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Abstract

Hypogonadotrophic hypogonadism (HH) is characterized
by delayed or absent pubertal development secondary to
gonadotrophin deficiency. HH can result from mutations of
the gonadotrophin-releasing hormone receptor 1, the go-
nadotrophin B-subunits, or various transcription factors in-
volved in pituitary gland development. HH occurs in DAXT
mutations when associated with adrenal insufficiency (adre-
nal hypoplasia congenita), and is also linked with obesity in
patients with mutations of leptin and its receptor, as well as
mutations in prohormone convertase 1. Rarely, HH has re-
sulted from kisspeptin receptor (GPR54) mutations, a gene
implicated in the regulation of pubertal onset. When occur-
ring with anosmia (a lack of sense of smell), HH is referred to
as Kallmann'’s syndrome (KS). Two KS-related loci are cur-
rently known: KAL1, encoding anosmin-1, responsible for X-
linked KS, and KAL2, encoding the fibroblast growth factor
receptor 1 (FGFR1), mutated in autosomal dominant KS. An-
osmin-1 is an extracellular glycoprotein with some unique
structural characteristics; it interacts with both urokinase-
type plasminogen activator and FGFR1. It has previously
been shown that anosmin-1 enhances FGFR1 signalling in a
heparan sulphate-dependent manner, and proposed that

anosmin-1 fine-tunes FGFR1 signalling during olfactory and
GnRH neuronal development. Here, we review the known
normosmic causes of HH, and discuss novel developmental
and molecular mechanisms underlying KS; finally, we intro-
duce three novel genes (NELF, PKR2, and CHD?) that may be
associated with some phenotypic features of KS.
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Introduction

In humans, pulsatile release of hypothalamic gonado-
trophin-releasing hormone (GnRH) is essential for func-
tioning of the hypothalamic-pituitary-gonadal (HPG)
axis. GnRH is secreted into the hypophyseal portal cir-
culation of the median eminence, where it activates the
GnRH receptor 1 (GnRHR1) on the anterior pituitary go-
nadotrophs, thereby stimulating expression, synthesis
and secretion of the two pituitary gonadotrophins: lu-
teinizing hormone (LH) and follicle-stimulating hor-
mone (FSH). LH and FSH stimulate steroid production
and gametogenesis in both sexes. Production of gonado-
trophins and resulting reproductive competence are
therefore dependent on correct development and coordi-
nate functioning of both hypothalamic GnRH-secreting
cells and pituitary gonadotrophs [1, 2].

During human embryogenesis, GnRH-secreting neu-
rons migrate from the olfactory placode to the medio-
basal hypothalamus, where they undergo terminal dif-
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Fig. 1. Schematic diagram of the HPG axis. The genes which are
mutated in some patients with heritable forms of hypogonadism
are indicated on the right. Mutations in all of these genes (except
LHR and FSHR) are responsible for some cases of HH, and are
discussed in more detail in this review, with particular emphasis
on the KS genes (KALI and FGFR1). LHR = LH receptor; FSHR =
FSH receptor.

ferentiation and GnRH secretion [3, 4]. These migratory
steps are strictly regulated by specific spatiotemporal ex-
pression patterns of axonal guidance cues, cell adhesion
molecules and extracellular matrix (ECM) proteins, as
well as specific transcription and growth factors and neu-
rotransmitters that determine GnRH neuronal fate [5].
GnRH secretion is temporarily activated postnatally (for
3-6 months in the male), but then remains quiescent un-
til the onset of puberty when the HPG axis is reawakened
and secondary sexual maturation begins.
Hypogonadotrophic hypogonadism (HH) is a disor-
der of the HPG axis, characterized by failure of gonado-
trophin secretion presenting as complete or partial fail-
ure of pubertal development. Clinical presentation also
includes micropenis and cryptorchidism in the male, and
amenorrhoea in the female. HH may be either congenital
or acquired, secondary to hypothalamic or pituitary le-
sions. Congenital HH may be isolated, or occur in asso-
ciation with craniofacial anomalies/midline defects, and
in certain disorders such as the Prader-Willi syndrome.
Although most cases of HH are ‘idiopathic’, the last few
decades have witnessed the gradual unravelling of the ge-
netic basis of an increasing number of specific aetiolo-
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gies. These advances have played a significant role in elu-
cidating the pathophysiology of HH, and also in unfold-
ing the complexities of the HPG axis.

