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Abstract 
Context: The gonadotropin-releasing hormone receptor variant GNRHR p.Q106R (rs104893836) in homozygosity, compound heterozygosity, or 
single heterozygosity is often reported as the causative variant in idiopathic hypogonadotropic hypogonadism (IHH) patients with GnRH 
deficiency. Genotyping of a Maltese newborn cord-blood collection yielded a minor allele frequency (MAF) 10 times higher (MAF = 0.029; n =  
493) than that of the global population (MAF = 0.003).
Objective: To determine whether GNRHR p.Q106R in heterozygosity influences profiles of endogenous hormones belonging to the 
hypothalamic-pituitary axis and the onset of puberty and fertility in adult men (n = 739) and women (n = 239).
Design, Setting, and Participants: Analysis of questionnaire data relating to puberty and fertility, genotyping of the GNRHR p.Q106R variant, 
and hormone profiling of a highly phenotyped Maltese adult cohort from the Maltese Acute Myocardial Infarction Study.
Main Outcome and Results: Out of 978 adults, 43 GNRHR p.Q106R heterozygotes (26 men and 17 women) were identified. Hormone levels 
and fertility for all heterozygotes are within normal parameters except for TSH, which was lower in men 50 years or older.
Conclusion: Hormone data and baseline fertility characteristics of GNRHR p.Q106R heterozygotes are comparable to those of homozygous 
wild-type individuals who have no reproductive problems. The heterozygous genotype alone does not impair the levels of investigated 
gonadotropins and sex steroid hormones or affect fertility. GNRHR p.Q106R heterozygotes who exhibit IHH characteristics must have at 
least another variant, probably in a different IHH gene, that drives pathogenicity. We also conclude that GNRHR p.Q106R is likely a founder 
variant due to its overrepresentation and prevalence in the island population of Malta.
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Idiopathic hypogonadotropic hypogonadism (IHH) is a rare 
genetic disorder that is characterized by partial or complete 
absence of pubertal development. Dysfunction of the 
hypothalamic-pituitary-gonadal axis leads to disorders of de
velopment, sexual maturation, and reproduction. Disruption 
in migration, differentiation or activation of GnRH neurons 
and/or a disruption in production, pulsatile secretion, or ac
tion of GnRH [1-3] lead to varying degrees of gonadotropin 
secretion and subsequently hypogonadism as determined by 
low testosterone levels and absence of gametogenesis. It is 
classically termed Kallmann syndrome if it presents with anos
mia or hyposmia, and normosmic IHH if the sense of smell is 
not impaired [4].

The GnRH decapeptide that is released from specialized 
neurons in the medio-basal and anterior hypothalamus binds 

to GnRH receptors located in the adenohypophyseal 
gonadotrope cell membranes. Once activated, these cells syn
thesize and release gonadotropins: FSH, and LH [5, 6]. 
Gonadotropin secretion stimulates gametogenesis and go
nadal steroidogenesis [7, 8]. However, pathogenic variation 
in the GnRH receptor (GNRHR; OMIM 138850; phenotype 
MIM 146110; GRCh38 genomic coordinates: 4:67 737, 
117–67 754 387) may compromise the interaction with 
GnRH and result in IHH [8-11]. GnRH or GnRH receptor 
variants may also lead to abnormalities of downstream signal
ling such as intracellular calcium ion fluxes, cAMP signalling, 
inositol triphosphate generation, DNA transcription, synthe
sis, and secretion of gonadotropins [7, 12].

The GnRH receptor is a 328 amino acid long polypeptide 
transmembrane rhodopsin-like G protein-coupled receptor. 
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GNRHR was among the first genes to be implicated in IHH, 
and it is classically associated with a recessive mode of inher
itance, where heterozygous individuals are generally asymp
tomatic [13-15]. Most reported variants with a suspected 
functional effect in GNRHR are missense changes that impede 
GnRH signaling. There is an increasing amount of data sug
gesting that heterozygous variants may lead to diminished re
ceptor signaling through various mechanisms. These include 
the loss or reduction of receptor expression due to the re
routing of misfolded proteins toward degradation pathways 
instead of localization to the cell membrane, a decrease in lig
and binding because of variants in the ligand binding pocket, 
or a decrease in G-protein coupling or signalling due to var
iants in the signaling domains [9, 15, 16]. It has been demon
strated that the prevalence of heterozygous GNRHR variants 
is statistically significantly higher in individuals with GnRH 
deficiency when compared with controls (2.5% in cases, 
0.5% in controls, P < .01), suggesting that monoallelic ex
pression might impact reproductive function possibly when 
combined with other genetic or environmental factors [15]. 
While dominant-negative effects of monoallelic GNRHR var
iants have been previously described in vitro, one cannot ig
nore the possibility that in vivo either oligogenicity or 
nongenetic factors may also play a role, and that additional 
genes that play a role in IHH are still to be determined 
[17, 18].

