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Context: FGFR1 mutations have been identified in about 10% of patients with Kallmann syndrome.
Recently cases of idiopathic hypogonadotropic hypogonadism (IHH) with a normal sense of smell
(nIHH) have been reported.

Aims: The objective of the study was to define the frequency of FGFR1 mutations in a large cohort
of nIHH, delineate the spectrum of reproductive phenotypes, assess functionality of the FGFR1
mutant alleles in vitro, and investigate genotype-phenotype relationships.

Design: FGFR1 sequencing of 134 well-characterized nIHH patients (112 men and 22 women) and
270 healthy controls was performed. The impact of the identified mutations on FGFR1 function was
assessed using structural prediction and in vitro studies.

Results: Nine nIHH subjects (five males and four females; 7%) harbor a heterozygous mutation in
FGFR1 and exhibit a wide spectrum of pubertal development, ranging from absent puberty to
reversal of IHH in both sexes. All mutations impair receptor function. The Y99C, Y228D, and I239T
mutants impair the tertiary folding, resulting in incomplete glycosylation and reduced cell surface
expression. The R250Q mutant reduces receptor affinity for FGF. The K618N, A671P, and Q680X
mutants impair tyrosine kinase activity. However, the degree of functional impairment of the
mutant receptors did not always correlate with the reproductive phenotype, and variable expres-
sivity of the disease was noted within family members carrying the same FGFR1 mutation. These
discrepancies were partially explained by additional mutations in known IHH loci.

Conclusions: Loss-of-function mutations in FGFR1 underlie 7% of nIHH with different degrees of
impairment in vitro. These mutations act in concert with other gene defects in several cases,
consistent with oligogenicity. (J Clin Endocrinol Metab 94: 4380–4390, 2009)
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Idiopathic hypogonadotropic hypogonadism (IHH) is a
rare genetic disorder defined by absent or incomplete

sexual maturation in conjunction with low circulating go-
nadotropin and sex steroid levels and otherwise normal
pituitary function/imaging (1, 2). This disorder may occur
with anosmia, termed Kallmann syndrome (KS), or with
normal olfaction, termed normosmic IHH (nIHH). Asso-
ciated nonreproductive phenotypes such as cleft palate
and hearing loss occur with varying frequency (3, 4). The
underlying pathology is believed to be caused by defects in
GnRH neuron fate specification or migration as well as
anomalies in GnRH secretion or action (2, 5, 6). The mul-
tiple rare loci underlying IHH, acting alone or in combi-
nation include KAL1 (7, 8), fibroblast growth factor re-
ceptor 1 (FGFR1) (9), fibroblast growth factor 8 (FGF8)
(10), GnRH receptor (GNRHR) (11), nasal embryonic
LHRH factor (NELF) (12), G protein-coupled receptor 54
(GPR54) (13, 14), prokineticin 2 (PROK2) (15), proki-
neticin receptor 2 (PROKR2) (15), chromodomain heli-
case DNA-binding protein (CHD7) (16), neurokinin B
(TAC3) (17), and neurokinin B receptor (TAC3R) (17).

FGFR1 mutations in KS were thought to result in a
defect in GnRH neuron migration via abnormal olfactory
bulb morphogenesis (9, 18). FGFR1 is one of the four
members of the conserved FGFR tyrosine kinase receptor
subfamily. Upon binding fibroblast growth factor (FGF)
and heparan sulfate, FGFRs undergo dimerization and
trans-autophosphorylation to activate Ras-MAPK and
phospholipase C� pathways (19). FGFR1 is an N-glyco-
sylated protein. Glycosylation is thought to have a role in
folding and quality control in the endoplasm reticulum
(ER) (20) and may control subcellular localization and
trafficking of proteins (21).

KS families harboring heterozygous FGFR1 mutations
display variable olfactory phenotypes (9, 22). In addition,
a few cases of heterozygous FGFR1 mutations underlie
IHH patients with a normal sense of smell (nIHH) (22–
25). However, the frequency of FGFR1 mutations among
nIHH patients is currently unknown. Therefore, this study
aims to investigate the prevalence of FGFR1 mutations
within a large cohort of nIHH patients, analyze the mo-
lecular mechanisms underlying receptor dysfunction
through both structural and functional studies, and define
genotype-phenotype relationships.

