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Abstract Research over the last 25 years on the cell
adhesion molecule L1 has revealed its pivotal role in ner-
vous system function. Mutations of the human LICAM
gene have been shown to cause neurodevelopmental dis-
orders such as X-linked hydrocephalus, spastic paraplegia
and mental retardation. Impaired L1 function has been also
implicated in the aetiology of fetal alcohol spectrum dis-
orders, defective enteric nervous system development and
malformations of the renal system. Importantly, aberrant
expression of L1 has emerged as a critical factor in the
development of human carcinomas, where it enhances cell
proliferation, motility and chemoresistance. This discovery
promoted collaborative work between tumour biologists
and neurobiologists, which has led to a substantial expan-
sion of the basic knowledge about L1 function and
regulation. Here we provide an overview of the patholog-
ical conditions caused by L1 malfunction. We further
discuss how the available data on gene regulation, molec-
ular interactions and posttranslational processing of L1
may contribute to a better understanding of associated
neurological and cancerous diseases.

We dedicate this review to Melitta Schachner and co-workers for their
outstanding contribution to the field of LICAM research.
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Introduction

Since its discovery in 1984 [1], the cell adhesion molecule
L1 has been established as a key player throughout the
development of the nervous system. L1 is the founding
member of a subgroup of neuronal immunoglobulin (Ig)
superfamily cell adhesion molecules (IgSF-CAMs) that
includes both vertebrate and invertebrate members. In
mammals, this subgroup comprises the close homologue of
L1 (CHL1), the neuronal cell adhesion molecule (NfCAM)
and neurofascin, all of which share similar protein domain
structures [2]. L1 itself consists of a large extracellular part
possessing six Ig-like and five fibronectin-repeat III (FNIII-
like) domains, that is linked via a single transmembrane
sequence to a short intracellular cytoplasmic domain (ICD)
(Fig. 1a). The importance of L1 is reflected in pathological
mutations in the human LICAM gene, which underlie a
variety of neurological conditions collectively referred to
as CRASH syndrome or L1 syndrome [3-6]. The clinical
characterization of patients with L1 syndrome, together
with phenotypes observed in L1-deficient mouse mutants
[7-9], have revealed that the most distinctive molecular
actions of L1 relate to neuronal migration, axon growth
and synapse formation in the developing and adult brain
[2, 10, 11].

The various functions of L1 involve complex homo- and
heterophilic interactions of its six Ig-like and five FNIII-
like extracellular domains. Similarly, the cytoplasmic
domain interacts with a variety of intracellular proteins
such as kinases (e.g. casein kinase II, focal adhesion
kinase) and adaptor molecules (e.g. ankyrin, AP-2), which
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Fig. 1 L1 domain structure and proteolytic cleavage maps. site near the membrane, leading to the release of an ectodomain

a Schematic protein domain model of L1. L1 has a relative molecular
mass of about 220 kDa and consists of an large extracellular part,
possessing six Ig-like (Ig 1-6) and five FNIII 1-5 domains. The
extracellular part is linked via a single transmembrane sequence to a
short ICD. b The serine proteases PC5SA and plasmin constitutively
cleave full-length L1 (L1-220) at dibasic residues in the third FNIII-
like domain, thereby generating an ectodomain fragment of about
140 kDa (L1-140) and a membrane-retained fragment of about
80 kDa (L1-80). ¢ The serine protease neuropsin cleaves L1 in
response to neural activity. Cleavage occurs at a site near the
membrane, leading to the release of an ectodomain fragment of about
200 kDa (L1-200). d The metalloprotease ADAMI10 cleaves L1 at a

modulate the association between L1 and the cytoskeleton
[12, 13] and endosomal membrane systems [14-16],
respectively. Several lines of evidence indicate that the
interactions between L1 and extracellular and intracellular
binding partners not only mediate cell-cell adhesion, but
also potentiate intracellular signalling cascades. One
example is the L1-dependent activation of MAPK-ERK
signalling [17] via interaction with f1-integrin [18].
Outside the nervous system, aberrant expression of L1
has been shown to promote proliferation, motility and
chemoresistance of cancer cells [19-21]. The critical role
of L1 in these processes and the possibility of perturbing
aberrant L1 function in carcinomas by administration of
specific therapeutic antibodies [22-24] has directed the

