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Between the genetic extremes of rare monogenic and common
polygenic diseases lie diverse oligogenic disorders involving mutations
in more than one locus in each affected individual. Elucidating the
principles of oligogenic inheritance and mechanisms of genetic
interactions could help unravel the newly appreciated role of rare
sequence variants in polygenic disorders. With few exceptions,
however, the precise genetic architecture of oligogenic diseases
remains unknown. Isolated gonadotropin-releasing hormone (GnRH)
deﬁciency caused by defective secretion or action of hypothalamic
GnRH is a rare genetic disease that manifests as sexual immaturity and
infertility. Recent reports of patients who harbor pathogenic
rare variants in more than one gene have challenged the long-held
view that the disorder is strictly monogenic, yet the frequency and
extent of oligogenicity in isolated GnRH deﬁciency have not been
investigated. By systematically deﬁning genetic variants in large
cohorts of well-phenotyped patients (n = 397), family members, and
unaffected subjects (n = 179) for the majority of known disease genes,
this study suggests a signiﬁcant role of oligogenicity in this disease.
Remarkably, oligogenicity in isolated GnRH deﬁciency was as frequent
as homozygosity/compound heterozygosity at a single locus (2.5%).
Among the 22% of patients with detectable rare protein-altering variants, the likelihood of oligogenicity was 11.3%. No oligogenicity was
detected among controls (P < 0.05), even though deleterious variants
were present. Viewing isolated GnRH deﬁciency as an oligogenic condition has implications for understanding the pathogenesis of its reproductive and nonreproductive phenotypes; deciphering the etiology
of common GnRH-related disorders; and modeling the genetic architecture of other oligogenic and multifactorial diseases.
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raditionally, deleterious rare variants—DNA sequence variations with minor allele frequency (MAF) <1% in the general
population—have been incriminated as causes of rare genetic diseases in which each patient harbors mutations in a single gene
(monogenic diseases) (1). An important paradigm shift in human
genetics is the increasing recognition of rare variants as major
contributors to both rare diseases and common multifactorial disorders (2, 3). In silico analyses suggest that many of the disease
associations with common variants—MAF ≥5%—identiﬁed in
genome-wide association studies may actually be “synthetic associations” involving nearby uncommon (1% ≤ MAF <5%) or rare
variants that occur, by chance, more frequently in association with
one allele at a common variant site than with the other (4). In addition, rare variants in genes linked to monogenic forms of common
disease (such as familial hyperlipidemia and familial hypertension)
have been shown to contribute to the population variation of the
corresponding physiological parameters (plasma levels of HDL
cholesterol and blood pressure, respectively) (5, 6).
According to conventional Mendelian frameworks, a monogenic disease is caused by one dominant or two recessive allelic
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variants in the responsible gene. However, in most monogenic
disorders, the correspondence between genotype and phenotype
is less than perfect. The concepts of incomplete penetrance and
variable expressivity have been coined to make allowance for
this discrepancy, but do not provide a molecular mechanistic
explanation. In fact, monogenic diseases with limited genotype/
phenotype correlations, such as Bardet–Biedl syndrome (7),
retinitis pigmentosa (8), nephronopthisis (9), and several others
(10), were subsequently shown to be oligogenic, i.e., caused by
contributions of rare variants in a more than one gene in each
patient. Elucidating the principles of oligogenic inheritance and
the underlying genetic interactions should help to understand
how rare variants contribute to the more complex multifactorial
disorders. However, systematic investigation of oligogenic diseases is a formidable task because it requires the comprehensive
sequencing of all known disease genes in sizeable cohorts of
patients, which are especially challenging to assemble for such
rare genetic conditions. Thus, with few exceptions, the precise
genetic architecture of oligogenic diseases remains largely unknown because examples of oligogenicity have been described
mostly in case reports and small studies that genotyped patient
cohorts of limited sizes for subsets of disease-associated genes.
