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Purpose: Genetic factors account for a large proportion of idiopathic hypogonadotropic hypogonadism (IHH) etiologies, although not
necessarily a complete genetic basis. This study aimed to characterize the clinical presentations, genetic variants, and therapeutic
outcomes of patients with sporadic IHH, which may be helpful for genetic counseling and treatment decisions.

Patients and Methods: Eleven Chinese patients with IHH were retrospectively analyzed. Rare genetic variants were evaluated using
whole-exome sequencing and bioinformatics analysis and were further classified according to the ACMG-AMP guidelines. The
therapeutic responses of patients were further evaluated.

Results: Six heterozygous variants of SOX10, WDR11, PROKR2, CHD7 and FGF17 were detected in five Kallmann syndrome (KS)
patients, whereas two heterozygous variants of CHD7 and PROKR?2 were detected in two normosmic IHH (nIHH) patients. Among
these variants, a novel likely pathogenic variant in the SOX10 (c.429-1G>C) was considered to cause the KS phenotype in patient 02,
and two potential variants of uncertain significance (VUS) in CHD7 (c.3344G>A and c¢.7391A>G) possibly contributed to the KS
phenotype in patient 05 and the nIHH phenotype in patient 07, which need to be confirmed by further evidence. Additionally, long-
term testosterone or estradiol replacement treatment effectively improved the development of sexual characteristics in patients with
IHH.

Conclusion: Next-generation sequencing is a powerful tool for identifying the molecular etiology and early diagnosis of THH.
Efficient therapeutic outcomes strongly indicate a need for timely treatment.

Keywords: Kallmann syndrome, normosmic idiopathic hypogonadotropic hypogonadism, luteinizing hormone, follicle-stimulating

hormone, genetic variant, hormone treatment

Introduction

The roller coaster-like pulsatile secretory activity of gonadotropin-releasing hormone (GnRH) released by GnRH neurons
in the mediobasal hypothalamus controls reproductive function during human lifespan. Notably, GnRH secretory activity
lapses into silence throughout childhood until the onset of puberty. Its deficient synthesis, secretion, or action directly
causes hypothalamic-pituitary-gonadal (HPG) axis hypofunctioning, defining hypogonadotropic hypogonadism (HH),
which typically manifests as absent or impaired sexual development.' A genetic cause that plays little role in acquired
diseases affecting GnRH neuroendocrine function, accounts for almost half of idiopathic hypogonadotropic hypogonad-
ism (IHH) cases, albeit not necessarily the complete genetic basis.* Moreover, the reason why THH is associated with
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olfactory impairment is that GnRH neurons located within the olfactory placode migrate alongside the olfactory tract to
ultimately reach the mediobasal hypothalamus, where neuron numbers expand, form a functional network, and initiate
pulsatile secretion during normal human fetal development. In terms of whether have a normal olfactory function, IHH
patients were divided into normosmic IHH (nIHH) and Kallmann syndrome (KS) with anosmia or hyposmia.” Hitherto,
with the widespread application of next-generation sequencing (NGS) in clinical medicine, especially whole-exome
sequencing (WES), genetic variants of nearly 60 genes have been found to be associated with IHH, either in respect of
GnRH neuron migration and activation or GnRH secretion and action, wherein ANOSI, PROK2, PROKR2, KISSIR,
FGFRI, GNRHR, FGF8, CHD7, SOX10, SEMA3A, TAC3 and TAC3R variants are the most frequent molecular
etiologies.®™

The incidence of IHH presents a very large gender difference, with an approximately 5-fold lower prevalence in
female (1: 50,000) when compared to males (1: 10,000).° Besides abnormal sexual development, non-reproductive non-
olfactory abnormalities (hearing loss, cleft lip/palate, dental agenesis, cubitus valgus, low hairline) are also observed in
some IHH patients, underpinning the peculiarity of genetic heterogeneity or gene pleiotropism.'® Crucially, sex hormone
replacement therapy (testosterone or estradiol) can effectively improve delayed or absent sexual development in the
majority of ITHH patients, albeit only 10% cases achieved reversed reproductive axis function.'""'* Therefore, genetic
counseling, early diagnosis and timely treatment of IHH is of great significance.

