Chapter 9
The L1 Family of Cell Adhesion Molecules:

A Sickening Number of Mutations
and Protein Functions

Kakanahalli Nagaraj, Rula Mualla, and Michael Hortsch

Abstract L1-type proteins are transmembrane cell adhesion molecules with an
evolutionary well-conserved protein domain structure of usually six immunoglobu-
lin and five fibronectin type III domains. By engaging in many different protein—
protein interactions they are involved in a multitude of molecular functions and are
important players during the formation and maintenance of metazoan nervous
systems. As a result, mutations in L1-type genes cause a great variety of pheno-
types, most of which are neurological in nature. In humans, mutations in the L/ CAM
gene are responsible for L1 syndrome and other L1-type genes have been impli-
cated in conditions as varied as mental retardation, autism, schizophrenia, multiple
sclerosis, and other disorders. Equally, the overexpression of L1-type proteins
appears to have deleterious effects in various types of human tumor cells, where
they generally contribute to an increase in cell mobility and metastatic potential.

9.1 Introduction

L1-type proteins are transmembrane cell adhesion molecules (CAMs) and belong to
the immunoglobulin superfamily (IgSF) (Moos et al. 1988; Hortsch 1996). Most
L1-type proteins contain 13 distinct protein domains, usually six Ig (immunoglobulin)
and three to five FN III (fibronectin type III) protein domains (see Fig. 9.1). LI-CAM
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Fig. 9.1 Vertebrate L1-type protein structures. This figure shows the protein domain structure of the
four vertebrate L1-type proteins: L1-CAM, Neurofascin, CHL1, and NrCAM. Indicated are several
specific protein sequence features, such as conserved integrin-binding RGD motifs, a basic protease
target site (KR) in one of the FN III protein domains, the presence of a conserved cysteine residue
at the end of the transmembrane segment, which is the target of palmitoylation modification (Ren
and Bennett 1998), and the three conserved tyrosine-containing motifs in the cytoplasmic domain.
The first two diagrams depict the two putative L1-CAM conformations, extended and horseshoe-
shaped, which have been predicted for the L1-CAM ectodomain (Schiirmann et al. 2001)

was not only the first L1-type CAM to be identified, characterized, and cloned, but
also yielded its name to the entire gene family (Rathjen and Rutishauser 1984; Rathjen
and Schachner 1984; Moos et al. 1988).

In this review we will focus on pathological mutations in L1-type genes, which
have been described not only in humans, but also in a number of different experimen-
tal model systems. The phenotypes caused by L.1 mutations reveal an amazingly com-
plex picture reflecting a wide range of biological functions that are associated with
L1-type proteins in various species and organs. Although our knowledge about the
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complex biological functionalities of L1-type proteins is still expanding, we will try
to provide a timely overview about our current understanding, how this family of
adhesive proteins plays crucial roles in the nervous and other organ systems, and how
mutations in and also the overexpression of these proteins cause a variety of
phenotypes.

9.2 Structure, Functions, and Genetics of L1-Type CAMs

9.2.1 The Structure of LI-Type Proteins

All L1-type proteins are predominantly, but not exclusively, expressed in the nervous
system and belong to the immunoglobulin superfamily. They share a common
arrangement of six amino terminal Ig-protein domains, followed by three to five FN
IIT domains and a single transmembrane segment (Fig. 9.1). In humans, the mature
L1-CAM protein has 1,256 amino acids with an extracellular part consisting of six
Ig-like domains and five FN III-like domains, a single-pass transmembrane domain
and a short cytoplasmic C-terminal tail (Wolff et al. 1988; Kobayashi et al. 1991).
Genes encoding proteins with this characteristic domain structure form a unique
gene family, now referred to as the L1 family of neural cell adhesion molecules
(Hortsch 1996, 2000).

Gene duplication events in various metazoan phyla have resulted in multiple
LI-type genes per genome (Mualla et al. 2013), and in most chordate species,
including humans, four paralogous L1-type genes have been identified. These are
now referred to as L1-CAM, CHL1 (Close Homolog of L1), Neurofascin, and
NrCAM (neuron—glia-related cell adhesion molecule) (Fig. 9.1) (Hortsch 2000).
In the case of Neurofascin and NrCAM proteins, alternative splicing of the initial
transcript is responsible for multiple different protein isoforms (Hassel et al. 1997,
Wang et al. 1998). The expression of the alternatively spliced Neurofascin protein
isoforms is cell and tissue specific and also developmentally regulated (Hassel et al.
1997; Collinson et al. 1998). In some Neurofascin protein isoforms several of the
FN IIT domains are either deleted or substituted by a PAT domain (Fig. 9.1) (Davis
et al. 1993; Volkmer et al. 1992). This Neurofascin protein domain is rich in the
amino acids proline, alanine, and threonine (thus termed “PAT”’) and appears to be
the target of O-linked glycosylation. These Neurofascin splice variants exhibit sig-
nificant functional differences, not only in their interactions with various extracel-
lular ligands (Volkmer et al. 1992), but also in their cell-specific expression and
subcellular localization in neuronal cells (Davis et al. 1996; Zonta et al. 2008).

The Ig domains found in L1-type molecules were originally assigned to the C2
set of Ig-like domains. However, a comparison with other Ig domain proteins
revealed that the domains in L1-type proteins belong to a novel structural subset of
the Ig superfamily, now referred to as the I set (Harpaz and Chothia 1994; Bateman
et al. 1996). Although the homophilic adhesive function of LI-type proteins



198 K. Nagaraj et al.

involves multiple extracellular protein domains, it appears to be centered around
the second Ig domain (Zhao et al. 1998). A number of vertebrate L1-type proteins
(specifically L1-CAM and Neurofascin) also contain RGD motifs in their ectodo-
mains, which functionally interact with RGD-specific integrins (Ruppert et al.
1995; Montgomery et al. 1996; Felding-Habermann et al. 1997; Yip et al. 1998;
Koticha et al. 2005). Based on a general domain homology to the insect Ig domain
protein Hemolin, Su et al. (1998) postulated that the 11 extracellular protein
domains of L1-CAM exist in two different conformational states, one being
extended and the other in a horseshoe shape (Fig. 9.1). Subsequently, structural
analyses of the L1-CAM ectodomain gave some support to this notion (He et al.
2009; Schiirmann et al. 2001; Wei and Ryu 2012). However, how these two postu-
lated conformational states of the L1-CAM protein correlate with its functional
interactions and activities remains unclear.

The size of the cytoplasmic domain in L1-type proteins ranges from 85 to 148
residues with several segments containing characteristic tyrosine-containing
amino acid motifs that exhibit the highest degree of sequence conservation
throughout the entire L1 gene family (Fig. 9.1). Two of these tyrosine-containing
motifs are part of the cytoplasmic Ankyrin-binding site of L1-type proteins
(Hortsch et al. 1998a; Zhang et al. 1998). The phosphorylation of the FIGQY
motif is downstream of FGFR signaling and abolishes Ankyrin binding (Garver
et al. 1997; Jenkins et al. 2001; Whittard et al. 2006). Interestingly, the entire L1
cytoplasmic domain is not required for homophilic L1-L1 interactions to occur
(Hortsch et al. 1995; Wong et al. 1995). Nevertheless, extracellular and intracel-
lular interactions involving L1-type proteins often influence and regulate each
other (Hortsch et al. 1998a) and Ankyrin binding is important for a number of
different L1 functions (Hortsch et al. 2009; Ooashi and Kamiguchi 2009; Guan
and Maness 2010; Nakamura et al. 2010; Chen and Hing 2008; Buhusi et al. 2008;
Ango et al. 2004; Nishimura et al. 2003).

