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Loss of axonal contact characterizes Schwann cells in benign and malignant peripheral nerve sheath tumors
(MPNST) from neurofibromatosis type 1 (NF1) patients. Tumor Schwann cells demonstrate NF1 mutations,
elevated Ras activity, and aberrant epidermal growth factor receptor (EGFR) expression. Using cDNA mi-
croarrays, we found that brain lipid binding protein (BLBP) is elevated in an EGFR-positive subpopulation of
Nf1 mutant mouse Schwann cells (Nf1�/� TXF) that grows away from axons; BLBP expression was not affected
by farnesyltransferase inhibitor, an inhibitor of H-Ras. BLBP was also detected in EGFR-positive cell lines
derived from Nf1:p53 double mutant mice and human MPNST. BLBP expression was induced in normal
Schwann cells following transfection with EGFR but not H-Ras12V. Furthermore, EGFR-mediated BLBP
expression was not inhibited by dominant-negative H-Ras, indicating that BLBP expression is downstream of
Ras-independent EGFR signaling. BLBP-blocking antibodies enabled process outgrowth from Nf1�/� TXF
cells and restored interaction with axons, without affecting cell proliferation or migration. Following injury,
BLBP expression was induced in normal sciatic nerves when nonmyelinating Schwann cells remodeled their
processes. These data suggest that BLBP, stimulated by Ras-independent pathways, regulates Schwann
cell-axon interactions in normal peripheral nerve and peripheral nerve tumors.

All axons of the peripheral nervous system are ensheathed
or myelinated by a neural crest-derived population of glia
known as Schwann cells. Although elaborate interactions be-
tween Schwann cell membranes and axons must occur in de-
veloping peripheral nerves, little is known about the molecules
that cause or maintain Schwann cell process outgrowth around
axons. The intimate interaction of Schwann cells with axons is
disrupted only in pathological situations, such as after nerve
injury and in tumors of the peripheral nervous system.

Neurofibromatosis type 1 (NF1) is an autosomal dominant
disorder affecting approximately 1 in 3,500 individuals world-
wide. NF1 predisposes patients to the formation of complex
benign peripheral nerve tumors called neurofibromas, in which
many Schwann cells have lost contact with axons. At least 95%
of NF1 patients exhibit neurofibromas, and approximately 4%
of NF1 patients develop lethal malignant peripheral nerve
sheath tumors (MPNST). Schwann cells are thought to be the
primary tumorigenic cell type, as Schwann cells in neurofibro-
mas (32, 48) and MPNST (35) lose both copies of the NF1
gene, consistent with the hypothesis that NF1 acts as a tumor
suppressor gene.

Mice with homozygous mutations in the Nf1 gene are not
viable, and Nf1 heterozygous mice do not develop neurofibro-
mas (10, 28). However, neurofibromas do form in chimeric Nf1

mutant mice (14) and mice lacking Nf1 specifically in Schwann
cells (59). In vitro, Nf1 mutant embryonic mouse Schwann cells
are angiogenic and invasive with an altered proliferation rate
(30, 31). However, unlike neurofibroma Schwann cells within
tumors, they maintain interaction with neurons in vitro. Omis-
sion of serum in the culture medium promotes the develop-
ment of hyperproliferative Nf1�/� Schwann cells (Nf1�/�

TXF) that do not adhere normally to axons and yet retain
expression of Schwann cell markers including GFAP,
p75NGFR, and S100 (30, 45). Furthermore, these cells have
increased expression of the epidermal growth factor receptor
(EGFR), a characteristic of MPNST cells and a subpopulation
of Schwann cells in neurofibromas (17). Based on these results,
we propose that Nf1�/� TXF cells model at least a subset of
cells in human neurofibromas and possibly MPNST.

Nf1�/� TXF cell defects must be caused at least in part by
loss of Nf1 function. The only proven function of the NF1 gene
product, neurofibromin, is its ability to downregulate activated
Ras by converting Ras-GTP to Ras-GDP via its GTPase-acti-
vating protein (GAP) domain (13). Cultured embryonic mouse
Schwann cells mutated at Nf1, neurofibroma Schwann cells,
and MPNST cell lines with reduced neurofibromin have ele-
vated Ras-GTP (5, 18, 31, 49), as do neurofibroma extracts
(24). Elevated Ras-GTP in Schwann cells does not by itself
cause disruption of axon-glial interaction, however, as Nf1�/�

Schwann cells do not lose contact with axons (31). Exposure of
cells to farnesyltransferase inhibitors (FTI), drugs that inhibit
Ras function by reducing lipid addition to certain Ras mole-
cules (46, 51), has been used as a test for a Ras-dependent
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phenotype. FTI treatment reduces growth of Nf1�/� TXF cells
and MPNST cells but is incapable of reversing other pheno-
types of Nf1�/� mouse Schwann cells, including cell invasion
(30, 57). These studies implicate Ras as well as additional
molecular pathways downstream of NF1.

To identify genes altered as a consequence of NF1 loss that
may be relevant to peripheral nerve tumorigenesis, we utilized
cDNA microarray technology to compare gene expression be-
tween wild-type and Nf1 mutant mouse Schwann cells. We
identified one cDNA, encoding the brain lipid binding protein
(BLBP)/brain fatty acid binding protein (B-FABP)/fatty acid
binding protein 7 (6, 50), that was strikingly overexpressed in
the Nf1�/� TXF cells but not normalized by a Ras inhibitor,
FTI. BLBP has been implicated elsewhere in neuron-radial
glial cell signaling in the developing central nervous system (2,
20, 34) and is a marker for brain tumors (22). Our results show
that aberrant BLBP expression prevents Nf1�/� TXF Schwann
cells from forming a stable association with axons and support
a role for BLBP in tumorigenesis in the peripheral nervous
system.

MATERIALS AND METHODS

Cell culture. Nf1 heterozygous C57BL/6 mice were mated to obtain Nf1 wild-
type (�/�), heterozygous (�/�), and homozygous null (�/�) embryos, as de-
termined by PCR genotyping (10). Mouse Schwann cells were isolated from
embryonic day 12.5 dorsal root ganglia (DRG) as previously described (31) and
cultured on poly-L-lysine-coated plates in Dulbecco modified Eagle medium
(DMEM) plus 10% fetal bovine serum. Nf1�/� TXF cells appeared as hyper-
proliferative colonies in Nf1�/� cell cultures without serum (30) and were grown
in serum-free N2 medium supplemented with 5 ng of recombinant human GGF2
(Cambridge Neuroscience)/ml and 2 �M forskolin (Calbiochem).

