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Abstract

Cutaneous neurofibromas, characteristic lesions of neurofibro-
matosis 1, are composed of an abundant extracellular matrix
and nerve connective tissue-derived cell types: Schwann cells,
perineurial cells, and fibroblasts. In this study, the extracellu-
lar matrix gene expression by these cells was examined under
culture conditions that allowed them to be metabolically active
and readily identifiable by morphologic and immunocytochem-
ical criteria. Northern hybridizations demonstrated expression
of genes for type I, III, IV, and VI collagens, as well as for
fibronectin, laminin, and elastin. In situ hybridizations re-
vealed that all three cell types expressed proa;(I), proay(VI),
and laminin B1 chain genes. However, fibroblasts did not con-
tain [**SjcDNA-mRNA hybrids specific for type IV collagen,
whereas both Schwann cells and perineurial cells expressed
these genes. Perineurial cells and fibroblasts readily expressed
the fibronectin gene whereas Schwann cells were essentially
devoid of the corresponding mRNA. Perineurial cells also ex-
pressed the gene for laminin A chain. The results indicate that
the extracellular matrix gene expression profiles of Schwann
cells, perineurial cells, and fibroblasts are distinct: all three
cell types are capable of expressing some of the genes for
extracellular matrix components, such as type I and VI colla-
gens, whereas Schwann cells and perineurial cells may have
the primary role in synthesizing basement membrane zone
components, type IV collagen and laminin. These observations
potentially relate to the mechanisms of growth and develop-
ment of human neurofibromas. The results attest to the appli-
cability of the methodology utilized here to study other human
tumors with mixed cell populations.

Introduction

Type 1 neurofibromatosis (von Recklinghausen’s disease
[NF-1]") is a common neurocutaneous disease affecting ~ 1
out of 3,000-4,000 individuals (1). It is inherited in an autoso-
mal dominant manner, and the genetic defect has been local-
ized to chromosome 17 (2, 3). The most characteristic clinical
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features of NF-1 are the presence of cutaneous and subcutane-
ous neurofibromas, café-au-lait macules, and hamartomas of
iris, the so-called Lisch nodules (4).

The cutaneous neurofibromas contain three major types of
neural tissue-derived cells: Schwann cells, perineurial cells,
and fibroblasts (5) which are embedded in an extensive con-
nective tissue matrix. The extracellular matrix consists pre-
dominantly of collagen which comprises ~ 50% of the dry
weight of the tumors (6). Inmunocytochemistry and electron
microscopy have demonstrated the presence of at least five
genetically distinct collagens, types I, III, IV, V, and VI, in the
lesions (6—-11). Previous studies have revealed that the levels of
mRNA transcripts specific for type I procollagen are 10 times
higher than the mRNA levels of type III or IV procollagens in
RNA preparations isolated from neurofibroma tissue (12). In
addition, fibronectin and basement membrane components,
laminin and nidogen, have been identified in the matrix of
neurofibromas (5, 7, 10, 13, 14).

Although the composition of the extracellular matrix of
neurofibromas has been investigated in considerable detail, the
cellular origin of the matrix is not clear. Most tumors, once
fully developed, appear to be biosynthetically stable, and only
a few cells are active in expressing the extracellular matrix
genes (5). In situ hybridizations have shown that in fully devel-
oped neurofibromas, < 10% of the cells actively express the
proa;(I) collagen gene, whereas < 5% of the cells express the
proa,(III) collagen gene (5). In this study, the contribution of
Schwann cells, perineurial cells, and fibroblasts to the accu-
mulation of the extracellular matrix in developing neurofi-
bromas was investigated under culture conditions that allowed
the cells to be metabolically active and also rendered them
readily identifiable (15, 16).

