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Fibroblast growth factor receptors (FGFRs) are important for
many different mechanisms, including cell migration, prolifer-
ation, differentiation, and survival. Here, we show a new link
between FGFR1 and the cell adhesion molecule neurofascin,
which is important for neurite outgrowth. After overexpression
in HEK293 cells, embryonal neurofascin isoform NF166 was
able to associate with FGFR1, whereas the adult isoform NF186,
differing from NF166 in additional extracellular sequences, was
deficient. Pharmacological inhibitors and overexpression of
dominant negative components of the FGFR signaling pathway
pointed to the activation of FGFR1 after association with neuro-
fascin in neurite outgrowth assays in chick tectal neurons and
rat PC12-E2 cells. Both extra- and intracellular domains of
embryonal neurofascin isoform NF166 were able to form com-
plexes with FGFR1 independently. However, the cytosolic
domain was both necessary and sufficient for the activation of
FGEFRI1. Cytosolic serine residues 56 and 100 were shown to be
essential for the neurite outgrowth-promoting activity of neu-
rofascin, whereas both amino acid residues were dispensable for
FGEFR1 association. In conclusion, the data suggest a neurofas-
cin intracellular domain, which activates FGFR1 for neurite out-
growth, whereas the extracellular domain functions as an addi-
tional, regulatory FGFR1 interaction domain in the course of
development.

The four known fibroblast growth factor receptors (FGFRs),>
which are targeted by a large family of 22 fibroblast growth
factor ligands, represent a highly diverse signaling system
important for migration, proliferation, differentiation, and sur-
vival of many different cell types (1, 2). fibroblast growth factor
activation of FGFR leads to the activation of mitogen-activated
protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K),
and phospholipase Cy (PLCv), depending on the cellular sys-
tem under study. Non-canonical FGFR interactions with
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NCAM, cadherins, and syndecan via extracellular domains
were also described (1). However, the contribution of intracel-
lular interactions of FGFR1 with further membrane co-recep-
tors is poorly understood. Only cytosolic interaction between
FGFRs and EphA4 have been described that are involved in
mutual transphosphorylation (3).

The cell adhesion molecule neurofascin is important for cell-
cell communication in the nervous system (4, 5). Neurofascin
regulates many different functions in the brain, suggesting that
it functions as a key regulator for both developing and differen-
tiated neural cells. Different alternatively spliced neurofascin
isoforms are expressed in different cells and at different times of
development (6). Embryonal neurofascin NF166 is important
for neurite outgrowth and guidance (7, 8). Recently, a role for
neurofascin NF166 for early processes of inhibitory synapto-
genesis at the axon hillock and for the positioning of inhibitory
synapses at the axon initial segment has been proven (9, 10).

In the more developed nervous system, NF166 is replaced by
NF186, which is inhibitory for neurite outgrowth (11). NF186 is
linked to the cortical actin cytoskeleton via ankyring (12). Clus-
tering of voltage-gated sodium channels both at axon initial
segments and at the nodes of Ranvier is conferred by neurofas-
cin NF186 (13, 14). A further cytosolic interaction partner is the
PDZ molecule syntenin-1 (15).

Despite the well known functional importance of neurofas-
cin in the nervous system, corresponding signaling pathways
have not been investigated. In contrast, signaling by the related
molecules NCAM and L1 have been studied with regard to the
induction of neurite outgrowth in greater detail (for a review,
see Refs. 16—18). Both NCAM and L1 induce neurite out-
growth through activation of FGFR1 (19 -23). NCAM may fur-
ther undergo lateral interactions with PrP (prion precursor pro-
tein) or GFRa, which is part of the glia-derived neurotrophic
factor receptor (24, 25). In addition to FGFR1 interaction, both
L1 and NCAM are connected to non-receptor tyrosine kinases.
However, whereas NCAM employs the non-receptor kinase
c-Fyn as an upstream component, L1 is linked to c-Src (26, 27).
L1 converges with NCAM signaling upstream of the MAPK
pathway at the level of Raf (18, 21, 28, 29). NCAM may induce
alternative signaling pathways, including protein kinase A-de-
pendent signaling or G-proteins (18, 30). NCAM signaling to
the nucleus may include activation of CREB and c-Fos or
NF-«B (29, 31, 32).

Here, we elucidate the molecular mechanisms of neurofas-
cin-FGFR1 interaction for neurite outgrowth. We show that
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both cytosolic and the extracellular domains are important for
the association of FGFR1 with neurofascin. Although the cyto-
solic domain represents a critical determinant for FGFR1 acti-
vation, the extracellular sequences of neurofascin act as a reg-
ulator for FGFR1-dependent signal transduction in the course
of development.

MATERIALS AND METHODS

Plasmids and Antibodies—cDNA expression vectors for
chick neurofascin isoforms NF166 and NF186 as well as the
NF166-CD and -ED mutants were described previously (7, 10).
NF166 point mutants and COOH-terminally truncated vari-
ants were constructed with the help of a QuikChange mutagen-
esis kit (Stratagene, Heidelberg, Germany). All vectors were
controlled by sequencing. Mouse FGFR1 (isoform IlIIc) cloned
in the plasmid pcDNA3.1 Myc-His (Invitrogen) was supplied by
P. Doherty (22). An expression vector for dominant negative
FGFR1 (dnFGFR1) was cloned by integrating mouse FGFR1
sequences encoding the extracellular and transmembrane
domains into pEGFP-N1 (Clontech, Palo Alto, CA), yielding a
dnFGFR1-EGFP fusion protein.

Rabbit anti-neurofascin antibodies for immunoprecipitation
recognize a peptide epitope at the COOH terminus common to
chick and rat neurofascin (gift from P. Brophy). Imnmunocyto-
chemistry of chick neurons and immunoprecipitation of chick
NF166-ED were carried out with a polyclonal anti-chick neu-
rofascin antibody that recognized the extracellular domain of
chick neurofascin (7). FGFR1 peptides derived from rat brain
were detected by polyclonal antibodies (Abcam, Cambridge,
UK), whereas a monoclonal antibody was applied for recombi-
nant mouse FGFR1 (Upstate Technologies, Dundee, UK). Pre-
cipitation of recombinant, Myc-tagged FGFR1 was performed
using the Myc-specific monoclonal antibody 9E10 (Roche
Applied Science).

