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Abstract
The L1 syndrome, a genetic disease that affects 1/30 000
newborn males, is sustained by numerous missense muta-
tions of L1 cell adhesion molecule (L1CAM), an adhesion
surface protein active also in transmembrane signaling,
essential for the development and function of neurons. To
investigate the cell biology of L1CAM, we employed a high
RE1-silencing transcription (factor) clone of the pheochromo-
cytoma PC12 line, defective in L1CAM expression and neurite
outgrowth. The clone was transfected with wild-type L1CAM
and four missense, disease-inducing point mutants encoding
proteins distributed to the cell surface. The mutant-expressing
cells, defective in adhesion to extracellular matrix proteins and
in migration, exhibited unchanged proliferation. The nerve
growth factor (NGF)-induced neurite outgrowth was re-estab-

lished in defective clone cells transfected with the wild-type
and the H210Q and I219T L1CAMs mutants, but not in the
others. The stimulated outgrowth was confirmed in a second
defective PC12 clone over-expressing the NGF receptor TrkA,
treated with NGF and/or a recombinant L1CAM chimera.
These results revealed a new function of L1CAM, a positive,
robust and dose-dependent modulation of the TrkA receptor
activated spontaneously or by NGF. The variable effects
observed with the different L1CAM mutants suggest that this
function contributes to the marked heterogeneity of symptoms
and severity observed in the patients affected by the L1
syndrome.
Keywords: high REST PC12 clones, L1 syndrome, L1CAM
signaling, neurite outgrowth, NGF, TrkA receptor.
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L1 cell adhesion molecule (L1CAM), a member of the
immunoglobulin (Ig) adhesion protein superfamily, was first
identified in neurons (Salton et al. 1983; Ratjen and
Schachner 1984) and then in various non-neural cells and
tumors, in the brain and outside (reviews: Rawnaq et al.
2012; Schafer and Altevogt 2010; Siesser and Maness 2009).
The structure of the wild-type (wt) L1CAM includes a large
portion exposed to the cell surface, called here the ectodo-
main, composed of six Ig-like domains and five fibronectin
III (FnIII)-like repeats, followed by a single-pass, transmem-
brane helix and a short cytoplasmic tail. Upon homophilic
and heterophilic binding of surface proteins of its own (cis
interaction) and adjacent (trans interaction) cells, L1CAM is
known to play two major roles, participating in the dynamics
of cell adhesion and in the generation of transmembrane
signals at tyrosine kinase receptors (Panicker et al. 2003;
Maness and Schachner 2007; Schmid and Maness 2008;
Schafer and Altevogt 2010). During brain development,
L1CAM is critical in multiple processes, such as neuronal

migration, axonal growth and fasciculation, and synaptogen-
esis (Kamiguchi 2003; Dityatev et al. 2008; Schafer and
Altevogt 2010). In the mature brain, it maintains important
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roles related to the dynamics of neuronal structure and
function, including synaptic plasticity (Dityatev et al. 2008;
Schmid and Maness 2008; Schafer and Altevogt 2010).
Finally, in many tumors, including gliomas and glioblasto-
mas, L1CAM does support proliferation and invasiveness,
and is thus envisaged as a biomarker of poor prognosis and a
target of specific anti-tumor therapy (Suzuki et al. 2005;
Siesser and Maness 2009; Schafer and Altevogt 2010; Cheng
et al. 2011).
Studies of the last two decades have lead to the identifi-

cation of numerous L1CAM gene mutations, including many
missense point mutations. Many mutations and various
truncations were recognized as the cause of a highly
heterogeneous neurological syndrome, the L1 syndrome
[also known as CRASH (Corpus callosum hypoplasia,
mental Retardation, Adducted thumbs, Spastic paraplegia,
and Hydrocephalus)], a genetic disease affecting 1 of 30 000
newborn males (Jouet et al. 1994; Vits et al. 1994; Kenw-
rick et al. 2000; Vos and Hofstra 2010). Depending on the
mutation, the disease is of variable severity. Particularly
severe are the forms in which the L1CAM protein is knocked
down, truncated or trapped within the cell. However, also
some mutants that reach the cell surface induce severe
syndromes (De Angelis et al. 2002; Marx et al. 2012;
Schafer and Altevogt 2010; Vos and Hofstra 2010; Weller
and Gartner 2001). At the moment, therefore, precise criteria
correlating the properties of the mutants with the severity of
the syndrome are not available.
Over the years, intense investigation of the wtL1CAM and

its mutants has been carried out. L1CAM knock-out mice
have been generated, and some have been investigated also
upon knock-in of the gene and/or a few of its mutants. The
results have documented interesting defects in the affected
mice, corresponding in part to lesions previously reported in
L1 syndrome patients (Cheng and Lemmon 2004; Nakamura
et al. 2010). Additional information was obtained by studies
at the cellular level. Murine primary neurons and neuron-like
cell lines (N2A, NSC-34), transfected with human L1CAM
mutants, were found to exhibit altered intracellular trafficking
of some encoded forms of the protein (Schafer et al. 2010;
Itoh et al. 2011). In these studies, however, the contribution
of the endogenous wtL1CAM, expressed by the neural cells,
made the identification of the effects of the transfected
mutants difficult. Parallel studies were carried out in
transfected non-neural cell lines such as CHO, COS, HEK-
293, NIH, and NIH-3T3 fibroblasts (De Angelis et al. 2002;
Gast et al. 2008; Michelson et al. 2002; Needham et al.
2001; Rünker et al. 2003). These lines have the advantage to
express no endogenous L1CAM. However, they are pro-
foundly different from neural cells in properties as important
as general structure, cytoskeleton architecture and dynamics,
membrane traffic, surface molecules, and others.
To extend the investigation of L1CAM and its mutants, we

have chosen two clones, PC12-27 and PC12-TrkA, isolated

from the neural PC12 cell line that differ from each other in
their level of TrkA, the tyrosine kinase receptor of nerve
growth factor (NGF) (Leoni et al. 1999; Schulte et al. 2010).
At variance with the other differentiated neural cells including
the canonical PC12 cells, the PC12-27 and PC12-TrkA clones
are characterized by high levels of the transcription repressor
RE1-silencing transcription (factor) (REST) (also known as
NRSF) (D’Alessandro et al. 2008; Schulte et al. 2010), a
well-known master factor of neural cell specificity (Ballas and
Mandel 2005). As a consequence, their expression of many
proteins encoded by REST targets genes, including L1CAM
(Bruce et al. 2006; Mikulak et al. 2012), is repressed,
whereas their expression of other gene products and of
processes typical of neural cells is normal (Grundschober
et al. 2002; Schulte et al. 2010). The defect of these clones is
reversible inasmuch as they reacquire typical neural proper-
ties when their REST tone is lowered (D’Alessandro et al.
2008; Tomasoni et al. 2011). By transient and stable
transfection of L1CAM in the two clones, we have investi-
gated the role of wtL1CAM in a variety of neural cell
processes, from cell adhesion and migration to proliferation;
from TrkA receptor activation to NGF-induced neurite
sprouting/outgrowth. Moreover, parallel results obtained with
the same clones transfected, however, with one of four
L1CAM ectodomain point mutants have revealed differential
defects of the above processes. Taken together, our results
have provided mechanistic information about the conse-
quences of the mutations. This new information might
ultimately be relevant for the understanding of the various
forms of L1 syndrome expressed by human patients.

