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Abstract
Congenital gonadotropin-releasing hormone (GnRH) deficiency is a treatable albeit rare form of
reproductive failure that has revealed physiological mechanisms controlling human reproduction,
but despite substantial progress in discovering pathogenic single-gene defects, most of the genetic
basis of GnRH deficiency remains uncharted. Although unbiased genetic investigations of affected
families have identified mutations in novel genes as causes of this disease, their application has
been severely limited because of the negative effect of GnRH deficiency on fertility; moreover,
relatively few of the many candidate genes nominated because of biological plausibility from in
vitro or animal model experiments were subsequently validated in patients. With the advent of
exciting technological platforms for sequencing, homozygosity mapping, and detection of
structural variation at the whole-genome level, human investigations are again assuming the
leading role for gene discovery. Using human GnRH deficiency as a paradigm, we discuss the
emerging model of patient-focused clinical genetic research and its complementarities with basic
approaches in the near future.

GNRH DEFICIENCY AS A PARADIGM OF TRANSLATIONAL MEDICINE
Puberty is arguably one of the most striking postnatal developmental processes in humans. It
is accompanied by accelerated skeletal growth, acquisition of secondary sexual
characteristics, onset of fertility, and psychosocial changes (1). At the neuroendocrine level,
sexual maturation is initiated by the reawakening of the hypothalamic-pituitary-gonadal
(HPG) axis—the combined, often cooperative actions of the hypothalamus, pituitary gland,
and gonads—from its dormancy of mid-childhood that has been firmly in place after a
window of activity—“mini-puberty”—in infancy (2). The pulsatile secretion of
gonadotropin-releasing hormone (GnRH) by a specialized network of hypothalamic neurons
serves as the biological alarm clock that initiates this process by calling on specific cells—
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the gonadotropes—in the anterior pituitary. In response, the gonadotropes release the
gonadotropins, luteinizing hormone and follicle-stimulating hormone, which, in turn,
stimulate gonadal production of sex steroids and gametogenesis (Fig. 1). Although puberty
has intrigued clinicians and scientists alike for decades, the mechanisms that trigger its onset
and modulate its progress and completion remain largely unknown. In its 125th year
celebration issue published in 2005, Science magazine listed the problem of what triggers
puberty as one of the “125 great unanswered scientific questions” (3). The human disease
models of GnRH dysregulation in which the timing of puberty onset is altered are invaluable
systems for deciphering this fundamental biological problem.

From a clinical perspective, abnormalities in the timing and progression of puberty take a
substantial somatic and psychological toll on the affected child. Premature reawakening of
the reproductive axis via pulsatile secretion of endogenous GnRH—“central precocious
puberty”—can be readily arrested therapeutically by administration of long-acting GnRH
analogs that inhibit the gonadotropes (4). On the other hand, delayed puberty presents a
more difficult problem: in most cases, puberty is eventually initiated and completed—
“constitutional delay of puberty, (CDP)”. In other cases, however, puberty never initiates—
“absent puberty”. Moreover, pubertal development can initiate in a timely manner but then
arrest after incomplete sexual maturation—“partial puberty”. When the activity of the HPG
axis is suspended because of a deficiency in GnRH secretion or action while the other
neuroendocrine axes are relatively normal, persistently absent or partial puberty is clinically
diagnosed as Idiopathic Hypogonadotropic Hypogonadism (IHH). This condition is a rare
(with an incidence of 1: 10,000 to 1: 86,000) and heritable form of GnRH deficiency (5).
Investigations of its genetic basis have helped elucidate some of the genes and mechanisms
involved in the initiation of puberty. These insights have been critical in opening new
avenues for basic research into the neuroendocrine control of mammalian reproduction (6,
7). Clinically, however, a definitive differential diagnosis between CDP and IHH remains
virtually impossible before age 16, a feature that does not help to alleviate the child’s
developmental delay, its social and psychological consequences, and the family’s anxiety.
The currently incomplete understanding of the genetics of IHH also makes it difficult to
provide confident genetic counseling to GnRH-deficient patients and their relatives.
Moreover, a better understanding of the central regulation of the HPG axis and the ability of
the hypothalamic GnRH neurons to control this process could create new opportunities to
discover effective and safe contraceptives for women and men. Lastly, abnormalities in the
patterns of GnRH secretion underlie a group of common reproductive disorders that impair
fertility in women, such as hypothalamic amenorrhea (8)—a suppression of reproductive
function caused by energy deficits or psychological stress—and possibly polycystic ovarian
disease (9), whose molecular pathophysiology and genetic underpinnings remain unknown
and for which no curative treatments exist. These common forms of reduced fertility might
well share genetic defects with the rare forms of congenital and more severe GnRH
deficiency. Thus, research on GnRH deficiency is a good example of translational medicine
providing new insights of broad biological and medical relevance from a human disease
model.

