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Isolated gonadotropin-releasing hormone (GNRH) deficiency (IGD) is a rare highly
heterogeneous disorder characterized by abnormal pubertal development and/or infertility
and refers to a wide spectrum of different reproductive phenotypes, comprising GnRH
deficiency with anosmia (Kallmann Syndrome, KS) and normosmic idiopathic
hypogonadotrpic hypogonadism (nlHH) (2, 3), as well as a variety of non-reproductive
phenotypes. This phenotypic heterogeneity is accompanied by a considerable genetic
heterogeneity that has permitted >35 genes implicated in the pathogenesis of this disorder,
with the genetic basis of IGD being uncovered in about 45% of patients. Several studies
have estimated the prevalence of IGD genes in specific ethnic populations (1, 4, 5, 6, 7, 8)
and geographically delimitated populations are enriched for specific genes that arise in the
backbone of shared inherited haplotypes (4, 9, 10, 11, 12, 13, 30). With this letter, we would
like to share our experience in harnessing the power of a large Greek population of IGD
subjects, derived from different referral sources around Greece, to investigate the genetic
basis of IGD and uncover the prevalence of gene variations in 14 major genetic players of
IGD.
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In this study, we analyzed 81 IGD patients of Greek origin. Detailed medical history from
the proband and the extended family was obtained, including ascertainment of age at
puberty, fertility and a variety of other non-reproductive features. Consent was obtained
from each patient or subject after full explanation of the purpose and nature of all procedures
used. The investigation was approved by the local ethical committee, functioning according
to the 3rd edition of the Guidelines on the Practice of Ethical Committees in Medical
Research issued by the Royal College of Physicians of London.

Sanger Sequencing for 14 well-validated genes (14) including ANOS1, previously known as
KAL1, (OMIM 308700), GNRH1 (OMIM 152760), GNRHR (OMIM 138850), K/SSIR
(OMIM 604161), K/SS1 (OMIM 603286), CHD7 (OMIM 608892), NSMF(OMIM
608137), FGF8 (OMIM 600483), FGFR1 (OMIM 136350), PROK2 (OMIM 607002),
PROKRZ2 (OMIM 607212), HS6S571 (OMIM 1 604846), TAC3 (OMIM 162330) and
TACR3 (OMIM 162332) was performed. The PCR primers and amplification conditions for
each gene have been previously published (15, 16). A rare sequence variant (RSV) was
defined as (a) a variant affecting splice junctions within 10 bp of coding sequence or a
protein-altering/protein-truncating non-synonymous variant and (b) present in <1% minor
allele frequency (MAF) in 1000 Genome Project (1000G) (http://www.1000genomes.org/
home) (17), Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle,
WA (URL: http://evs.gs.washington.edu), (February 2016) including the European American
(EA) sub-population, and the non-Finish European (NFE) population of the Exome
Aggregation Consortium (EXAC), Cambridge, MA (URL.: http://exac.broadinstitute.org)
(February 2016). All coding DNA and protein changes were based on the Genome
Reference Consortium, GRCh37/ hgl19, and nomenclature was reported according to most
updated HGSV guidelines by den Dunnen et al. (33).

Apart from the analysis of coding point sequence variation, we investigated the presence of
intergenic ANOSI deletions and/or duplication in a subset of Greek patients who met the
following criteria: (i) KS phenotype, (ii) negative for ANOSI point variation, (iii) expressing
a non-reproductive phenotype consistent with ANOSI genetic changes, such as synkinesia
or URA (18). Gene dosage analysis was performed using the SALSA MLPA kit P132
Kallmann-1 (MRC Holland) designed to detect exonic deletions/duplications across the
entire coding region of ANOSI gene.

Phenotypic results of our analysis included:

i Male-to-female ratio: The cohort consisted of 53 male and 28 female probands.
A total of 54 probands (67%) were classified as nIHH, whereas 27 probands
(33%) were diagnosed with KS. KS was strikingly predominant in men with a
3:1 male-to-female ratio (21 males and 6 females) compared to a modest 3:2
male-to-female ratio in nIHH (32 males and 22 females).

ii. Detailed phenotypic characteristics: Patients with or without anosmia displayed a
wide spectrum of reproductive phenotypic features, including cryptorchidism and
microphallus, with no statistically significant difference between KS and niIHH
(36% in KS vs 35.7% in nIHH with a Pvalue of 1 for cryptorchidism and 31.5%
in KS vs 21.4% in nIHH with a Pvalue of 0.6982 for microphallus). Of the
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assessed non-reproductive phenotypes, Unilateral Renal Agenesis (URA) and
Synkinisia (S) were statistically enriched in KS (25% in KS vs 3.4% in IHH, ~.
0.0377, for URA and 25% in KS vs 0% in nIHH, 2. 0.0059, for synkinisia)
highlighting the need for closer evaluation of patients with both KS and nIHH for
non-reproductive features. Additionally, a familial case with a most interesting
segregation of psychiatric disorders pointed toward further psychiatric evaluation
in IGD cases.

