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Context: The neurokinin B (NKB) receptor, encoded by TACR3, is widely expressed within the
central nervous system, including hypothalamic nuclei involved in regulating GnRH release. We
have recently reported two mutations in transmembrane segments of the receptor and a missense
mutation in NKB in patients with normosmic isolated hypogonadotropic hypogonadism (nIHH).

Patients and Methods: We sequenced the TACR3 gene in a family in which three siblings had nIHH.
The novel mutant receptor thus identified was studied in a heterologous expression system using
calcium flux as the functional readout.

Results: All affected siblings were homozygous for the His148Leu mutation, in the first extracellular
loop of the NKB receptor. The His148Leu mutant receptor exhibited profoundly impaired signaling
in response to NKB (EC5, = 3 = 0.1 nm and >5 um for wild-type and His148Leu, respectively). The
location of the mutationin an extracellular part of the receptor led us also to test whether senktide,
asynthetic NKB analog, may retain ability to stimulate the mutant receptor. However, the signaling
activity of the His148Leu receptor in response to senktide was also severely impaired (EC5, = 1 =
1 nm for wild-type and no significant response of His148Leu to 10 um).

Conclusions: Homozygosity for the TACR3 His148Leu mutation leads to failure of sexual matura-
tion in humans, whereas signaling by the mutant receptor in vitro in response to either NKB or
senktide is severely impaired. These observations further strengthen the link between NKB, the
NKB receptor, and regulation of human reproductive function. (J Clin Endocrinol Metab 94:
3633-3639, 2009)

ull understanding of the regulation of GnRH release,
F and hence of human reproductive function, has
proved elusive despite several decades of investigation (1).
Major insights have been gained, however, through elu-
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cidation of novel genetic defects causing hypogonado-
tropic hypogonadism (HH) (2). The genes implicated may
be divided into two groups—those whose normal function
relates to the ontogeny of the system, and those whose

Abbreviations: EL, Extracellular loop; GFP, green fluorescent protein; HH, hypogonado-
tropic hypogonadism; HPG, hypothalamo-pituitary-gonadal; MPH, midparental target
height; nIHH, normosmic isolated HH; NKB, neurokinin B; NK3R, neurokinin 3 receptor;
TM, transmembrane.
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function is concerned instead with regulating GnRH re-
lease from anatomically normal GnRH neurons (3).

The clinical hallmark of defects in genes with develop-
mental roles is the presence of abnormalities such as anos-
mia or hyposmia due to impaired neuronal migration, sur-
vival, or branching (KAL1, FGFR1, FGF8, NELF,
PROK2, PROK2R, CDH7), although it is now known
that milder defects in several of these genes may also pro-
duce HH with no olfactory abnormality (4). An interesting
aspect of these developmental defects has been the iden-
tification of pathogenic mutations in both receptors and
their cognate ligands (FGFR1/FGF8 and PROKR2/
PROK2) (4). In contrast, defects in genes with roles in
regulating GnRH secretion from anatomically normal
GnRH neurons only produce HH with neither anosmia
nor other developmental abnormalities, known as nor-
mosmic isolated HH (nIHH). Those mutations with the
most readily explicable pathogenic link to isolated HH lie
in the gene encoding the GnRH receptor (GNRHR) (5, 6)
or its ligand GnRH (GNRH1, in which mutations were
first reported during the writing of this manuscript) (7, 8).

Most informative about the physiological regulation of
anatomically normal GnRH neurons have been mutations
in the gene encoding the kisspeptin receptor, or KISSTR
(formerly GPR54). The establishment in 2003, through a
confluence of murine and human genetics, that loss of
KISS1R function produces nTHH (9, 10) energized the
field, and subsequent studies in humans and model organ-
isms have demonstrated that kisspeptin, acting through
KISS1R on GnRH neurons, is a highly conserved regulator
of GnRH secretion (11). However, despite the value of the
insights gained from human KISS1R mutations, they are
an extremely rare cause of nIHH, with only around 19
cases described to date (12).

We have recently added to this body of knowledge by
demonstrating loss-of-function mutations in either TAC3,
encoding neurokinin B (NKB), or TACR3, encoding its
endogenous receptor (the NK3R), associated with isolated
HH in eight patients from four families (13). We now
report the identification of a third loss-of-function
TACR3 mutation in three Kurdish siblings with nIHH,
further confirming the critical role for TACR3 in the con-
trol of human gonadal function.