Subjects and Methods

Subjects

Normosmic IHH
Normosmic IHH was diagnosed according to the following

criteria: 1) absent/incomplete puberty by age 18 yr; 2) serum
testosterone 100 ng/dl or less in men or estradiol 20 pg/ml or less

in women in association with low or normal levels of serum
gonadotropins; 3) otherwise normal pituitary function; 4) nor-
mal serum ferritin concentrations; 5) normal magnetic resonance
imaging (MRI) of the hypothalamic-pituitary region; and 6) nor-
mal olfaction as defined by history. When possible, olfaction was
assessed by the University of Pennsylvania Smell Identification
Test (UPSIT). A score of fifth percentile or greater adjusted for
age and sex was considered to be a normal sense of smell (26).

One hundred thirty-four nIHH unrelated probands were in-
cluded. The cohort comprised 112 male and 22 female probands.
One third of the probands had a history of partial puberty,
whereas the remainder had absent puberty. Additionally, 33% of
the cases were familial. By definition, all 134 probands reported
a normal sense of smell.

Controls
Two hundred seventy healthy Caucasian controls were stud-

ied from Massachusetts General Hospital. All controls had nor-
mal reproductive function and normal sense of smell by history.
They provided blood for DNA analysis. The study was approved
by the Partners Human Research Committee and all subjects
provided written informed consent.

Clinical studies

Medical history and physical examination
Detailed medical histories and physical examination were

performed as previously described (27). When available, family
members were recruited for these clinical phenotyping studies.

Neuroendocrine evaluation
Probands agreeing to undergo detailed neuroendocrine stud-

ies were admitted to the Massachusetts General Hospital Gen-
eral Clinical Research Center for an overnight 12-h frequent
sampling study to assess endogenous LH pulsatility (every 10
min) as previously described (28). Pulsatile hormone secretion
was analyzed using a modification of the Santen and Bardin
method (28), and study pools were measured for FSH, testos-
terone, and estradiol as previously reported (28). A renal ultra-
sound, dual-energy x-ray absorptiometry scan, and cranial
three-dimensional MRI scan to assess the olfactory system were
performed (22).

Mutation analyses
Normosmic IHH probands were prospectively screened for

mutations in FGFR1 within a 3-yr period. Sequencing of the
coding regions and intron-exon boundaries of the FGFR1 gene
(GenBank accession NM_023110) was performed (22). Non-
sense changes as well as nucleotides changes that were nonsyn-
onymous or led to splicing errors and absent in more than 340
ethnically matched alleles were defined as mutations. All genes
and proteins are described by using standard nomenclature (29).

Normosmic IHH probands with a mutation in FGFR1 were
subsequently screened for other gene defects if not previously
performed [GNRHR (30), GPR54 (14), PROK2 (31), PROKR2
(32), and FGF8 (10)]. In addition, family members of probands
with FGFR1 mutations underwent detailed phenotyping and
mutational screening when possible.
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Predictions of the functional impacts of FGFR1
mutations based on the available structures of
FGFRs

The crystal structures of the FGFR1 extracellular ligand bind-
ing region in complex with FGF2 and heparin (Protein Data
Bank entry 1FQ9) (33), the FGFR1 kinase domain (Protein Data
Bank entry 1FGK) (34), and the solution structures of D1 of
human and mouse FGFR1 (Protein Data Bank entries 2CR3 and
2CKN) were used to explore the effects of the mutations on the
function-structure of FGFR1 (35). The impact of the K618N
mutation on FGFR1 function was investigated using the crystal
structure of A-loop phosphorylated active FGFR2 kinase do-
main (Protein Data Bank entry 2PVF) (36), which has 90% se-
quence identity to FGFR1 kinase domain. Structures were visual-
ized by using the program O (37), and structural representations
were made using Pymol (www.pymol.org, Delano Scientific, LLC).

Site-directed mutagenesis
N-terminal myc-tagged FGFR1c cDNA (38) in pcDNA3.1�

(Invitrogen, Carlsbad, CA) was used as a template for site-di-
rected mutagenesis using a QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). The mutant constructs were
sequenced on both strands to verify nucleotide changes. The
L83V GNRHR mutation was similarly introduced into an ex-
pression vector encoding the wild-type human GnRH receptor
(hGnRHR) (39).

