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Abstract: Kallmann syndrome (KS) is a combination of isolated hypogonadotropic hypogonadism
(IHH) with olfactory dysfunction, representing a heterogeneous disorder with a broad phenotypic
spectrum. The genetic background of KS has not yet been fully established. This study was conducted
on 46 Polish KS subjects (41 males, 5 females; average age: 29 years old). The studied KS patients
were screened for defects in a 38-gene panel with next-generation sequencing (NGS) technology.
The analysis revealed 27 pathogenic and likely pathogenic (P/LP) variants, and 21 variants of
uncertain significance (VUS). The P/LP variants were detected in 20 patients (43.5%). The prevalence
of oligogenic P/LP defects in selected genes among KS patients was 26% (12/46), whereas the
co-occurrence of other variants was detected in 43% (20 probands). The examined KS patients
showed substantial genotypic and phenotypic variability. A marked difference in non-reproductive
phenotypes, involving defects in genes responsible for GnRH neuron development/migration and
genes contributing to pituitary development and signaling, was observed. A comprehensive gene
panel for IHH testing enabled the detection of clinically relevant variants in the majority of KS
patients, which makes targeted NGS an effective molecular tool. The significance of oligogenicity
and the high incidence of alterations in selected genes should be further elucidated.

Keywords: Kallmann syndrome (KS); isolated hypogonadotropic hypogonadism (IHH); next-generation
sequencing (NGS); combined pituitary hormone deficiency (CPHD); GnRH neuron; anosmia; hyposmia

1. Introduction

Kallmann syndrome (KS) is a rare hormonal disorder of sexual maturation and fertil-
ity. Smell disturbances (hyposmia or anosmia) are an indispensable part of KS. Patients
with KS constitute approximately 60% of subjects with isolated hypogonadotropic hy-
pogonadism (IHH) [1]. Gonadotropin-releasing hormone (GnRH) neuron development
and migration disturbances or dysfunction represent the core background of the disease.
The origin of GnRH neurons is a nasal placode—an embryonal region that invaginates to
establish the olfactory epithelium and the vomeronasal organ, giving rise to the formation
of olfactory sensory neurons and olfactory ensheathing cells [2]. During embryogene-
sis, GnRH neurons from the vomeronasal organ travel along the axons surrounded by
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olfactory ensheathing cells to the forebrain—a final destination for governing hormone
signaling through the hypothalamic—pituitary—gonadal (HPG) axis and contributing to
proper sexual advancement [3]. The common origin of GnRH and olfactory neurons, and
disturbances in the development of olfactory placodes, deliver reasonable explanation for
the associated occurrence of impaired sense of smell (anosmia, hyposmia) in KS patients
comparing to other IHH forms. KS might be also accompanied by diverse congenital
defects, including midline cranial anomalies, dental agenesis, renal defects, and limb mal-
formations [4—6]; its most complex form is known as CHARGE syndrome—a congenital
disorder associated with coloboma, heart malformation, choanal atresia, retardation of
growth and/or development, genital anomalies, and ear anomalies/deafness. Because of
the overlapping clinical manifestation, IHH and olfactory defects are today considered to
be part of CHARGE syndrome [7,8]. This phenotype suggests the involvement of broader
complex embryonic disturbances than those related to the HPG axis, and various cellular
processes [9]. So far, more than 50 genes involved in the development of the hypothalamus
and pituitary gland, formation and migration of GnRH neurons, or the regulation of GnRH
and gonadotropin secretion have been described. Due to the contribution of genes located
on the X chromosome, hypogonadotropic hypogonadism is five times more common in
males than in females. About 1 in 30,000 men and 1 in 125,000 women are affected by
KS [10-12]. The inheritance patterns for KS encompass X-linked recessive, autosomal domi-
nant, and autosomal recessive transmission. Digenic and oligogenic defects are increasingly
reported [13,14], constituting a major explanation for the clinical variability of the disorder.
Moreover, the genetic background for barely half of IHH cases is established, and new
genetic targets are still being sought for IHH patients [14-16]. KS/IHH is a genetically
and phenotypically heterogeneous disease whose incidence, as well as the phenotypic and
genetic spectrum of KS/IHH for the Polish population, is limited [17-23].

Objective

The current study aimed to investigate the genetic basis of KS in adult Polish pa-
tients. The study also sought to report the ratios of pathogenic or likely pathogenic (P/LP)
alterations, variants of uncertain significance (VUS), and benign or likely benign (B/LB) al-
terations, according to the American College of Medical Genetics and Genomics (ACMG)’s
classification. The objective of the study was to establish genotype-phenotype correlations,
as well as to identify variant recurrence among KS patients in Poland.

2. Materials and Methods
2.1. Patients

A group of 46 well-characterized patients (41 males, 5 females; average age: 29; min—
max: 18-57 years) with KS were included in the study and subjected to genomic screening.
Phenotypic information was based on clinical interview and physical examination, includ-
ing anthropometric measurements. The history of unilateral or bilateral cryptorchidism
was collected. The patients were subjected to an andrological assessment (physical exami-
nation and ultrasound examination of the testicles) or a gynecological examination. In each
case, an abdominal ultrasound examination was conducted in order to detect additional
congenital defects. The reversibility of KS in male subjects was assessed as the capability
to achieve a normal adult testosterone serum concentration after six months of hormone
replacement therapy withdrawal [24]. Pubertal status was specified as lack of puberty,
incomplete puberty, or complete puberty [25].