CHARTING REPRODUCTIVE BIOLOGY THROUGH HUMAN GENETICS
The ability of the central nervous system (CNS) to control human reproduction is
characterized by remarkable biological features. GnRH serves as “the pilot light of
reproduction” in all mammals. In humans, a “mini-puberty” takes place during infancy when
the HPG axis is activated by pulsatile GnRH secretion (2). Subsequently, GnRH secretion is
silenced during childhood, only to be reinitiated when unknown metabolic signals cue the
hypothalamus of the body’s readiness to enter puberty. Such precise CNS control of
reproduction is accomplished by strikingly few (~1,200) and widely dispersed small neurons
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linked operationally into a single neuronal network. Remarkably, this diffuse and miniscule
“parvocellular system” has a unique repertoire of sensing and signaling abilities which
enable it to monitor shifting environmental conditions and adjust its neurosecretory activity
accordingly. The GnRH neuronal network has likely acquired these functions through
evolutionary pressures on mammalian reproduction. Over time, wide swings in nutrient
availability during periods of feast and famine; dramatic changes in metabolic and caloric
requirements during climate changes and population migrations; ever-changing light-dark
cycles that cue seasonal breeding; and varying olfactory signals that indicate reproductive
readiness or predatory threats—all have left their evolutionary markers on the neuronal
control of reproduction. Remarkably, much of this complex central control of reproduction
is mediated via the convergence of these regulatory mechanisms on the GnRH parvocellular
system and/or its upstream hypothalamic neurons. In all mammalian systems, both GnRH
and its cognate pituitary receptor, GnRHR, are encoded by single-copy genes. Thus, crucial
biological mechanisms essential for reproduction are invested upon this single ligand-
receptor pair, a circumstance that contrasts strikingly with most other essential biological
systems. Typically, functions so critical to survival and evolution are equipped with fail-safe
mechanisms in the form of biological redundancy: families of genes encoding receptors,
signaling mediators, and transcription factors with overlapping functions. Thus, the curious
lack of genetic redundancy in the crucial neuroendocrine regulator of sexual maturation and
reproduction in mammals is surprising. It implies that substantial loss-of-function of GnRH
or GnRHR as a result of mutations would cause infertility and thus immediately be selected
against. On the other hand, this singularity of the GnRH system might facilitate the fine-
tuning of its secretion by a complex genetic network of upstream regulators so that
reproductive function can be tailored to and integrated with these varying hormonal,
nutritional, psychological, and environmental conditions. Such a hierarchical organization
might be particularly advantageous under certain adverse evolutionary circumstances. For
example, shutting down reproduction by suppressing the HPG axis could result in a “natural
contraception” period—in the form of seasonal breeding in some species or hypothalamic
amenorrhea in women—that would preserve the body’s resources and postpone fertility for
more favorable times.

As a result of these unusual properties, as well as the considerable species specificity of
reproduction, our understanding of the complex developmental biology, physiology, and
pathology of GnRH secretion is scant. Initially, knowledge on the subject was pieced
together from in vitro studies of cellular systems and model organism approaches
supplemented by very limited and difficult to perform investigations in humans. However,
the human model of isolated GnRH deficiency has facilitated the discovery of numerous
genes mutated in GnRH-deficient patients over the last two decades, and has thus directly
charted the ontogeny of the GnRH neuronal network in the human (Fig. 1). Genes harboring
defects that cause GnRH deficiency have been demonstrated to play critical roles in the
ontogeny (i.e., fate specification, proliferation, developmental migration, homeostasis,
secretory function, and apoptosis) of GnRH neurons when studied in species that allow
reductionist experimental approaches not possible in humans (6, 7, 10).