Receptor expression and maturation studies
Although antibodies directed against FGFR1 ectoderm can be

used to detect cell surface expression of FGFR1, we chose not to
use antibodies against FGFR1 ectodomain because some of the
identified mutations map to this region and could potentially
eliminate some epitopes. Instead we fused a myc-tag to the
ectodomain of the receptor and used anti-myc antibodies to de-
tect cell surface expression. Herein we performed endoglycosi-
dase digestion, Western analysis, and cell surface expression
(40). Details of the methods used are found in supplemental data
S1, published as supplemental data on The Endocrine Society’s
Journals Online web site at http://jcem.endojournals.org.

FGF reporter gene assay
L6 myoblasts (American Type Culture Collection, Manassas,

VA), which are largely devoid of endogenous FGFRs and FGFs
(41, 42), were maintained in DMEM containing penicillin (100
U/liter), streptomycin (100 �g/liter), and 10% fetal calf serum
(Invitrogen). Transient transfections were performed at 10% cell
confluency in 24-well plates with 5 ng of wild-type (WT) or
mutant FGFR1 cDNA with 100 ng of the osteocalcin FGF re-
sponse element-luciferase reporter (kind gift from Dr. David Or-
nitz, Washington University Medical School, St. Louis, MO),
and 295 ng of empty vector DNA, using FuGene6 reagent (Roche
Diagnostics, Indianapolis, IN). After 24 h of serum starvation,
cells were treated for 16 h with increasing doses of FGF2 (from
0 to 2000 pM) in DMEM containing 0.1% BSA. The cells were
lysed with passive lysis buffer (Promega, Madison, WI), and as-
sayed for luciferase activity using Promega luciferase assay sys-
tem. Results were plotted and fitted with four-parameter sig-
moidal dose response curves using Prism4 software (GraphPad
Software Inc., San Diego, CA). Experiments were performed in
triplicate and repeated at least three times.

Kinase autophosphorylation assay
The tyrosine autophosphorylation activity of the wild-type

FGFR2 kinase domain and K621N and A674P (analogous to
K618N and A671P in FGFR1, respectively) mutant FGFR2 kinase
domains were quantified using a continuous spectrophotometric
assay, as previously described (43). In this assay, hydrolysis of ATP
to ADP is coupled to the oxidation of nicotinamide adenine dinu-
cleotide hydroxide (NADH) to oxidized of nicotinamide adenine
dinucleotide and measured as a reduction in NADH absorbance at
340 nm. Reactions were carried out at 30 C in 50 �l of buffer
containing 100 mM Tris-HCl (pH 7.5), 1.0 mM ATP, 5 mM MgCl2,
1.5 mM phosphoenolpyruvate, 1.2 mg/ml NADH, 89 U/ml pyru-
vate kinase, 124 U/ml lactate dehydrogenase, and 5 �M recombi-
nant WT or mutant FGFR2 kinase for 1 h.

Inositol phosphate (IP) assay
WT or L83V mutant hGnRHR cDNA expression vectors were

transiently transfected into COS7 cells. The response of the tran-
siently transfected cells to a GnRH agonist (des-Gly10[D-Ala6]
GnRHethylamide;SigmaChemicals,St.Louis,MO)wasmeasured
by IP accumulation as previously described (39). Assay points were
performed in triplicate, and the experiment was repeated three times.

Statistical analyses
Frequency of FGFR1 mutations in IHH males or females were

compared using Fisher’s exact test. Cell surface expression levels of
WT and mutant receptors were compared using a Mann Whitney
nonparametric t test onall 12observations (three experiments, four
repeats). In the transcriptional assay, the activity of each FGFR1
mutant was compared with WT using the WT EC50 dose of FGF2.
P � 0.05 was considered significant for all analyses.

Results

Sequence analysis of the FGFR1 gene
Sequencing of the FGFR1 gene in 134 unrelated nIHH

probands revealed the presence of nine heterozygous mu-
tations (Fig. 1A): c.296 A�G in exon 3 (p.Y99C), c.350
A�G in exon 3 (p.N117S), c.682 T�G in exon 6
(p.Y228D), c.716 T�C in exon 6 (p.I239T), c.749 G�A
in exon 7 (p.R250Q), c.1409 G�T in exon 10 (p.R470L),
c.1854 G�T in exon 13 (p.K618N), c.2011 G�C in exon
15 (p.A671P), and c. 2038 C�T in exon 15 (p.Q680X),
four of which have been previously published (10, 12, 22,
44). Thus, the frequency of FGFR1 mutations was 7%
(nine of 134), and higher among females (four of 22) com-
pared with males (five of 112) (P � 0.05).