Cell Culture—Media and solutions for cell culture were pur-
chased from Cambrex Corp. (East Rutherford, NJ). PC12-E2
cells (7, 21) were grown in a humidified atmosphere containing
10% CO, at 37 °C in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% (v/v) heat-inactivated horse serum
(Invitrogen), 5% (v/v) heat-inactivated fetal calf serum, 2 mm
glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin,
and 100 pg/ml G418 (PAA, Pasching, Austria). NIH/3T3 and
HEK293 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) fetal calf serum, 2 mm
glutamine, 100 units/ml penicillin, and 100 ug/ml streptomy-
cin in a humidified atmosphere containing 5% CO, at 37 °C.

Tectal neurons prepared from embryonal day 6 chick
embryos were plated in serum-free Dulbecco’s modified Eagle’s
medium, N2 supplement (Invitrogen), 0.5% (w/v) bovine serum
albumin at a density of 60,000 cells/cm? on petriPERM dishes
(Heraeus Instruments, Osterode, Germany) coated with neuro-
fascin-Fc fusion protein or laminin (each 40 ug/ml in phos-
phate-buffered saline overnight at 4 °C). Cells were cultured at
37 °C (humidified atmosphere, 5% CO,) for 24 h before fixation
and immunostaining. Fc fusion proteins were prepared as
described earlier (33). Image] software was used to determine
neurite lengths by tracing immunostained neurites after label-
ing with an antibody specific for the A2B5 antigene (33). For
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quantification of outgrowth of tectal neurons, only one neurite
was measured per cell. Only the longest neurite of an individual
cell, which should be at least as long as one cell diameter, was
considered. Neurites crossing neighboring neurites were
excluded. In each experiment, between 100 and 200 neurites
were measured per condition. Each experiment was repro-
duced three times with comparable outcome.

Using Lab-Tek™ 8-well chamber slides (NUNC, Wiesba-
den, Germany), 5000 PC12-E2 cells were cultivated on a con-
fluent monolayer of neurofascin-expressing NIH/3T3 in the
presence of 100 ng/ml nerve growth factor for 18-20 h after
co-transfection with the indicated expression vectors and an
EGFP expression vector for detection of transfected cells, as
published previously (8, 21). Subsequently, random pictures
were taken with a light-amplifying camera (Hamamatsu Pho-
tonics) to determine the percentage of process-bearing cells. In
detail, 10—15 non-overlapping micrographs with 20-50 indi-
vidual cells were taken from PC12 cell cultures. Cells were
examined whether at least one out of several neurites was lon-
ger of at least one cell diameter. Cells elaborating neurites were
set in relation to the number of all cells observed in the individ-
ual micrograph. Each experiment was performed three times
and resulted in comparable results.

Inhibitors were dissolved in DMSO and added to culture
media of dissociated cells prior to plating to an end concentra-
tion of 20 um for FGFR1 inhibitor SU5402, 10 um for MEK
inhibitor U0126, 25 um for MEK inhibitor PD98059, 1 um for
PLC inhibitor U73122, 400 nm for protein kinase C (PKC)
inhibitor calphostin C, 500 nm for PKC inhibitor bisindolylma-
leimide I, and 10 uMm for PI3K inhibitor Ly294002.

Immunocytochemistry—For the detection of neurofascin and
FGFRI1 on the surface of dissociated neurons grown in culture,
cells were fixed with ice-cold phosphate-buffered saline, 4%
(v/v) formaldehyde for 15 min at room temperature. After
washing in phosphate-buffered saline and blocking with Dul-
becco’s modified Eagle’s medium, 10% fetal calf serum, sections
were exposed to mouse anti-neurofascin monoclonal antibody
(10 pg/ml) and rabbit anti-FGFR1 polyclonal antibody (rabbit
anti-Flg (4 ng/ml); Santa Cruz Biotechnology, Santa Cruz, CA)
as primary antibodies, which were detected by Cy3"™-conju-
gated goat anti mouse or Cy2"™-conjugated goat anti-rabbit
secondary antibodies (Dianova, Hamburg, Germany). Double
fluorescence images were taken with a Zeiss Axiovert fluores-
cence microscope.

Immunoprecipitation—HEK293 cells were plated at a density
of 550,000 cells/10-cm Petri dish and transfected with 20 ug of
plasmid DNA using Lipofectamine 2000 (Invitrogen) after 68 h
of cultivation. 24 h after transfection, cells were washed with
ice-cold phosphate-buffered saline and lysed with 0.5 ml of lysis
buffer (10 mm Tris-HCI, pH 7.5, 100 mm NaCl, 10 mm EDTA,
0.5% Triton X-100, 0.5% desoxycholate), including a protease
inhibitor mixture (Roche Applied Science) for 15 min on ice.
After sonification, debris was removed by centrifugation at
16,000 X g in an Eppendorf centrifuge. Protein concentrations
were subsequently determined (BCA assay; Pierce). 1.5-2 mg of
protein were mixed with 2 ug of antibodies (rabbit anti-neuro-
fascin polyclonal antibodies or mouse anti-FGFR1 antibody
19B2 (Upstate-Millipore, Charlottesville, VA), or anti-Myc
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FIGURE 1. Co-expression and interaction of FGFR1 and neurofascin. A and B, double fluorescence labeling
reveals co-expression of endogenous FGFR1 and neurofascin in chick primary tectal neurons. Scale bar, 10 um.
C, HEK293 cells were transfected with FGFR1 and neurofascin (NF166) expression vectors as indicated by —/+
in the upper panel. On the left, expression of FGFR1 and neurofascin is controlled in the lysate of transfected
cells by Western blot analysis. On the right, a Western blot shows neurofascin- and FGFR1-specific peptides
obtained after precipitation (IP) with neurofascin-specific antibodies. Upper panels, precipitated neurofascin
bands detected with neurofascin-specific antibodies (antiNF). Lower panels, co-precipitated FGFR1 peptides
detected by FGFR1-specific antibodies (antiFGFR1). D, Myc-tagged FGFR1 was precipitated with a Myc-specific
antibody (9E10), and co-precipitated neurofascin was detected with neurofascin-specific antibodies. Upper
panels, precipitated FGFR1 bands detected with FGFR1-specific antibodies. Lower panels, co-precipitated neu-
rofascin peptides detected by neurofascin-specific antibodies. E, adult neurofascin NF186 does not interact
with FGFR1. HEK293 cells were transfected with FGFR1 and NF 186 expression vectors, as indicated in the upper
panel.On the left, expression of FGFR1 and NF186 is controlled in the lysate of transfected cells by Western blot
analysis. On the right, precipitated neurofascin and FGFR1 peptides are detected by Western blot analysis. Top,
precipitated neurofascin bands detected with neurofascin-specific antibodies. Bottom, co-precipitated FGFR1
peptides detected by FGFR1-specific antibodies. F, co-precipitation of endogenous FGFR1 and neurofascin
from rat brain lysate. Precipitation of neurofascin polypeptides from rat brain lysate and detection of neuro-
fascin (top) or FGFR1 (bottom) is shown by Western blot analysis. Western blot analysis shows detection of
neurofascin or FGFR1 in rat brain lysate (lysate), after immunoprecipitation of neurofascin with neurofascin-
specific serum (NF-IP), or preimmune serum (pre-immune).

