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Mutations in the cell adhesion molecule LI
cause mental retardation

Eric V. Wong, Susan Kenwrick, Patrick Willems and Vance Lemmon

Recently, studies in the usually disparate fields of human genetics and developmental neuro-
biology have converged to reveal that some types of human mental retardation and brain mal-
formations are due to mutations that affect the neural cell adhesion molecule LI. LI has a
very complex biology, interacting with a variety of ligands, and functioning in migration of
neurons and growth of axons. Over the past few years, it has also become clear that L1 is able
to influence intracellular second messengers. The identification of a number of different mu-
tations in LI, some of which alter the extracellular portion of the molecule, and others that
change only the cytoplasmic tail, confirm that L1 is a crucial player in normal brain develop-
ment. The information gained from genetic analysis of human LI is giving new insights into
how LI functions in the formation of major axon pathways, but it also raises unanticipated

questions about how L1 participates in the development of cortical and ventricular systems.

Trends Neurosci. (1995) 18, 168-172

N 1949, Bickers and Adams described the family of

a woman who had three sons and four brothers
who died at birth as a result of hydrocephalus'. Since
the woman had healthy daughters and sisters, they
concluded that it was likely that the hydrocephalus
was due to an X-linked recessive mutation. They
found a constriction in the Aqueduct of Sylvius in
one case, and named the syndrome HSAS (hydro-
cephalus as a result of stenosis of the Aqueduct of
Sylvius). It is now known that HSAS is a complex
inherited disease with a range of clinical features,
including mental retardation and absence of the
corticospinal tract and corpus callosum. The aque-
ductal stenosis is thought to be a secondary effect
that results occasionally from hydrocephalus and
not the cause of it. The second most common cause
of hydrocephalus is HSAS, while neural-tube defects
are the leading cause?®.

What kind of mutations could produce the anom-
alies that are associated with this syndrome: thin-
ning of the cerebral mantle; disruption of major
axon pathways; and spasticity? These features are
consistent with several possibilities but, in particular,
might be a result of the disruption of mechanisms
that are important in neural migration, axon guid-
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ance and axon-fascicle formation. While many mol-
ecules have been associated with axon growth and
guidance, a small number only are thought to also
participate in migration of cells in the developing
brain. Of these, only L1 is known to be on the X
chromosome. Investigators in several countries have
worked together, supplying case histories and
genetic material, making it possible to demonstrate
that mutations in L1 are responsible for these brain
abnormalities. While the causes of the brain abnor-
malities are unclear, there is much known about the
structure and function of L1.

LI: structure and function

L1 is a member of the immunoglobulin (Ig) super-
family of cell adhesion molecules** (CAMs). As the
name implies, the Ig-superfamily molecules contain
one or more Ig-like regions. These CAMs are located
on the cell surface; either linked to glycophospha-
tidylinositol, or as a membrane-spanning protein. L1
is a transmembrane glycoprotein of approximately
200kDa with six Ig-like domains, followed by five
fibronectin type III domains, a single-pass transmem-
brane region and a cytoplasmic domain. L1 is highly
conserved in mammals, with 80-95% amino acid
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identity in each of the extracellular regions, and
complete conservation of the cytoplasmic domain.

The genes for both human and mouse L1 are
located on the X chromosome and, in humans, L1
has been mapped specifically to band Xq28 (Ref. 5).
L1 is a single-copy gene of 28 exons®, two of which
are spliced alternatively. One alternatively spliced
exon codes for part of the extreme N-terminus
region, and the other codes for the four amino acids
Arg-Ser-Leu-Glu (RSLE) in the cytoplasmic domain’.
Both exons are spliced out of L1 mRNAs from leuko-
cytes. The latter exon is present in neuronal L1, but
is absent from Schwann cells.

L1 functions in neurite outgrowth and fascicu-
lation both in vive and in vitro. During development,
L1 is located on surfaces of long axons and on
growth cones, and it continues to be expressed in
the adult nervous system on unmyelinated axons.
Treatment of axon bundles with anti-L1 antibodies
produces defasciculation in vitro and in vivo®*®. L1 can
be purified from brain, and can be used as a sub-
stratum for growing axons'®. Growth cones from neur-
ons growing on L1 have distinctive morphologies,
rates of growth and patterns of fasciculation'***. If
growth cones encounter an L1 border while growing
on laminin, they alter their shape rapidly, indicating
rearrangement of the cytoskeleton'®, While this
rearrangement could be accomplished in a variety of
ways, the recent observation that the L1 cytoplasmic
domain binds ankyrin indicates that there can be a
direct linkage between L1 and the cytoskeleton'®.