Mapping the FGFR1 mutations onto the crystal
structure

Unlike the craniosynostosis mutations, which map to
certain hotspot regions of FGFRs, the IHH mutations are
scattered over several domains of the receptor (Fig. 1A).
The p.Y99C and p.N117S mutations localize to the im-
munoglobulin 1 (D1) domain of FGFR1 (Fig. 2). Mapping
these mutations onto the solution structure of FGFR1 D1
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predicts both to be loss of function (Fig. 2). The side chain
of Y99, located on �F strand, points into the hydrophobic
interior of D1 and plays a critical role in D1 folding (Fig.
2C). Substitution of this tyrosine for a smaller cysteine
should destabilize D1 folding, leading to impaired glyco-
sylation and thus retention of the misfolded mutant re-
ceptor in the ER. Consistent with its structural role, Y99
is fully conserved in all four human FGFRs. N117, situ-
ated on �G strand, is solvent exposed and a putative gly-
cosylation site. Substitution of asparagine for a serine
should interfere with FGFR1 glycosylation and lead to
reduced cell surface expression of the mutant receptor.

The impacts of the remaining mutations were investi-
gated in the context of the crystal structures of FGFR1-
FGF2-heparin complex (1FQ9), the unphosphorylated
FGFR1 kinase domain (Protein Data Bank entry 1FGK),
and the A-loop phosphorylated active FGFR2 kinase do-
main (Protein Data Bank entry 2PVF) (36). Both Y228 and
I239 map to D2, and the crystal structure shows that these
two residues are essential for structural integrity of D2
domain as their side chains contribute to the hydrophobic
core of D2 (Fig. 2, A and D). Therefore, similar to the
p.Y99C D1 mutation, the p.Y228D and p.I239T muta-
tions should impair the D2 fold and thus manifest in gly-
cosylation defects and retention of the misfolded mutant
receptors in the ER. In contrast, the p.R250Q mutation

should lead to loss of function by reducing the
binding affinity of FGFR1 toward all FGFs be-
cause R250 of FGFR and the homologous argi-
nines in other FGFRs engage in FGFR-invariant
hydrogenbondswith ligand (Fig.2B).Themech-
anisms by which the p.R470L and p.Q680X ki-
nase domain mutations lead to loss of function
have been previously described (12, 22). The
newly identified p.A671P and p.K618N kinase
domain mutations should also lead to loss of
function. The p.A671P mutation maps to �EF
helix in the C-lobe of TK domain and should
compromise the formation of helix EF, which is
a critical structural element involved in substrate
recognition (Fig. 2E). The p.K618N mutation,
also located in the C-terminal lobe of the TK do-
main, is predicted to lead to loss of function.
Crystal structure of the A-loop phosphorylated
active FGFR2 kinase domain shows that K621,
the corresponding residue in FGFR2 kinase do-
main, supports the active A-loop conformation
by making hydrogen bonds with residues in the
A-loop (data not shown).

Biological assays
To test our structural predictions, we first

compared cell surface expression of WT and
mutant receptors transiently expressed in COS-7 cells.

Western blotting analysis shows two immunoreactive-
specificbands forWTFGFR1cat140and120kDa(Fig.1B).
peptide N-glycosidase digestion, which removes all types of
N-linked carbohydrate chains from a glycoprotein, reduced
the twobands intoasingleoneofabout100kDa,confirming
that the two bands are differently N-glycosylated receptor.
The overall expression levels of the receptors were calculated
from the PNGase-treated samples. The overall expression of
the R250Q and K618N mutants were slightly decreased
compared with WT, whereas the expression of the Q680X
mutant was dramatically decreased (Fig. 1B).

