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Abstract

The hypothalamic hormone GnRH has traditionally been viewed as a central driver of the
hypothalamic-pituitary-gonadal axis. Pulsatile GnRH release is required for pulsatile gonadotropin
secretion, which then modulates gonadal steroid feedback, and brings about full fertility in the
adult. Pathways governing GnRH ontogeny and physiology have been discovered by studying
humans with disorders of GnRH secretion. In this chapter, the human genetics of the kisspeptin
signaling pathway in patients with diverse reproductive phenotypes will be explored. The
discovery of defects in the kisspeptin system in several reproductive disorders has shed light on
the mechanisms involved in regulating GnRH secretion, revealing the critical role played by the
kisspeptin signaling pathway in pubertal initiation and reproductive function.

GnRH Deficiency

GnRH deficiency is a condition characterized by abnormal pubertal development and low
gonadotropins and sex steroids. Administration of exogenous pulsatile GnRH long-term can
restore normal levels of gonadotropins and sex steroids in patients with this disorder,
demonstrating the hypothalamic nature of the defect in the vast majority of patients [1,2].
GnRH deficiency is heterogenous in its clinical presentation, with variation in the presence
or absence of olfactory defects (and other somatic anomalies), severity of the
hypogonadism, and neuroendocrine patterns. Thus, patients with isolated GnRH deficiency
represent a unique opportunity to identify genes that awaken the reproductive cascade at the
time of sexual maturation and maintain normal reproductive function throughout life.

In 2003, homozygosity mapping and candidate gene analysis of two large consanguineous
pedigrees with isolated GnRH deficiency led to the identification of loss of function
mutations in a then little-known G protein-coupled receptor, GPR54 (later to be renamed
KISS1R = kisspeptin receptor), by two investigative groups [3,4]. The identification of
mutations in multiple families, as well as unrelated probands, coupled with a parallel
reproductive phenotype in a Kiss1lr mutant mouse, catapulted Kisspeptin into the spotlight as
a key regulator of GnRH secretion.

Initial Reports

In searching for novel gene defects associated with isolated GnRH deficiency, one group
employed homozygosity mapping of a large consanguineous family with 5 affected siblings.
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Chromosome localization and candidate gene sequence analysis led to the identification of a
homozygous deletion of 155 nucleotides in the KISS1R [3]. This deletion encompassed the
splicing acceptor site of intron 4-exon 5 junction and part of exon 5. In the unlikely event
that this abnormal transcript was translated, the deleted receptor would be truncated within
the third intracellular loop, lacking transmembrane domains 6 and 7. The proband of the
index family was a 20 year old male who presented with abnormal pubertal development, 4
ml testes and a normal sense of smell. While his affected brothers all had similar clinical
features, his affected sister had partial breast development, and had experienced a single
episode of uterine bleeding. His mother, a heterozygote carrier of the deletion, was noted to
have experienced menarche at age 16.

Homozygosity mapping of a different consanguineous family with GnRH deficiency, this
time from the Middle East, was the focus of a second investigative group [4]. Candidate
gene sequencing of KISS1R led to the discovery of a homozygous missense mutation,
p.L138S, within the second intracellular loop of the receptor. Transfection of COS-7 cells
with a mutant construct representing L148S revealed significantly decreased accumulation
of inositol phosphate in vitro compared to wild type [4]. Further sequencing of KISS1R led
to the identification of compound heterozygote mutations, p.R331X and p.X399R, in an
African American male [4]. As mMRNAs with premature termination codons are known to be
subject to nonsense-mediated decay [5], and mRNAs without an in-frame termination codon
had recently been appreciated to be subject to nonstop decay [6,7], it was hypothesized that
the combination of nonstop and nonsense mutations in a single individual would result in the
absence of a functional receptor. Quantitative RT-PCR confirmed a significant reduction of
KISS1IR mRNA in immortalized white blood cells from the p.R331X/p.X399R proband.
Should a protein have been produced by either the p.R331X or p.X399R transcripts, in vitro
studies suggested that each of the mutant proteins would have functioned poorly.

Understanding the functional consequences of the p.R331X/p.X399R mutations was an
important backdrop for the interpretation of the clinical presentation of the p.R331X/
p.-X399R proband [4]. On frequent blood sampling, this individual had low-amplitude pulses
of luteinizing hormone (LH), suggesting present, but enfeebled, secretion of GnRH. He also
had a left-shifted dose—response curve compared to other patients with GnRH deficiency
undergoing the same therapy, suggesting that he may be more sensitive to exogenous GnRH.
Thus, despite the clear importance of the kisspeptin pathway in modulating GnRH release,
the clinical data from this patient suggested the possibility of residual GnRH activity, a
foreshadowing of subsequent studies that were performed in the rodent demonstrating the
existence of kisspeptin-independent GnRH secretion [8].