For coculture of neurons and Schwann cells, DRG neurons (DRGN) were
isolated from wild-type embryos (E12.5) as described previously (31). Wild-type
or Nf1�/� TXF mouse Schwann cells were preincubated in suspension at 37°C
with 10 �M Cell Tracker green 5-chloromethyl fluorescein diacetate (Molecular
Probes) for 1 h followed by a 30-min preincubation with affinity-purified rabbit
anti-mouse BLBP antibodies (20) or rabbit immunoglobulin G (IgG) at a con-
centration of 80 �g/ml. Labeled cells were then seeded onto DRGN cultures and
incubated for 48 h before fixing.

Mouse Schwann cells preincubated with rabbit IgG or anti-BLBP antibodies as
described above were also plated on LabTek chamber slides (Nalge-Nunc Inter-
national), coated with poly-L-lysine alone or poly-L-lysine plus laminin, and fixed
after being incubated for 48 h.

Nf1:p53 mouse tumor cell lines were established from Nf1:p53 compound
heterozygous mouse tumors (53). These cells were cultured in DMEM with 10%
fetal bovine serum. MPNST cells were grown as described previously (18). Cell
lines derived from malignant triton tumors include 38-1-3-7, 40-1-7, 67C-4, 33-
2-20, 67A-4, 39-2-11, 61E-4, 37-3-8-17, 32-7-33, and 61C-4; the 32-5-30-2 cell line
was created from MPNST; and cell lines 32-5-24, 38-2-17-8, and 41-2-9 were
derived from unclassified tumors.

Microarray analysis. mRNA was isolated (MicroFastTrack kit 2.0; Invitrogen)
from 2 to 4 million wild-type (Nf1�/�) or Nf1 mutant (Nf1�/�, Nf1�/�, and
Nf1�/� TXF) Schwann cells at 80 to 90% confluency. Prior to being sent to
Incyte Genomics, samples were quantitated with a spectrophotometer, and actin
reverse transcription-PCR (RT-PCR) (see RT-PCR below) was conducted to
ensure the quality of the samples. Nf1�/� mRNA was used as a template in a
reverse transcriptase reaction to synthesize Cy3-labeled control cDNA; samples
(200 ng each) isolated from Nf1�/� cells, Nf1�/� cells, Nf1�/� TXF cells, or
Nf1�/� TXF cells treated with 1 �M FTI (L-745,832; Merck Research Labora-
tories) (33) for 2 days (30) were used to create four separate Cy5-labeled cDNA
targets. Each Cy5 target was hybridized simultaneously with the Cy3 control to
the MouseGEM 1.0 cDNA microarray. Fluorescent signal intensity data were
exported to the University of Cincinnati Bioinformatics Core Facility and ana-
lyzed with GEMTools 2.4 (Incyte Genomics) and GeneSpring 3.2 (Silicon Ge-
netics) computer software.

RT-PCR analysis. mRNA isolated from mouse Schwann cells (MicroFast-
Track 2.0 kit) was used as a template to create double-stranded cDNA (Super-
script preamplification system; Gibco-BRL). Both oligo(dT) primers and ran-

dom hexamers were used in the reverse transcriptase reaction. Duplicate samples
omitting reverse transcriptase were used to control for genomic DNA contami-
nation. Mouse �-actin primers (sense primer, 5�-TGT GAT GGT GGG AAT
GGG TCA-3�; antisense primer, 5�-TTT GAT GTC ACG CAC GAT TTC C-3�)
were included in each reaction mixture as a positive control for cDNA. Mouse
�-actin and mouse BLBP (sense primer, 5�-AGA CCC GAG TTC CTC CAG
TT-3�; antisense primer, 5�-ATC ACC ACT TTG CCA CCT TC-3�) were PCR
amplified in the same reaction for 40 cycles under the following cycling condi-
tions: 94°C, 1 min; 54°C, 1 min; and 72°C, 2 min. Each reaction mixture contained
1 �l of cDNA, 0.7 �M primers, 2.0 mM MgCl2, 0.2 mM deoxynucleoside triphos-
phates, 1� PCR buffer, and 1.0 U of Taq polymerase (Gibco-BRL).

Total RNA was isolated from human MPNST cells with Trizol reagent (Life
Technologies). Human BLBP (sense primer, 5�-CGC TCC TGT CTC TAA
AGA GGG G-3�; antisense primer, 5�-TGG GCA AGT TGC TTG GAG TAA
C-3�) was amplified in a single-tube RT-PCR system (Stratagene) from DNase-
treated samples (500 ng). The glyceraldehyde-3-phosphate dehydrogenase gene
(GAPDH) (sense primer, 5�-AAC ATC ATC CCT GCC TCT CTA CTG-3�;
antisense primer, 5�-TTG ACA AAG TGG TCG TTG AGG-3�) was amplified
in a separate reaction to confirm the integrity of each sample.

Quantitative real-time PCR of BLBP and GAPDH was conducted with the
SYBR Green master mix in the ABI Prism 7700 sequence detection system.
Amplification conditions included an initial denaturing step at 95°C for 10 min
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Cycle threshold values
were obtained where fluorescence intensity was in the geometric phase of am-
plification and averaged for triplicate samples. Values for BLBP were normalized
to GAPDH values and used to calculate fold change in gene expression with the
following equation described by K. Livak (PE-ABI; Sequence Detector User Bul-
letin 2): 2���CT. CT represents the cycle number at the chosen amplification
threshold; �CT � CT (BLBP) � CT (GAPDH); ��CT � �CT (Nf1�/� TXF) �
�CT (Nf1�/�).

Western analysis. Mouse Schwann cells were grown to 90% confluency on
100-mm-diameter dishes and lysed in cold radioimmunoprecipitation assay
buffer (150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% sodium
dodecyl sulfate [SDS], 50 mM Tris-HCl, pH 8.0) supplemented with a protease
inhibitor cocktail (Sigma). Cell lysates were scraped into tubes on ice and incu-
bated for 20 min, followed by cold centrifugation at 14,000 � g for 15 min.
Supernatants (	20 �g) were mixed with SDS electrophoresis buffer and boiled
for 5 min before separation through an SDS–15% polyacrylamide gel, followed
by transfer to a polyvinylidene difluoride membrane (Bio-Rad). The membrane
was blocked with a 5% milk solution, probed with affinity-purified anti-BLBP
antibodies diluted 1:50,000 (20), stripped, and reprobed with anti-Ras C10 di-
luted 1:1,000 (Upstate Biotechnology) as a protein loading control. Signals were
detected with horseradish peroxidase-conjugated secondary antibodies (Santa
Cruz) in combination with the ECL Plus developing system (Amersham Phar-
macia Biotech).