fragment of about 200 kDa (L1-200) and a membrane-retained stub
of 32 kDa (L1-32). Cleavage occurs constitutively in cancer cells and
is activity-dependent in neuronal cells. e The metalloprotease
ADAMI17 cleaves L1 at a site near the membrane, leading to the
release of an ectodomain fragment of about 200 kDa (L1-200) and a
membrane-retained stub of 32 kDa (L1-32). Cleavage can be induced
by stimulation by phorbol esters or pervanadate. f Constitutive
sequential cleavage of L1. Constitutive L1 cleavage by ADAMI10 or
ADAM17 is followed by cleavage of the membrane-retained 32 kDa
fragment mediated by p-secretase, leading to the release of an
intracellular fragment of about 28 kDa (L1-28)

attention of researchers towards the pathological mecha-
nisms underlying the action of L1 in cancer.

Previous reviews have focused on many facets of L1
function, including its complex binding properties [25,
26], signal transduction [2, 10] and the relationship
between the clinical presentation and the genotype in
patients with L1 syndrome [5]. The role of L1 in cancer
progression with a focus on colon cancer has recently
been reviewed [27]. Here we provide an overview of the
various disorders that have been associated with loss of
function or aberrant function of L1. We discuss the
underlying mechanisms and highlight the role of proteo-
lytic processing of L1 in the nervous system and in
cancer.
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Phenotypic spectrum of L1 syndrome

Mutations in the LICAM gene cause X-linked disorders of
a broad phenotypic spectrum including X-linked hydro-
cephalus (HSAS, hydrocephalus due to stenosis of the
aqueduct of Sylvius), MASA syndrome (mental retarda-
tion, aphasia, shuffling gait, adducted thumbs), agenesis of
the corpus callosum, and spastic paraplegia (X-linked
hereditary spastic paraplegia type 1). The manifestation of
these disorders is highly variable and even identical gene
mutations may cause distinct intra- and interfamily phe-
notypes [3, 28]. Most consistent features in affected males
are lower limb spasticity, mental retardation, hydrocepha-
lus and flexion deformity of the thumbs [3, 5, 29]. A few
reports have also described female carriers who develop
minor symptoms comprising adducted thumbs and mild
mental retardation [30] as well as subtle abnormalities in
corticospinal function [31]. Owing to the fact that all of
these phenotypic features represent variable manifestations
of mutations in the L/ CAM gene, we follow the consensus
of naming this group of disorders “L1 syndrome” [6].

To date, about 200 human pathological mutations in the
LICAM gene have been identified, including frameshift,
nonsense and, the most frequent, missense mutations [32].
The pathological mechanisms leading to L1 syndrome are
not well understood. However, it turns out that both non-
sense mutations, which lead to the production of truncated
proteins, and missense mutations, which affect structurally
important key residues in the extracellular part of L1, result
in severe hydrocephalus and early mortality more often
than mutations affecting the ICD [29, 33]. These findings,
together with the observation that the cytoplasmic part of
L1 is not required for homophilic cell-cell adhesion [34],
suggested that the adhesive function of the extracellular
part of L1 plays a more important role during nervous
system development than intracellular signalling mediated
by its cytoplasmic part [29]. However, this view might be
an oversimplification because cell-cell adhesion mediated

Table 1 Proteins associated with L1 malfunction

by extracellular domains of L1 and the subsequent acti-
vation of downstream signalling are closely associated
[2, 10]. Indeed, two L1 syndrome-associated mutations that
substitute amino acids of the extracellular part of L1 have
been shown to promote cell-cell adhesion but fail to
stimulate adhesion-dependent activation of EGFR [35].
Recently, an extended view on the possible mechanisms
underlying L1 syndrome has been obtained by genetic
rescue studies in Drosophila. The authors found evidence
that a mutation in the second Ig-like domain of LI
(H210Q) may cause neurological features that are due
to synaptic dysfunction rather than axonal pathfinding
defects [36]. The same mutation was previously shown to
differentially affect homo- and heterophilic binding of L1
[37], which is compatible with the hypothesis that altera-
tions in ligand-specific L1 binding properties represent one
important pathological mechanism involved in L1
syndrome.