Isolated gonadotropin-releasing hormone (GnRH) deﬁciency
caused by defects in the secretion or action of hypothalamic
GnRH is one of the rare genetic diseases originally thought to be
strictly monogenic (11, 12). It manifests as absent or incomplete
puberty, sexual immaturity, and infertility, and is clinically diagnosed as idiopathic hypogonadotropic hypogonadism (IHH).
The disease can be associated with either a normal sense of smell
(normosmic IHH, nIHH) or with anosmia/hyposmia [Kallmann
syndrome (KS)], and variably also with additional nonreproductive phenotypes such as unilateral renal agenesis, skeletal
abnormalities, midline malformations, or hearing loss. Isolated
GnRH deﬁciency can be sporadic or inherited as an autosomaldominant, autosomal-recessive, or X-linked trait (13). Genetic
dissection of this disorder has led to the discovery of several new
loci (>12) with critical roles for the developmental and neuroendocrine control of mammalian reproduction (12, 14, 15).
Genes underlying isolated GnRH deﬁciency have been shown to
be important for the speciﬁcation and proliferation of GnRH
neurons (16, 17), their migration to the hypothalamus during
embryonic development (18–22), the regulation of GnRH secretion (23–25), and the response of pituitary gonadotropes to
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Oligogenicity in Isolated GnRH Deﬁciency Is as Frequent as Homozygosity/
Compound Heterozygosity. Of the 147 DNA sequence variants

identiﬁed among the 397 patients and/or 179 controls in the 8
genes sequenced, 8 variants occurred commonly and 2 uncommonly, whereas the large majority (137) were rare (Table S1
and Fig. S1A). Thirty-eight of the 137 rare variants (28%) were
synonymous (Table S1 and Fig. S1B). Though some of these
synonymous variants might affect mRNA splicing or translation,
most are presumably innocuous. Similar percentages of patients
(9%) and controls (10%) harbored rare variants that were exclusively synonymous (Fig. S1C). Importantly, however, patients
were signiﬁcantly more likely than controls to harbor rare protein-altering variants (22% vs. 10%, P = 0.001; Fig. S1C). Indeed,
nonsense, frameshift, and splice-site variants were found almost
exclusively (19 of 20) in the GnRH-deﬁcient cohort, and only 14
of 79 rare missense variants were seen even once in controls
(Table S1). In addition, 66 of 79 missense variants had been
previously shown to be loss-of-function in in vitro studies (n = 32)
and/or were predicted in silico to be damaging by the software
programs PolyPhen-2 (37), SIFT (38), or both (n = 62; Table S1).
Furthermore, all four identiﬁed splice-site variants were predicted
to affect splicing, and in one case this had been previously conﬁrmed experimentally (Table S1). For these reasons, we considered only the 99 rare protein-altering variants. Each of the
screened genes harbored such variants in 0.8–8.5% of patients
(Fig. 1A). To our knowledge, this is the largest patient cohort
screened for all eight genes so far, thus providing the best direct
estimate to date of the relative frequency of variants in each gene
(Fig. 1A). Half of the genes harbor rare variants at very low frequencies (≤1.6%), suggesting that discovery of all remaining
genes for isolated GnRH deﬁciency will require very large numbers of patients, which can be achieved only by an international
collaborative consortium (39).
Sykiotis et al.
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Fig. 1. (A) Percentages of patients with monoallelic, biallelic, and digenic
rare protein-altering variants in each gene. (B) Number of alleles with rare
protein-altering variants in patients and controls.

A single affected allele was found in 17% of patients (Fig. 1B).
Some of these were men with KS who had KAL1 variants that
were mostly frameshift or nonsense and thus in principle sufﬁcient to account for the disease (Table S2). Others, however, had
single-allele variants in either KISS1R (9%) or GNRHR (6%)
(Table S2), which are genes traditionally thought to underlie
recessive isolated GnRH deﬁciency (23, 24, 26). Because intragenic deletions in GNRHR and KISS1R are rare in GnRHdeﬁcient patients (40, 41), it is likely that additional variants in
other genes contribute to disease pathogenesis in these patients.