Materials and methods

Cell cultures

Canonical PC12 and the two clones, PC12-27 and PC12-TrkA,
were previously described (Leoni et al. 1999; D’Alessandro et al.
2008). Cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% horse serum (Euroclone, Wetherby, UK),
5% fetal clone III serum (Hyclone, Logan, UT, USA), 2 mM
L-glutamine, 100 U/mL penicillin and streptomycin (Biowhittaker,
Verviers, Belgium). Neurite outgrowth and TrkA autophosphory-
lation (Y490) were induced by incubation (for 24–48 h and
20 min, respectively) with 5–100 ng/mL of NGF (Alomone,
Jerusalem, Israel), and/or with 1–500 ng/mL of the recombinant
human, water-soluble chimera including the ectodomain of
L1CAM and the Fc domain of human IgGs (L1CAM-Fc) (R&D
Systems, Minneapolis, MN, USA) in Dulbecco’s modified Eagle’s
medium supplemented with 1.5% serum. Neurite outgrowth by the
ROCK inhibitor Y27632 (Calbiochem, La Jolla, CA, USA),
25 lM, was induced by 1-h incubation of the cells in complete
medium. In some experiments, the TrkA inhibitor (Trk-I)
Calbiochem 648450, 10 nM; the p75NTR peptide inhibitor
(p75NTR-I) TAT-Pep5 (Calbiochem), 1 lM; and the neurotrophin
antagonist Y1036 (Merck, Nottingham, UK), 30 lM, were used in
combination with NGF and/or L1CAM-Fc.
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Stable and transient transfections

The PcDNA3.1 plasmids containing the human cDNA of wt and
mutant L1CAMs were a gift of Susan Kenwrick (Cambridge Inst.
for Medical Res., Cambridge, UK). Cells were transiently trans-
fected using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
and processed 24–48 h later. For stable transfections of PC12-27
cells, the cDNAs of wtL1CAM and mutants were digested out from
the PcDNA3 vectors with the restriction enzyme EcoRI and inserted
in the EcoRI site of the vector pTracer-CMV/Bsd containing the
GFP-blasticidin fusion gene (Invitrogen). Constructs were validated
by DNA sequencing. Mock-transfected cells were transfected with
the empty vector. Transfected cells were sorted using a FACSorter
flow cytometer and grown in the presence of 10 lg/mL of
blasticidin S-HCl.

Western blotting

Cells grown in a low-density monolayer were suspended in lysis
buffer containing 1% Triton X-100, 50 mM Tris-HCl (pH 7.5),
250 mM NaCl, 5mM EDTA, phosphatase and protease inhibitors
(Sigma-Aldrich, St. Louis, MO, USA). Lysates were cleared by
10-min centrifugation at 1000 g, 4°C, separated by 8/12% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and transferred
to nitrocellulose filters. The following antibodies (Abs) were used:
the goat anti-L1CAM C20 (sc-1508; Santa Cruz Biotec., Santa
Cruz, CA, USA) and the rabbit anti-pTrkA (Y490) (Cell Signaling
Tech., Danvers, MA, USA). The anti-GAPDH Ab was a mouse
monoclonal (Sigma-Aldrich). Blots were developed by chemilumi-
nescence (ECL detection reagent, Amersham Biosci., Little Chal-
font, UK). Signals were acquired by a densitometer and quantized
using the ImageJ software (NIH, Washington, DC, USA).

Immunofluorescence and surface biotinylation

Cells were grown at low density (no more than 40% confluency) on
poly-L-lysine-coated coverslips, fixed with 4% formaldehyde/phos-
phate-buffered saline (PBS), and incubatedwith the goat anti-L1CAM
AbN14 (sc-31032, Santa Cruz Biotec) addressed to the ectodomain of
the adhesion protein. The FITC-conjugated anti-goat IgG secondary
Ab (Sigma-Aldrich) was then applied without permeabilization.
Alternatively, the cells were first permeabilized with 0.4% Triton X-
100 in PBS with 1% bovine serum albumin and then treated with
either a polyclonal [the goat anti-L1CAM-C20 (Santa Cruz Biotec);
the rabbit anti-calnexin (SPA-860, Stressgen Bioreagents, Victoria,
BC, Canada)]; or a mouse monoclonal [anti-human L1CAM (BD
Biosci. Pharmingen, San Diego, CA, USA)]; anti-b-tubulin (Sigma-
Aldrich); anti-giantin (US Biological, Boston, MA, USA) Abs.
Coverslips were rinsed and incubated with the appropriate secondary
Abs, TRITC- or FITC-conjugated, and nuclei were stained with 4′-6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Samples were
studied using Biorad MRC 1024 (Microscopy at UW-Madison,
Madison, Wis, USA) or using wide-field Olympus IX70 microscope
(N.Y. Microscope, Hicksville, N.Y., USA) with DeltaVision RT
Deconvolution. Images of at least 150 neurites/group were outlined
manually and their lengths measured using the ImageJ software. Two
types of informationwere obtained from themeasurements: percent of
cells exhibiting one or more neurites > 10 lm in length, and average
length of the neurites expressed by single cells.

For biotinylation of plasma membrane proteins (Borgonovo et al.
2002), petri dishes of PC12-27 cells, stably transfected with

wtL1CAM or one of the four mutants, were washed three times
with ice-cold PBS before 30-min incubation at 10°C with 0.1
mg/mL sulpho-NHS-LC-biotin (Pierce, Rockford, IL, USA). Cells
were then washed twice with cold PBS and resuspended in lysis
buffer supplemented with proteases inhibitors. Most nuclei were
removed by low-speed centrifugation at 4°C (1000 g, 5 min). The
supernatants were mixed with an equal volume of streptavidin–
agarose beads (Pierce) and gently stirred for 1 h at 4°C. The biotin–
streptavidin complexes, separated from unbound fractions by
centrifugation, were then analyzed by western blotting. The viability
of the analyzed cells was documented by the lack, in the biotin–
streptavidin complex preparations, of the cytosolic enzyme glycer-
aldehyde-3-phosphate dehydrogenase assayed in the cell lysate. Data
of biotinylated L1CAM are expressed as percentage of total L1CAM.