Table 1 summarizes some interaction partners of L1,
which have been associated with L1 malfunction. It is
conceivable that such interaction partners might play a
role in the variable phenotypic manifestations observed in
patients with L1 syndrome. In addition, the intra- and
interfamilial variability of L1 syndrome’s phenotypic
features, such as X-linked hydrocephalus, suggests the
existence of genetic modifiers. Of note, the development
of X-linked hydrocephalus in transgenic L1-6D mice that
lack the sixth Ig-like domain of L1 [38] has been reported
to be strongly dependent on the genetic background [39].
The authors screened for single nucleotide polymorphisms
that are present in different L1-6D mice strains and
identified possible genetic modifiers of X-linked hydro-
cephalus such as the polycomb-like protein transcription
factor Mtf2 [39]. Interestingly, Mtf2-mutant mice have
also been reported to develop hydrocephalus [40]. It will
therefore be important to validate whether and how Mtf2
or other candidate genes contribute to the pathogenesis of
L1 syndrome.

Protein Associated L1 malfunction

Neuropilin-1

L1/neuropilin-1 interaction mediates axon guidance and is impaired by pathological L1 syndrome mutations [81, 83]. Interaction

with aberrant L1 in tumour growth, migration and cell—cell signalling [82, 84]

Binding to the cytoplasmic L1 domain is affected by pathological L1 syndrome mutations. Abolishes endocytosis of L1 and

TAX-1/ Heterophilic binding to L1 is impaired by pathological L1 syndrome mutations [37, 140]
axonin-1
Ankyrin
linkage of L1 to the spectrin—actin cytoskeleton [141, 142]
EGFR L1-mediated EGFR-signalling is impaired by L1 syndrome mutations [35]
Integrins L1/integrin interaction leads to cell migration [127], tumour growth [76], chemoresistance [21, 77] and angiogenesis [88]
Erkl, Erk2 Erk-signalling is triggered by aberrant L1 expression in tumour cells [76, 132]
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L1 malfunction in fetal alcohol spectrum disorders

Fetal alcohol spectrum disorders (FASD) are another
pathological condition that has been associated with loss of
L1 function. FASD comprise neuropathological abnor-
malities such as mental retardation, hydrocephalus, and
agenesis of the corpus callosum, which are similar to those
observed in L1 syndrome [41]. Several in vitro studies have
shown that ethanol inhibits L1-mediated cell-cell adhesion
[42], signalling [43, 44] and neurite outgrowth [45]. Fur-
thermore, specific peptide antagonists prevent ethanol-
dependent inhibition of L1 as well as ethanol teratogenesis
in mouse embryos [46, 47]. However, the inhibitory effects
of ethanol on the adhesive or neurite growth-promoting
functions of L1 are not observed in S2 cells [48] or cortical
neurons [49], suggesting that these effects are dependent on
the cellular context.

Recently, the first insights into the molecular mecha-
nisms underlying ethanol-dependent inhibition of L1 have
been obtained through the identification of an ethanol-
binding site at the interface between the first and fourth
Ig-like domains of L1 [50]. Previous studies have revealed
that the four N-terminal Ig-like domains of L1 [51], as well
as those of related cell adhesion molecules such as axonin-
1I/TAG-1 [52] or Dscam [53], adopt a horseshoe-shaped
conformation in which the first and the second domains
fold back to interact with the fourth and third domains.
Binding studies using purified L1 proteins, where single
domains or the hinge region between Ig-like domains II
and III were deleted, have shown that integrity of the
horseshoe conformation is required for homo- and hetero-
philic interactions of L1 [37, 54].

The location of the ethanol binding site has been found
to be close to amino acid residues L120 and G121 that are
mutated in L1 syndrome patients [37], suggesting that
similar mechanisms underlie the pathology of these muta-
tions and FASD [50]. The collected data support the
hypothesis that the pathophysiology of FASD depends, at
least in part, on the deleterious effects of ethanol on protein
domain integrity of L1, which in turn leads to impaired
ligand interactions during nervous system development. It
remains an open question as to whether ethanol also binds
to and thereby inhibits the function of the L1 family
members CHL1, NrCAM and neurofascin, which also
might have the potential to form a horseshoe conformation.
Therefore, further research is required to address this issue.