Patients and Methods

Patients

Studies were performed with approval of the Ethics Commit-
tee of the Cukurova University Faculty of Medicine, Adana, Tur-
key. Each participant provided written informed consent, and all
studies were conducted in accordance with the principles of the
Declaration of Helsinki. Karyotypes were normal in all affected
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patients, and mutations in GNRHR, GNRH1, KISS1R, KISS1,
KAL1,NELF, PROK2, PROK2R, FGFR1,and TAC3 were ex-
cluded by sequencing. None of the affected siblings had impaired
sense of smell, obesity, other pituitary deficiencies, or adrenal
failure.

Biochemical assays and endocrine testing

Plasma ACTH, serum FSH, LH, estradiol, dehydroepiandro-
sterone sulfate, cortisol, and testosterone levels were analyzed by
commercial kits based on solid-phase, two-site sequential, or
competitive chemiluminescent immunometric assay or electro-
chemiluminescence immunoassay.

GnRH stimulation testing was undertaken using a standard
protocol, with gonadotropins determined at baseline and after
30, 60,90, and 120 min following an iv bolus injection of GnRH
(2.5 pg/kg, maximum 100 ug). A peak LH of more than 4 U/liter
was taken to be indicative of central activation of puberty (14).

Mutational analysis

DNA was extracted from blood leukocytes using standard
methods. PCR-amplified exons and splice junctions of TACR3
were sequenced on an ABI PRISM 3130 autosequencer (Applied
Biosystems, Foster City, CA). Primer sequences, annealing tem-
peratures, and PCR and sequencing conditions have been de-
scribed previously (13).

Recreation of mutant TACR3 alleles and functional
studies in vitro

TACR3 ¢DNA in pcDNA3.1+ was purchased from the Mis-
souri S&T cDNA Resource Center (Rolla, MO), and mutagen-
esis was undertaken using the QuickChange Site Directed Mu-
tagenesis kit (Stratagene, La Jolla, CA). After sequence
verification, all constructs were subcloned into pIRES2-AcGFP1
vector (Clontech, Palo Alto, CA) tandemly expressing green flu-
orescent protein (GFP) from an internal ribosomal entry site
downstream from the inserted TACR3 coding sequence. This
allowed identification of transfected cells by virtue of GFP ex-
pression without the necessity to fuse the TACR3 constructs to
GFP, which could potentially impair signaling function.
HEK293A cells (Qbiogene, Carlsbad, CA), cultured in DMEM
supplemented with 5% fetal calf serum, were transiently trans-
fected with the resulting expression constructs using 5 ul of poly-
ethylenimine (Sigma, St. Louis, MO) per microgram of DNA.
Transfected cells were seeded into poly-L-lysine-coated glass-
bottomed dishes (MatTec, Loveland, OH) 16 h later. At 24 h,
cells were loaded with Fura2-AM for 30 min. We performed
experiments on an inverted fluorescence microscope (Eclipse
TE2000; Nikon, Melville, NY) with a X40 oil-immersion ob-
jective. Fura2 was excited at 340, 360, and 380 nm, and GFP at
475 nm, using a 75 W xenon arc lamp and a monochromator
(Cairn Research, Kent, UK) and MetaFluor software (Molecular
Devices, Sunnyvale, CA). Emission, filtered at 510/80 and
535725 for Fura2 and GFP, respectively, was recorded with a
QuantEM CCD camera (Photometrics; Roper Scientific, Tuc-
son, AZ). Solutions of NKB (Sigma) and senktide (Tocris Bio-
science, Ellisville, MO) were prepared on the day of experimen-
tation in standard saline containing: 138 mm NaCl, 4.5 mm KCl,
4.2 mm NaHCOj;, 1.2 mm NaH,PO,, 2.6 mm CaCl,, 1.2 mMm
MgCl,, 10 mm HEPES, and 10 mm glucose. A stock solution of
5 mMm Fura2-AM (Invitrogen, San Diego, CA) was prepared in
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TABLE 1. Biochemical profiles of affected family members