neurons by indirect immunohisto-
chemistry. As shown in Fig. 1, A and
B, both the cell bodies and the fibers
of tectal neurons showed FGFR1
and neurofascin immunoreactivity
in a double fluorescence labeling
experiment. Co-immunoprecipita-
tions were performed to examine
possible complex formation of neu-
rofascin and FGFR1 after transfec-
tion of embryonal neurofascin
NF166 and FGFR1 expression plas-
mids. A neurofascin-specific anti-
body was used to precipitate neuro-
fascin, and co-precipitation of
FGFR1 was tested by immuno-
staining of Western blots. As shown
in Fig. 1C, FGFR1 co-precipitated
with neurofascin only if both neuro-
fascin and FGFR1 were co-ex-
pressed in HEK293. Here, Western
blot analysis revealed the expected
band of ~110 kDa as well as the
enrichment of a known FGFR1 pep-
tide of lower molecular mass (80
kDa). FGFR1-specific polypeptides
of ~110 and 80 kDa molecular mass
have been described previously (34).
The 80 kDa band may represent a
soluble variant of FGFR1 generated
by proteolytic cleavage (35). Like-
wise, expression of NF166 or NF186
also yielded two bands probably due
to differential or incomplete glyco-
sylation (36). Vice versa, neurofas-
cin showed co-precipitation with
FGER1 in the reverse situation (Fig.
1D). Here, FGFR1 was precipitated
with an antibody specific for a Myc
tag fused to the COOH terminus of
FGFRI1 (22) to test for co-precipita-

antibody 9E10 (Abcam, Cambridge, MA)) and 25 ul of a sus-
pension (50%, v/v) of protein A-Sepharose CL-4B (Amersham
Biosciences) or protein G-Sepharose (Sigma) for immunopre-
cipitation. Samples were shaken for 16 h at 4 °C before the
beads were washed by five consecutive steps of centrifugation
and resuspension in lysis buffer. Precipitated proteins and
unprecipitated lysate samples were separated by SDS-PAGE
and transferred to nitrocellulose membranes by Western blot-
ting. Detection of antigen was carried out as described previ-
ously (4). Alternatively, neurofascin was precipitated from
embryonal day 18 rat brain samples. 7 mg of brain protein was
used for precipitation and detection of neurofascin and co-pre-
cipitated FGFR1.

RESULTS

FGFRI1 Is Associated with Neurofascin—Co-expression of
neurofascin and FGFR1 was tested with cultured chick tectal
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tion of neurofascin NF166. To show co-precipitation of endog-
enous neurofascin with FGFR1, lysates from embryonal rat
brain were prepared (Fig. 1F). Neurofascin-specific bands were
clearly detected in rat brain lysate and were also observed after
immunoprecipitation with neurofascin-specific antibodies (NF
IP). No signals were obtained in an immunoprecipitation
experiment using preimmune serum. An expected 110 kDa
band was observed for the high molecular mass variant of
FGFRI1 in rat brain lysate (upper arrow in the lower half). Upon
precipitation of neurofascin, Western blot analysis revealed co-
precipitation of the 110 kDa band of FGFR1 (upper arrow in the
lower half) detected by the FGFRI1 antibody. Enrichment of an
80 kDa band for FGFR1 was also observed (lower arrow in the
lower half). This is in accordance with the findings in Fig. 1C.
Here, the 80 kDa band is also missing in the lysate of FGFR1-
overexpressing cells, whereas the additional 80-kDa variant of
FGFR1 appears after co-precipitation. No co-precipitating
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FGFR1-specific bands were observed after immunoprecipita-
tion with preimmune serum. Comparable amounts of protein
were loaded for HEK293 (10-30 ug; Fig. 1, C-E) and rat brain
lysates (6 ug for neurofascin Western blot and 30 ug for the
FGFR1 Western blot) (Fig. 1F). In comparison with overexpres-
sion in HEK293, the abundance of neurofascin and FGFR1 in
brain lysates is much lower. 16 times more precipitated protein
was applied to the FGFR1 in comparison with the neuro-
fascin Western blot. In conclusion, our results show co-precip-
itation of endogenous neurofascin and FGFR1. NF186 repre-
sents an adult neurofascin isoform that contains additional
membrane-proximal domains (7). Although FGFR1 co-precip-
itated with NF166, no co-precipitation was found with NF186
(Fig. 1E). This result indicates that co-precipitation is specific
for the smaller embryonic neurofascin isoform NF166, because
NF186 was not able to form complexes with FGFR1. Adult
NF186 replaces embryonal NF166 after developmentally regu-
lated alternative splicing. Therefore, differential expression of
neurofascin isoforms may account for the regulation of FGFR1
interaction.

Pharmacological Inhibitors Targeting the FGFRI Pathway
Interfere with Neurofascin-dependent Neurite Outgrowth of
Tectal Neurons—W e have shown previously that cultured pri-
mary tectal neurons extend neurites on substrates of purified
neurofascin via homophilic interactions with neurite-bound
neurofascin (7, 8). The association of neurofascin with FGFR1
suggests a possible involvement of FGFR1 signaling in
neurofascin-dependent neurite outgrowth. In order to test this
hypothesis, we employed a panel of pharmacological inhibitors
to interfere with endogenous FGFR1 signaling in neurite out-
growth assays using primary neurons.