Most vertebrate L1-type genes contain a well-conserved 12-nucleotide miniexon,
which encodes an RSLE amino acid motif in the cytoplasmic L1 protein domain.
Only in CHL1 proteins has the presence of an RSLE miniexon not been demon-
strated. Due to differential splicing, these amino acids are not included in non-
neuronal L1-type molecules (Reid and Hemperly 1992; Takeda et al. 1996). The
insertion of this RSLE motif into the cytoplasmic domain of L1-type proteins gener-
ates a tyrosine-based signal (YxxL) that results in the sorting of L1-CAM protein to
the growth cone and induces the AP-2-mediated endocytosis of L1-CAM and pre-
sumably other L1-type paralogous proteins via Clathrin-coated pits (Kamiguchi
et al. 1998; Kamiguchi and Lemmon 1998). Non-vertebrate L1-type genes do not
contain an RSLE-encoding miniexon. As reported for the Drosophila 1.1 molecule
Neuroglian (Bieber et al. 1989), some of their transcripts undergo rather different,
neuron-specific splicing processes (Hortsch et al. 1990), the functional ramifica-
tions of which are currently unknown. Therefore, the AP-2-mediated endocytosis of
L1-type proteins, which regulates their cell surface expression, appears to be
restricted to vertebrate species or non-vertebrate L1-type proteins contain other, yet
unidentified, endocytosis-inducing signals.
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9.2.2 The Evolutionary Origin of the L1 Gene Family

Figure 9.2 indicates that genes belonging to the L1 family of CAMs can be identi-
fied in most metazoan phyla and probably arose together with the appearance of first
primitive nervous systems in evolution about 1,200-1,500 million years ago (Mualla
et al. 2013). The genomes of several metazoan phyla, such as arthropods, only con-
tain one L1-type gene, whereas other phyla, including most chordate species, appear
to harbor multiple different L1-type genes in their genomes. With the exception of
tunicates, all chordate genomes contain at least four L1-type paralogs, which are
now known as L1-CAM, CHLI1, Neurofascin, and NrCAM (Hortsch 2000). As
shown in Fig. 9.1, these paralogous proteins all exhibit the typical L1-type protein
structure and other L1 typical features. Consequently, these proteins share many
similarities, including six Ig domains, three to five FN III domains, a transmem-
brane region, and a highly conserved cytoplasmic domain (Hortsch 2000). The exis-
tence of four paralogous genes in chordate species is now believed to be the result
of two sequential genome-wide duplication events, which occurred during early
chordate evolution (Kappen et al. 1989; Schughart et al. 1989). An additional
genome-wide duplication event has occurred in the teleost lineage (Amores et al.
1998; Christoffels et al. 2004) resulting in two genes for each vertebrate L1 paralog
for a total of eight L1-type genes per genome (Mualla et al. 2013).

9.2.3 Biological Functions of L1-Type CAMs

The identified biological functions of the L1-type CAMs cover a wide range and
are mostly, but not exclusively, a result of their predominant expression in the ner-
vous system (Hortsch 1996; Wiencken-Barger et al. 2004; Maness and Schachner
2007). Foremost, L1-CAM and other L1-type CAMs have been reported to induce
neurite outgrowth (Lemmon et al. 1989; Harper et al. 1994; Hillenbrand et al.
1999; Volkmer et al. 1996; Pruss et al. 2004; Koticha et al. 2005) and to support
axon guidance and pathfinding (Hall and Bieber 1997; Wiencken-Barger et al.
2004; Imondi et al. 2007; Demyanenko and Maness 2003); neuronal cell migration
(Anderson et al. 2006; Demyanenko et al. 2001; Asou et al. 1992), axonal fascicu-
lation (Wiencken-Barger et al. 2004), and neuronal differentiation (Dihne et al.
2003; Demyanenko et al. 2009; Turner et al. 2009); as well as cell survival
(Nishimune et al. 2005; Hulley et al. 1998; Jakovcevski et al. 2009). L1-type pro-
teins also play a prominent role during nervous system regeneration (Becker et al.
2004) and appear to be involved in synapse formation and plasticity (Godenschwege
et al. 2006; Saghatelyan et al. 2004; Triana-Baltzer et al. 2006). Several studies
also indicate that L1-type CAMs participate in the formation of the myelin sheath
that surrounds many axons (Bartsch 2003; Itoh et al. 2005; Wood et al. 1990).
These biological functions, which have been attributed to L1-type CAMs, make
them promising pharmaceutical agents for aiding regeneration processes after
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Fig. 9.2 Shown is an unrooted phylogenetic tree of the L1 family in several animal phyla. The
species highlighted by gray ovals indicate L1-type paralogs that are only found in chordate species.
Whereas many sequences were taken from complete open reading frames, which conform to the
six Ig plus five FN III consensus L1 protein domain structure, others were translated from partial
c¢DNA and genomic sequences that were downloaded from GenBank (http://www.ncbi.nlm.nih.
gov/genbank/) or the JGI Genome Sequence Database (http://www.jgi.doe.gov). Sequences, which
cover the region starting with the basic amino acids following the transmembrane segment to the
conserved FIGQY motif, were used for a multiple sequence alignment. This alignment was per-
formed using the online version of the MAFFT program (http://align.bmr.kyushu-u.ac.jp/mafft/
online/server/). An unrooted phylogenetic tree was constructed using the Promlk and the Drawtree
subroutines of the Phylip v3.65 program package (Felsenstein 1981). Species included in the
figure represent 11 different metazoan phyla and include Schistosoma japonicum/blood-fluke or
bilharzias flatworm (BU799663), Strongylocentrotus purpuratus/California purple sea urchin
(XP_784933), Lottia giganteal/giant owl limpet (JGI Genome Sequence Database scaf-
fold_226:99499-99582), Helobdella robusta/Californian leech (JGI Genome Sequence Database
scaffold_43: 1086463:1087596, 1086816-1086905 and 1087447-1087596), Caenorhabditis
elegans/mematode or roundworm (NP_001033395), Daphnia pulex/water flea (ACIG01004335),
Tribolium castaneum/red flour beetle (AAJJ01000894), Drosophila melanogaster/fruit fly
(NP_727274), Trichoplax adhaerens/hairy plate or flat animal (XM_002117949), Nematostella
vectensis/starlet sea anemone (XM_001637356), Danio rerio/zebrafish (CABZ01014841,
CABZ01052948, CABZ01022026, NM_001044805, and XM_002662518), Gallus gallus/chicken
(AADNO03013871 and AADNO03006373), Monodelphis domesticalgray short-tailed opossum
(AAFR03023046 and AAFR03020961), and Homo sapiens/human (NP_076493, NP_055905,
NP_005001, and NP_006605)
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spinal tract and other neuronal injuries. Several studies using animal models
support this assertion (Chen et al. 2007; Becker et al. 2004; Roonprapunt et al.
2003; Bernreuther et al. 2006).