Family member -2 (?) -3 (3) 11-5 (3) Normal range
Age (yr) 26 25 14.5
FSH (mIU/ml) (U/liter) 0.9 (0.9) 5.3(5.3) 0.7 (0.7) M, 1.4-18.1 (1.4-18.1);
F, 2.5-10.2 (2.5-10.2)
LH (mIU/ml) (Ul/liter) 0.1(0.1) 2.7 2.7) 0.12.7) M, 1.5-9.3 (1.5-9.3);
F, 1.9-12.5(1.9-12.5)
Estradiol (ng/dl) (omol/liter) 0.6 (22) ND ND M, 0.8-3.5 (26-128);
F, 6.3-16.5 (231-605)
Testosterone (ng/dl) (nmol/liter) ND 72.0 (2.4)7 2.0 (0.06) M, 350-1030 (711.9-35);
F, 14-76 (0.47-2.58)
GnRH stimulation test?
Maximum FSH (mIU/ml) (U/liter) 11.0(11.0) ND 2.9(2.9)
Maximum LH (mIU/ml) (U/liter) 4.0 (4.0) ND 0.5 (0.5)
Prolactin (pg/ml) (nmol/liter) 5.5(0.2) 9.4 (0.4) 5.0 (0.2) M, 2.1-17.7 (0.08-0.74),
F,2.8-29.2 (0.11-1.22)
TSH (mlU/liter) (miU/liter) 0.74 (0.74) 1.5(1.5) 2.22.2) 0.35-4.2 (0.35-4.2)
Free T, (ng/dl) (omol/liter) 1.1(14) 1.3(16.7) 1.6 (20.6) 0.89-1.8 (11.5-148.3)
Cortisol (wg/dl) (nmol/liter) 8 (224) 10.7 (300) 12.5 (350) 3-25 (85-700)
IGF-I (ng/ml) (ug/liter) ND ND 175 (175) M, 155-432 (155-432);

F, 87-368 (87-368)

Conversion factors to Sl units are: X1 U/liter, for FSH and LH; X36.71 pmol/liter, for estradiol; X0.0346 nmol/liter, for testosterone;
X0.0426 nmol/liter, for prolactin; X1 mlU/liter, for TSH; X12.9 pmol/liter, for free T,; X27.59 nmol/liter, for cortisol; and X1 pg/liter, for
IGF-1. Sl units are shown in jtalics. M, Male; F, female; ND, not determined.

2 On testosterone enanthate injection.
b Ref. 6.

dimethylsulfoxide and diluted in standard saline to give a work-
ing concentration of 5 uM.

NKB or senktide was perfused in standard saline at approx-
imately 1 ml/min with a chamber volume of approximately 0.2
ml. Cells were excited at 340 and 380 nm every 2 sec. Free Ca*™"
concentrations for individual cells were calculated from back-
ground-subtracted fluorescence ratios assuming a dissociation
constant of 224 nM. Minimum and maximum signals were re-
corded in the presence of 5 uMm ionomycin, in 5 mMm EGTA plus
0 mMm Ca®", and in § mm Ca*, respectively, at the end of the
experiment. Peak [Ca®"]; from at least five experiments per
construct was averaged over 30 sec, and the resulting dose
response data fitted using the logistic function [Ca®™], = (A1-
A2)/(1+([agonist]/ECs,))+A2 and Origin software (Micro-
cal, Northampton, MA).

To assess expression of the mutant TACR3 compared with
wild-type, enhanced GFP fusions of wild-type or mutant TACR3
were generated by subcloning in frame from pIRES2-AcGFP1
into pEGFP-C1 (Clontech) with sequence verification. BOSC
cells grown on poly-L-lysine-coated microscope slides in DMEM
supplemented with 10% fetal bovine serum and 4 mm glutamine
were transiently transfected using FuGENE 6 (Roche, Indianap-
olis, IN) before fixing 48 h posttransfection with 4% formalde-
hyde (Sigma) in PBS for 20 min and mounting in ProLong An-
tifade Reagent with DAPI (Molecular Probes, Eugene, OR).
Images were obtained on a Zeiss LSM 510 META confocal mi-
croscope (Carl Zeiss Microlmaging, Oberkochen, Germany).

