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Idiopathic	hypogonadotropic	hypogonadism	(IHH)	with	anosmia	(Kallmann	syndrome;	KS)	or	with	a	normal	
sense	of	smell	(normosmic	IHH;	nIHH)	are	heterogeneous	genetic	disorders	associated	with	deficiency	of	
gonadotropin-releasing	hormone	(GnRH).	While	loss-of-function	mutations	in	FGF	receptor	1	(FGFR1)	cause	
human	GnRH	deficiency,	to	date	no	specific	ligand	for	FGFR1	has	been	identified	in	GnRH	neuron	ontogeny.	
Using	a	candidate	gene	approach,	we	identified	6	missense	mutations	in	FGF8	in	IHH	probands	with	variable	
olfactory	phenotypes.	These	patients	exhibited	varied	degrees	of	GnRH	deficiency,	including	the	rare	adult-
onset	form	of	hypogonadotropic	hypogonadism.	Four	mutations	affected	all	4	FGF8	splice	isoforms	(FGF8a,	
FGF8b,	FGF8e,	and	FGF8f),	while	2	mutations	affected	FGF8e	and	FGF8f	isoforms	only.	The	mutant	FGF8b	
and	FGF8f	ligands	exhibited	decreased	biological	activity	in	vitro.	Furthermore,	mice	homozygous	for	a	hypo-
morphic	Fgf8	allele	lacked	GnRH	neurons	in	the	hypothalamus,	while	heterozygous	mice	showed	substantial	
decreases	in	the	number	of	GnRH	neurons	and	hypothalamic	GnRH	peptide	concentration.	In	conclusion,	
we	identified	FGF8	as	a	gene	implicated	in	GnRH	deficiency	in	both	humans	and	mice	and	demonstrated	an	
exquisite	sensitivity	of	GnRH	neuron	development	to	reductions	in	FGF8	signaling.

Introduction
Vertebrate reproduction depends upon the secretion of gonado-
tropin-releasing hormone (GnRH), a decapeptide produced by 
a small number of GnRH neurons in the preoptic area (1). The 
coordinated pulsatile release of GnRH from this neural network 
directs the synthesis and secretion of the gonadotropins, which 
in turn stimulate gonadal steroidogenesis and gametogenesis 
(2). Although all mammalian species depend upon this unique 
pathway to initiate reproduction, the genetic program underlying 
GnRH neuronal ontogeny is poorly understood. GnRH neurons 
originate in the olfactory placode and undergo a remarkable axo-
philic migration along the scaffold of olfactory, vomeronasal, and 
terminal nerves into the forebrain. Ultimately, the GnRH neurons 
dissociate from their olfactory guiding fibers to reach the preop-
tic area, where their axons extend into the median eminence (3). 
These complex developmental events are tightly regulated by spe-
cific spatiotemporal expression patterns of growth factors such 
as FGFs (4), adhesion molecules, and/or diffusible attractants 
and repellents. Disruption of any of these complex events leads to 

defects in GnRH secretion and, in severe cases, idiopathic hypogo-
nadotropic hypogonadism (IHH).

IHH is a rare genetic condition characterized by the failure of 
sexual maturation and infertility (5). This condition can occur in 
association with anosmia (Kallmann syndrome; KS), or with a nor-
mal sense of smell (normosmic IHH; nIHH). The majority of cases 
are congenital. There is also a small group of patients in whom 
hypogonadotropic hypogonadism occurs after normal pubertal 
development; this condition is termed adult-onset hypogonadotropic 
hypogonadism (AHH; ref. 6). Although IHH was previously thought 
to be a lifelong condition, a small subset of patients undergoes 
reversal of hypogonadotropic hypogonadism in adulthood (7). 
The IHH disease model represents an opportunity to identify genes 
controlling human reproduction. To date, several loci have been 
implicated in human GnRH deficiency, including KAL1 (OMIM 
308700), GnRH receptor (GNRHR; OMIM 138850), nasal embry-
onic LHRH factor (NELF; OMIM 608137), FGF receptor 1 (FGFR1; 
OMIM 136350), G protein–coupled receptor 54 (GPR54; OMIM 
604161), prokineticin 2 (PROK2; OMIM 607002), and prokineti-
cin receptor 2 (PROKR2; OMIM 607123). The genetic complexity 
of this disorder has increased through the recent discovery of an 
oligogenic inheritance pattern in certain cases (i.e. genetic insults 
at more than one locus; refs. 8, 9). Furthermore, our experience to 
date suggests that only 30% of IHH subjects have at least 1 known 
gene defect, suggesting the existence of unknown loci.

The demonstration that loss-of-function mutations in FGFR1 
caused IHH disclosed a key role for the FGF signaling system in 
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GnRH ontogeny (10, 11). Mammalian FGF signaling commences 
at the cell surface through tightly regulated interactions of 7 prin-
cipal FGFR isoforms, 18 FGFs, heparan sulfate (HS) proteoglycans, 
and, in certain instances, other coreceptors such as klotho proteins 
(12). At least 11 different FGF ligands are capable of activating 
FGFR1 (13); however, to our knowledge, no specific FGF has been 
implicated in GnRH ontogeny.