In addition to its importance in axon growth, L1 is
involved in neural migration. L1 was identified orig-
inally in studies on cerebellar development, where
antibodies to L1 were found to disrupt migration of
granule cells in vitro®. Subsequently, cell lines that ex-
press L1 were found to support migration of cerebellar

neurons’. Similar results have been found in studies of.

migrating neurons in the adult song-bird brain'®.

L1 on an axon binds to another molecule of L1 on
an opposed surface in what is termed homophilic
binding'’. This is probably its principal mode of
action where it binds fascicles of axons together, and
enables a growth cone to extend rapidly along a
bundle of pre-existing axons. L1 can also interact
with the Ig-superfamily molecules, axonin-1/tran-
siently expressed axonal-surface glycoprotein (TAG-
1)'®', F3/F11 (Ref. 20) and phosphocan®. Other data
suggest that L1 interacts with neural cell adhesion
molecule (NCAM) or laminin®**. This variety of
potential binding partners suggests the possibility
that L1 has different functions at different times and
locations during development.

Binding of L1 mediates a number of potential cell-
signaling events. Incubating PC12 cells, cerebellar
neurons, or dorsal-root ganglion neurons with anti-
L1 antibodies or purified L1 induces changes in
intracellular concentrations of inositol phosphates
and Ca® and pH (Refs 24 and 25). Blockers of Ca**
channels inhibit L1l-induced neurite growth?®. More
recently, arachidonic acid and the receptor for
fibroblast growth factor (FGF) have been implicated
in Ll-mediated neurite outgrowth®?®, Atashi and
associates® have shown that binding of L1 can affect
pp60™-dependent phosphorylation of tubulin, and
neurons from src-knockout mice grow poorly on L1
in vitro™®. The ability of L1 to alter intracellular

Fig. 1. CAT scan of a HSAS patient. The enlarged ventricles and
reduced cortical mass are observed easily in the patient from family
H1. Abbreviation: HSAS, hydrocephalus as a result of stenosis of the
Aqueduct of Sylvius.

second messengers, and the dependence of L1-
induced neurite outgrowth on second messengers is
consistent with the observations that L1 can regulate
the organization of the growth-cone cytoskeleton in
a dynamic fashion.

The identification of the proximal events in L1-
mediated signaling is a challenging problem. There
are reports that protein kinase C and non-PKC kinase
activities are associated with L1 (Refs 31 and 32). We
have found recently that casein kinase II (CKII)
immunoprecipitates with L1, and that the phosphoryl-
ation of L1 by CKII requires the presence of the RSLE
exon (E.V. Wong, A.W. Schaefer, G. Landreth and
V. Lemmon, unpublished observations). This suggests
that phosphorylation-dependent functions of L1 in
neurons might differ from those of other cells such
as Schwann cells. Doherty and associates have pro-
posed a model in which Ll-induced neurite out-
growth depends on a cis-interaction of L1 with the
receptor for FGF, that is, L1 and the receptor bind in
the plane of the membrane, and initiate a second
messenger cascade?’. Clearly, L1-mediated signals are
complex and might vary with the type of cell.

The Ll-associated human diseases

Since 1949, there have been numerous reports of
families with similar forms of sex-linked mental
retardation and other developmental anomalies that
affect the nervous system"*, While the spectrum of
clinical features wvaries, certain characteristics are
common. Affected males generally have a low IQ
(20-50s). They might also have enlarged or asym-
metric heads, spasticity (especially of the lower
limbs), aphasia and adducted thumbs. In several
families, absence of the extensor pollicus longus has
been noted. Many families have hydrocephalus as a
regular occurrence, but not necessarily in all affected
individuals (Fig. 1). Perhaps the most interesting
findings for neurobiologists are the absence or
diminution of the corticospinal tract, as well as the
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Fig. 2. Agenesis of the corticospinal tract in HSAS. (A) A normal
corticospinal tract (CST) at the level of the pyramids in the medulla.
(B) A comparable specimen from family H2. The CST is highly abnor-
mal and almost completely absent (arrow). The inferior olive is also
abnormal. Abbreviation: HSAS, hydrocephalus as a result of stenosis
of the Aqueduct of Sylvius.

absence of the corpus callosum (Fig. 2). Fusion of the
thalamus, fusion of the colliculi and absence of the
septum pellucidum have been observed also. Three
different syndromes with overlapping features and a
common chromosome location in Xq28 have been
described and are included in McKusick’s catalog of
human genetic diseases*’. These include X-linked
hydrocephalus (HSAS; McKusick 30700), MASA syn-
drome (mental retardation, aphasia, shuffling gait
and adducted thumbs; McKusick 303350)*, and
X-linked spastic paraplegia (XLSP; McKusick 31290)*
(it should be noted that there are other forms of X-
linked paraplegia that are not a result of mutations in
L1). While many individuals with MASA do not have
symptomatic hydrocephalus, CAT scans often reveal
enlarged ventricles. Moreover, some ‘MASA’ families
have some affected individuals who have hydro-
cephalus. Similarly, some HSAS families have
affected patients with mental retardation but no
hydrocephalus. Owing to the common findings in
many of these families, and the similar location of
HSAS and MASA on the X chromosome, it was
suggested that these syndromes are related and are
caused by allelic mutations in a single gene®.