Nf1:p53 mutant tumor cells were grown until confluent and lysed (20 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM MgCl2, 2 mM EDTA, 1% NP-40, 0.5%
sodium deoxycholate, 0.05% SDS, 1 mM sodium orthovanadate, 10 mM sodium
pyrophosphate, 1 mM dithiothreitol). Cell lysates containing 50 �g of protein
were subjected to analysis by SDS–14% polyacrylamide gel electrophoresis and
immunoblotting with anti-BLBP antibodies, as described above. The membrane
was stripped and reprobed with antitubulin antibodies (Sigma) for establishing
relatively equal amounts of loaded protein.

Immunolabeling. Cells were fixed with 4% paraformaldehyde, blocked with
10% goat serum, and permeabilized with 0.5% Triton X-100 (Bio-Rad). Mouse
Schwann cells on LabTek slides were stained with anti-BLBP antibodies (20),
anti-p75NGFR antibodies (Chemicon AB1554), or anti-S100 antibodies (Dako)
diluted 1:500, followed by goat anti-rabbit fluorescent secondary antibodies
(Jackson Immunoresearch). Cell nuclei were labeled with 5 �g of bis-benzimide
(Sigma)/ml. AlexaFluor 488 phalloidin antibodies (Molecular Probes) recog-
nized F-actin. In DRGN cocultures, neurofilament was visualized by incubation
with anti-NF-15g1 antibodies (38) diluted 1:5, followed by donkey anti-mouse
Cy3-labeled secondary antibodies (Jackson Immunoresearch).

For nerve injury experiments, 3- to 4-month-old wild-type mice were deeply
anesthetized with Avertin (2,2,2-tribromoethanol; Aldrich) (0.5 to 0.8 ml, intra-
peritoneally). The skin overlying the sciatic nerve was cut, muscles were parted,
and the sciatic nerve was exposed. For nerve crush, sciatic nerve 2 mm medial to
the sciatic notch was crushed by mechanical pressure three times with a sharp
pair of no. 5 Dumont tweezers. For nerve transection and deflection, the sciatic
nerve was cut 2 mm medial to the sciatic notch, and the cut ends were deflected
to opposite sides and secured under muscle masses to avoid regeneration. After
surgeries, muscles were realigned and the skin was closed with surgical staples.
Animals were evaluated after 4, 7, 15, and 30 days (n � 3 per time interval)

2214 MILLER ET AL. MOL. CELL. BIOL.



postcrush and 21 days posttransection (n � 3). Nonlesioned nerves were used as
controls. Mice were perfused with 4% paraformaldehyde, and distal ends of the
sciatic nerve were dissected, postfixed, and processed for paraffin embedding.
Distal segments of the sciatic nerve were sectioned at 6 �m. Sections were air
dried, deparaffinized, hydrated, incubated in Digest-All 3 pepsin (Zymed) at
37°C for 10 min, rinsed in phosphate-buffered saline, and processed for immu-
nolabeling. Sections were labeled with polyclonal rabbit antineurofilament (NF-
178.3 diluted 1:150) (38), polyclonal rabbit anti-BLBP (diluted 1:500), and rabbit
anti-myelin basic protein (a gift from D. Colman, diluted 1:500), followed by
appropriate fluorescent secondary antibodies.

Transient transfection. Wild-type mouse Schwann cells were plated onto poly-
L-lysine-coated LabTek slides (Nalge-Nunc International) and grown to 	75%
confluency. Plasmid DNA (1 �g) was incubated for 20 min at room temperature
with 1.5 �l of FuGENE 6 transfection reagent (Roche) that had been previously
diluted in serum-free DMEM (Cellgro). The DNA-FuGENE complex was then
added directly to the cells in culture. Cells were fixed in 4% paraformaldehyde
48 h later. Transfected DNA constructs included CNP-(HA)HRas12V, CNP-
EGFR, CNP-Script, and pZIPRasH(17N) (39). Human EGFR (52) and hemag-
glutinin (HA)-tagged (HA)HRas12V (55) DNA fragments were subcloned
downstream of the glial cell-specific 2�,3�-cyclic nucleotide 3�-phosphodiesterase
(CNP) promoter (12). CNP-Script consists of the CNP promoter alone in a
Bluescript (Stratagene) background. Expression of exogenous protein was de-
tected by immunolabeling with mouse anti-HA (Santa Cruz) followed by donkey
anti-mouse Cy3-conjugated secondary antibodies (Jackson Immunoresearch) or
goat anti-human EGFR antibodies (Santa Cruz) followed by donkey anti-goat
tetramethyl rhodamine isocyanate-labeled secondary antibodies (Jackson Immu-
noresearch). BLBP expression was detected with rabbit anti-mouse BLBP anti-
bodies (20) followed by donkey anti-rabbit Cy2-labeled secondary antibodies
(Jackson Immunoresearch).

Cell survival assay. Nf1�/� TXF cells were plated (50,000 cells/well) in 24-well
plates and incubated overnight in DMEM plus 10% fetal bovine serum. The next
day, serum-containing medium was removed and cells were cultured for 5 days
in serum-free N2 medium alone or supplemented with one of the following
components: EGF (50 ng/ml), rabbit IgG (100 �g/ml), anti-BLBP antibodies
(1:300, 1:1,000 [2], and 1:5,000), FTI (1 �M FTI 745.832, a gift of Merck
Research Laboratories), and dimethyl sulfoxide (0.5 �l). Supplemental factors
were added to triplicate wells and replenished at day 2.5. To establish a baseline
cell number, cells were trypsinized and counted from three wells in N2 alone
prior to the addition of any factor (day 0). Final cell counts were taken at day 5.

Cell migration assay. The migratory response of Nf1�/� TXF mouse Schwann
cells to BLBP was measured by the Boyden chamber assay (9). Schwann cells
were detached from the tissue culture plates with a cell scraper (Costar), resus-
pended at a density of 1.5 � 105/ml in N2 medium (DMEM–F-12 with N2

supplements and 0.1% bovine serum albumin; Gibco-BRL), and plated on the
upper well of a 24-transwell plate (8-�m-pore-size polycarbonate membrane;
Costar). Cells in the upper wells were coincubated with anti-BLBP antibodies
(20) at a concentration of 80 �g/ml. For control wells, the same concentration of
IgG was used as mock anti-BLBP. The lower well of the 24-well plate contained
800 �l of N2 medium with the same ingredients as those in the upper well. Both
sides of the polycarbonate membrane of the transwell were precoated with 50 �l
of poly-L-lysine (Fisher Scientific)/ml. Cells were incubated for 15.5 h at 37°C in
a humidified atmosphere of air with 10% CO2. Cells that had not migrated were
removed from the upper surface with cotton swabs. Thereafter, the membranes
were fixed with cold alcohol-acetic acid (95:5), stained with bis-benzimide (1 �g/
ml; Sigma), and mounted onto glass slides with Fluoromount (Electron Micros-
copy Sciences). Migration was quantified by counting cells on the entire mem-
brane under a fluorescence microscope.

