AM, Peltonen J (2011) The pathoetiology of
neurofibromatosis 1. Am J Pathol 178: 1932-1939 DOI 10.1016/j.ajpath.2010.12.056
Gutmann DH, Ferner RE, Listernick RH, Korf BR, Wolters PL, Johnson KJ (2017)
Neurofibromatosis type 1. Nat Rev Dis Primers 3: 17004 DOI 10.1038/nrdp.2017.4
Riccardi VM (1992) Neurofibromatosis: phenotype, natural history and pathogenesis.
Baltimore and London. The John Hopkins University Press., pp. 1-85.

Kodra Y, Giustini S, Divona L, Porciello R, Calvieri S, Wolkenstein P, Taruscio D (2009)
Health-related quality of life in patients with neurofibromatosis type 1. A survey of 129
Italian patients. Dermatology 218: 215-220 DOI 10.1159/000187594

Peltonen J, Jaakkola S, Lebwohl M, Renvall S, Risteli L, Virtanen |, Uitto J (1988) Cellular
differentiation and expression of matrix genes in type 1 neurofibromatosis. Lab Invest
59:760-771

Serra E, Rosenbaum T, Winner U, Aledo R, Ars E, Estivill X, Lenard HG, Lazaro C (2000)
Schwann cells harbor the somatic NF1 mutation in neurofibromas: evidence of two
different Schwann cell subpopulations. Hum Mol Genet 9: 3055-3064

Jouhilahti EM, Peltonen S, Callens T, Jokinen E, Heape AM, Messiaen L, Peltonen J
(2011) The development of cutaneous neurofibromas. Am J Pathol 178: 500-505 DOI
10.1016/j.ajpath.2010.10.041

ZhuY, Ghosh P, Charnay P, Burns DK, Parada LF (2002) Neurofibromas in NF1:
Schwann cell origin and role of tumor environment. Science 296: 920-922 DOI
10.1126/science.1068452

Dugoff L, Sujansky E (1996) Neurofibromatosis type 1 and pregnancy. Am J Med Genet
66: 7-10 DOI 10.1002/(SICI)1096-8628(19961202)66:1<7::AID-AJMG2>3.0.CO;2-R
Roth TM, Petty EM, Barald KF (2008) The role of steroid hormones in the NF1
phenotype: focus on pregnancy. Am J Med Genet A 146A: 1624-1633 DOI
10.1002/ajmg.a.32301

Posma E, Aalbers R, Kurniawan YS, van Essen AJ, Peeters PM, van Loon AJ (2003)
Neurofibromatosis type | and pregnancy: a fatal attraction? Development of malignant
schwannoma during pregnancy in a patient with neurofibromatosis type |. BJOG 110:
530-532

Xiong M, Gilchrest BA, Obayan OK (2015) Eruptive neurofibromas in pregnancy. JAAD
Case Rep 1: 23-24 DOI 10.1016/j.jdcr.2014.10.006

Jung-Testas |, Schumacher M, Bugnard H, Baulieu EE (1993) Stimulation of rat Schwann
cell proliferation by estradiol: synergism between the estrogen and cAMP. Brain Res
Dev Brain Res 72: 282-290

Jung-Testas |, Schumacher M, Robel P, Baulieu EE (1996) Demonstration of
progesterone receptors in rat Schwann cells. J Steroid Biochem Mol Biol 58: 77-82
McLaughlin ME, Jacks T (2003) Progesterone receptor expression in neurofibromas.
Cancer Res 63: 752-755

16



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fishbein L, Zhang X, Fisher LB, Li H, Campbell-Thompson M, Yachnis A, Rubenstein A,
Muir D, Wallace MR (2007) In vitro studies of steroid hormones in neurofibromatosis 1
tumors and Schwann cells. Mol Carcinog 46: 512-523 DOI 10.1002/mc.20236
Overdiek A, Winner U, Mayatepek E, Rosenbaum T (2008) Schwann cells from human
neurofibromas show increased proliferation rates under the influence of
progesterone. Pediatr Res 64: 40-43 DOI 10.1203/PDR.0b013e31817445b8