In contrast, treatment with endoglycosidase H (En-
doH), which removes only high mannose N-linked sugars,
causes only the minor 120-kDa band of the WT FGFR1c
receptor to change its mobility (Fig. 1C), indicating that
this band represents the high mannose partially processed
receptor, whereas the 140-kDa EndoH-resistant band rep-
resents the fully glycosylated mature form of FGFR1c.
Densitometric analysis revealed that 80% of the WT
FGFR1 was expressed as a mature form (Fig. 1C). Con-
sistent with our structural analysis predicting that Y99C,
Y228D, and I239T mutations destabilize the tertiary
structure of FGFR1 ectodomain, these mutant receptors
were expressed mostly as the high mannose 120-kDa im-

FIG. 1. A, Schematic of the FGFR1 mutations. The nine FGFR1 mutations span
several functional domains of the receptor. AB, Acid box. B–D, Endoglycosidase
analysis of FGFR1 mutants. COS-7 cells were transiently transfected with 5 ng of
Myc-tagged WT or mutated FGFR1 cDNA. Cell lysates were subjected to PNGase
(PNG, B) or EndoH (EH, C) digestion and then processed for FGFR1 immunoblotting
using anti-myc antibodies. Overall expression levels were determined by normalizing
PNGase-treated bands to their respective �-actin densities (B). Receptor maturation
levels were estimated by calculating the fraction of the upper band (mature) out of
the total FGFR1 immunoreactivity of EndoH-treated samples (C). In both analyses,
the calculated mutant values are expressed as a ratio of WT. Untreated and PNGase-
treated WT and N117S mutant are subjected to longer electrophoretic migration (D).
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mature form (0.3, 0.1, 0.4 relative to WT, respectively; Fig
1C). In contrast, the R250Q, K618N, and A671P mutants
had similar expression levels of mature form as WT re-
ceptor. Importantly, these data are also harmonious with
our structural analysis predicting that R250Q, K618N,
and A671P mutations do not have any adverse effects on
the tertiary fold of neither FGFR1 ectodomain nor kinase
domain. Lastly, mature N117S migrates slightly faster

than the WT, consistent with the loss of the N-glycosyl-
ation site at position 117. Notably, after PNGase diges-
tion, both bands run to the same level (Fig. 1D).

Consistent with the results of deglycosylation experi-
ments, the mutants Y99C, Y228D, and I239T exhibited a
major reduction in cell surface expression levels (0.2, 0.14,
0.61 relative to WT, respectively; P � 0.05) (Fig. 3A). The
N117S mutant, which eliminates a glycosylation site,

FIG. 2. Mapping of the nIHH mutations onto the known FGFR crystal structures suggest that they impair the activity of FGFR1c. The various
mutants are mapped onto the ribbon diagram of D1 solution structure (Protein Data Bank entry 2CR3, 2CKN) or FGF2-FGFR1c-heparin complex
(Protein Data Bank entry 1FQ9) and FGFR1 kinase domain (Protein Data Bank entry 1FGK) crystal structures. D1 is colored in gold. FGF is colored in
orange and the extracellular ligand binding region of FGFR is colored as follows: D2, green; D3, cyan; D2–D3 linker, gray. The coloring of the
intracellular tyrosine kinase domain is as follows: the N-terminal lobe of kinase in green; the C-terminal lobe, purple; the activation loop, yellow;
and the kinase hinge region, gray. Note that ATP (not shown) binds in the cleft between the N-lobe and C-lobe of the kinase domain. Only
relevant �-strands and �-helices of FGFR1c are labeled. A–E, Close-up of the microenvironment of Y99C, N117S, I239, Y228, R250, and A671
subject to mutation in probands with nIHH. In each panel, in addition to the mutated residue, other relevant receptor residues are shown as ball
and sticks. A, Side chain of I239 pointing into the hydrophobic core of D2 and interacting with hydrophobic residues P153, W155, and V232, thus
contributing to tertiary fold of D2. The surface of I239 is shown as red mesh and P153, W155, and V232 are shown as sticks. B, Network of
hydrogen bonds between R250 of FGFR1 and FGF2 is shown. C, Side chain of Y99 pointing into the hydrophobic core of D1 and thus contributing
to tertiary fold of D1. The surface of Y99 is shown as red mesh and nearby interacting hydrophobic residues L51, L53, L73, V86, and V116 are
shown as sticks. N117 is a potential glycosylation site and is rendered in sticks. D, Side chain of Y228 engages in intramolecular hydrophobic
interactions with F176, F197, M217, and L245 in the core of D2. The surface of Y228 is shown as red mesh and F176, F197, M217, and L245 are
shown as sticks. E, Surface of A671 is shown in red mesh and the surfaces of hydrophobic residues in the vicinity of A671 are shown in blue mesh.
Atom coloring is as follows: nitrogen in blue; oxygen, red; sulfur, yellow. Hydrogen bonds are shown as dashed lines. Letters N and C, N and C
termini of FGFR1c, respectively. The membrane bilayer is represented as a gray rectangle.
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showed a small but significant reduction in cell surface
expression of the receptor (0.85 relative to WT; P � 0.05)
(Fig. 3A).TheR250QandK618Nmutantshad similar cell
surface expression levels as WT. The A671P mutant was
detected at significantly higher levels (1.4 relative to WT;
P � 0.05; Fig. 3A), suggesting a potential defect in receptor
turnover rate. A large decrease in cell surface expression
was also observed for Q680X (0.65 relative to WT, P �
0.05), consistent with its low overall expression levels. The
mutation Q680X is located 13 bp upstream of the end of
exon 17. Therefore, this mutated allele is not predicted to
undergo an mRNA nonsense-mediated decay (45).

