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Abstract. Infertility and inability to smell are the pheno-
typical features of Kallmann’s syndrome (KS), a genetic
disease which affects 1 in 10,000 males and 1 in 50,000
females, the majority of the cases being sporadic. The
molecular pathogenesis of KS is complex but mainly re-
ferable to the impairment of olfactory axon development
and of the migration of gonadotropin-releasing hormone
(GnRH) neurons. Only two different genes have been

identified so far as responsible for the disease: KAL1 and
KAL2, encoding anosmin-1 and fibroblast growth factor
receptor 1 (FGFR1), respectively. In this review we focus
our attention on insights evoked by recent studies, which
propose a new direct role for anosmin-1 in the migration
GnRH neurons, and a fascinating hypothesis of interac-
tions between anosmin-1 and FGFRI1 systems.
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Introduction

Kallmann syndrome (KS) is an inherited disorder char-
acterized by the association of hypogonadotropic hypo-
gonadism (HH) and anosmia (partial or complete loss
of olfaction) [1]. The condition is the most common
form of gonadotropin deficiency and affects 1 in 10,000
males and 1 in 50,000 females [2], the majority of cases
being sporadic. Olfactory system abnormalities associ-
ated with hypogonadism were first observed in 1856 by
Maestre de San Juan, a Spanish pathologist who found
no olfactory lobes in a man with underdeveloped geni-
talia. In 1944, the psychiatrist and genetist Franz Josef
Kallmann described the syndrome in three families and
hypothesized the inherited nature of this condition [1].
In 1954, de Morsier reported several patients with hy-
pogonadism, anosmia and midline anatomic defects, a
syndrome he termed ‘olfactogenital dysplasia’, and he
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was the first to suggest a hypothalamic origin for the hy-
pogonadism [3]. If the olfactory bulb defect is respon-
sible for the anosmia, the hypogonadism is in fact sec-
ondary to a deficiency of the hypothalamic decapeptide
gonadotropin-releasing hormone (GnRH) which leads
to a lack of release of the pituitary gonadotropins lutein-
izing hormone (LH) and follicle stimulating hormone
(FSH), which are involved in gonadal maturation and
functions [4]; hence, the definition hypogonadotropic
hypogonadism.

The earliest clinical manifestation of HH is a micrope-
nis/cryptorchidism, but most patients show failed, or
more rarely, arrested, puberty due to low plasma levels
of gonadotropins. Anosmia, on the other hand, is often
not mentioned by the patient and can only be elucidated
by specific tests. Loss of the sense of smell in KS is due
to abnormal olfactory system development. Aplasia or
hypoplasia of the OBs and tracts has been documented
both in autopsies [3] and in nuclear magnetic resonance
(NMR) neuroimaging studies of KS patients [5—7]. Ad-
ditional findings in KS patients include a variety of neu-
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rological symptoms, such as synkinesia (mirror move-
ments), eye movement abnormalities, cerebellar ataxia,
evoked horizontal nystagmus, sensorineural deafness,
spatial attentional abnormalities, spastic paraplegia and
mental retardation [1, 811]. Somatic defects such as pes
cavus, unilateral renal agenesis and cleft lip and palate
have also been reported. Several of these abnormalities
segregate as mendelian traits in association with KS, sug-
gesting that they may be proper components of the dis-
order. Nevertheless, HH and anosmia represent the most
specific diagnostic features of KS.

Anosmia is a lack of the sense of smell, the sensory
modality that mediates the communication between our
body and the external environment through the recogni-
tion of chemical cues. The olfactory system is unique in
several respects and has received a great deal of attention
from developmental neurobiologists in recent years [12].
In mammals, olfactory chemosensation begins in sen-
sory neurons located in the olfactory epithelium, which
is situated in the upper wall of the nasal cavities, and in
the epithelium of the vomeronasal organ (VNO), a tubu-
lar structure that opens on the ventral aspect of the nasal
septum. The ability of the mammalian brain to perceive
a broad spectrum of volatile odorant molecules with ex-
traordinary sensitivity and specificity is dependent on the
correct organization of the olfactory receptor neurons-ol-
factory bulb (OB) connection [13]. Olfactory and vom-
eronasal neuroepithelia arise during embryonic develop-
ment from a specialized peripheral epithelium (the olfac-
tory placode); their neurons project axons to the main and
the accessory OBs, respectively, where they synapse with
dendrites of mitral and tufted cells in specialized struc-
tures called ‘glomeruli’ [12]. Olfactory receptor neurons
arise and develop many of their differentiated properties
without depending on interactions with brain targets, and
with the olfactory bulb in particular [14].

In vertebrates, the olfactory bulb develops from the tel-
encephalic vesicle, and the role of the interaction with
olfactory receptor axons in its development is still de-
bated. An influence of the olfactory epithelium in trig-
gering telencephalon and olfactory bulb development
has been observed in amphibians [15], where the removal
of the olfactory anlagen results in an absent or reduced
telencephalic vesicle. However, this relationship has not
been deeply analyzed in mammals. For example, in the
homozygous pax-6 mutant, an olfactory bulb-like struc-
ture starts to develop in the telencephalic vesicle in the
total absence of olfactory nerves [16]. On the other hand,
the arrival of olfactory axons does appear to have a dra-
matic influence on cell kinetics and the rate of precursor
differentiation in the OB anlagen [17; for a review see
ref. 18]. During normal development, a small subset of
early pioneer axons grow into the brain from the olfactory
placode and penetrate deep into the target region of the
telencephalic vesicle [19, 20].
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The earliest axons from the olfactory placode have been
suggested to contact a telencephalic region that may al-
ready be determined to give rise to the OB, although some
level of interaction with the pioneer olfactory axons ap-
pears to be needed for normal maturation. On the other
hand, if the initial determination of the OB does not need
olfactory receptor innervation, the development of glo-
merular organization depends entirely on the ingrowth of
olfactory axons [see ref. 21 for a discussion]. Guidance
cues, therefore, must be present in the olfactory epithelium
and in the OB to mediate axonogenesis to the forebrain,
recognition and invasion of the target and, ultimately,
the establishment of a refined spatial map [for a review
ref. 22]. During the developmental period, the primary
axons of the mitral/tufted cells eventually grow into a very
narrow region of the ventrolateral part of the telencepha-
lon, adjacent to the pial surface where they form the lateral
olfactory tract (LOT) and target areas in the olfactory cor-
tex, anterior olfactory nucleus, piriform cortex, olfactory
tubercle, entorhinal cortex and amygdaloid nuclei.
Interesting is the observation that beside giving rise to
the primary olfactory sensory neurons, the olfactory epi-
thelium generates a population of migrating neuroblasts
[23], and the special ‘olfactory ensheathing’ glial cells
[24, 25] that migrate with olfactory axons. The biological
explanation for the link between HH and anosmia became
apparent after the demonstration that GnRH neurons also
originate in the olfactory placode and that, during em-
bryonic development, they migrate into the forebrain in
association with the olfactory/vomeronasal nerves [26,
27]. Therefore, the current hypothesis is that KS is the
result of a defect in migration of both olfactory nerves
and GnRH neurons. Confirmation of this postulate came
from the pathological examination of a 19-week-old hu-
man fetus affected by KS [28]. In this fetus, the olfactory,
vomeronasal and terminalis nerves were not in contact
with the brain, but terminated their axonogenesis within
the meninges in an abnormal neural tangle (Fig. 1).