Separation of detergent-resistant and detergent-solubilized

plasma membrane domains

Canonical PC12 and variously transfected PC12-27 cells, sus-
pended in 0.32 M sucrose/5 mM Hepes, pH 7.4 with protease
inhibitors, were gently homogenized in a cell cracker and then
centrifuged at 1000 g for 5 min. Upon resuspension and recentrif-
ugation, the low-speed pellets, enriched in plasma membrane
fragments, were suspended in ice-cold sucrose/Hepes solution
supplemented with 0.5% Triton X-100. After 30 min on ice, the
preparations were diluted to a final sucrose concentration of 42%
and applied at the bottom of a small centrifugation tube that was
covered with two cushions (of 38 and 5% sucrose) in a
discontinuous floatation gradient. Upon centrifugation at
250 000 g for 18 h, the detergent-resistant (DR) membranes were
recovered in the band floating over the 38% sucrose cushion; the
detergent-solubilized (DS) membranes in the 42% sucrose-loading
cushion. For further details, see Cocucci et al. (2007). Aliquots
(100 lL) of the two gradient fractions were analyzed by parallel
dot-blot assays with the following Abs: anti-L1CAM (sc-1508,
Santa Cruz Biotec); anti-transferrin receptor (TfR), a marker for DS
membrane (US Biological, MA, USA); and anti-CD90/Thy1.1, a
marker for DR membranes (Serotec, Kidlington, UK). Blot images
were acquired using Image J. The data were expressed as
percentage of the recovered L1CAM, TfR, and CD90/Thy1.1,
present in the DR membrane fraction.

Adhesion assays

Adhesion assays were performed in 96-well plates coated with
collagen IV or Fn (BD Bioscience), 20 lg/mL, or a combination of
the two, dissolved in PBS. The plates were incubated at 4°C
overnight, then rinsed, blocked with 0.2% bovine serum albumin for
2 h at 37°C, and washed three times in PBS. Thirty thousand
canonical PC12 or PC12-27 cells, transfected or not with the various
forms of L1CAM, were applied to each well in quadruplicate and
incubated for 1 h at 37°C. After washing, the cells attached to the
plates were fixed with 4% formaldehyde and stained for 25 min at
20°C with a solution containing 0.5% crystal violet, 2% ethanol,
and 40% methanol in PBS. Wells were washed with water and cells
were solubilized with 100 lL of 1% SDS. Color absorbance was
measured at 540 nm with a microplate reader. The percentage
bound cells was calculated from the ratio between the optical density
of the adherent cells and that of the mock cells processed in parallel,
taken as 100%.
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Scratch assay of migration

PC12-27 cells, stably transfected with wtL1CAM or with single
mutants, were seeded on uncoated six-well plates and cultured until
confluence. A straight scratch of the monolayer was made by hand
using a P200 tip, and incubation of the cells was pursued for 3 days
at 37°C upon switching to a starvation medium containing 1.5%
serum. Images of several sites of the scratch, chosen at random,
were taken every day using a Zeiss microinjection microscope (Carl
Zeiss AG, Oberkochen, Germany) with a 25X phase contrast
objective. The migration of the cells in each preparation was
deduced from the changes of the scratched areas at the various
investigated sites, measured using the ImageJ software. Specifically,
the difference between the various areas at the times of analysis with
respect to the same areas at time 0 was divided by the latter and
taken as the migration value.

Cell proliferation

Proliferation of the variously transfected PC12-27 cells was investi-
gated by two complementary assays. The 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay, to reveal the
changes in the number of living cells in the various transfected PC12-
27 cell populations, was performed in five parallel sets of 96-well
plates. Thousand cells in 200 lL of serum-supplemented medium
were seeded in each well. Twenty-four hours after seeding and then at
24-h intervals, single sets of wells were treated with 20 lL of 5 mg/
mL MTT (Sigma–Aldrich) for 2 h, after which the medium was
replaced with 100 lL of dimethylsulfoxide , and the absorbance was
recorded at 570 nm using a 96-well plate ELISA reader.

The Ki67 assay was carried out to reveal cells in the G1-M phases
in the various transfected PC12-27 populations. Two thousand cells
in 100 lL of serum-supplemented medium were seeded in triplicate
in 96-well plates. The next day, and then 24 and 48 h later, sets of
cells were fixed with 4% formaldehyde, permeabilized with 0.4%
Triton X-100 in PBS and stained with a rabbit polyclonal anti-Ki67
Ab (Thermo Fischer Scientific, Milan, Italy), followed by a goat
anti-rabbit, TRITC-conjugated Ab, revealing the nuclei of compe-
tent cells. All nuclei were then stained with DAPI. Images were
taken using the INCell Analyzer 1000 microscope (GE Healthcare,
UK) . Competence was established from the ratio between Ki67-
positive and DAPI-stained nuclei, counted in parallel using the
INCell Investigator Software (GE Healthcare, Milan, Italy).

Statistical analyses

The significance of the data was assessed using the two-tailed
unpaired t-test and the ANOVA test. Data shown are averages ± stan-
dard deviations (SD). The number of experiments is specified in the
figures or legends.

Results

Expression of L1CAM in PC12-27 cells transfected

with the wt or mutant cDNAs

The model of Fig. 1a illustrates the general organization of
the wtL1CAM protein (Arevalo et al. 2008; Liu et al. 2011)
and the distribution of four of the five point mutations
investigated here, all located in the ectodomain of the
protein. Two of these mutations, H210Q and I219T,

localized in the second Ig-like domain, emerge at the surface
of the N-terminal loop, whereas E309K and C264Y, in the
third Ig-like domain, are located more deeply in the folded
protein. The fifth mutation, P941L, resides in the forth FnIII-
like repeat, in the proximity of the transmembrane domain
(not shown).
In the initial experiments, the high REST cells of the