Chick tectal cells were grown on a neurofascin substrate in
the presence or absence of SU5402, a specific inhibitor of
FGFRI1. Quantification of neurite length indicated a partial
decrease in mean neurite length to 40% of control levels after
application of 20 um SU5402. (Fig. 24). SU5402 did not impair
neurite outgrowth on a laminin substrate, which induces
integrin-dependent mechanisms. The mitogen-activated pro-
tein kinase (MAPK) pathway, PI3K, PLCy, and PKC are known
signaling components acting downstream of FGFR1 (1, 21). As
shown in Fig. 2B, MAPK/ERK kinase (MEK) inhibitors U0126
(10 um) and PD98059 (25 um) did not affect neurofascin-de-
pendent neurite outgrowth of chick tectal neurons. This is in
contrast to previous findings in which both NCAM and L1 were
shown to require MAPK signaling pathways for neurite out-
growth (21, 28, 29, 37). On the other hand, U73122 (PLC), cal-
phostin C (PKC), bisindolylmaleimide I (PKC), and Ly294002
(PI3K) significantly impaired neurite outgrowth of tectal neu-
rons on a neurofascin substrate. Effects of SU5402, calphostin
C, and bisindolylmaleimide I were also dose-dependent (data
not shown). In summary, our data provide evidence for a con-
tribution of FGFR and known FGFR downstream signaling
components to neurofascin-dependent neurite outgrowth of
tectal primary neurons.

Neurofascin Requires FGFR1 Signaling for Neurite Outgrowth
in PC12-E2 Cells—To further corroborate the results obtained
with primary neurons, PC12-E2 cells were applied, which are
amenable to efficient transfection, a prerequisite for mutational
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FIGURE 2. Neurofascin-dependent neurite outgrowth requires FGFR1
activation. A, quantification of neurite lengths of tectal neurons grown on a
neurofascin or laminin substrate. Values on different substrates were set to
100% of DMSO-treated cultures. Mean neurite lengths of DMSO-treated cul-
tures were 58 um (laminin) and 64 um (NF166). p values versus DMSO-treated
controls were as follows: p < 0.0001 for neurofascin substrate (***), and p =
0.8145 for laminin substrate, ANOVA. B, tectal neurons grown on a neurofas-
cin substrate were treated with a panel of inhibitors as indicated. Mean neu-
rite length of DMSO-treated cultures was 98 um on a neurofascin NF166
substrate. For inhibitor concentrations, see “Materials and Methods.” p values
versus DMSO controls (ANOVA) are as follows: U0126 (p = 0.86), PD98059 (p =
0.40), U73122 (p < 0.0001), calphostin C (p < 0.0001), bisindolylmaleimide
(p < 0.0001), and Ly294002 (p = 0.0003). At least 100 individual neurites
derived from each experimental setting out of one single culture plate were
included in the calculation of each bar. One example experiment is shown,
which was repeated at least twice with comparable outcomes. Error bars, S.E.

analysis. PC12-E2 cells represent a suitable model system to
study neurofascin-dependent neurite outgrowth in a co-culture
model (7, 8). PC12-E2 cells are exposed to a monolayer of NIH/
3T3 cells for neurite outgrowth assays (Fig. 3). Neurofascin-de-
pendent neurite outgrowth of PC12 cells relies on expression of
neurofascin in both substrate NIH/3T3 cells and PC12 cells,
whereas omission of neurofascin on either substrate cells or
PC12 cells results in reduced neurite outgrowth (see Fig. 44)
(8).

Mock-transfected PC12-E2 or PC12-E2 cells expressing neu-
rofascin were cultivated on either parental (control) or on NIH/

S
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FIGURE 3. Homophilic neurofascin interactions in trans require FGFR1
signaling in PC12-E2 cells. A, co-cultures of parental PC12-E2 cells (control)
or PC12-E2 cells transiently transfected with an NF 166 expression vector were
cultivated on parental (control) or NF166-expressing NIH/3T3 monolayers in
the presence of inhibitors as indicated. For inhibitor concentrations, see
“Materials and Methods.” B, PC12-E2 cells were co-transfected with NF166
expression plasmid and with FGFR1 or a dominant negative mutant of FGFR1
(dnFGFR1) and kinase-dead mutants of PKC (PKCal kd and PKCbll kd (where kd
represents kinase-dead) and PKC-DAG (diacylglycerol binding domain only)),
resulting in specific inhibition of neurofascin-dependent neurite outgrowth.
Error bars, S.E; p > 0.0001 (***); n.s., not significant; ANOVA. At least 200
individual PC12 cells derived from each experimental setting out of one sin-
gle culture plate were included in the calculation of each bar. One example
experiment is shown, which was repeated at least twice with comparable
outcomes.

3T3 cells expressing neurofascin NF166. In the presence of
neurofascin isoform NF166 in both PC12-E2 cells and NIH/
3T3 substrate cells, neurite outgrowth of PC12-E2 cells is
increased in comparison with the control situation, indicating
induction of neurofascin-dependent neurite outgrowth by
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homophilic interactions (7). As shown in Fig. 3A (right half), all
inhibitors addressing FGFR1 signaling decreased neurite out-
growth (p < 0.0001, ANOVA) of NF166-transfected PC12-E2
cells exposed to a neurofascin-expressing NIH/3T3 monolayer
with the exception of MEK inhibitor PD98059. Even on a con-
trol NHI/3T3 monolayer, neurite outgrowth was not impaired
by MEK inhibitor PD98059, although MAPK pathways were
shown to be important for neurite outgrowth of PC12 cells (38).
However, our findings are in accordance with previous findings
that neurite outgrowth of PC12 cells grown on parental NIH/
3T3 cells is insensitive to MEK inhibition (21). Application of
inhibitors SU5402, bisindolylmaleimide, calphostin C, and
Ly294002 reduced neurite outgrowth of neurofascin-express-
ing PC12 cells to a level that was not significantly different from
that obtained with untransfected control cells, indicating that
neurofascin-dependent neurite outgrowth was completely
abolished (p values for the comparison of NF166-transfected
cells versus untransfected control: SU5402, p = 0.95; bisindolyl-
maleimide I, p = 0.19; calphostin C, p = 0.08; Ly294002, p =
0.77; ANOVA). The inhibitors did not significantly impair neu-
rite outgrowth of untransfected cells in comparison with
DMSO-treated controls (see Fig. 3A, control). Therefore, the
results imply a complete reduction of specific neurite out-
growth by the inhibitors applied. In conclusion, the action of
inhibitors applied in tectal neurons was reproduced in the
PC12-E2 co-culture model, suggesting that PC12-E2 cells make
use of FGFR1 signaling components.