To assess pituitary function, the measurements of basic and, if necessary, stimu-
lated concentrations of pituitary hormones—luteinizing and follicle-stimulating hormones
(LH, FSH), growth hormone (GH), adrenocorticotropic hormone (ACTH), thyrotropin
(TSH)s and prolactin (PRL)—were carried out. Measurements of testosterone, estradiol,
morning cortisol, dehydroepiandrosterone sulfate (DHEA-S), insulin-like growth factor
1 (IGF-1), free triiodothyronine (fT3), and free thyroxin (fT4) in fasting blood serum were
also taken. Serum cortisol level was also measured at 6:00 p.m. Hormonal measurements
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were performed with a Cobas 6000 (Roche Diagnostics, Basle, Switzerland) using dedi-
cated electrochemiluminescence sandwich immunoassay (ECLIA) kits provided by the
manufacturer. The following calculation determined the free testosterone index (FTI):
(FTI) =100 x (total testosterone/SHBG). A test with 100 pug of intravenous gonadoliberin
(LHRH, Ferring) was conducted in each patient. Hypogonadotropic hypogonadism
was diagnosed in all patients according to the European Consensus Statement (2015),
and was based on the presence of low serum levels of testosterone in male individuals
(3.5nmol/L) or low estradiol levels (<20 pg/mL) in females, associated with serum levels
of gonadotropins of less than 5 international units/L, without reaction to GnRH [25].

No other associated pituitary endocrinopathy was identified in the studied subjects.
The body weight and height of the patients were measured using a height-measuring
stand with a weight and height scale machine to obtain the anthropometric data. BMI was
calculated according to the Quetelet formula: BMI (kg/m?) = weight (kg)/height (m?).

All patients underwent ENT assessment and psychophysical testing of the olfactory
function. Olfactometry was performed according to Elsberg and Levy’s method, modified
by Pruszewicz [26,27]. Elsberg and Levy’s method, enabling detection and recognition
thresholds for the four odorants, is the most widely used and available smell-testing
method in Poland. All patients were checked for presentation of any features of the
CHARGE spectrum.

2.2. Genetic Studies

Molecular studies were conducted using next-generation sequencing (NGS) technol-
ogy with the Ion Torrent Personal Genome Machine system (Ion PGM ™, Thermo Fisher
Scientific, Waltham, MA, USA). The targeted panel of 38 genes associated with IHH and
combined pituitary hormone deficiency (CPHD) encompassed: ADAM7, ANOS1, BMP2,
BMP4, CHD?, FGFS8, FGF17, FGFR1, GLI2, GNRH1, GNRHR, HESX1, HS6ST1, IGSF10,
KISS1, KISSIR, LEP, LEPR, LHB, LHX3, LHX4, LRRIQ3, NSMF, NROB1, OTX1, OTX2,
PCSK1, PITX1, PITX2, PROK2, PROKR2, PROP1, POU1F1, SEMA3A, SOX3, TAC3, TACR3,
and WDRI11.

The sequences were mapped to the human genome (GRCh37/hg19) using Torrent
Suite ™ software (version 4.0.2, Thermo Fisher Scientific, Waltham, MA, USA), and the
variant positions were then translated to (GRCh38/hg38) when needed. Each detected
variant was assigned according to HGVS nomenclature with the use of canonical tran-
scripts (according to Ensembl). The analysis of the obtained sequences was made us-
ing the following algorithms: PhenIX (http://compbio.charite.de/PhenlX/), Mutation
Taster 2 (http://www.mutationtaster.org/), and Variant Effect Predictor (VEP) in Ensembl
(19), assuming prediction from FATHMM, CAD, PolyPhen2, SIFT, and MaxEntScan. For
pathogenicity evaluation, the clinical databases HGMD (http://www.hgmd.cf.ac.uk) and
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) were also checked. The GnomAD
database (https://gnomad.broadinstitute.org/) was explored to establish the reported
presence and frequency of variants. The minor allele frequency (MAF) of < 1% in GnomAD
was assumed as the primary criterion for pathogenicity examination. Alterations were
classified according to updated guidelines reported by the ACMG—pathogenic and /likely
pathogenic (P/LP), variant of unknown clinical significance (VUS), and benign and/likely
benign (B/LB)—assuming impact on protein functionality, evolutionary conservativeness,
and frequency. Varsome [28] and InterVar [29] were used for correctness of position estima-
tion and HGVS nomenclature. The detected mutations were confirmed using conventional
capillary sequencing. Selected mutations were also subjected to in silico analysis in order
to evaluate the effect of the change on protein architecture, considering its functionality
and potential involvement in the manifestation of an abnormal phenotype using PHYRE2
(http:/ /www.sbg.bio.ic.ac.uk) and Chimera v1.7 [30].
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3. Results
3.1. Characteristics of the Group

The analyzed KS group had a high male predominance (M:F ratio of 8:1). Four familial
cases of KS were included in the study. A severe reproductive phenotype was observed in
the majority of patients. The prevalence of a total lack of puberty reached 78%. Incomplete
puberty was reported in 9% of subjects. In contrast, complete puberty was seen in 13% of
patients. Hyposmia was present in 28% (13/46) of patients, and 58% (27/46) of patients
were anosmic, according to the psychophysical smell test. The 36% (15/41) of male patients
had diagnosed cryptorchidism—unilateral in six cases and bilateral in nine patients. The
prevalence of the additional congenital defects, apart from dysosmia, was 45%. The most
common abnormalities included renal defects (renal agenesis, horseshoe kidney, double
pyelum; five cases), limb malformations (syndactyly, clinodactyly, brachydactyly; five
cases), and mirror movements (three cases). The incidence of reversible IHH forms was
noted for 6% of cases (three cases). Detailed clinical data are presented in Tables 1 and 2.

Table 1. KS patients with genetic defects in primary GnRH neuron development/migration.