PC12-27 clone, which express very low levels of endoge-
nous L1CAM (Mikulak et al. 2012), were transfected
transiently with either the wtL1CAM or its ectodomain
point mutant cDNAs. Other cells were mock transfected with
the empty vector. Based on previous studies on neurons
(Michelson et al. 2002; Cheng and Lemmon 2004), trans-
fection of the various L1CAM forms was expected to induce
some differential neurite outgrowth responses. The Figure
S1a reports the phenotype of typical, transiently transfected
cells and compares their surface (left panels) and total (right
panels) L1CAM immunolabeling, as revealed by anti-
L1CAM Abs administered to the cells before or after
detergent permeabilization, respectively. Most transfected
cells appeared stellate for the presence of few short and thick
processes. Typical thin neurites were in contrast, almost
completely absent. In the non-permeabilized cells (Figure
S1a, left panels), the surface distribution of wtL1CAM and of
the four mutants H210Q, I219T, E309K, and P941L
appeared even, covering both the cell body and the thick
processes. In contrast, in the cells expressing the C264Y
mutant, almost no L1CAM was detected exposed at the cell
surface. These differences among the transfected clones were
no longer visible in the transfected cells that had been
detergent permeabilized before immunolabeling to reveal
their total L1CAM level (Figure S1a, right panels). To
identify the intracellular structure where the transfected
C264Y mutant was retained, we carried out dual immunola-
beling of the permeabilized cells employing, in addition to
L1CAM, either the endoplasmic reticulum (ER) marker
calnexin or the Golgi marker giantin. Figure S1b shows that a
colocalization of L1CAM is clear with calnexin (upper row),
whereas with giantin it is marginal. Also in the case of the
other mutants, a fraction of L1CAM, however much smaller,
was found labeling the ER (not shown). The L1CAM mutant
retained intracellularly might be destined to degradation by
the ER quality-control system.
A detailed study of the surface-exposed wt and mutated

L1CAMs was carried out in stably transfected PC12-27 cells
sorted by FACS from non-transfected cells. In view of the
interest of the work in the surface L1CAM forms, in these
experiments and in the rest of the article, the transfected
C264Y mutant was no longer investigated. The immunocy-
tochemistry shown in Fig. 1b shows that the cells transfected
with the wtL1CAM or with one of the four other mutants
maintain the flat phenotype typical of PC12-27 cells,
different from the smaller and convex phenotype of the
canonical PC12 (Tomasoni et al. 2011). The distribution of

Journal of Neurochemistry © 2012 International Society for Neurochemistry, J. Neurochem. (2013) 124, 397--409
© 2012 The Authors

400 L. Tagliavacca et al.



the various L1CAM forms was moderately different, with
higher concentration at the periphery in the wt, H210Q- and
E309K-transfected cells. The western blot of Fig. 1c shows
that, in PC12-27 cells mock transfected with the empty
plasmid, L1CAM was almost undetectable as in the non-
transfected PC12-27 previously investigated by Mikulak
et al. (2012). In PC12-27 cells expressing the transfected
L1CAMs, in contrast, the levels of the adhesion protein var-
ied from values close to the canonical PC12 cells (the E309K
and P491L mutants) to values 25–30% higher (the
wtL1CAM and two, H210Q and I219T, mutants). In the
lysates from all analyzed cells, two L1CAM bands could be
detected at ~ 200–220 kDa (Fig. 1c). The two bands could
be because of L1CAM molecules distinct by their differential
glycosylation state (see Ratjen and Schachner 1984; De

Angelis et al. 2002; Schafer et al. 2010). In the conditions of
the experiments, proteolytic fragments of L1CAM with
smaller molecular weight could not be detected in the rest of
the gel, except when the exposure of the blots was prolonged.
Also in this case, the contribution of the fragments appeared
marginal.
The surface distribution of L1CAM stably transfected in

PC12-27 cells was further investigated by biotinylation to
obtain quantitative data. Figure 1d shows that the surface
fraction accounted for slightly over 80% of the total L1CAM
protein expressed by the wtL1CAM-transfected cells. The
value found in the cells transfected with the P941L
mutant (82.5%) was not significantly different from the
wtL1CAM. Those of H210Q and E309K (72%) and of I219T
(67%) were lower, but moderately (Fig. 1d). Taking into

(a) (b)

(d)(c)

Fig. 1 Structure and expression of L1 cell adhesion molecule

(L1CAM) in stably transfected PC12-27 cells. (a) The general and
the tridimensional structure of wtL1CAM (Arevalo et al. 2008; Liu
et al. 2011) showing the localization of four investigated mutations,

two in the second and two in the third immunoglobulin (Ig) domain.
The fifth mutation, in the third fibronectin III (FnIII)-like repeat, is
shown in the left but not in the right drawing. (b) L1CAM

immunocytochemistry (red) showing the whole-cell distribution of
the stably transfected wt and mutant L1CAM in PC12-27 cells, and
of the endogenous protein expressed by canonical PC12 cells. The

nuclei were stained blue with 4′-6-diamidino-2-phenylindole (DAPI).
The images shown are representative of at least 25 images from
three experiments. The bar on the upper left, valid for all (b) panels,

is of 10 lm. (c) Western blot of L1CAM (representative of eight

experiments). In the mock-transfected cells (right) the level of the
protein is below detection; in those transfected with the wtL1CAM
and mutants the levels of the protein (that appears in all cases as

two bands of 200–220 KDa apparent molecular weight) are either
comparable (E309K and P491L) or moderately higher (wtL1CAM,
H210Q, and I219T) than those of the endogenous protein in the

canonical PC12 cells (left). With the development time used with this
blot, no bands corresponding to low molecular weight fragments of
L1CAM are seen. (d) Percentage of the total wt and mutant L1CAM

protein, stably transfected in PC12-27 cells, which is exposed to the
cell surface, as shown by surface biotinylation (± SD of three
experiments).
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account the differences in the total levels of expression of the
various forms (Fig. 1c), we conclude that the surface levels
of the protein in the PC12-27 cells transfected with one of the
four mutants varied from approximately 70% (E309K) to
86% (H210Q) with respect to the wtL1CAM-transfected
cells, that is, they were lower but still considerable.