The clinical presentations of the p.L148S and p.R331X/p.X399R patients were also
juxtaposed against the phenotype of Kisslr deficient mice; the mutant mice were striking
phenocopies of the GnRH deficient patients, including lack of sexual maturation associated
with low levels of gonadotropins [4]. The strong parallels in presentation between the GnRH
deficient patients and the mutant mice established a central role for KISS1R/Kiss1r across
mammalian species. Moreover, the use of a mouse model allowed quantification of
hypothalamic GnRH content, which was found to be normal in the Kisslr deficient mice,
suggesting that KISS1R/Kiss1r influences the timing of sexual maturation by affecting the
processing or secretion of GnRH [4,9].

Thus, the identification of mutations in KISS1R by multiple groups thrust the kisspeptin
pathway into the spotlight, and laboratories around the world began assembling expression,
physiologic, transgenic, knock out/down, and electrophysiologic data to tell the biologic
story of Kisspeptin and its important role in regulating GnRH secretion. The hypothesis that
kisspeptin does not affect GnRH neuronal migration, but rather GnRH biosynthesis and/or
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release, was supported shortly thereafter by in vivo studies demonstrating that kisspeptin
administration, either centrally or peripherally, triggers robust GnRH-induced LH and FSH
secretion [10,11]. Kisspeptin expression in the hypothalamus of rodents and nonhuman
primates was also found to increase at the time of sexual maturation [11,12], an important
finding since kisspeptin is thought to mediate sex steroid feedback [12-17], estrous cycle
regulation [17,18], seasonal breeding [19-25], and to convey information about the energy
status of the organism [26,27]. Thus, relatively quickly, kisspeptin was found to be a key
gatekeeper for the activation of the GnRH axis.

Central Themes for Patients Carrying Mutations in the Kisspeptin Signaling

Pathway

Once KISS1R was added to the roster of genes for GhnRH deficiency, several groups began
to search for mutations in the kisspeptin signaling pathway in patients with
hypogonadotropic hypogonadism. However, mutations in the coding sequence of KISS1R
have proven to be relatively rare, particularly in comparison with many other genes for
GnRH deficiency; for example, KAL1 has been reported to harbor mutations in 5-14% of
GnRH deficient patients [28-30], considerably higher than the 1% frequency of mutations in
KISS1R [28]. It is unclear why the prevalence of mutations in the kisspeptin signaling
pathway is relatively low, but it is possible that kisspeptin’s role in trophoblast invasion
[31,32] or metastasis suppression [33,34] creates negative selection pressure against the
promulgation of mutations in families.

Reported biallelic mutations of KISS1R include a homozygous 155 base pair deletion [3], a
homozygous frameshift (c.1001_1002insC) [35], a homozygous splice acceptor site
mutation [36], homozygous p.L102P [37], p.L148S [4,38,39] and p.F272S missense
mutations [40], and the compound heterozygous mutations p.R331X/p.X399R [4,39] and
p.R297L/p.C223R [41]. Thus, mutations in this G protein-coupled receptor are variable in
type (large deletion, frameshift, splice site, nonsense, nonstop, and missense) and occur
throughout the receptor.

Typically, patients carrying biallelic complete loss-of-function mutations serve as the
“phenotypic bookends” of the most extreme clinical presentation that can be associated with
loss of a particular gene. In general, complete loss of kisspeptin signaling is associated with
normosmic GnRH deficiency but, as noted earlier, the abnormalities in GnRH secretion may
be partial. For example, an affected female carrying a homozygous 155 base pair deletion in
KISS1R (that if translated, would lead to a truncated G protein-coupled receptor unable to
stimulate the transduction pathway) presented with some partial breast development and one
episode of uterine bleeding [3]. Although her sexual maturation was clearly abnormal, her
breast development and uterine bleeding suggest her endogenous estradiol levels were above
prepubertal values. Another female, this time carrying a homozygous L102P mutation,
demonstrated a robust LH level in response to a 100pg GnRH stimulation test (peak
approximately 32 1U/L) at initial evaluation [37]. During 6 hours of frequent blood
sampling, she manifested low amplitude LH pulses occurring approximately once per hour.
These clinical clues all suggest the presence of some degree of enfeebled endogenous GnRH
secretion.