In agreement with Murphy’s Law, such studies have shown that everything that can go
wrong for GnRH biology sometimes does, resulting in the human model of isolated GnRH
deficiency. For example, rodent studies revealed that GnRH neurons originate outside the
CNS from precursor cells in the olfactory placode, an embryonic tissue that gives rise to the
nose’s olfactory epithelium. Once their biological fate as GnRH neurons is specified by the
expression of their hallmark neurohormone, they commence a long migration from the
olfactory placode across the CNS via the axons of olfactory neurons and the olfactory bulbs
and tracts. In patients with mutations in KAL1 (11, 12), this migratory path fails to form
correctly, leading to arrested GnRH neuronal migration. The resulting combination of
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reduced or absent sense of smell with IHH is termed Kallmann syndrome (KS). Normally,
migrating GnRH neurons ultimately divert from the olfactory tract pathway to assume their
final residence within the hypothalamus. Once there, they extend axons into the median
eminence (an area abutting the vasculature that transports hypothalamic hormones to the
pituitary), interconnect into a coherent functional network, and coordinately produce
secretory pulses of GnRH. To evoke physiological secretion of gonadotropins from the
anterior pituitary gonadotropes, GnRH secretion from the hypothalamus must be pulsatile.
This is achieved via pacemaker activity that may be intrinsic to the GnRH neurons and/or is
powerfully modulated by afferent stimuli. In patients with mutations in KISS1R (13, 14) or
TAC3/TACR3 (15, 16), the GnRH neurons complete their migration but do not receive
sufficient stimulation from other cells in the hypothalamus to secrete GnRH in a normal
manner. Mutations in these genes have been found in patients with normosmic IHH (nIHH),
as is also the case with mutations in GNRHR (17), which have been associated with pituitary
resistance to GnRH (18). Interestingly, some of the genes mutated in GnRH deficiency have
additional roles outside the HPG axis, which accounts for the frequent presence of non-
reproductive phenotypes in IHH patients. For example, unilateral renal agenesis (in which
one kidney fails to develop and is absent at birth) can occur in association with KAL1
defects (19), whereas skeletal abnormalities and midline malformations can be present in
patients with FGFR1 mutations (20, 21).

MENDING THE SCHISM BETWEEN MONOGENIC AND COMMON DISEASES
Traditionally, a wide conceptual, methodological, and “ideological” divide has separated the
rare monogenic diseases like cystic fibrosis, sickle cell anemia, thalassemia, and isolated
GnRH deficiency from the common multifactorial ones like diabetes, autism, schizophrenia,
or inflammatory bowel disease. Whereas the former have been attributed to large effects of
rare variants, i.e., single gene mutations with allelic frequencies of <1%, the latter have been
thought to be caused by incremental contributions of multiple common genetic variants
(polymorphisms) acting in synergy with environmental risk factors. Over the last five years,
genome-wide association studies (GWASs) have uncovered common variants that are
associated with increased risk for several complex disorders (22). Unexpectedly, however,
such variants have accounted only for a minor fraction of the genetic predisposition to most
common disorders (23). Therefore, it has now begun to be appreciated that rare variants not
only underlie rare genetic diseases but may also make previously unsuspected genetic
contributions to common disorders. In addition, the same genes that harbor common variants
associated with differences in physiological parameters (such as plasma lipid
concentrations) in the general population can also harbor mutations responsible for
corresponding forms of rare genetic disease (such as familial dyslipidemias) (24). In fact,
computer simulations have recently suggested that some of the associations credited to
common variants may actually be “synthetic associations” involving nearby rare variants
that occur, by chance, more frequently in association with one allele at a common variant
site than with the other (25). Lastly, numerous genetic diseases originally thought to be
monogenic, such as retinitis pigmentosa (26), nephronopthisis (27), Bardet-Biedl syndrome
(28), and several others (29) have now been documented to be oligogenic, i.e., caused in
each patient/family by contributions of rare variants in more than one gene. Because the
architecture of oligogenic diseases shares genetic principles with both monogenic and
polygenic/multifactorial disorders, their genetic characterization should help to model the
role of rare variants in common diseases.