L1 syndrome in combination with Hirschsprung’s
disease

Hirschsprung’s disease (HSCR) is a complex multigenic
disorder in which there is massive distension of the bowel

and functional intestinal obstruction due to the absence of
ganglion cells. Based on several investigations these
defects have been attributed to defective migration of
neural crest cells [55]. About ten genes, including the most
frequently implicated RET receptor tyrosine kinase gene,
are associated with HSCR. In addition, several suscepti-
bility loci have been identified as possible modifier genes
[56-58]. Comparative immunohistological analyses of
ganglionic and aganglionic segments from patients with
HSCR have revealed that the protein expression of L1, but
not that of the cell adhesion molecules Thy-1 and alpha5
integrin, is impaired in hypertrophied nerve bundles in
aganglionic segments, suggesting a role of L1 in HSCR
pathogenesis [59]. In the meantime, HSCR has been
diagnosed in several patients with L1 syndrome further
suggesting a link between L1 malfunction and HSCR
[60—64]. However, it should be noted that, since the
incidence of HSCR is low in L1 syndrome patients (about
3%) but probably higher in patients with X-linked hydro-
cephalus [60], L1 mutations alone are probably not
sufficient to cause HSCR. Recently, a role for L1 in HSCR
onset has been further supported by histological studies in
L1-deficient mice, which showed that changes in the
migration and differentiation of neural crest-derived cells
within the developing enteric nervous system indeed
depend on L1 [65, 66]. Taken together, the available data
suggest that L1 is a genetic modifier of HSCR. Further
studies are required to investigate the role of L1 malfunc-
tion in HSCR and whether LICAM gene mutations inter-
fere with the function of RET or other HSCR-associated
genes.

L1 syndrome in combination with renal malformations

L1 has also been implicated as a possible candidate gene
in familial cases of renal malformations [67, 68]. It has
been shown that L1 is expressed in a spatiotemporally
restricted pattern in human epithelial kidney cells [69]
and is required for branching morphogenesis of the ure-
teric bud in the rabbit [70]. Consistent with an important
role of L1 in kidney development, L1-deficient mice
exhibit diverse renal abnormalities [68]. Similar malfor-
mations of the renal system such as bilateral duplex
kidneys and ureters have been found in boys with L1
syndrome suggesting that loss of L1 function impairs
kidney morphogenesis during development [67]. The
pathological mechanism is still unclear but might involve
dysregulated proliferation of collecting duct cells [68]. It
is worth noting that these defects must be distinguished
from renal dysfunction in other patients who carry a large
gene deletion encompassing the LICAM and AVPR2
genes which leads to the development of L1 syndrome
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in combination with X-linked nephrogenic diabetes
insipidus [71].

Aberrant L1 function in human carcinomas

Besides its broad expression in the nervous system, L1 has
also been observed in a limited number of nonneuronal tis-
sues including leucocytes [72] as well as ovarian and
urogenital epithelial cells [70, 73]. However, many studies
have identified elevated or aberrant expression of L1 as a
critical factor in the development of different types of human
carcinomas. As a common feature, tumour cells expressing
L1 show increased proliferation, motility and metastatic
invasion into surrounding tissues (Table 2). In addition, L1
expression has been shown to act as an antiapoptotic factor
and to confer chemoresistance on pancreatic ductal adeno-
carcinomas [21] and colorectal carcinomas associated with a
poor prognosis [74, 75].

It is likely that L1-mediated changes in cell-cell adhe-
sion and signalling are involved in several steps during the
transition from normal cells to invasive tumour cells.
Cell—cell adhesion of neighbouring tumour cells could, for
example, favour bidirectional signalling via L1 and inte-
grins, since the same cell types often express both binding
partners [76]. Recent studies further support a role for
Ll-integrin interactions in cancer and have demonstrated
that both functional L1 and alpha5-integrin are required to
promote chemoresistance in pancreatic ductal adenocarci-
noma cell lines through inhibition of nitric oxide-dependent
caspase [21, 77] (see also Table 1).