Distribution of the various L1CAM forms, wt and

mutants, in raft and non-raft microdomains of the

plasma membrane

The plasma membrane is known to be heterogeneous in its
molecular and structural organization. In particular, various
surface proteins, including L1CAM (Tang et al. 2011), are
known to concentrate in microdomains rich in cholesterol,
the so-called rafts, with possible consequences in terms of
function (Lingwood and Simons 2010). To investigate the
distribution of wtL1CAM and its mutants in the raft and non-
raft microdomains, we carried out experiments of controlled
plasma membrane treatment with a non-ionic detergent, and
analyzed the two fractions obtained, the detergent-soluble
(DS) and detergent-resistant (DR) fractions. Moreover, to
validate the results with L1CAM, we compared them with
those of two endogenous markers investigated in parallel,
TfR and CD90/Thy1.1, known to concentrate in the DS and
DR plasma membrane domains, respectively. Figure S2
illustrates the recovery of the transfected L1CAM forms and
of the two markers in the DR fraction, isolated from a low-
speed pellet enriched in plasma membranes, first exposed to
Triton X-100 (0.5%, 30 min, 10°C) and then recovered by
high-speed, step-gradient centrifugation in a band floated at
the interface between the 38% and the 10% sucrose cushions
(Cocucci et al. 2007). As can be seen, the CD90/Thy1.1 and
the TfR markers exhibited in all analyzed cells the expected
distribution, with large and only marginal (background)
accumulation in the floated DR band, respectively. The DR
accumulation of the various L1CAM forms transfected in
PC12-27 cells was moderate and variable. The values of the
I219T- and P941L-transfected cells were distinctly higher,
those of H210Q- and E309K–transfected cells were lower
than those of wtL1CAM-transfected cells. However, in all
cases the L1CAM values were significantly higher than the
background levels of TfR. These results confirm some
accumulation of L1CAM in the rafts and suggest that the
mutations modify this process, however, variably. Compared
with the canonical PC12, the DR accumulation of the
wtL1CAM from the transfected PC12-27 cells was < 40%
(Figure S2), suggesting that the raft affinity of the adhesion
protein depends only in part on its own properties and for the
rest on its interaction with other membrane component(s)
present in the canonical PC12, which are reduced or lacking
in the PC12-27 cells. This issue, which could have some
functional importance (Chang et al. 2006; Lingwood and
Simons 2010; Tang et al. 2011), remains to be further
investigated.

Functional assays: cell adhesion, migration, and

proliferation

In view of the role of L1CAM in cell adhesion, expression of
its wt and mutated forms was expected to affect the results of
specific assays carried out on surfaces coated with extracel-
lular matrix proteins. To investigate this possibility, stably
transfected PC12-27 cells were seeded on plates coated with
either collagen IV, Fn, or the two together, and their
adhesion was measured by a colorimetric assay. As shown in
Fig. 2a, the PC12-27 cells transfected with wtL1CAM
exhibited levels of adhesion slightly higher than those of
the mock-transfected cells. In contrast, the adhesion of the
cells transfected with the mutated L1CAMs was lower than
that of mock-transfected cells, moderately in the case of the
I219T and P941L mutants, more markedly in the case of the
H210Q and, even more, of the E309K mutants. Taken
together, the results confirm that wtL1CAM participates in
cell adhesion, as expected. This property, however, is lost by
mutants, all of which do not increase but repress adhesion
significantly. With respect to canonical PC12 cells, adhesion
of wtL1CAM-transfected PC12-27 cells was different,
higher on Fn and lower on collagen IV (Fig. 2a). As in
the case of the raft accumulation (Figure S2), these
differences might be because of surface molecules other
than L1CAM, present in the canonical PC12 and lacking in
PC12-27 cells. Therefore, they will not be investigated here
any further.
The differences in adhesion among stably transfected

PC12-27 cells were complemented by the results of a scratch
assay of cell migration (Fig. 2b and c). The conditions of
these experiments were different from those of adhesion
because migration occurred on uncoated plastic surfaces, yet
the results were consistent. PC12-27 cells transfected with
wtL1CAM migrated significantly faster than cells transfected
with mutant L1CAM. Thus, the scratched gap was closed
quicker by the PC12-27 cells transfected with wtL1CAM
than by PC12-27 cells transfected with the L1CAM mutants.
The delay was relatively small for the cells expressing the
H210Q and P941L mutants and highest for those expressing
the E309K mutant, that is, the cells exhibiting also the lowest
adhesion (Fig. 2a). Specifically, when the scratch of the
wtL1CAM monolayer was no longer visible, the scratch of
the E309K monolayer still exhibited ~50% of its initial area
(Fig. 2b and c).
A third cell function, proliferation, was investigated

in stably transfected PC12-27 cells by applying two
complementary assays. The MTT assay, which reveals the
number of living cells, can be interpreted in terms of
proliferation only if cell senescence and death are marginal.
The Ki67 assay, on the other hand, labels the nuclei of cells
undergoing the G1–M phases. Figure S3a shows that the
labeling with MTT rose with time in parallel in the PC12-27
cells mock transfected and transfected with the various
L1CAM forms investigated. In the Ki67 assay, on the other
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hand, the % labeled nuclei in mock and L1CAM-transfected
cell populations were not significantly different, accounting
on the average for over 95% of the total DAPI-positive nuclei
(Figure S3b, c). These results exclude the MTT data to be
affected by senescence and death of the cells. We conclude
that at variance with non-neural cells (Suzuki et al. 2005;
Siesser and Maness 2009; Schafer and Altevogt 2010),
L1CAM plays no major regulatory role in the proliferation of
the neural PC12-27 cells.

Neurite outgrowth
A typical property of canonical PC12 cells, induced by day-
long treatment with NGF, is neurite outgrowth accompanied
by the arrest of proliferation and the acquisition of neuron-
type markers (Greene and Tischler 1976). Previous studies
had established this response to be greatly attenuated in
PC12-27 cells unless transfected with the high-affinity NGF
receptor, TrkA (Leoni et al. 1999; Schulte et al. 2010). In
contrast, when the cells were treated not with NGF, but with
blockers of ROCK, an effector kinase of the small GTPase
RhoA, neurite outgrowth occurred in PC12-27 cells more
rapidly than in canonical PC12 (Racchetti et al. 2010). The
task of our experiments was to establish whether, in loosely
seeded PC12-27 cells, expression of L1CAM or its mutants
affect neurite outgrowth induced by NGF and ROCK
blockers.
Figure 3a shows that 1-h treatment with the ROCK

blocker Y27632 (25 lM) induced, in PC12-27 cells stably
transfected with wtL1CAM, extensive outgrowth of thin
neurites analogous to those previously observed in the non-
transfected PC12-27 cells (Racchetti et al. 2010). Among the
cells transfected with L1CAM mutants, those transfected
with H210Q or I219T exhibited numerous and long neurites
similar to those of the cells transfected with the wtL1CAM;
those transfected with E309K or P941L exhibited less
numerous and shorter neurites (Fig. 3a). Differences among
the variously transfected PC12-27 cells emerged also in the
surface distribution of L1CAM. In the cells transfected with
the wt or with the two mutants, H210Q and P941L, the
adhesion protein was distributed primarily over the neurite
arborizations, whereas in those transfected with the I219T or
the E309K mutants it appeared also over the cell body
(Fig. 3a). We conclude that neither wtL1CAM, nor its
mutants stimulate or block the rapid outgrowth process
triggered by ROCK inhibition first reported in non-trans-