Like most other rare genetic diseases, GnRH deficiency was originally thought to be a
strictly monogenic condition caused in each patient/family by a single mutation in one of a
small number of genes. In addition to charting the regulation of GnRH neuron ontogeny and
function, translational studies of IHH have challenged the monogenic view by
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demonstrating unexpected complexity in the genetic architecture of human GnRH
deficiency (6, 7). With mutations in no fewer than 16 different genes described to date, the
locus heterogeneity of IHH is impressive (Fig. 1 and Fig. 2). Considering that mutations in
each of these genes occur in only a small fraction of patients with well-phenotyped GnRH
deficiency (~2 to 10%) and that mutations remain to be discovered in nearly 60% of
patients, the real number of genes accounting for GnRH deficiency is likely to be much
higher. The allelic heterogeneity of the disease (the range of different mutations in each
gene) is also striking, with few mutation hotspots in the IHH genes. In addition to this
substantial genetic heterogeneity, GnRH deficiency is characterized by an equally rich
phenotypic variability in its reproductive and non-reproductive manifestations both within
and across families segregating identical mutations. Thus, rare variants that are known to be
pathogenic often occur in family members who (i) are asymptomatic (incomplete
penetrance); (ii) display only non-reproductive IHH-associated phenotypes; or (iii) suffer
from milder forms of GnRH deficiency such as delayed puberty or hypothalamic
amenorrhea. Importantly, some patients with GnRH deficiency harbor pathogenic rare
variants in two different disease-associated genes, and the segregation pattern of the digenic
mutations in their family pedigrees accounts, at least partially, for the observed phenotypic
variability (30). Even though the extent of oligogenicity (the proportion of non-monogenic
cases and number of interacting genes) in this condition remains to be fully characterized, it
is already evident that human GnRH deficiency can no longer be considered a classic rare
single-gene Mendelian disease.

Even more surprisingly, translational investigations of GnRH deficiency have shown that
IHH, once thought to be exclusively both congenital and life-long, can actually develop in
individuals who have had a normal puberty and demonstrated full reproductive function
including fertility (adult-onset HH) (31). In addition, in as many as 10% of cases, the HPG
axis can recover its functionality after treatment with exogenous gonadotropins or sex
steroids, and such reversal can occur despite the presence of pathogenic mutations (32).
Therefore, the clinical phenotypes of GnRH deficiency are not determined solely by
genotype, but also by non-genetic influences that are likely hormonal and/or environmental.
As a human disease model that integrates oligogenicity and non-genetic factors, GnRH
deficiency thus offers an unusually rich opportunity to model the interplay of genetics and
environment that also underlies common multifactorial diseases.

LESSONS FROM GENETIC RESEARCH IN ISOLATED GNRH DEFICIENCY:
GRAND SLAMS AND STRIKEOUTS

Notwithstanding the substantial progress made through the genetic dissection of GnRH
deficiency, the overall process of gene discovery has been rather piecemeal (Fig. 2). If
discoveries continue at the same pace in the future, the thorough genetic elucidation of this
condition could well take a few more decades. If so, this timetable implies that translation of
these biological and genetic insights into clinical progress could take even longer. However,
if the technological advances of the genomic era are properly harvested, mapping the genetic
basis of GnRH deficiency (and other mono/oligogenic disorders) could be spectacularly
expedited. Consequently, it is important to formulate a discovery strategy for the next
decade that incorporates, or at least anticipates, some of the technological advances in
genome science.

Naturally, devising such a strategic plan should begin with a review of the gene discovery
experience to date, and with a reevaluation of the ways in which candidate genes for GnRH
deficiency are nominated and validated. A brief review of successful (published) and
unsuccessful (previously unreported, Table 1 and Supporting Online Material) efforts should
help in extracting general principles about the comparative effectiveness of current gene
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discovery approaches. When retracing the discovery of each of the genes known to cause
GnRH deficiency, it becomes evident that, similar to other mono/oligogenic diseases, two
main strategies have been successfully employed in nominating candidate disease genes that
were subsequently validated by the identification of mutations in patients (Fig. 2).

Human genetics
Several unbiased genetic methodologies have been successfully applied to genomic DNA
samples from GnRH-deficient patients to discover the affected genes: KAL1 (11, 12) and
FGFR1 (20) were identified by mapping overlapping gross chromosomal rearrangements
present in unrelated patients who presented with complex phenotypes suggestive of
contiguous gene syndromes (in which two or more adjacent genes are deleted). KISS1R was
nominated by two independent linkage studies, each focused on a large consanguineous
family with isolated GnRH deficiency inherited in an autosomal recessive fashion (13, 14).
TAC3 and TACR3 were identified through homozygosity mapping, i.e., the identification of
genomic segments that were homozygous and identical by descent across a set of
consanguineous families from endogamous Turkish and Kurdish populations (15). These
breakthroughs demonstrate the power of unbiased, “candidate gene-independent” queries of
the entire human genome to seek and find linkage to the disease phenotype. Thus, the
application of human genetics to familial GnRH deficiency is a powerful method of
uncovering genes for which there may be no prior incriminating clues from basic science
studies.