It must be underlined that this finding comes from a
single fetus affected by the X-linked form of KS; many
clinical as well as experimental in vivo and in vitro ob-
servations (described in the following sections) are in-
dicative of possibly different pathogenetic mechanisms
of the disease; however, all of them variably lead to the
characteristic diagnostic symptoms of KS, like HH and
anosmia.

GnRH neurons failed to enter the brain and were found in
the nasal cavities and on the dorsal surface of the cribri-
form plate in the tangle formed by olfactory nerves. The
restoration of pituitary gonadotropin release by GnRH
treatments in KS patients confirms that HH results from
hypothalamic GnRH deficiency, rather than from gonad-
otrope cells or gonadal failures [29].

From a therapeutic point of view, even if no treatments
have been found to improve the sense of smell, the release
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Figure 1. Model for KS pathogenesis. In normal individuals (left), the olfactory neurons (ON) in the olfactory epithelium send their axons
through the cribriform plate (CP) of the ethmoid bone to reach the olfactory bulb. Within the glomerular layer (GL) of the bulb, they make
synapses with dendrites of mitral cells (M) whose axons will form the olfactory tract (OT). Neurons secreting GnRH (shown in red) origi-
nate in the olfactory placode and migrate along the olfactory nerves until they reach the forebrain. In an X-linked KS-affected human fetus
(right), the olfactory axons were not targeted to the olfactory bulb, ending their migration between the cribriform plate and the forebrain.
GnRH neurons were absent in the brain but they were found clustered on the dorsal surface of the cribriform plate within the dural layers
of the meninges [28] [figure adapted from ref. 150; reproduced from the American Journal of Human Genetics, by copyright permission

of the University of Chicago Press].

of pituitary gonadotropins can be restored by exogenous
subcutaneous or intravenous pulsatile GnRH or gonado-
tropin treatment [30, 31]. However, by restoring the fer-
tility of patients, treatment may paradoxically lead to a
spread of the disease to future generations.

In this review, we analyze KS paying particular attention
to the genes involved in the disease and the possible de-
fect in the migration of GnRH neurons.

Genetics of KS

KS is a genetically heterogeneous disease characterized
by three modes of familial inheritance, namely X chro-
mosome linked, autosomal dominant and autosomal re-
cessive. However, more than 60% of KS patients present
as sporadic cases [11].

The genetic features of the disease became clearer when
several reports described kindreds in which hypogonad-
ism and anosmia were part of a complex phenotype,
segregating as an X-linked trait [32-34]. In these fami-
lies, features of KS were associated with other X-linked
diseases such as ichthyosis, chondrodysplasia punctata,
mental retardation, short stature and ocular albinism.
This complex phenotype was found to be due to a dele-
tion on Xp22.3, which involves adjacent disease genes,
causing a contiguous gene syndrome [35]. Molecular
analysis of deletions and translocations involving this re-
gion in male individuals with complex phenotypes made
it possible to establish a correlation between the size of
the deletion and the clinical features, leading ultimately
to the mapping of a KS locus on Xp22.3 [36] and to the

ordering of several disease loci in Xp22.3 [37]. Listed in
telomere to centromere order, these include short stature,
recessive chondrodysplasia punctata, mental retardation,
X-linked ichthyosis, KS and ocular albinism. The map
assignment of the X-linked KS (X-KS) gene (KALI;
OMIM#308700) to the Xp22.3 region was subsequently
confirmed by linkage analysis in families with isolated
KS [38]. The KAL1 defects account for approximately
15-20% of total KS [10, 11].

Autosomal dominant as well as recessive transmissions
have also been described [11]. Autosomal dominant
transmission was proposed in families with incomplete
penetrance for the gonadotropin deficiency and isolated
anosmia. A gene responsible for an autosomal dominant
form of KS has been identified by positional cloning strat-
egies, based on analyses of overlapping chromosomal de-
letions in patients affected by different contiguous gene
syndromes that did or did not include KAL [39]. Dode
et al. [39] studied two sporadic cases showing different
contiguous gene syndromes that both included KS and
they characterized two interstitial deletions within the
short arm of chromosome 8. Fine mapping of the dele-
tion defined a new candidate region of 540 kb for au-
tosomal dominant KS that included the putative KAL2
gene (KAL2; OMIM#147950). Among the genes present
in this region, the fibroblast growth factor (FGF) recep-
tor 1 (FGFR1) gene was considered the most probable
candidate gene, because FGFRs are involved in OB de-
velopment [40]. Mutation analysis in several families and
sporadic cases revealed that this is indeed the case. The
frequency of KAL2 mutations is approximately 10% of
KS [39, 41].
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Depending on the mode of inheritance, the syndrome can
occur with a variety of apparently discordant abnormali-
ties, such as upper body mirror movements (X-KS), renal
agenesis (X-KS) and midline/craniofacial abnormalities
(autosomal KS), including cleft lip and palate. The hypo-
gonadism observed in KAL1 mutations is similar to the
gonadotropin deficiency described in KAL2 mutations.
However, dental agenesis and cleft palate seem to be spe-
cific to the KAL2 defect [41]. Unilateral renal agenesia
was only reported for the KAL 1 mutation, while bimanual
synkinesia appears to be present in both X-linked and au-
tosomal dominant KS [39]. The phenotypic expressivity
of congenital isolated HH is very variable. The phenotype
may be limited to anosmia in subjects bearing KAL2 or
KALI mutations. Such variability might depend directly
on OB development [42]