Indeed, the fact that no variants were found in the majority of
patients (78%; Fig. 1B) indicates that the eight genes sequenced
account for only a fraction of the disease’s genetic etiology.
Of the 397 patients, 10 had rare protein-altering variants in
two or more alleles of different genes (i.e., digenicity), and 10
patients had such variants in both alleles of a single gene (i.e.,
homozygosity/compound heterozygosity; Fig. 1B and Table S2).
Almost all of the variants involved were either known or predicted to be deleterious (18 of 21 in oligogenicity and 14 of 14
in homozygosity/compound heterozygosity; Table S1). In the
present cohort, oligogenicity was as frequent as homozygosity/
compound heterozygosity (2.5% of patients). Even if none of the
disease genes remaining to be discovered and analyzed participates in an oligogenic mechanism of pathogenesis, this 2.5%
would provide a minimum estimate for the frequency of oligogenicity in IHH (95% conﬁdence interval: 1.2–4.6%). Among the
88 patients who had at least one rare protein-altering variant,
a second affected allele was found in 10 (Fig. 1B). Thus, the
likelihood of oligogenicity among the analyzed genes is 11.3%
(10/88; 95% conﬁdence interval: 5.6–19.9%). These estimates
are based on the identiﬁcation of rare protein-altering variants in
a mere 22% of patients (Fig. 1B). Because every patient presumably harbors at least one causal variant, we expect the true
frequency of oligogenicity in isolated GnRH deﬁciency to be
much higher. We anticipate that as the broader availability and
reduced cost of whole-exome sequencing facilitate the discovery
of numerous genes underlying the disease over the next few
years, most patients will ultimately prove to be oligogenic.
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Results and Discussion

A
% of patients with rare
protein-altering variants

GnRH stimulation (26). Although multiple mutations have been
identiﬁed in each gene, no mutations have been identiﬁed in the
majority of patients (>60%), signifying that yet more disease loci
remain to be unearthed. In addition to this substantial locus and
allelic heterogeneity, isolated GnRH deﬁciency is characterized
by variable expressivity of the reproductive and nonreproductive
phenotypes both within and across families segregating identical single-gene mutations (26–31). Pathogenic rare variants
are occasionally present in family members who display only
nonreproductive-associated phenotypes suffer from milder forms
of GnRH deﬁciency, such as delayed puberty, or are asymptomatic (incomplete penetrance). Recently, a few patients were
reported who harbor mutations in two genes rather than in a
single locus (16, 21, 32–36). In some of these cases, the segregation
pattern of these digenic mutations in the pedigree can partially
account for the phenotypic variability among individual family
members. Thus, the clinical heterogeneity of isolated GnRH deﬁciency might be explained to some degree by oligogenicity.
If isolated GnRH deﬁciency is oligogenic, then the availability
of large cohorts of well-phenotyped patients, family members,
and appropriate control subjects represents an opportunity to
improve our understanding of oligogenicity in human disease. By
systematically searching such cohorts for mutations in the majority of genes underlying isolated GnRH deﬁciency, the present
study tested the following hypotheses: (i) oligogenicity is a common feature of the disease; (ii) rare variants that contribute to
oligogenic GnRH deﬁciency when cooccurring can also be found
individually in the normal population; (iii) the segregation patterns of rare variants in oligogenic pedigrees correlate with the
varying phenotypes of family members; and (iv) isolated GnRH
deﬁciency has a diverse oligogenic architecture corresponding to
its complex developmental pathophysiology.

Unaffected Control Subjects Harbor Monoallelic but Not Biallelic or
Digenic Variants. The frequency of rare variants in genes un-

derlying isolated GnRH deﬁciency among control subjects has
not been previously determined. Ten percent of control subjects
harbored a single, rare protein-altering variant, which was missense with one exception (nonsense; Fig. 1B and Table S3).