In arthropod species, the Neuroglian protein represents the product of the single
L1-type gene that is present in the genome of species belonging to this phylum.
Neuroglian has an additional essential function in stabilizing epithelial integrity as
they are part of septate junction complexes (Genova and Fehon 2003; Laval et al.
2008; Wei et al. 2004; Faivre-Sarrailh et al. 2004; Banerjee et al. 2006). Although
in vertebrate species the sealing function of epithelial septate junctions has been
replaced by tight junctions, two L1-type proteins, Neurofascin and NrCAM, are still
components of paranodal septate junctions where they stabilize the molecular archi-
tecture of nodes of Ranvier in myelinated nerves (Charles et al. 2002; Jenkins and
Bennett 2002; Sherman et al. 2005; Koticha et al. 2006; Davis et al. 1996; Hortsch
and Margolis 2003). In addition, L1-CAM is also expressed in many vertebrate
epithelia outside the nervous system (Nolte et al. 1999). The physiological role of
L1-CAM expression in these epithelia remains unknown, but the addition of anti-L1
antibodies to kidney organ cultures indicates a role in kidney branching morphogen-
esis (Debiec et al. 1998). Maddaluno et al. (2009) published another interesting
finding about the function of LI-type proteins in epithelia. They reported that
L1-CAM regulates the transendothelial trafficking of dendritic cells in mice.

Equally, the expression of L1-CAM protein in mammalian leukocytes still
remains a mystery (Hubbe et al. 1993; Kowitz et al. 1992; Ebeling et al. 1996) and
a topic of speculation (Kadmon et al. 1998). It has been suggested that L1-CAM
functions as a co-stimulatory molecule during T-cell activation (Balaian et al. 2000).
Another publication reports that a monoclonal antibody specific for L1-CAM dis-
rupts the normal remodeling of lymph node reticular matrix during an immune
response in vivo (Di Sciullo et al. 1998). Interestingly, the LI-type protein
Neuroglian is also expressed in the moth Manduca sexta (tobacco hornworm) plas-
matocytes where it contributes to the primitive innate immune functions, which
these cells carry out by encapsulating foreign material (Williams 2009; Zhuang
et al. 2007; Nardi et al. 20006).

9.2.4 LI Syndrome: A Wide Spectrum of Phenotypes

The human L/ CAM gene is located on the X-chromosome at Xq28 (Dietrich et al.
1992). It consists of 29 exons with the first exon of 125 base pairs being part of the
5’ untranslated region (Kallunki et al. 1997). Similar to other L1-type genes, the
human L/CAM gene is primarily expressed in the nervous system and encodes a
protein of 1,257 amino acids, comprising a signal peptide of 19 amino acids and a
final processed product of 1,238 amino acids. In non-neural tissue, alternative
RNA splicing generates mRNA molecules, which lack exons 2 and 27 of the gene
(Jouet et al. 1995; De Angelis et al. 2001) and results in a protein that is 9 amino
acids shorter.
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Mutations in the human L/CAM gene manifest themselves in a wide range of
dysfunctions that are usually neurological in origin and appearance. Therefore, the
phenotype caused by mutations in the L/ CAM gene was originally described as four
distinct neurological disorders, namely, X-linked hydrocephalus, which is caused
by a stenosis of the aqueduct of Sylvius (HSAS) (Rosenthal et al. 1992; Jouet et al.
1994; Bickers and Adams 1949; Finckh et al. 2000; Gu et al. 1996; Fransen et al.
1997), MASA (mental retardation, aphasia, shuffling gait, and adducted thumbs)
syndrome (Winter et al. 1989; Schrander-Stumpel et al. 1990; Fryns et al. 1991),
X-linked complicated hereditary spastic paraplegia type 1 (SPG1), and X-linked
complicated corpus callosum agenesis (X-linked ACC) (Kaplan 1983). The allelic
nature of these disorders remained unrecognized until the pathological mutations
were identified as affecting the same gene (Fryns et al. 1991; Jouet et al. 1994;
Fransen et al. 1994; Vits et al. 1994). Also the term CRASH syndrome (corpus
callosum hypoplasia, retardation, adducted thumbs, spastic paraplegia, and hydro-
cephalus syndrome) has been proposed as a collective name for these disorders
(Fransen et al. 1995). Now these terms are usually summarized under the name L1
syndrome (Panicker et al. 2003).

L1 syndrome is an X-linked recessive disorder with an incidence of 1:30,000
newborn males and is caused by mutations in the L/CAM gene. Well over 200
different pathogenic L/CAM mutations have been identified and reported in the
literature. 130 were reviewed by Weller and Gartner (2001). Since then, many addi-
tional L1-CAM mutations were reported (Simonati et al. 2006; Senat et al. 2001;
Sztriha et al. 2002; Silan et al. 2005; Felsenstein 1981; Okamoto et al. 2004; Hiibner
et al. 2004; Moya et al. 2002; Panayi et al. 2005; Tegay et al. 2007; Knops et al.
2008; Griseri et al. 2009; Nakakimura et al. 2008; Wilson et al. 2009; Kanemura
et al. 2006; Piccione et al. 2010; Rodriguez Criado et al. 2003; Rehnberg et al. 2011)
and another 52 new L/CAM mutations were recently reported in an online L1-CAM
mutations databank (Vos and Hofstra 2010). As mentioned above, the individual
phenotype associated with different mutations in the L/ CAM gene varies consider-
ably, but usually includes various degrees of mental retardation.

The Diversity of Pathogenic L1-CAM Mutations

The mutations affecting the L1-CAM protein have been subdivided into four differ-
ent classes (Fransen et al. 1998b). Class I mutations lead to a truncation and thereby
to a complete absence of L1-CAM protein. These include frameshift mutations
(small deletions or insertions) or point mutations resulting in a premature stop
codon (nonsense mutations). Class II includes missense mutations resulting in an
amino acid substitution in the extracellular part of the L1-CAM protein. Class III
includes any mutation in the L1-CAM cytoplasmic domain. Class IV mutations
comprise extracellular mutations that result in an aberrant splicing of the L1-CAM
pre-mRNA.

The different types of L1-CAM mutations generally correlate with the severity
of the observed phenotype. Class 1 mutations in the extracellular part of L1-CAM
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cause a more severe phenotype; Class 2 extracellular missense mutations, which
affect amino acids located on the surface of protein, usually cause a milder pheno-
type than those affecting amino acids, which are predicted to be buried in the core
of an L1-CAM protein domain (Fransen et al. 1998b; Bateman et al. 1996).
Mutations affecting the cytoplasmic domain of L1-CAM generally result in a milder
phenotype than extracellular mutations (Fransen et al. 1998b; Yamasaki et al. 1997).

L1-CAM Missense Mutations and Functional Defects

In the past, a large number of L1-CAM missense mutations have been published
that cause a wide spectrum of neurological abnormalities, including mental retarda-
tion, hydrocephalus, shuffling gait, and agenesis of corpus callosum (Finckh et al.
2000; Gu et al. 1996; Rosenthal et al. 1992; Fransen et al. 1995; Jouet et al. 1994;
Vits et al. 1994, 1998; Ruiz et al. 1995). Interestingly, almost every family with an
identified L1-CAM mutation has its own individual mutation. The pathogenic
potential of L1-CAM missense mutations varies considerably and depends on the
exact location of the affected residue and the type of amino acid exchange involved.
Therefore, these L1-CAM mutations have also been classified as disease-causing,
likely disease-causing, likely non-disease-causing polymorphisms, or as unknown
(Vos et al. 2010).

L1-CAM missense mutations have been identified in all extracellular protein
domains, as well as the cytoplasmic region of the L1-CAM protein (Fig. 9.3).
Specifically, disease-causing mutations have been reported in Ig1, Ig2, Ig3, Ig4, and
Ig5 and Fnl, Fn2, and Fn5 protein domains of extracellular region of the L1-CAM
and also in the cytoplasmic domain. In addition, likely disease-causing mutations
have been identified in the L1-CAM Ig6 and Fn1 protein domains. A more complete
list of currently known and previously published human L1-CAM mutations can be
accessed at the “L1CAM Mutation Database,” which is being maintained by the
University Medical Center Groningen at http://www.llcammutationdatabase.info
(Vos and Hofstra 2010).