FIG. 1. mRNA expression analysis in Nf1 mutant mouse Schwann
cells. (A) Microarray analysis was used to compare genome-wide ex-
pression levels between normal mouse Schwann cells and Nf1 mutant
Schwann cells. The control for each comparison was Cy3-labeled
cDNA generated from normal mouse Schwann cell mRNA. For each
of four Nf1 mutant Schwann cell samples (Nf1�/�, Nf1�/�, Nf1�/�

TXF, and Nf1�/� TXF treated with FTI), mRNA was used as a tem-
plate to synthesize Cy5-labeled cDNA. Cy3- and Cy5-labeled cDNA
probes were hybridized simultaneously to the Incyte Genomics Mouse-
GEM 1.0 cDNA microarray. Relative intensities of Cy3 versus Cy5
fluorescent signals for each cDNA target sequence were analyzed with
GeneSpring software. The most changes were observed in the Nf1�/�

TXF cells (genes upregulated in Nf1�/� TXF are red; genes down-
regulated in Nf1�/� TXF are green). Expression of one target cDNA,
BLBP (black line), was 26-fold above normal in the Nf1�/� TXF cells
and not normalized by FTI treatment. (B) RT-PCR analysis confirmed

the microarray result of elevated BLBP expression in Nf1�/� TXF
cells. Reverse transcriptase (RT) was omitted from duplicate sam-
ples to control for DNA contamination. Primers for BLBP (	200-
bp amplicon) and actin control primers (	500-bp amplicon) were
included in the mixture for each 40-cycle reaction. The plasmid
positive control for BLBP amplification is the UniGEM clone (In-
cyte Genomics) containing the BLBP cDNA insert spotted on the
microarray. (C) Quantitative real-time PCR of BLBP normalized to
GAPDH resulted in a 145-fold change over expression in Nf1�/�

TXF cells compared to wild-type mouse Schwann cells. Rn, fluo-
rescent signal intensity; horizontal starred line, chosen threshold at
geometric phase of amplification.
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Electron microscopy. For electron microscopy, mice were perfusion fixed with
glutaraldehyde. Sciatic nerves were dissected and postfixed for 1 h in 2% OsO4

plus 0.6% potassium ferrocyanide. After the osmicated nerves were dehydrated
and embedded, thin sections (70 to 80 nm) were cut and stained with uranyl
acetate and lead citrate.

RESULTS

BLBP mRNA expression is elevated in mouse Nf1�/� TXF
cells. For each of three Nf1 mutant Schwann cell samples
(Nf1�/�, Nf1�/�, and Nf1�/� TXF) and Nf1�/� TXF treated
with FTI, mRNA was isolated and used as a template to syn-
thesize Cy5-labeled cDNA. Cy3-labeled cDNA generated from
reverse transcription of normal mouse Schwann cell mRNA
was used as the control for each comparison. Cy3- and Cy5-
labeled cDNA probes were hybridized simultaneously to a
glass slide containing a microarray of nearly 9,000 cDNA tar-
gets (including 3,205 known gene sequences and 4,649 ex-
pressed sequence tags; Incyte Genomics MouseGEM 1.0).
Relative intensities of Cy3 versus Cy5 fluorescent signals for
each cDNA target sequence were obtained and analyzed with
GeneSpring computer software (Silicon Genetics). Only 278
sequences had differential expression that was more than
threefold higher or lower than that of the wild type in at least
one comparison (Fig. 1A). Nf1�/� TXF cells had the greatest
number of changes. This result was expected, because the
Nf1�/� TXF cells have a more dramatic change in phenotype
than do the Nf1�/� and Nf1�/� mutant cells (30). Although
FTI treatment inhibited growth of the Nf1�/� TXF cells, ex-
pression of a few genes was normalized, including some known
Ras targets. Expression of one target cDNA, BLBP, was dra-
matically altered in the Nf1�/� TXF cells, 26-fold above wild-
type levels. BLBP expression was not significantly affected by
FTI treatment, in which it was 35-fold upregulated.

Further analyses were conducted to confirm the results of
the microarray hybridization on the mRNA level by RT-PCR.
After 40 cycles of amplification, BLBP was barely detectable in
wild-type Schwann cell cDNA but abundant in Nf1�/� TXF
cDNA (Fig. 1B). Quantitative real-time PCR of BLBP, nor-
malized to GAPDH, also confirmed overexpression of BLBP in
Nf1�/� TXF cells (Fig. 1C). The change in expression, approx-
imately 145-fold, is higher than that reported for the microar-
ray data and suggests that the fluorescent signal was saturated
in the microarray method (40, 41, 44). The 145-fold change is
likely to represent the actual difference in expression, because
the real-time PCR data were obtained in triplicate with two
independent mRNA samples.

BLBP protein is elevated in Nf1�/� TXF cells and localized
to the cytoplasm and cell surface. Changes in mRNA expres-
sion levels generally reflect changes in protein levels, although
not in all cases (25, 27). Western analysis was used to confirm

differential BLBP expression at the protein level. Lysates from
wild-type, Nf1�/�, Nf1�/�, and Nf1�/� TXF Schwann cells
were probed with an anti-BLBP antibody, the gift of N. Heinz
(20). A 15-kDa protein corresponding to BLBP was detected in
the Nf1�/� TXF cells only (Fig. 2A), coinciding with the cDNA
microarray data. BLBP was not detected in conditioned me-
dium from Nf1�/� TXF cells (data not shown), suggesting that
BLBP is not secreted at appreciable levels.

Previous studies showed that anti-BLBP antibodies were
capable of preventing extension of radial glial cell processes
and subsequent neuronal migration in mixed primary cerebel-
lar cultures (2, 20), suggesting that BLBP resided at the cell
surface. To localize BLBP in Nf1�/� TXF cells immunolabel-
ing was conducted. The plasma membrane of fixed Nf1�/�

TXF cells was labeled by anti-BLBP with (Fig. 2C) or without
(Fig. 2B) addition of detergent to permeabilize cell mem-
branes. Control experiments confirmed that fixed, nonperme-
abilized Nf1�/� TXF cells could be labeled with an antibody
recognizing the extracellular domain of a membrane protein
(p75NGFR, Fig. 2D) but not a cytosolic protein (S100, Fig.
2F). Detection of protein without permeabilization of cell
membranes indicates that BLBP is associated, at least in part,
with the cell surface. BLBP was not localized to the nuclei of
Nf1�/� TXF cells (Fig. 2C).