Patterns of inheritance: A vast majority of the cases assembled were found to be
sporadic (63/81, 78%) with the rest being familial, displaying different patterns
of inheritance including X-linked (2/81, 2.4%), autosomal recessive (N 5/81,
6%) and autosomal dominant (N: 11/81, 13.2%) mode of inheritance.

Genetic screening for a large number of IGD genes identified genetic changes in 21% of the
Greek population (as illustrated in Fig. 1). A total of 15 genetic alterations were harbored by
17 IGD probands in the following genes: FGFR1, GNRHR, ANOS1, KISS1R, TACRS3,
CHD7, PROKRZincluding:

Variants in autosomal dominant genes: From the detected variation in CHD?, the
2 missense RSVs ¢.7579A > C p.(Met2527Leu) (MAF of 0.1%/0.5%/0.31% in
1000G, ESP-EA and EXAC-NFE, found in 1 nIHH proband), c.1018A > G p.
(Met340Val) (MAF 0.3%/0.74%/0.63% in the aforementioned databases, found
in 2 probands with nIHH and KS) as well as 1 splice variant ¢.5051-4C > T
(MAF: 0%, found in 1 KS proband) were previously found to be benign. One
frame-shift deletion in the same gene, CHD7, ¢.8962_8963insG p.
(Asp2988Glyfs*2) (MAF: 0%, found in 1 nIHH proband) has been predicted to
be deleterious (19). Additionally, heterozygous RSVs in the gene of FGFRI c.
760C > T p.(Arg254Trp) (MAF: 0%, carried by 1 nIHH proband), ¢.1408C > T
p.(Arg470Cys) (found only in EXAC-NFE with a MAF 0.0015% in 1 nIHH
proband with cleft lip and palate) and ¢.710G > A p.(Gly237Asp) (MAF 0%,
harbored by 1 KS proband) were previously tested and proven to be disease-
causative (20, 21, 22).

Variants in autosomal recessive genes: Heterozygous and compound
heterozygous RSVs in GNRHR ¢.436C > T p.(Prol46Ser) (MAF 0% in 1000G,
0.069% and 0.11% in ESP-EA and EXAC-NFE respectively, found in 1 niIHH
proband) c.317A > G p.(GIn106Arg) (MAF 0.2%/0.3488%/0.3% in the
aforementioned databases) and ¢.785G > A p.(Arg262GIn) (0.1%/0.22%/0.2% in
the same databases) were detected in both sporadic and familial nIHH cases. The
p.(GIn106Arg) and p.(Arg262GIn) were previously reported in nIHH individuals
and were functionally validated /in vitro (23, 24, 25, 26). Segregation of the
variants in one familial case revealed recessive compound heterozygous mode of
inheritance with the proband and her sister both diagnosed with partial nIHH,
whereas the family history revealed the presence of 2 paternal aunts with delayed
puberty and/or infertility. Additionally, a heterozygous variation in a traditional
autosomal gene of PROKRZ2was identified. The rare RSV ¢.1069C > T p.
(Arg357Trp) was only found in EXAC-NFE with a MAF of 0.089% and was
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carried by a KS patient. However, this substitution of the Arginine to Tryptophan
in the position 357 has been previously functionally validated as benign (27).

iii.  Intergenic deletions in ANOSI: 2 cases with ANOSI deletions were identified,
including one most interesting familial case. In particular, an ANOS1
hemizygous deletion was detected in 2 brothers diagnosed with KS, URA,
synkinisia and icthyosis. Importantly, the reproductively unaffected mother, who
presented as the obligate carrier of the Xp22 deletion, displayed URA. The role
of ANOSI and its encoded protein, anosmin 1, in the renal mesenchyme is
known (28). The presence of the isolated URA in the female obligate carrier of
the ANOS1 deletion can be explained by either (i) the presence of a separate
cause of the URA that is transmitted from the mother to both affected sons or (ii)
a variable pattern of X-inactivation of ANOS1 in different tissues. Further
studies are required to identify the role and differential expression of ANOSI in
different tissues.

iv. Novel variants: We were able to detect novel heterozygous variants in K/SSIR,
€.458C > T p.(Argl53Cys) in 1 KS proband, 7TACR3, ¢.1305T > A p.
(Ser435Arg) in 1 nIHH proband and ANOSI ¢.1532C > A p.(Ser511Tyr)
harbored by 1 KS proband. The novel variants were not found in the normative
databases apart from the TACR3 RSV that has a MAF of 0.0029% in EXAC-NFE
dataset. Further validation is required to assess the role of the functionality of the
discovered RSVs. Thus, even though the phenotype of the majority of probands
carrying a RSV can be explained by genetic screening, further validation of the
detected genetic alterations, as well as deep sequencing for detection of
additional genes or modifiers that could synergistically act with the known IGD
genes for the expression of the phenotype, will be crucial for some further
understanding of the GnRH biology and the pathophysiology of the disease.