Results

Clinical description
The proband was a 14.5-yr-old Kurdish boy with no clin-
ical evidence of puberty: his testes were 1 ml, and his phallus

was 4.4 cmlongand 0.6 cm in diameter. He was born at term
with normal birthweight after an uncomplicated pregnancy,
although microphallus was noted. He had unilateral cryp-
torchidism, which resolved spontaneously at the age of 2. His
medical history was otherwise unremarkable. His height was
168 cm [midparental target height (MPH), 166.5 cm], his
upper/lower segment ratio was 1.0, and his body mass index
was 22.5 kg/m?. His bone age was 13 yr. Endocrine evalu-
ation revealed HH (Table 1). After 1 yr of testosterone treat-
ment, therapy was temporarily withdrawn, and evaluation
off treatment (FSH, 0.45 Ulliter; LH, <0.1 U/liter; total tes-
tosterone, 3 ng/dl) indicated persisting HH.

The 26-yr-old sister of the proband had primary amen-
orrhea and absent breast development. She was born at term
with normal birthweight after an uncomplicated pregnancy.
No problems were apparent until she was 16 yr old, when she
sought medical attention for failure of breast development
and primary amenorrhea. Breasts and pubic and axillary hair
were at Tanner stage 1, and physical examination was oth-
erwise normal. Her height was 149 cm (MPH, 153.5 cm),
with an upper to lower segment ratio of 1.0 and bone age 14
yr. Pelvic ultrasonography revealed hypoplastic ovaries and
uterus. Gonadotropin and estradiol levels indicated HH at
presentation (Table 1). She was then given estrogen and pro-
gesterone replacement. Three years later, FSH, LH, and es-
tradiol levels were 5.7 mIU/ml, 1.2 mIU/ml, and 0.1 ng/dl off
treatment, indicating persistent HH.

The third affected sibling was their 25-yr-old brother,
who had a microphallus noted in early infancy and who
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subsequently failed to develop any signs of puberty. His
medical history was otherwise unremarkable. He had no
history of cryptorchidism. He was 173 c¢m tall (MPH,
166.5 cm), with an upper to lower segment ratio of 1.0.
Endocrine investigation confirmed HH (Table 1). At the
age of 17, testosterone and human chorionic gonadotro-
pin replacement was commenced, resulting in appearance
of male characteristics, testicular (to 4 ml) and penile (to
8 cm) growth.

All three affected siblings were of normal intelligence,
with no hypo/anosmia, dysmorphic facial features, mid-
line anomalies, retinitis pigmentosa, iris colobomata,
hearing loss, hypotonia, ataxia, dementia, or polyneurop-
athy. They had otherwise normal anterior pituitary func-
tion and normal findings on magnetic resonance imaging
of the brain.

Their parents are not known to be related. Their mother
experienced menarche atage 12.5, and their father started
shaving at age 14. Their 29-yr-old sister experienced men-
arche at 13 yr of age with a regular cycle subsequently, and
one 20-yr-old brother had normal adult male physical
characteristics.

Mutational analysis
All three affected individuals were found to be homozy-

gous for an A to T transversion at cDNA nucleotide 442

of TACR3. Both parents were heterozygous for

the mutation, and both unaffected siblings car-

ried homozygous wild-type alleles (Fig. 1A). A

This variant was not detected on sequencing of I 1

117 Kurdish control individuals. The novel

M/WT
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location of the mutation in an extracellular loop of the re-
ceptor, we speculated that the primary defect may lie in li-
gand binding, and therefore that NKB analogs of different
structure may potentially still be able to elicit a response from
the mutant. First, we confirmed qualitatively normal expres-
sion of GFP-tagged wild-type and mutant receptors, with no
gross evidence of protein degradation or intra-endoplasmic
reticulum retention of the mutant (Supplemental Fig. 1, pub-
lished as supplemental data on The Endocrine Society’s Jour-
nals Online web site at http://jcem.endojournals.org). We
then tested the ability of senktide (suc-[Asp6,MePhe8]SP), a
modified hexapeptide NKB analog, to activate the mutant
receptor compared with wild-type NKB. However, although
senktide elicited an increased intracellular calcium response
in cells transfected with wild-type TACR3 with an EC;, of 1
nM, it failed to produce a significant increase in intracellular
calcium in cells transfected with the mutant receptor even at
10 um (Fig. 2D). Thus, the His148Leu mutant NKB receptor
found in homozygous formin all three affected siblings of the
family studied exhibits dramatically impaired receptor sig-
naling in response to both NKB and senktide.