However, the severity of the phenotype and the clinical features vary between
different L1-CAM mutations. Certainly the location of the mutated amino acid resi-
due and the affected protein domain (Ig, FN III, or cytoplasmic) do influence and
partially determine the severity of the phenotype. This has been analyzed for the
severity of L1-CAM-related hydrocephalus and the mortality rate caused by indi-
vidual L1-CAM mutations (Yamasaki et al. 1997; Bertolin et al. 2010). In general,
mutations in the extracellular part of L1-CAM that led to truncation or absence of
L1-CAM protein cause a most severe phenotype. In contrast, LI-CAM mutations
affecting the cytoplasmic region result in a milder phenotype (Fransen et al. 1998b;
Yamasaki et al. 1997). In addition, extracellular mutations affecting amino acids
situated on the surface of a domain cause a milder phenotype than those affecting
amino acids situated in the core of the protein domains (Bateman et al. 1996; Fransen
et al. 1998b). Equally, L1-CAM mutations interfering with homophilic and/or
heterophilic protein—protein interactions usually cause more significant neuronal
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Fig. 9.3 Selection of human
pathogenic L1-CAM
missense mutations. This
figure depicts the position of
several pathogenic L1-CAM
mutations that have been
determined to cause L1
syndrome in humans and that
have been experimentally
analyzed in various in vitro
and in vivo assay systems for
their ability to perform
specific L1-CAM-associated
functions (De Angelis et al.
1999; Nagaraj et al. 2009;
Riinker et al. 2003;
Michelson et al. 2002;
Needham et al. 2001 ;
Moulding et al. 2000; Zhao
and Siu 1996; Godenschwege
et al. 2000)
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dysfunctions (De Angelis et al. 2002). In addition, the variance of the phenotype
between affected siblings, who share an identical L1-CAM mutation, suggests a
strong epigenetic influence on the expression of specific phenotypic aspects. Using
an L1-CAM knockout mouse model, Tapanes-Castillo et al. (2009) identified such a
modifier locus for X-linked hydrocephalus on mouse chromosome 5.
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9.2.5 Molecular Mechanisms by Which L1-CAM Mutations
Cause Neurological Dysfunctions

The phenotypic diversity that is observed for L1-CAM mutations is well docu-
mented and it has been speculated that the multitude of L1-CAM interactions with
itself and its various binding partners may play an important role in this heterogene-
ity. Many extracellular L1-CAM mutations have been demonstrated to disrupt
L1-CAM’s homophilic interaction and have a reduced ability to stimulate neurite
outgrowth in vitro (De Angelis et al. 1999; Zhao and Siu 1996) (Fig. 9.3). As
L1-CAM exerts many of its physiological functions by its strong homophilic adhe-
sive ability, the relative contribution of homophilic versus heterophilic L1-CAM
interactions to the phenotypic expression of mutational defects remains an interest-
ing question. Regardless, it appears reasonable to assume that alterations in ligand-
specific L1-CAM binding properties represent one central pathological mechanism,
which is at play in L1 syndrome (De Angelis et al. 2002).

As evidenced by two studies that used a transgenic mouse model expressing
L1-6D, which lacks the sixth Ig domain of L1-CAM and as a result has no homo-
philic and RGD-dependent integrin interactions, the homophilic adhesive function
of L1-CAM is involved in some phenotypic aspects of L1 syndrome, specifically
hydrocephalus. However, its severity is also influenced by other genetic modifiers
(Tapanes-Castillo et al. 2009; Itoh et al. 2004). Based on their observations these
authors hypothesize that a co-receptor for L1-CAM-mediated neurite outgrowth is
involved and some pathogenic mutations affect neurite outgrowth or branching by
disrupting the interaction with this co-receptor.

Not surprisingly, some pathogenic L1-CAM mutations also disrupt some of
L1-CAM’s known heterophilic interactions. For example, many pathological
L1-CAM mutations influence the heterophilic interaction with TAX-1/Axonin-1
(De Angelis et al. 1999, 2002) (Fig. 9.3). Similarly, the functional interaction
between L1-CAM and EGFR (epidermal growth factor receptor) interaction is
impaired by some L1-CAM missense mutations (Nagaraj et al. 2009). In the cyto-
plasmic domain, two pathogenic L1-CAM mutations (S1124L and Y1229H,
Fig. 9.3) affect the binding of the L1-CAM cytoplasmic domain to the Spectrin—
Actin cytoskeleton and abolish endocytosis of L1-CAM (Buhusi et al. 2008;
Needham et al. 2001). It appears reasonable to hypothesize that other heterophilic
L1-CAM interactions, such as the binding of Neuropilin-1 that partially mediates
L1-CAM’s axon guidance function (Soker et al. 1998; Castellani et al. 2000) and
the interaction with RGD-specific integrins that leads to cell migration and myelina-
tion (Haney et al. 1999; Mechtersheimer et al. 2001), are equally changed by some
pathogenic L1-CAM mutations. Finally, some mutations appear to influence the
tertiary structure of the L1-CAM protein, which in turn disrupts protein—protein
interactions involving L1-CAM indirectly (Cheng and Lemmon 2004).

Another mechanism by which mutations influence or abrogate L1-CAM func-
tion is their effect on the cell surface expression of the L1-CAM protein (De Angelis
et al. 1999, 2002; Michelson et al. 2002; Moulding et al. 2000). Particularly, the
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pathological missense mutations 1179S and Y194C affect L1-CAM’s neurite
outgrowth inducing capability by decreasing the cell surface localization of the
mutant L1-CAM protein (Michelson et al. 2002) (Fig. 9.3). The missense mutation
C264Y in the extracellular domain of L1-CAM, which is known to cause HSAS
(hydrocephalus with stenosis of aqueduct of Sylvius) in affected humans, impairs
cellular L1-CAM protein trafficking (Riinker et al. 2003) (Fig. 9.3). Transfection
studies in vitro demonstrate that this mutant L1-CAM protein is not expressed at the
cell surface, but instead is located intracellularly, most likely within the endoplas-
mic reticulum. This was further confirmed by an in vivo analysis using a transgenic
mouse line that expresses the C264Y mutant L1-CAM protein (Riinker et al. 2003).

There are also multiple lines of evidence that pathogenic L1-CAM mutations
alter interactions with the intracellular Actin—Spectrin membrane skeleton and the
cytoplasmic machinery that regulates L1-CAM-mediated axonal branching. The
LI-CAM cytoplasmic domain (L1CD) is involved in axonal branching and
the interaction between L1-CAM and the Actin cytoskeleton is also critical for this
activity (Cheng et al. 2005a). Some extracellular mutations, such as 1219T and
W1036L (Fig. 9.3), alter the interaction between L1-CAM and the Actin cytoskel-
eton by changing L1-CAM’s conformation. This observation might simply be a
reflection of extracellular adhesive events regulating the binding of Ankyrin to the
cytoplasmic L1 domain (Dubreuil et al. 1996; Hortsch et al. 1998b). Ankyrin acts as
the linker between the L1 cytoplasmic domain and the Actin—Spectrin network.
Alternatively, Cheng et al. speculated that axonal branching is regulated by L1-CAM
interacting extracellularly in cis with an unknown co-receptor. The pathogenic
mutations 1219T and W1036L may disrupt this interaction. The S542P mutation
(Fig. 9.3), which exhibits a reduction in both L1-CAM protein surface expression
and homophilic adhesion, also elicits a decrease in the number of axonal branching
(Cheng and Lemmon 2004).