Signaling activity of the FGFR1 mutants was assayed
using the FGF-responsive reporter osteocalcin FGF re-
sponse element-luciferase in L6 myoblasts, which acts
downstream of the MAPK pathway (Fig. 3B) (46). Cells
expressing WT receptor showed a typical sigmoid dose-

response curve with about 5-fold maximum induction and
EC50 around 15 pM after treatment with increasing doses
of FGF2. As was expected from their low cell surface ex-
pression levels, mutants Y99C, Y228D, I239T, and
Q680X did not respond to FGF stimulation, even at the
highest FGF2 dose tested (2 nM). The N117S, K618N, and
A671P mutants responded similarly to the WT, whereas
R250Q generated a dose-response curve with an approx-
imately 10-fold increase in the EC50, consistent with de-
creased binding affinity of the receptor to the ligand, thus
confirming our structural prediction.

To sort out the discrepancy between the structural anal-
ysis and transcriptional assay for the K618N and A671P
mutations, we studied the effect of these mutations in an
in vitro kinase assay. The catalytic kinase domains of
FGFR1 and FGFR2 have greater than 90% sequence sim-
ilarity and are both regulated by a FGFR-invariant mo-

FIG. 3. A, Cell surface expression of FGFR1 mutants. COS-7 cells were transiently transfected with 5 ng of Myc-tagged WT or mutated FGFR1
cDNA. Cell surface receptor levels were assessed using anti-Myc monoclonal antibodies and [125I]rabbit antimouse IgG. Data shown are means �
SEM of three experiments, each performed in quadruplicates. Statistical difference between expression of mutants vs. WT receptors were analyzed
using repeated-measures ANOVA followed by Dunnett’s multiple comparison test. ns, Not significant. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
B, Transcription reporter activity of WT and mutants FGFR1. WT and FGFR1c mutants were transiently transfected into L6 myoblasts with an
FGFR1-responsive osteocalcin promoter luciferase construct. FGF2 treatment of WT FGFR1c induced a 5-fold increase in LUC reporter gene
expression, whereas Y99C, Y228D, I239T, and Q680X remained silent. The mutant R250Q had a right-shifted curve and did not reach maximum
activity of WT. In contrast, N117S, K618N, and A671P activities do not differ from WT. C, Kinase activity of WT and mutants FGFR1. The tyrosine
autophosphorylation activity of wild-type (green) and the K621N (blue) and A674P (red) mutant FGFR2 kinases (corresponding to K618N and
A671P in FGFR1, respectively) were quantified by using a continuous spectrophotometric assay as described by Barker et al. (43). In this assay,
hydrolysis of ATP to ADP is measured as a reduction in NADH absorbance at 340 nm. Relative to wild-type kinase (normalized as 1), the activity of
mutant kinases are determined as 0.64 for K621N and 0.25 for A674P consistent with loss of function. D, The L83V hGnRHR mutation blocks
GnRH-induced IP accumulation. IP accumulation was measured in COS-7 cells transiently transfected with cDNA encoding wild-type or L83V
hGnRHR and stimulated with 10�7 M GnRH agonist. Data points represent the mean � SEM of triplicate samples. The figure is a representative
graph from three individual experiments.
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lecular brake at the kinase hinge/interlobe region (36).
Because FGFR2 kinase domain can be produced in Esch-
erichia coli in larger quantities and better purity than
FGFR1 kinase domain, we chose the FGFR2 kinase do-
main as the template. The kinase activity of mutant FGFR2
kinase domains harboring K621N or A674P mutations,
analogous to K618N and A671P mutations in FGFR1, was
compared with WT FGFR2 kinase using a continuous spec-
trophotometric assay (Fig. 3C). In agreement with our struc-
tural prediction, the activities of K621N or A674P mutant

kinases were 0.64 and 0.25, respectively, relative to WT
FGFR2 kinase (normalized as 1).