Theoretically, such variants could be neutral, could contribute to
isolated GnRH deﬁciency only in combination with other variants (oligogenicity), or could even be protective. Importantly,
however, among the seven variants also seen in patients either in
the present cohort (n = 5; Tables S2 and S3) or in an independent study (n = 2, PROKR2 P268C and P290S) (21), each
of the ﬁve variants that have been functionally characterized in
vitro (GNRHR Q106R, FGF8 P26L, and PROKR2 L173R,
R268C, and P290S) has been shown to cause loss of function (16,
28, 33, 42). This indicates that isolated rare variants present in
unaffected controls are not sufﬁcient to cause GnRH deﬁciency
on their own even when they are deleterious to protein function.
Notably, the PROKR2 L173R and GNRHR Q106R mutations
have been found in patients in heterozygous, compound heterozygous, homozygous, and digenic states (21, 26, 32–34, 43, 44).
Thus, rare protein-altering variants that are individually present
in the heterozygous state in unaffected subjects can contribute to
isolated GnRH deﬁciency, including its oligogenic form, when
cooccurring with additional deleterious alleles.
In further support of the notion that genes contributing alleles
to oligogenic-isolated GnRH deﬁciency can individually harbor
deleterious variants in the normal population, a nonsense NELF
variant was present in a female control (Table S3). This indicates
that monoallelic deleterious NELF variants are not sufﬁcient to
cause isolated GnRH deﬁciency, consistent with the fact that
they have been found to underlie the disease only in the digenic
state (32). Importantly, no control subject harbored two or more
variants (Fig. 1B and Table S3), and the observed difference in
the frequency of oligogenicity between patients (10 of 397) and
controls (0 of 179) was signiﬁcant (P = 0.035; Fig. 1B). These
ﬁndings suggest that compound heterozygosity, homozygosity,
and oligogenicity involving deleterious variants are incompatible
with normal neuroendocrine control of human reproduction.
Oligogenicity Partially Accounts for the Phenotypic Variability of
Isolated GnRH Deﬁciency. In 7 of the 10 new (Fig. S2A) and pre-

viously identiﬁed (Fig. S2B) (16, 32, 33, 35, 36) digenic pedigrees
in the present cohort, the higher the number of affected genes
and alleles that an individual harbored, the more likely he or she
was to have isolated GnRH deﬁciency manifested as IHH as
opposed to a milder or partial phenotype, such as delayed puberty, anosmia, or cleft lip/palate (Fig. S2A, pedigrees I and II;
Fig. S2B, pedigrees IV–VIII). For example, in pedigree IV,
nIHH was present only in the two digenic subjects with one affected FGFR1 allele and two affected GNRHR alleles (Fig. S2B)
(32). All three subjects with monoallelic GNRHR variants and
wild-type FGFR1 were unaffected. Interestingly, of the two
digenic subjects with monoallelic FGFR1 and GNRHR variants,
one had delayed puberty and the other was unaffected. This
discordance may be due to the different functional properties of
each individual’s GNRHR allele (Q106R vs. R262Q) (26, 45)
and/or to additional genetic or nongenetic factors that differentially affect the two subjects. In pedigree IX, although the
proband harbored digenic mutations, genotype-phenotype correlations could not be performed because she was adopted (Fig.