Studying clear-cut phenotypes, such as the infertility that results from GnRH deficiency, can
be an advantage in genetic investigations. However, the application of unbiased genetic
approaches to GnRH deficiency is severely limited by both the rarity of the disease and its
negative impact on family size. Successes (11–15, 20), although powerful and fortuitous, are
unlikely to provide a complete and expeditious cataloging of all the genes responsible for
isolated GnRH deficiency. Moreover, by relying solely on the occasional informative inbred
patient/family for new candidate gene identification, these methods have not taken full
advantage of the several large DNA banks from GnRH-deficient patients from more outbred
populations that have been assembled by various investigators as primary resources for gene
discovery.

Biological candidates
Some genes associated with GnRH deficiency were nominated as plausible candidates for
genetic screening because of basic science-derived insights that directly testified to their
roles in GnRH biology: GNRH1 and GNRHR were, of course, obvious candidates (17, 33,
34). NELF (35) had been found in cell-based studies to play a role in GnRH neuronal
migration. Mouse knockouts of the PROK2 and PROKR2 homologs exhibited
underdeveloped olfactory bulbs and reproductive organs as a result of hypogonadotropic
hypogonadism caused by a disrupted GnRH neuron migratory path (36, 37). Finally, FGF8
was prioritized among the 22 ligands for fibroblast growth factor (FGF) receptors from in
silico structural modeling data indicating that a specific FGFR1 mutation causing GnRH
deficiency selectively impaired FGF8 binding (38). Thus, various criteria can be legitimately
employed to nominate a gene as a candidate based on basic research, including membership
in the same pathway as a known disease gene (such as FGF9, FGFR2, and PROKR1, Table
1), evidence of a role in the underlying biology from cell or organotypic culture systems
(such as VEGFA, SDF1, or MET, Table 1), or description of a genetically modified model
organism that phenocopies the human disease or some aspect(s) of it (such as CXCR4,
NGN1, and NHLH2, Table 1) (39). The trouble is that such criteria are not foolproof. Many
genes that present as perfectly plausible candidates turn out not to harbor pathogenic
mutations in screened patient cohorts (Table 1 and Supporting Online Material). Moreover,
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the candidate gene approach has the additional caveat that nonhuman-derived information
might erroneously disqualify actual disease genes from genetic screening. For example,
Tacr3−/− mice exhibited no apparent reproductive phenotypes (40). However, this finding
proved misleading as subsequent clinical investigations showed that patients with TAC3 or
TACR3 mutations have GnRH deficiency (15, 16).

Several potential reasons account for the high error rate of this gene discovery strategy.
First, members of the same protein family might be able to substitute for each other’s role in
GnRH biology (functional redundancy) such that a deleterious mutation in any single gene is
not by itself sufficient to cause GnRH deficiency. Genes with such potential functional
redundancy are MIR9-1, -2, and -3, NHLH1 and NHLH2, or EMX2 and VAX1 (Table 1).
Second, a GnRH-deficient phenocopy observed in a particular genetically modified mouse
might depend on the presence or absence of unknown modifier mutations in other genes
specific to its genetic background. This situation makes it difficult to predict the phenotypic
outcome of mutations in the human homolog. Examples of such genes include CRTC1,
EBF2, and NDN (Table 1). Third, a gene with a role in GnRH biology may also be required
for viability during embryonic development or neonatal life. In that case, mutations in this
gene in humans of pubertal age are unlikely to be found. For example, targeted disruptions
of the mouse homologs of SDF1 and CXCR4 are homozygous lethal, and the mouse
homolog of VEGFA is haploinsufficient (i.e., lack of one gene copy causes lethality) (Table
1 and Supporting Online Material). Fourth, mutations in genes that have roles in GnRH
biology might nonetheless be associated with diseases whose clinical spectra do not include
GnRH deficiency. For example, in humans, mutations in CXCR4, FGF9, and TTF1 are
associated with genetic syndromes that do not show clinical overlap with IHH (Table 1).
Lastly, given the rapidly expanding knowledge about the complexity and interconnectivity
of signaling pathways, it is very difficult to select one among many plausible candidates
within a given pathway. Thus, although educated guesses might work well for ligand-
receptor pairs (GNRH1-GNRHR and FGF8-FGFR1 being good examples), upstream
regulators and downstream effectors of known disease genes are riskier bets. The lack of
mutations to date in NGN1 (upstream of prokineticin 2), TTF1 (upstream of GnRH as well
as of kisspeptin, the ligand for KISS1R), and CRTC1 (upstream of kisspeptin) demonstrates
this caveat (Table 1 and Supporting Online Material).