Neuropilin-1 (NP-1), originally described as a trans-
membrane receptor of semaphorins [78, 79] and vascular
endothelial growth factor [80], has been identified as a
ligand for L1 both in the nervous system [81] and in cancer
cells [82]. In the nervous system, the interaction between
L1 and NP-1 is well established and has been recognized as
an important signalling mechanism for axon guidance [81,
83]. More recent evidence also suggests that L1 expressed
on ovarian carcinoma cells interacts in frans mode with
NP-1 on mesothelial cells, thereby mediating cell—cell

Table 2 Effects of L1 overexpression in human tumours

Effect Reference

Increase in cell migration and cell [18, 20, 127]
invasion using matrigel invasion assay

Augmented tumour formation and [20]

growth in nude mice
L1-dependent gene regulation [20, 23, 76, 132, 143]
[21, 77]

Enhanced tumour metastasis formation [143]
using spleen-liver mouse model

Enhanced resistance to chemotherapy

adhesion and eventually bidirectional signalling [82]. Other
observations suggest that L1 and NP-1 in endothelial
tumour cells could also interact in cis favouring transen-
dothelial migration and angiogenesis during tumour
progression, as evidenced by antibody perturbation experi-
ments [84]. However, it remains unclear whether the
interactions between L1 and NP-1 play a role in other types
of cancer cells such as ovarian carcinomas [73] and mela-
noma cells [85], in which L1 has been found to promote
transendothelial migration.

Although several lines of evidence suggest a cooperative
mode of action for L1, integrins and NP-1, that may also
involve vascular endothelial growth factor receptor sig-
nalling [86-88], the molecular hierarchy of these processes
in cancer cells is not well understood. Further investiga-
tions are required to elucidate the interactions of these
molecules and their possible association in protein com-
plexes. This would also be important for the development
of therapeutic strategies, since the targeting of these
molecules by specific therapeutic antibodies or inhibitory
peptides could be instrumental in interfering with cancer
progression.

Pathological LICAM gene regulation in neurons and
cancer

The LICAM gene is located at chromosome Xq28 and
spans about 16 kb with 28 coding exons. The full length
open reading frame consists of 3,825 bp encoding for a
1,275 amino acid polypeptide [89]. Two alternatively
spliced exons have been identified comprising exons 2 and
27 that are encoded in the neuronal full-length form of L1
but are lacking in the short isoform. Exon 2 is required for
optimal ligand binding and promotion of neurite growth
[90, 91], whereas exon 27 facilitates clathrin-mediated
endocytosis of L1 [14]. The short isoform is expressed in
nonneuronal cells such as Schwann cells, kidney cells, and
blood lymphocytes [90, 92, 93], whereas full-length L1 is
predominantly expressed in neurons. However, oligoden-
drocytes have been reported to express both L1 isoforms in
a maturation-dependent manner [94].

Taking advantage of different transgenic L1-lacZ
reporter mouse lines, previous work has identified a neural
restrictive silencer element (NRSE) in the first intron of L1
[89]. The authors demonstrated that activation of NRSE by
the repressor element 1 silencing factor/neuron-restrictive
silencing factor (REST/NRSF) facilitates neuron-restricted
L1 expression in the embryonic nervous system [89].
However, expression of REST/NRSF is not exclusively
observed in nonneuronal cells and proceeds, albeit at rela-
tive low levels, in postmitotic neurons from several brain
regions [95]. In addition, increased neuronal REST/NRSF
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expression has been observed in response to kainate-
induced seizures [95] and ischaemia, where REST/NRSF
contributes to ischaemia-induced neuronal death [96].
Interestingly, L1 protein expression decreases in the same
hippocampal regions following sustained ischaemia [97],
suggesting that REST/NRSF may not only repress non-
neuronal L1 expression but also acts as a repressor of
neuronal L1 expression under pathological conditions.

Recently, more than 1,800 genes have been predicted to
contain NRSE sites and to represent putative target genes
of REST/NRSF [98]. Moreover, dysregulation of REST/
NRSF has been implicated in neurological disorders such
as Huntington’s disease [99, 100] and Down syndrome
(DS) [101, 102]. In the R6/2 transgenic mouse model of
Huntington’s disease aberrant silencing activity of REST/
NRSF has been shown to pathologically reduce expression
of selected neuronal genes [99]. It is currently not clear
whether expression of L1 is affected in this model. How-
ever, in DS model mice, dosage imbalance of the dual
specificity tyrosine-(Y)-phosphorylation regulated kinase
1A (DyrklA), which plays an important role in DS patho-
genesis [103], causes reduced expression levels of REST/
NRSF in embryonic neurons and increased expression
levels in adult neurons, thereby affecting expression of L1
and other neuronal genes [101]. As a consequence,
impaired neurite growth reminiscent of the morphological
defects in neurons of DS model mice and patients has been
observed [101].