S2B) (33). The correlation between digenicity and severe phenotype did not hold true for pedigrees III and X. In pedigree III,
a digenic family member had a milder phenotype (delayed puberty) than the proband (Fig. S2A). In pedigree X, the same
phenotype (nIHH) was observed in the proband with digenic
mutations in FGFR1 and PROKR2, a family member harboring
only the FGFR1 mutation, and four family members with no
15142 | www.pnas.org/cgi/doi/10.1073/pnas.1009622107

mutations in these genes (Fig. S2B). This pedigree has been
shown to harbor an additional rare protein-altering variant in the
gene encoding GnRH (GNRH1) (35). Even when the segregation pattern of this variant was taken into account, the phenotypic variability among family members could not be fully
explained. Such exceptions further support the notion that oligogenicity in isolated GnRH deﬁciency is even more frequent
and extensive than assessed here, and its full scope will be
revealed only after all genes underlying the disease have been
identiﬁed and sequenced. A recent study reached similar conclusions regarding digenicity that involves monoallelic PROKR2
variants, whose interacting partners are yet largely unknown
(46). Nevertheless, it is already evident that mutations in genes
thought to underlie autosomal-dominant (FGFR1), autosomalrecessive (GNRHR), or X-linked (KAL1) forms of isolated GnRH
deﬁciency can actually underlie oligogenic disease (Fig. S2). Thus,
as in other oligogenic diseases (10), the mode of inheritance of
isolated GnRH deﬁciency in families (i.e., the Mendelian segregation of the trait) should be conceptually dissociated from the
inheritance pattern of speciﬁc disease alleles.
In oligogenic-isolated GnRH deﬁciency, the clinical presentation of the disease is likely determined by the number and nature of affected genes and alleles. This concept is supported by
a recent study showing larger phenotypic variability and reduced
disease severity in KS patients harboring monoallelic vs. biallelic
variants in PROK2 or PROKR2, presumably due to variants in
undiscovered genes with pleiotropic roles that interact genetically
with the monoallelic PROK2/PROKR2 variants (46). It is thus
tempting to speculate that many of the nonreproductive phenotypes associated with isolated GnRH deﬁciency, such as anosmia/
hyposmia, renal agenesis, midline defects, and hearing loss, may
be in part or in whole due to contributions of rare variants in genes
that act in both the neuroendocrine system and in nonreproductive tissues. Indeed, some of the known genes associated
with the disease are also expressed in developing nonreproductive
tissues that are affected in these patients, including KAL1 in the
kidney (47, 48) and FGF8/FGFR1 in the craniofacial midline (49,
50). This observation raises the possibility that other genes known
to regulate the development of nonreproductive tissues may also
have unsuspected roles in the neuroendocrine control of reproduction. Alternatively, the pathogenesis of the associated nonreproductive phenotypes may entail interactions between variants
in pleiotropic genes with variants in tissue-speciﬁc genes. These two
mechanisms are not mutually exclusive, but may operate synergistically within an oligogenic framework.
Genetic Networks in Isolated GnRH Deﬁciency. The molecular mechanisms by which the observed oligogenic interactions (Fig. 2) cause
isolated GnRH deﬁciency are poorly understood. One possibility is
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Fig. 2. Genetic interactions in isolated GnRH deﬁciency. The majority of
oligogenic patients (lines) showed digenic biallelic inheritance, in which two
genes are implicated, each one having an affected and a wild-type allele. Two
patients (triangles) showed digenic triallelic inheritance, which involves both
alleles of one gene (triangle base) and one allele of a second gene (triangle
apex). The same types of inheritance were observed in patients with KS (solid
symbols) or nIHH (empty symbols), suggesting that oligogenicity underlies
both clinical forms of isolated GnRH deﬁciency. Circles denote patients who
had single-gene variants and were homozygous or compound heterozygous.
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Isolated GnRH Deﬁciency as a Prototypical Oligogenic Disease. Together with similar advances in other genetic diseases demonstrating convincing oligogenicity, such as Bardet–Biedl syndrome
(7, 53), the conceptual shift from monogenic to oligogenic framework for isolated GnRH deﬁciency can guide genetic research in
disorders traditionally considered monogenic. As a disease model,
isolated GnRH deﬁciency is especially instructive for how oligogenicity should be suspected and sought in “monogenic” diseases with marked locus heterogeneity, incomplete penetrance,
and/or variable expressivity of pathogenic alleles. Among the
known oligogenic disorders, isolated GnRH deﬁciency appears
to match Bardet–Biedl syndrome in the number of diseaseassociated genes (53), and is among the most diverse in mechanisms of oligogenic interactions (10). This richness offers
examples on which to model the architecture of other disorders
suspected or shown to be oligogenic.