BLBP expression is elevated in mouse and human neural
crest-derived tumor cell lines. While Nf1 heterozygous mice do
not form neurofibromas (10, 28), mice heterozygous for both
Nf1 and p53 mutations develop neural crest-derived malignan-
cies associated with NF1 patients, including MPNST and triton
tumors, malignant peripheral sarcomas containing cells ex-
pressing muscle markers (14, 53). Cell lines derived from the
Nf1:p53 mutant tumors (53) were analyzed for BLBP expres-
sion by Western blotting. BLBP was detected in 12 of the 14
cell lines examined (Fig. 3A), including malignant triton tu-
mors and an MPNST. This result establishes a correlation
between BLBP expression and Nf1-mediated tumorigenesis.

BLBP expression was then examined in human MPNST cell
lines. BLBP mRNA was analyzed by RT-PCR, because anti-
bodies capable of detecting human BLBP were not available.
Four of the five cell lines were derived from NF1 patients.
Three of the five cell lines tested were positive for BLBP (Fig.
3B); one of these was from the patient who did not have NF1.
Therefore, half of the NF1-associated cell lines were BLBP
positive.

BLBP expression can be induced by EGFR expression in
wild-type mouse Schwann cells. Candidate signaling pathways
were tested for their ability to regulate BLBP expression in
Schwann cells. Nf1�/� TXF mouse Schwann cells have ele-
vated levels of activated Ras (30, 31; N. Ratner, unpublished
data) and express EGFR (17). Human MPNST cell lines also

FIG. 2. BLBP protein analysis in mouse Schwann cells. (A) Western analysis confirmed BLBP microarray data at the protein level. Cell lysates
from wild-type, Nf1�/�, Nf1�/�, and Nf1�/� TXF Schwann cells were probed for BLBP expression. A 15-kDa protein corresponding to BLBP was
detected in the Nf1�/� TXF cells only. Lysate from postnatal day 15 (P15) mouse cerebellum was used as a positive control. Blots were stripped
and reprobed with anti-Ras antibody as a loading control. (B to G) Cells were fixed and immunolabeled with anti-BLBP, anti-p75NGFR, or
anti-S100 antibodies, with (Fix � perm) or without (Fix) permeabilization of cell membranes. Labeling was detected with a rhodaminated
secondary antibody (red). Cell nuclei were labeled with bis-benzimide (blue). BLBP is detected on the cell surface (B) and after permeabilization
(C) in Nf1�/� TXF cells. The membrane protein p75NGFR is detected with (E) or without (D) permeabilization. The cytoplasmic S100 protein
is detected only after permeabilization (F and G). The scale bar in panel G equals 50 �m and also applies to panels B to F.
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have high Ras-GTP and EGFR expression (17, 18). Wild-type
mouse Schwann cells do not express EGFR or BLBP. There-
fore, to test the involvement of Ras and EGFR signaling path-
ways in BLBP expression, wild-type mouse Schwann cells were
transfected with a constitutively active Ras mutant, CNP-
(HA)HRas12V, or with a human EGFR, CNP-EGFR, and as-
sayed for BLBP expression by immunolabeling. Schwann cells
expressing (HA)HRas12V (Fig. 4A) have elevated levels of
Ras-GTP (data not shown) and yet do not express BLBP (Fig.
4B). EGFR induced BLBP expression (Fig. 4C and D), with or
without EGF in the culture medium. Schwann cells do produce
EGFR ligands (S. J. Miller and N. Ratner, submitted for pub-
lication) that could stimulate EGFR signaling in an autocrine
or paracrine fashion. EGFR induction of BLBP places BLBP
expression downstream of EGFR.

Ras activation is also downstream of EGFR signaling (58).
Although BLBP was not detected in Schwann cells expressing
constitutively active H-Ras12V, signaling through Ras may still
be required to induce BLBP expression. To determine if
EGFR-induced expression of BLBP is Ras independent, a
dominant-negative inhibitor of Ras, pZIPRasH(17N) (39), was
cotransfected with EGFR into wild-type Schwann cells (Fig. 4E
and F). The dominant-negative Ras inhibits downstream ex-
tracellularly regulated kinase phosphorylation (data not

shown) but not BLBP expression (Fig. 4F). Control experi-
ments with empty vector alone or in cotransfection did not
affect BLBP expression (data not shown).

Previous studies identified multiple transcriptional regula-
tory elements in the BLBP gene (21). One of these sequences
is specific to radial glial cells and dependent on neuregulin
signaling (21), inducing BLBP expression with GGF (2). GGF
failed to upregulate BLBP expression in wild-type mouse
Schwann cells, as did contact of wild-type Schwann cells with
axons (data not shown).

Inhibition of BLBP alters Nf1�/� TXF cell morphology but
does not affect cell growth or migration. The majority of
Nf1�/� TXF cells exhibit a process-free precursor-like shape,
whereas approximately 10% are stellate. To assess the signif-
icance of BLBP expression in morphological transformation,
BLBP-blocking antibodies were added to serum-starved
Nf1�/� mouse Schwann cell cultures. Anti-BLBP antibodies,
previously shown to block radial glial cell process outgrowth
(20), did not prevent the formation of Nf1�/� TXF colonies
(data not shown). Furthermore, inhibition of BLBP did not
reverse Nf1�/� TXF cells to a wild-type Schwann cell shape,
with characteristic slender cell body and two or three long
processes. Approximately 60% of the cells, however, were con-
verted to stellate morphology (Fig. 5A to E). This effect was

FIG. 3. BLBP expression analysis in neural crest-derived tumor cell lines. (A) BLBP protein is detected by Western blotting in 12 of 14 neural
crest-derived tumor cell lines from Nf1:p53 double mutant mice. Lanes 1 to 3, 5, 7 to 11, and 13 contain lysates from malignant triton tumor cell
lines; lane 14 contains an MPNST lysate; lysates in lanes 4, 6, and 12 were obtained from unclassified tumors. Cell lines are as follows: lane 1,
38-1-3-7; lane 2, 40-1-7; lane 3, 67C-4; lane 4, 32-5-24; lane 5, 33-2-20; lane 6, 38-2-17-8; lane 7, 67A-4; lane 8, 39-2-11; lane 9, 61E-4; lane 10,
37-3-8-17; lane 11, 32-7-33; lane 12, 41-2-9; lane 13, 61C-4; lane 14, 32-5-30-2. Tubulin represents a control for loading equal amounts of protein
in each lane. (B) BLBP is expressed in three of five MPNST cell lines. BLBP was amplified in a single-step RT-PCR from DNase-treated total RNA
samples. GAPDH was amplified in a separate reaction to confirm the integrity of each sample. Lane 1, positive control, human embryonic kidney
293 cells; lane 2, negative control, HeLa cells; lane 3, NF1 patient MPNST cell line 190-8; lane 4, NF1 patient MPNST cell line 188-3; lane 5, NF1
patient MPNST cell line ST88-14; lane 6, NF1 patient MPNST cell line T265; lane 7, non-NF1 patient MPNST cell line S26T.
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not observed with control IgG, and no differences in cell death
were observed between cells treated with IgG and those
treated with anti-BLBP antibodies. Results were not signifi-
cantly different between cells plated on poly-L-lysine alone and
those plated on poly-L-lysine plus laminin-coated glass. Wild-
type mouse Schwann cells were unaffected by anti-BLBP an-
tibodies.