Some pathogenic L1-CAM mutations have also been reported to affect L1-CAM-
associated signaling processes. Using in vitro as well as in vivo Drosophila assay
systems, we demonstrated that two pathogenic human L1-CAM mutations (E309K
and Y1070C, Fig. 9.3), which exhibit wild-type levels of homophilic adhesion, have
a reduced ability to induce L1-CAM-dependent EGFR signaling in vitro and are
unable to rescue L1 loss-of-function conditions in vivo (Nagaraj et al. 2009).

Pathogenic L1-CAM mutations have various effects on the L1-CAM protein.
Many missense L1-CAM mutations are predicted to distort the structure of indi-
vidual domains and as a result to affect the intracellular processing of the L1-CAM
protein and potentially reduce its cell surface expression. A recent study by Bertolin
et al. (2010) demonstrated that some frameshift mutations and all nonsense muta-
tions result in truncated L1-CAM proteins, which have carboxy termini in different
extracellular L1-CAM protein domains. The observed neurological dysfunctions
that are associated with these L/-CAM mutations give support to the notion that the
severity of the L1 syndrome phenotype correlates with the severity of the molecular
effect of the individual mutation and is also dependent on the epigenetic context into
which a particular mutation is placed (Yamasaki et al. 1997).
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9.2.6 Mutational Defects of L1-Type Genes in Various
Model Animal Systems

Drosophila melanogaster

L1-type genes and proteins have been identified in many other metazoan species
(Mualla et al. 2013). Drosophila Neuroglian (Nrg) was the second L1-type protein
identified and described (Bieber et al. 1989). Coincidentally, the neuroglian (nrg)
gene is localized on the fly’s X-chromosome at cytological location 7F1. Hall and
Bieber (Hall and Bieber 1997) have analyzed and described three mutant lines. All
are late embryonic lethal mutations that alter or abolish Drosophila Neuroglian
expression during development. The nrg! mutation is a protein null allele that is
caused by an inversion with breakpoints at chromosomal locations 6E-7F1 the prox-
imal breakpoint residing in the nrg transcription unit (Bieber et al. 1989; Hall and
Bieber 1997). The mutation nrg? represents a hypomorphic mutation with markedly
reduced expression levels of both Neuroglian protein isoforms. The mutation nrg3
is temperature sensitive and also represents a late embryonic lethal allele when
raised at a nonpermissive temperature (Hall and Bieber 1997). At a nonpermissive
temperature the Nrg protein in homozygous nrg’-mutant animals is mislocalized
inside Nrg expressing cells and is not transported to the cell surface.

Neuroglian is also expressed in two protein isoforms, one being restricted to
neuronal cells (Nrg!®) and the other to non-neuronal cells (Nrg!®’) (Hortsch et al.
1990). However, the differential cell-specific splicing of the nrg transcript in
Drosophila differs considerably in its effect on the resulting L1 protein isoforms
from that described for L1-CAM in vertebrates (De Angelis et al. 2001; Miura
et al. 1991). Although the Neuroglian protein is predominantly expressed in the
nervous system throughout the life cycle of the fly (Bieber et al. 1989), the non-
neuronal Nrg!®” isoform also exhibits a high level of expression in most, if not all,
Drosophila epithelia. In arthropod epithelia Neuroglian is an essential part of sep-
tate junction protein complexes and thereby stabilizes epithelial integrity (Genova
and Fehon 2003; Laval et al. 2008; Wei et al. 2004; Faivre-Sarrailh et al. 2004;
Banerjee et al. 2006).

The lack of Neuroglian expression in vivo causes abnormalities in embryonic
motor neuron projections of both the intersegmental and the segmental nerves (Hall
and Bieber 1997). Temperature shift experiments using homozygous nrg’-mutant
animals also revealed axonal pathfinding defects in the larval ocellar sensory sys-
tem, which are mediated by EGFR and FGFR (fibroblast growth factor receptor)
signaling (Garcia-Alonso et al. 2000; Kristiansen et al. 2005). Similarly, Neuroglian
appears to mediate sensory axon advances in the Drosophila embryonic nervous
system (Martin et al. 2008). Neuroglian is also an important player during the devel-
opment of the adult mushroom body where it controls axonogenesis, axon bundling,
axon branching, and guidance through signaling mechanisms that are different from
the ocellar sensory system (Goossens et al. 2011). However, the physiological role
of the fly’s sole L1-type protein is not restricted to neuronal cells and to axonal



208 K. Nagaraj et al.

pathfinding. It is also involved in dendritic arborization (Yamamoto et al. 2006) and
in the proper differentiation of certain glial cells (Chen and Hing 2008). In addition,
by using a S213L Neuroglian missense mutation, Godenschwege et al. uncovered
an essential role of this Drosophila L1-type protein at the pupal giant synapse,
which is independent of Neuroglian’s role in axonal pathfinding (Godenschwege
etal. 2006). A different Neuroglian missense mutation (G92R, designated as ibx for
icebox) not only causes a nonlethal central brain morphology phenotype, but when
homozygous in female flies results in a specific deficiency in female mating behav-
ior (Carhan et al. 2005). Male flies show no behavioral defects, nor are other female
behaviors visibly affected.

Although the Drosophila Neuroglian protein only exhibits a moderate level of
amino acid identity when compared with mouse or human L1-CAM (Bieber et al.
1989; Zhao and Hortsch 1998), all major L1 features, including the characteristic
L1 protein domain structure and a highly conserved intracellular Ankyrin binding
domain, are preserved in the fly ortholog. In contrast to vertebrate species, arthro-
pod genomes have only one L1-type gene in their genome. However, the similarities
between human L1-CAM and Drosophila Neuroglian extend to several functional
aspects. The expression of human L1-CAM in transgenic flies rescues some of nrg
loss-of-function axonal pathfinding defects (Kristiansen et al. 2005). Similarly,
human L1-CAM expression rescues a central nervous system synaptic phenotype in
the fly that is caused by the lack of Neuroglian protein (Godenschwege et al. 2006).
This surprising functional conservation between two members of the L1 gene fam-
ily that are separated by more than 600 million years of evolution has made it pos-
sible to analyze pathogenic human L.1-CAM proteins under in vivo conditions for
specific functional aspects (Godenschwege et al. 2006; Nagaraj et al. 2009).