Although KS with autosomal recessive inheritance has
been described (KAL3; OMIM#244200) [8, 43, 44], no
genes responsible for this form have yet been character-
ized. These forms typically include families with KS in
which probands of both sexes were equally affected and
parents were phenotypically normal. Cleft lip and palate
occurred in both eugonadal and hypogonadal persons
with anosmia [8]. Segregation analysis was consistent
with autosomal recessive inheritance with variable ex-
pression.

The KAL1 gene encodes for anosmin-1

KALL is the gene responsible for the KS with an X-linked
mode of inheritance. In 1991, two separate groups [45,
46] identified it by positional cloning techniques on a
critical region of human chromosome Xp22.3. The gene
spans 11 exons and encodes for a secreted protein called
anosmin-1 of a predicted molecular mass of 100 kDa.
The orthologues of the human KAL1 gene have been
cloned in many species, including Drosophila [47] (ac-
cession number AF342988), Caenorhabditis elegans [48,
49], zebrafish [50], medaka [51], birds [52, 53] and musk
shrew [54], and show high evolutionary conservation.
However, no homologues have been found in rodents,
thus preventing the generation of a knockout mouse as a
model of the disease for examining pathogenetic mecha-
nisms of KS in mammals.

The discovery of the KAL1 gene in the last decade has
led to a series of studies on its distribution, biochemistry
and functions.

The first expression studies carried out in chicken and
human embryos showed that the gene is expressed in
many structures of the central nervous system including
the developing OBs and the cerebellum, but in different
cell populations [55-57]. In particular, in chick embryos,
a specific transcript was detected in the Purkinje cells of
the cerebellum and in the mitral cell layer of the OBs. In
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humans, KAL1 gene expression was observed in layers of
interneurons in OBs and cerebellum, and in the cerebral
cortex [55, 56]. These expression studies were sugges-
tive for a possible role of anosmin-1 in olfactory system
development.

Later in 1999, Hardelin and co-authors [58] established
that the KAL1-encoded protein, anosmin-1, is a restricted
component of extracellular matrices transiently and re-
gionally expressed during organogenesis in humans. An-
osmin-1 was detected in the basement membranes and/or
interstitial matrices of various structures including bron-
chial tubes, mesonephric tubules and duct, branches of
the ureteric bud, muscular walls of the digestive tract and
larger blood vessels, precartilaginous models of skeletal
pieces, muscle tendons, head mesenchymes, inner ear
and forebrain subregions. In the olfactory system, anos-
min-1 was detected from week 5 onward, with a pattern
of expression restricted to the OB presumptive region
and, later, to the primitive OBs. In addition, at 6 weeks
of gestation, anosmin-1 is present along the rostrocaudal
migratory pathway of the GnRH-synthesizing neurons
as well as in the medial walls of the primitive cerebral
hemispheres.

The lack of a putative KAL1 homologous gene in ro-
dents led to investigation of the presence of anosmin-1
by immunocytochemistry. In a study carried out using a
series of antibodies raised against human anosmin-1, an
immunoreactive signal in both mouse and rat embryos
was found with a distribution of anosmin-1 similar to that
found in chicken [59]. Again, anosmin-1 was clearly im-
munodetected in the developing olfactory epithelium, in
the olfactory, vomeronasal and terminalis nerves, in the
OBs, in the cerebellum and in the cerebral cortex, and in
other brain areas of the musk shrew, a primitive eutherian
mammal. In this model, GnRH neurons were seen in close
association with anosmin-1 immunoreactive fibers [54].
This finding indicates that despite the difficulty to isolate
the orthologous gene, anti-human anosmin-1 antibodies
may recognize the anosmin-1 protein itself or some ho-
mologous molecules alternatively used in rodents.
Preliminary information about the physiology of anos-
min-1 first came from in vitro studies carried out in COS
[60] and CHO [61] cells. These studies showed that the
X-KS gene product is a diffusible glycosylated protein
with an approximate molecular mass of 100 kDa and that
it is proteolytically processed on the cell membrane to
yield a 45-kDa diffusible component that binds tightly to
cell surfaces [60].

The predicted structure of anosmin-1 consists of different
domains comprising an N-terminal signal peptide, followed
by a cysteine-rich domain, a four-disulfide core domain
typical of whey acidic proteins (WAPs), 4 fibronectin type
HI (FNII) repeats and a C-terminal histidine-rich region
(Fig. 2). The most highly conserved domains of anosmin-1
across species, from invertebrates to vertebrates, have been
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found to be the WAP domain and the first FNIII domain,
suggesting a crucial functional role of these regions.
WAPs are small proteins containing two four-disulfide
core (4-DSC) domains, each comprising approximately
50 amino acids and including eight cysteine residues in
a conserved arrangement [62]. The 4-DSC domains are
not exclusive to the WAP proteins, with numerous other
proteins encoding one or two of these domains. A large
biological diversity exists between the proteins that con-
tain one or two 4-DSC domains, with many being iden-
tified as protease inhibitors. Although the function of
this domain in KAL1 protein is currently unknown, a
possible anti-protease activity is intriguing since nerve
growth cones express proteases on their surface to facili-
tate axonogenesis through the extracellular matrix [63,
64]. Protease inhibitors have been increasingly shown to
play an important role in neuronal migration, by control-
ling degradation of matrix components, as demonstrated
in the case of the serpin family [65]. In fact, Hu et al. [66]
in a recent work showed that the serine protease uroki-
nase-type plasminogen activator (UPA) may interact with
anosmin-1, suggesting the hypothesis that anosmin-1 can
modulate its catalytic activity.