The most frequently reported pathogenic GNRHR variant 
across different ethnic groups is p.Q106R (rs104893836) [10, 
19, 20]. This glutamine to arginine substitution at residue 106 
sits on the first extracellular hydrophobic loop of the G 
protein-coupled receptor [21]. The variant causes a conform
ational change in the receptor and diminishes ligand binding 
and receptor activation, resulting in partial loss-of-function 
[10, 13, 22]. In vitro expression data shows that the 
p.Q106R variant receptor needs 50 times higher levels of 
the ligand for half-maximal production of the secondary mes
senger inositol phosphate (IP3) [23]. Additionally, this variant 
also compromises cAMP signaling pathways and the activa
tion of extracellular signal-regulated kinase (ERK) [24, 25]. 
Downstream to these pathways, the stimulation of the pituit
ary gonadotropin alpha-subunit, LH-beta, and FSH-beta gene 
promoter activity and expression are also reduced when com
pared to the wild-type [25].

Here we report an atypically high frequency of GNRHR 
p.Q106R in the Maltese population, which presented an op
portunity to conduct an endocrine assessment of heterozygous 
individuals between 18 and 77 years old. We also investigate 
reported puberty and fertility parameters in the identified 
GNRHR p.Q106R heterozygotes.

Materials and Methods
Research Subjects
Blood samples and clinical, biological, and questionnaire data 
were collected after obtaining written informed consent. 
Genetic data for this project originated from 3 independent 
cohorts: (1) the Malta Next Generation Sequencing (NGS) 
Project (ethics approval: 031/2014) that uses high throughput 
sequencing (HTS) to investigate selected conditions in the 
Maltese (n = 146; 17 of whom form part of the IHH cohort, 
diagnosed [26] and recruited through the Reproductive 
Endocrinology Clinic at Mater Dei Hospital, Msida, Malta); 
(2) the Maltese Acute Myocardial Infarction (MAMI) study 

[27], which includes individuals between the ages of 18 and 
77 years and for which extensive phenotypic and biochemical 
data, including hormone levels, are available (n = 1098; ethics 
approval: 32/2010). Of these, 423 are cases with a first myo
cardial infarction (MI) recruited at time of MI and recalled 
again at least 6 months post first MI, 210 are relatives of the 
cases, and 465 are population controls; and (3) an anonymous 
cord blood population cohort of Maltese neonates collected 
over a period of 3 months using a convenience consecutive 
sampling approach (n = 493; ethics approval: 44/2014). For 
the NGS project and the MAMI study samples, medical, demo
graphic, and lifestyle data was collected through an extensive 
interviewer-led questionnaire. Serum and plasma samples 
were collected at time of recruitment and recoded prior to test
ing. All research subjects for the NGS project and the MAMI 
study have parents and grandparents of Maltese ethnicity.

DNA Analysis
DNA was extracted from EDTA whole blood or buffy coats 
using the salting out method [28]. Several methods were em
ployed to genotype the GNRHR variant (NM_000406.2: 
c.317A > G; P30968: p.Q106R) in the different sample 
cohorts.

For the Malta NGS project, a custom targeted panel HTS 
approach that selectively captures all exons and up to 
500 bp of flanking regions of the gene was used. GNRHR 
was among the selected genes on this panel. DNA libraries 
were constructed according to the Agilent SureSelectXT 

Target Enrichment System for Illumina Paired-End 
Sequencing Library Protocol Version B.3. Libraries were sub
sequently sequenced on an Illumina Hi-Seq 4000 platform at 
BGI, Hong Kong. HTS data was aligned to GRCh37 and var
iants called using NextGENe v.2.4.2.3 (SoftGenetics, LLC). 
Variants were filtered on a minimum of 30-fold coverage.