These studies indicate that alterations in REST/NRSF
expression levels are critically involved in several neuro-
logical disorders. Not unexpectedly, dysregulation of L1
expression levels is observed in most of these disorders,
possibly attracting additional research attention on the role
of L1 gene expression regulation in the pathophysiology of
the nervous system. On the other hand, REST/NRSF has
also emerged as a tumour suppressor, and diminished
expression of REST/NRSF has been associated with colon
cancer and transformation of human mammary epithelial
cells [104, 105]. It appears conceivable that dysregulation
of REST/NRSF may also play a role in aberrant L1
expression in human carcinomas. For example, REST/
NRSF has been found to be inactivated in small-cell lung
cancer [106], and increased expression levels of the neu-
ronal isoform of L1 have been found in cells of the small-
cell lung carcinoma cell line NCI-H69 [107].

In most other types of cancer cells with aberrant
L1 expression, the nonneuronal isoform predominates
[107-111]. In H6c7 pancreatic cancer cells, the gene
expression regulation of L1 involves binding of the tran-
scription factor slug to the L1 promoter, which induces
aberrant L1 expression upon administration of TGF-f
[108]. In colon cancer cells, the L1 promoter contains a
LEF/TCF binding site which drives L1 expression by

p-catenin/TCF signalling. Based on these observations, the
authors proposed that aberrant expression of L1 in colon
cancer may occur as a consequence of mutations in com-
ponents of the Wnt signalling pathway [20]. More recently,
analyses of the DNA methylation patterning in the core
promoter and TCF-binding sites in the L1 promoter have
indicated that DNA hypomethylation at L1 CpG islands
may contribute to aberrant L1 expression in colorectal
cancer [112]. The combined data suggest that both genetic
and epigenetic mechanisms may lead to the dysregulation
of transcription factors and/or alterations in the DNA
methylation pattern of the L1 promoter, respectively,
thereby inducing aberrant L1 expression in cancer.

Proteolytic processing of L1 in neurons and cancer cells

Previous investigations have revealed that L1 is proteolyt-
ically cleaved both in cultured cells and neuronal tissues in
vivo (Fig. 1). The cleavage of full-length L1 (L1-220)
occurs in the third FNIII-like domain and gives rise to an
N-terminal ectodomain fragment of 150-180 kDa (L1-150)
and a membrane-retained fragment of 80-90 kDa (L1-85)
[113-118]. Subsequent studies have shown that this
cleavage is most likely mediated by the serine protease
proprotein convertase PC5A (Fig. 1b) during protein bio-
synthesis and intracellular transport [119]. Interestingly, the
N-terminal L1-150 fragment is not released and remains in
a complex with uncleaved, membrane-bound L1 [119].
Another serine protease, plasmin, has also been shown to
cleave L1 at a dibasic motif in the third FNIII-like domain
(Fig. 1b), which led to the release of soluble L1 from the
cells of a variety of cultured cell lines, as well as the dis-
ruption of cell—cell adhesion mediated by homophilic L1
interactions [120].

More recently, the serine protease neuropsin, also known
as kallikrein 8, has been shown to cleave L1 enriched in
synaptosomal fractions from brain tissue. Neuropsin-
mediated cleavage takes place at a site near the membrane
which results in an N-terminal fragment of about 180 kDa
comprising the extracellular part of L1 (Fig. 1c) [121].
Proteolytic processing of L1 occurs in an activity-
dependent manner and promotes the removal of L1 from
so-called orphan boutons, an immature form of presynaptic
terminals. Importantly, cleavage of L1 has been observed to
be markedly decreased in neuropsin-deficient mice, sug-
gesting that L1 indeed represents a specific substrate for
neuropsin. As a consequence of neuropsin-mediated cleav-
age of L1, orphan boutons devoid of surface L1 exhibit
altered morphology and form functional synapses [122].
Together, these studies indicate that proteolytic processing
of L1 is facilitated by different serine proteases and is
of functional significance for both cell-cell adhesion in



The cell adhesion molecule LICAM

2431

cultured cells as well as activity-dependent synapse forma-
tion in the nervous system.