On the other hand, the FNIII domains present in anosmin-
1 are common motifs widely distributed amongst a large
variety of proteins like extracellular matrix proteins (te-
nascin), cell adhesion molecules (i.e. NCAM, L1, TAG-
1 and F3/contactin), receptor-linked protein kinases and
tyrosine phosphatases [67—70]

Several of these molecules have been implicated in pro-
cesses of neuronal migration and axonal targeting [71—
73]. Interestingly, the FNIII repeats present in anosmin-1
are more similar to those found in the cellular adhesion
molecules L1 [74], TAG-1 [75], and F3/contactin [69,
76]. L1 has been shown to be involved in X-linked hydro-
cephalus, another human neuronal migration defect [77,
78]. TAG-1 and F3/contactin are well-known examples
of proteins mediating neurite outgrowth and reciprocal
axonal interactions, displaying both adhesive and anti-
adhesive properties. However, these molecules are mem-
brane-bound proteins containing immunoglobulin C2 do-
mains, unlike anosmin-1 which is a secreted extracellular
protein.

Anosmin-1 has been shown to bind heparin, and its adhe-
sive activity is dependent on cell surface heparan sulfate
(HS) proteoglycans (HSPGs) [79]. In fact, the interaction
of anosmin-1 with HS chains has been demonstrated re-
cently by Hu et al. [66], who showed a high-binding af-
finity of anosmin-1 to HS using biochemical approaches.
Furthermore, they found that HS might influence cell sur-
face localization of the anosmin-1-uPA complex.

To study the physiological function of anosmin-1, many
different biological approaches have been used. In in vitro
studies, Soussi-Yanicostas and co-workers [79] showed
that anosmin-1 serves as an adhesive substrate for dif-
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ferent cell lines and that this adhesive property is de-
pendent on the presence of HS and chondroitin sulfate
glycosaminoglycans on the cell surfaces. Moreover, the
same study found that such a substratum is permissive for
neurite outgrowth of mouse cerebellar neurons. These ef-
fects are mediated by a conserved 32-amino-acid peptide
located in the first FNIII repeat. In a more recent study
carried out by the same group, anosmin-1 was found to
promote axonal branch formation from OB output neu-
rons, in mice and rats, suggesting the importance of this
molecule in the formation and olfactory development of
the LOT [59].

These results indicate that anosmin-1 is a branching and
chemoattractive factor for LOT axons, leading to the hy-
pothesis that the anosmia observed in KS patients could
be due to the absence of OB in these patients, provided
that the lack of LOT arborization leads to an involution
of the OB. Moreover, the same paper, proposing a role
for anosmin-1 in axon guidance events, supports the pos-
sibility that the neurological symptoms observed in KS
patients could be due to axon guidance defects.

Using transgenic techniques in C. elegans, two separate
groups showed a crucial role for anosmin-1 in axonal
branching and epithelial morphogenesis [48, 49]. First,
using three mutants that recapitulated X-KS mutations
[11], Biilow et al. [48] have shown that in the nematode,
WAP and FNIII domains appear to have different func-
tions, with the WAP domain influencing axon targeting
only, and the FNIII domains being essential for this func-
tion and for axonal branching.

CeKal-1 (the nematode homologue of KAL-1) is also re-
quired for ventral enclosure during embryogenesis and is
first detected in a group of neuroblast descendants of the
AB blastomere, which act as a substrate for epidermal
migration following gastrulation [49]. Loss of CeKal-1
function generates a number of striking phenotypes in
mutants including ventral enclosure and ray (tail) abnor-
malities in males [49] and, although it is not clear whether
CeKal-1-expressing neuroblasts provide an active signal
or permissive substrate for migrating epithelial cells
[80], vertebrate anosmin-1 can form adhesive contacts
with mammalian epithelial cells [70, 79]. Significantly,
CeKal-1 mutants could also be rescued with the human
or C. elegans KALI sequences, indicating that the func-
tion of both anosmins are conserved [49]. In addition, the
asymmetrical contacts between cells in CeKal-1 mutants
may provide a link to the abnormal kidney morphogen-
esis seen in a significant number of X-KS pedigrees.

A direct effect of anosmin-1 on GnRH neurons was not
demonstrated until 2004, when we showed that anosmin-
1 stimulates the in vitro chemomigration of immortalized
GnRH neurons (see below). This was the first evidence
that this protein may have a role in controlling migration
of GnRH neurons in addition to events of axonal branch-
ing and morphogenesis [81].
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The identification of disease-causing mutations fre-
quently provides insight into protein function. More than
20 KAL1 mutations have been described and are believed
to be loss-of-function mutations [for a complete list see
ref. 82] (Fig. 2). These include stop and missense point
mutations (most cases), intragenic deletions, complete
gene deletion and even larger deletion of the Xp22.3 re-
gion associated with a contiguous gene syndrome (KS
and ichthyosis) [36].

Some of the patients in whom point mutations were iden-
tified displayed, in addition to KS, mirror movements,
pes cavus, high arched palate and unilateral renal aplasia,
indicating that KAL plays a role in various developmental
systems [83]. However, patients with KS who also mani-
fest ichthyosis, chondrodysplasia punctata, mental retar-
dation, short stature and ocular albinism are affected by a
contiguous gene syndrome due to deletions of the distal
short arm of the human X chromosome [84].