Discussion

This report describes three further related individuals with
nIHH associated with homozygosity for a loss-of-function

2
M/WT

mutation leads to substitution of histidine 148

(His148Leu) (Fig. 1B). His148 is located in the
first extracellular loop of the G protein-coupled
receptor (Fig. 1C), and it is conserved among the B

b @ )

of the mature NKB receptor for leucine By 2wy 2y

WT/WT  M/M - M/M WTIWT M/M

146 147
Ala Leu Leu Ser Glu D

20y Masy

148 145 150

three human tachykinin receptors, and in
many, but not all, TACR3 orthologs and A,
paralogs (Fig. 1D). |

',lu_._"'

CGCITCITAGCGA
Homozygous Mutant

Human TACR3 137 NTLVNFIYALHSEWYFGANYC 158

NTVVNFTYAVHNEWYYGLFYC 105
NARFNFVYASHNIWYFGRAFC 106

A Human TACR1 a4
AT Human TACR2 a5

Characterization of mutant TACR3
function

Heterozygote

Mosquito TACR3 117 NVTFNYTYMLNLDWPFGTLYC 138
] Il Drosophila TACR3 153 NVIFNYYYMLDSDWPFGEFYC 174
Ao Mouse TACR3 124 NTLVNFIYGVHSEWYFGANYC 145
I Zebrafish TACR3 77 NTLINFIYATHGEWYFGEVYC 98
J VY Sea squirt TACR3 189 NTVENFTYALNNDWYFGEAFC 210

In HEK293 cells heterologously expressing
wild-type TACR3, NKB evoked a dramatic in- W
crease in intracellular calcium, with an ECs, of 3

CGCTIICATAGCGA,

nM, whereas no significant response to NKB was
seen in untransfected cells (Fig. 2A). The
His148Leu mutant receptor showed markedly
attenuated ability to respond to stimulation, with
only 10 um NKB eliciting a response significantly
above baseline, suggesting an ECs, for NKB of 5
mM or higher (Fig. 2, B and C). Because of the

146

.Aia Leu His Ser Glu'

148 149 150

FIG. 1. Identification of a TACR3 mutation in affected patients. A, Pedigree of the
family with nIHH due to TACR3 (H148L) mutation. The index case is indicated by the
arrow; solid black symbols depict affected individuals. M, TACR3 His148Leu; B,
Nucleotide sequence analysis of genomic DNA from a healthy control, heterozygous
and affected family members with the novel missense TACR3 His148Leu mutation.
C, Schematic of the human NK3R with the mutated histidine residue indicated in the
red circle. D, Evolutionary conservation of His148 (yellow highlighting).
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FIG. 2. NK3R-H148L mutated receptor results in loss of function. A, Brightfield (top left) and GFP-fluorescent cells only (top right) identifying
TACR3 transfected cells. Bottom left and right images depict pseudocolored representations of the 340/380 nm ratio before and after application
of 10 um NKB, respectively. B, Representative [Ca® "], traces of WT (i) and H148L TACRS3 (ii) transfected cells in response to increasing
concentrations of NKB. C, NKB dose response of peak [Ca®*]; for WT (black, n = 41-53) and H148L TACR3 (red, n = 71-76). The resulting logistic
fit parameters for WT were A1 = 36 = 17, A2 = 271 = 11, and EC5, = 3 = 0.1 nm. NKB only induced a significant increase in [Ca®*]; at 10 um
in the H48L-mutant receptor. D, Senktide dose response of peak [Ca?*], for WT-TACR3 (black, n = 50-57). The resulting logistic fit parameters
were: A1 = 68 = 20, A2 = 221 = 11, and EC5, = 1 = 1 nm. Responses to senktide on the H148L-mutant TACR3 (red, n = 50-90) were not
statistically significant from nontransfected cells. A minimum of five experiments were performed for each construct and agonist. **, P < 0.01;
**% P < 0.001, compared with nontransfected cells. Error bars represent sem values.