Methods

Cell cultures. The primary cell cultures were established from cutane-
ous neurofibromas excised for cosmetic reasons from seven patients
with clinically and histopathologically verified von Recklinghausen’s
neurofibromatosis (NF-1). The central part of each tumor was cut into
~ 1-mm? pieces which were explanted onto plastic tissue culture
flasks. Normal skin fibroblasts were similarly cultured from a skin
sample of a 52-yr-old male undergoing surgery for cosmetic reasons.
For in situ hybridization and immunofluorescence the cells were
grown from tissue onto acetylated glass slides (16). The cells were
grown for 4-5 wk in DME, supplemented with antibiotics (penicillin
G, 100 U/ml, and streptomycin sulphate, 50 ug/ml), and 10% fetal calf
serum. Before fixation of cells for in situ hybridization, the cells were
fed for 6 h with fresh DME supplemented with 20% fetal calf serum.
Indirect immunofluorescence. For immunofluorescence staining,
the cells grown on object glasses were fixed in 100% ethyl alcohol at
—20°C for 15 min or in fresh 4% paraformaldehyde. To prevent non-
specific antibody binding, the samples were incubated with 1% bovine
serum albumin in Tris-buffered saline, pH 7.6, for 30 min at room
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temperature. The cells were then incubated overnight at 4°C with one
of the following primary antibodies: mouse IgG recognizing human
type IV collagen epitopes (ICN ImmunoBiologicals, Lisle, IL); rabbit
IgG to human plasma fibronectin, to human factor VIII-related anti-
gen, or to cow S-100 protein (Accurate Chemical & Scientific Corp.,
Westbury, NY); mouse monoclonal antibodies to human cytokeratin
or to swine desmin (Dakopatts, Glostrup, Denmark); the latter anti-
body cross-reacts with human epitopes. The samples were washed with
Tris-buffered saline for 60 min with five changes, and incubated with
tetramethyl-rhodamine isothiocyanate-conjugated goat anti-mouse or
anti-rabbit IgG (Cappel Laboratories, Cooper Biomedical, Inc., Mal-
vern, PA).

RNA hybridization. Total RNA was isolated according to the sin-
gle-step method described by Chomczynski and Sacchi (17). The RNA
species were separated on 0.9% agarose gels under denaturing condi-
tions and transferred to nitrocellulose filters (18). RNA was then im-
mobilized by heating at 78°C under vacuum for 90 min, and the filters
were hybridized with one of the human sequence-specific cDNAs (see
below), labeled with [3?P]dCTP by nick translation (19) to a specific
activity of at least 1 X 10® cpm/ug. For in situ hybridization, the cells
grown on acetylated object glasses (20, 21) were permeabilized and
fixed in 100% ethanol for 15 min at —20°C, and then in 4% paraform-
aldehyde at room temperature for 15 min, after which the cultures
were pretreated with 0.25% acetic anhydride in 0.1 M triethanolamine
to block nonspecific binding of the cDNAs (20, 21). The hybridization
was performed for 16 h at 42°C in the presence of 50% formamide and
10% dextran sulphate, using cDNAs labeled with [**SJdATP by nick
translation, as described earlier in detail (5, 21). After hybridizations,
. the samples were washed at 42°C to the final stringency of 30 mM
NaCl and 3 mM sodium citrate, pH 6.8, followed by dehydration in a
graded series of ethanol (5, 21). The [**SJcDNA-mRNA hybrids were
detected by using NTB 3 emulsion (Eastman Kodak Co., Rochester,
NY) and by exposing the samples for 5-10 d at 4°C. The samples were
subsequently developed using D-19 developer (Eastman Kodak Co.)
(15°C, 120 ), stained with hematoxylin, and dehydrated with ethanol
and xylene.

¢DNA probes. The following human sequence-specific cDNAs were
used for Northern and in situ hybridizations: for type I collagen, a
1.8-kb proa,(I) (Hf 677) cDNA (22), and a 4.5-kb proax(I) (Hp 2010)
cDNA (23); for type III collagen, a 1.3-kb proa,(III) (Hf 934) cDNA
(24); for type IV collagen, a 2.6-kb proa,(IV) (Ht-21) cDNA (25); for
type VI collagen, three different cDNAs, 2.1 (p18), 1.5 (p8), and 1.5
(p24) kb in size, corresponding to proa;(VI), proa,(VI), and proa;(VI)
chains, respectively (26); for fibronectin, a 1.3-kb (Hf 771) cDNA (27);
for laminin, a 0.7-kb 5’ EcoRI-Pstl subfragment of 2.5-kb A chain
(APA-1) cDNA, a 2.4-kb Bl chain (ApB1-3) cDNA, and a 2.4-kb B2
chain (A\pB2-10) cDNA, respectively (28); for elastin, a 2.5-kb (cHE-3)
cDNA (29). '