In the present study, we retrospectively collected and analyzed the physical, endocrinological, and radiological
profiles of 11 patients with sporadic IHH and further uncovered their molecular defects and interlinked phenotyping.
Subsequently, we evaluated the therapeutic outcomes of the patients (if available) through long-term follow-up. It is
hoped that this study will help clinicians provide more prudent genetic counseling and valuable treatment decisions.

Materials and Methods
Study Subjects

Eleven unrelated ITHH patients (nine males and two females) who visited the Department of Endocrinology, Affiliated
Hospital of Jining Medical University (Shandong, China) between December 2013 and December 2020 were retro-
spectively included in the study. Eight patients were clinically diagnosed with a KS phenotype and three patients were
diagnosed with an nTHH phenotype according to the classification criteria.'* All of whom showed low or inappropriately
normal serum levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH), and/or progesterone (P), testos-
terone (T), prolactin (PRL), and estradiol (E;), and failure to enter puberty spontaneously with partial or no development
of secondary sex characteristics. Four male patients received testosterone undecanoate replacement treatment, one female
patient received estradiol valerate hormonal treatment, and post-treatment follow-up data, including serum testosterone or
estradiol levels and sexual development, were further collected and analyzed.

Clinical and Endocrinological Evaluations

The patients’ clinical parameters were obtained through a retrospective review of the medical records: age at diagnosis,
sex, height, body weight, limb development, skin texture, baseline secondary sexual characteristics, cleft lip/palate,
hearing impairment, karyotype, and family history. Olfactory function was evaluated either by olfaction testing or by
patient self-reporting, depending on the clinical center. The olfactory system, including the olfactory bulb and tract
structure, as well as the pituitary structure, was visualized using magnetic resonance imaging (MRI). Patients’ hearing
status was evaluated using pure-tone audiometry and impedance audiometry. In male patients, testicular development was
confirmed by physical and scrotal ultrasound examinations. A micropenis was defined as a stretched penile length (SPL)
below —2.5 standard deviations (SD) of SPL-for-age.'* For female patients, uterine development was assessed using
pelvic ultrasonography. Growth hormone (GH) concentration was measured using a chemiluminescence method
(ACCESS2, Beckman Coulter) with an analytical sensitivity of 0.010 pg/L. Serum levels of insulin-like growth factor
(IGF-1) were measured using a chemiluminescence immunometric method (DPC IMMULITE 1000 analyzer,
SIEMENS). Gonadotropin, gonadal steroid hormones, free T3, free T4, thyroid-stimulating hormone (TSH), adrenocor-
ticotropic hormone (ACTH), and cortisol rthythm were measured using a luminescence immunoassay system (Cobas
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e 602; Roche). In the triptorelin stimulation test, an intramuscular injection of triptorelin (100 mg) was used to determine
the basal value, and at 15, 30, 45, 60, and 90 min after the injection; both LH and FSH levels in all patients were
determined at the first visit (Supplementary Figure 1). Patient 01 did not undergo triptorelin stimulation test.

Whole-Exome Sequencing and Bioinformatic Analysis

Five milliliters of peripheral venous blood were collected from probands and their parents, and blood DNA was
extracted using the Blood DNA Midi Kit (D3494-04, Omega Bio-Tek). Parental blood samples were available for only
4 of these 11 families. WES was performed using the BGI V4 capture kit on the MGISEQ-2000 platform (BGI,
Shenzhen, China) with a mean 180 coverage of targeted region. Moreover, more than 95% of the targeted regions
covered over 20 X.

After quality control using fastQC, all clean reads were aligned to the human reference genome (GRCh37/hg19) using
the Burrows-Wheeler Aligner software (BWA, version 0.7.15). Local realignment around insertions and deletions
(InDels) and base quality score recalibration (BQSR) were performed using the Genome Analysis Toolkit (GATK)
after removing duplicate reads. Genomic variations, including single nucleotide variants (SNVs) and indels, were
detected using HaplotypeCaller of GATK and functionally annotated using SnpEff. Additionally, the R package
ExomeDepth was used to detect the copy number variation (CNV). Genes and proteins were described using standard
nomenclature, according to the Human Genome Variation Society (HGVS). Rare sequencing variants (RSVs) were
nonsynonymous variants with minor allele frequency (MAF) of < 0.1% or absent in public databases (1000 Genomes,
Exome Aggregation Consortium [ExAC], NHLBI Exome Sequencing Project [ESP6500], and Genome Aggregation
Database [gnomADY]). The potential pathogenicity of the RSVs was predicted using several in silico prediction programs
(SIFT, PolyPhen-2, PROVEAN, Condel, GERP++, and Splice AI). Protein sequence conservation across different
species was analyzed using MEGA X version 10.1.8. Familial segregation analysis was performed using Sanger
sequencing if parental blood samples were available. All IHH-associated RSVs with high-quality sequencing data
(sequencing depth > 80 and SNP mutation rate > 40%) were screened and strictly classified as “pathogenic”, “likely
pathogenic”, “uncertain significance”, “likely benign”, and “benign” according to the guidelines of the American College
of Medical Genetics and Genomics (ACMG) Association for Molecular Pathology (AMP)."