missense mutation—the novel His148Leu variant—in the
first extracellular loop of the neurokinin 3 receptor
(NK3R). In conjunction with our recent report of muta-
tions in either TACR3 or TAC3, encoding the endogenous
NK3R ligand NKB (13), this brings the total number of
patients described to date with nIHH and genetic defects
in the NKB/NK3R system to 11, spread across five of 10
multiplex families recruited for study in Turkey. However,
none of 50 sporadic cases of n[HH harbored mutations in
these genes (13). The identification of three different receptor
mutations and one ligand mutation suggests that this does
not reflect a founder effect in this geographical region.
Both of the mutations we have reported previously in
TACR3 were localized in transmembrane segments of the
receptor (13). In contrast, His148 lies in the first extra-
cellular loop of the protein. Although small ligands such as
catecholamines bind to G protein-coupled receptors at sol-
ute-isolated pockets within the transmembrane (TM) he-

lices, binding of peptides usually involves epitopes on ex-
tracellular loops (EL) and the N terminus. In the case of the
neurokinin receptor family, studies of NK1R-NK3R chi-
meras (15) revealed that the higher affinity of the NK3R
for NKB can be transferred to the NK1R by swapping only
the region C terminal to the third EL. In the same study, a
different domain, encompassing TM II-IV, was identified
as a critical determinant of senktide affinity. It was sug-
gested that this reflected a bigger binding site for the de-
capeptide NKB, whereas the smaller hexapeptide, senk-
tide, interacted with fewer points on the receptor. Taking
this argument further, we speculated that the His148Leu
mutation in EL1 might differentially affect binding of
these two NK3R agonists. However, both NKB and sen-
ktide exhibited reduced potency at the mutant receptor, in
keeping with other studies identifying residues in EL2 and
TM2 of the NK1R that were critical for binding of the
conserved C terminus of all tachykinin peptide agonists
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(16, 17). Two caveats do apply to these observations,
however: although wild-type and His148Leu mutant re-
ceptor were expressed qualitatively normally, normal traf-
ficking of the mutant receptor to the cell surface has not
been proved, and even if trafficking is entirely normal, it
remains formally possible thatitis signal transduction that
is specifically impaired rather than ligand binding per se in
the mutant.

The current study further emphasizes that the domi-
nant role of the NK3R iz vivo in humans is in the regu-
lation of reproductive function. However, the mechanism
at play remains unclear. The NK3R is expressed in both
central and peripheral tissues of the hypothalamo-pitu-
itary-gonadal (HP!G) axis including ovaries, uterus, and
hypothalamus (18), but study to date has focused on the
hypothalamus. NKB and GnRH axons are closely ap-
posed within the median eminence, and NK3Rs have been
identified on GnRH axons (19). A neuroanatomical case
has been made that NKB within the arcuate nucleus may
mediate negative feedback by sex steroids together with
kisspeptin (20). However, whether loss of this inferred
role accounts for the phenotype of patients with genetic
loss of NKB/NK3R function awaits further study, and
indeed in humans NKB expression is detectable in many
brain areas other than the hypothalamus (21), whereas in
the hypothalamus the highest expression has been re-
ported in the paraventricular nucleus (22).

The HPG endocrine axis in humans is fully active for
the first few months of life before entering a state of qui-
escence until puberty (1) due to centrally determined sup-
pression of GnRH release (23,24). How this is exerted and
how it is relieved at puberty remains among the great un-
answered questions in human endocrinology. Recent at-
tention has focused on a possible role for up-regulation of
kisspeptin expression in peripubertal HPG reactivation in
primates (25). However, kisspeptin is also able robustly to
stimulate GnRH secretion in rodents (26, 27), which do
not seem to exhibit a centrally determined juvenile pause
(28-30).In contrast, Tacr3 knockout mice are fertile (Ref.
31, and Dr. Jeffrey Stock, Pfizer, personal communica-
tion), at odds with the profound nIHH seen in all humans
to date with homozygous TACR3 mutations. The con-
cordance between the primate specificity of the juvenile
pause and the likely primate-specific reproductive conse-
quences of loss of TACR3 function raises the intriguing
possibility that NKB/NK3R may play a role instead of, or
as well as, kisspeptin in prepubertal HPG suppression;
however, further studies are required to address this.

In conclusion, we report a novel extracellular loss-of
function mutation in the TACR3 gene associated with
failure of initiation of sexual maturation and pubertal de-
velopment in three related patients. This reinforces the
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importance of the NKB/NK3R system in normal human
reproductive function and suggests a specific target for
future therapy in affected patients.
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