Congenital HH is often classified into two categories:
one, associated with anosmia (a lack of sense of smell:
Kallmann’s syndrome (KS)), the other, associated with
normosmia. Additional neurological and non-neurologi-
cal signs may co-exist, depending on the specific mode of
inheritance. The application of conventional linkage
studies to investigate the genetic basis of HH has proven
difficult, both because of its rarity and the infrequency of
familial transmission; more importantly, pedigrees tend
to be small since the majority of patients, without treat-
ment, remain infertile [6]. Three modes of inherited KS
are described: X-linked (KAL1, OMIM:308700), autoso-
mal dominant (KAL2, OMIM:147950), or autosomal re-
cessive (KAL3, OMIM:244200), with only KALI and
KAL2 hitherto cloned. We first provide a molecular ge-
netic overview of normosmic forms of HH, including
those caused by mutations of GnRHRI, the gonadotro-
phin B-subunits (LHB and FSHp), pituitary transcrip-
tion factors (HESXI, LHX3, and PROPI), DAXI, leptin
and its receptor (LEP and LEPR), prohormone convertase
1 (PC1), GPR54, and KiSS1, and then discuss recent in-
sights into the pathogenesis of KS (fig. 1).

Normosmic HH

GnRH and Its Receptor

Although an obvious candidate, no GnRH mutations
causing HH have been reported, in contrast to a recessive
HH mouse model due to a large intragenic GnRH dele-
tion [7] that has previously been defined. GnRHR1I muta-
tions are seen in 40% of autosomal recessive normosmic
HH patients [8, 9], the heterozygote being in general un-
affected. GnRHRI mutations often lead to impaired
GnRH binding and/or receptor activation, with a conse-
quential reduction in pituitary GnRH responsiveness.
There is a broad spectrum of phenotypes in patients with
GnRHRI mutations, even within the same kindred, rang-
ing from complete to partial HH [reviewed in 2], suggest-
ing the involvement of modifier genes, epigenetic factors,
or environmental mechanisms.

Gonadotrophins (LH and FSH)

Gonadotrophins are heterodimers of a specific 3-sub-
unit with an a-subunit common to all glycoprotein hor-
mones (TSH, LH, FSH, and hCG). No human a-subunit
mutations have been reported, probably because such
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mutations would be non-viable [1]. However, mutations
in the FSH and LH (-subunit genes have been reported
in patients with delayed puberty [10, 11].

Pituitary Transcription Factors

The development of the normal adenohypophysis re-
sults from the precise spatial and temporal interaction of
several signalling molecules including fibroblast growth
factor 8, sonic hedgehog, and bone morphogenetic pro-
teins 2 and 4, acting in concert with the homeobox tran-
scription factors LHX3, PROP1, and HESX1 [12]. Muta-
tions in LHX3, PROPI1, and HESX1 cause some cases of
combined pituitary hormone deficiency (CPHD), which
are often associated with a number of midline abnormal-
ities [2]. Netchine etal. [13] reported a homozygous LHX3
mutation in two unrelated consanguineous families, who
presented with CPHD (but normal corticotroph func-
tion) that notably included pituitary deficits in LH and
FSH. Three of the oldest patients failed to show any signs
of spontaneous puberty by the age of 15 years. CPHD pa-
tients with PROPI mutations demonstrate variable de-
grees of gonadotrophin insufficiency, from mild (occa-
sionally late onset) to extremely severe, in association
with lactotroph, somatotroph, and thyrotroph deficiency
at birth, and occasional progressive corticotroph defi-
ciency [14, 15]. Dattani et al. [16] showed that some cases
of septo-optic dysplasia (SOD) were associated with ho-
mozygous mutations of HESXI. SOD is a condition de-
fined by any combination of optic nerve hypoplasia, pi-
tuitary gland hypoplasia and midline abnormalities of
the brain such as absence of the corpus callosum and sep-
tum pellucidum. SOD varies greatly in its severity and
may include either sexual precocity or pubertal failure.
Heterozygous mutations of HESXI have been associated
with SOD with milder CPHD [17].

HH with Adrenal Hypoplasia Congenita

HH occurs in conjunction with adrenal hypoplasia
congenita in patients with loss-of-function mutations in
the DAXI (NROBI) gene, encoding the orphan nuclear
receptor, DAXI1 [18, 19]. Steroidogenic factor-1 (SF1) is a
turther orphan nuclear receptor that regulates the tran-
scription of genes involved in the adrenal and gonadotro-
phic axes. SfI knockout mice show complete adrenal and
gonadal agenesis [20], and some patients with mutations
in the gene encoding SF1 have XY sex reversal with adre-
nal failure [21]. DAX1 antagonizes SF1-mediated tran-
scription in vitro, but they have both been shown to act
independently or cooperatively during male gonadal de-
velopment [22].