Genotype phenotype correlation
The clinical data of the nine nIHH probands with an

FGFR1 mutation are summarized in Table 1 and Fig. 4,
and each pedigree is described in detail in supplementary
data S2. Of note, seven probands (73%) had absent pu-
berty, whereas two had partial puberty. Seven of nine
cases (73%) were familial. This is greater than the familial

FIG. 4. Pedigrees of probands with an FGFR1 mutation. Pedigrees 2 and 4 show additional gene defects (GNRHR and PROKR2, respectively).
Circles, Females; squares, males; diamonds, additional siblings; arrows, proband; and �, WT for the gene.

TABLE 1. Clinical presentation of nIHH subjects carrying a FGFR1 mutation

Proband Sex Puberty Inheritance
LH secretion

pattern MRI of OB Other phenotypes
Additional gene

defects
1a M Partial Familial Pulsatile OB and sulci normal HH reversal
2 F Absent Familial Undetectable NA None GnRHR
3 F Absent Sporadic Undetectable NA Osteoporosis
4 F Absent Familial Undetectable NA HH reversal PROKR2
5a M Absent Familial Undetectable NA None FGF8
6a F Absent Familial Undetectable OB and sulci normal None GNRHR
7 M Absent Sporadic Undetectable OB and sulci normal Frontal bossing
8 M Partial Familial Apulsatile OB and sulci normal Clinodactily, osteopenia GNRHR
9a M Absent Familial Undetectable OB and sulci normal Cleft lip/palate

M, Male; F, female; normal, normal by history; OB, olfactory bulb; NA, not assessed.
a Raivio et al. (44); Falardeau et al. (10); Pitteloud et al. (12); Pitteloud et al. (22).
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cases noted within the entire cohort of nIHH (35%). A
subset of 57 probands performed a UPSIT 40-item smell
test. All IHH subjects had score greater than fifth percen-
tile adjusted for age and sex. Thus, the UPSIT results agree
with the history of normosmia. However, the UPSIT tests
results were lower in the nIHH (with or without FGFR1
mutation) compared with the normal reference popula-
tion (Fig. 5). This FGFR1 nIHH cohort includes two cases
of HH reversal, one male (no. 1) and one female (no. 4) and
a variety of skeletal phenotypes (Table 1). Furthermore,
variable expressivity was observed within family members
carrying the FGFR1 mutation (Fig. , supplemental data
S2). In vitro studies of the FGFR1 mutants did not corre-
late with the severity of GnRH deficiency in all probands
(Table 2). Notably, additional gene defects were iden-
tified in five of nine nIHH probands carrying an FGFR1
mutation (Table 1). Subjects 2, 6, and 8 harbor addi-
tional GNRHR mutations, [p.L83V � p.Q106R] (Fig.

4D), [p.Q106R � p.R262Q] (12), and heterozygous
p.R262Q, respectively, whereas subject 5 carries an ad-
ditional heterozygous loss-of-function FGF8 mutation
previously reported (p.K100E) (10). In addition, subject 4
harbors an additional heterozygous PROKR2 mutation
(p.S202G), the functionality of which has not been as-
sessed in vitro.

Discussion

The frequency of FGFR1 mutations in this large cohort of
probands with nIHH was 7% (nine of 134), compared
with 3% in the previous Brazilian report (one of 34) (24),
and approximately 10% in prior reports of KS cohorts (9,
47). In light of these findings, FGFR1 appears to be a key
locus for both KS and nIHH and should be included with
GNRHR (11), GPR54 (13), PROK2 (31), PROKR2 (32),
FGF8 (10), CHD7 (16), TAC3 (17), and TAC3R (17) in
the genetic screening panel for nIHH patients. Our results
also support the notion that KS and nIHH are not two
entirely distinct clinical entities but can share a common
genetic basis (22). Of note, the frequency of FGFR1 mu-
tations was higher among nIHH females compared with
males. This gender discrepancy could be in part explained
by the effect of putative X-chromosomal modifier genes
on the IHH phenotype.