A restriction enzyme digest with Xcml (NEB, UK) was used 
to genotype the neonatal cord blood collection [29]. The en
zyme cleaves the wild-type but not the alternative allele. 
Restriction fragments were separated on 2% agarose gel and 
genotypes confirmed by Sanger sequencing.

For the MAMI study collection, the Kompetitive Allele 
Specific PCR (KASP™) genotyping assay for GNRHR 
p.Q106R was carried out at LGC Genomics, Germany. This 
assay is based on competitive allele-specific PCR that allows 
for bi-allelic scoring of the single nucleotide variant. This 
is quantified on the basis of fluorescence resonant energy 
transfer chemistry [30]. The controls were tested for Hardy– 
Weinberg equilibrium using Fisher’s exact test, and the geno
type and allele frequencies were calculated. Genotypes were con
firmed by Sanger sequencing and by comparison to HTS 
datasets.

Hormone Assays and Fertility Data
Hormone assays were carried out on serum samples from the 
MAMI study collection. To limit diurnal variation, blood 
from overnight fasting subjects was always drawn in the 
morning between 0800 hours and 1000 hours. Samples were 
processed, aliquoted, and stored at −80 °C within 90 minutes 
of collection. At time of measurement, the frozen aliquots 
were utilized immediately after thawing. Samples were only 
thawed once.

Diagnostic enzyme-amplified chemiluminescent immunoas
says (Immulite 2000 System, Siemens, USA) were carried out 
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on all samples in the MAMI study collection to determine the 
concentration of several hormones that have a role in the 
hypothalamic-pituitary axis. Instrument calibration was car
ried out weekly for testosterone and every 4 weeks for the re
maining hormones. Before each run, internal quality control 
checks were carried out. The hormones tested included estra
diol (women only; Siemens Cat# L2KE22, RRID: 
AB_2936944), total testosterone (men only; Siemens Cat# 
L2KTW2, RRID: AB_2756391), lutenising hormone (LH; 
Siemens Cat# L2KLH2, RRID: AB_2756388), follicle stimu
lating hormone (FSH; Siemens Cat# L2KFS2, RRID: 
AB_2756389), sex hormone-binding globulin (SHBG; 
Siemens Cat# L2KSH2, RRID: AB_2819251), dehydroepian
drosterone sulfate (DHEA-SO4; Siemens Cat# L2KDS2, 
RRID: AB_2895591), prolactin (Siemens Cat# L2KPR2, 
RRID: AB_2827375), cortisol (Siemens Cat# LKCO2, 
RRID: AB_2810257), thyroid stimulating-hormone (TSH; 
Siemens Cat# LKTS1, RRID: AB_2827386), free T4 
(Siemens Cat# LKFT41, RRID: AB_2827385), and growth 
hormone (GH; Siemens Cat# L2KGRH2, RRID: 
AB_2811291). All quantitative measurements were carried 
out according to the manufacturer’s instructions. Hormone 
measurements that fell outside the detection limit of the kit 
were subsequently omitted from the analysis. The exception 
was estradiol, where nondetectable values (denoted ND) are 
given as the lower limit of the range and considered to be 
part of the reference range by the assay. Calculated free testos
terone was computed from total testosterone and SHBG using 
the Vermeulen equation [31]. Since albumin measurements 
were not available, a standard value of 43 g/L was used.

Age, sex, and data associated with puberty and fertility in
cluding age of menarche and frequency of menstruation and 
need and use of fertility treatment in women, number of off
spring, and marital status were obtained from an 
interviewer-led questionnaire. We did not assess puberty 
and fertility in men through direct questions but used family 
tree information to determine number of offspring. 
Individuals who previously had cancer, an oophorectomy, 
or hysterectomy at pre- or perimenopausal age and those on 
hormone replacement therapy were omitted from this 

analysis, resulting in 978 samples: 739 men and 239 women 
for whom demographic, genetic, and hormone data were 
available.