Very recently, seven new mutations for the KAL1 gene
were identified: two amino acid substitutions were
mapped in the first and fourth FNIII domains of anos-
min-1. Notably, these mutations affect residues that are
conserved between human and chicken proteins [57, 85].
Five KAL1 missense mutations, among a total of 25 dif-
ferent point mutations [82] had been reported in KAL
patients, namely p.C163Y [86], p.C172R [11], p.N267K
[83], p.ES14K [87] and p.F517L [88]. The p.C163Y
and p.C172R amino acid substitutions are located in the
WAP-like domain of anosmin-1; both mutations are ex-
pected to disrupt disulfide bonds that are essential for the
structure of this domain. The p.N267K, p.E514K, and
p.F517L substitutions are located in structurally defined
positions on the GFCC beta sheet of the first and third
FNIII [89]. Molecular modeling and experimental studies
predicted that two of these three mutations alter the basic
surface charge of the protein, potentially interfering with
binding to HS.

Bimanual synkinesia, bilateral cryptorchidism and uni-
lateral renal agenesis were variably found in patients car-
rying these mutations. These findings underscored the
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functional importance of the WAP domain for GnRH and
OB ontogeny, as well as in the corticospinal tract (respon-
sible for mirror movements) and urogenital development
(responsible for kidney agenesis).

Finally, anosmin-1 has also been proposed to play a role
on development of the cribriform plate; in fact, the defect
in olfactory axon elongation and GnRH neuron migra-
tion observed in KS could be due in part to an anomalous
cribriform plate, and the observed alterations of the olfac-
tory mucosa and nasal epithelia in some KS patients may
support this hypothesis [90, 91]. However, in the only
X-KS fetus studied so far, GnRH neurons and olfactory
axons have clearly traversed the cribriform plate but they
have remained trapped between the dura mater and the
dorsal surface of the cribriform plate [28]. On the other
hand, the craniofacial bone anomalies reported in autoso-
mic KS due to KAL2 gene defects (see below) make this
hypothesis much more attractive and worthy of further
investigations.

The KAL2 gene encodes FGFR1

The KAL2 gene has been recently identified in KS pa-
tients with an autosomic dominant pedigree and it en-
codes FGFR1. Dode et al. [39] found overlapping in-
terstitial deletions at 8p12-pl1, a region that included
the FGFR1 gene, in two individuals affected by contigu-
ous gene syndromes. These authors also described het-
erozygous mutations in the 18 coding exons and splice
sites of FGFR1 in both familial and sporadic cases of
KS. Individuals affected by KS due to KAL2 mutations
show typical HH and anosmia, but also other defects,
such as agenesis of the corpus callosum, unilateral hear-
ing loss, and fusion of the fourth and fifth metacarpal
bones. In addition, cleft palate or lip and dental agenesis,
two anomalies that are occasionally associated with KS
[8, 92] are also present in individuals with mutations in
FGFRI1, suggesting their link with this form of the dis-
ease.

0 & 00 lo

KAL1 [ 1 |2‘3‘ 4

Anosmin-1

SP Cys

WAP

s |6 7 | 8] 9 [10]1] 12 [13}d

Figure 2. The schematic structure of the KAL1 gene, anosmin-1 and the location of the mutations found in KS. FNIII are fibronectin
repeats of type III. SP, signal peptide; Cys, cysteine box; WAP, whey acidic protein-like domain; H, hystidine domain. Closed diamonds,
point mutations; open diamonds, insertions or deletions; arrows, intron mutations. Exon and whole-gene deletions are not shown in the

picture [from ref. 82].
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Moreover, Sato and coworkers [41] found novel intra-
genic FGFR1 mutations in sporadic male cases of KS.
The males with FGFR1 mutations had hypogonadotropic
hypogonadism and anosmia but lacked other features. Fi-
nally, genomic breakpoints of a balanced reciprocal trans-
location t(7;8) (p12.3;p11.2) were also recently described
in a male patient with HH and cleft lip and palate [93].
The translocation breaks up the FGFR1 sequence between
exons 2 and 3, generating a novel fusion gene product.
Although FGFRI1 translocations producing fusion pro-
teins have been reported as causes of myeloproliferative
disorders, the finding of a constitutional FGFR1 trans-
location in KS associated with a developmental disorder
is of particular interest. Even if these and other results
indicate that haploinsufficiency for FGFR1 is a cause of
cleft lip and palate [39, 41], the absence of detected an-
osmia in the patient with a translocation indicates that
sufficient FGFR1 function may have been maintained to
prevent the degree of agenesis of the olfactory lobes typi-
cally found in KS. FGFs make up a large family of poly-
peptide growth factors which are conserved in organisms
ranging from nematodes to humans. There are at least 23
different members of the FGF family, all of them sharing
a conserved core region of 120 amino acids. Members of
the FGF family exert multiple roles during central ner-
vous system development, and are potent modulators of
cell proliferation, migration, differentiation and survival
[94]. Several studies on the expression patterns of FGF
ligands and receptors during central nervous system de-
velopment as well as functional in vitro and in vivo assays
have emphasized the critical role of FGFs in the initial
generation of neural tissue at the stage of neural induc-
tion. This activity is also present in the rostral forebrain,
directly affecting OB development (see below).

The FGFs produce their effects through transmembrane
receptors, which are members of the tyrosine kinase fam-
ily. Binding to FGFs and HSPGs leads to dimerization
and subsequent activation of the receptor [see ref. 95 for
a review]. Five FGF receptor genes, FGFR-1 to FGFR-5
have so far been identified; in addition, the presence of
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alternative splicing forms creates multiple receptor iso-
forms, with distinct specificities for particular FGFs.
The FGFR1 gene lies on chromosome 8, at 8p11.2-p11.1.
The molecular structure of the protein is common to the
other members of the FGF receptor family and consists
of three immunoglobulin-like (Ig-like) domains, a stretch
of acidic amino acids between Ig-like domains I and I,
a heparin-binding domain in the extracellular binding re-
gion and an intracellular tyrosine kinase domain (Fig. 3)
[96, 97]. Alternative tissue-specific splicing in Ig domain
III dramatically changes the specificity of the FGFR for
certain FGFs and is essential for directional FGF signal-
ing. In contrast, another alternative splicing event, which
eliminates Ig domain I, has little effect on ligand binding
[98, 99]. In vitro assays have shown that FGFR1 isoforms
have distinct binding affinities for the various FGFs, but
only bind FGF1 and FGF2 with high affinity [100, 101].
Binding experiments demonstrated that multiple regions
of the FGFR regulate ligand binding specificity and that
one FGFR can interact with two molecules of FGF2. All
this evidence suggests that the structural characteristics
of the FGFR are important for the binding specificity of
a large number of ligands and for the mechanism of acti-
vation by FGF and heparin/HS. In fact, a heparin/HSPG-
binding site consisting of a stretch of 18 conserved resi-
dues (K18K) has been identified on the FGFR [97]; the
K18K sequence is essential for receptor activity and by
itself has the ability to interact with heparin. The identifi-
cation of this site has suggested a model in which heparin
could form a bridge between FGF and the FGFR.