Probands carrying an FGFR1 mutation displayed a wide
degreeofpubertaldevelopmentranging fromabsentpuberty
to reversal of IHH in two probands (44), one of whom is a
female with severe nIHH. To our knowledge, there is only
onepreviouscasereportdescribingaspontaneouspregnancy
in a woman with partial nIHH after sex steroid exposure,
suggesting a reversal of her IHH (48). Interestingly, that
woman harbors the identical homozygous GNRHR muta-
tion described in a male nIHH reversal subject (49).

FIG. 5. Histogram of age-adjusted smell test percentile in nIHH.
UPSIT results from seven probands carrying an FGFR1 mutation are
contrasted with 50 nIHH probands negative for FGFR1 mutations.
The dashed line reflects the number of subjects in the reference
population.

TABLE 2. Summary of functional studies in nIHH subjects with a FGFR1 mutation

Proband Mutation Domain
Structural
prediction

Overall
cell exp.

Protein
maturation

Cell
surface

exp.

Reporter-
luciferase

assay
Kinase
activity

1 p.Y99C D1 Disrupts D1 folding � s s s
2 p.N117S D1 Elimates a

glycosylation site
� � 2 �

3 p.Y228D D2 Disrupts D2 ligand-
binding site

� s s s

4 p.I239T D2 Destabilize D2 � s s s
5 p.R250Q D1–D2 linker Disrupts ligand

binding
2 � � 2

7 p.K618N TK Disrupts kinase A-loop 2 � � � 2
8 p.A671P TK Disrupts kinase A-loop � � 1 � s
9 p.Q680X TK Eliminates portion of

catalytic domain
s � s s

D1, Domain 1; D2, domain 2; TK, tyrosine kinase; Exp, expression; �, equal to WT;2, moderate decrease;s, severe decrease; and1, moderate
increase.
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The broad range of reproductive phenotypes in our
nIHH cohort indicates varying degrees of endogenous
GnRH secretion. Structural and functional consequences
of the FGFR1 mutations revealed loss of function through
different mechanisms including: 1) decreased ligand bind-
ing affinity (R250Q); 2) destabilization of the receptor
ectodomain leading to impaired glycosylation and hence
decreased cell surface expression of the receptor (Y99C,
Y228D, and I239T) (21); 3) altered glycosylation, result-
ing in decreased cell surface expression and likely abnor-
mal receptor trafficking (N117S); 4) decreased tyrosine
kinase activity (A671P and K618N); and 5) the truncated
Q680X mutant displays substantially decreased overall
expression, suggesting folding defects. Of note, the
FGFR1 gene encodes two major isoforms, FGFR1b and
FGFR1c, generated through alternative splicing in D3. All
the nIHH FGFR1 mutations identified so far map to the
nonspliced regions of the receptor and therefore are pre-
dicted to affect both FGFR1c and FGFR1b isoforms. This
contrasts with KS in which the FGFR1c isoform has been
implicated (47, 50, 51). Thus, we decided to select
FGFR1c for our biochemical investigations.

The gradations in loss of function did not accurately
predict the severity of the reproductive phenotypes (i.e. the
degree of pubertal development and GnRH deficiency) in
all cases (Tables 1 and 2). Furthermore, several family
members carrying an identical FGFR1 mutation exhibited
variable expressivity of reproductive phenotypes. This
finding could be partially explained by multiple gene de-
fects in five pedigrees, three of which are novel, which
support the emerging model of oligogenicity in IHH (10,
12, 15). Alternatively, the inconsistent correlations be-
tween in vitro activity of the FGFR1 mutants and the cor-
responding phenotypes may be explained by differences in
endogenous hormonal effects (i.e. in utero sex steroid ex-
posure) and/or environmental cues. Indeed, there are ex-
amples of identical twins (both males and females) discor-
dant for reproductive phenotypes (52, 53). Finally, our
description of IHH reversal in probands carrying a FGFR1
mutation further supports a critical role for gene-environ-
ment interaction in this disorder.

In conclusion, inactivating FGFR1 mutations, either
alone or in combination with other gene defects underly-
ing IHH, occur at a high frequency in nIHH probands.
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