Molecular Pathogenesis of Kallmann’s
Syndrome

HH with Obesity

Mutations both of the leptin gene (LEP) and its recep-
tor (LEPR) are associated with HH and obesity [23, 24].
Leptin has a central effect on the release of neurotrans-
mitters, such as neuropeptide Y, which are believed to
subsequently regulate GnRH secretion [1]. Patients with
mutations in prohormone convertase 1 (PCI) also present
with obesity and HH, as well as hypocortisolaemia and
hypoinsulinaemia [25]. PC1 is an endopeptidase required
for post-translational processing of some prohormones
and neuropeptides.

GPR54 and Pubertal Onset

In 2003, loss-of-function mutations of the gene encod-
ing GPR54 (G protein-coupled receptor 54) were shown
to result in isolated HH [26, 27]. Kisspeptin-54, a 54-ami-
no acid peptide derived from the KiSSI gene product, is
the natural ligand for GPR54, and significantly, a KiSS1
mutation associated with isolated HH has also been re-
ported [28]. Shorter C-terminal derivatives of human
kisspeptin-54, designated kisspeptin-14, -13, and -10,
have similar high-affinity binding to GPR54 [29]. Intra-
cerebroventricular kisspeptin-10 administration induces
a dramatic release of GnRH in sheep [30], and intracere-
broventricular kisspeptin-10 administered to primates
results in an immediate gonadotrophin surge [31]. Gpr54
knockout mice [27] fail to secrete FSH and LH in response
to exogenous murine kisspeptin-15, despite having ana-
tomically normal hypothalamic GnRH neurons, indicat-
ing that the hypogonadism results from abnormalities of
GnRH neuronal secretion [30]. Kisspeptin-induced
GPR54 signalling is thus a major regulatory control point
for GnRH release, and may play a determining role in
pubertal onset. Recently, intravenous kisspeptin-54 was
shown to also stimulate LH, FSH, and testosterone secre-
tion in human male volunteers [32]. However, when in-
fused continuously into male juvenile rhesus monkeys,
human kisspeptin-10 appears to desensitize/downregu-
late Gpr54-induced GnRH release, monitored indirectly
by gonadotrophin release [33]. These findings have po-
tential therapeutic implications for a range of human re-
productive conditions.

Kallmann’s Syndrome

Introduction

Aureliano Maestre de San Juan (1856) [34] first report-
ed the autopsy finding of a hypogonadal man with small
testes and absent olfactory bulbs. Franz Josef Kallmann
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Fig. 2. Schematic drawing depicting anosmin-1 (green star),
FGFR1 (blue star), and GnRH (red circle) immunoreactivity in
the olfactory system and rostral forebrain during human embryo-
genesis after 53-54 days (CS21). Red circles with blue stars at their
centre represent GnRH cells that co-express FGFR1. F = Fore-
brain; OB = olfactory bulb; OE = olfactory epithelium; ON = ol-
factory nerve; TN = terminal nerve; NTg = terminal nerve gan-
glion cells, sc = sulcus circularis, LOT = lateral olfactory tract,
gc = granule cells, m = meninges, Lv = lateral ventricle, ne = neu-
roepithelium [5, 43, and unpubl. data].

(1944) [35] subsequently demonstrated the hereditable
form of HH with anosmia in three different families. KS
is a heterogeneous developmental genetic disorder affect-
ing about 1 in 8,000 males and 1 in 40,000 females, the
majority being sporadic [36]. Although HH with anos-
mia or hyposmia were previously thought to identify a
distinct subgroup of HH (KS), recent findings cast doubt
on this classification, and suggest that anosmia/normos-
mia and HH form a phenotypic continuum that can re-
sult from mutations in the same gene [37, 38]. Other clin-
ical features associated with KS may include unilateral
renal agenesis, bimanual synkinesia (upper body mirror
movements), dental agenesis, and cleft palate.