Statistical Data Analysis
Statistical analyses were conducted using SPSS Statistics ver
sion 25 (IBM Corp. Armonk, NY, USA). The neonatal collec
tion and MAMI control group were tested for the proportion 
of genotypes and deviation from the Hardy–Weinberg equilib
rium using Fisher’s exact test. Nonparametric tests were used 
for hormone analysis due to the nonnormal distribution of the 
data. The Kruskal–Wallis test was used to compare 3 or more 
independent samples of unequal sample sizes, and the Mann– 
Whitney test was used to carry out pair-wise comparisons. 
The α threshold employed was arbitrarily set at P < .05.

Prior to hormone analysis, medians and P-values were cal
culated for all hormones by sex, control-case-relative status, 
and 10-year age groups to identify whether sex, age, or 
case-control-relative status influenced hormone levels. 
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Figure 1. Frequency and percentage distribution of offspring by sex for 
individuals that are heterozygous for GNRHR p.Q106R. Of the 8 without 
offspring, 6 are single and have never been in a steady relationship.

Table 1. Demographic, puberty, and fertility characteristics of women

Women wild-type for GNRHR  
p.Q106R (n = 281)

Women heterozygous for GNRHR  
p.Q106R (n = 17)

Mean age ± SD in years (range) 45.1 ± 15.0 (18–77) 53.4 ± 17.9 (23–75)

Mean age at menarche ± SD in years (range) 12.6 ± 1.6 (8–17) 11.4 ± 1.7 (9–14)

Median days of menstrual flow (range) 5 (2–10) 5 (3–8)

Median number of days between menstrual cycles (range) 28 (15–100) 28 (25–34)

Menstrual regularity 86.8% regular, 13.2% irregular 88.2% regular, 11.8% irregular

Fertility treatment required 4.4% yes, 95.6% no 5.9% yes, 94.1% no

Median number of offspring; including miscarriages (range) 2 (0–7) 2 (0–5)

Median BMI; kg/m2 (range) 28.3 (16.2–60.5) 26.4 (20.6–38.6)

Underweight (BMI < 18.5) (%) 1.5 0

Healthy range (18.5 ≤ BMI ≤ 24.9) (%) 27.1 35.3

Overweight (25 ≤ BMI ≤ 29.9) (%) 34.2 29.4

Obese (30 ≤ BMI ≤ 39.9) (%) 33.1 35.3

Severely obese (BMI ≥ 40) (%) 4.1 0

Abbreviations: BMI, body mass index.
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Median hormone levels were only found to be statistically dif
ferent between men and women. An age trend was also ob
served in DHEA-SO4, GH, SHBG, and free testosterone in 
men and DHEA-SO4, estradiol, FSH, and LH in women. 
Thus, data is presented separately for men and women and 
subdivided into <50 and ≥50 years of age. For DHEA-SO4, 
SHBG, estradiol, LH, and FSH in women, data is subdivided 
into pre-/perimenopausal and postmenopausal status.

Scatter plots for hormone levels by genotype across the dif
ferent age groups were constructed using GraphPad Prism ver
sion 8.0.2 (GraphPad Software Inc, San Diego, CA, USA).

Results
Analysis of HTS data of 146 research subjects from the Malta 
NGS project identified 8 heterozygotes harboring the 

Figure 2. Scattergrams (median and interquartile ranges) by zygosity in men with age <50 and ≥50 years in the Maltese Acute Myocardial Infarction 
cohort for cortisol, prolactin, GH, TSH, and free T4. Median levels between the genotypes were compared using the Kruskal–Wallis test. Solid circles are 
used to show wild-type samples and open circles show heterozygous samples. Data points that fall within the grey area along the y-axis are within the 
reference range of each respective hormone. There is no statistically significant difference between the median hormone levels of heterozygous and 
wild-type individuals unless marked. * P < .01.
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GNRHR p.Q106R variant. Four of these (2 of whom were 
parent and offspring) formed part of the IHH cohort (n =  
17), while the other 4 did not have any IHH characteristics, 
nor a family history of IHH. A local population study on a 
cord blood DNA collection (n = 493) representative of the 
current Maltese population identified 2 homozygous alterna
tive and 25 heterozygous individuals, all unrelated, translating 
to a population MAF of 0.029 [29]. This is considerably high
er than the MAFs of the European population or its subpopu
lations, with the lowest reported variant frequency being 
0.0012 in the Estonian population and the highest being 
0.0051 in the southern European population [32]. For a vari
ant that is reported to be pathogenic in multiple literature ac
counts, its frequency is overrepresented in the Maltese 
population, and this led us to evaluate the effect of GNRHR 
p.Q106R heterozygosity on fertility and hormone profiles in 
an adult cohort.