For an independent approach and to rule out possible unspe-
cific effects of pharmacological inhibitors, neurofascin was co-
expressed with dominant negative mutants of signaling compo-
nents, including an FGFR1 lacking the cytosolic domain
(dnFGFR1), two protein kinase-dead mutants of either PKCg,
PKCp;, or PKCBy;, and a PKC mutant exclusively representing
the diacylglycerol binding domain (19, 39). Expression of all
mutants individually decreased neurofascin-dependent neurite
outgrowth of PC12-E2 cells (p < 0.0001, ANOVA) to a similar
extent, which was indistinguishable from the negative controls.
In contrast, neurite outgrowth of PC12-E2 cultured on naive
NIH/3T3 cells remained unaffected (Fig. 3B). Therefore, over-
expression of dnFGFR1 completely inhibited neurofascin-de-
pendent neurite outgrowth, similar to the application of FGFR1
inhibitor SU5402.

In conclusion, we have provided independent lines of evi-
dence that neurofascin induces neurite outgrowth via FGFR1
signaling: 1) pharmacological inhibitors targeting FGFR1 sig-
naling components and 2) overexpression of mutated FGFR1
and PKCs.

Dissection of Neurofascin Domains Required for Neurite
Outgrowth—Neurofascin is a transmembrane protein com-
posed of an extracellular and an intracellular domain linked by
a transmembrane domain (4). To gain more mechanistic
insight into possible mechanisms of non-canonical interaction
with FGFR1, we included neurofascin deletion mutants lacking
either the intracellular (NF166-ED) or the extracellular domain
(NF166-CD; see Fig. 4C). Proper expression of mutants was
previously published (10). After transfection of wild type NF166
into PC12-E2 cells grown on a monolayer of neurofascin-ex-
pressing NIH/3T3 cells, the percentage of PC12-E2 cells elabo-
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FIGURE 4. The intracellular domain of neurofascin is necessary and sufficient to induce neurite outgrowth via FGFR1 signaling. A, PC12-E2 cells
transfected with NF166 or NF166-CD (cytosolic domain only) expression vector were cultivated on neurofascin-expressing NIH/3T3 monolayers (NF166) or
parental NIH/3T3 cells (control), as indicated. Error bars, S.E. p values versus control were as follows: p > 0.0001 (***), p = 0.0005 (**), p = 0.0094 (*), or not
significant (n.s.), ANOVA. B, PC12-E2 cells transfected with NF166 or NF166-ED (extracellular domain only) expression vector were cultivated on neurofascin-
expressing NIH/3T3 monolayers or parental NIH/3T3 cells (control). Error bars, S.E. p values versus control were as follows: p > 0.0001 (***) or p = 0.0061 (*),
ANOVA. C, the structure of the deletion mutants applied. In the case of NF166-CD, the extracellular domain of NF166 was replaced by a double Myc epitope. At
least 200 individual PC12 cells derived from each experimental setting out of one single culture plate were included in the calculation of each bar. One example

experiment is shown, which was repeated at least twice with comparable outcomes.

rating neurites was increased to about 40%, whereas only 25%
were achieved in the absence of neurofascin overexpression as a
control (Fig. 44). Surprisingly, expression of NF166-CD was
sufficient to induce neurite outgrowth on NF166-expressing
substrate cells to an extent comparable with that observed for
the wild type neurofascin (NF166, p < 0.0001; NF166-CD, p =
0.0005; ANOVA). Neurite outgrowth induced by NF166-CD
could be blocked by inhibitors to FGFR and PI3K similar to wild
type neurofascin NF166 (data not shown). NF166-CD did not
significantly induce neurite outgrowth of PC12-E2 cells
exposed to the parental NIH/3T3 cells. However, overexpres-
sion of NF166 in PC12 cells grown on parental NIH/3T3 cells
increased neurite outgrowth only partially (p = 0.0094) in com-
parison with the situation with neurofascin expression both in
substrate cells and PC12-E2 cells. In contrast, untransfected
PC12-E2 cells grown on NF166-expressing NIH/3T3 extended
neurites at a basal level, as observed for parental NIH/3T3 cells.
Overexpression of NF166-ED lacking the cytosolic domains did
not show increased neurite outgrowth in comparison with the
control situation (Fig. 4B). Therefore, the cytosolic domain of
neurofascin is both necessary and sufficient to induce neurite
outgrowth.

The experiment shows that the cytosolic domain of neuro-
fascin requires expression of neurofascin in the substrate
monolayer for neurite induction. This finding suggests partici-
pation of an additional, unknown neuronal co-receptor of neu-
rofascin and FGFR1.
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Amino Acid Residues of the Cytosolic Domain of Neurofascin
Important for Neurite Outgrowth—The cytosolic domain of
wild type NF166 was successively truncated from the carboxyl
terminus in order to define subdomains involved in neurite
extension (Fig. 5A4). The exact positions of the carboxyl-termi-
nal truncations are indicated in Fig. 5B (see arrows for the
respective last amino acid residue still present and naming of
the corresponding neurofascin mutants). All neurofascin con-
structs were transfected into HEK293 cells for expression anal-
ysis. Our data indicate that all mutants are expressed with pro-
teins of the expected size (Fig. 5C).