Results

Identification of cells. Neurofibroma cells were cultured from
seven separate tumors on plastic tissue culture flasks or on
acetylated glass slides. The results presented below were con-
sistently observed in all seven cases. The outgrowth of cells was
examined first at light microscopic level. The presence of three
different major cell types was noted in the initial outgrowth
(Fig. 1). In several areas, a mixture of cells growing on a multi-
layer arrangement was noted (Fig. 1 4). Immunocytochemical
staining showed that the top layer of the cells was positive for
S-100 protein (not shown), indicating that they were Schwann
cells (30). These cells also stained positively with anti-type IV
collagen antibody (Fig. 2 4). The lower layer of these areas of
cultures revealed heterogeneity in a manner suggesting the
presence of fibroblasts and perineurial cells (see below). Both
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these cell types were negative for S-100 protein, but stained
positively with anti-fibronectin antibody (15).

In some areas of primary outgrowth, the cells had a growth
pattern characteristic of fibroblasts (Fig. 1 B). These cells were
negative for staining with anti-type IV collagen antibody (Fig.

T

Figure 1. Primary neurofibroma cell culture. (4) Arrays of Schwann
cells (S), visualized by toluidine blue grow on a layer of fibroblasts
and perineurial cells (*). (B and C) Phase-contrast micrographs of
(B) fibroblastic and (C) perineurial cell outgrowths in localized areas
of the culture. Bars, 500 um in 4; 100 gm in B and C.



Figure 2. Indirect immunofluorescence staining of a neurofibroma
primary cell culture with antibodies to (4-C) type IV collagen or (D)
fibronectin. Positive reaction of type IV collagen is seen in associa-

2 C). In areas containing predominantly cells with unusually
large, squamous phenotype (Figs. 1 C and 2, B and D), a
patchy cellular staining pattern with anti-type IV collagen an-
tibody was noted (Fig. 2 B). On the basis of their characteristic
morphology, and the presence of both fibronectin and type IV
collagen epitopes, the latter cells were identified as perineurial
cells (15, 16). None of the cells in the primary outgrowth were
positive for factor VIII-related antigen, cytokeratin, or desmin,
suggesting that they were not related to endothelial, epithelial
or muscle cells (31, 32). Thus, the majority of cells in these
mixed primary cell cultures appeared to represent Schwann
cells, perineurial cells and fibroblasts (15, 16).

Matrix gene expression in primary cultures. To examine
the matrix gene expression in primary cultures, Northern
transfer analyses were first performed with several human se-
quence-specific cDNAs. These hybridizations clearly revealed
the presence of characteristic polymorphic transcripts for type
I, III, IV, and VI collagens, as well as for laminin B2 chain,
fibronectin, and elastin (Fig. 3) (22-29). In addition, three out
of seven neurofibromas studied revealed the presence of lami-
nin A chain mRNA (Fig. 3 B). These results indicated that at
least one cell type within the primary culture was responsible
for the expression of the corresponding matrix genes. A differ-
ence was noted, however, in the size of a3(VI) collagen
mRNAs. The mRNA transcript seen in primary neurofibroma
cell cultures (Fig. 3 A4, lanes b and ¢) was somewhat smaller
than that in skin fibroblast cultures (lane a).

To identify the exact cell type(s) expressing each of the
matrix genes in primary culture, in situ hybridizations were
performed. The results, summarized in Table I, indicate clear
differences in the profile of matrix gene expression between
Schwann cells, perineurial cells, and fibroblasts. Although all
three cell types expressed the a;(I) and a(VI) collagen genes
(Figs. 4 and 5), the mRNA transcripts corresponding to a;(IV)
collagen gene were clearly detectable only in perineurial and
Schwann cells, but not in fibroblasts (Fig. 6). On the other
hand, fibroblasts and perineurial cells expressed the fibronec-
tin gene, whereas Schwann cells were essentially devoid of the
corresponding transcripts, or expressed the fibronectin gene at
a very low, undetectable level (Fig. 7). Whereas laminin B1
chain mRNAs could be demonstrated in all three different cell
types, hybridization with a laminin A chain cDNA revealed
detectable [**S]cDNA-mRNA hybrids only in perineurial cells
(Fig. 8). Thus, the latter observations attest to the uncoordi-
nate and differential expression of the matrix genes, even when
representing the separate subunit components of the same
protein.