Results

Clinical and Endocrinological Features

Detailed clinical data of the 11 patients with IHH are summarized in Table 1. The mean age at diagnosis was 18 years
(range: 13-27 years) in males and 24 years (range: 17-31 years) in females. The height standard deviation score (SDS)
was —0.63 = 1.09. The body mass indices (BMI) of patients 02, 03, 05, 07, 09, and 11 were 24.13, 27.41, 24.13, 24.18,
30.11, and 28.73, respectively, indicating overweight (24 kg/m* < BMI < 28 kg/m?) or general obesity (28 kg/m* < BMI)
in sex- and age-matched subjects.'® The karyotypes of all patients had normal karyotypes (46, XY [male] or 46, XX
[female]). Patient 01, 02, 04, 06, 07, 08 and 09 showed low levels of growth hormone (GH) peak obtained from different
provocative tests (all less than 10 ng/mL).17 Among them, compared with references ranges for healthy populations,
patient 04 (211 ng/mL, reference median:315 ng/mL), 07 (178 ng/mL, reference median:280 ng/mL) and 09 (82.8 ng/

1."® However, no abnormal pituitary MRI finding was

mL, reference median:307 ng/mL) had lower level of IGF-
observed in patient 04, 07 and 09. All patients showed low or inappropriate basal serum levels of LH, FSH, P, T,
PRL or E2, but had normal serum levels of FT3, FT4, TSH, ACTH, and cortisol. After triptorelin administration, serum
LH and FSH levels were significantly increased in female patient 05, even within the normal range (Supplementary
Figure 1). It should be noted that patient 04 was a 13-year-old boy at the first visit and still showed low basal serum
levels of LH, FSH, P, T, PRL, and E2 when he was 16 years old. Therefore, patient 04 was clinically diagnosed with KS

but not a constitutional delay of growth and puberty.
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Table | Physical Characteristic and Laboratory Test Results of IHH Patients

Patient No. ol 02 03 04 05 06 07 08 09 10 1
Sex Male Male Male Male Female Female Male Male Male Male Male
Age (years) 17 27 16 13 31 17 20 17 16 19 17
Height (cm) 161.3 165.4 166.5 152 159 151.9 162.7 181.3 163 175.4 177
Height SDS —-1.80 —1.21 -0.82 -0.96 -0.20 —1.52 —1.67 1.48 -1.39 0.45 0.77
Weight (kg) 52.5 66.0 76.0 48.5 61.0 40.0 64.0 78.0 80.0 58.0 90.0
BMI (kg/m?) 20.18 24.13 27.41 20.99 24.13 17.34 24.18 23.73 30.11 18.85 28.73
GH peak (ng/mL) 6.11 0.36 - 2.73 - 5.11 1.62 0.52 0.69 - -
IGF-1 (ng/mL) - - - 211 270 339 178 380 82.8 492 192
Karyotype 46XY 46XY 46XY 46XY 46XX 46XX 46XY 46XY 46XY 46XY 46XY
FSH (mIU/mL) 0.55 1.74 <0.01 0.46 3.39 0.50 0.15 0.14 <0.01 0.29 0.08
LH (mlU/mL) <0.1 <0.1 0.11 0.07 1.43 0.42 <0.01 <0.1 <0.01 0.07 <0.01
P (ng/mL) 0.84 0.0l 0.6l 0.57 0.78 0.37 0.79 1.53 0.15 0.62 0.55
T (ng/mL) 0.12 0.03 0.29 0.15 0.31 0.37 0.23 1.53 0.18 0.27 0.11
PRL (IU/mL) 12.63 3.58 11.2 6.48 6.03 6.03 6.72 11.98 13.28 5.34 5.90
E, (pg/mL) 18.05 19.41 29.68 20.84 17.63 <11.80 36.23 18.73 18.13 21.04 <I11.80
FT3 (pmol/L) 5.61 - - 6.27 5.23 5.74 - 5.28 3.64 5.57 7.01
FT4 (pmol/L) 16.80 - - 16.80 17.4 21.23 - 15.72 15.44 18.10 15.80
TSH (mIU/mL) 1.64 - - 1.93 3.79 1.72 - 5.28 3.83 1.45 3.29
ACTH (pmol/L) 8 am - 3.97 5.45 3.12 3.6l 9.58 10.74 9.86 3.52 8.4 6.65
ACTH (pmol/L) 4 am - 11.00 343 3.00 3.27 1.89 3.20 4.63 3.84 10.38 4.78
Cortisol (ug/dL) 8 am 18.49 3.76 4.92 7.27 8.09 2041 18.06 8.43 8.52 9.98 8.85
Cortisol (ug/dL) 4 am 19.76 11.50 2.56 6.26 3.51 10.07 7.84 3.73 9.01 11.60 3.34