Clinical and Demographic Characteristics
From 978 eligible individuals of the MAMI study collection, 
43 (4.4%) were heterozygous for GNRHR p.Q106R 
(Fig. 1). These consisted of 26 men with ages ranging from 
27 to 68 years and 17 women between the age of 23 and 75 
years. The genetic variant was in the Hardy–Weinberg equi
librium in controls with MAF = 0.033. From the 43 heterozy
gotes, 35 had offspring. In heterozygous women (Table 1), 

menarche occurred between the ages of 9 and 14 years. 
Menstrual bleeding lasted 3 to 8 days, and the number of 
days elapsed between each cycle ranged from 25 to 34 days; 
only 1 woman required fertility treatment. Of the 8 heterozy
gotes without offspring (3 women, ages 23, 23, and 27 years, 
and 5 men, ages 27, 31, 53, 59, and 68 years), only 2 men aged 
31 and 68 years are, or have been, in a steady relationship.

Hormone Assays
Upon analysis of research subjects grouped into 10-year age 
groups (data not shown), we observed a steady decline in 
DHEA-SO4 levels with age in both sexes, an increase in 
SHBG levels with age in men, an age-dependent decrease in 
free testosterone in men and estradiol in women, and an over
all age-dependent FSH and LH increase in women up until 
menopause. These trends are reflective of the natural biologic
al aging process [33-35].

TSH levels were lower in heterozygous men older than 50 
years of age compared to levels in homozygous wild-type 
men (P < .01; Fig. 2, Table 2). A similar trend was also ob
served in men below age 50; however, this did not reach stat
istical significance possibly due to the small number of 
heterozygotes. In women the difference was much smaller 
and did not reach statistical significance in any of the age 
groups. There were no statistically significant differences in 
median levels between wild-type individuals and heterozygotes 

Table 2. Median hormone levels for GNRHR p.Q106R heterozygotes vs wild-type individuals

Men Women

Hormone Age group Wild-type 
Median (n)

Heterozygotes 
Median (n)

P-value Age group Wild-type 
Median (n)

Heterozygotes 
Median (n)

P-value

Estradiol (pmol/L) <50 years — — — Pre/perimenopausal 217.00 (94) 260.50 (6) .75

Free testosterone (nmol/L) 0.30 (147) 0.29 (7) 0.90 — — —

SHBG (nmol/L) 29.20 (153) 28.20 (7) 0.24 65.30 (86) 57.25 (6) .59

DHEA-SO4 (µmol/L) 5.51 (151) 7.49 (7) 0.39 3.31 (94) 4.89 (6) .09

LH (IU/L) 3.66 (145) 4.22 (6) 0.30 5.38 (91) 5.29 (4) .99

FSH (IU/L) 3.50 (145) 4.98 (6) 0.25 5.31 (92) 5.81 (4) .85

Cortisol (nmol/L) 286.94 (146) 289.70 (7) 0.83 <50 years 238.88 (82) 243.50 (6) .78

Prolactin (mIU/L) 124.00 (152) 126.00 (7) 0.40 177.0 (92) 222.50 (6) .78

GH (ng/mL) 0.08 (152) 0.26 (7) 0.26 0.39 (92) 0.41 (6) .67

TSH (mIU/L) 1.33 (139) 1.05 (5) 0.64 1.38 (76) 1.26 (6) .26

Free T4 (pmol/L) 12.74 (136) 12.87 (6) 0.99 12.69 (78) 13.64 (6) .10

Estradiol (pmol/L) ≥50 years — — — Postmenopausal 0.00 (164) 0.00 (10) .67

Free testosterone (nmol/L) 0.24 (451) 0.28 (18) 0.94 — — —

SHBG (nmol/L) 42.25 (477) 31.60 (19) 0.53 52.50 (167) 55.10 (10) .77

DHEA-SO4 (µmol/L) 2.81 (473) 3.04 (17) 0.73 1.69 (166) 1.15 (10) .17

LH (IU/L) 4.63 (469) 4.05 (19) 0.07 25.10 (164) 28.50 (10) .75

FSH (IU/L) 5.59 (470) 5.32 (19) 0.39 61.50 (164) 52.20 (10) .56

Cortisol (nmol/L) 269.83 (476) 290.00 (19) 0.92 ≥50 years 252.36 (166) 224.31 (10) .59