Matrix gene expression in subcultures. The expression of
matrix genes was also examined by Northern hybridizations in
the third passage of subculture. As judged by immunostaining
for S-100 protein, these cultures were devoid of Schwann cells,
which can not be propagated under the culture conditions
used in this study. Consequently, the cultures were enriched
either in perineurial cells or in fibroblasts, and contained these
two cell types in varying proportions.

tion with (4) the Schwann cell arrays and (B) perineurial cells,
whereas (C) no staining reaction is seen in association with fibro-
blasts. (D) Perineurial cells demonstrate the presence of fibronectin
epitopes. Bar, 50 um.
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All mRNA transcripts that were detected in the primary
cultures were also present in RNA preparations isolated from
the cultured cells in the third passage (Fig. 3). However, the
intensity of the hybridization signal between the primary and
the third passage cultures appeared to diminish in the case of
mRNA for type VI collagen polypeptides, although the inten-
sity of fibronectin mRNA was somewhat increased. These
changes are consistent with the depletion of the subcultures
from Schwann cells which were shown to be particularly active

Table I. Extracellular Matrix Gene Expression
Profiles of Schwann Cells, Perineurial Cells, and Fibroblasts
Cultured from Human Neurofibromas

Schwann Perineurial
Gene expressed cell cell Fibroblast
Proa1(I) collagen + + +
Proal(IV) collagen + + —*
Proa2(VI) collagen +# + +
Laminin Bl chain + + +
Laminin A chain —* + —*
Fibronectin —* + +

Data are based on Northern and in situ hybridizations, as presented
in Results.

* Not detectable by in situ hybridization.

#In situ and Northern hybridizations suggest abundant steady-state
levels of the corresponding mRNA.
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Figure 3. Northern transfer analysis. (4) RNA, 10 ug per lane, isolated
from (a) third passage of cultured human skin fibroblasts; (b) neurofi-
broma primary culture; and (¢) third passage of subculture of cells from
the same tumor as in lane b. The same filter with intermittent washes
was sequentially hybridized with cDNAs for a(I), ax(I), a,(VI), ax(VI),
and a3(VI) procollagen chains, fibronectin (FN), and laminin (LAM) B2
chain, as indicated in the figure. (B) Hybridization with cDNAs for
a,(IIT) and a,(IV) procollagen chains, elastin (EL), and laminin (LAM)
A chain in four different filters containing RNA in lanes a, b, and ¢
from the same cell sources as in 4. The positions of 10-kb laminin A
chain, 8.5-kb a3(VI), 6.8-kb «,(IV), 4.8-kb «,(III), and 3.5-kb elastin or
a,(VI) chain mRNAs are indicated with arrows.

in expressing the type VI collagen genes (Fig. 5), while ex-
pressing the fibronectin gene at a very low level (Fig. 7). Also,
in some cases the RNA preparations from passaged cells ap-
peared to be enriched in mRNA for proa;(IV) collagen and
laminin A chain sequences (Fig. 3). These observations can be
explained by relative enrichment of the cultures with perineu-
rial cells, since fibroblasts, the other major cell type in these
cultures, do not express type IV collagen genes at significant
levels (Fig. 6).

Discussion

Previous biochemical and immunocytochemical studies have
revealed that the abundant extracellular matrix of neurofi-
bromas contains collagen types I, III, IV, V, and VI, as well as
noncollagenous glycoproteins, fibronectin, laminin, and nido-
gen (5-14). The cell populations within neurofibromas consist
mainly of nerve-derived cells: Schwann cells, perineurial cells,
and fibroblasts (5). In addition, the presence of mast cells,
a,-antitrypsin-positive phagocytic cells, as well as cells with
endothelial, epithelial, or muscle cell differentiation have been
demonstrated in localized areas (5). Considering the relative
amounts and the biosynthetic repertoire of the cells present in
neurofibromas, it appeared reasonable to postulate that
Schwann cells, perineurial cells, and/or fibroblastic cells are
primarily responsible for the synthesis of extracellular matrix
components in neurofibromas. However, no direct evidence
for the specific assignment of these three different cell types
with respect to expression of matrix genes has been presented
previously.