The coalescence of several findings led us to hypothesize that 
FGF8 is a key ligand for FGFR1c in the etiology of GnRH deficiency.  
First, a proband was identified with KS and cleft palate who har-
bors the L342S mutation in the FGFR1c gene (8). This mutation has 
previously been shown to dramatically reduce the binding affinity 
of the receptor for FGF8b with minor loss in binding affinity for 
FGF1 and FGF2 (8). Second, defective nasal cavity development 
and olfactory bulb dysgenesis in Fgf8 hypomorphic mice was previ-
ously described (14). Third, we noted overlapping patterns of FGF8 
and FGFR1 expression in the brain in the Genomics Institute of the 
Novartis Research Foundation (GNF) tissue atlas (http://symatlas.
gnf.org/SymAtlas/). FGF8 was first identified as a mitogen (15), 
but a number of subsequent studies have indicated that it acts as 
a neural morphogen regulating expression of downstream genes 
that control neural patterning (16–19). More recently, FGF8 was 
shown to be involved in survival of developing neuronal cells (20, 
21). In the present study, we demonstrated a critical role of FGF8 
in GnRH neuron ontogeny in humans and mice and established 
FGF8 as what we believe to be a novel locus for IHH.

Results

FGF8 mutational analysis
A schematic of the genomic structure of the human FGF8 gene and 
its 4 alternatively spliced products are shown in Figure 1. An alter-
native splicing event at the N terminus of the ligand gives rise to 
4 isoforms — a, b, e, and f — in humans (22). Of the 461 unrelated 
IHH probands screened, we identified 6 FGF8 mutations (<2%), 
specifically 3 familial cases (2 KS and 1 nIHH) and 3 sporadic cases 
(2 nIHH and 1 AHH; Tables 1 and 2 and Figures 1 and 2). The FGF8 

mutations are numbered according to the FGF8f isoform, the larg-
est FGF8 ligand, which is encoded by all exons. The 4 common muta-
tions are also numbered according to FGF8b isoform (Figure 1).  
These 4 common mutations are a heterozygous p.H14N muta-
tion within the signal peptide region and 3 heterozygous muta-
tions, p.K100E (K71E in FGF8b), p.R127G (R98G in FGF8b), and 
p.T229M (T200M in FGF8b), that map to the FGF constant region 
(Figure 1). The heterozygous p.P26L and homozygous p.F40L 
mutations are located in exon 1C and thus affect both FGF8e and 
FGF8f isoforms. None of these mutations were detected in 180 
ethnically matched controls, and all were highly conserved across 
species (Table 1) and within the FGF8 subfamily.

Oligogenicity in IHH
Probands harboring an FGF8 mutation were screened for other loci 
underlying IHH. We identified an additional double-heterozygous 
FGFR1 mutation (c.2292 G>T + c.2302 G>T, p.[Q764H+D768Y]) 
in case 3 and an additional heterozygous FGFR1 mutation (c.794 
G>A, p.R250Q) in case 4.

Genotype-phenotype correlation
Case 1; p.H14N. The 32-yr-old nIHH female proband of mixed Euro-
pean descent (Table 2) presented at age 17 yr with primary amenor-

Table 1
FGF8 mutations identified in a large cohort of IHH probands

Case  Nucleotide aa Exon Isoform Conservation
no. change change
1 c.40 C>A p.H14N 1B a, b, e, f C, R, M, Ck
2 c.77 C>T p.P26L 1C e, f C, R, M, Ck, Z
3 c.118 T>C p.F40LA 1C e, f C, R, M, Ck, Z
4 c.298 A>G p.K100E 1D a, b, e, f C, R, M, Ck, Z
5 c.379 C>G p.R127G 1D a, b, e, f C, R, M, Z
6 c.686 C>T p.T229M 3 a, b, e, f C, R, M

C, chimpanzee; Ck, chicken; M, mouse; R, rat; Z, zebrafish. AHomozygous.

Figure 1
Genomic structure and differential splicing 
of the human FGF8 gene. (A) Structure 
of the FGF8 gene. Boxes denote exons; 
lines denote introns. (B) Schematic of the 
4 FGF8 isoforms identified in humans, 
which differ with regard to the inclusion of 
exon 1C and part of exon 1D. Most of the 
conserved FGF core is encoded by exons 
2 and 3. Numbers above exons denote aa 
numberings for each isoform. The muta-
tions identified to date are indicated by 
arrows numbered according to the FGF8f 
and FGF8b protein isoforms. Asterisk 
denotes the homozygous change.
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rhea, absent puberty, eunuchoidal proportions (arm span, 179 cm; 
height, 170 cm), high arched palate, and hyperlaxity of the digits. 
Initial radiologic studies revealed a prepubertal uterus and very 
small ovaries, normal kidneys, normal formal smell testing (sixtieth 
percentile), and markedly delayed bone age (13 yr 6 mo for a chrono-
logic age of 17 yr). MRI indicated a small pituitary gland with nor-
mal olfactory structures. Her neuroendocrine evaluation revealed 
an apulsatile luteinizing hormone (LH) secretion pattern (mean LH, 
2.55 IU/l), undetectable serum estradiol (E2; <20 pg/ml), and low fol-
licle-stimulating hormone (FSH; 5.3 IU/l). Interestingly, while insu-
lin tolerance test induced appropriate hypoglycemia (nadir glucose, 
41 mg/dl), she exhibited a suboptimal growth hormone response 
(0.5 to 2.3 IU/l) with an otherwise normal pituitary reserve. She was 
diagnosed with nIHH. Subsequently, a wrist fracture after a minor 
trauma led to a bone density scan revealing very low bone density 
(lumbar T-score, –3.5). At age 18, she received pulsatile GnRH at a 

dose of 100 ng/kg at a physiologic frequency, producing 2 dominant 
follicles and ovulation (Figure 3A). On this therapy, she conceived 
2 children. Genetic screening revealed a p.H14N FGF8 mutation. 
H14 is located within the hydrophobic signal peptide of the protein 
(Table 1 and Figures 1 and 2) and is highly conserved across mul-
tiple mammals and other vertebrates. The proband’s daughter, WT 
for FGF8, initiated pubertal development at age 11 yr, and her son 
was prepubertal at age 10 yr (Figure 2).