FGF2 ligand and FGFR1 have been co-crystallized with
heparin, and the structure of the complex defined [102].
Crystallization studies have also identified the location
of an FGF-binding site in a region of the FGFR that in-
cludes Ig-like domains II and III and the linker domain
[103]. There is also a potential heparin-binding cleft in
the FGFR that incorporates the K18K peptide, which is
contiguous with the heparin binding site on FGF2.
Notably, FGFR1 dimerization, induced by FGF binding,
activates a variety of downstream signaling molecules by
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Figure 3. Schematic structure of KAL2 gene, fibroblast growth factor receptor 1 (FGFR1), and the location of the mutations found in KS.
Ig I, Ig II and Ig III are the extracellular immunoglobin-like domains connected with disulfide bridges. The intracellular tyrosine kinase
domain has two parts: a catalytic site and an ATP-binding site. SP, signal peptide; AB, acid box; HB, heparin-binding domain; FGF bd,
FGF-binding domain; TM, transmembrane; TK, tyrosine kinase domain. Closed diamonds, point mutations; open diamonds, insertions or

deletions; arrow, intron 15 mutation [data from ref. 82].
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the autophosphorylation of tyrosine residues located in
the intracellular region of the protein [95, 104]. The inter-
action of FGFs with their receptors may activate several
downstream pathways. In particular, the signal transduc-
tion pathways that control central nervous system pat-
terning and rostral forebrain development involve Six3
and Irx3 gene PLC-gamma- and Raf-dependent signal-
ing [105, 106]. In addition, the small guanosine triphos-
phatases members, such as Rho, Rac, and Cdc42, known
to control neuronal growth cones and cell migration and
responses to chemoattractive/chemorepellent molecules,
are also involved in FGF signal transduction [107, 108].
Several dysfunctions due to altered FGFR have been de-
scribed. A constitutive gain-of-function mutation in the
genes encoding FGFRs is responsible for the craniosyn-
ostosis present in Pfeiffer’s syndrome (FGFR1 mutations)
[109, 110], characterized by craniofacial anomalies, broad
thumbs and big toes [111], and other skeletal dysplasia
disorders, like the non-syndromic trigonocephaly, the
Antley-Bixley syndrome, osteoglophonic dysplasia and
in Jackson-Weiss syndrome [112—-114, 115] However, no
abnormality of the reproductive axis has been described
in these syndromes.

In contrast, dominant forms of KS (KAL2) are linked to
various loss-of-function mutations in FGFR1. At least
12 heterozygous nonsense or missense point mutations
of FGFR1 have been so far characterized in familial and
sporadic cases of the disease (Fig. 3) [82]. Moreover,
small deletions leading to frameshift of the coding se-
quence and synthesis of truncated FGFR1 have also been
reported. Several mutations substituted residues involved
in receptor folding or in signal transduction [39, 41, 93]
supporting the conclusion that autosomal KS may be due
to inactivation of FGFRI.

The frontal mass problems, like dental agenesis and cleft
palate, observed in KAL2 patients suggest a possible
cranial neural crest defect. FGF was found to affect the
patterning of both pre- and post-migratory cranial neural
crest [116, 117], and this may explain the anomalies of
many subjects affected by autosomal KS.

The observation that in subjects carrying KAL1 or KAL2
mutations the phenotype may be limited to anosmia sug-
gests a role for FGFs in the development of the olfactory
system [42] as well as a possible functional interaction
between anosmin-1 and FGFR1-mediated effects [118].
Actually, several FGFs (i.e. FGFS, 3, 15, 17, and 18) are
expressed in the developing telencephalon [119, 120]. In
particular, FGF8 is expressed early in the mouse anterior
forebrain and may play a key role in rostral telencephalic
patterning [121]. Partial loss of function of the FGF8
gene during embryonic life leads to a small telencepha-
lon, agenesis of OBs and an altered normal midline [122].
On the other hand, the initial contact between olfactory
axons and the forebrain does occur in mice selectively
lacking FGFR1 in the telencephalon. However, the OBs
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do not form normally from the neuroepithelial wall [42]
and the animals show a defect of sense of smell. This de-
fect in rostral telencephalon development may indirectly
affect the migration of GnRH neurons (see below).

A functional interaction between KAL1 and KAL2 gene
products has been proposed [39, 118]; in particular, the
two factors have been suggested to converge on the con-
trol of a common downstream intracellular signaling
[82]. As stated above, and in the previous section, both
anosmin-1 and FGFs need the interaction with HSPG for
their functions.

Recently, a functional interaction in vitro between anos-
min-1 and the FGFR1-FGF2-HS complex has been re-
ported. Such an interaction led to amplified responses in
the FGFR1 signaling pathway that controls neurite out-
growth and cytoskeletal rearrangements of human em-
bryonic olfactory neuroblasts [118].

Finally, anosmin-1 has also been proposed to interact
directly with FGFR1 through its FNIII repeats; this is
supported by the evidence that the two FNIII repeats of
neural cell adhesion molecule (N-CAM) may bind to the
extracellular region of this FGF receptor [123].
However, functional anosmin-1-FGF interaction in OB
development needs further investigations to be con-
firmed.