Neurofascin mutants were transfected into PC12-E2 cells to
examine neurite outgrowth on a monolayer of wild type neuro-
fascin-expressing NIH/3T3 cells. Removal of the first 10 amino
acid residues from the carboxyl terminus (NF166-A100) com-
pletely abolished neurofascin-dependent neurite outgrowth,
indicating that essential amino acid residues are located at the
carboxyl terminus of neurofascin. Closer inspection of the cyto-
solic domain revealed that a serine residue is located at position
100, which is conserved with L1 and which may represent a
target for L1 phosphorylation by ERK2 (see Fig. 5B, boldface
letters) (28). Therefore, we constructed point mutations by
replacing serine 100 by alanine or leucine. Since L1 amino acid
residue Ser-56 was also shown to be targeted by ERK2, we con-
structed mutations NF166-S56A and NF166-S56L as well as
double point mutants NF166-S56A/S100A and NF166-S56L/
S100L. Western blot analysis and immunocytochemistry con-
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FIGURE 5. Cytosolic neurofascin serines residues 56 and 100 are important for neurite outgrowth.
Aand B, overview of COOH-terminally truncated mutants of neurofascin with the precise positions indicated in
B. C, Western blot analysis of mutated neurofascin proteins expressed after transfection of HEK293 cells with
plasmid vectors expressing deletion mutants indicated in B. Mutants were named according to the first omit-
ted amino acid residue after carboxyl-terminal truncation. D, neurite outgrowth of PC12-E2 cells transfected
with wild type (NF166) or mutated neurofascin expression vectors on monolayers of NF166-expressing NIH/
3T3 cells indicates that neurite outgrowth is abolished after removal of the 10 COOH-terminal amino acid
residues of neurofascin. p values (ANOVA) in comparison to control are as follows: NF166 (p < 0.0001), NF166-
A100 (p = 0.64), NF166-A81 (p = 0.78), NF166-A56 (p = 0.41), NF166-A3 (p = 0.27). E, neurite outgrowth assays
as in D with PC12-E2 cells transfected with NF 166 and NF166-A109S, indicating that syntenin-1 binding is not
required for neurite outgrowth. (p < 0.0001 (***), ANOVA). F, application of point mutants that exchange
serines 56 and 100 for alanine or leucine either individually or in double point mutants reveals that serines 56
and 100 are required for neurite outgrowth independently. p values in comparison to control (ANOVA) are as
follows: NF166 (p < 0.0001), NF166-S56A (p = 0.83), NF166-S56L (p = 0.24), NF166-S100A (p = 0.56), NF166-
S100L (p = 0.3), NF166-S56A/ST100A (p = 0.57), and NF166-S56L/S100L (p = 0.34). At least 200 individual PC12
cells derived from each experimental setting out of one single culture plate were included in the calculation of
each bar. One example experiment is shown, which was repeated at least twice with comparable outcome.

terms of FGFR1 interactions.
NF166-ED and NF166-CD were co-
expressed with wild type FGFR1 or
dominant negative FGFR1 in
HEK293 cells. NF166-CD was pre-
cipitated, and association with
FGFR1 was monitored by Western
blotting. As shown in Fig. 64,
FGFR1 was co-precipitated with
NF166-CD, whereas NF166-CD did
not co-precipitate with dnFGFR1
lacking the cytosolic domain as
expected. The band for dnFGFR1
migrates at a higher molecular mass
than that of wild type FGFRI,
because the cytosolic domain of
FGFRI1 was replaced by EGFP. In a
further experiment, neurofascin
NF166-ED, which lacks the intracel-
lular domain, was co-precipitated
with FGFR1 (Fig. 6B). The results
indicate that two independent sites
for FGFR1 interaction coexist in the
neurofascin protein both in the
intra- and extracellular domain.
Analysis of neurofascin point
mutants (Fig. 5F) revealed crucial
Ser-56 and -100 residues for neurite
outgrowth. We therefore asked
whether the inactive neurofascin
double point mutant NF166-S56A/
S100A is able to form complexes
with FGFR1. A co-precipitation
experiment conducted as described
above revealed that the NF166-

Error bars, S.E.

firmed proper expression and location of the mutants (data not
shown; for Western blot of NF166-S56A/S100A, see Fig. 6C).
Neurite outgrowth assays showed that mutations of both of
these serine residues reduced the number of cells elaborating
neurites to control levels, as observed in the absence of neuro-
fascin-dependent neurite outgrowth (Fig. 5F). Accordingly, the
double mutant was also inactive. In contrast, mutation A109S,
which is deficient in interaction with the PDZ protein synte-
nin-1 (15), did not impair neurite outgrowth in comparison
with wild type NF166, indicating that syntenin-1 is not required
for neurofascin-dependent neurite outgrowth (Fig. 5E).

In summary, mutational analysis provided further evidence
that the cytosolic domain of neurofascin represents an essential
domain for neurite outgrowth. Mutation of Ser®® and Ser'®
points to a possible involvement of phosphorylation required
for neurite outgrowth.

Neurofascin Domains Important for FGFRI Complex
Formation—Mutational analysis and functional assays imply a
crucial role of the intracellular domain for the induction of
neurite outgrowth. We next asked whether the differential
behavior of intra- and extracellular domains can be explained in
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S56A/S100A mutation does not

interfere with FGFR1 complex for-
mation (wild type NF166 is depicted in Fig. 6C as +, whereas
the point mutant NF166-S56A/S100A is indicated as PM).
Therefore, association of neurofascin with FGFR1 is independ-
ent of the neurite outgrowth-promoting activity of neurofascin.
Activity of FGFR1 is required for neurofascin-dependent neu-
rite outgrowth (Figs. 2 and 3). Hence, we examined association
of neurofascin with FGFR1 in the presence of FGFR inhibitor
SU5402. The co-precipitation experiment showed that FGFR1
co-precipitates with neurofascin in cells exposed to SU5402
(Fig. 6C), indicating that, in contrast to neurite outgrowth
induction, FGFR1 activity is not required for neurofascin-
FGFR1 association.