To date, patients with biallelic mutations in KISS1R lack the syndromic features that can be
found in anosmic forms of this disorder (Kallmann syndrome), including cleft lip and palate,
synkinesia, and renal agenesis. This is likely due to the fact that mutations in the kisspeptin
signaling pathway do not affect olfactory bulb development and by extension, GnRH
neuronal migration, a hypothesis supported by studies of Kiss1r =~ mice, which have
normal GnRH hypothalamic content and preserved anatomy [4,55,56]. However, because
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GnRH deficiency can be an oligogenic disease [28], it is possible that patients with
Kallmann syndrome carry mutations in genes that affect not only GnRH neuronal migration
but also kisspeptin signaling [42].

Discovery of Mutations in Closely Related Pathways

Kisspeptin is now appreciated to be co-expressed with other neuropeptides that are likely to
work in a cooperative fashion to regulate the hypothalamic control of reproduction.
Kisspeptin neurons in the ARC co-express the neuropeptides neurokinin B (NKB) and
dynorphin, giving rise to the term KNDY neurons (Kisspeptin-Neurokinin B-Dynorphin);
this co-localization has been observed in several mammalian species, including humans
[43-45]. About five years after the discovery of mutations in the kisspeptin pathway, loss-of-
function mutations in the genes encoding neurokinin B (TAC3) and its receptor (TACR3) in
patients with normosmic isolated hypogonadotropic hypogonadism (IHH) and pubertal
failure were discovered [46]. Patients with mutations in KISS1R have a relatively
straightforward phenotype without syndromic features, although there can be evidence of
residual GnRH activity [3,4,37]. Patients bearing mutations in the neurokinin B signaling
pathway also lack anosmia, renal agenesis, and bony abnormalities, but their neuroendocrine
phenotype is more complex. A large proportion of patients with mutations in either TAC3 or
TACR3 have undergone reversal of their hypogonadotropism [47], a phenomenon in which
patients undergo spontaneous recovery of their hypothalamic-pituitary-gonadal cascade.
Tacr3~/~ mice have numerous reproductive defects (including abnormal estrous cycles,
reduced corpora lutea, decreased uterine weights) but mutant female mice are able to
achieve fertility when mated, demonstrating that these mice are more similar to the patients
with TAC3/TACR3 mutations than previously appreciated [48]. While reversible GnRH
deficiency is not exclusively associated with TAC3/TACR3 [49-54], none of the patients
bearing biallelic mutations in the Kisspeptin signaling pathway have yet to be reported with
this clinical sub-phenotype. While the triggers to reversal remain poorly understood, these
clinical observations appear to be providing important clues as to the physiologic hierarchy
and relative influence of neurokinin B and kisspeptin in modulating GnRH release. In fact,
the possibility that the actions of neurokinin B are proximal to those of kisspeptin is
supported by the observation of increased LH pulse frequency during kisspeptin infusion to
patients with neurokinin B signaling deficiencies [55].

Fertility Phenotypes

Although fertility data is available on only a subset of patients, mutations in KISS1R do not
appear to impact fertility potential. Despite bilateral cryptorchidism and mild hypospadius, a
male patient carrying a homozygous KISS1R ¢.1001_1002insC mutation responded to
exogenous pulsatile GnRH, normalizing testosterone levels and inducing spermatogenesis
[35]. Because his semen analysis showed oligoasthenozoospermia, pregnancy, albeit
achieved with assisted reproduction, was possible. The male proband harboring p.R331X/
p.X399R also received pulsatile GnRH and experienced steady increases in testicular
volume and the appearance of normal spermatogenesis, resulting in fertility [39]. A
homozygous p.L148S female had 1) intact responses to exogenous GnRH and
gonadotropins, 2) multiple conceptions using the aforementioned therapies as well as IVF,
and 3) two uncomplicated pregnancies [39]. While details are not available regarding the
quality of her follicular response, mutations in KISS1R do not appear to preclude
steroidogenesis and gametogenesis.
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The Missing Link of KISS1

In GnRH deficiency, the discovery of loss-of-function mutations in genes encoding cell
membrane-associated receptors has always preceded or accompanied the discovery of
disabling mutations in the genes encoding their ligands. Initially, it appeared that KISS1 was
going to escape this genetic tradition, as no mutations in KISS1 were reported for 8 years
after the discovery of mutations in KISS1R. However, mutations in KISS1 are now clearly
associated with GnRH deficiency.