Defect of GnRH neurons migration in
Kallmann’s disease

GnRH neurons comprise a small number of neuroendo-
crine neurons located in the hypothalamus of adult brain
and are responsible for the secretion of the decapeptide
GnRH. During development, they navigate an unusual
pathway, migrating from their place of birth in the nasal
compartment [ 124] to their final destinations scattered in
the basal forebrain, in most vertebrates. Neuroendocrine
GnRH neurons that regulate the pituitary-gonadal axis
are usually referred as GnRH-1. In mammals, they appear
to originate in the nasal region, in association with the
medial wall of the olfactory placode, and migrate along
the vomeronasal and the terminal nerves to gain access
to the forebrain and to reach their final positions along
the rostral-to-caudal continuum, extending from the me-
dial septo/preoptic region of the forebrain to the posterior
hypothalamus [26, 27, 125]. Even if a developmental as-
sociation of GnRH neurons with the olfactory region has
been assessed in several animal species (e.g. opossum,
birds and fishes), the real origin of hypothalamic GnRH
neurons is still debated [126]. The physical or genetic
ablation of the olfactory placode in mice lead to a loss
of hypothalamic GnRH neurons; in particular, the lack
of the olfactory placode found in the mouse small-eye
(Sey) homozygote mutant, which results from defect in
the Pax6 gene, correlates with the absence of GnRH neu-



2520 A. Cariboni and R. Maggi

rons in either the nose or the brain of the mouse at any
embryonic age [127]. However, limitations of the olfac-
tory placode ablation technique and the number of devel-
opmental defects found in Sey mouse (including defects
in the migration of neural crest cells and in the develop-
ment of anterior pituitary) do not conclusively support
the placodal origin of GnRH neurons. [126]. Actually,
new populations of forebrain GnRH neurons (called
neuromodulatory GnRH neurons) have been identified;
these neurons may originate from the anterior pituitary,
from hypothalamic precursors as well as neural crest cells
[124, 128-131], but they apparently do not contribute
in the control of the reproductive axis. Once migrating
neuroendocrine GnRH neurons have reached the hypo-
thalamus, they project the axons to the median eminence,
where they release GnRH into the pituitary portal vessels
to induce the secretion of the gonadotropins from the an-
terior pituitary into the general circulation. These steps
are key events for the development of a series of normal
reproductive functions.

The mechanisms involved in the development of the mi-
gration route, as well as the molecular cues which con-
trol the movement of GnRH neurons along it, are not yet
completely understood. In the last few years, a series
of genes or proteins able to influence the migration of
GnRH neurons in vivo and in vitro have been identified,
[e.g. GABA, catecholamines, netrin-1, hepatocyte growth
factor (HGF), growth arrest-specific gene 6 (Gas6), hu-
man nasal embryonic LHRH factor gene (NELF), stath-
min, neural cell adhesion molecule and Ebf2; reviewed in
refs. 132—135]. On the basis of their time of expression
and their regional distribution, these factors have been
suggested to act at different levels of the progression of
the migratory process. In addition, some of these factors
were found to affect indirectly the migration of GnRH
neurons, i.e. by altering the development of the GnRH
neurons themselves, or the components of the migratory
route.

It must be underscored that, from the neurobiological
point of view, a correct classification of factors specifi-
cally involved in the migration of GnRH neurons needs to
be delineated in relation to the general criteria governing
neuronal migration [136—139]. These include, for in vitro
experiments (isolated cells, brain slices), the presence of
specific receptors, the induction of random motility rather
than that of directional chemotaxis (instructive vs permis-
sive action), and the speed of migration (usually not less
than 10 pum/h for neurons) [137]. On the other hand, for in
vivo studies (i.e. like those performed on transgenic and
knockout animals), it is important to assess whether the
effects observed are cell autonomous (i.e. direct action on
GnRH neurons) rather than due to a secondary action of
the factors on the components of the migratory route (e.g.
nasal mesenchyme, axons, vasculature or glial cells).

Kallmann’s syndrome

Unfortunately, the study of the GnRH-secreting neurons
in animal models is generally hindered by their pecu-
liar development and anatomical distribution. Several
subpopulations of GnRH neurons have been described;
in addition, they migrate during a developmentally nar-
row window of time (from embryonic day 11 to 18, in
rodents) and these neurons are very limited in number
and scattered into the septo/hypothalamic region in adult-
hood. The study of GnRH neurons has been facilitated
by the development of cell lines of immortalized pure
mouse GnRH-secreting neurons. Two different cell lines,
GT1 cells (which include GT1-1, -3 and -7 subclones)
[140] and GN cells (with GN10, GN11 and NLT sub-
clones) [141] have been obtained by genetically targeted
tumorigenesis of GnRH neurons in mice. Biochemical
and immunological studies have shown that both cell
lines express neuronal markers and retain the biological
features of GnRH-secreting neurons. Moreover, a series
of similarities between these immortalized neurons and
normal GnRH neurons in vivo indicate that immortalized
GnRH neurons can be considered an adequate model to
study the biology of GnRH-secreting neurons [142]. It is
interesting to underline that the GT1 and GN cell lines are
representative, of well-differentiated post-migratory and
of immature migratory GnRH neurons, respectively [143,
144]. From this perspective, we were the first to demon-
strate, by various techniques and experimental paradigms
(e.g. microchemotaxis assay, collagen gel invasion tests),
that GN-derived clones (GN11 and NLT cells) retain a
strong chemomigratory response in vitro to a series of
stimuli such as fetal bovine serum, HGF, endothelin, vas-
cular endothelial growth factor (VEGF) and Gas6 [142,
143, 145-148], suggesting their usefulness for the study
of the multiple factors involved in the control of the mi-
gration of GnRH neurons in well-controlled culture con-
ditions [134, 142].

In fact, the absence of a mouse model for the study of KS
but the availability of such a cellular model of migrat-
ing GnRH neurons gave us the opportunity to study the
role of anosmin-1 on purified mouse GnRH neurons. In
particular, due to the ability of GN11 cells to migrate in
vitro and to their characteristic phenotype of immature
GnRH neurons, we decide to use them to test the possible
chemotropic activity of anosmin-1.

By using this experimental paradigm, we were the first to
show a direct action of anosmin-1 on the migratory activ-
ity of GnRH neurons. In fact, anosmin-1 produced a cell-
specific chemotactic response of GN11 cells; moreover,
none of the three forms of anosmin-1 carrying different
missense mutations (N267K, E514K, F517L) found in
patients affected by X-linked KS affected the chemomi-
gration of GN11 cells.