(a)

(b)

(c)

Fig. 2 Adhesion to cell-matrix proteins and migration of transfected
PC12-27 cells. (a) In PC12-27 cells stably transfected with wild-type L1

cell adhesion molecule (wtL1CAM), adhesion is slightly higher than in
mock-transfected PC12-27 cells. With respect to canonical PC12 cells
(right), adhesion of wtL1CAM transfected cells to Fn and Fn+collagen

IV is much higher than that to collagen IV. In contrast, PC12-27 cells
transfected with the various L1CAM mutants (especially E309K) exhibit
significantly lower adhesion to all three matrix components (aver-

ages ± SD of 12 experiments). The marks ★, □, and ● on top of the
histograms indicate significance (p < 0.05, < 0.01, and < 0.001,
respectively) relative to mock-transfected cells. (b) Scratch test of
migration performed on confluent monolayers of cells seeded directly

on plastic. The bar on the bottom right = 100 lm. (c) Percent
quantization of the scratch assay results (averages ± SD of 12
experiments). Wound areas at day 3, measured at 10 sites of the

scratch chosen at random were subtracted from the areas measured at
the same sites at time 0, taken as 100%. Values shown in (c) are
averages of the cell migration data at day 3. Statistical marks in (c) as

in (a).
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fected PC12-27 cells (Racchetti et al. 2010). However, the
mutants can induce changes in the number/length of
the neurites and exhibit differences in their cell surface
distribution.
The subsequent series of experiments was carried out by

using in parallel the two high REST clones, PC12-27 and
PC12-TrkA, transiently transfected with the various forms of
L1CAM. The large difference in TrkA expression of the two
clones has been already reported (Leoni et al. 1999; Schulte
et al. 2010). Without NGF, PC12-27 cells transfected with
the various L1CAMs did exhibit no thin neurites, but only
short and thick processes emerging from the cell body, as
already shown in Figure S1a. Likewise, in the L1CAM-
negative, non-transfected or mock-transfected PC12-27 cells,
48-h treatment with NGF induced no significant change of
shape (not shown; see Leoni et al. 1999). In contrast, in the
PC12-27 cells transfected with wtL1CAM or its H210Q and
I219T mutants, the same treatment with NGF induced
outgrowth of few, but thin and long (mean > 12 lm)
neurites, ending up with typical growth cones (Fig. 3b and
d). This picture was completely different in the PC12-27 cells
transfected with the E309K and P941L mutants which, upon
NGF treatment, exhibited several thick and only rare thin
expansions (Fig. 3b and d), thus resembling the cells
transfected with wtL1CAM not treated with NGF (Figure
S1a).
Experiments with NGF were carried out also using PC12-

TrkA cells. Because of their high density of TrkA receptors,
these cells exhibit a partially differentiated phenotype, with
thin neurites grown already without NGF treatment. Upon
NGF treatment, this phenotype is further developed (Leoni
et al. 1999; Schulte et al. 2010). In PC12-TrkA cells
transiently transfected with the various L1CAM forms, but
not treated with NGF, the phenotype was not significantly
different from that of the non-transfected cells (Fig. 3e and
not shown). In contrast, transfection with the various
L1CAM forms was found to affect differentially the NGF-
induced responses. Figure 3c and e show that, in PC12-TrkA
cells transfected with wtL1CAM or its mutants of the second
Ig-like domain, H210Q and I219T, the neurites induced by
NGF (100 ng/mL) were significantly longer than those of the
non-transfected (Fig. 3e) and mock-transfected (not shown)
PC12-TrkA cells. In contrast, in the PC12-TrkA cells
transfected with the E309K and P941L mutants and then
treated with NGF, neurites were few and even shorter than
those of the non-transfected PC12-TrkA cells (Fig. 3c and e).
The results obtained by NGF treatment of the two, PC12-

27 and PC12-TrkA clones, characterized by different levels
of TrkA, although expectedly different, appeared neverthe-
less consistent with each other (compare Fig. 3b and d to c
and e). Reinforcement of the responses induced by NGF was
in fact evident in the clones transfected with wtL1CAM or
with its two second Ig-like domain mutants. In the clones
transfected with the other two mutants, in contrast, the NGF-

induced neurite outgrowth responses were unchanged or
decreased.

Effects of the recombinant L1CAM-Fc protein

The results of Fig. 3 suggest L1CAM to play an important
role in the neurite outgrowth responses induced by NGF, a
role that is maintained by some of its mutants, but not by
others. However, the results say nothing about where and
how this role is played. To establish whether this occurs at
the surface of the cells, experiments were carried out by the
use of L1CAM-Fc (Roonprapunt et al. 2003), a human
chimeric, water-soluble recombinant protein including the
L1CAM ectodomain fused to the Fc domain of human IgGs.
In PC12-TrkA cells, rich in TrkA but lacking L1CAM, long-
term treatment with the recombinant protein induced highly
significant, dose-dependent neurite outgrowth responses
accompanied by an increase in the percentage of cells
exhibiting neurites longer than 10 lm (indicated by the
numbers drawn in red over the histograms), appreciable
already at 1 ng/mL and reaching considerable levels at
100 ng/mL (Fig. 4a, upper line; Fig. 4b, left). When
L1CAM-Fc was combined with a small concentration of
NGF (5 ng/mL), the dose-dependent neurite outgrowth
induced by L1CAM-Fc in PC12-TrkA cells over that of
the cells receiving NGF alone was smaller, but still evident
and significant (Fig. 4a, lower line; Fig. 4b, right). When in
contrast L1CAM-Fc was applied alone to either canonical
PC12 or PC12-27 cells, it failed to induce any significant
effect (not shown).
The L1CAM-Fc-induced responses of Fig. 4a–b could

depend on the constitutive activation of the TrkA receptor
typical of PC12-TrkA cells. To investigate this possibility,
neurite outgrowth was investigated in PC12-TrkA cells pre-
treated with drugs known to affect the NGF signaling:
Y1036, which binds NGF, preventing its interaction with the
TrkA receptor (Eibl et al. 2010); Trk-I, the Calbiochem
648450 inhibitor of TrkA (Lazaridis et al. 2011); or
p75NTR-I, the TAT-Pep5 inhibitor of p75NTR (Yamashita
and Tohyama 2003). Fig. 4c left subpanel illustrates the
responses in the cells pre-treated with Y1036. The increase of
both neurite length and number of responsive cells,
observed upon treatment with NGF (5 ng/mL), L1CAM-Fc
(10 ng/mL), or the two together, as shown in Fig. 4b left,
was almost completely eliminated. Also, Trk-I pre-treatment
affected considerably the responses to NGF and, even more,
to L1CAM-Fc in terms of both neurite length and percent
neurite-exhibiting cells (Fig. 4c, middle). In contrast, the
p75NTR TAT-Pep5 inhibitor (p75NTR-I, 1 lM) did not
change neurite outgrowth, no matter whether induced by
NGF or L1CAM-Fc, and increased the percent of neurite-
exhibiting cells induced by L1CAM-Fc (Fig. 4c right).
In a further investigation, we checked whether L1CAM-Fc