In rare occasions, GnRH deficiency is described in a syndromic context such as part of a
broader clinical genetic condition, e.g., Lawrence-Moon-Biedl syndrome, Prader-Willi
syndrome, or myotonic muscular dystrophy. In these settings, the mapping of the gene(s)
responsible for these syndromes offers the possibility to characterize not only the gene’s role
in GnRH biology, but also its mutational status in GnRH-deficient patients and thus the
degree of clinical and genetic overlap between the syndrome and isolated GnRH deficiency.
Both unbiased human genetics and basic science-driven approaches have been successful in
such cases (Fig. 2): the first mutations in DAX1 (41, 42) and CHD7 (43, 44) in GnRH-
deficient patients were mapped using human genetics. LEP (45) and LEPR (46) were
nominated as good biological candidates based on the corresponding knockout mouse
phenotypes. Notably, PC1 was highlighted by associating the endocrine features of the
syndrome with the known biochemical role of the gene in processing prohormones (47, 48).
Although these genetic syndromes have contributed substantially to understanding GnRH
biology by revealing new pathways involved in its regulation, they are even rarer
occurrences than isolated GnRH deficiency, and thus the caveats of human genetic methods
are even more relevant.
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ROADBLOCKS AND THE ROAD BEYOND
A broader exploration of both unbiased human genetics and biological candidate gene
approaches to gene discovery in GnRH deficiency and other rare genetic diseases is
presently hindered by barriers that must be overcome in order to fully elucidate their
genetics.

A game of chance and numbers
The larger the size of the well-phenotyped population with a human disease model
assembled, the greater the likelihood of finding new disease genes. This general principle
applies to virtually all gene discovery strategies because numbers increase not only the
chance of encountering the odd patient/family that is uniquely informative for unbiased
human genetics, but also the ability to screen sufficient numbers of unrelated patients to
identify genes that are mutated in small percentages (i.e., 1 to 2%) of the disease population.
GNRH1 is the most illustrative case in point: Despite being the best biologically nominated
candidate gene for a disease of “GnRH deficiency,” it took 12 years from the discovery of
GNRHR mutations and several hundreds of screened subjects to document GNRH1
mutations in just a handful of patients with isolated GnRH deficiency (33, 34).

Consequently, unless there is strong faith in a candidate, it is unlikely that sufficient
numbers of patients will be screened before declaring the gene a “negative” one. A corollary
to this principle is that a “false negative” call made based on a relatively small screened
cohort can, in turn, divert screening efforts away from a given candidate and its associated
signaling pathway, despite the possibility that other genes in the same network may
represent rich veins of pathogenic mutations. As a general strategy to deal with this
“numbers” issue, we routinely screen DNA from at least 90 to 100 patients for each
candidate gene (Table 1). Of course, it would be preferable to screen 400 to 500 patients to
increase the probability of detecting mutations in genes that are affected at low frequency.
Unfortunately, the cost of DNA sequencing is currently a limiting factor. As sequencing
costs decline over time, thus permitting more candidates to be screened for the same or
smaller expenditure, it will be possible to overcome this limitation. At present, however, the
plethora of attractive biological candidates for screening often forces us to drop or shelve the
“lead candidate” in a pathway if no mutations are detected in the first 100 screened patients.