Siriphorn A, Chompoopong S, Floyd CL (2010) 17B-estradiol protects Schwann cells
against H202-induced cytotoxicity and increases transplanted Schwann cell survival in
a cervical hemicontusion spinal cord injury model. ) Neurochem 115: 864-872 DOI
10.1111/j.1471-4159.2010.06770.x

ChenY, Guo W, Xu L, Li W, Cheng M, Hu Y, Xu W (2016) 173-Estradiol Promotes
Schwann Cell Proliferation and Differentiation, Accelerating Early Remyelination in a
Mouse Peripheral Nerve Injury Model. Biomed Res Int 2016: 7891202 DOI
10.1155/2016/7891202

Uusitalo E, Rantanen M, Kallionp&da RA, Péyhdonen M, Leppavirta J, Yl&a-Outinen H,
Riccardi VM, Pukkala E, Pitkdniemi J, Peltonen S, Peltonen J (2016) Distinctive Cancer
Associations in Patients With Neurofibromatosis Type 1. J Clin Oncol DOI
10.1200/JC0.2015.65.3576

Ingham S, Huson SM, Moran A, Wylie J, Leahy M, Evans DG (2011) Malignant
peripheral nerve sheath tumours in NF1: improved survival in women and in recent
years. Eur J Cancer 47: 2723-2728 DOI 10.1016/j.ejca.2011.05.031

Perrin GQ, Li H, Fishbein L, Thomson SA, Hwang MS, Scarborough MT, Yachnis AT,
Wallace MR, Mareci TH, Muir D (2007) An orthotopic xenograft model of intraneural
NF1 MPNST suggests a potential association between steroid hormones and tumor cell
proliferation. Lab Invest 87: 1092-1102 DOI 10.1038/labinvest.3700675

Li H, Zhang X, Fishbein L, Kweh F, Campbell-Thompson M, Perrin GQ, Muir D, Wallace
M (2010) Analysis of steroid hormone effects on xenografted human NF1 tumor
schwann cells. Cancer Biol Ther 10: 758-764

O'Malley BW, Tsai MJ (1992) Molecular pathways of steroid receptor action. Biol
Reprod 46: 163-167

McFarland KC, Sprengel R, Phillips HS, Kéhler M, Rosemblit N, Nikolics K, Segaloff DL,
Seeburg PH (1989) Lutropin-choriogonadotropin receptor: an unusual member of the
G protein-coupled receptor family. Science 245: 494-499

Rosenbaum T, Rosenbaum C, Winner U, Miller HW, Lenard HG, Hanemann CO (2000)
Long-term culture and characterization of human neurofibroma-derived Schwann
cells. J Neurosci Res 61: 524-532

Maertens O, Brems H, Vandesompele J, De Raedt T, Heyns |, Rosenbaum T, De
Schepper S, De Paepe A, Mortier G, Janssens S, Speleman F, Legius E, Messiaen L
(2006) Comprehensive NF1 screening on cultured Schwann cells from neurofibromas.
Hum Mutat 27: 1030-1040 DOI 10.1002/humu.20389

Stumpf DA, Alksne JF, Annegers JF, Brown SS, Conneally PM, Housman D, Leppert MF,
Miller JP, Moss ML, Pileggi AJ, Rapin |, Strohman RC, Swanson LW, Zimmerman A
(1988) Neurofibromatosis conference statement. National Institutes of Health
Consensus Development Conference. Arch Neurol, pp. 45:575-578.