In KS, anosmia and HH result from olfactory bulb
(OB) dysgenesis and hypothalamic GnRH deficiency re-
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spectively [39]. In most vertebrates, olfactory and GnRH
neurons both originate from the nasal compartment. Ol-
factory axons migrate and establish contact with the OB
anlage, a prerequisite for OB morphogenesis [40]. There
are two waves of GnRH neuronal migration into the
brain: one precedes OB formation, the other occurring in
association with OB formation (fig. 2) [5]. In this later
wave of migration, GnRH-secreting neurons migrate
into the hypothalamus along a nasal mesenchymal scaf-
fold of olfactory, vomeronasal and terminal nerves, ex-
pressing neural cell adhesion molecule along their central
processes, prior to dispersing in the mediobasal part of
the anterior hypothalamus [41]. In 1989, Schwanzel-Fu-
kuda et al. [42] described a human foetus with X-linked
KS (XKS) whose GnRH neurons terminated in a tangle
beneath the forebrain on the dorsal surface of the cribri-
form plate; this demonstrated that the HH in KS resulted
from a GnRH neuronal migratory defect. Since the initial
differentiation and migration of olfactory and GnRH
neurons appeared normal, the developmental defects
seen in XKS patients were proposed to result from abnor-
malities in subsequent axonal elongation, pathfinding,
and/or terminal differentiation [42, 43].

Anosmin-1 and XKS

KALLI, the gene responsible for XKS, was cloned inde-
pendently by two groups in 1991 [44, 45]. Located on
Xp22.3, it has a non-functional Y chromosome homo-
logue. KALI orthologues are present in chicken, zebraf-
ish, fruitfly, and the nematode worm Caenorhabditis ele-
gans [39]. KALI mutations only account for a small mi-
nority of KS cases (14% of familial and 11% of sporadic
cases) [46]. The phenotype associated with KALI muta-
tions varies significantly, even amongst monozygotic
twins sharing the same mutation [47], emphasizing the
likely role of modifier genes, epigenetic factors and envi-
ronmental factors in the penetrance of KALI mutations.

KALI encodes an approximately 100-kDa extracellu-
lar-matrix glycoprotein [48], anosmin-1, which shares
homology with neural cell adhesion molecule [44]. Dur-
ing development, anosmin-1 expression is restricted to
basement membranes and interstitial matrices of discrete
embryonicareas, including the developing olfactory bulb,
retina, and kidney [49, 50], some correlating with the dis-
tribution of clinical significant abnormalities in XKS pa-
tients. Anosmin-1 is a multi-domain protein consisting
of an N-terminal cysteine-rich region (Cys box), followed
by a whey acidic protein-like (WAP) four disulphide core
motif, four tandem fibronectin type III (FnlIII) domains
and a C-terminal histidine-rich region (fig. 3). The Cys
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Fig. 3. Schematic domain-structure dia-
gram of anosmin-1 (drawn to relative
scale). SP = Signal peptide; Cys box =
cysteine-rich region; WAP = whey acidic
protein-like four disulphide core motif;
FnlIII-1, FnlII-2, FnlII-3, FnllI-4 = fibro-
nectin type III domains; H = histidine-
rich region.

box contains ten cysteine residues, resembling the cyste-
ine-rich region of the insulin-like growth factor receptor
[51]. The eight cysteines of the WAP domain form four
disulphide bonds, highly conserved throughout the ser-
ine protease inhibitors of the WAP protein family, includ-
ing elafin, SLPI and PS20 [52]. Large positively charged
basic regions on the FnlII domains, particularly the first,
were shown by surface plasmon resonance to be essential
for high-affinity dose-dependent binding to negatively
charged heparan sulphate (HS) [52]. We recently used
both small angle X-ray scattering and analytical ultracen-
trifugation to characterize the solution structure of re-
combinant anosmin-1. Data generated were interpreted
using constrained homology modelling to visualize the
three-dimensional construction of anosmin-1; this
showed that the six domains of anosmin-1 were extended
with flexible inter-domain linkers, suggesting it may act
as a platform for coordinate interaction with HS and its
other biomacromolecular ligands [51].

Although anosmin-1 is highly conserved (especially
the WAP and first FNIII domain) across many species,
the rodent homologue has remained elusive, frustrating
attempts to develop a mouse XKS model. However, one
group has shown that anti-human anosmin-1 antibodies
cross-react with a 100-kDa protein in cerebellum and OB
extracts from both the rat and mouse, indicating that a
rodent anosmin-1 orthologue might exist [53]. Recently,
knockdown of a zebrafish KALI orthologue was shown
to result in the specific loss of hypothalamic GnRH cells,
while not affecting GnRH cells within the midbrain and
terminal nerve [54]. Similarly, in the medaka fish model,
knockdown of a KALI orthologue disrupted forebrain
GnRH neuronal migration [55].