The trouble with “pay-to-play” technologies
The identification of new gene mutations relies totally on sequencing the DNA of well
phenotyped patients with the disorder, and thus the substantial cost of clinical, biochemical,
and radiological investigation of the patients must be added to the sequencing cost. In
addition, the realization that isolated GnRH deficiency can be an oligogenic disease (49, 50)
necessitates the sequencing of all known genes in each patient to understand the full
genotype-phenotype relationships, thus dramatically raising the expenditure. In addition, the
disease’s genetic and clinical heterogeneity makes it important not only to assemble large
patient cohorts, but also to characterize each patient and his/her extended family clinically in
as much phenotypic detail as possible in terms of both reproductive and non-reproductive
associated phenotypes. Large and well characterized cohorts of ethnically matched
unaffected individuals are indispensable for evaluating the potential importance of rare
sequence variants identified in patients. Thus, the burden and expense of phenotyping and
genotyping the control individuals parallels that of the patient cohorts. As we have been
continuously enrolling new patients into our genetic research program over the last 20 years,
we have incurred corresponding “opportunity-costs” in screening large numbers of
biologically plausible candidate genes.
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The “next generation” is now!
DNA sequencing costs are currently a rate-limiting factor. However, the diverse emerging
“next generation” sequencing technologies promise both dramatically increased throughput
and substantially lowered expenditure (51). Such methods will facilitate not only the deep
re-sequencing of attractive genes in large patient cohorts, but also sequencing the whole
exome—all gene exons, which represent about 1% of the entire genome—and then the
whole genome from select patients. In fact, whole-exome sequencing has already proven
successful for rapidly mapping mutations for some rare genetic diseases (52, 53). The
prospect of applying such methods to isolated GnRH deficiency signifies that the scientific
benefit from continuing to recruit and determine the phenotype of patients might soon
outweigh the associated sequencing expenditures. Even though it is not currently
economically feasible to sequence all the known disease genes as well as all good biological
candidates in each patient, this possibility will clearly become practicable in the next few
years. In addition to next-generation sequencing, other new genome-wide DNA analysis
methods are already being applied to genetic diseases and will soon be broadly employed in
genetic studies of GnRH deficiency. These include comparative genome hybridization
arrays for the detection of copy number variation (CNVs, i.e., deletions, duplications, etc.)
(54), and single-nucleotide polymorphism genotyping arrays for both CNV detection and
homozygosity mapping (55). Indeed, homozygosity mapping using these new arrays
recently led to the discovery of TAC3 and TACR3 as genes associated with GnRH deficiency
(15).

Changing models of clinical genetic research
The advent of these powerful new tools for DNA analysis will clearly change the way in
which genetic research on mono/oligogenic diseases like GnRH deficiency is done (Fig. 3).
We envision that this application will increase the productivity of gene discovery efforts
dramatically over the next few years and that these efforts will be driven primarily by
unbiased human genetics, i.e., CNV studies, homozygosity mapping, and whole-exome/
genome sequencing. From our perspective, these methods will be applied first to outstanding
GnRH patients/families, then to select groups of patients, and eventually to entire patient
cohorts. Unavoidably, the sheer volume of data will produce long lists of rare sequence
variants and corresponding candidate disease genes. These candidates will then need to be
filtered by cross-referencing basic science-derived biological information, including mRNA
and protein expression profiles, mouse knockout models, cell culture studies, signaling
pathway analyses, etc. In this manner, the candidate genes will be prioritized according to
the weight of evidence supporting a role in GnRH biology and then further tested in order of
priority for loss-of-function mutations in large populations of IHH patients. When
unequivocal evidence incriminating a gene is not obtained, this information will be used for
further bioinformatic filtering and re-prioritizing the list of candidates. Given the volume
and complexity of the data, bioinformatics tools will be indispensable for the analysis of the
raw genetic data, including the identification of rare sequence variants and the assessment of
their potential functional importance. The comparison of the rare sequence variants found in
patients to an equally well phenotyped and genotyped control population that is ethnically
matched will be crucial. Moreover, the genetic results will be integrated with biological
information from the literature and from genetic, transcriptomic, and proteomic databases
regarding each candidate gene. Together, this ensemble will serve to provide a stringent test
of the plausibility of each candidate, elucidate the respective signaling pathway(s), and
prioritize the list of candidate genes for validation by parallel investigations in humans,
model organisms, and in vitro cellular systems. The transition from the traditional to this
emerging model of genetic research in GnRH deficiency will proceed in a gradual manner:
biologically plausible candidate genes derived from various methods will continue to be
screened even in the absence of prior support from human genetics; at the same time, the
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application of the new genetic tools will steadily expand. Ultimately, however, as the use of
these genetic platforms becomes cheaper and the tools and rules for their application are
better validated and clarified (with the unavoidable trials and errors), a complete move away
from the old paradigm will take place. To stay abreast of these developments, translational
investigators committed to genetic research will need to evolve and adapt accordingly, by
adopting the emerging technologies and forming the necessary partnerships with their peers
in basic science and bioinformatics.