While earlier work had already indicated that a larger
soluble L1-fragment of 180-200 kDa could be isolated
from the supernatant of cultured PC12 rat phacochromo-
cytoma cells, sympathetic neurons and mouse cerebellar
cells [118, 123], more recent studies have revealed that a
large soluble form of L1 is secreted by cultured tumour cell
lines. This release occurs spontaneously but is strongly
enhanced by phorbol ester and pervanadate treatment [72,
124, 125]. It turned out that soluble L1 in the supernatant
comprises the whole ectodomain that was cleaved off the
membrane by the activity of metalloprotease(s) (Fig. 1d, e)
[119, 124, 126]. The metalloproteases responsible for L1
cleavage were identified as ADAMI10 [127] and also, under
certain conditions, ADAM17 [82, 128]. Thus, different
types of serine proteases and metalloproteases have the
capacity to generate large soluble L1 ectodomains.

Soluble L1, when immobilized as a substrate, supports
cell adhesion and the migration of tumour cells, lympho-
cytes, and cultured neurons [129], which also display
enhance neurite growth in response to this substrate [130,
131]. In addition, there is evidence that soluble L1 generated
in vivo can be bound by the extracellular matrix and could
become immobilized as a putative substrate for migrating
cells [126]. However, whether L1 cleavage serves only to
render the extracellular fragments a permissive substrate
remains to be investigated.

A novel functional link was born out of the observation
that metalloprotease-cleaved L1 triggers cell migration by
autocrine binding to integrins (Fig. 2¢) [127]. This effect
requires the Arg-Gly-Asp integrin binding site in the sixth
domain of L1 and is blocked by metalloprotease inhibitors
that prevent L1 shedding [127]. In the light of these find-
ings it has become conceivable that expression of L1 also
augments cell migration in various cell lines cultured on
extracellular matrix proteins such as fibronectin, laminin
and vitronectin [18, 132]. However, an alternative expla-
nation for the enhanced cell migration by L1 was put
forward by Panicker et al. [133]. The authors did not study
L1 cleavage but noted that in the presence of L1 the cell
surface recycling of f1-integrin is much faster and thereby
can promote cell migration. Also, in this setting the Arg-
Gly-Asp integrin binding site in the sixth domain of L1 is
required [133].

Proteolytic processing of L1 by metalloproteases is also
of functional significance for neuronal cells. ADAMIO0 is
able to cleave L1 in mouse brain and this process regulates
L1-dependent haptotactic migration of cerebellar neurons in
vitro [128]. Both ADAM10 and ADAM]17 have been found
to be involved in neurite outgrowth of cerebellar neurons
[128]. Interestingly, abnormally elevated levels of the sol-
uble L1 ectodomain has also been found in the

cerebrospinal fluid of patients with Alzheimer’s disease and
other dementia syndromes [134]. On the other hand, soluble
L1 comprising the whole ectodomain is present in the
nanogram range in the serum and ascites of patients with
ovarian or endometrial carcinoma [19]. Additional analysis
showed that the tumours indeed express ADAMI10. These
results suggest that cleavage of L1 from the membrane is
associated not only with cancer but also with neurodegen-
erative diseases. However, while detection of soluble L1 in
cancerous diseases may represent a valuable prognostic tool
[19], the mechanisms leading to elevated levels of soluble
L1 in neurodegenerative diseases are completely unclear.
Future studies are required to test whether altered activity or
expression levels of serine proteases and/or metallopro-
teases may account for this observation.

There are also many open questions about the mecha-
nisms that regulate L1 cleavage in cancer. For example, the
cellular compartment in which ADAM10-mediated cleav-
age of L1 is accomplished has not yet been identified.
Studies have revealed that L1 cleavage mediated by
metalloproteases takes place not only at the plasma mem-
brane, but also in released microvesicles, called exosomes,
which are derived from late endosomal compartments
[82, 111, 135]. Recent work has shown that L1 cleavage
fragments are present in late endosomal membranes as
well as in lipid raft-like membrane compartments [136].
More detailed analyses of the intracellular trafficking of L1
and metalloproteases with respect to the cellular context
and experimental conditions are required to resolve this
question.