Patient ) ACMG . . . Associated
a;\]lg‘n Stage Variant HGVS MAF Classification Anosmia/Hyposmia Cryptorchidism ]s)sgfc;st:
Bimanual
ANOS1 e
1 GnRH neuron p-R631* NR Pathogenic Anosmia Bilateral synklp esis; left
migration (c.1891C>T) kidney
. agenesis
Bimanual
ANOS1 inesis:
2 GnRH neuron p.-R631* NR Pathogenic Anosmia Right testis gynklr}ems,
migration (c.1891C>T) right kidney
. agenesis
Bilateral
GnRH neuron  FGFR1 p.W99* . : . duplex
3 development (€.297G>A) NR Pathogenic Anosmia Bilateral pelvicalyceal
system
FGFR1 .
GnRH neuron Likely :
4 development (Cﬂ(};gik) 0.00042 pathogenic Hyposmia No NA
FGFR1 p.
GnRH neuron . .
R281W NR Pathogenic . . Cleft lip and
5 development (c.841C>T) Anosmia Bilateral palate
- GLI2
Pituitary dev. -, i570N 0.00935 Benign
and signalling (c4558G>A)
FGFR1 .
6 GnRH neuron p.K649R NR Likely Hyposmia Bilateral NA
development (¢.1946A>G) pathogenic
CHD7
GnRH neuron .
POl p.V567Afs*8 NR Pathogenic . . Double
7 migration (c.1699_1700insC) Hyposmia Bilateral pyelum in the
CHD7 left kidney;
Grr‘rlfigr;‘gg;‘m p.E1478= NR Likely benign myopia (8 dptr)
(c.4434A>G)
CHD? .
GnRH neuron Likely
. . p-K850Q NR . . Dental
o migration (.2548A>C) pathogenic Anosmia No agenesis
. LHX4 ] (lateral jaw’s
Pituitary dev. p.G305W 0.00000796 Likely incisors)
and signalling (@ '913G>T) : pathogenic
CHD7
GnRH neuron .
P p-N1030H NR Pathogenic . Sandal gap
0 migration (c:3088A>C) Anosmia o deformity
GnRH neuron FI?ZF815{‘1'V NR Likely
development (géS3C>T) pathogenic
CHD?7
GnRH neuron .
10 migration (5 31(\]%52(;%) NR Pathogenic Anosmia No NA
GnRH neuron pFlngsl;‘llv NR Likely

development

(c.853C>T) pathogenic
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Table 1. Cont.
Patient . ACMG . . o Associated
?\]lg.n Stage Variant HGVS MAF Classification Anosmia/Hyposmia Cryptorchidism ]s)s:fc:citse
CHD?
Gr:ﬁlg-lr;?gion p-N1030H NR Pathogenic ) Left kidney
(c.3088A>C) Anosmia No agenesis;
11 + splenomegaly
GnRH neuron ~ HS6ST1 p. K67 .
development (c.199A>T) 0.00624 Benign
Pituitary dev. = LHX4 p.D128= .
and signalling (c.384C>T) 0.00864 Benign
CHD?7 .
12 GnRH neuron p-E1195A NR Likely Hyposmia No Syndactyly of
migration (¢.3584A>C) pathogenic the toes
CHD7
GnRH neuron .
POl p.D2838Tfs*51 NR Pathogenic . . . Choanal
13 migration (c.8512delG) Hyposmia Right testis 1 atl;iesia;l
- clinodactyly;
Pituitary dev. =~ LHX4 p.D128= . . e
. . 0.00864 Benign spina bifida
and signalling (c.384C>T) 15
Micropenis;
pre-auricular
CHD7 . fistula;
14 GI:anH r;lgl;;on p-R947Q 0.0000763 S}‘]rrllffellétaarllrcl o Anosmia Bilateral discoloration
& (c.2840G>A) & of the hair on
the temple;
brachydactyly
15 GnRH neuron Maa0v 0.00462 Benign Hyposmi N NA
migration (cpl.O 18A>G) . enig yposmia [o
GnRH neuron pV\@lég] 0.000565 Uncertain
devel t y ) ignifi i Right testi
1 evelopmen (€.2305A>G) significance Anosmia ght testis NA
PROKR2
Grr‘r%grggg;‘m p.R268C 0.00391 Benign
(c.802C>T)
GnRH neuron FGF8 intronic Uncertain : Migrating
17 development (c.445-62G>T) 0.0000957 significance Anosmia testis NA
GnRH neuron FGES8 intronic Uncertain : Intellectual
18 development (c.445-62G>T) 0.0000957 significance Anosmia No disability
GnRH neuron FGF8 p.P26L Uncertain . Bimanual
19 development (c.77C>T) 0.00115 significance Hyposmia No synkinesis
GnRH neuron ;I I%gig; 0.0074 Uncertain
development ) ’ significance A i Right testis NA
20 velop (c.745C>A) 1gnitl nosmia &
GnRH neuron HSSS;FEl 0.01" Uncertain
development (c};61C> A) ’ significance
HS6ST1 .
GnRH neuron Uncertain : :
p-R249S 0.0074 s . . . Micropenis;
’ development (c.745C>A) significance Anosmia Right testis syndactyly of
toes
GnRH neuron HSSBS;FEl 0.01" Uncertain
development (c%61C> A) ’ significance
GnRH neuron ;vgﬁl‘} NR Likely
development ' athogenic . . . Bi 1
" p (c.2146A>G) pathogeni Anosmia Right testis S;ﬁ?ﬁggs
Pituitary dev. Gg?ggg 0.00284 Likely
and signalling ( cp3;17 A>G) ) pathogenic
Pituitary dev. GSIEIEI,;R: 0.0755 Uncertain
and signalling (Fé 453C>T) ’ significance
WDR11 .
23 %re‘ggogfl‘gg? p.M769V 0.000565 J‘éﬁfﬁi fain. Anosmia No NA
(c.2305A>G)