With the cloning of the ¢cDNA for human L1 (Ref.
37), it became possible to test the hypothesis that
mutations in L1 are associated with some forms of
X-linked mental retardation. In 1992, Kenwrick and
her colleagues reported that a HSAS family had a
mutation in the L1 gene that influenced splicing in
such a way that expression of L1 would be altered™®.
The association of L1 with HSAS was confirmed
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rapidly by Patrick Willems and his associates®.
Currently, seven papers have been published that
describe 13 different mutations in the L1 gene in
families who have been diagnosed with HSAS, MASA
syndrome or X-linked spastic paraplegia®*®*; these
are summarized in Fig. 3. The large number of con-
firmed mutations in L1 in affected families, com-
bined with the failure to find any of these alterations
as allelic variations in a large number of controls
suggests strongly that mutations in L1 are respon-
sible for these related forms of mental retardation.

The mutations described thus far fall into three
broad structural categories:

Class-1 products would be expected to be secreted
rather than remaining associated with the mem-
brane (H4, HSAS2, H23 and H24).

Class-2 members have point mutations in Ig
domains that might disrupt the folding of the Ig
domains or alter important binding sites (H2, H18,
H6, M5 and H12/M4).

Class-3 mutations alter the cytoplasmic domain
(HSAS1, HSAS3, M3 and H13).

Class-1 mutations might be expected to disrupt
brain development in several ways, the most obvious
being loss of function, that is, a loss of L1-mediated
adhesion. However, secreted products could also act
by binding to ligands of L1, such as TAG-1, F3/F11 or
phosphocan. This might alter the normal function of
those molecules, either by initiating some abnormal
signaling event or by acting as a competitive in-
hibitor, thereby preventing them from binding to
some important ligands. The point mutations in
class 2 could prevent L1-binding events, such as
L1-L1 homophilic binding, or alter the production
of intracellular signals that are initiated by L1 bind-
ing to its various ligands. In class 3, mutations that
affect the cytoplasmic domain might alter second
messenger production or interaction with the
cytoskeleton. Class-3 mutations could also alter the
adhesiveness of the extracellular portion of the mol-
ecule since it is known that the adhesiveness of other
adhesion molecules, such as cadherins and integrins,
is highly dependent on the integrity or phosphoryl-
ation state of their cytoplasmic domains.

Three mutations (H4, HSAS1 and HSAS2) are of
special interest because the mutations affect the splic-
ing of the L1 mRNA. While it is not appreciated
widely, L1 mRNA is not expressed in the nervous sys-
tem only. It is also expressed at low levels by different
types of cells, including cells in the immune system*.
Geneticists have taken advantage of this to screen
human patients for expression of L1 mRNA. In the
families with alterations in splicing, it appears that
both normal L1 mRNA is expressed along with
mRNAs that are truncated or contain missense mu-
tations. This is true at least in lymphocytes that are
transformed by Epstein-Barr viruses. If observations
from white blood cells can be extrapolated to the
brain, then it would appear that the presence of an
altered form of L1 is enough to disrupt development
of the brain, even in the presence of normal L1. This
is consistent with the mutation having a dominant-
negative effect. In the case of mutations H4 and
HSAS2, the secreted L1 might disrupt normal L1 via
mechanisms outlined above. In mutation HSASI,
some second messenger system might be activated
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Fig. 3. Molecular models of how mutations in the L1 gene would alter expression of L1. Ig domains are indicated by omega-shaped blocks.
Repeats of fibronectin type Ill are indicated by open rectangles. The cytoplasmic domain is indicated by the reversed S-shaped region at the
C-terminus portion of the protein. Point mutations are indicated with the original amino acid followed by the amino acid produced by the
mutation. Frameshift mutations that produce abnormal sequences followed by termination are indicated by black rectangles. Non-sense
mutations that produce premature termination are indicated by truncations. Family designations and references are included at the bottom of

the figure.

constitutively in such a way that growth cones or
migrating neurons cannot navigate or recognize
appropriate pathways. Alternatively, the adhesiveness
of the abnormal 1.1 might be changed in some way
so that it could not be regulated in a manner that is
necessary for cell motility.