L1 as a regulator of gene transcription

Following cleavage of L1 by ADAMI10 and ADAMI17 a
32-kDa stub is retained in the membrane and can be used
to track the cleavage process (Fig. 2c) [19, 125]. What
happens to the L1-32 membrane-retained stub that is left
behind after ADAM ectodomain shedding? Maretzky et al.
[128] were the first to demonstrate that L1-32 undergoes
further cleavage by the y-secretase complex to release a
soluble L1 intracellular domain (L1-ICD, Fig. 2d). The
y-secretase complex forms a membrane protease that pro-
cesses a wide variety of integral membrane proteins and
clears protein stubs from the lipid bilayer [137]. The pro-
cess of regulated intramembrane proteolysis is an essential
step in a variety of signalling pathways [138]. Nuclear
translocation and transcriptional regulation of proteins such
as Notch, CD44 and the amyloid precursor protein have
been shown to depend on ADAM-mediated cleavage fol-
lowed by y-secretase activity [138]. A recent study has
demonstrated that EpCAM, an adhesion molecule highly
overexpressed in epithelial tumours, signals to the nucleus
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Fig. 2 L1 interaction and
processing. L1 is schematically A
shown in a horseshoe-shaped
conformation in which Ig-like
domains one and two fold back
to interact with the Ig-like
domains three and four.

a, b Full-length L1 (L1-220)
can bind in cis mode (a) or in
trans mode (b) to itself
(homophilic) or to integrin
binding partners (heterophilic)
on the same cells (a) or
neighbouring cells (b). ¢ L1 can
be cleaved from the cell surface

extracellular space
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plasma
membrane
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in the same fashion [139]. For L1, several investigations
have shown that expression in tumours causes a variety of
effects including altered gene expression (Table 2). It has
been shown that the L1-ICD is important for gene regu-
lation as point mutations in this part abolished all its effects
[76]. Using an antibody to the C-terminal part of L1, it was
recently been found that L1-ICD is present in the nucleus
and that the processing of L1 by ADAM10 and y-secretase
is necessary for nuclear translocation and L1-dependent
gene regulation (Fig. 2d) [136]. Thus, L1-mediated nuclear
signalling by regulated intramembrane proteolysis is
reminiscent of the mode of signalling mediated by other
cell surface receptors. As cleavage by ADAMIO is a

prerequisite for y-secretase activity and downstream sig-
nalling, the production of soluble L1 is not arbitrary and
can be viewed as a sign of active L1 signalling. A
remaining question deals with how the cleaved L1-ICD
reaches the nucleus and how it engages in the regulation of
target gene transcription. It should be noted that the genes
regulated by L1 in tumour cell lines appear to differ and
depend on the cellular background examined. This suggests
that L1 does not act on its own, but instead acts in concert
with transcription regulating factors. It remains to be
investigated whether these pathways identified in tumours
are also instrumental in the proper functioning of the
developing and adult nervous system.
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Conclusions and perspectives

Research over the last 25 years on the role of L1 in the
nervous system and tumours has been a cross-border pro-
cess. The discovery of L1 in 1984 was followed by
substantial progress in the understanding of various neu-
ronal functions of this molecule and was accompanied by
parallel investigations into the role of aberrant L1 expres-
sion in cancer cells. Tumour biologists were prompted to
communicate with neurobiologists in order to exchange
reagents and ideas, and it soon became clear that hallmarks
of nervous system development such as cell proliferation,
adhesion and migration involve signalling processes that
are also critical in the development of carcinomas. Nev-
ertheless, there is still an important gap to fill in terms of
the mechanisms involved in normal L1 function as well as
its dysfunction in pathophysiological processes underlying
neurological and cancerous disorders. Investigating the
context-dependent genetic and epigenetic mechanisms that
regulate expression levels and function of L1 will not only
increase our understanding of L1 function and dysfunction
in the developing nervous system, but will also represent a
key step toward in the development of therapeutic
approaches to the treatment of human cancers.
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