MAEF: minor allele frequency; *: STOP codon; NR: not reported; ND: no data (neither results from the past nor information from the patient);
NA: no abnormalities; variant frequency unclear because it falls within a segmental duplication region with inbreeding coefficient suspicion
according to GnomAD); pathogenic/likely pathogenic variants are in bold.
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Table 2. KS patients with genetic defects in hypothalamic/pituitary development and signaling.
Patient . ACMG . . . 1. A iated
?\]lg.n Stage Variant HGVS MAF Classification Anosmia/Hyposmia Cryptorchidism ]s)s:fc;?tse
Pituitary dev. GNRHR
fary cev. p-C114* NR Pathogenic
and signalling (c342C>A)
24 Pituitary dev. Ggggg 0.00179 Likely Hyposmia No NA
and signalling ( P : pathogenic
c.785G>A)
Pituitary dev. =~ PCSKI1 intronic NR Uncertain
and signalling ~ (c.544-43T>G) significance
Pituitary dev. GNRHR
fary cev. p-R139H 0.000144 Pathogenic
and signalling (cA16G>A)
P GNRHR . .
25 Ir’llctlmitall;ylcllie:. p.N10_Q11delinsKK NR L}ikels; . Hyposmia No NA
and signalling (¢ 30_31delinsAA) pathogenic
CHD7 .
GnRH neuron , 683 TesdinsAK 000623~ Uncertain
& (c.2053_2058dupGCAAAA) &
- GNRHR Incomplete
26 Jituitary dev. p.P146S 0.00127 Pathogenic Anosmia ND rotation of the
& & (c.436C>T) right kidney
Hypothalamic GNRH1
ypothal p.C21Lfs*23  0.00000401 Pathogenic
signalling (c.60_61insC)
27 WDRILL Anosmia ND NA
GnRH neuron Z :
development (C}:’lJ41;‘é7GS>—A) 0.00275 Benign
Hypothalamic GIETE;-IDl 0.00153 Uncertain
signalling (cq;LlG>C) ’ significance
28 - : Anosmia No Micropenis
Hypothalamic ~ GNRH1 p.F65= 0.00524 Uncertain
signalling (c.183C>T) ’ significance
Hypothalamic =~ GNRH1 p.F65= Uncertain :
2 signalling (c.183C>T) 0.00524 significance Hyposmia AL NA
Pituitary dev. =~ GLI2 p.G185C NR Likely
and signalling (c.553G>T) pathogenic
30 A i N Mi i
GnRH neuron PR%;EZ 0000712 Likely nosmia o icropenis
migration (C%S 1G>A) ’ pathogenic
Pituitary dev. GLI2 p.L1488F Uncertain
and signalling (c.4464G>T) 0.0000676 significance N
31 H i N N
Pituitary dev.  PITX2pT38=  ((oona ooy ypostma ©
and signalling (c.114G>T) : Y &
B _ Strabismus;
32 Pl(tiul_tary ﬁi oV GLIé(ﬁ'SG Cl 0,(1),6_ 0.00429 Benign Anosmia ND oligodontia;
and signalling (c. >T) ptosis; VSD
o _ Strabismus;
33 Pituitary ﬁl.e"' G Pl 005=  0.00429 Benign Anosmia ND oligodontia;
and signalling (c. >T) ptosis; VSD
34 Pituitary dev. | piigafiene NR Pathogeni Hyposmia No NA
and signalling  (€'4>"4c>de1G) oBEE P
o POLR3B :
35 Pituitary dev. p.T682A NR Uncertain Anosmia No NA
and signalling (c.2044A>G) significance
Pituitary dev. Ngriggll\] NR Uncertain
and signalling (Cp4' 43G>A) significance
36 I;ROKRZ Anosmia No Abdominal
GnRH neuron - Uncertain hernia
migration p-S130= 0.000529 significance

(c.390C>T)
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Table 2. Cont.
Pa;\t]i(e;.nt Stage Variant HGVS MAF a als\sCi fl;/C[aGﬁ on Anosmia/Hyposmia Cryptorchidism A]s)s:fc;:cittsed
37 aI:éuslf;}; ﬁlii‘; ( §§1§éz%% ) 0.000748 S}érr‘lffelzfr‘fc‘e Hyposmia No NA
38 al;iéusiit;gﬁl;‘; LI({c>.(34SEC]D> 1]?)8: 0.00864 Benign Anosmia Bilateral NA
39 aI:(tiusi;g;};lclliilvg. Li%;Szglg)sz 0.00864 Benign Anosmia No NA
R oo RIS o1z Benign
40 a?éu;;g;};ﬁlii; L(Ij)l(gjgpcgil): 0.0111 Benign Anosmia Bilateral NA

MAF: minor allele frequency; *: STOP codon; NR: not reported; ND: no data (neither results from the past nor information from the patient);
NA: no abnormalities; variant frequency unclear because it falls within a segmental duplication region with inbreeding coefficient suspicion
according to GnomAD); pathogenic/likely pathogenic variants are in bold.

3.2. Genetic Results

Genetic defects were classified as those related to GnRH neuron development and
migration (Table 1), and those related to pituitary development and signaling (Table 2).
Defects in 18 genes were detected for 46 KS patients. The 50 identified variants were
re-graded as clinically relevant, of which 11 were classified as pathogenic (P), 12 as likely
pathogenic (LP), 16 as VUS, and 11 as benign or likely benign (B/LB) (Figure 1A). Het-
erozygous P/LP alterations were found in the CHD7 (n=7; 15.2% of all KS subjects, all
novel and not reported); FGFR1 (n = 6; 13%, 5 novel), GNRHR (n = 4; 9%, 2 novel), GNRH1
(n=1;2%), WDR11 (n =1; 2%), PROKR2 (n =1; 2%), GLI2 (n = 1; 2%), and LHX4 (n = 1; 2%)
genes. Hemizygous P/LP variants were detected in the ANOSI (n = 1, familial case (two
patients); 2%) and SOX3 (n = 1; 2%) genes (Tables 1 and 2). For six IHH patients (two with
hyposmia and four with anosmia), no causative defects were identified at all. Monogenic
variants with clinically significant P/LP alteration were seen in eight KS patients and in
another seven subjects presenting oligogenicity (Figure 1B). In total, 15 novel pathogenic
variants, not previously reported for KS, were detected in 19 patients affecting 7 genes
(ANOS1, CHD7, FGFR1, GLI2, GNRHR, SOX3, and WDR11) (Figure 1C).