Figure 4. In situ hybridization of (4 and B) Schwann cells in a primary culture and (C and D) perineurial cells in the third passage culture with
a cDNA corresponding to a;(I) procollagen chain. [**S}cDNA-mRNA hybrids are visualized using (4 and C) bnghtﬁeld and (B and D) dark-

field optics. Bars, 100 um.

In this study, we have analyzed the connective tissue bio-
synthetic profile of Schwann cells, perineurial cells, and fibro-
blasts, both in mixed primary and in passaged cell cultures. A
combination of morphologic and immunocytochemical crite-
ria allowed the identification of individual cells to be represen-
tative of each of three different cell types (15, 16).

Northern hybridizations revealed the presence of mRNA
transcripts for subunits of collagen types I, III, IV, and VI, as
well as those for fibronectin, laminin, and elastin, indicating
that at least one of the cell types present in the initial out-
growth expressed the corresponding genes. Precise assignment
to individual cell types was achieved by in situ hybridizations,

which revealed a differential profile of matrix gene expression.
All three cell types expressed the proa;(I) collagen gene, con-
sistent with a previous demonstration that type I procollagen
mRNA levels are predominant in neurofibroma tissues (12).
Of interest was the observation that the size of a3(VI) col-
lagen mRNA transcripts in primary neurofibroma cell cultures
was somewhat smaller than those noted in skin fibroblast cul-
tures (Fig. 3 4). We have previously shown that a;(VI) collagen
transcripts are quite heterogeneous in size, and at least four
discrete mRNAs ranging from 8.3 to 9.2 kb have been detected
in fetal skin fibroblasts (26). The nature of these multiple
mRNA species is currently unclear and the difference in size

Figure 5. In situ hybridization of (4) Schwann cells and (B) perineurial cells in a primary culture with a cDNA for a,(VI) procollagen chain.
Bars, 100 um.
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Figure 6. In situ hybridization with a cDNA for «,(IV) procollagen chain. (4 and B) Mixed primary Schwann and perineurial cell culture. (C
and D) Culture area with a predominant fibroblast outgrowth. Only two Schwann cells, containing «,(IV) collagen mRNA, can be seen
(arrows). (4 and C) Brightfield optics; (B and D) darkfield optics. Bars, 100 um.

may reside either in the coding or noncoding region of the
transcript. It is possible that the smaller transcript is preferen-
tially expressed in one of the nerve-derived cell types. The easy
detectability of type VI collagen mRNA transcripts suggests
that this particular genetically distinct collagen type may be an
abundant gene product of neurofibroma cells. This observa-
tion is also consistent with recent findings that type VI colla-
gen represents a major fraction of collagen in a variety of
connective tissues (33). Furthermore, human skin fibroblasts
actively express type VI procollagen genes both in culture and
in normal human skin, as demonstrated by quantitative slot-

blot and in situ hybridizations, suggesting that the observa-
tions in cell culture reflect the in vivo situation in relevant
tissue (34). Based on these findings, one could suggest that type
VI collagen may also be a predominant matrix component in
neurofibromas, but direct quantitation is still lacking.
Examination of proa;(IV) collagen gene expression by in
situ hybridizations revealed that Schwann cells and perineurial
cells contained mRNA transcripts for this collagen chain,
whereas fibroblasts were essentially negative in this assay. It
has been previously shown that cultured rat nerve Schwann
cells synthesize type IV collagen protein, but the expression of

Figure 7. In situ hybridization of a primary neurofibroma cell culture with a cDNA for fibronectin. Fibroblasts and perineurial cells express the
fibronectin gene (large arrows), whereas Schwann cells are essentially devoid of fibronectin mRNA (small arrows). (A) Brightfield optics; (B)

darkfield optics. Bar, 100 um.
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Figure 8. In situ hybridization of a third passage neurofibroma cell culture with a cDNA for laminin A chain. [**SJcDNA-mRNA hybrids are
detected only in cultures enriched in perineurial cells. (4) Brightfield optics; (B) darkfield optics. Bar, 100 um.