In 2011, 15 probands with GnRH deficiency were found to harbor 10 heterozygous rare
sequence variants in KISS1 [56]; in silico, in vitro, and in vivo studies were performed to
explore the functional consequences of these variants. p.F117L was found to reduce inositol
phosphate generation in vitro. p.G35S and p.C53R were predicted in silico to be deleterious.
Lying outside the coding region, the variant g.1-3659C—T was found to impair
transcription in vitro while another variant, ¢.1-7C—T, was noted to sit within the consensus
Kozak sequence. Because these variants were monoallelic, and not biallelic, an examination
of reproductive phenotypes in heterozygous and double-heterozygous Kiss1 and Kiss1r mice
was also performed. Heterozygous Kiss1l mutations produced reproductive phenotypes in
mutant mice and these phenotypes were further accentuated when accompanied by
heterozygous mutations in Kissl1r [56].

As over 1000 probands were screened to identify these nucleotide changes, disabling genetic
variation in KISS1 is clearly as rare, if not more so, than that of KISS1R. However, a
homozygous loss-of-function mutation in KISS1 was eventually discovered in affected
siblings from a consanguineous Kurdish pedigree with normosmic GnRH deficiency (c.
345C—G; p.N115K) [57]. The mutant kisspeptin was significantly less potent than wild
type kisspeptin in activating GnRH neurons. Thus, both KISS1R and KISS1 are clearly
genetic determinants of the timing of sexual maturation in the human.

Insights Garnered from Kiss1—/- and Kiss1r-/- Mice

In general, Kiss1™~ and Kiss1r~/~ mice are phenocopies of humans bearing KISS1R
mutations. Both Kiss1™~ and Kiss1r~/~ mice have small gonads, low gonadotropins, and
abnormal gametogenesis, and infertility [4,9,58,59]. GhRH neuronal migration into the
hypothalamus is normal in Kiss1™~ animals, along with appropriate axonal connections to
the median eminence and total GnRH content [58].

Despite their infertility, Kiss1™~ female mice can develop follicles, up to the pre-ovulatory
level, although no spontaneous ovulations are observed [8]. Both Kiss1~/~ and Kiss1r~/~
females alternate between periods of prolonged diestrus and prolonged estrus. These
transitions increase in frequency with increasing age and are not associated with changes in
hypothalamic Gnrh1 mRNA expression. Administration of the competitive GnRH
antagonist acyline disrupts the estrus exhibited by Kiss1~/~ and Kiss1r~/~ female mice,
demonstrating that this estrus is due to GnRH activity. The low amplitude LH pulsations
observed in multiple patients with KISS1R mutations appears to be echoed in the persistent
GnRH activity documented in Kiss1™~ and Kiss1r~/~ mice. Kisspeptin-independent GnRH
activity, whether in mice or men, could be due to low level constitutive activity of GnRH
neurons or could be induced by other neuroendocrine pathways that modulate GnRH
neuronal secretion.

Surprisingly, mice with targeted ablation of kisspeptin or kisspeptin receptor expressing
cells (as opposed to deletion of the Kiss1 and Kisslr genes) are almost entirely
reproductively normal suggesting, at initial interpretation, that kisspeptin signaling is not
required for puberty and fertility [60]. However, the residual Kisspeptin and GnRH neurons

Adv Exp Med Biol. Author manuscript; available in PMC 2014 February 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Silveiraetal.

Page 6

present in each of these cellular ablation mouse models, while quite small in number, may in
fact be sufficient for sexual maturation and fertility, as initially suggested by preoptic area
brain grafts in hypogonadal (hpg) mice [61,62] and a more recent mouse model

(Kiss Cre/Crey with markedly reduced expression of Kiss1 [63].

From Loss-of-Function to Gain-of-Function in the Kisspeptin Signaling

Pathway

While GnRH deficiency presents with delayed pubertal development, central precocious
puberty (CPP) results from early activation of hypothalamic GnRH secreting neurons
resulting in precocious pubertal development in childhood [64,65]. Affected children present
with premature development of secondary sexual characteristics, acceleration of linear
growth and progressive skeletal maturation, resulting in premature epiphyseal closure and,
consequently, short adult height in untreated cases [66]. CPP has remarkable female gender
predominance and most cases are considered idiopathic, with normal central nervous system
(CNS) magnetic resonance imaging (MRI) [64-68]. However, up to 75% of boys with CPP
have a detectable central nervous system (CNS) lesion, mainly hypothalamic hamartomas
[64-67]. Familial occurrence has been reported in 20-25% of CPP cases, suggesting a role
for genetic factors in its pathogenesis [69,70]. Segregation analysis of these families
suggested an autosomal dominant transmission with incomplete sex-dependent penetrance
[69].