A CALL FOR INTERNATIONAL COOPERATION
The first 20 years of genetic studies on isolated GnRH deficiency have yielded momentous
insights into the biology of GnRH and the causes of its dysregulation (6, 7, 10). The next 20
years should herald the thorough genetic elucidation of this disease, the complete expansion
of its phenotypic spectrum, and the translation of these advancements into diagnostic,
prognostic, and therapeutic innovations. Specific actions can be taken by the research
community to expedite this process. The most important would be to broaden the
international cooperation among clinical investigators and geneticists studying this
condition. Most of the progress in this field has been pioneered by a handful of research
groups that operate in relative isolation from each other. Although this high-level
competition has fostered scientific progress, it has also prevented the creation of a research
consortium similar to those established for other genetic diseases like cystic fibrosis. World-
wide cooperation on this matter could greatly facilitate the exchange of scientific ideas. As
an example, each group could publicly disclose “negative” gene screening results as we are
doing herein (Table 1 and Supporting Online Material). This information can help others to
avoid repetition in gene screening and better allocate their limited resources. This shared
information will ultimately facilitate the screening of more candidate genes, and help
elucidate more of the puzzle about the regulation of puberty than each group could do on its
own. It would be a rather simple matter for leading groups in IHH genetics to commit to
reporting such data in back-to-back papers in an agreed upon journal every couple of years.

Taking international cooperation to a next level could lead to the establishment of a “global
IHH cohort” containing a few thousand DNA samples and associated phenotypes from
ethnically diverse patients and control subjects. Such a cohort could be run under accepted
rules for communal governance and resource utilization with an online database that would
facilitate access to both DNAs for gene screening and clinical information for genotype-
phenotype correlations. As GWASs have shown, consortia of this type can have great
discovery power and scientific success in clinical genetic research (56, 57). Such a
development could also boost awareness of translational research on GnRH biology, thus
increasing patient referrals by clinicians as well as self-referrals of individual patients and
organized patient groups. The conduct of translational medicine in GnRH deficiency and
other genetic diseases with broad implications for human biology and clinical practice
“takes a village.” Now is the time to move to the next level and embrace “globalization.”

The principles discussed here are broadly applicable to human genetic research. It is
increasingly appreciated that most diseases with a genetic component (including common
ones like diabetes, hypertension, and other major public health issues) are linked to rare
mutations, which can even be “private” to individual patients or families (58). The genetic
elucidation of GnRH deficiency and other diseases of the reproductive system will continue
to provide valuable paradigms on which to model the complex architectures of multifactorial
disorders.
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Fig. 1.
Genes mutated in IHH have critical roles in GnRH neuron ontogeny and physiology. See the
text for details. KAL1, Kallmann syndrome 1 sequence, MIM: 308700; FGFR1, fibroblast
growth factor receptor 1, MIM: 136350; FGF8, fibroblast growth factor 8, MIM: 600483;
PROK2, prokineticin 2, MIM: 607002; PROKR2, prokineticin receptor 2, MIM: 607123;
CHD7, chromodomain helicase DNA binding protein 7, MIM: 608765; NELF, nasal
embryonic LHRH factor, MIM: 608137; DAX1, dosage-sensitive sex reversal, adrenal
hypoplasia congenital (AHC) critical region on the X chromosome, gene 1, MIM: 300473;
PC1, prohormone convertase 1, MIM: 162150; LEP, leptin, MIM: 164160; LEPR, leptin
receptor, MIM: 601007; KISS1R, KISS1 receptor, MIM: 604161; TAC3, tachykinin 3, MIM:
162330; TACR3, tachykinin receptor 3, MIM: 162332; GNRH1, gonadotropin-releasing
hormone 1, MIM: 152760; GNRHR, GnRH receptor, MIM: 138850.
CREDIT: C. BICKEL/SCIENCE TRANSLATIONAL MEDICINE
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Fig. 2.
Timeline of IHH gene discovery.
CREDIT: C. BICKEL/SCIENCE TRANSLATIONAL MEDICINE
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Fig. 3.
Changing models of clinical genetic research.
CREDIT: C. BICKEL/SCIENCE TRANSLATIONAL MEDICINE
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