The anti-BLBP antibodies that induced morphological
changes in Nf1�/� TXF cells did not affect cell growth or
migration. Nf1�/� TXF cells proliferate in the absence of se-
rum or added growth factors, and yet anti-BLBP failed to
diminish their growth (Fig. 5F). Thus, BLBP is not directly
responsible for Nf1�/� TXF-enhanced cell proliferation but
represents a marker of the phenotype. Nf1-deficient mouse
Schwann cells are also invasive (30) and migratory (Y. Huang
and N. Ratner, unpublished data). Nf1�/� TXF cells exhibit
enhanced migration, which was not inhibited by anti-BLBP
antibodies (Fig. 5G). Therefore, blocking BLBP is not suffi-
cient to prevent Nf1�/� TXF cell migration.

Inhibition of BLBP reverses the neuron-glial cell interaction
defect in Nf1�/� TXF cells. Wild-type and Nf1�/� Schwann
cells maintain close contact with axons. A striking characteris-
tic of the Nf1�/� TXF cell phenotype is their colonization away

from neurites (30). Studies reporting the ability of anti-BLBP
antibodies to inhibit neuronal migration along radial glial cells
(2, 20) suggested that BLBP might function in neuron-
Schwann cell interaction. Wild-type mouse DRG neurons,
stripped of endogenous Schwann cells, were cultured with dye-
labeled wild-type or Nf1�/� TXF Schwann cells in the presence
or absence of anti-BLBP antibodies. Wild-type Schwann cells
adhered to axons and showed extension of processes along
axons as expected, regardless of IgG (Fig. 6A) or anti-BLBP
antibodies (Fig. 6B). Nf1�/� TXF cells occasionally adhered to
neurites but rarely extended processes (Fig. 6C). In contrast,
when anti-BLBP antibodies were present (Fig. 6D and E), 62%
of Nf1�/� TXF cells extended processes along axons (in com-
parison to 10% of those preincubated with control IgG). While
blocking BLBP allowed Nf1�/� TXF cells to extend processes
along neurites, the extent of process outgrowth never reached
that of wild-type cells.

BLBP expression in vivo is upregulated 2 to 4 weeks after
nerve injury. If BLBP expression were involved in neuron-glial
interactions, it seemed possible that it would mark a specific
stage of neuron-Schwann cell interaction. To test the hypoth-
esis that neuronal interaction regulates BLBP expression by
Schwann cells in vivo, nerve injury experiments were con-

FIG. 4. BLBP expression analysis following transfection of H-Ras12V or EGFR into wild-type mouse Schwann cells. Wild-type mouse Schwann
cells were transiently transfected with CNP-(HA)HRas12V or CNP-EGFR and assayed for induction of BLBP expression. (A) Detection of
HA-tagged H-Ras12V protein with anti-HA antibodies. (B) Absence of BLBP in H-Ras12V-expressing cell (A). (C and E) Detection of EGFR
protein with anti-EGFR antibodies. (D) Detection of BLBP with anti-BLBP antibodies in the wild-type mouse Schwann cells expressing EGFR
(C). (F) BLBP expression is maintained in Schwann cells expressing EGFR and dominant-negative Ras (dnRas) (E). The scale bar in panel F
equals 20 �m and also applies to panels A to E. Single cells are representative of all cells positive for the transfected construct indicated.
Transfection efficiency was 	6%.
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ducted. The reinnervation of Schwann cells by axons following
a nerve crush recapitulates neuron-glial interactions in devel-
opment.

Sciatic nerves of wild-type adult mice were crushed, and
distal nerve segments were isolated 4 to 30 days after injury.
Tissue sections were labeled with highly specific BLBP anti-
bodies (20). BLBP was not detected in uninjured sciatic nerve
(Fig. 7A), as expected (34). BLBP was also not present 4 to 7
days postinjury (nonspecific labeling appeared to be associated
with macrophages [Fig. 7D]). This time point represents a
period of axon degeneration and temporary loss of Schwann
cell contact (3). In contrast, BLBP expression was robust 14 to
30 days after crush injury (Fig. 7G), when many thinly myelin-
ated axons are present. To further confirm a dependence of
BLBP expression on axon interaction, adult mouse sciatic

nerve was cut, and the distal stump was isolated 21 days later,
when axons are absent. No labeling was detected with BLBP
antibodies (Fig. 7J).

The pattern of BLBP immunolabeling in the distal stump at
14 to 30 days after nerve crush (Fig. 7G) did not overlap that
of myelin sheaths (Fig. 7I) or axons (Fig. 7H). Rather, BLBP
appeared to be between myelinated axons (Fig. 7M). To define
elements present in this location, we carried out electron mi-
croscopy on distal nerve segments 26 days after a crush injury.
The matrix surrounding myelinated fibers is filled with abun-
dant non-myelin-forming Schwann cell processes (Fig. 7O).
Some Schwann cell processes are not associated with axons,
but most enclose one to four unmyelinated axons. This appear-
ance is in striking contrast to that of the uncrushed nerve, in
which non-myelin-forming Schwann cells are much more lim-

FIG. 5. In vitro BLBP-blocking antibody experiments. (A to E) Anti-BLBP antibodies promote stellate Nf1�/� TXF cell morphology without
affecting wild-type Schwann cell morphology. Wild-type (A and B) or Nf1�/� TXF (C and D) mouse Schwann cells were preincubated with rabbit
IgG (A and C) or anti-BLBP antibodies (B and D) and plated onto glass coated with poly-L-lysine. After a 48-h incubation, cells were fixed and
immunolabeled with AlexaFluor 488 phalloidin (green) recognizing F-actin. The scale bar in panel D equals 15 �m and also applies to panels A
to C. (E) Approximately 70% of Nf1�/� TXF cells are stellate upon blocking BLBP, compared to 	10% of those treated with IgG. All cells in
each treatment group described above (	200) were counted and assigned stellate or rounded morphology. Results are shown as percentages of
stellate cells. No significant differences were observed between cells plated on poly-L-lysine alone (black bars) and cells plated on poly-L-lysine plus
laminin (gray bars). (F) Anti-BLBP has no effect on Nf1�/� TXF cell number. Cells were plated in 24-well dishes (50,000 cells/well) and exposed
to serum-free medium (N2), or serum-free medium supplemented with the indicated factors, in triplicate (EGF, mitogen; IgG, antibody control;
anti-BLBP antibodies [1:300]; FTI, Ras-inhibitory drug shown to reduce Nf1�/� TXF cell number; dimethyl sulfoxide [DMSO], drug carrier con-
trol). Cells were counted at day 0, before the addition of any factor, to establish a baseline cell number. Factors were added at day 0 and day 2.5.
Final cell counts were taken at day 5. Error bars reflect standard deviations in a two-tailed Student t test. (G) Anti-BLBP has no effect on Nf1�/�

TXF cell migration. Cells were incubated with anti-BLBP antibodies or rabbit IgG and assayed for their ability to migrate through transwell filters.
Cell nuclei were stained with bis-benzimide 15.5 h after plating and counted. Error bars reflect standard deviations in a two-tailed Student t test.
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ited and patchy in their distribution and each contains large
groups of unmyelinated fibers in delineated packets (Fig. 7N).
Membrane-delineated Schwann cell processes unassociated
with axons never were observed in the uncrushed nerve. In the
crushed nerve, in addition to Schwann cells, there were a
limited number of fibroblasts, lacking a basal lamina, and oc-
casional phagocytic cells that each contained 	20 degenerat-
ing nerve fibers. The only cell type seen by electron microscopy
of the regenerating nerve that had a pervasive distribution like
that seen by BLBP immunocytochemistry was the Schwann
cell. This correlation of BLBP expression with Schwann cell
process outgrowth and/or retraction is consistent with a role
for BLBP in process remodeling.

DISCUSSION

Tumorigenesis is a multistep process, involving inactivation
of tumor suppressor genes and activation of oncogenes, that
results in uncontrolled cell growth and behavior. Apart from
mutations in NF1 and p53, molecular changes contributing to

the progression of neurofibroma-MPNST have not been iden-
tified (13). Here we utilized cDNA microarray technology to
identify a gene, BLBP, that is dramatically upregulated in
Nf1�/� TXF mouse Schwann cells that have characteristics of
tumor cells including rapid proliferation and loss of interaction
with axons. BLBP belongs to a family of fatty acid binding
proteins that have been implicated previously in the pathogen-
esis of several malignancies (11, 15, 16, 42). BLBP binds fatty
acids in vitro and may function as a lipid transporter, but the in
vivo BLBP ligand has not been identified (4, 43, 56). It is of
interest that fatty acids inhibit the GAP activity of neurofibro-
min and of p120GAP (8, 23, 26, 47). Our data support the
utility of the Nf1 mutant mouse tissue culture system and
microarray methodology for identification of genes relevant to
peripheral nerve tumors.

BLBP and EGFR are both abnormally expressed in tumor
models of NF1. Nf1�/� TXF mouse Schwann cells express
EGFR (17) and, as we have shown here, BLBP. We have as yet
been unable to analyze BLBP expression in neurofibromas or

FIG. 6. Mouse neuron-Schwann cell coculture. Anti-BLBP promotes extension of Nf1�/� TXF cell processes along axons. Wild-type (A and
B) or Nf1�/� TXF (C and D) mouse Schwann cells labeled with Cell Tracker green were preincubated with rabbit IgG (A and C) or anti-BLBP
antibodies (B and D) and seeded onto DRGN cultures stripped of endogenous Schwann cells. Two days after seeding, cocultures were fixed and
stained with antineurofilament antibodies followed by Cy3 (red)-conjugated secondary antibodies. Confocal images obtained with Zeiss LSM
Image Browser software are shown. Single cells are representative of the majority observed with each treatment. Arrowheads indicate Schwann
cell processes. The asterisk indicates the region which is magnified fivefold in the inset. The scale bar in panel C equals 5 �m and also applies to
panels A, B, and D. (E) Lower magnification (scale bar, 5 �m) of Nf1�/� TXF on DRGN cultures in the presence of anti-BLBP antibodies.
Arrowheads indicate processes from two cells extending along neurites; other cells lack processes. (F) Extension of Nf1�/� TXF cell processes in
the presence of anti-BLBP antibodies is statistically significant. The percentages of Nf1�/� TXF cells extending processes along axons in the presence
of control IgG (gray bar) or anti-BLBP antibodies (black bar) are graphed. Error bars reflect standard deviations in a Student t test (P � 0.003).
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MPNST tissue sections due to the lack of anti-human BLBP
antibodies. All human MPNST cell lines tested express EGFR
(17), as do all of the Nf1:p53 mouse peripheral nerve tumor-
derived cell lines (36, 53). A subset of the tested MPNST cell
lines and Nf1:p53 cell lines that express EGFR have increased
BLBP, just as BLBP is expressed in a subset of human malig-
nant glioma cell lines (22). Although no obvious phenotypic
differences were observed between BLBP-positive and BLBP-
negative MPNST cell lines, BLBP expression could signify a
specific stage in tumor formation. Molecular changes that ac-
cumulated in some MPNST cell lines could diminish EGFR-
induced BLBP expression. Alternatively, cell lines with low
BLBP expression, while expressing EGFR, could have low
activation of EGFR signaling.

Transfection of wild-type mouse Schwann cells with EGFR
induced BLBP expression. In vivo, BLBP is expressed in
Schwann cell precursors (34) and following nerve injury. In
neither case is EGFR expressed. Alternatively, Schwann cells
express the ErbB2 and ErbB3 neuregulin receptors that are
closely related to EGFR (1); indeed, EGFR and ErbB2 form
heterodimers and activate similar signaling cascades (58). It
appears that EGFR but not neuregulin stimulation of ErbB2-
ErbB3 signals increases BLBP expression in Schwann cells.
Omitting or increasing GGF, a neuregulin isoform, in culture
media did not affect BLBP expression in wild-type or Nf1�/�

TXF mouse Schwann cells (data not shown). GGF is included
in routine culture of all Schwann cells, and yet only the Nf1�/�

TXF cells express BLBP. It remains possible that in vivo neu-
regulin signaling affects BLBP expression at restricted times
during development, as neuregulin signaling in radial glia can
induce BLBP expression (2, 21). It appears likely that in
Schwann cells high signaling strength caused by increased re-
ceptor levels and/or activation of specific downstream signaling
pathways is required for BLBP expression.