In vitro, Cariboni et al. [56] have shown that human
anosmin-1 stimulates migratory activity in immortalized
rodent GnRH-producing neurons, whereas Soussi-Yani-
costas et al. [57] have demonstrated that anosmin-1 mod-
ulates neurite outgrowth in a cell-type specific manner.
This same group subsequently showed that anosmin-1

Molecular Pathogenesis of Kallmann’s
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stimulated collateral branch formation from rat OB out-
put neurons (the mitral and tufted cells) [53]. However,
previous observations suggest that olfactory defects seen
in KS patients result from earlier abnormalities in olfac-
tory system development; specifically, migration of sen-
sory neuronal axons towards, and connection with, the
OB anlage in the developing forebrain [42]. In this model,
anosmin-1 expressed in the presumptive OB area is hy-
pothesized to attract olfactory sensory neuronal axons to-
wards the forebrain during the latter stages of their trajec-
tory. In the absence of olfactory nerve synaptogenesis with
the OB anlage, GnRH neurons are denied a navigational
pathway towards the forebrain, explaining the deficiency
of hypothalamic GnRH-secreting neurons in KS [53].

The Role of HSPG

During development, the ability of anosmin-1 to con-
fer GnRH neurons with cell-specific chemotactic respon-
sivity, as well as branch-promoting and guidance func-
tions in olfactory neurons, is dependent on heparan sul-
phate proteoglycan (HSPG) interactions. In fact, HSPGs
are a critical component of the ECM, playing a vital role
in neuronal navigation during CNS development [58].

HSPGs are cell-surface or secreted proteins contain-
ing the glycosaminoglycan HS. During HS chain biosyn-
thesis, alternating glucuronic acid (GlcA) and N-acetyl-
glucosamine (GIcNAc) subunits are extended from the
core tetrasaccharide attached to a serine residue on the
protein. Some of the GIcNAc residues are then modified
by N-deacetylation/N-sulphation to form N-sulphated
glucosamine (GIcNS) regions (NS domains) which are in-
terspersed within the unmodified GlcNAc regions (NA
domains). The polymer is then further modified by
epimerization of GlcA to iduronic acid (IdoA) and by
three types of sulphation; the 2-O-sulphation of IdoA (or
more rarely GlcA) to form IdoA(2S) or GIcA(2S); the 6-
O-sulphation of GIcNS residues to form GIcNS(6S); and
the 3-O-sulphation of GIcNS(6S) to form GIcNS(3S,6S).
All modification reactions are incomplete in vivo, gener-
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Table 1. A summary of the reported loss-of-function FGFRI mu-
tations found in patients with autosomal dominant KS

Exon Nucleotide Amino acid Ref.
mutation change
3 290G>A G97D 37
3 296A>G Y99C 37
3 303G>A V1021 80
3 303-304insCC Frameshift 37
3 320C>A S107X 81
4 385A>C D129A 80
5 499G>T A167S 37
7 810G>A V273M 80
7 830G>A C277Y 37
7 936G>A Abnormal splicing 37
9 1093-1094delAG Frameshift 80
10 1317-1318delTG Frameshift 82
12 1561G>A A520T 80
13 1819G>A V607M 37
13 1836-1837insT Frameshift 80
14 1864C>T R622X 37, 38!
14 1970-1971delCA Frameshift 37
15 1996T>A W666R 37
Intron 15  IVS15+1G>A Abnormal splicing 37
16 2059G>A G687R 83
16 2075A>G E692G 84
16 2156T>G M719R 37
17 2190C>G Y730X 80
17 2233C>T P745S 81
18 2314C>T P772S 37

! Patients with this mutation have also been reported with KS
that was reversible, delayed puberty, or isolated anosmia.

ating many HS chain variants with distinct, highly vari-
able, domains of charge density, thereby altering their
molecular binding specificities.

In C. elegans, particular HS modifications are required
for anosmin-1 activity in certain cell types. ‘AIY inter-
neurons’ are a subclass of C. elegans neurons which re-
ceive synaptic input from olfactory neurons. The C. ele-
gans orthologue of anosmin-1 (ceKall) induces a specific
axonal branching phenotype in these cells, which was
abolished in worms lacking 6-O-sulphotransferase (hst-
6) or C5-epimerase (hse-5), but not in those lacking 2-O-
sulphotransferase (hst-2). However, hypodermal defects
induced by ceKall overexpression were suppressed only
in those worms lacking hse-5, but not by those lacking
hst-6 or hst-2. It was therefore proposed that anosmin-1
function requires distinct HS modifications in different
developmental contexts [59, 60]. Significantly, HS sac-
charide alterations were also shown to affect binding
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specificity of ligand-receptor interactions of the fibro-
blast growth factor receptor 1 (FGFR1) [61], which has
since been identified as KAL2 [37].