Prolactin (mIU/L) 108.00 (474) 118.50 (18) 0.29 112.00 (172) 85.00 (10) .23

GH (ng/mL) 0.15 (473) 0.13 (18) 0.55 0.18 (172) 0.22 (10) .26

TSH (mIU/L) 1.42 (469) 0.91 (19) 0.01 1.59 (154) 1.36 (10) .63

Free T4 (pmol/L) 12.60 (468) 12.72 (18) 0.39 13.00 (163) 11.80 (10) .07

Abbreviations: DHEA-SO4, dehydroepiandrosterone sulfate; SHBG, sex hormone-binding globulin. 
Statistically significant P-values are highlighted in bold. n, number of individuals in the group.
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for prolactin, GH, DHEA-SO4, cortisol, SHBG, free T4, LH, 
and FSH in both sexes, estradiol in women, and free testoster
one in men. The only statistical difference (P < .01) was for 
TSH in men above age 50 where wild-type individuals had 
higher levels than heterozygotes.

The 43 GNRHR p.Q106R heterozygotes in the collection 
were spread across different age groups with a comparable 
proportion of heterozygotes to wild-type homozygotes in 
each age group for both sexes. Across the different hormones, 

there were no notable differences or trends between the meas
ured hormone levels of both genotypes and the reference 
ranges as most data points fell within the local hospital refer
ence ranges (Figs. 2–5, Table 3).

Discussion
Based on available fertility data (Table 1) and hormone profile 
analyses (Table 2) of GNRHR p.Q106R heterozygote and 
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wild-type individuals, we report no differences between the 2 
genotypes. In fact, there were no differences in median levels 
of the reproductive hormones (LH, FSH, estradiol, free testos
terone, SHBG, and DHEA-SO4) between wild-type and het
erozygous individuals (Table 2). The only difference in 
median hormone levels observed was a lower median TSH lev
el in heterozygous men 50 years and older. However, 1 out of 

19 men in this category falls outside the acceptable normal ref
erence ranges for TSH (0.3–3 mIU/L), compared to 3 out of 
469 wild-type men aged 50 and above. Questionnaire data 
from our heterozygous cohort shows that none of the individ
uals reported a thyroid disorder when specifically asked dur
ing the questionnaire interview. Low TSH levels coupled 
with normal free T4 and T3 levels are consistent with 
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Figure 4. Scattergrams (median and interquartile ranges) by zygosity in women with age <50 and ≥50 years in the Maltese Acute Myocardial Infarction 
cohort for cortisol, prolactin, GH, TSH, and free T4. Median levels between the genotypes were compared using the Kruskal–Wallis test. Solid circles are 
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reference range of each respective hormone. There is no statistically significant difference between the median hormone levels of heterozygous and 
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subclinical hyperthyroidism, and it is well documented that 
thyroid malfunction may disrupt menstrual patterns and ovu
lation disorders in women and may also cause infertility in 
both sexes [36, 37]. A study on individuals with polycystic 
ovary syndrome does suggest that there are pathophysiologic
al links between the GNRHR locus and thyroid function [38]. 
However, more evidence than what the current literature sup
ports is needed to show how GnRH neurons and thyroid hor
mones interact [39]. Furthermore, low TSH levels measured 

by immunoassays can also be due to interference by biotin 
[40, 41] or by endogenous antibodies [41-43].