The fact that rare variants in genes for isolated GnRH deﬁciency are also present in unaffected individuals and cooperate
with other variants to cause IHH raises the possibility that such
variants may also underlie milder forms of GnRH deﬁciency
when combined with certain environmental factors. In support of
this idea, we have recently identiﬁed heterozygous rare variants in
FGFR1, KAL1, PROKR2, and GNRHR in women with hypothalamic amenorrhea (HA), a frequent and reversible inhibition of
the hypothalamic-pituitary-gonadal (HPG) axis commonly triggered by weight loss, excessive exercise, or psychological stress
(54). By lowering the threshold for HPG axis inhibition, isolated
rare variants in genes underlying GnRH deﬁciency may have
conferred an evolutionary advantage in times of pandemic, famine, population migration, or climate change, which may explain
why they have been retained in the human gene pool (54). We
propose that when such variants form oligogenic interactions in
the same individual due to consanguinity, endogamy, or chance,
more severe GnRH deﬁciency and inhibition of the reproductive
axis ensue, which manifests clinically as IHH. The pathogenesis of
isolated GnRH deﬁciency is also very likely to entail a nongenetic
component, as indicated by the occasional adult onset of the
Sykiotis et al.

disease after normal puberty and reproductive function (55), as
well as by the reversal of isolated GnRH deﬁciency in 10% of
cases after pharmacological normalization of sex steroid levels
(56). The role of nongenetic factors in isolated GnRH deﬁciency,
its oligogenic nature, and its shared genetic basis with HA offer
valuable paradigms through which gene/gene and gene/environment interactions can be modeled, and could thus help to address
one of the major challenges for the elucidation of common
multifactorial diseases.
Methods
Subjects. The cohort of GnRH-deﬁcient patients was comprised of 397 Caucasians who met the following diagnostic criteria: (i) absent/incomplete
puberty by age 18 y; (ii) serum testosterone ≤100 ng/dL in men or serum
estradiol ≤20 pg/mL in women in conjunction with low or normal levels of
serum gonadotropins; (iii) otherwise normal pituitary function; (iv) normal
serum ferritin levels; and (v) normal MRI of the hypothalamic-pituitary region. Forty-four women and 155 men had anosmia/hyposmia by history and/
or olfactory testing (57) and were diagnosed with KS; 52 women and 146
men had nIHH. The cohort of control subjects was comprised of 179 unaffected Caucasians (72 women and 107 men) who had normal sexual
maturation and reproductive function. The study was approved by human
research committees at Massachusetts General Hospital and Newcastleupon-Tyne Hospital. All subjects provided written informed consent before
participation.
DNA Sequencing. Genomic DNA was obtained from peripheral blood samples
by standard phenol-chloroform extraction. For all patients and control
subjects, the exonic and proximal intronic (at least 15 bp from splice sites)
DNA sequences of the ﬁrst eight genes implicated in the etiology of isolated
GnRH deﬁciency were ampliﬁed by PCR and determined by direct sequencing.
These genes are KAL1 (anosmin-1, MIM: 308700), GNRHR (GnRH receptor,
MIM: 138850), KISS1R (KISS1 receptor, MIM: 604161), NELF (nasal embryonic
LHRH factor, MIM: 608137), FGF8 (ﬁbroblast growth factor 8, MIM: 600483),
FGFR1 (ﬁbroblast growth factor receptor 1, MIM: 136350), PROK2 (prokineticin 2, MIM: 607002), and PROKR2 (prokineticin receptor 2, MIM: 607212).