DISCUSSION

Our results indicate that FGFR1 interacts with embryonal
neurofascin NF166 both with the extra- and intracellular
domain, whereas adult NF186 is deficient in FGFR1 interaction.
The interaction between NF166 and FGFR1 occurs in the
absence of FGFR1 activation and neurite outgrowth induction.
For the induction of neurite outgrowth, neurofascin requires
FGFRI activation and FGFR1 downstream components. The
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FIGURE 6. The extra- and intracellular domains of neurofascin interact
with FGFR1 independently. A, HEK293 cells were transfected with expres-
sion vectors for NF166-CD and either FGFR1 or dominant negative FGFR1 as
indicated by — (omitted), + (included), or DN (dominant negative variant of
FGFR1) in the upper panel. On the left, expression of FGFR1 peptides and
NF166-CD is controlled in the lysate of transfected cells by Western blot anal-
ysis. On the right, Western blot analysis shows peptides obtained after immu-
noprecipitation (/P) with neurofascin-specific antibodies. Top, precipitated
NF166-CD bands. Bottom, co-precipitated FGFR1. B, experimental set-up asin
A with expression of NF166-ED as well as FGFR1 and precipitation using anti-
bodies specific for FGFR1. C, same set-up as in A. Expression of wild type
neurofascin NF166 is indicated as +, whereas mutant NF166-S56A/S100A is
indicated as PM. FGFR1 co-precipitates with wild type NF166 and with the
inactive double point mutant NF166-S56A/S100A (PM) and in the presence of
FGFR1 inhibitor SU5402 (20 um), indicating that interaction between FGFR1
and neurofascin occurs in the absence of FGFR1 activation.

neurofascin cytosolic domain by itself is both necessary and
sufficient to promote neurite outgrowth. To this end, the pres-
ence of two cytosolic serine residues of neurofascin at positions
56 and 100 are important.

Neurofascin is expressed on neuronal fibers in development
and is also heavily expressed in the adult brain (40). Neurofascin
is found in many differentially spliced variants that are subject
to developmental regulation (6). Although embryonal neuro-
fascin NF166 is required for neurite outgrowth and early mech-
anisms of inhibitory synapse formation, the adult neuronal iso-
form NF186 is inhibitory for neurite outgrowth and is
implicated in the stabilization of protein complexes present in
nodes of Ranvier or at axon-glia contacts (7, 9-11, 41, 42). In
the course of neuronal development, axonal growth cones
encounter target regions, stop growing, and form stable con-
tacts for synapse formation. Molecular mechanisms are
required that balance motility like, for example, migration of
growth cones against static contact stabilization. FGFR1 has
evolved as a crucial receptor involved in neurite outgrowth-
promoting signal cascades induced by several cell adhesion
molecules like NCAM, L1, and N-cadherin (19, 21-23). For L1
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and N-cadherin, it is unknown how adhesion and neurite out-
growth are regulated to switch between motile mechanisms
and contact stabilization. In the case of NCAM adhesion, it is
widely accepted that modification with polysialic acid modu-
lates NCAM-dependent adhesion and outgrowth (43). For neu-
rofascin, interactions are regulated by the alternatively spliced
fifth FN III-like repeat, which inhibits, for example, axonin-1 or
homophilic neurofascin interactions and neurite outgrowth
upon expression of “adult” NF186 (7). Therefore, expression of
alternatively spliced neurofascin isoforms may represent a key
mechanism to regulate the transition from motility to contact
stabilization in the nervous system. Here, we show an addi-
tional regulatory mechanism, which relies on impaired interac-
tions of neurofascin NF186 with FGFR1.

Previous findings suggest that neurofascin-dependent neu-
rite outgrowth of primary tectal cells as well as transfected
PC12 cells relies on homophilic interactions of neurofascin in
trans (8). Our findings in this report imply a crucial contribu-
tion of the cytosolic domain of neurite-bound receptor neuro-
fascin for neurite outgrowth and signaling. On the other hand,
a purified substrate of Fc-neurofascin, which lacks intracellular
domains, efficiently induces neurite outgrowth (see Fig. 2).
Therefore, the cytosolic domain of substrate-bound neurofas-
cin is dispensable.

FGFR1 interaction with the cell adhesion molecules L1, and
NCAM was shown to be mediated through extracellular inter-
actions (19, 23, 44— 46). Our data indicate accordingly that neu-
rofascin interacts with FGFR1 via extracellular interactions.
However, the intracellular domain is necessary and sufficient to
induce neurite outgrowth by FGFR1 signaling. A contribution
of both domains may be explained by a hypothetical model that
claims an activating cytosolic domain, the activity of which is
regulated by interactions of the extracellular domain. Our
results imply that complex assembly and disassembly of neuro-
fascin and FGFR1 occur according to a three-step model. 1)
Both intra- and extracellular domains contribute to neurofas-
cin-FGFR1 complex formation, independent of FGFR1 activity
and neurite outgrowth promotion. This view is supported by
co-precipitation of FGFR1 and neurofascin after inactivation of
neurofascin signaling either by mutation or inhibition of
FGFRI signaling. 2) Homophilic interactions of neurofascin in
trans and heterophilic interactions with FGFR1 in cis are
involved in the activation of FGFR1 downstream signal trans-
duction for neurite outgrowth. Involvement of FGFR1-depend-
ent signaling is complemented by previous observations that
homophilic neurofascin interactions in trans are a prerequisite
for neurofascin-dependent neurite outgrowth (8). 3) At the end
of neuronal development, the association of FGFR1 with neu-
rofascin is down-regulated by alternative splicing of the extra-
cellular domain of neurofascin, which gives rise to NF186 (7).

Our data indicate the involvement of the [IgCAM neurofascin
in FGFR1 signaling for the promotion of neurite outgrowth.
The finding is in accordance with the induction of FGFR1 sig-
naling, as shown for IgCAMs NCAM and L1, the latter of which
is closely related to neurofascin (47). The involvement of neu-
rofascin in FGFR1 signaling further strengthens the view that
the FGFR1 functions upstream of a central pathway used by
different IgCAMs as well as non-IgCAM receptors like, for
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instance, N-cadherin (22). Besides FGFR1 signaling, numerous
studies on the function of NCAM led to the description of mul-
tiple outgrowth-promoting interactions with further cell sur-
face receptors, including, for example, RPTPq, L1, and GFR«a
(25, 48-50). Whether other receptors than FGFR1 are
employed by neurofascin, accordingly, remains open, although
the partial inhibition of neurite outgrowth of primary tectal
neurons cultivated on a neurofascin substrate may indicate
such a possibility. On the other hand, we have previously shown
that neurofascin substrates may induce neurite outgrowth both
via homophilic interactions with neurite-bound neurofascin
and via heterophilic interactions with the co-receptor Nr-CAM
(8, 33). The signaling pathways activated by Nr-CAM are
unknown and may account for the partial effects of FGFR1
inhibitors observed in tectal neurons. In contrast, inhibition of
FGFR1 by dominant negative variants of FGFR1 signaling com-
ponents or pharmacological inhibitors completely reduced
neurofascin-dependent neurite outgrowth of PC12 cells, indi-
cating that this test system allows for the examination of recep-
tor neurofascin functions in the absence of induction of further
signaling pathways.