Concerning variant recurrence, the heterozygous mutation in FGFR1 p.R285W (likely
pathogenic; CM063987 HGMD), coexisting with another heterozygous variant CHD7
p-N1030H (pathogenic; novel), was recurring in two unrelated patients, both with rever-
sal of hypogonadism. A heterozygous variant in LHX4 p.D128= (benign; MAF 0.006,
rs141139762) was detected in three cases (four patients, including two affected brothers).
In summary, the applied approach identified 18 P/LP variants in genes responsible for
the development and migration of GnRH neurons (Table 1) and 9 P/LP variants in genes
contributing to pituitary formation and pituitary /hypothalamic signaling (Table 2). P/LP
variants in pituitary genes were identified for two of the examined KS patients: an oli-
gogenic defect in LHX4 (p.G305W)/CHD?7 (p.K850Q), and proband 34 with a p.R155Afs*26
defect in SOX3 (Tables 1 and 2). Detailed information referring to identified variants,
comprising their precise genomic coordinates and functional prediction, is included in
the Table S1. In order to further explore the involvement of HS65T1 (p.D87E, p.R249S)
and PROKR?2 (p. R85H, p.R268C) variants, in silico modelling was performed. Except for
HS65T1p.R249S (low confidence of prediction), changes in protein architecture were noted
for all mentioned variants (Figure 2).
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Figure 1. Histograms showing the prevalence of mutations among KS patients, which are classified by three metrics:
(A) mutation severity (ACMG criteria: pathogenic/likely pathogenic, VUS variant of unknown significance, benign/likely
benign); (B) oligogenicity; (C) novelty.
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HS6ST1

Figure 2. Modelling and prediction of conformational changes of selected HS65T1 and PROKR2
variants. Predicted conformational changes surrounding variant positions are highlighted and
indicated with arrows. Ribbon models of reference H565T1 and PROKR?2 are shown on the left side.

3.3. Genotype—Phenotype Correlations

Associated non-reproductive malformations were much more common in patients
with defects in the genes governing GnRH neuron development and migration than in pa-
tients with defects associated with pituitary and signaling cascades (Tables 1 and 2). Limb
malformations were recorded only in the P/LP-variants-positive group, with defects in
CHD?7, FGFR1, HS65T1, and LHX4. The majority of patients with digital bone abnormalities
presented heterozygous mutation in CHD7 (80% of cases). Similarly, renal abnormalities
were detected only in the P-variant-positive group (six patients with mutations in ANOSI,
CHD?7, FGFR1, and GNRHR). Synkinesis was seen in three cases with mutated ANOS1
(family case), FGF8, and digenic defects in GNRHR and WDR11. Dental agenesis was de-
tected in the male patients with digenic defects in CHD7 and LHX4 (proband 8). Additional
CHARGE features were present in two analyzed KS patients with P/LP variants in CHD?7:
proband 13 (choanal atresia), and proband 21 (ear anomaly).

3.4. Male Reversibility

In a long-term clinical follow-up, three unrelated subjects with digenic defects (proband
9: CHD7 p.N1030H and FGFR1 p.R285W; proband 10: CHD7 p.N1030H and FGFR1
p-R285W; and proband 25: GNRHR p.R139H, GNRHR p.N10_Q11delinsKK, and CHD?7
p-K683_T684insAK) displayed a reversal of hypogonadism. Two of them had hypos-
mia. Only one of them had an additional congenital deformity (sandal gap) and a KS
family history.



Genes 2021, 12, 868

10 of 18

3.5. Females

In the current cohort, P/LP variants were found in two out of five female patients,
affecting the GNRH1 and GNRHR genes. The two anosmic KS females with a history of
primary amenorrhea harbored P/LP variants (in the first case in the GNRH1 gene (with
no other accompanying congenital defect), and in the second case in the GNRHR gene),
presenting incomplete rotation of the right kidney. (Table 2)

4. Discussion
4.1. Effectiveness of Panel-Based NGS

The study was conducted on 46 adult patients with Kallmann syndrome. The panel-
based NGS approach used in this study appears to be an efficient and cost-effective method.
A panel of 38 genes enabled the detection of causative variants (P/LP) in 43.5% of KS
patients. The frequency of new P/LP variants was high: 65% of all detected P/LP variants,
and in 37% of patients (17/46). VUS alterations were detected in 37% of studied subjects.
The failure to find P/LP variants In 56% of enrolled subjects could explain mutations
outside the coding regions or mutations in other IHH candidate genes [16].