Our findings indicate that the onset of puberty (in women) 
or the likelihood for an individual to bear offspring is not in
fluenced by being heterozygous for GNRHR p.Q106R. This is 
corroborated by the high frequency of heterozygotes who had 
offspring, which is reflective of expected frequencies in a 
healthy population. In women, collection of data pertaining 
to the age at menarche was also particularly important since 
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constitutional delay of growth and puberty and IHH form 
part of the same GnRH deficiency spectrum with shared 
pathogenic mechanisms and similar clinical phenotypes 
caused by variants at overlapping genetic loci [44]. Together 
with IHH, late menarche and constitutional delay of growth 
and puberty have been previously associated with homozy
gous GNRHR partial loss-of-function variants [15, 45]. 
Mild IHH phenotypes such as secondary hypothalamic amen
orrhea may manifest if extraneous stressors such as extreme 
weight variation, strenuous exercise, or psychological stress 
become present in tandem with defects in the biology of 
GnRH attributed to monoallelic GNRHR variants [46-48]. 
This gene/environment interaction has also been observed 
for FGFR1, ANOS1, and PROKR2 [48, 49]. In a cohort of 
GnRH-deficient patients (n = 397), Sykiotis et al identified 
Caucasian individuals harboring monoallelic autosomal re
cessive GNRHR mutations in 6% of the patient cohort, sug
gesting that when such variants in heterozygosity form 
oligogenic interactions due to endogamy or chance, inhibition 
of the hypothalamic-pituitary-gonadal axis occurs leading to 
IHH phenotype manifestations [49].

In a Maltese newborn cord-blood collection, we found the 
GNRHR p.Q106R variant (MAF = 0.029; n = 493) to be 10 
times more frequent than that of the global population 
(MAF = 0.003; n = 282 638) and 6 times more frequent than 
the southern European population (MAF = 0.005, n = 11  
596 [32]). We suspect that the high GNRHR p.Q106R carrier 
frequency in the Maltese population is due to a founder effect 
and contributes to a high prevalence of autosomal recessive 
IHH locally. This variant has already been described to have 
founder attributes for heterozygote carriers in other popula
tions (European, North and South American, and South 
Asian) [19, 50].

While pathogenic variants are gradually eliminated from 
the human gene pool, founder variants tend to persist and 
are passed down through the generations [19]. However, 
counterintuitive to natural selection, this persistence stems 
from heterozygotes being relatively protected against certain 
diseases with a selective advantage over their homozygote al
ternative and wild-type counterparts. It has been proposed 
that variants like GNRHR p.Q106R may play a role in im
pairing the reproductive function of a population during ad
verse temporal circumstances such as states of destitution, 
environmental calamities, climate change, and population mi
gration that are disadvantageous and taxing on the energy- 
demanding needs of pregnancy and survival [51]. Reports of 
reversible functional hypothalamic amenorrhea in women 
with heterozygous variants in IHH-related genes [47, 48] sup
port this hypothesis. This may have imparted evolutionary 
advantageous properties to women and their future 
offspring with flexibility and reversibility of the 
hypothalamic-pituitary-gonadal axis to resume GnRH func
tion during more favorable conditions. For this reason, such 
founder variants remain conserved within the gene pool [52].

There are multiple reports of compound GNRHR heterozy
gous patients in whom IHH can be explained by the presence 
of 2 different GNRHR variant alleles [23, 53, 54]. However, 
the presence of the monoallelic GNRHR p.Q106R in multiple 
individuals from the MAMI cohort with normal hormone lev
els, puberty, and fertility reinforces the premise that addition
al deleterious variants in other genes must be present in IHH 
patients in whom only a single GNRHR variant allele is iden
tified. These additional variants would adversely modulate 

GnRH signaling through digenic or oligogenic inheritance 
[49, 55, 56]. Depending on the number and the nature of other 
contributing genes and alleles that partake in this mode of in
heritance, one may expect variable degrees of expressivity in 
the reproductive and pathophysiological phenotypes of the 
condition. This does not exclude potential undiscovered genes 
from interacting pleiotropically with GNRHR [49, 57, 58].

In this study we show that GNRHR p.Q106R heterozy
gotes do not have fertility issues or impaired gonadotropin 
and sex steroid hormone levels. Thus, GNRHR heterozygotes 
who exhibit IHH characteristics must have at least 1 other 
variant in a different IHH causative gene. Clinically this is 
an important consideration, particularly for diagnostic la
boratories making use of gene panels, since the IHH pheno
type of individuals with monogenic GNRHR variants 
cannot be explained solely by this heterozygosity.
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