17



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bottenstein JE, Sato GH (1979) Growth of a rat neuroblastoma cell line in serum-free
supplemented medium. Proc Natl Acad Sci U S A 76: 514-517

Driggers PH, Segars JH (2002) Estrogen action and cytoplasmic signaling pathways. Part

II: the role of growth factors and phosphorylation in estrogen signaling. Trends
Endocrinol Metab 13: 422-427

Liao RS, Ma S, Miao L, Li R, Yin Y, Raj GV (2013) Androgen receptor-mediated non-
genomic regulation of prostate cancer cell proliferation. Transl Androl Urol 2: 187-196
DOI 10.3978/j.issn.2223-4683.2013.09.07

Fan HY, Shimada M, Liu Z, Cahill N, Noma N, Wu Y, Gossen J, Richards JS (2008)
Selective expression of KrasG12D in granulosa cells of the mouse ovary causes defects
in follicle development and ovulation. Development 135: 2127-2137 DOI
10.1242/dev.020560

DeBella K, Szudek J, Friedman JM (2000) Use of the national institutes of health criteria

for diagnosis of neurofibromatosis 1 in children. Pediatrics 105: 608-614

Duong TA, Bastuji-Garin S, Valeyrie-Allanore L, Sbidian E, Ferkal S, Wolkenstein P
(2011) Evolving pattern with age of cutaneous signs in neurofibromatosis type 1: a
cross-sectional study of 728 patients. Dermatology 222: 269-273 DOI
10.1159/000327379

Lammert M, Mautner VF, Kluwe L (2005) Do hormonal contraceptives stimulate
growth of neurofibromas? A survey on 59 NF1 patients. BMC Cancer 5: 16 DOI
10.1186/1471-2407-5-16

Berthois Y, Katzenellenbogen JA, Katzenellenbogen BS (1986) Phenol red in tissue
culture media is a weak estrogen: implications concerning the study of estrogen-
responsive cells in culture. Proc Natl Acad Sci U S A 83: 2496-2500

Welshons WV, Wolf MF, Murphy CS, Jordan VC (1988) Estrogenic activity of phenol
red. Mol Cell Endocrinol 57: 169-178

Seamon KB, Daly JW (1981) Forskolin: a unique diterpene activator of cyclic AMP-
generating systems. J Cyclic Nucleotide Res 7: 201-224

18



Titles and legends to figures

Fig. 1 The two neurofibroma-derived Schwann cell populations. Relatively small (2 5-
15 mm) cutaneous neurofibromas were used as starting material for two different
Schwann cell populations (a). NF1*" cells were dense and formed linear bundles and
swirls (b). NF17 cell cultures were homogenous and contained typical spindle shaped

Schwann cells (c). Scale bars 50 pm.

Fig. 2 The effect of estradiol on the proliferation of human Schwann cells after 2 and 4
days. Estradiol concentrations 0.001-10 nM resulted significant increases in NF17 cell
proliferation on day 4. The values are normalized relative to the vehicle control. Error
bars show standard error of mean. Asterisks denote statistical significance of the
comparison to the vehicle control of the respective genotype, * P < 0.05, ** P < 0.01,

*** P <0.001.

Fig. 3. The effect of testosterone on the proliferation of human Schwann cells after 2
and 4 days. Testosterone concentrations 0.001-100 nM yield significant increases in
NF1" cell proliferation on days 2 and 4. The values are normalized relative to the
vehicle control. Error bars show standard error of mean. Statistical significance of the
comparison to the vehicle control of the respective genotype is marked with asterisks, *

P <0.05, ** P <0.01, *** P < 0.001.
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Fig. 4. The effect of human chorionic gonadotropin (hCG) on the proliferation of
human Schwann cells after 2 and 4 days. hCG concentrations 0.001-10 nM
demonstrated significant increases in NF17 cell proliferation on days 2 and 4. The
values are normalized relative to the vehicle control. Error bars show standard error of
mean. Asterisks denote statistical significance of the comparison to the vehicle control
of the respective genotype (above each bar), or between genotypes, * P < 0.05, ** P <

0.01, *** P < 0.001.
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