In 2008, the kisspeptin signaling pathway was implicated in the pathogenesis of CPP. The
first heterozygous activating mutation of the KISS1R (p.R386P) was described in an
adopted Brazilian girl with CPP [71]. She presented with slowly progressive thelarche from
birth; accelerated growth, skeletal maturation and progression of breast development were
noticed at seven years of age. She had pubertal estradiol levels and borderline-pubertal LH
stimulated levels [71]. In vitro studies demonstrated that the R386P mutation, located in the
carboxy terminal tail of the receptor, led to prolonged activation of intracellular signaling
pathways in response to kisspeptin [71]. Therefore, in contrast to gain-of-function mutations
in many G protein-coupled receptors, which cause constitutive receptor activation, the
p.R386P mutation appeared to reduce the rate of desensitization of the mutant KISS1R at the
cell surface after ligand-binding and signaling. Indeed, the p.R386P mutation appears to
decrease KISS1R degradation, resulting in a net increase of the receptor on the plasma
membrane [72].

Given the description of an activating mutation in KISS1R causing premature activation of
the gonadotropic axis, KISS1 was another obvious natural candidate gene for precocious
puberty. One rare Kisspeptin variant, p.P74S, was identified in one child with sporadic CPP
[70]. The p.P74S mutation was identified in the heterozygous state in a boy who developed
CPP at 1 yr of age with remarkably high levels of basal LH and testosterone [70]. Although
the majority of boys with CPP, especially younger than 4 years old, have an underlying CNS
abnormality [66-68], this boy had no CNS lesions. His mother and maternal grandmother,
who had normal pubertal development, also carried the p.P74S mutation in heterozygous
state, suggesting incomplete sex-dependent penetrance. After pre-incubating the mutant
kisspeptin in human serum to more closely mimic in vivo conditions, the capacity to
stimulate signal transduction was significantly greater for p.P74S compared to the wild type,
suggesting that this variant might be more resistant to degradation, resulting in greater
kisspeptin bioavailability [70].

The patients with KISS1R or KISS1 mutations described above demonstrated adequate
response to conventional treatment with GnRH agonists [70,71]. Depot GnRH agonist
treatment resulted in the regression or stabilization of pubertal symptoms in the two patients
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with activating mutations of KISS1R or KISS1 genes. As expected, a decrease in the release
of LH, FSH and consequently normal pre pubertal sexual steroids was achieved in these
cases. In addition, the discontinuation of depot GnRH agonists treatment at the age higher
than 11 years was associated with the reactivation of the reproductive axis in both cases,
suggesting that the clinical and hormonal features of patients with activating mutations of
the KISS1R and KISS1 gene were not different from children with idiopathic or organic
causes of central precocious puberty.

Although these case reports expand the genotype-phenotype correlations for the kisspeptin
pathway, no other CPP cases with activating KISS1R or KISS1 mutations have been
reported, suggesting that these genetic abnormalities are very rare. Other cohorts have been
screened, but no mutations have been identified in the KISS1 gene [73,74]. Considering the
low incidence of mutations in these genes in relation to the frequency of familial CPP, it is
possible that other genes involved in GnRH regulation also will bear activating or
inactivating mutations. Indeed, loss-of-function mutations affecting repressor genes of the
GnRH gene might play a role in the pathogenesis of non organic CPP in the future.

Kisspeptin Expression in Organic Central Precocious Puberty

Hypothalamic hamartomas are the most common identifiable cause of CPP. Certain
characteristics of anatomy and neuropeptide expression have been proposed to be associated
with CPP. The expression of GnRH, GnRH receptor, TGFalpha, KISS1, KISS1R and
GRM1A was investigated in hamartomas associated with or without precocious sexual
development [75]. Hypothalamic hamartomas associated with CPP were larger than those
not associated with CPP and were more likely to contact the infundibulum or tuber
cinereum. However, the expression of KISS1 and KISS1R was similar in both groups,
demonstrating that expression of this signaling pathway does not differentiate between
hamartomas associated with precocity vs. hamartomas that are identified in the setting of
normal pubertal development [75].

Conclusions

Mutations in genes associated with IHH have been identified in approximately 30-40% of
the patients with GnRH deficiency. Although mutations in KISS1/KISS1R are not a common
cause of hypogonadotropism or CPP, the discovery of defects in this pathway in IHH as well
as in CPP has shed some light on the mechanisms involved in GnRH secretion regulation,
revealing the critical role played by the kisspeptin signaling pathway in pubertal initiation
and reproductive function.

Considering the low incidence of mutations in these genes in precocious puberty so far,
other genes involved in the HPG axis modulation, particularly factors upstream from, the
KISS1/KiSS1R systems, might be involved in CPP pathogenesis. New methodologies, such
as next generation sequencing and comparative genomic hybridization (CGH), will provide
a more comprehensive assessment of genomic abnormalities, and allow new genes to be
uncovered.
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