The overall effectiveness of the application of NGS with a panel of 38 IHH/CPHD
genes in the current study was similar to or even higher than the efficacy of the panel-
based NGS approach in previous studies. Targeted NGS was also applied by Zhou et al.
in 148 Chinese male IHH patients. Zhou et al. used a panel of 83 genes (31 known
IHH genes and 52 candidate genes) and identified P/LP variants in 14.9% of patients, in
16 causal genes and 36 candidate genes. The results of targeted NGS of 261 candidate
genes in 48 subjects with KS/nIHH with no mutations in any known KS/nIHH genes
were described by Quyanor et al.,, who detected two new LP variants in FGFR1, and
proposed 18 new candidate genes in KS/nIHH [31]. Butz et al. employed a panel of
41 genes to analyze the genetic backgrounds of 38 patients with hypogonadotropic hy-
pogonadism, and found genetic defects in 8 patients (21%) [32]. Gach et al. identified
known or novel potentially deleterious variants in 23 out of 47 (49%) unrelated IHH pa-
tients (31 men, 16 women; 26 nIHH and 23 KS) tested with NGS using a 51-gene panel.
In the next step of the Gach et al. study, a WES analysis and molecular diagnosis were
completed in 19/47 CHH cases. Monogenic mutations were found in 13 subjects in ANOS1,
FGFR1, GNRHR, CHD7, SOX10, and PROKR2, whereas in 6 patients oligogenic variants
were identified in SPRY/SEMA3A, CCDC141/POLR3B, SRA1/SEMA7A, CHD7/SEMAT71,
NSMEF/SPRY4/PROKR2, and TACR3/LHB [22]. Cangiano et al. examined 160 males with
classic or milder ao-IHH—both nIHH and KS—using NGS and a panel of 28 genes. In that
study, rare gene variants were detected in 55% of patients (although it was 32% consider-
ing only the 13 first-discovered IHH genes (ANOS1, FGFR1, PROKR2, PROK2, GNRHR,
GNRH1, GNRH2, KISS1, KISS1R, TAC3, TACR3, HS65T1, FGF8)) [33]. The effectiveness of
the panel used in the current study was so high due to the careful selection of only patients
with KS, as well as the designed NSG gene panel, which covered the most commonly
mutated genes.

4.2. Defects in Genes Responsible for GnRH Neuron Migration and Development

Previously reported and new genetic factors involved in the etiopathogenesis of KS
have been identified in the studied patients. P/LP variants in genes involved in neuron
migration (ANOS1, CHD?7, FGFR1, and WDR11) were found predominantly in the current
study. The most common P/LP variants in Polish probands were found in the CHD7
and FGFR1 genes. Furthermore, the most severe reproductive phenotype was seen in
patients with alterations in those genes, particularly when accompanying variants in other
IHH genes were present. The CHD7- and FGFR1-positive patient group was significantly
enriched by additional non-reproductive congenital malformations. The 15% prevalence
of P/LP variants of CHD? in Polish KS patients is higher than the reported incidence of
4-10% in other IHH studies [22,34,35]. In addition, the incidence of mutations in FGFR1
appears to be higher than in previous reports—13% vs. 8.5% [22]. The rate of mutations in
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GNRHR, GNRH1, and PROKR? was similar to that reported in the literature. In contrast,
mutations in WDR11, HS65T1, and FGF8 were recognized in the current study slightly
more often than in previous literature [34,36], although one must consider the number of
KS patients analyzed in the current study.

Patients enrolled in the current study were characterized by notable genetic and
phenotypic variability. Even the presence of the same P/LP variant appears to result in
variable expressivity (e.g., patients 1 and 2 (family case), patients 9 and 10 (unrelated
subjects)). The genetic heterogeneity of gene defects in CHD7, FGFR1, and GNRHR was
observed in the current study. Genotypic and phenotypic diversity of KS is broad, and
varies among different populations, presenting a significant diagnostic challenge. The
genetic heterogeneity of KS, especially within respective pedigrees, has been noted by
multiple authors [16,37,38].

No recurrent founder mutation originating from Poland was found. The p.R285W
defect in FGFR1 was co-occurring with p.N1030H in the CHD? gene as a digenic case
for two sporadic, unrelated patients. It is worth noting that 15 new P/LP variants were
detected in known IHH genes, which emphasizes the importance of the comprehensive
elucidation of known genes in various populations. An interesting case of co-occurrence
of two variants in HS6ST1 (p.D87E, p.R249S) was detected. Because variants were found
in two unrelated sporadic patients, we think that this was more likely a monoallelic case
(cis form) than compound heterozygosity (trans), but the DNA of the patients’ parents was
unavailable, and so we could not check it. Despite the phenotypical manifestation, the
lack of other relevant abnormal variants and protein modeling data for p.D87E seems to
suggest clinical relevancy. Causativeness for two oligogenic variants in PROKR2 (p.R85H,
p-R268C) seems to confirm previous clinical and functional reports [39,40](Figure 2).

4.3. Defects in Genes Responsible for Pituitary and Hypothalamic Development and Signaling

A shared genetic background for CPHD, holoprosencephaly, and IHH /KS was pro-
posed by Raivo et al. and Vaaralahti et al. [41,42]. Rare variants of genes implicated in the
etiology of KS/IHH—ANOS1, FGFR1, FGF8, and PRORK2—were also found in patients
with CPHD [41,43,44]. Therefore, the known and candidate genes responsible for pituitary
gland development and CPHD were included in the gene panel used in the study (listed in
Methods). Two heterozygous missense changes in the SOX3 and GLI2 genes, associated
with holoprosencephaly, were found in KS patients—the first previously unreported in any
subject without a mutation in other examined known KS/IHH genes, and the second in
patients with a deleterious variant in PROKR2: p.R85H (c.254G>A, Figure 1). In all patients,
other pituitary hormone deficiencies, except for hypogonadism, were excluded.

In eight patients from the current study (17.4%), P/LP variants were detected in
GNRH1, GHRHRI1, GLI2, LHX4, and SOX3. Particularly interesting were pathogenic
variants in SOX3: p.R155Afs*26 (patient with hyposmia and ao-IHH, proband 34) and com-
bined likely pathogenic variants in LHX4: pG305W /CHD?: p.K850Q in an anosmic patient
with absent puberty (proband 8) (Tables 1 and 2). Novel LP variants in the transcription
factor SOX3 (SOX3 p.A234_240del), implicated in the etiology of septo—optic dysplasia
(SOD), was observed in an nIHH patient by Kim et al. [45]. Loss-of-function mutations in
another transcription factor of the SOX family, SOX10, were linked to KS associated with
deafness [46—49]. Interestingly, heterozygous benign variants in LHX4: p.D128 = were re-
curring in four patients, of which three turned out to be oligogenic (proband 11, pathogenic
variant in CHD7: p.N1030 and benign in HS65T1: p.K67*; proband 13, pathogenic change
in CHD?7: p.D2838Tfs*51; and proband 39, benign CHD? variant p.5103T). Patients with
defects in genes responsible for CPHD need careful follow-up and regular evaluation for
hypofunction in other pituitary axes.