Case 2; p.P26L. The male KS proband of mixed European descent 
was diagnosed with hypogonadism at age 16 yr (Table 2). Subsequent 
testosterone (T) therapy induced virilization; at age 28, he presented 
to MGH for fertility treatment. At that time he was eunuchoidal 
(weight, 83 kg; height, 178 cm; arm span, 183 cm), had testicular 
volumes of 9 ml, and had a decreased sense of smell (less than fifth 
percentile) consistent with partial KS. His 12-h neuroendocrine eval-
uation revealed apulsatile LH secretion (mean LH, 1.8 IU/l), unde-

Table 2
Genotype-phenotype correlation in IHH probands with an FGF8 mutation

Case  Sex FGF8  Other gene  Diagnosis Puberty Family  Associated phenotypes
no.  mutation defects   history 
1 F p.H14N None nIHH Absent None High arched palate, 
       osteoporosis, fractures
2 M p.P26L None KS Partial Hyposmia None
3 M p.F40LA FGFR1 nIHH Absent None None
4 M p.K100E FGFR1 nIHH Absent Delayed puberty Microphallus
5 F p.R127G None KS Absent KS, nIHH,  Cleft lip and palate, osteoporosis, 
      delayed puberty,  hearing loss, hypertelorism, flat
      cleft palate  nasal bridge, camplodactyly, hyperlaxity
6 M p.T229M None AHH Complete None Type II diabetes

F, female; M, male. AHomozygous.

Figure 2
Pedigrees of probands carrying an FGF8 mutation. Arrows indicate the probands. Circles denote females; squares denote males; struck-through 
symbols denote deceased subjects; numbers within symbols denote number of individuals. Phenotypes are as described in Results.
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tectable FSH (<1.6 IU/l), and a serum T level of 13 ng/dl, with other-
wise normal anterior pituitary function. Brain MRI revealed a partial 
empty sella and bilateral hypoplastic olfactory bulbs and tracts, while 
renal ultrasound and bone density were normal. On pulsatile GnRH 
therapy, serum T level reached the normal range within 2 mo (Figure 
3B); he developed sperm in his ejaculate (range, 18 × 106 to 80 × 106 
sperm/ml) and subsequently conceived 2 children. He was found to 
carry the heterozygous c.77 C>T; p.P26L FGF8 mutation (Table 1 and 
Figure 1). Notably, his father carried the same FGF8 mutation and 
had a history of decreasing olfaction, while the proband’s mother 
was WT for FGF8 and asymptomatic. The proband has 2 brothers 
with a history of normal pubertal development. The proband’s 5-yr-
old son was diagnosed with Asperger syndrome. His 3 yr-old daugh-
ter had seemingly normal development (Figure 2).

Case 3; p.[F40L]+[F40L]. The 19-yr-old male nIHH proband was 
evaluated at age 15.5 yr for delayed puberty (Table 2). He was 
unvirilized and overweight (BMI, 32), with prepubertal testes (1–2 
ml) and pubic hair at Tanner stage II. Subsequent reevaluation 
revealed normal brain MRI, hypogonadal serum T level, and unde-
tectable serum gonadotropins, with minimal increase after GnRH 
stimulation (LH, 2.2 IU/l; FSH, 4.5 IU/L). Initiation of T therapy 
induced virilization, and after 1.5 yr of T therapy his testicular vol-
ume increased to 6–8 ml. The proband carried a homozygous FGF8 
mutation, p.[F40L]+[F40L] (Table 1 and Figure 1). In addition, he 
also carried an additional double-heterozygous FGFR1 mutation, 
p.[Q764H/D768Y]. This subject was lost to follow-up.

Case 4; p.K100E. The nIHH male proband of mixed European 
descent was born with microphallus (Table 2). At 5.5 mo of age, 
his serum T level and gonadotropins were undetectable (<6 ng/dl  
and <1.6 IU/l; respectively), consistent with IHH. T therapy for  
6 mo induced phallus growth. The proband was 10 yr of age at the 
termination of this study and had normal growth, development, 
and olfaction (smell testing, twenty-ninth percentile). He carried a 
de novo heterozygous FGF8 mutation, p.K100E (Table 1 and Fig-
ure 1), because his parents were both WT for that gene (Figure 2). 
Interestingly, both the proband and his father — who exhibited 
a normal sense of smell (forty-third percentile), bilateral hear-
ing loss, and a history of delayed puberty — carried an additional 
heterozygous FGFR1 mutation, p.R250Q. It is notable that several 
second cousins on the father’s side had a history of delayed puberty.  
The mother had menarche at age 13 and had a normal sense of 
smell (thirty-ninth percentile). The proband’s deceased maternal 
grandfather had 3 kidneys. The proband’s prepubertal brother had 
no evident clinical anomalies at age 8 yr (Figure 2).

Case 5; p.R127G. The KS female proband of mixed European 
descent was born with cleft lip and palate and presented at age 14 
with primary amenorrhea, no breast development, short stature 
(Z-score for height, –3.5), hypertelorism, flattened bridge of the 
nose, hyperlaxity of the digits, mild scoliosis, and camplodactyly 
(Table 2). Further evaluation revealed anosmia (smell testing, less 
than fifth percentile), color blindness, and bilateral hearing loss. 
Serum E2 and gonadotropins were undetectable (<20 pg/ml and 