had any effect on an early step of NGF signaling, TrkA
tyrosine phosphorylation at the Y490 site. Canonical PC12,
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PC12-27, and PC12-TrkA cells were exposed in parallel for
20 min to either NGF (50 ng/mL), L1CAM-Fc (500 ng/mL),
or the two together. Figure 5a shows that in the canonical
PC12, where constitutive phosphorylation of the TrkA Y490
site is relatively low and where NGF induced a six-fold
increase, L1CAM-Fc administered alone induced a much
smaller but significant increase, and failed to induce a
significant reinforcement of the response induced by NGF
when applied together. In PC12-27, where constitutive
phosphorylation is only 10% with respect to canonical
PC12 (not shown), neither NGF nor L1CAM-Fc induced any
detectable increase of Y490 phosphorylation, while the

combination induced only a very small, non-significant
increase (Fig. 5b). Finally, in PC12-TrkA cells, where the
basal Y490 phosphorylation is large (three-fold the canonical
PC12, not shown), documenting the high constitutive
autophosphorylation of the receptor, the changes induced
by NGF and L1CAM-Fc were similar to those of canonical
PC12 when expressed relative to the basal values (Fig. 5c).
In absolute terms, however, they were three-fold larger (not
shown), as expected in view of the large density of TrkA
receptors existing in these cells. Taken together, the data with
L1CAM-Fc administered with and without NGF to canonical
PC12 and, especially, to PC12-TrkA cells, illustrated in

(a)

(b)

(c)

(d)
(e)

Fig. 3 Neurite outgrowth induced by treatment with Y27632 (a) and
nerve growth factor (NGF) (b–e) in PC12-27 and PC12-TrkA cells
non-transfected and transfected with various forms of L1 cell

adhesion molecule (L1CAM). A: Immunofluorescence (red =

L1CAM; green = b-tubulin; blue = DAPI) of PC12-27 cells stably
transfected with wt and mutated L1CAMs, treated for 60 min with
Y27632 (25 lM). The images shown are representative of at least

18 images from three experiments. The bar on the right, valid for all
A panels, is of 20 lm. (b) Immunofluorescence as in (a), however,
of PC12-27 cells transiently transfected with wtL1CAM and mutants,

treated with NGF (100 ng/mL) for 48 h. Quantization of the results in
(d) (histograms are averages of > 150 cells from three experi-
ments ± SD). (c) Immunofluorescence as in (a), however, of PC12-

TrkA cells transiently transfected with wtL1CAM and mutants,
treated with NGF as in (b). Quantization of the results in (e)
(histograms are averages of > 150 cells from three experi-
ments ± SD). The bar in panel (c) right, valid for all panels of (b

and c), is of 20 lm. Significance of quantitative changes observed
with respect to non-transfected PC12-27 and PC12-TrkA [left
columns in (d) and (e)] is indicated as in Fig. 2a.
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Fig. 4 and 5, strongly suggest the role of L1CAM in neurite
outgrowth to consist in a positive modulation of TrkA
signaling, taking place upon receptor activation, no matter
whether constitutive or induced by NGF.

Discussion

In this study, the investigation of L1CAM and of four of its
missense point mutants has been carried out in two PC12 cell
clones, PC12-27 and PC12-TrkA (Leoni et al. 1999;
Borgonovo et al. 2002) that express spontaneously high
levels of the transcription repressor REST. The high
REST PC12 cells of our model combine three properties
advantageous for our study, that is, their features common to
neurons, the cells mainly affected by the L1CAM mutations;
their very low levels of endogenous L1CAM, critical to

distinguish the effects of the transfected wt protein and
mutants; and their marked differences in terms of TrkA
expression and responsiveness to NGF that has favored the
study of L1CAM as a signaling coreceptor.

(a)

(b)

(c)

Fig. 4 Dose-dependent neurite outgrowth induced by nerve growth
factor (NGF) and/or recombinant, water-soluble chimera including the

ectodomain of L1CAM and the Fc domain of human IgGs (L1CAM-Fc)
in PC12-TrkA cells. Effects of inhibitory drugs. (a) The immunofluo-
rescence of b-tubulin [green; nuclei labeled blue by 4’-6-Diamidino-2-

phenylindole (DAPI)] illustrates the phenotype of PC12-TrkA cells
treated for 24 h with increasing concentrations of L1CAM-Fc alone
(upper row) or together with a small concentration (5 ng/mL) of NGF

(lower row), as specified by the white numbers that appear over the
panels. The bar on the bottom right, valid for all (a) panels, is of 20 lm.
(b) Left and right, quantization of the results taken from the data
illustrated in (a), upper and lower rows: average neurite lengths ± SD

(> 150 cells per sample from three experiments/histogram; signifi-
cance calculated with respect to the data without L1CAM-Fc- marked
as in Fig. 2a); and % cells exhibiting thin neurites, > 10 lm long,

specified by the numbers written in red over the histograms. (c) Effects
on neurite outgrowth and on the % cells with thin neurites [marked as in
(b)] induced in PC12-TrkA cells by the NGF-binding drug Y1036 (left),

the TrkA inhibitor Calbiochem 648450 (Trk-I, middle), and the p75NTR

peptide inhibitor TAT-Pep5 (p75NTR-I, right), administered at the
indicated concentrations 1 h before NGF and/or L1CAM-Fc applica-

tion, and then maintained together with the latter for 24 h. To evaluate
the effects of the drugs, compare the individual data in (c) with the
corresponding data with and without L1CAM-Fc shown in (b).