The notion that some L1 mutations have a domi-
nant-negative effect is, however, difficult to re-
concile with the fact that these three syndromes
(HSAS, MASA and XLSP) are sex-linked recessive dis-
eases. In females, X chromosomes are inactivated at
random relatively early during development. While
there is relatively little known about inactivation of
X chromosomes in the brain, it occurs shortly after
the neural-plate stage* and, consequently, it would
be predicted that there would be many cell clones in
the brains of carrier females that express the abnor-
mal L1. Why are the carriers seemingly unatfected? It
is conceivable that cells that produce normal L1
would have a dramatic advantage over cells with
mutant L1, either in their ability to migrate in a nor-
mal fashion or to send axons to their proper targets.
Consequently, cells from clones with normal L1
would populate the developing brain, whereas cells
with abnormal L1 would be eliminated during the
course of normal cell death. Another answer might
be that some carriers are affected, albeit to a much
lesser degree. While the vast majority of reports state
that female carriers are unaffected, there are at least
three reports that show that MASA or HSAS carriers
can exhibit mild retardation®.

A major impediment to understanding the direct
influence of mutations of L1 on the development of
the brain is the difficulty in obtaining tissue samples
for studies on the expression of L1 in the brain. The
use of transgenic animals offers an alternative

approach to this problem. Production of mice that
express L1 that is altered to correspond to the human
mutations is feasible technically and should produce
important new information about the function of L1.
Cell biological studies, examining how structurally
altered L1 influences second messenger systems or
cell adhesion and neurite outgrowth, will also help
us understand how HSAS and MASA syndromes are
produced. However, the very complex interactions
ascribed to L1, including multiple extracellular and
intracellular binding partners, suggest that it will be
some time before all possible lines of investigation
are explored. To determine if there is a direct link
causing hydrocephalus, it will be important to deter-
mine if L1 plays a role in the development or func-
tion of the ependymal lining of the ventricles.

LI and other forms of mental retardation

The reports described above provide conclusive
evidence that mutations to L1 are responsible for
severe defects of brain development. Since L1 is a
multifunctional protein, it seems reasonable that
mutations of some regions might affect one aspect of
the function of L1 but not others. Consequently,
there might be additional forms of L1-linked mental
retardation that have less severe or different pheno-
types. However, a recent study suggests that disrup-
tions of function of L1 during human development
might be far more widespread than simply in fami-
lies that carry mutations in L1. Neural cells that
express L1 lose their ability to aggregate in the pres-
ence of very low concentrations of alcohol, includ-
ing concentrations of alcohol that are achieved dur-
ing social drinking*’. Remarkably, some babies with
fetal alcohol syndrome have been found to have
agenesis of the corpus callosum®. Taken together,
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these two results suggest that L1-dependent neural
migration or axon growth could be disrupted during
crucial periods of development in fetuses exposed to
alcohol. Further investigation of the expression and
function of L1 in models of fetal alcohol syndrome is
clearly warranted.
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Radical AGEing in Alzheimer’s disease

Mark A. Smith, Lawrence M. Sayre, Vincent M. Monnier and George Perry

The pathological presentation of Alzheimer’s disease, the leading cause of senile dementia,

involves regionalized neuronal death and an accumulation of intracellular and extracellular

filamentous protein aggregates that form lesions termed neurofibrillary tangles and senile

plaques, respectively. Several independent parameters have been suggested as the primary

factor that is responsible for this pathogenesis, including apolipoprotein € genotype, hyper

phosphorylation of cytoskeletal proteins, or metabolism of amyloid 3. However, at present, no

one theory explains adequately the host of complex biochemical and pathological facets of the

disease. Recent findings suggest that age-related increases in oxidative stress and protein

glycation either individually, or more probably in a synergistic manner, could, exclusive of the

other theories or in concert with them, account for all aspects of Alzheimer’s disease.

Trends Neurosci. (1995) 18, 172-176

XYGEN-DERIVED free radicals are formed as by-

products of respiration and oxidative metab-
olism in all aerobic organisms (Fig. 1). The one-elec-
tron reduction of O, produces the superoxide-anion
radical, which is converted rapidly to O, and H,O,
by superoxide dismutase. Hydrogen peroxide, which
is also a normal by-product of several enzymatic two-
electron oxidations, is reduced to H,O by peroxidases
or is disproportionated to O, and H,O by catalase,
or both. In certain instances (for example, ischemia,
reperfusion and neutrophil respiratory burst), H,0,
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persists, and is involved in transition metal-ion-
catalyzed (and possibly superoxide stimulated) pro-
duction of diffusible or ‘site-specific’ hydroxyl rad-
icals, or both. Hydroxyl radicals are highly toxic
and can initiate lipid peroxidation as well as create
protein- or polynucleotide-centered free radicals
by hydrogen-atom abstraction. Oxyradical-induced
modification of protein is associated with fragmen-
tation, increased susceptibility to proteolysis and,
especially at lower oxygen concentrations, crosslink-
ing reactions’.
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