Caenorhabditis elegans

The nematode Caenorhabditis elegans genome encodes two L1-type genes, sax-7/
lad-1 and lad-2 (Chen et al. 2001; Wang et al. 2008), which appear to serve differ-
ent, nonoverlapping functions (Chen and Zhou 2010). The SAX-7/LAD-1 protein
has all the hallmarks of L1-type proteins (Chen et al. 2001) and when mutated or
deleted causes a pleiotropic phenotype, which includes embryonic and gonadal
malformations (Chen et al. 2001), the misorganization of ganglia and abnormal
positioning of neuronal cells in the adult (Sasakura et al. 2005), as well as embry-
onic lethality, inappropriate axon trajectories, and uncoordinated movements
(Wang et al. 2005). In contrast, the LAD-2 protein, which is expressed in only a
subset of nematode neurons, has a traditional L1-type ectodomain, but is truncated
at its cytoplasmic tail and is missing the Ankyrin-binding domain (Wang et al.
2008). Animals that are mutant for the lad-2 gene primarily exhibit axonal path-
finding defects. These defects are caused when the LAD-2 protein is unable to ful-
fill its function as a co-receptor together with PLX-2/Plexin to bind MAB-20/Sema
2 protein (Wang et al. 2008).
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Mus musculus

In mice, knockouts of the LICAM gene (L1-KO mice) exhibit a phenotype similar
to that observed in humans with L1 syndrome. These phenotypic aspects include a
reduced corticospinal tract, abnormal pyramidal decussation, decreased axonal
association with non-myelinating Schwann cells, ventricular dilation, and hypopla-
sia of the cerebellar vermis (Itoh et al. 2004; Dahme et al. 1997; Fransen et al.
1998a; Demyanenko et al. 1999, 2001). Using a co-culture in vitro assay with cells
isolated from an L1-CAM-deficient mouse line, Castellani et al. revealed a role for
L1-CAM in the Sema3A signaling pathway of axonal guidance (Castellani et al.
2000). Their finding suggests that some L1-CAM mutations may also disrupt
Sema3A’s chemorepulsive signaling activity in the growth cone (Castellani et al.
2000). This situation is reminiscent of the phenotype that has been observed for the
L1-type protein LAD-2 in nematodes (Wang et al. 2008).

9.2.7 LI-CAM Expression in Cancer Cells:
The Multidimensional Nature of LI-CAM Function

Expression of L1-CAM in Various Human Tumors

As described above, L1-CAM and other vertebrate L1-type proteins are primarily
expressed in the nervous system (Rathjen and Schachner 1984; Sanes et al. 1986).
Not surprisingly, L1-CAM expression has been reported in a number of human
tumors of neuroectodermal origin, specifically gliomas and neuroblastomas
(Figarella-Branger et al. 1990; Izumoto et al. 1996; Tsuzuki et al. 1998). L1-CAM
expression in gliomas correlates with increased tumor invasion (Izumoto et al.
1996) and the downregulation of L1-CAM expression decreases glioma growth in a
mouse model (Bao et al. 2008). Whereas L1-CAM expression in adult gliomas is
associated with reduced survival, the opposite was reported for pediatric gliomas
(Wachowiak et al. 2007). This suggests that L1-CAM expression has different
effects in different types of neuroectodermal tumors.

Some recent publications have reported an aberrant expression of L1-CAM in
several non-neuronal types of human cancer (Gavert et al. 2008). For example,
L1-CAM protein is often expressed during advanced stages of colon cancer devel-
opment (Raveh et al. 2009; Gavert et al. 2005). In addition, L1-CAM was found in
certain ovarian cancers (Zecchini et al. 2008), renal cell carcinoma (Allory et al.
2005), human cutaneous malignant melanoma (Thies et al. 2002; Fogel et al. 2003;
Linnemann et al. 1989), pancreatic adenocarcinomas (Sebens Miierkoster et al.
2007), breast cancers (Valladares et al. 2006; Shtutman et al. 2006; Gutwein et al.
2000), and various lung cancer cell lines (Katayama et al. 1997). This suggests that
the expression of L1-type proteins might play an important role in the development
and progression of different types of cancers. The study by Gavert et al. also
demonstrates that when transfected into LS174T human colon carcinoma cells,
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L1-CAM expression results in an increased growth rate and cell motility and in an
enhancement of the cells’ tumorigenic capacity (Gavert et al. 2008). When injected
into the spleen of nude mice, L1-CAM-transfected LS174T cells gained the ability
to form liver metastases (Gavert et al. 2007). In colon cancer tissue samples,
L1-CAM expression is correlated with higher levels of nuclear B-catenin and these
cells are exclusively localized at the invasive front of the tumor tissue (Gavert et al.
2005). The authors provide ample evidence that in human colon carcinoma cells,
L1-CAM is a target of aberrantly activated p-catenin—TCF signaling and increases
their metastatic potential (Gavert et al. 2008).

Similar to colon carcinoma, L1-CAM has been detected at the invasive front of
epithelial ovarian carcinoma tissue cells and its expression is associated with a poor
clinical prognosis and increased levels of metastasis (Zecchini et al. 2008). Also in
renal cell carcinoma (RCC), the presence of L1-CAM is linked to a propensity to
develop metastasis, and when coupled with the loss of Cyclin DI expression,
L1-CAM was defined as an independent prognostic factor for metastasis occurrence
in a multivariate analysis (Allory et al. 2005).

Other studies show that L1-CAM is also expressed in a significant portion of
various histological subtypes of human cutaneous malignant melanomas. Again it is
a good predictor for metastatic ability and indicates a poor prognosis in melanoma
patients (Thies et al. 2002; Fogel et al. 2003; Linnemann et al. 1989). Furthermore,
the downregulation of L1-CAM expression reduces the migration and invasiveness
of metastatic B16 cells in vitro (Meier et al. 2006). A gene array analysis of malig-
nant melanoma tissues demonstrated that L1-CAM RNA is expressed at more than
tenfold higher levels when compared with benign lesions or normal skin samples
(Talantov et al. 2005). L1-CAM expression has also been reported in neuroendo-
crine carcinomas of the skin (Deichmann et al. 2003).

For pancreatic adenocarcinomas, one study reported that L1-CAM was expressed
in 80 % (16 of 20 samples) of all tissue sections analyzed (Sebens Miierkoster et al.
2007). However, other studies reported L1-CAM expression to be less common in
pancreatic adenocarcinoma (2 of 111 samples) (Kaifi et al. 2006a) and 5 out of 63
pancreatic neuroendocrine tumors (Kaifi et al. 2006b). Again L.1-CAM expression in
pancreatic adenocarcinomas is a valid indicator for a poor clinical prognosis (Tsutsumi
et al. 2011; Chen et al. 2011). L1-CAM is also detectable in some breast cancers
(Valladares et al. 2006; Shtutman et al. 2006; Gutwein et al. 2000). In MCF7 breast
cancer cells, L1-CAM expression disrupts E-cadherin-containing adherens junctions
and increases cell scattering and motility (Shtutman et al. 2006). This correlates with
the observation that L1-CAM expression is more abundant in metastatic breast cancer
cells and lower in non-metastatic breast cancer cells (Valladares et al. 2006).

L1-CAM and Neurofascin proteins both contain an RGD motif in their sixth Ig
or third FN III domain, respectively, both of which have been shown to interact with
RGD-specific integrins (Ruppert et al. 1995; Montgomery et al. 1996; Felding-
Habermann et al. 1997; Blaess et al. 1998). The RGD motif in the sixth L1-CAM Ig
domain appears to increase the incident of metastasis formation in some tumor cells
expressing L1-CAM. An investigation by Duczmal et al. showed that the L1-CAM-
mediated migration of human MED-B1 tumor cells is RGD dependent and can be
blocked by ayp3 integrin-specific antibodies (Duczmal et al. 1997). The evidence
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that RGD motifs in Neurofascins and L1-CAMs can serve as ligands for integrins
has led researchers to argue for a functional significance of this interaction in
L1-mediated tumor progression (Duczmal et al. 1997; Montgomery et al. 1996).