this gene requires the axonal contact (35). This observation
together with the results of the present study suggest that
Schwann cells derived from neurofibromas may be more au-
tonomous and express the type IV collagen genes in mixed cell
culture without axonal contact. Previous studies have demon-
strated low but clearly detectable levels of type IV procollagen
mRNAs in human skin fibroblast cultures (34). It is unclear,
therefore, whether the neurofibroma fibroblasts do express the
proe;(IV) collagen gene at all, or whether the level is too low
for detection by in situ hybridization. Most important, how-
ever, is our demonstration that perineurial cells are active in
expressing the a;(IV) collagen gene. In normal nerves, peri-
neurial cells are surrounded by a thick basement membrane,
presumably containing type IV collagen, together with other
basement membrane zone components (36, 37). Rat perineu-
rial cells have also been shown to express the «,(IV) collagen
gene in vitro and in vivo (16). The present observations suggest
that neurofibroma perineurial cells share common character-
istics with normal perineurial cells. These results also relate to
immunocytochemical demonstration that type IV collagen is
evenly distributed in the matrix of neurofibromas (5, 6, 8).
Thus, the perineurial cell appears to play a significant role in
contributing to the deposition of the extracellular matrix in
neurofibromas.

In addition to collagenous proteins, the expression of genes
for noncollagenous glycoproteins of the basement membrane
zone, laminin and fibronectin, was examined. Expression of
the laminin Bl chain gene was clearly detectable by in situ
hybridization on Schwann cells, perineurial cells and fibro-
blasts. These observations are consistent with previous demon-
stration that Schwann cells, with or without axonal contact,
synthesize laminin (38). Human skin fibroblasts have been
shown to express the genes encoding laminin A, B1, and B2
chains (28). However, the mRNA levels for these three differ-
ent laminin polypeptides have been shown to deviate from the
1:1:1 stoichiometry, expected on the basis of proposed molecu-
lar model of the laminin protein (28, 39). Specifically, laminin
A chain mRNA levels were considerably lower, or undetect-
able, as compared with those for the B chain mRNAs (28).
This observation is consistent with our finding here that lami-
nin A chain specific mRNAs could be detected only in cell
cultures established from three out of seven neurofibromas.
Previous studies examining normal rat Schwann cells (38) or
rat RN22 schwannoma cells (40, 41) have failed to detect a

full-length laminin A chain with an apparent M, ~ 440 kD.
These observations have led to the suggestion that Schwann
cells may synthesize an A chainlike shortened polypeptide,
with the laminin molecule having configuration distinct from
the normal cross-shaped appearance of laminin isolated from
mouse EHS sarcoma (39, 40).

Fibronectin gene expression was clearly detectable in peri-
neurial cells and fibroblasts. Schwann cells, on the other hand,
either did not express this gene or expressed it at a very low
level under cell culture conditions of the present study. This
observation is consistent with previous studies indicating that
normal rat Schwann cells do not synthesize fibronectin (42,
43). On the other hand, rat RN22 schwannoma cells clearly
synthesize fibronectin (41), indicating that the latter cells have
a different culture phenotype from the Schwann cells derived
from normal nerves or from neurofibromas.

Of interest was the demonstration that neurofibroma cell
cultures expressed the elastin gene. This observation is consis-
tent with recent reports indicating that human skin fibroblasts
contain elastin-specific mRNAs (29, 44). Histopathologic, ul-
trastructural, and biochemical analyses have shown that cuta-
neous neurofibromas contain low amounts of elastin (12, 45),
and in a normal nerve elastic fibers are present only in epi- and
perineurium whereas endoneurium is devoid of this protein
(36). Thus, it appears that fibroblasts and perineurial cells are
the principal cell types containing the elastin mRNAs in cul-
tures studied here.

In summary, the observations utilizing in situ hybridiza-
tions with human sequence specific cDNAs indicate differen-
tial gene expression profiles by the three major cell types, viz.
Schwann cells, perineurial cells, and fibroblasts, in neurofi-
bromas. It is conceivable that all three cell types contribute to
the development of the extracellular matrix of neurofibromas,
yet each cell type may synthesize a different set of matrix
molecules. Factors leading to activation of the gene expression
in these three different cell types are currently unknown. How-
ever, a recent demonstration that neurofibromas contain an
abundance of plasma-derived fibronectin has allowed us to
suggest that these cells are accessible also to other plasma pro-
teins, including a variety of growth factors, such as epidermal
growth factor and nerve growth factor (5). It is conceivable that
these affector molecules may modulate the extracellular ma-
trix production by Schwann cells, perineurial cells and fibro-
blasts in a differential manner, thus partly explaining the vari-
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ability in the biosynthetic repertoire of these neurofibroma
cells.
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