One of the major conclusions of this study is that EGFR
expression, but not Ras-GTP, is sufficient to drive BLBP ex-
pression in Schwann cells. Based upon Drosophila melanogaster
mutants, a model including receptor tyrosine kinase activation
of a mitogen-activated protein kinase signaling cascade was
proposed elsewhere to explain BLBP expression (21). Mito-
gen-activated protein kinase signaling downstream of H-Ras

FIG. 7. BLBP expression in adult mouse nerve following lesion.
BLBP expression is upregulated in adult mouse Schwann cells 2 to 4
weeks following nerve crush injury. Sciatic nerves of anesthetized wild-
type adult mice were isolated without injury (A to C), at 7 days after
nerve crush (D to F), at 30 days after nerve crush (G to I), or at 21 days
after nerve cut (J to L). Nerve cross sections were labeled with anti-
BLBP antibodies (BLBP) (A, D, G, and J), antineurofilament (NF) (B,
E, H, and K) to label axons, or anti-myelin basic protein (MBP) (C, F,
I, and L) to stain myelin; staining was detected by immunofluores-
cence. For each antibody, confocal images were obtained at the same
settings to match relative intensities. The scale bar in panel L equals 10
�m and also applies to panels A to K. (M) Confocal differential
interference contrast and fluorescent image of sciatic nerve 30 days
postcrush stained with anti-BLBP antibodies. The arrow indicates
BLBP detected outside of the myelin sheath. Scale bar, 10 �m.
(N) Electron micrograph of wild-type adult mouse nerve. (O) Electron
micrograph of nerve 28 days after crush injury. Arrows indicate mul-
tiple Schwann cell processes. Asterisks mark collagen-rich matrix. The
scale bar equals 500 nm and also applies to panel N.
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activation does not appear to explain our results. Ras-medi-
ated signaling is hyperactive in Schwann cells lacking Nf1 (18,
24, 31, 49), and yet Nf1�/� mouse Schwann cells do not express
BLBP. In addition, transfection of a constitutively active H-
Ras mutant into wild-type mouse Schwann cells failed to in-
duce BLBP expression, and a dominant-negative H-Ras was
unable to block EGFR-mediated expression of BLBP. Fur-
thermore, exposure to FTI, an inhibitor of H-Ras function in
Schwann cells and of proliferation in Nf1�/� TXF cells (30),
did not alter BLBP expression. This demonstrates that farne-
sylation-sensitive Ras proteins, such as H-Ras (46), are not
necessary for BLBP expression. These lines of evidence
strongly support the conclusion that Ras-GTP is not sufficient
to drive BLBP expression in Schwann cells. Other signaling
pathways downstream of EGFR activation (58) must therefore
contribute to BLBP induction. Identification of BLBP as an
EGFR target should allow us to define relevant pathways.
Regulation of BLBP expression is partially understood; the
BLBP promoter is a complex regulatory element (21). POU
transcription factors (29) and nuclear factor I (7) are impli-
cated in BLBP gene expression. Possibly non-Ras signaling
downstream of EGFR will link to nuclear factor I activation
and thus to BLBP expression.

Our in vitro assays suggest a possible functional role for
BLBP in the pathogenesis of neurofibromas and/or MPNST,
but not in initiation of cell transformation. Anti-BLBP an-
tibodies failed to influence formation of Nf1�/� TXF colo-
nies. The antibodies also did not affect cell proliferation or
migration. However, blocking BLBP did facilitate process
outgrowth from Nf1�/� TXF cells and normalized associa-
tion of Nf1�/� TXF cells with axons, suggesting that BLBP
inhibits stable interaction of Schwann cells with axons. This
is important because neuron-glial disruption is characteris-
tic of Schwann cells in human neurofibromas and MPNST.
In our studies anti-BLBP antibodies stimulated process for-
mation by Nf1�/� TXF cells, and yet the same antibodies
inhibited process outgrowth from normal radial glial cells in
vitro (2, 20). These opposite effects on process outgrowth
may be due to aberrant signaling in the Nf1 mutant cells or
different functions of BLBP in the central versus peripheral
nervous systems.

Anti-BLBP antibodies affect glial cell process outgrowth
when applied to cultured radial glial cells (2, 20) and Nf1�/�

TXF Schwann cells, suggesting that BLBP is present at least in
part at the cell surface. In radial glial cells, immunoelectron
microscopy showed BLBP in the cytoplasm and nucleus, but
membrane localization was not evaluated (20). In our immu-
nolabeling studies, BLBP was detected in the cytoplasm and
at the plasma membrane of cultured Nf1�/� TXF mouse
Schwann cells. As the structure of BLBP does not suggest a
transmembrane protein (4), BLBP may function in association
with an as-yet-unidentified cell surface receptor. Surface local-
ization may reflect a role for BLBP in fatty acid uptake and/or
cell-cell interaction.

BLBP is expressed early in peripheral nerve development
(34) when Schwann cells are segregating progressively smaller
groups of axons (19, 54). Once Schwann cell-axon interactions
are stabilized in adult nerve, BLBP expression is extinguished
(34) (Fig. 7). BLBP expression was induced in 2 to 4 weeks
after nerve crush injury, when L1 and N-CAM adhesion mol-

ecules, associated with nonmyelinating Schwann cells (37), are
also upregulated. Using electron microscopy we showed that, 2
to 4 weeks after crush injury, nonmyelinating Schwann cell-
axon bundles are maturing by dynamic Schwann cell process
outgrowth. Our in vivo BLBP expression data thus support a
role for BLBP as a marker of specific phases of neuron-glial
cell interactions in the peripheral nervous system. When
Schwann cell process formation is exuberant, BLBP expression
is high. We do not yet know whether BLBP is required for
process outgrowth and/or for the withdrawal of processes as
axon-Schwann cell bundles mature. However, our studies of
Nf1 mutant Schwann cells support the idea that BLBP can
cause process withdrawal in certain cellular contexts.

In conclusion, global gene expression analysis of an Nf1
mutant mouse Schwann cell culture system resulted in the
identification of a potential marker for Schwann cell transfor-
mation, BLBP. BLBP is expressed in malignant Schwann cell
tumor cell lines. EGFR, also implicated in Schwann cell tu-
morigenesis (17), induced BLBP expression in wild-type
Schwann cells. Although Ras activity is upregulated in Nf1
mutant Schwann cells, BLBP expression is not affected by Ras
signaling. Our in vitro and in vivo data support a role for BLBP
in neuron-Schwann cell interactions. Expression of BLBP in-
hibits stable association of Schwann cells with axons. The re-
sults of these experiments suggest a novel molecular pathway
in peripheral nerve tumorigenesis, in which NF1 mutation
leads to aberrant EGFR expression that results in elevated
levels of BLBP and loss of axonal contact.
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