Figure 3
Response to GnRH therapy in 3 probands harboring an FGF8 mutation. (A) Pulsatile GnRH was administered at a dose of 100 ng/kg i.v. at a 
physiologic frequency to the proband described in case 1, demonstrating a normal increase in LH and FSH, an increase in E2 consistent with 
development of 2 follicles, and an increase in progesterone (Prog) consistent with ovulation. Data are centered to the day of ovulation (0 d); for 
E2, follicle diameters are indicated; shaded areas represent mean ± 1 SD hormone levels in 109 control women; boxed regions at top denote 
GnRH pulse frequency. (B) LH, FSH, and T responses to GnRH therapy in 2 male patients (cases 2 and 6). Horizontal lines denote lowest value 
of the normal range for adult serum T levels. To convert serum T values from ng/dl to nmol/l, divide by 28.84.
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<1.6 IU/l, respectively), and imaging studies revealed apparent nor-
mal olfactory bulbs and nerves, normal renal ultrasound, and very 
low bone density (lumbar Z-score, –2.6). At age 19, she underwent 
a 3-mo washout from contraceptive therapy and remained amen-
orrheic, with undetectable serum gonadotropins and low serum 
E2 (23 pg/ml), consistent with a severe form of KS. She carried a 
heterozygous FGF8 mutation, p.R127G, located in the core region 
of FGF (Table 1 and Figure 1). The proband’s mother, who har-
bored the FGF8 mutation, had nIHH (Figure 2). On gonadotropin 
therapy, she conceived twice. The dizygotic twins had markedly dif-
ferent phenotypes: one harbored the same FGF8 mutation and had 
severe KS with microphallus, undescended testes, absent puberty, 
and cleft lip/palate. The other twin underwent a normal puberty, 
but with short stature, and did not carry the FGF8 mutation. The 
proband’s father, WT for FGF8, had a normal sense of smell and 
a history of delayed puberty. Interestingly, the proband’s paternal 
grandmother also had a history of delayed puberty (Figure 2).

Case 6; p.T229M. The AHH male proband of mixed European 
descent presented at age 40 for infertility and decreased libido 
(Table 2). He denied exposure to toxins as well as history of 
depression or stressors and reported normal puberty, with doc-
umented normal semen analyses up to 2 yr prior to diagnosis. 
At presentation, he was well virilized, with a BMI of 28.4 and a 
testicular volume of 11 ml bilaterally. His 12-h neuroendocrine 
evaluation revealed undetectable serum gonadotropins (<1.6 IU/l)  
and frankly hypogonadal T levels (40 mg/dl). Radiologic studies 
revealed normal renal ultrasound, brain MRI, and bone density. 
He was diagnosed with AHH and initiated pulsatile GnRH ther-
apy, achieving normal serum gonadotropins and T levels within 
1 mo (Figure 3) and developing normal sperm counts (range,  
8 × 106 to 92 × 106 sperm/ml) while on therapy. Subsequently, he 
was diagnosed with Graves disease, type II diabetes, and hyperten-
sion. He carried a heterozygous FGF8 mutation, p.T229M, located 
in the C-terminal tail of FGF8 (Table 1 and Figure 1). He had no 

Figure 4
Structural modeling of K71E and R98G FGF8 mutations predicts that they are loss-of-function mutations. The locations of the mutated FGF8 
residues are mapped onto the ribbon diagram of 2:2:2 FGF8b/FGFR2c/heparin complex. Orange and purple denote the core and N terminus, 
respectively, of FGF8b. Green, cyan, and gray denote D2, D3, and D2-D3 linker, respectively, of the extracellular FGFR2c ligand-binding region. 
The 2 heparin oligosaccharides are rendered as blue sticks and surface representations. Also shown are detailed views of the regions where the 
mutated FGF8 residues are located. Selected residues are shown as ball-and-stick representations, as is F32 of FGF8b N terminus to under-
score the importance of the FGF8b N terminus in FGF8b-FGFR binding. Blue balls, nitrogen atoms; red balls, oxygen atoms. Hydrogen bonds 
are shown as dashed lines. The N and C termini of polypeptide chains are indicated.
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family history of reproductive or olfactory defects. His maternal 
aunt had type I diabetes (Figure 2).

Structural and biochemical analysis of FGF8 mutations 
demonstrates that they reduce the function of FGF8
Structural analysis using FGF8b isoform. The crystal structure of the 
FGF8b/FGFR2c complex has previously been solved (23), and 
this served as a template to predict the functional impact of 2 
mutations shared by all 4 isoforms: K71E and R98G in FGF8b 
(Figure 4). To study the potential impact of these 2 mutations 
on heparin/HS binding affinity of FGF8b, we constructed a 2:2:2 
FGF8b/FGFR2c/heparin model by superimposing FGF8b from 
the FGF8b/FGFR2c complex onto each of the 2 FGF2 molecules 
in the 2:2:2 FGF2/FGFR1c/heparin structure (Protein Data Bank 
identifier 1FQ9; ref. 24). In the model, K71 is located at the periph-
ery of the heparin binding site of FGF8, and the K71E mutation 
can negatively impact interactions of FGF8 with the reducing end 
of longer heparin/HS chains. R98 is located in the β5 strand and 
makes 3 intramolecular hydrogen bonds. One of these bonds is 
with the side chain of D91 (in the β4 strand), and the others are 
with the backbone oxygen of residues 122 and 123 in the loop 
between the β7 and β8 strands. D91, in turn, engages in hydrogen 
bonding with T43 at the N terminus of FGF8b, which indicates 
that R98 indirectly contributes to the conformational stability of 
the N terminus. The R98G mutation reduces binding affinity to 

FGFR by introducing flexibility into the N terminus of the ligand, 
a region that plays a critical role in binding of FGF8 to FGFRs (23). 
Alternatively, loss of the intramolecular hydrogen bonds destabi-
lizes FGF8b protein as a whole. The T200M mutation maps to the 
very C-terminal end of FGF8b, which is not present in the crystal-
lized FGF8b protein. The functional consequence of the mutation 
is not clear, because deletion of the last C-terminal residues was 
previously found to have no impact on receptor binding in surface 
plasmon resonance experiments (23).
Expression of FGF8 mutants. Of the 4 human FGF8 isoforms, only 
FGF8a and FGF8b have previously been studied in brain pattern-
ing (23). FGF8b is a stronger morphogen than FGF8a due to high-
er affinity for its cognate FGFRs (including FGFR1c) generating a 
stronger signal. These findings have been traced to the additional 
contacts between F32 at the alternatively spliced N terminus of 
FGF8b and D3 of FGFR (23), while FGF8a lacks F32. Notably, F32 
is present in FGF8f, but not in FGF8e, consistent with the stronger 
mitogenic activity of FGF8f in vitro (25).