L1-Type Protein Expression Affects Signaling
Pathways in Cancer Cells

L1-CAM and other vertebrate L1-type proteins play an active role in cancer devel-
opment by affecting different signaling pathways and thereby contributing directly
to tumor progression. Several groups have demonstrated that in ovarian cancer cells
L1-CAM-dependent ERK activation is associated with increased FGFR, EGFR,
and hepatocyte growth factor receptor (HGFR) activity (Zecchini et al. 2008; Stoeck
et al. 2007; Novak-Hofer et al. 2008). These and a number of other studies suggest
that L1-CAM plays a role in carcinogenesis by its ability to activate the ERK signal-
ing pathway (Gast et al. 2008; Schaefer et al. 1999; Silletti et al. 2004; Schmid et al.
2000). L1-CAM itself is also phosphorylated by Erk2 and interacts with different
components of the ERK pathway (Silletti et al. 2004; Schmid et al. 2000). This
ultimately results in the expression of proteins that contribute to cell motility and
cell invasion. In addition, L1-CAM-mediated ERK activation was shown to involve
Src (Gast et al. 2008; Silletti et al. 2004). The reported association of the L1-CAM
cytoplasmic domain with RamBPM also indicates a direct link between L1-CAM
expression and the MAPK/ERK signaling pathway (Cheng et al. 2005b).

The co-expression of ADAM10 (A Disintegrin and Metalloproteinase domain-
containing protein 10) and L1-CAM in invasive colon cancer tumor cell indicates
that the proteolytic processing of L1-CAM may have a role in invasive tumor devel-
opment (Gavert et al. 2007). The L1-CAM protein is often cleaved by MMPs and
the shedded L1-CAM ectodomain can interact with integrins, RTKs, or LI-CAM on
the surface of the same or of neighboring cells (Gavert et al. 2007). Similarly, the
ectodomain of the Nr-CAM protein is cleaved by matrix metalloproteinases, which
results in an enhancement of cell motility, proliferation, ERK and AKT activation,
and ultimately oncogenesis (Conacci-Sorrell et al. 2005).

9.3 Mutant Phenotypes Associated with Vertebrate
L1-CAM Paralogs

9.3.1 Neurofascin

Neurofascin is one of three vertebrate L1-CAM paralogs and is also primarily
expressed in the nervous system (Rathjen et al. 1987). The multiple protein iso-
forms that are expressed from the neurofascin gene vary in the number of their FN
IIT extracellular domains (Hassel et al. 1997). Some Neurofascin protein isoforms
also contain an unusual PAT domain, which is usually positioned close to the trans-
membrane segment (see Fig. 9.1) (Volkmer et al. 1992).
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Two major Neurofascin isoforms, Nfasc155 and Nfasc186, are expressed at
nodes of Ranvier in myelinated axons (Tait et al. 2000). The neuronal isoform
Nfasc186 is required for the clustering of voltage-gated Na* channels at nodes of
Ranvier (Howell et al. 2006). It thereby controls rapid impulse conduction in these
axons (Zonta et al. 2008). In contrast, Nfasc155 is a glia cell-specific protein iso-
form and is required for the correct assembly of paranodal junctions (Sherman et al.
2005). In neurofascin null mice, neither paranodal adhesion junctions nor nodal
complexes are formed (Sherman et al. 2005). This demonstrates the essential func-
tion of these two major Neurofascin protein isoforms for the formation of these
structures. Nfasc155 null mutant mice exhibit severe ataxia, motor paralysis, and
death before the third postnatal week (Pillai et al. 2009). In the absence of glia cell-
specific Nfasc155, paranodal axonal junctions fail to form, axonal domains do not
segregate, and myelinated axons undergo degeneration. Furthermore, in vivo dele-
tion of Neurofascin Ig domains 5 and 6 reveals a requirement for specific Neurofascin
protein domains in myelinated axons (Thaxton et al. 2010).

In cases of multiple sclerosis, a disruption of Neurofascin localization at nodes
of Ranvier often appears to precede subsequent demyelination (Howell et al. 2006;
Lonigro and Devaux 2009). Both Nfasc186 and Nfasc155 proteins have been found
in areas of inflammation, demyelination, and remyelination in postmortem brains of
multiple sclerosis patients (Howell et al. 2006). Mathey et al. identified Neurofascin
as an autoimmune target in patients with multiple sclerosis (Mathey et al. 2007).
This suggests a direct involvement of Neurofascin in immune-mediated axonal
injury. The alteration of oligodendrocyte Nfasc155 expression that accompanies
inflammation and demyelination processes indicates a chronic disruption of the
axon—glia cell interaction. This will eventually result in the destruction of the
Nfasc186/Na*, nodal complexes (Howell et al. 2006). Recently, the involvement in
the progression of multiple sclerosis of two newly described protein isoforms of
Nfasc155 has been analyzed in more detail (Pomicter et al. 2010). Using conditional
knockout mice the authors show that Nfasc155 high and Nfasc155 low are exclu-
sively expressed by oligodendrocytes within the CNS. The timing and expression
levels of these two Nfasc155 isoforms are distinctly regulated. Nfasc155 low is
incapable of preserving paranodal structures, thus indicating that Nfasc155 high is
required for paranodal stability. Comparisons between Nfasc155 high and Nfasc155
low in human samples revealed significant alterations in multiple sclerosis plaques
(Pomicter et al. 2010).

9.3.2 NrCAM

NrCAM (neuron—glia-related cell adhesion molecule) was the third vertebrate
L1-type gene/protein to be identified and like its paralogs is primarily expressed in
the nervous system (Grumet et al. 1991; Grumet 1997). In mice, lack of NrCAM has
been implicated in the formation of lens cataracts (More et al. 2001). It is also
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involved in the formation of nodes of Ranvier (Custer et al. 2003) and in addiction
vulnerability (Ishiguro et al. 2006). In humans, NrCAM has been associated with
autism (Sakurai et al. 2006; Bonora et al. 2005) and is overexpressed in papillary
thyroid carcinomas (Gorka et al. 2007).

The absence of NrCAM causes the formation of cataracts in murine lenses (More
et al. 2001). In NrCAM-deficient mice, the authors observed a general disorganiza-
tion of lens fibers with ensuing cellular disintegration and an accumulation of cel-
lular debris. This mirrors the phenotype found in Ankyrin-B-deficient mice and
points to an important interaction between NrCAM and Ankyrin-B in lens fiber
cells (More et al. 2001). Similar to Neurofascin, NrCAM is also expressed at nodes
of Ranvier and is implicated in node formation and maintenance (Custer et al.
2003). Na* channels and Ankyrin G sequestration at developing nodes is delayed in
NrCAM null mutant mice.

The genetic mapping of a locus involved in substance abuse vulnerabilities to
mouse chromosome 7 identified a positive linkage with several NrCAM haplo-
types (Ishiguro et al. 2006). Differential gene display identified the NrCAM gene
as a drug-regulated gene that is expressed in neurons linked to reward and memory
(Ishiguro et al. 2006). NrCAM knockout mice exhibit reduced opiate- and
stimulant-conditional preferences. These observations suggest that in humans
NrCAM may also be a drug-regulated gene, whose variants are likely linked to
vulnerabilities in drug addiction and reward. In another study, wild-type, hetero-
zygous, and NrCAM null mice were tested for a cognitive and behavioral pheno-
type (Matzel et al. 2008). These different genotypes were assessed using five
different learning tasks (such as Lashley maze, odor discrimination, passive avoid-
ance, spatial water maze, and fear conditioning). NrCAM null mutant mice are
viable, have normal body weight, and exhibit normal levels of general activity.
However, they display an increased propensity to enter stressful areas of novel
environments, exhibit higher sensitivity to pain (hot), and are more sensitive to the
aversive effects of foot shock. This behavioral phenotype suggests that NtrCAM
might play a central role in the regulation of general cognitive abilities and might
serve a critical function in regulating impulsivity as well as susceptibly to drug
abuse and addiction. In humans, two genetic linkage studies have identified the
NrCAM gene as a potential candidate to be associated with autism susceptibility
and with substance abuse (Sakurai et al. 2006; Bonora et al. 2005). Together with
the results obtained from the mouse models, which are cited above, this indicates
that NrCAM has an important function in the formation and/or maintenance of the
brain’s reward circuitry.