(a) (b) (c)

Fig. 5 Phosphorylation of the TrkA receptor at the Y490 site induced
by nerve growth factor (NGF) and recombinant, water-soluble chimera
including the ectodomain of L1CAM and the Fc domain of human IgGs

(L1CAM-Fc) in canonical PC12, PC12-27, and PC12-TrkA cells.
Parallel aliquots of canonical PC12 cells (a), PC12-27 (b), and
PC12-TrkA cells (c) were exposed for 20 min to NGF (50 ng/mL),

L1CAM-Fc (500 ng/mL), or the two together. Y490 phosphorylation of
TrkA was analyzed in western blots stained with the specific anti-pTrkA
Ab. The values shown were calculated with respect to the constitutive
phosphorylation level of TrkA (basal), which in PC12-27 cells was 10%

and in PC12-TrkA was 300% with respect to the canonical PC12. In
each panel, the significance of the differences (with respect to the
basal phosphorylation levels) is marked as in Fig. 2a.
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The preliminary characterization of the PC12-27 clones
stably transfected with wtL1CAM and with its mutants
revealed a few additional interesting properties of our model.
The levels of the various forms of transfected L1CAM were
not the same. Of the transfected PC12-27 clones, three,
wtL1CAM, H210Q and I219T, exhibited very close levels of
L1CAM. The levels of the other two, E309K and P941L,
were lower of 25–30% and close to those of the canonical
PC12. These differences, which are moderate, exclude our
results to be affected by artifacts because of large
over-expression or under-expression of the protein in the
transfected L1CAM clones. Also, the differences in surface
expression of the various transfected forms, revealed by
biotinylation, were moderate. Finally, the fraction of the total
surface L1CAM recovered in the DR fraction (the rafts) of
the plasma membrane, a property of possible functional
relevance (Lingwood and Simons 2010; Tang et al. 2011),
was in all cases small (~20%), with two mutants higher and
two lower than the wt form. Taken together, these results
suggest that if considered with caution, the various forms of
transfected high REST PC12 cells could be a new and
appropriate model for the study of L1CAM.
By the use of our high REST PC12 cell model, we have

obtained two series of original results. The first series
concerned the functioning of PC12 cells. In the case of
proliferation, the values obtained with the cells transfected
with the various L1CAM forms were close to those of the
mock-transfected PC12-27. This result was unexpected
because in numerous non-neural tumors including gliomas,
glioblastomas, and neuroendocrine tumors, L1CAM had
been found to stimulate proliferation and aggressiveness
(Suzuki et al. 2005; Siesser and Maness 2009; Schafer and
Altevogt 2010; Cheng et al. 2011). A role of L1CAM in the
regulation of proliferation may therefore be limited to non-
neural cells. This conclusion is reinforced by the observation
that in neuroblastomas, which are tumors of neural nature,
expression of L1CAM was found associated not with
severity, but with favorable outcomes (Wachoviak et al.
2007).
In all other investigated functions: adhesion to cell matrix

proteins, migration, and neurite outgrowth, the role of
L1CAM had been studied previously, however, in different
cells and under different experimental conditions (Michel-
son et al. 2002; Buhusi et al. 2003; Cheng and Lemmon
2004; Schultheis et al. 2007; Dou et al. 2011; Kiefel et al.
2011). In our PC12 model, transfection of wtL1CAM was
found to induce stimulatory effects in all cases, whereas
transfection of the mutants induced smaller stimulatory or
inhibitory effects depending on the function investigated.
The mutation in the third Ig-like domain, E309K was in all
cases the most inhibitory. The mutant of the forth FnIII-like
repeat, P941L induced effects close to wt in terms of
adhesion and migration, but exhibited significantly reduced
NGF-induced neurite outgrowth. The latter function, in

contrast, was clearly stimulated by the two mutants in the
second Ig-like domain, H210Q and I219T. Therefore, the
various mutants induce in neural cells different panels of
defects. This conclusion, which may have a role in the
well-known heterogeneity of the human L1 syndrome,
agrees with previous findings of Schafer et al. (2010),
based on the study of two ectodomain mutations distinct
from ours, one in the second Ig-like domain, the other in
the fifth FnIII-like repeat.
The second series of results concerned the coreceptor role

of L1CAM in the transmembrane signaling of NGF. Func-
tions of this type had been reported previously for other
adhesion proteins of the Ig superfamily. In transfected
Xenopus oocytes and in hippocampal neurons NCAM, the
prototype of an Ig family distinct from that of L1CAM, was
shown to bind and modulate the functioning of TrkB,
establishing a complex with, and modulating the activity of
inwardly rectifying K+ channels (Kleene et al. 2010).
Another cell adhesion protein, ALCAM, has recently been
shown to cooperate with NGF and thus to contribute to
neuronal differentiation (Wade et al. 2012). As far as
L1CAM, a coreceptor function increasing the ligand-induced
tyrosine phosphorylation and neurite outgrowth had been
reported, concerning, however, two growth factor receptors
other than TrkA, epidermal growth factor (EGF) and
fibroblast growth factor receptors (Islam et al. 2004; Kulahin
et al. 2008). Interestingly, the coreceptor effect of L1CAM on
the EGF receptor was dissipated by the E309K mutation
(Nagaraj et al. 2009), the same that we have now found to
inhibit the NGF-induced neurite outgrowth in both PC12-27
and PC12-TrkA cells. Previous studies had also reported a
lack of reinforcement by L1CAM of the axon growth induced
by NGF in cultured sensory neurons (Liu et al. 2002). This
effect, however, depended on the small GTPase RhoA.
Therefore, a coreceptor function of L1CAM on TrkA could
not be excluded in neural cells with lower RhoA tone.
The use of the PC12-TrkA clone, where the responses to

NGF are amplified by the high surface density of the
receptor, was critical for the success of our experiments.
The results obtained in PC12-27 and PC12-TrkA cells
transfected with the various forms of L1CAM, and in
PC12-TrkA cells incubated with the recombinant L1CAM-
Fc chimeric protein, treated or not with NGF signaling
blockers, revealed the protein to induce a positive modu-
lation of the TrkA receptor signaling as a consequence of
an interaction at the external surface of the cell. Whether
this interaction is because of a direct L1CAM/TrkA binding
could not be established because the coimmunoprecipitation
attempts we have carried out so far were unsuccessful. This
result suggests the interactions of L1CAM with TrkA (or
with other proteins associated to the receptor) to be of low
affinity, as previously demonstrated with the EGF receptor,
where a coreceptor function of L1CAM is well established
(Islam et al. 2004).
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In conclusion, the specific investigation carried out in the
high REST PC12 clones expressing only very low levels of
the endogenous L1CAM has revealed new properties of the
adhesion protein and of its mutants concerning, in particular,
their differential functional effects and the coreceptor role
with the NGF receptor, TrkA. The experimental, high REST
PC12 cell model we have characterized could be used for the
investigation of additional properties of L1CAM, important
also for the pathology of the L1 syndrome, including the
characterization of the interaction of L1CAM with the TrkA
receptor, the mechanism of its coreceptor effect, and the
putative defects of the interaction and modulation of TrkA
typical of various L1CAM mutants.
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