We therefore studied mutations in the common shared region 
using the FGF8b protein and the 2 mutations in exon 1C using the 
FGF8f protein (Figure 1). WT or mutant proteins were expressed 
in E. coli as inclusion bodies. The expression of WT FGF8b protein 
was greater than that of WT FGF8f, while mutant proteins had 
expression levels similar to those of their respective WT proteins. 
Expressed proteins were refolded and purified using heparin affin-
ity. Attempts to further purify by ion exchange and size exclusion 
chromatographies reduced the protein yields, due to the limited 
solubility of FGF8 proteins. In particular, we observed that FGF8f 
was substantially less soluble than FGF8b (data not shown). There-
fore, we decided to use the semipurified protein from the heparin 
column for the cell-based assay. Of note, the purity of FGF8b pro-
teins following heparin affinity purification was markedly greater 
than that of FGF8f proteins.
Impact on FGFR1c activation. The functionality of the FGF8 
mutants was evaluated in vitro using a transcriptional reporter 
assay. Rat L6 myoblast cells were transiently transfected with WT 
FGFR1c and induced with increasing concentrations (0–25 nM) 
of WT or mutant FGF8b or FGF8f. Receptor activation was quan-
tified using a luciferase reporter gene driven by an osteocalcin 
FGF response element (OCFRE; ref. 8). Both WT FGF8b and WT 
FGF8f induced a dose-dependent response with a maximal 4-fold 
induction (Figure 5, A and B). While all 3 FGF8b mutants exhibit-
ed significantly decreased activity relative to WT (42%–76% of WT, 
P < 0.0001; Figure 5A), the R98G mutant was the most severely 
effected (42% of WT), consistent with the prediction from the 
structural analysis. The 2 FGF8f mutants were also observed to 
be loss-of-function mutations, displaying activity levels 34%–39% 
 that of WT (P < 0.0001; Figure 5B).

Figure 5
FGF8b mutants are loss-of-function mutations, consistent with struc-
tural prediction. L6 myoblasts were transiently transfected with WT and 
mutant FGFR1 cDNA along with the OCFRE luciferase reporter, and 
then stimulated with increasing doses of WT or mutant FGF8. Lucifer-
ase activity was plotted as mean ± SEM of 3 triplicates, and a dose-
response curve was fitted as described in Methods. The results of a 
representative experiment is shown. (A) Reporter activity of FGF8b 
WT and mutants. (B) Reporter activity of FGF8f WT and mutants. 
(C) Reporter activity of FGF8b WT and K71E mutant assayed on cell 
transfected with either WT or R250Q mutant FGFR1c.
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Using the FGF reporter assay, we further evaluated the effects 
on FGF signaling from FGF8 and FGFR1c mutants combined. In 
these experiments, the reporter activity was assayed using a combi-
nation of WT or mutant FGF8b and FGFR1c. While the combina-
tion of K71E FGF8b and WT FGFR1 evoked 70% of the WT/WT 
signaling activity, the paired ligand/receptor mutants showed 
severely compromised activity (Figure 5C).

FGF8 is required for GnRH neuron development
To further establish the role of FGF8 in GnRH ontogeny, we 
studied Fgf8 hypomorphic mice. The homozygous Fgf8 hypo-
morphs were previously reported to have a 55% reduction in the 
functional FGF8 protein levels and to die within 1 d of birth (14). 
Immunohistochemistry (IHC) studies showed that at P0, GnRH 
neuron perikarya were completely absent in regions ranging from 

the preoptic area to the hypothalamus 
(Figure 6C). GnRH fibers were also 
absent in the median eminence (Figure 
6F) and other brain regions. The WT 
littermates, in contrast, possessed a 
normal complement of GnRH neurons 
and fibers (Figure 6, A and D), and the 
heterozygous Fgf8 hypomorphs exhib-
ited a reduced number of GnRH neu-
rons (Figure 6, B and E). RIA data con-
firmed the absence of GnRH peptide 
in the hypothalamic extracts of the 
P0 homozygous mutants (Figure 6G). 
Interestingly, GnRH peptide concen-
trations were reduced by about 40% in 
the heterozygous hypomorph mutants 
(Figure 6G), demonstrating a sensitive 
and dose-dependent effect of FGF8. 
The loss of the GnRH system in mutant 
heterozygotes was irreversible and per-
sisted until P29 (Figure 6H). Although 
reduced in number (Figure 6H, inset), 
the distribution of these GnRH neurons 
in the brains of heterozygous mutants 
was largely similar to that of the WT lit-
termates (Figure 6H).

Discussion
Loss-of-function mutations in FGF8 
underlie both KS and nIHH. Therefore, 
we believe FGF8 to be a novel locus for 
human GnRH deficiency. These muta-
tions manifest in variable onsets and 
severities of GnRH deficiency, ranging 
from failure to initiate pubertal devel-
opment to reproductive failure after 
completion of sexual maturation (i.e., 
AHH). Further support for a critical 
role of FGF8 in GnRH neuronal devel-
opment was provided by our studies of 
Fgf8 hypomorphic mice, which retained 
approximately 50% of Fgf8 expres-
sion, survived up to birth, and lacked 
any GnRH neurons and fibers in the 
preoptic area and median eminence. 