Like L1-CAM and Neurofascin, NrCAM is also overexpressed in at least one
type of human cancer, specifically papillary thyroid carcinomas (PTCs) (Gorka
et al. 2007). The level of NrCAM mRNA and protein overexpression in tumor
tissues appears to be independent of the primary tumor stage (PT) or its size.
How NrCAM induction and upregulation might potentially influence the patho-
genesis and the behavior of papillary thyroid cancer cells still remains to be
evaluated.
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9.3.3 CHLI

The Close Homologue of L1, CHL1 (or CALL for Cell Adhesion L1-Like), is the
fourth vertebrate L1-type paralog (Holm et al. 1996) and is located on human chro-
mosome 3p26.1 (Wei et al. 1998). CHL1 protein promotes neurite outgrowth
(Holm et al. 1996; Hillenbrand et al. 1999), and the gene expression of CHLI and
LI1CAM in the mouse and rat nervous system shows overlapping but distinct pat-
terns in neuronal and glia cell populations (Hillenbrand et al. 1999). In contrast to
the other three vertebrate L1 paralogs, relatively little is known about CHL1’s
physiological and molecular functions. Nevertheless, the CHLI gene appears to be
associated with several interesting genetic conditions and phenotypes.

In cortical slices from CHL1 knockout mice the migration of cortical neurons
proceeds at a slower rate of radial migration and migratory cells accumulate in the
intermediate and ventricular/subventricular zones (Demyanenko et al. 2004). In
neocortical areas, especially in the visual and somatosensory cortex, CHL1 appears
to regulate neuronal connectivity (Demyanenko et al. 2004). CHL1 also has a role
in regulating the uncoating of Clathrin-coated synaptic vesicles (Leshchyns’ka et al.
2006). CHL1 deficiency or disruption of the CHL1/Hsc70 complex results in an
accumulation of abnormally high levels of Clathrin-coated synaptic vesicles. These
observed abnormalities of Clathrin-dependent synaptic vesicle recycling have the
potential to cause or to contribute to brain malfunctions in humans and mice that
carry mutations in their CHLI gene.

Nikonenko et al. (2006) reported an enhanced perisomatic inhibition and
impaired long-term potentiation in the CAl region of juvenile CHL1-deficient
mice. These authors analyzed the functional role of CHL1 in the synaptic transmis-
sion in the CA1 region hippocampus comparing juvenile CHL 1-deficient and wild-
type mice. The inhibitory postsynaptic currents evoked in pyramidal cells by
minimal stimulation of perisomatically projecting interneurons were increased in
mice lacking CHL1 when compared with wild-type littermates. Also, the long-term
potentiation (LTP) at CA3—CA1 excitatory synapses was reduced under physiologi-
cal conditions in CHL1-deficient mice. A quantitative immunohistochemical analy-
sis revealed that CA1 interneurons usually express CHL1 protein. This suggests that
CHL1 is important for the regulation of inhibitory synaptic transmission in this and
potentially other interneuron populations. This observed enhancement of inhibitory
transmission in CHLI1-deficient mice contrasts with the previous finding of a
reduced inhibition in L1-CAM-deficient mice and illustrates a functional difference
between these two paralogous L1-type adhesion molecules (Nikonenko et al. 2006).

Mutations in the murine CHLI gene have been found to alter the connectivity
and morphology of several brain regions (Heyden et al. 2008). In addition, CHL1
acts in a gene dosage-dependent manner to control murine brain development and
to influence behavior and cognitive abilities. Mice deficient for CHL1 display alter-
ations in emotional reactivity and motor coordination (Pratte et al. 2003). These
mice also display signs of decreased stress and a modification of exploratory behav-
ior and show impairments in a Rotarod test. However, they were able to move as fast
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as control mice in a T-maze test. The observed changes have been attributed to an
attention deficit. CHL 1-deficient mice have normal learning abilities, but exhibit a
widespread impairment in working memory duration (Kolata et al. 2008). Montag-
Saliaz et al. demonstrated that the absence of CHL1 in mice results in aberrant hip-
pocampal mossy fiber and olfactory nerve projections, which might explain the
reduced reactivity towards novel environments that is exhibited by these mice
(Montag-Sallaz et al. 2003). Together, these observations that have been made using
CHL 1-deficient mouse models suggest an important role for CHL1 in short-term
memory retention in the adult brain.

Similar to the other three vertebrate L1-type CAMs, mutations in the CHLI gene
and protein have been implicated in several human disease conditions. CHLI has
been identified as a prime candidate gene for an autosomal form of mental retarda-
tion and a translocation breakpoint in intron five of the CHLI gene at 46,Y, t(X;3)
(p22.1;p26.3) was described in a man with nonspecific mental retardation (Frints
et al. 2003). In addition, a haploinsufficiency for the CHLI gene has been reported
in a mentally retarded patient with 3p-syndrome (Angeloni et al. 1999). A missense
mutation (Leul7Phe) in the signal peptide of CHL1 exhibits a positive association
with the occurrence of schizophrenia in a group of 282 Japanese patients (Sakurai
et al. 2002). This association of CHL1 with schizophrenia was later confirmed by a
second study of 560 schizophrenia cases and 576 controls in a Han Chinese popula-
tion (Chen et al. 2005). These two reports indicate that CHL1 might somehow be
involved in the etiology of schizophrenia.

9.4 Conclusions

LI-type genes and their protein products appeared rather early during metazoan
evolution when the first primitive neuronal nets became part of animal body plans.
From the beginning, the overall L1-type protein domain structure, a predominant
expression of L1-type genes in neural cells, and many characteristic protein—protein
interactions (both homo- as well as heterophilic) and molecular functions have been
remarkably well conserved. However, gene duplication events have allowed for
some variations in the L1 protein structure and for the development of novel
molecular interactions and physiological functions (Mualla et al. 2013). Vertebrate
species usually contain four L1-type genes in their genome, designated as L/-CAM,
Neurofascin, NrCAM, and CHL 1. Loss-of-function conditions have been studied in
several animal model systems and usually include a broad range of neurological
dysfunctions. In humans, mutations in the L/ CAM gene have been analyzed in great
detail as they cause an X-linked recessive disorder, now known as L1 syndrome.
Well over 200 different L/-CAM mutations have been identified in individual fami-
lies. The severity of the phenotype usually correlates with the impact of the specific
mutation on the structure of the L1-CAM protein and its interactions with other
proteins. However, epigenetic effects also contribute to a significant variability of
specific phenotypic aspects.
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Though L1-type genes are predominantly expressed in the nervous system, their
protein products have also been identified in a number of other tissues, specifically
leukocytes and epithelia. Their physiological functions in these non-neural tissues
still remain poorly understood. Overexpression of L1-type proteins has been
reported in a wide range of different human tumors, where they affect different
signaling pathways and contribute to tumor progression and metastasis. As our
understanding of the multifaceted normal physiological role of these important pro-
teins is still incomplete and as both loss-of-function and gain-of-function conditions
for L1-type genes/proteins cause clinically relevant disorders, the published find-
ings paint a complex and sometimes confusing picture. Certainly, more research is
needed for a more complete insight into the physiological role of L1-type CAMs
and how they are implicated into various pathological processes.
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