We also found that anosmin-1 binds to the GN11 cell sur-
face by interacting with the HSPG and the chemotactic ef-
fect of anosmin-1 can be specifically blocked by heparin
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or heparinase pre-treatments [81]. In complete agreement
with our findings, recent work done in fish, showed that
the inactivation of the medaka KAL1 orthologue resulted
in the disruption of forebrain GnRH neuronal migration
[51], and that in zebrafish, the knockdown of kall.1 gene
function resulted in the loss of endocrine GnRH cells of
the hypothalamus, but not of neuromodulatory GnRH
cells of the midbrain and terminal nerve [128], thus sug-
gesting once again the existence of separate pathways
controlling the development of GnRH neurons and the
possibility of a direct effect of anosmin-1 on GnRH neu-
rons.

To correlate our in vitro results with the possible situa-
tion in vivo, we propose a role for anosmin-1 in attracting
GnRH neurons to the forebrain. As stated above, anos-
min-1 is a protein secreted into the extracellular matrix;
anosmin-1 produced from the OB region could therefore
diffuse in the adjacent extracellular matrix and create a
concentration gradient, acting as a short-range chemoat-
tractant for inward-migrating olfactory axons and GnRH
neurons. Immunohistochemical studies carried out on
human fetuses have shown that anosmin-1 is detected in
the medial walls of the primitive cerebral hemispheres,
on the migration path of the GnRH neurons and central
roots of terminal nerves [58].

In summary, our results strongly support the evidence
that anosmin-1 plays a key role in the control of migra-
tory behavior of GnRH neurons, in addition to its known
effect on olfactory nerve development, and provide an
explanation for the infertility of patients affected by X-
KS. In fact, before these findings, the more prevalent hy-
pothesis for the HH observed in KS was that the defect
of GnRH neuron migration was secondary to the absence
of a proper scaffold, composed by the olfactory axons.
However, a pleiotropic role for anosmin-1 on neuronal
cell functions, which comprise axonal elongation and fas-
ciculation as well as cell migration, cannot be excluded.
On the other hand, no direct evidence for a role of FGFR-
1 on the migration of GnRH-secreting neurons has been
clearly shown. Immunocytochemistry studies revealed
the presence of FGFRs 1, 2 and 3, but not 4, in embryonic
day (E) 10.5 medial nasal placode in mice. Dual immu-
nocytochemistry confirmed the presence of FGFRs 1 and
3, but not 2 and 4, in a substantial fraction of E15.5 and
postnatal day (P) 3 GnRH neurons. Moreover, the same
paper shows that the addition of FGF2 to E15.5 and P3
GFP-GnRH neurons stimulated neurite outgrowth (E15.5
and P3) and branching (P3), suggesting a regulatory role
of FGFs in GnRH axon targeting [149].

In addition, Gonzalez-Martinez and co-workers [118]
have reported a functional interaction between anosmin-1
and the FGFR1-FGF2-HS complex, leading to amplified
responses in the FGFR1 signaling pathway. In human em-
bryonic GnRH olfactory neuroblasts, wild-type anosmin-
1, but not proteins with loss-of-function KS mutations,
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induces neurite outgrowth and cytoskeletal rearrange-
ments through FGFR1-dependent mechanisms involving
a series of kinases. This study suggests that anosmin-1 is
a co-ligand modulator of FGFR signaling that amplifies
and specifies FGFR1 responses, thus providing a mecha-
nism of linkage between autosomal and X-KS [118].

Concluding remarks

The reading of the human genome has opened up a new
chapter in the physiopathology of many genetic diseases.
Among them, KS continues to show a particularly promi-
nent position. In fact, even if KS is not a lethal disease, it
has raised the interest of many scientists for the specific
features of the main systems involved (olfactory and re-
productive) and for the biological defects included (endo-
crinological and neurobiological defects). Moreover, the
cloning of two different genes (KAL1 and KAL2) respon-
sible for certain forms of this complex disease has opened
new perspectives to clarify general mechanisms govern-
ing brain development. Nevertheless, several conceptual
issues still remain unsolved. For example, from a strictly
experimental point of view, expression studies performed
on human embryos have substantiated KAL1 expression
in the developing OB, but with a cellular expression pat-
tern different from the chicken (i.e. mitral cells compared
with granular cell layer) [56]. However, since KALI1 is a
secreted molecule, the significance of this discrepancy is
still unclear.

From a pathogenetic view, the major critical point is the
observation that hypogonadism and anosmia can occur
together or separately within the same pedigree, suggest-
ing that development of the OB may not always be linked
or essential for GnRH development in humans. Moreover,
subjects affected by X-KS without a clear hypogonadism
and with normal-size testes have been described [10].
The possibility that abnormalities in KAL1 could cause
such a distinct phenotype suggests that partial defects in
GnRH migration and signaling may also occur and that
other proteins could compensate for the genetic defect.
Finally, the high phenotypic variability due to loss-of-
function mutations of FGFR1 suggests, once again, that
modifier genes or environmental factors are involved in
determining the phenotype. It should also be recalled
that patients with KS often display a variety of additional
symptoms such as synkinesia, cerebellar abnormalities
and unilateral renal aplasia. In humans, FGFs and their
receptors are expressed in many embryo tissues; similarly,
anosmin-1 is also expressed in several tissues outside the
olfactory system, but the complete function of these fac-
tors in these tissues is still not fully understood.
Investigation of the mechanisms controlling GnRH neu-
ronal migration might provide new insights into under-
standing the pathogenesis of KS. In recent years, several
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factors involved in the migration of GnRH neurons have
been characterized. Even though no mutations have been
so far identified for most of the classical KS patients,
these factors, or, alternatively, molecules that mediate
their intracellular signaling, are potential candidates for
the remaining 80% of familial and sporadic KS with un-
known pathogenesis.

In a recent publication [151] the new p.W571R missense
mutation has been described.
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