FGFR1 and Autosomal Dominant KS

In 2003, Dode et al. [37] described 2 patients with dif-
ferent contiguous gene syndromes that both included KS
in their pathology. The overlap of the deletion in each of
these patients, located at chromosome 8p11.2-p12, con-
tained three previously characterized genes, including
FGFRI, hypothesized to be the most likely KS-associated
locus. Loss-of-function mutations in FGFRI were subse-
quently shown to be associated with some cases of auto-
somal dominant KS (KAL2) (table 1, fig. 4). By contrast,
gain-of-function mutations in FGFRI had previously been
shown to result in craniosynostosis. As with KALI muta-
tions, penetrance of KAL2 mutations varies considerably,
even within the same kindred. Thus, Pitteloud et al. [38]
have described 3 subjects from the same family sharingan
identical tyrosine kinase domain FGFRI mutation, but
each with a different phenotype. The familial kindred
comprised a male proband with KS (who later recovered
from his HH), whose mother had delayed puberty and
whose maternal grandfather had isolated anosmia.

FGFRI Structure and Autoinhibition Control

FGFRI signalling has been known to play a wide-
ranging role during embryogenesis, homeostasis and
wound healing. In humans, there are four known mem-
bers of the FGFR family of receptor tyrosine kinases
(FGFR1, FGFR2, FGFR3, and FGFR4), which specifically
bind to particular members of the 22 FGF ligands, in dif-
ferent cellular contexts. As well as requiring two FGF li-
gands, HS is also essential for FGF receptor dimerization
and activation. FGFRs usually consist of an extracellular
region of three immunoglobulin (Ig)-like domains (D1,
D2, and D3), a single transmembrane helix, and a cyto-
plasmic tyrosine kinase domain (fig. 4). The D1-D2 link-
er region contains a stretch of negatively charged amino
acids (the acid box), and there is a HS-binding site (HBS)
within the first half of D2. Alternative splice variants ex-
ist for FGFRs 1, 2, and 3. The common ‘IIla exon’ (exon
7) that encodes the first half of D3 can be spliced to either
exon 8A or 8B, resulting in the ‘FGFR1 IIIb’ and ‘FGFR1
I11¢” isoforms. When neither 8A nor 8B is used, the result
is a soluble ‘FGFR1 IIIa’ variant [reviewed in 62].

As with other receptor tyrosine kinases, FGFRI1 plays
a significant role in cell proliferation and differentiation.
Its activity is therefore under tight regulation. According
to a recently proposed ‘autoinhibition model’, in quies-
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Fig. 4. Schematic domain-structure diagram of FGFR1. The protein (top) and the corresponding exons (bot-
tom) are shown. The extracellular regions of FGFRI1 that have a role in autoinhibition or ligand binding are
indicated (see main text for further discussion). SP = Signal peptide; D1, D2, and D3 = the three immunoglob-
ulin-like domains; AB = acid box; HBS = HS binding site; IIIb/IIIc refers to two major splice isoforms; TM =
transmembrane helix, and PTK refers to the intracellular protein tyrosine kinase domain. Missense mutations
are indicated by arrows; all other mutations are represented by stars.

cent cells, theacidicbox maybind to the positively charged
HBS, consequently bringing the D1 domain into a posi-
tion that will interfere with HS and FGF ligand binding
to the D2-D3 regions, resulting in a closed, autoinhibited
state. The presence of FGF, which has a higher affinity for
the D2-D3 ligand binding sites, is hypothesized to open
up the closed configuration, making the HBS accessible
to HS (the obligatory cofactor for functional activation of
the whole signalling complex). In quiescent cells, ‘closed’
(autoinhibited) FGFR1 is in equilibrium with the ‘open’
(active) FGFR1 configuration. Therefore, upon binding
of HS and FGF, the equilibrium shifts towards the ‘open’
state and the FGFR1 dimerizes and becomes fully active.
KS patients, whose loss-of-function mutations map to D1
or the acid box, may have a more autoinhibited FGFR1,
thus disturbing the equilibrium and resulting in FGFR1
signalling insufficiency [63].