Respective PCR primers and ampliﬁcation conditions have been described
previously (16, 22, 23, 26, 33, 58–60). All sequence variations were found on
both DNA strands and were conﬁrmed in a separate PCR. Genes and proteins
are described using standard nomenclature (61).
Classiﬁcation and Evaluation of DNA Sequence Variants. Variants were identiﬁed by comparing the exonic and proximal intronic sequences of the
screened genes in patients and control subjects to the GenBank reference
sequences. Nucleotide substitutions beyond intronic position ±5 and insertions/deletions beyond intronic position ±15 were disregarded. For each
variant, the frequency of the minor allele in controls or patients was calculated by dividing the number of chromosomes harboring the variant by
the total number of respective chromosomes in that cohort. Based on its
MAF in the control cohort, each variant was classiﬁed as common (MAF
≥5%), uncommon (1% ≤ MAF <5%), or rare (MAF <1%, which includes
patient-only variants with MAF = 0% in controls). Each variant was also
classiﬁed according to the nature of the DNA change as either synonymous
or protein altering (frameshift, nonsense, splice site, or missense). The
potential damaging effect of each missense and splice-site variant was
evaluated by considering previously published modeling and/or in vitro
functional studies and by using in silico prediction methods: PolyPhen-2
(37) and SIFT (38) for missense variants and Human Splicing Finder (62) for
splice-site variants.
Assessment of Oligogenicity. To assess oligogenicity, only rare protein-altering
variants were considered. In subjects harboring more than one such variant in
the same gene, it was determined whether the variants were on the same or
different alleles by sequencing the subject’s parents and/or by sequencing
individual alleles after cloning PCR amplicons encompassing the variants in
the pTOPO vector (Invitrogen). Each patient and control subject was scored
as to the total number of alleles harboring rare protein-altering variants. In
subjects with more than a single allele with such variants (biallelic or triallelic), it was further noted whether these variants were on alleles of the
same or different genes (monogenic or digenic, respectively). Statistical
comparisons were performed using the χ2 test. To examine whether the
segregation patterns of variants identiﬁed in oligogenic pedigrees helped
explain the phenotypes of individual family members, all available relatives
of oligogenic GnRH-deﬁcient patients were evaluated by history and/or
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that the mutations act independently in space and/or developmental
time, such that their additive effects compromise the ontogeny of
GnRH neurons and/or pituitary gonadotropes sufﬁciently to impair
sexual maturation and fertility. Alternatively, the mutations may
synergistically affect the same ligand/receptor pair or signaling
pathway. At present, it is impossible to unequivocally distinguish
between these models, because the precise roles of the known
disease genes in the regulation of GnRH biology require further
elucidation. As numerous additional genes underlying the disease are discovered through high-throughput sequencing in the
near future, their functional categorization into signaling pathways, the characterization of their roles in GnRH ontogeny and
action, and the study of their genetic interactions in model
organisms will help unravel the mechanisms by which oligogenicity causes isolated GnRH deﬁciency.
More recently, TAC3, TACR3, and GNRH1 have been identiﬁed as additional genes that harbor mutations at frequencies
from moderate to very low in patients with the normosmic variant of isolated GnRH deﬁciency (25, 35, 51, 52). Even though it
was not economically feasible to screen all patients in the present
cohort for mutations in TAC3, TACR3, and GNRH1, the eight
genes screened here showed no oligogenicity with TAC3 or
TACR3, and only one case of digenicity with GNRH1 (Fig. S2B)
among the partially overlapping screened cohorts (35, 51). With
the possible exception of GNRHR, the genes found to interact in
the present study affect the developmental biology of GnRH
neurons, whereas TAC3, TACR3, GNRH1, and KISS1R (which
was also not involved in digenicity, Fig. 2) affect GnRH secretion
and may thus form a distinct network of oligogenic interactions
in other patients with isolated GnRH deﬁciency.

physical examination for reproductive and associated nonreproductive phenotypes and tested for the respective patient’s variants.
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