Furthermore, the heterozygous Fgf8 hypomorphic mice survived 
through adulthood, but exhibited markedly decreased numbers of 
forebrain GnRH neurons, indicating an exquisite sensitivity of the 
decreased FGF8 signaling for GnRH neuron development.

We documented loss-of-function FGF8 mutations in subjects with 
KS who presented with variable degrees of GnRH deficiency. Our 
observations in these clinical cases indicate that the role of FGF8 in 
the ontogeny of GnRH neurons is intimately tied to olfactory epithe-
lium and/or bulb development. We demonstrated that Fgf8 hypo-
morphic mice, which exhibit no olfactory bulbs (14), lacked GnRH 
neurons in the hypothalamus. Furthermore, in mice lacking Fgf8 
expression in the FoxG1 domain, the olfactory placode forms, but 
fails to differentiate into an olfactory epithelium because of massive 
apoptosis of neuronal stem cells during the early stages of olfactory 
pit development (26). Therefore, decreased FGF8 signaling could 

Figure 6
Study of GnRH neurons in Fgf8 hypomorphic mice. (A–F) GnRH ICC illustrating the complete 
absence of GnRH neuron fibers and cell bodies in P0 homozygous Fgf8 hypomorphic mice (C 
and F) in the preoptic area and median eminence (ME) compared with WT controls (A and D) 
and heterozygous mice (B and E). Arrows denote GnRH neuron cell bodies; arrowheads denote 
GnRH fibers. Asterisks and dotted lines delineate the medial aspects of the brain. OVLT, organum 
vasculosum of the lamina terminalis. Scale bars: 100 μm. (G and H) The level of immunoreactive 
GnRH markedly decreased in Fgf8 heterozygotes at all postnatal ages measured. (H) Distribution 
of GnRH neurons in the preoptic-hypothalamic area of P29 WT controls and Fgf8 heterozygotes. 
Numbers in the x axis indicate increments of 40-μm sections. Negative and positive numbers indi-
cate sections rostral and caudal to the organum vasculosum of the lamina terminalis (denoted 0), 
respectively. The distribution of GnRH neurons was largely normal in the transgenic mice, except 
that there were fewer GnRH neurons. Fgf8 heterozygotes had markedly fewer GnRH neurons in 
the preoptic-hypothalamic area compared with age-matched controls. ND, not detected. Data are 
mean ± SEM. *P < 0.05.
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disrupt olfactory bulb morphogenesis and lead to defects in GnRH 
neuronal migration. In addition, because both GnRH and olfactory 
neurons arise from the olfactory placode (27), a reduction in FGF8 
signaling could also alter GnRH fate cell specification. Further stud-
ies on Fgf8 hypomorphic or deficient mice will shed light on the 
mechanisms by which decreased FGF8 signaling leads to KS.

On the other hand, some probands with IHH harboring loss-of-
function FGF8 mutations exhibited apparently normal olfactory 
function and displayed GnRH deficiency before and after comple-
tion of puberty. These data suggest that FGF8 signaling must play an 
additional role in GnRH ontogeny beyond patterning the olfactory  
epithelium and/or bulbs. Interestingly, both FGFRs and FGFs are 
expressed in the olfactory placode, along the GnRH neuron migra-
tory path, and within the adult hypothalamus (ref. 28 and the GNF 
tissue atlas). Furthermore, FGF signaling has also been implicated in 
GnRH neurite outgrowth and appears to play a role in GnRH axon 
guidance to the median eminence (29), which suggests that FGF8 
could also act as a chemoattractant. Thus, decreased FGF8 signaling 
could lead to an isolated defect in GnRH neuron migration and/or 
axon targeting without affecting the olfactory system. Finally, our 
discovery of a naturally occurring FGF8 mutation in a subject with 
the rare AHH established a genetic component in the pathogenesis 
of AHH (6). Interestingly, FGF8 signaling is involved in the survival 
of neuronal cells (20, 21). Taken together, these data and our pres-
ent results suggest that decreased FGF8 signaling, either alone or 
in combination with other genetic and/or environmental insults, 
modulates long-term GnRH neuron survival.

Beyond the reproductive and olfactory phenotypes, several other 
clinical characteristics — including cleft palate, synkinesia, sco-
liosis, and low bone mass — were noted in probands and family 
members carrying FGF8 mutations. These are also consistent with 
the wide expression pattern of FGF8 during embryogenesis and 
adulthood (14, 30, 31). Both KS siblings in the family of case 5 car-
rying the p.R127G mutation have cleft lip/palate. Reminiscent of 
pedigrees harboring FGFR1 KS mutations (10, 11, 32), the family 
demonstrated incomplete penetrance of the FGF8 mutation for 
cleft lip/palate. Of note, cleft palate has been documented in the 
Fgf8 hypomorphic mice (14), and a report of a putative FGF8 muta-
tion in the pathogenesis of human cleft palate has recently been 
published (33). Additional bone phenotypes were seen in 2 IHH 
probands harboring a FGF8 mutation, with low bone mass and a 
history of fractures from minor trauma. While the association of 
osteopenia and GnRH deficiency has been previously attributed 
to hypogonadal sex steroid levels (34), the severity of the bone 
phenotype in these probands was particularly striking and sug-
gests a possible additional effect of decreased FGF8 signaling on 
bone development. Interestingly, FGF8 is critical for normal limb 
formation (35). Furthermore, FGF8 stimulates differentiation of 
osteoblasts and bone formation in vitro (36).