NCAM may be located both inside and outside of lipid rafts
depending on the specific isoform (17, 51). Upon activation,
NCAM-140 and NCAM-180 were observed to be redistributed
to lipid rafts. The relocation of these two transmembrane iso-
forms of NCAM to lipid rafts may rely on palmitoylation (52).
Although FGFR interaction and activation are thought to occur
outside lipid rafts, association with non-receptor tyrosine
kinase c-Fyn and Ras stimulation may occur inside lipid rafts. It
is presently unclear whether similar mechanisms are involved
in neurofascin-dependent signaling. However, it was suggested
that palmitoylation of neurofascin may contribute to the
recruitment of neurofascin to lipid rafts, indicating an interest-
ing possibility for the regulation of neurofascin functions (36).

Both extra- and intracellular domains of neurofascin account
for an association with FGFR1. Previous reports mainly
addressed the function of the extracellular domains of L1 and
NCAM interacting with FGFR1, both of which have been
shown to interact with FGFR1 directly (23, 46). Accordingly,
our co-precipitation studies also imply association of the extra-
cellular domain of neurofascin with FGFR1. In contrast, it is
presently unclear whether the intracellular domains of NCAM
and L1 are associated with FGFR1 independently of the extra-
cellular domain as in the case of neurofascin. The intracellular
domain of NCAM is associated with c-Fyn, FAK, spectrin, and
RPRTa, whereas L1 may perform signaling via the non-recep-
tor tyrosine kinases c-Src (26, 27, 48, 53).

Our results indicate that the cytosolic domain by itself is
sufficient to induce neurite outgrowth of PC12 cells. This
mutant is not able to undergo interactions with the extracellu-
lar domain of FGFR1 as shown in Fig. 6A. Interestingly, the
neurite outgrowth-promoting activity is not observed on a
monolayer of parental NIH/3T3 cells, suggesting a requirement
of substrate neurofascin for the neurite outgrowth-promoting
activity of the neurofascin cytosolic domain expressed in PC12
cells in the absence of extracellular homophilic interactions.
This was a surprising finding, because the cytosolic domain
lacking extracellular domains may not confer extracellular
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interactions with substrate neurofascin. A possible explanation
could be the expression of endogenous neurofascin in PC12
cells. However, we have previously shown that PC12 cells are
devoid of neurofascin (8). Therefore, an additional unknown
heterophilic receptor may account for extracellular interac-
tions with substrate-bound neurofascin needed to form a func-
tional signaling complex together with NF-CD and FGFR1. We
have observed association of NF-CD with FGFR1 in HEK293
cells, which may be interpreted as a possibility of an interaction
independent of the unknown receptor. However, this point
remains unclear, because it is not known whether the unknown
receptor is expressed in HEK293 cells.

Downstream of receptor interactions, several signaling path-
ways were shown to be addressed by NCAM, including MAPK
signaling, PLCy and concomitant PKC activation in the FGFR1
pathway, and G-protein signaling (21, 29, 30). Analysis of these
pathways with regard to a contribution of neurofascin provides
evidence for mechanisms shared with NCAM, whereas obvious
differences were also observed. In accordance with the activa-
tion of FGFR1, neurofascin-dependent neurite outgrowth relies
on the activity of PLC and PKC essentially as shown for NCAM
(21). In the case of NCAM, PKC activation is linked to the
MAPK pathway via Raf-1. Alternatively, NCAM may also
induce the MAPK pathway after stimulation of c-Fyn, focal
adhesion kinase, and Ras. Both pathways ultimately lead to the
induction of neurite outgrowth after MEK and ERK activation.
Remarkably, Erk activation via PKC appeared to be important
for NCAM-dependent neurite outgrowth (21). MAPK signal-
ing is also essential for L1-induced neurite outgrowth (28, 37).
Furthermore, the cytosolic domain of the L1 subgroup of
IgCAMs, including neurofascin, L1, and NrCAM, are highly
conserved (5). In particular, neurofascin serine residues 56 and
100 were also found in L1 and NrCAM. In the case of L1, both
serine residues were reported to function as a target of Erk2
phosphorylation in vitro, which is in accordance with a function
of MAPK signaling (28). Similar to neurofascin, both residues
were also involved in the promotion of neurite outgrowth; how-
ever, our experiments clearly show that the MAPK pathway is
not involved in neurofascin-dependent neurite outgrowth,
which was not impaired by MEK inhibitors PD98059 and
U0126. This apparent difference between L1 and neurofascin is
not easy to reconcile and requires further examination of the
protein kinases important for the phosphorylation of L1 and
neurofascin. Instead of Erk, PKC or downstream kinases may
contribute to the phosphorylation of cytosolic neurofascin ser-
ine residues crucial for neurite outgrowth. On the other hand,
neurite outgrowth may be induced independently of the MAPK
pathway by the PLC-mediated yield of arachidonic acid acting
on calcium channels, as suggested previously (44, 54).

Phosphorylation of tyrosine 81 represents a further mecha-
nism to control neurofascin functions (55). Interaction of adult
neurofascin NF186 with ankyrin is abolished by tyrosine 81
phosphorylation, which provides enhanced lateral mobility of
neurofascin. Ankyrin binding is important for neurofascin
functions in the adult brain like, for instance, the stabilization of
cell-cell contact (56). Serine 56, which is crucial for neurite
outgrowth by cell-cell interaction of embryonal NF166 accord-
ing to our results, was suggested to be part of the ankyrin rec-
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ognition site defined in adult NF186. Therefore, serine 56 may
also contribute to the regulation of ankyrin binding (57). How-
ever, a possible contribution of serine 56 to the regulation of
neurofascin-ankyrin interactions remains to be investigated.
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