In this study, we explored the genotypic and phenotypic features of the largest cohort of IGD
patients of Greek origin, which has so far been reported. Our patient cohort was represented
by a larger number of nIHH patients compared to patients with KS, suggestive of a
phenotypic enrichment of the normosmic feature, even though evaluation of the olfactory
function of a subset of nIHH patients was based only on data given by our referring
collaborators. Previous reports of ethnically mixed IGD patients have shown only a small
excess of patients with nIHH phenotypes (29). However, studies in ethnically homogeneous
populations postulated supremacy of one of the 2 sub-phenotypes (4, 30). Thus, the higher
percentage of the nIHH phenotype in our population, may reflect a common genetic
background among those nIHH patients, which is yet undiscovered.

Similar to previous studies in other ethnic groups, we report a higher male-to-female ratio in
the total number of IGD patients with an enrichment for higher male-to-female ratio in KS
form of IGD compared to nIHH patients. The precise reason for the male predominance in
KS has hitherto been considered to be secondary to the X-linked form of KS. However, the
presence of ANOSI variations was only seen in a minority of KS patients in this study, and
this observation suggests either a potential sex-dependent penetrance of the phenotype or a
non-genetic cause or a possible bias of ascertainment. A more precise estimation of the KS-
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to-nIHH ratio in males could also be addressed by studying males registering in the Greek
military service.

This is the first report of the prevalence of rare genetic variants in a large number of IGD
genes in this heterogeneous sample of IGD patients of Greek origin, in contrast to studies in
population isolates that reflect the presence of distinct founder variations. The genetic
heterogeneity which was observed could be attributed to the heterogeneity of the sample
selected as patients came to the clinic from different parts of Greece. Recently, few studies
in Greek population isolates, both in the Pomak villages in the North of Greece and the
Mylopotamos villages in Crete, showed an enrichment of genomic loci associated with
complex phenotypes (such as hematologic traits) (31), suggestive of a common genetic
backbone in isolated populations of Greece. Studies in IGD patients from such populations
will be crucial for establishing other novel genetic causes.

Importantly, pathogenic genetic variation with multiple inheritance patterns was observed
and both single point changes as well as intergenic deletions were detected in genes
affecting either the neurodevelopmental pathway of IGD, including ANOS1, FGFRI, FGFS,
CHD?7, PROKR?Z or the neuroendocrine pathway of the disorders, including GNRHR,
KISSR1and TACRS. Additionally, the majority of the RSVs were detected in sporadic cases
of IGD, and none of them was proven to be de novo; this finding is suggestive of a recessive
or dominant nature of the variations with incomplete penetrance. In our study, we also had
the opportunity to detect 3 novel (to our knowledge) RSVs in the genes of ANOSI, KISSIR
and 7ACRS3. All three RSVs were well conserved across species and were found in a
heterozygous state, despite the recessive mode of inheritance that characterizes the genes,
implying an additional genetic or non-genetic cause for the expression of the phenotype in
the probands carrying the RSVs. Further /n vitro analysis for testing their functional
significance is required. Limitations of this study include (i) genetic screening was not
performed for all known IGD genes (studies for the remaining genes are ongoing); (ii) not
all detected rare variants have been functionally validated /n vitro and hence some may
represent neutral polymorphisms; (iii) missing phenotypic details for the subjects referred to
the University of Patras.

In summary, in this study, we detected total genetic variation in ~21% of our IGD patients
with a lack of enrichment for a particular genetic cause. Additionally, even though a large
number of IGD genes was screened, our sample lacked the presence of oligogenicity, i.e.,
variations in more than 1 gene cause the expression of the phenotype, a finding present in
previous studies, affecting about 2.5% of the IGD population (32). All these observations,
accompanied by an association of both familial and sporadic cases with psychiatric disorders
could reflect the presence of a yet unidentified genetic cause underlying the Greek cohort of
IGD, ‘hidden’ variation in the regulatory regions of the known genes as well as
environmental factors contributing to the expression of the phenotype.
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Figure 1.
A putative genetic change was discovered in 21% of the cohort comprising RSVs in the

genes CHD7, ANOS1, FGFRI, PROKRZ, GPR54, TACR3and 2 intergenic deletions in the
gene of ANOS1.
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