We documented variable phenotypic expressivity within family 
members carrying the same FGF8 mutation. Furthermore, both 
heterozygous and homozygous FGF8 mutations underlaid severe 
GnRH deficiency. Recently, we have demonstrated that IHH may 
be caused by or modulated by more than one gene defect (8). Con-
sistent with this model of oligogenicity, we identified an additional  
FGFR1 mutation in 2 IHH probands. In case 4, mutations in both 
the receptor and ligand (FGFR1 and FGF8) clearly synergized to 
cause severe GnRH deficiency in the IHH proband (Figure 5C). 
As decreases in both FGFR1 (37) and FGF8 signaling caused a 
reduction in the number of GnRH neurons in the hypothalamus, 

it is conceivable that combined defects in this pathway result in a 
further decrease in GnRH neuron number and/or fitness and ulti-
mately severe human GnRH deficiency. Further examples of syner-
gistic mutations within a pathway have previously been described 
in diseases such as Hirschsprung disease (RET and GDNF; ref. 38), 
or retinitis pigmentosa (retinal outer segment membrane protein 1  
and retinal degeneration slow gene; ref. 39).

We identified 5 loss-of-function FGF8 mutations in the mature 
FGF8 peptide. Of these, 4 mapped to the shared region of the 
FGF8 isoforms, thus implicating all 4 FGF8 isoforms, while 2 
mutations implicated either the FGF8e or the FGF8f isoforms in 
GnRH development. Further studies are needed to elucidate the 
physiologic significance of the multiple splice variants in FGF8 
and their specific role in GnRH ontogeny.

Several lines of evidence revealed that FGF8 signaling through 
FGFR1c plays a key role in GnRH neuronal development. First, 
loss-of-function mutations in both FGFR1 and FGF8 cause KS and 
nIHH (10, 11). Second, both FGF8 and FGFR1 are essential for nor-
mal telencephalic development, and both mice with targeted abla-
tion of Fgfr1expression in the telencephalon and Fgf8 hypomorphic 
mice lack olfactory bulbs (14, 40). Third, both mice expressing a 
dominant-negative form of Fgfr1 in their GnRH neurons (37) and 
Fgf8 hypomorphic mice exhibit a decrease in the number of, or the 
absence of, GnRH neurons in the hypothalamus. Despite these 
similarities in phenotype, there are subtle differences that may 
be of critical importance in understanding the complexity of the 
FGFR/FGF system for GnRH ontogeny. Mice deficient in Fgf8 in 
the Foxg1 domain lack nasal cavities and olfactory epithelium (26), 
whereas these structures develop in mice deficient in Fgfr1 expres-
sion in the Foxg1 domain (40), although their GnRH neuron status 
in unknown. Therefore, FGF8 may act through other FGFRs during 
olfactory placode development. FGFR1–FGFR4 are expressed in the 
olfactory epithelium (28). In addition, surface plasmon resonance 
and mitogenic studies have previously shown that FGF8b also binds 
and signals through FGFR2c, FGFR3c, and FGFR4 (23, 25).

Taken together, the results of our clinical human studies and 
mouse genetic studies demonstrated a critical role for FGF8 sig-
naling in GnRH neuronal development and a great sensitivity of 
GnRH ontogeny to reduced FGF8 signaling. Our human genetic 
studies also pointed to a critical role for FGF8f or FGF8e protein 
isoform in GnRH ontogeny. It is hoped that this report will pro-
vide the foundation for further examination of the complex biol-
ogy of FGF signaling in GnRH neuron development.

Methods
Subjects. The Human Research Committee of Massachusetts General Hospi-
tal approved this study, and all subjects provided written informed consent 
before participation. Included in the study were 237 KS, 193 normosmic 
IHH, and 21 AHH probands from unrelated pedigrees. KS and nIHH sub-
jects had failed to initiate or complete puberty by 18 yr of age. Two subjects 
were diagnosed earlier in life because of microphallus and failed activation 
of the hypothalamo-pituitary-gonadal axis during the first 6 mo of age 
(41). AHH subjects had normal pubertal development, with GnRH defi-
ciency diagnosed later in adulthood (6). Additionally, all subjects had the 
following: (a) serum T 100 ng/dl for men or E2 20 pg/ml for women in asso-
ciation with low or normal levels of serum gonadotropins; (b) otherwise 
normal pituitary function; (c) normal serum ferritin concentrations; and 
(d) normal MRI of the hypothalamic-pituitary region. The control popula-
tion of mixed European descent consisted of 180 healthy adult volunteers 
as assessed by history and clinical examination (n = 360 chromosomes).
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Mutation analysis of FGF8. Sequencing of the coding regions of the FGF8 
gene (GenBank accession no. NM 033163) was performed as previously 
described (42). Amplified products were sequenced in both directions using 
the AmpliTaq Dye Terminator Cycle Sequencing kit and an ABI Prism 377 
DNA sequencer (Perkin-Elmer). All sequence variations were found on 
both strands and confirmed in a separate PCR reaction. All genes and pro-
teins are described using standard nomenclature (43). Nonsense changes 
resulting in a truncated protein, frameshift, insertion, or deletion were cat-
egorized as definite mutations. Nucleotide changes that were absent from 
the SNP and expressed sequence tag NCBI databases, that were absent in 
360 ethnically matched control chromosomes, that were evolutionarily 
conserved across species, and that resulted in aa substitutions were also 
identified as disease-causing mutations.

Genetic screening of other IHH loci. Subjects found to harbor a FGF8 muta-
tion were also screened for other loci underlying IHH: KAL1 (GenBank 
accession no. M97252; ref. 44), GNRHR (NM_000406; ref. 45), NELF 
(NM_015537; ref. 8), FGFR1 (BC018128; ref. 46), GPR54 (AY253981; ref. 
47), PROK2 (NM_021935; ref. 48), and PROKR2 (NM_144773; ref. 9).