Two novel P/LP variants in the GNRHR gene were also found (p.C114* and p.N10_Q11
delinsKK), both in compound heterozygosity patterns with reported GNRHR defects
(probands 24 and 25).
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The VUS variant was found in the LRRIQ3 gene (Leucine-Rich Repeats and IQ Motif-
Containing 3; LRRC44), a candidate gene for KS/IHH; its expression has been proven in
the pituitary gland and the testicles, and its product is probably an intracellular protein [50].
LRRIQ3 is linked with neurodevelopmental disorders and delayed puberty [51,52]. In the
current study, the splice-site mutation in LRRIQ3 was found in a 24-year-old patient with
severe reproductive phenotype and hyposmia. The possible impact of LRRIQ3 mutations
on the development of KS/IHH should be further studied.

4.4. Genotype—Phenotype Correlations

KS patients displayed variable reproductive and non-reproductive phenotypes. Multi-
ple phenotype representations of KS pose significant difficulties in establishing genotype—
phenotype correlations.

The detection rate of P/LP variants of selected CPHD/IHH genes was higher in
patients with severe non-reproductive phenotypes. Anosmia and additional congenital
malformations appear to increase the chance of detecting a casual mutation, especially in
GnRH neuron development and migration genes. P/LP variants were detected in patients
presenting with anosmia/hyposmia in genes previously reported for nIHH (GNRHR) or
SOD/CPHD (LHX4, SOX3). The coexistence of congenital anosmia (whose incidence is
<1/1,000,000) or another cause of smell loss and IHH cannot be ruled out [53,54]. Perhaps
a specific sort of defect in GNRHR, LHX4, or SOX3 can result in a complete clinical picture
of Kallmann syndrome with smell disturbances. Further studies are required to explore
this field.

A reversal of hypogonadism was seen in three of the studied patients (6.5%), slightly
less often than expected (10-20%) according to the literature [14,55]. All of the subjects had
a P/LP variant in CHD?, in two cases accompanied by P/LP variants in FGFR1 (FGFR1:
p-R285W) (unrelated patients 9 and 10). In the third case, a compound defect in GNRHR
was associated with a mutation in CHD? (proband 25). Goncalves et al. described (similar to
proband 4) a case of a male patient presenting with partial puberty and nIHH with a reversal
in follow-up, diagnosed with a trigenic mutation (FGFR1: ¢.12G>T; CHD7: ¢.3245C>T;
PROKR?2: ¢.802C>T). Latinen et al., observed reversal in two patients with the same GNRHR
mutation (p.R262Q), found also in the current study, which was accompanied by another
GNRHR mutation (p.R139H or p. 309delF) and mutations in CHD7 (p.Q51X) or FGFR1
(c.91+2T>A) [56]. Patients with IHH/KS and defects in CHD?7 should be significantly
monitored for a reversal of hypogonadism. According to the literature, the reversal of IHH
is linked with mutations in ANOS1, CHD7, FGFR1, FGF8, GNRHR, HS565T1, KISS1, KISSIR,
NSMF, PROK2, PROKR2, TAC3, and TACR3, and such a minimum panel of 13 genes is
recommended in diagnostics of reversal of IHH/KS [24,56-58].

The current study’s 13% rate of ao-IHH was comparable with the previously reported
10% incidence of ao-IHH in other IHH/KS study groups [12,59]. Subjects with ao-IHH seem
to be more often hyposmic than anosmic, without additional congenital malformations or
history of cryptorchidism. The heterogeneity of variants identified in a0-KS patients does
not allow for the binding of this form of hypogonadism with a particular genetic defect in
the examined population. Ao-IHH in the literature is linked with pathogenic changes in
CHD?7, FGFR1, FGF8, FGF17, GNRHR, GNRH1, HS565T1, NROB1, NSMF, PROK2, PROKR2,
and WDR11 [14,25,34]. This is the first observation of ao-IHH in a hyposmic patient with
a hemizygous pathogenic truncating variant (SOX3: p.R155Afs*26). The significance of
SOX3 mutations in the clinical picture of KS/IHH should be studied further.

The molecular diagnostics of KS are today effective and achievable. Costa-Barbosa
et al. proposed targeting genetic diagnostics in KS regarding criteria relying on clinical
phenotypes [15]. Detailed clinical evaluation of patients and searching for features of con-
comitant congenital malformations, differentiation of ao-IHH, and observation for reversal
forms, are indispensable. Prioritizing genetic testing in KS patients is still challenging re-
garding the broad heterogeneity of detected defects, as also confirmed in the current study.
Interestingly, patients with limb malformation presented mutations in ANOS1, FGFR1,
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FGF8, or HESX1, which is contrary to previous observations [15,60,61]. The presence of
limb anomalies and any other major or additional CHARGE features enables the target-
ing of molecular diagnostics and testing for the CHD7 gene mutation as the first choice.
Limb anomalies are often described as part of the clinical picture of CHD7 mutation and
CHARGE syndrome [62]. In patients with synkinesia, searching for mutations in ANOS1,
FGFR1/FGF8, and PROK2/PROKR? should be advised [4,15,60]. However, the presence of
mirror movements did not exclude oligogenic mutations in GNRHR and WDR11 (proband
11: GNRHR: p.Q106R and GNRHR p.Ser151 = and WDR11: p.I716V). Renal abnormalities
are linked to KS and mutations in ANOS1, CHD7, FGFR1, and FGF8 [4,34,63]. P/LP vari-
ants were also reported in ANOS1, CHD7, and FGFR1, as well as GNRHR in patients with
renal phenotypes. In case of a lack of additional congenital malformation, panel-based
NGS containing at least 15 of the most commonly altered genes (ANOS1, CHD?7, FGFR1,
FGF8, GNRHR, GNRH1, HS6S5T1, KISS1, KISS1R, NSMF, PROK2, PROKR2, TAC3, TACR3,
and WDR11) should be used in routine KS diagnostics.