FGFR1 and Olfactory GnRH System Development

Hebert et al. [64] showed that the targeted abolition of
Fgfrl expression in the developing rodent embryonic tel-
encephalon resulted in OB aplasia, confirming the pri-
macy of FGFR1 signalling for OB morphogenesis. Fur-
thermore, FGF8 was shown to be a particularly impor-
tant ligand for olfactory development; thus mice with a
partial loss of Fgf8 have a small telencephalon without an
OB [65]. FGF2 is co-expressed with FGFRI1 in the nasal
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epithelium, and may therefore represent a further FGFR1
ligand for signalling during olfactory GnRH system de-
velopment [66].

Specific expression of a dominant-negative Fgfrl (dn-
Fgfr) in GnRH neurons in mice resulted in a 30% de-
crease in GnRH neurons of the forebrain [67] and a sig-
nificant reduction in GnRH axonal projections towards
the median eminence [68]. dnFgfr lacks the intracellular
tyrosine kinase domain, and upon binding ligand, forms
a non-functional heterodimer with wild-type Fgfrl,
Fgfr2, and Fgfr3, thus blocking subsequent downstream
Fgfr signalling [67].

Anosmin-1 Enhances FGFR1 Signalling

Anosmin-1 and FGFRI are found in the olfactory
placode of human embryos as early as 4.5 weeks, and lat-
er, at 8 weeks, are both present at the terminal nerve re-
gion, known to be part of the ‘scaffold’ for the migratory
path of GnRH-expressing neurons towards the hypothal-
amus (fig. 5). The close proximity of anosmin-1 with
FGFRI at these stages supported the possibility of their
putative in vivo interaction during olfactory GnRH sys-
tem development. We have recently demonstrated that
anosmin-1 is indeed directly involved in FGFR1 signal-
ling, thus providing a link between X-linked and autoso-
mal dominant KS. In human embryonic GnRH olfactory
neuroblasts, anosmin-1 induced neurite outgrowth and
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Fig. 5. Expression of anosmin-1, FGFR1, and GnRH in 4.5- and
8-week-old human embryo sections. AImmunohistofluorescence
of a 4.5-week-old human embryo OP showing FGFR1 (FITC la-
belling) and GnRH (Texas Red labelling) protein distribution.
Yellow arrowheads indicate sites of co-expression of these pro-
teins in the medial region of the OP. B The adjacent serial section,
7 wm down from A, showing FGFR1 (FITC labelling) and anos-
min-1 (Texas Red labelling) distribution in the OP. C Double im-
munohistochemistry of an 8-week-old embryo section, showing

cytoskeletal changes through an FGFRI1-dependent
mechanism. Anosmin-1 enhanced FGF2 signalling spe-
cifically through the FGFRI1 Illc isoform, in a HS-depen-
dent manner, although further work needs to be carried
out to investigate a potential role for anosmin-1 in regu-
lating the ITIb isoform [43]. These dose-dependent effects
of anosmin-1 on FGFR1 signalling help to explain the
higher prevalence of KS in males. KALI partially escapes
X-inactivation in females which results in them having
higher levels of anosmin-1 dosage compared to males;
this could compensate for deficient FGFR1 signalling in
heterozygous females [37].

FGFRI-Independent Anosmin-1 Signalling?

We have also shown that anosmin-1 significantly en-
hances the amidolytic activity of urokinase-type plas-
minogen activator (uPA) in vitro. This is hypothesized
to enhance the uPA-induced activation of the plasmin

238 Horm Res 2007;67:231-242

anosmin-1 (brown DAB precipitates; black arrowheads) and
FGFRI1 (crimson Fast Red precipitates; white arrowheads) in the
TN. D Double immunohistochemistry on an adjacent serial sec-
tion of C, showing anosmin-1 (brown DAB precipitates; black ar-
rowheads) and GnRH (crimson Fast Red precipitates; white ar-
rowheads) in the TN. Scale bar: A, B =100 pm; C,D=15 pm.r =
Rostral; OP = olfactory placode; TN = terminal nerve. All sections
are shown in sagittal orientation [43] (copyright 2004 by the So-
ciety for Neuroscience).

cascade at the cell surface and consequently result in
proteolytic degradation of ECM components that sub-
sequently release cell-cell and cell-ECM interactions
that facilitate cell migration and neuronal synaptogen-
esis. Also, the anosmin-1-HS-uPA interaction was
shown to induce cell proliferation in the PC-3 prostate
carcinoma cell line, in an FGFR1-independent manner
(as these cells lack this receptor) [52]. Furthermore,
FGF2 induces uPA expression in mouse brain capillary
endothelial cells, which suggests that there could also be
a functional relationship between uPA and FGF signal-
ling in vivo [69].