Clinical and biochemical studies. A detailed individual and family history 
of pubertal development and associated reproductive and nonreproduc-
tive phenotypes (i.e., anosmia, dental agenesis, cleft lip/palate, hearing 
loss, and synkinesia) was obtained. Probands underwent a complete 
physical examination, including Tanner staging and testicular volume 
measurement using a Prader orchidometer. Classification of absent, par-
tial, or complete pubertal development was made based on clinical his-
tory, testicular size, or both (49). Olfactory acuity was assessed by clinical 
history and confirmed with quantitative smell testing when possible (50). 
When possible, subjects underwent a detailed neuroendocrine evaluation 
at the MGH General Clinical Research Center. This involved an overnight 
12-h frequent blood-sampling study for LH (every 10 min for 12 h) after 
withdrawal of hormonal therapy. The pattern of LH secretion was ana-
lyzed using a validated modification of the Santen and Bardin method 
(51). A pool of the 12-h sampling was also assayed for FSH, T, E2, and 
inhibin B. In men able to produce an ejaculate, seminal fluid analysis was 
performed. Radiologic phenotyping included visualizing the olfactory 
system with MRI (32), renal ultrasound, and bone densitometry via dual 
energy X-ray absorptiometry. Additionally, as part of a separate research 
protocol, some subjects received pulsatile GnRH therapy as previously 
described (52, 53). Hormonal and gonadal responses to therapy were 
assessed in serial clinical visits. Gonadotropin results are expressed in 
IU/l as equivalents of the second international reference preparation of 
human menopausal gonadotropins (49).

Predictions of the functional impact of FGF8 mutations using the FGF8b/FGFR2c 
crystal structure. The K71E and R98G mutations were mapped onto the 
FGF8b/FGFR2c crystal structure to predict their effect on FGF8 function 
(23). In order to study the potential impact of these mutations on the hepa-
rin/HS binding activity of FGF8b, we constructed a 2:2:2 FGF8b/FGFR2c/
heparin model by superimposing FGF8b from the FGF8b/FGFR2c com-
plex onto each of the 2 FGF2 molecules in the 2:2:2 FGF2/FGFR1c/hepa-
rin structure (protein data bank identifier 1FQ9; ref. 24).

Expression and purification of WT and mutant FGF8b and FGF8f ligands. The 
DNA fragment encoding mature FGF8b (residues 23–215) and FGF8f 
(residues 23–244) were amplified by PCR and subcloned into the pET-28a 
bacterial expression vector. The introduction of K71E, R98G, and T200M 
mutations into the WT FGF8b construct, and the P26L and F40L muta-
tions into the WT FGF8f construct, was carried out using the QuikChange 
site-directed mutagenesis kit (Stratagene). The WT and mutant proteins 
were expressed in E. coli as inclusion bodies, refolded in vitro, and purified 
using heparin affinity (23). The concentration of FGF8b proteins was deter-
mined by 280 nm spectroscopy and confirmed by Coomassie Blue staining. 

Because of very low yields in FGF8f proteins and the presence of impurities, 
FGF8f concentrations were estimated using Coomassie Blue staining.

In vitro reporter gene assay. These assays were carried out as previously described 
using L6 myoblasts, a cell line largely devoid of endogenous FGFs and FGFRs 
(8). Cells were transiently transfected at 15% confluence with the full-length 
human WT FGFR1c expression vector together with the OCFRE luciferase 
reporter (obtained from D.M. Ornitz, Washington University in St. Louis,  
St. Louis, Missouri, USA), using Fugene6 reagent (Roche). Following serum 
starvation, cells were treated with 0–25 nM WT or mutant FGF8 isoform for 
16 h in serum-free medium. Luciferase activity was assayed using a Promega 
Luciferase Assay System. Transfection experiments were performed in triplicate 
and repeated at least 3 times. A 4-parameter logistic dose-response curve was fit-
ted to each raw data set, and the maximal activity of each mutant was assessed 
compared with WT activity using Prism software (version 4; GraphPad).

FGF8 hypomorphic mice. Transgenic mice that were hypomorphic for the 
Fgf8 allele (14) were maintained as heterozygotes. These hypomorphs have 
a neomycin resistance gene inserted upstream of the Fgf8 coding sequence. 
Because the neo cassette contains cryptic splice sites, the level of functional 
Fgf8 transcript is diminished. All mice were housed under a 12-h light, 12-h 
dark photoperiod and fed water and rodent chow ad libitum. All animal 
procedures were approved by the Animal Care and Use Committee of the 
University of Colorado at Boulder.

GnRH IHC and RIA. GnRH IHC and RIA were conducted as previously 
described (37) on animals of mixed sex. Briefly, for IHC, heads of P0 pups 
were removed, skinned, and immersion-fixed in 4% paraformaldehyde 
for 6 h. P29 animals were fixed by transcardial perfusion with 4% para-
formaldehyde followed by postfixation of the brain in the same fixative for 
2 h. Tissues were cryoprotected in 30% sucrose and cut on a cryostat. Thaw-
mount coronal sections (20 μm; from P0) or floating sections (40 μm; from 
P29) were collected and processed for IHC using a rabbit anti-GnRH antise-
rum (LR5; gift of R. Benoit, Montreal General Hospital, Montreal, Quebec, 
Canada). GnRH neurons were scored in serial brain sections ranging from 
the anterior preoptic area to the beginning of the median eminence. Every 
section was scored by an observer blinded to the identity of the slide. GnRH 
RIA of hypothalamic extracts followed the protocol described previously 
(54) using an antiserum (R1245) provided by T.M. Nett (Colorado State 
University Fort Collins, Fort Collins, Colorado, USA).

Statistics. For in vivo reporter gene assays, the maximal activity of mutants 
compared with WT (top of the dose-response curve) was compared using 
the F test option of the nonlinear curve fitting module of Prism software 
(version 4; GraphPad). A P value less than 0.05 was considered significant.
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