4.5. Oligogenicity

Oligogenic, clinically relevant variants (P/LP) were seen in 11% of studied patients.
The achieved diagnostic rate of oligogenicity was comparable to other IHH studies. How-
ever, the oligogenicity levels in KS/IHH may differ in various populations. Nair et al.
described a 1.5% incidence of oligogenicity in Indians with IHH from Asia [11]. Sykiotis
et al. used a panel of eight genes (FGFR1, ANOS1, PROKR2, GNRHR, FGF8, KISS1R, and
PROK?) and found digenic mutations in 2% of all studied patients, and 11% of patients with
a previously reported monogenic mutation [13]. Quayanor et al. found that the prevalence
of digenic mutations detected with an NGS panel of 13 genes (ANOS1, GNRHR, FGFR1,
KISSIR, TAC3, TACR3, FGF8, PROKR2, PROK2, CHD7, NSMF, GNRH1, and WDR11) was
at the level of 12% [64]. As expected, digenic mutations are more frequent (11-16%) than
trigenic ones (about 2% of patients) [13,14,31,58,64—66]. Currently, oligogenicity in IHH is
considered to affect up to 10-20% of patients [14].

The set of 25 genes—i.e., ANOS1, CHD7, DCC, DUSP6, FGFR1, FGF8, FGF17, FLRT3,
GNRHR, HS6ST1, IL17RD, KISSIR, NSMF, NTN1, OL14RD, PNPL46, PROK2, PROKR?2,
SEMA3A, SEMA7A, SRA1, SPRY, TAC3, TACR3, and WDR11 have been described as
inherited in the oligogenic IHH model. [25,67-69]. As far as is known, this is the first
report evidencing digenic mutations in patients with KS and P/LP variants in PROKR2
and GLI2 (PROKR?2: p.R85H and GLI2: p.A185S) genes (proband 30 with anosmia, absence
of puberty, and micropenis).

The usage of tests employing analysis of a broad targeted panel of genes significantly
raised the probabilityy of detection for clinically relevant changes in CPHD/IHH genes.
Considering variants of all classes of pathogenicity, the prevalence of oligogenic variants
was up to the level of 32.6%. The ACMG'’s classification scheme is primarily intended to
classify variants in Mendelian diseases’ genes, and was developed for the evaluation of
variants in monogenic disorders [70].

For this reason, variants in all ACMG classes in IHH/CPHD have been reported in
the current study. VUS alterations represent an unclear portion of defects, but considering
their low frequency and in silico predictions, they could impair protein function, and
are hypothesized to contribute to an oligogenic etiology and the development of the
disease phenotype [71,72]. There are a growing number of studies, including VUS variants,
investigating the possibility of providing a molecular diagnosis in case of reinterpretation
of variants [73]. Future studies are needed in order to determine the pathogenicity of VUS
variants to IHH/KS etiology.

The impact of the coexistence of different variants in a few genes on phenotype is
still difficult to predict [13,14,16]. Two different genetic defects may have a synergistic
effect [74]. In familial IHH cases, mutations in different loci give rise to slightly different
phenotypes [65]. Synergistic heterozygosity, assuming the existence of several partial
protein defects in at least one signaling pathway, has been thoroughly studied in cardiac
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and metabolic diseases and cancers [75-77]. Synergistic heterozygosity models in KS/IHH
have been proposed for the mutations in NSMF and ANOS1; NSMF and TACR3; FGFS,
FGFR1, and ANOSI [66,78]. A modifying, synergistic effect cannot be excluded regarding
the coexistence of the P/LP, VUS, and perhaps even B/LB variants in critical genes essential
for neuronal migration, the development of the pituitary gland, or signal transduction.
The incidence of detected oligogenicity of KS in various studies relies significantly on
the applied molecular method, assuming the number of analyzed genes, the variant
classification criteria applied and, finally, the size of the examined cohort. There is a
need for further research on KS/IHH using a comprehensive NGS approach with a wide
panel of genes, whole-exome sequencing (WES), or even attempting patient whole-genome
sequencing (WGS) if previous strategies fail to find a causative defect, in order to precisely
define phenotypes [79].

The possible outcome of accumulated variants, principally P/LP and VUS, in more
than one IHH/CPHD gene in the same patient should be continually studied. The signifi-
cance of synergistic heterozygosity in IHH/KS pathogenesis represents a great challenge
for further research.

5. Conclusions

In conclusion, this study has identified 20 new P/LP mutations in ANOS1, CHD?,
FGFR1, GLI2, GNRHR, SOX3, and WDR11. The molecular basis of KS has been established
for 43.5% of all studied patients. KS patients originating from Poland displayed variable
reproductive and non-reproductive phenotypes, not always corresponding with previous
data on phenotype-genotype correlation. The use of an NGS strategy employing a com-
prehensive panel of genes increases the chances of detecting monogenetic and oligogenic
defects in KS patients presenting typical clinical characteristics. Mutations in genes respon-
sible for GnRH neuron migration and development constitute the most frequent defects in
studied subjects. The absence of recurrent alterations confirms the high heterogeneity of
mutations, as evidenced in other studies. The relatively high incidence of oligogenicity in
KS represents a diagnostic and interpretational challenge. The impact of oligogenicity and
the relatively high VUS incidence on KS phenotype and disease course requires further
observation. The role of CPHD genes, especially LHX4 and SOX3, in KS development
should be also further studied.
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