Other KS-Associated Loci?

Although the majority of KS cases are caused by muta-
tions in hitherto unidentified genes, recent progress has
led to the identification of three promising new candi-
dates: CHD7, NELF, and PKR2.

Cadman/Kim/Hu/Gonzalez-Martinez/
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CHD7 mutations are responsible for some cases of
CHARGE syndrome [70], a developmental disorder de-
fined by coloboma, congenital heart disease, choanal
atresia, mental and growth retardation, genital hypopla-
sia, and ear malformations and/or deafness [71, 72]. Sig-
nificantly, the defining clinical features of KS, HH with
olfactory deficiency, are also present in patients with
CHARGE syndrome [73]. In fact, some cases of KS had
previously been reported with additional phenotypes in-
cluding choanal atresia, mental retardation, and hearing
loss [74, 75], thus demonstrating that there is consider-
able overlap between KS and CHARGE syndrome. CHD7
therefore represents a new locus to be investigated in sus-
pected KS patients who do not have mutations in either
KALI or FGFRI. The protein encoded by CHD?, chromo-
domain helicase DNA-binding protein-7, is a member of
a superfamily of proteins that uniquely comprise two N-
terminal chromodomains, an SNF2-like ATPase/heli-
case domain and a DNA-binding domain [76]. It is ex-
pressed in many foetal (and adult) tissues, including the
developing brain, and is predicted to affect both chroma-
tin structure and gene expression during early embry-
onic development [70].

Nelf, the mouse nasal embryonic LHRH (GnRH) fac-
tor gene, encodes a guidance molecule required for olfac-
tory axonal outgrowth and GnRH neuronal migration in
mice. The human orthologue, NELF, therefore seemed to
be a likely candidate as a KS-associated locus. However,
only one case of HH with a novel heterozygous mutation
in this gene is known [77], and there has been no defini-
tive link to KS so far.

Finally, a recent report showed that prokineticin re-
ceptor 2 (Pkr2) knockout mice have a phenotype which
is very similar to that seen in KS patients [78]. PKR2 (and
PKR1) is a G protein-coupled receptor, which is activated
by the prokineticins, PK1 and PK2.In 2005, Ngetal. [79]
demonstrated that PK2 signalling is essential for normal
OB formation; mice with Pk2 deficiency have a marked
reduction in OB size, and abnormal OB architecture.
Matsumoto et al. [78] recently showed that Pkr2 knock-
out mice exhibit OB hypoplasia, which, significantly, is
associated with severe atrophy of the reproductive sys-
tem, including the testis, ovary, uterus, vagina, and
mammary gland. These Pkr2 knockout mice have de-
creased plasma levels of testosterone and FSH, and im-
munohistochemical analysis revealed an absence of hy-
pothalamic GnRH neurons. However, mutation analysis
of human PKR2 will need to be carried out before it is
known whether this gene is a bona fide KS-associated
gene.

Molecular Pathogenesis of Kallmann’s
Syndrome

Conclusions

By identifying the genes that are mutated in HH pa-
tients, and deciphering the signalling pathways their en-
coded proteins are involved in, some of the complexities
of the human reproductive axis are being gradually un-
ravelled, both in terms of its development and the modu-
lation of its physiology from birth to adulthood. These
approaches may generate novel therapeutic targets for
both HH and in the area of population control. An ex-
ample of this would be the pharmacological manipula-
tion of the GPR54 system, thereby modulating GnRH se-
cretion, thus altering reproductive competency. The
demonstration of a functional HSPG-dependent interac-
tion between anosmin-1 and the FGFR1/FGF2 signalling
complex has also identified a novel pathway for modula-
tion of FGFRI1 signalling. An understanding of the mech-
anism of this interaction may pave the way for identifying
novel mechanisms for regulation of FGFR1 signalling
and may have potential therapeutic implications for neu-
ronal repair.

Anosmin-1, the first protein identified to be involved
in the pathophysiology of KS, is highly conserved across
many species, and has an important role in neuronal cell
migration, guidance, branching, and possibly terminal
differentiation. The discovery that anosmin-1 is a posi-
tive regulator of FGFR1 (the only other known KS-asso-
ciated protein) illustrates the importance of the fine tun-
ing of FGFR1 signalling during GnRH and olfactory neu-
ronal development. Future work will involve determining
the precise molecular mechanism of how anosmin-1 pos-
itively regulates FGFR1 signalling.
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