Abbreviations: —, not detected; GH, growth hormone; IGF-1, insulin-like growth factor; FSH, follicle-stimulating hormone; LH, luteinizing hormone; P, progesterone; T,
testosterone; PRL, prolactin; E,, estradiol; FT3, free T3; FT4, free T4; TSH, thyroid-stimulating hormone; ACTH, adrenocorticotropic hormone.

Genetic Variants in IHH Patients

The pedigree chart and identified genetic variants of the IHH patients are shown in Figure 1. Eight molecular variants, all
in the heterozygous state, were identified in seven patients from a total of eleven sporadic IHH patients (Table 2). Among
the two nIHH patients, patient 07 carried a CHD7 variant (¢c.7391A>G, p.K2464R) and patient 08 carried a PROKR?2
variant (c.533G>C, p.W178S). Among the five KS cases, patient 02 carried the WDRII variant (c.2931+6delC) and
SOX10 variant (c.429-1G>C). Patient 04 and patient 05 had the PROKR2 (c.533G>C, p.W178S) and CHD7
(c.3344G>A, p.C1115Y) variants, respectively. Patient 06 carried two variants of PROKR2 (c. 337T>C, p.Y113H;
c.1069C>T, p.R357W) inherited from her unaffected mother. Additionally, patient 11 carried an FGFI7 variant
(c.592G>C, p.V198L) inherited from his unaffected mother. These variations were categorized as likely pathogenic
(LP), six variants of uncertain significance (VUS), and one as likely benign (LB).

The minor allele frequencies of all identified mutations were < 0.1% or absent in the 1000G, ExAC, ESP6500, and
gnomAD databases (Supplementary Table 1). In addition, in silico prediction (SIFT, Polyphen-2, PROVEAN, Condel,
and GERP++) indicated that PROKR2 (c.337T>C, ¢.553G>C) and CHD7 (c.3344G>A) were damaging, whereas
PROKR?2 (c.1069C>T), CHD7 (c.7391A>G), and FGF17 (c.592G>C) had little effect on gene function. The ¢.429—
1G>C variant in SOX10 most likely affected the splicing pattern by altering the acceptor sites predicted by Splice Al

(Supplementary Table 1). In contrast, the c. 2931+6delC variant in WDRI1 probably has little impact on its splicing
pattern. Amino acid alignment across different species using MEGA X revealed that PROKR2 Tyrosine 113, PROKR2
Tryptophan 178, CHD7 Lysine 2464, CHD7 Cysteine 1115, and FGF17 Valine 198 were located in a highly conserved
region (Supplementary Figure 2). However, PROKR2 Arginine 357 was not conserved among the eight species.

Primary Within-Treatment and Follow-Up Outcomes
Male patients 01, 03, 04, 07, 08, and 10 received oral testosterone undecanoate replacement treatment at a dosage of
40 mg twice per day, whereas female patient 06 received oral estradiol valerate at a dosage of 1 mg once daily, from
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Figure | Pedigree chart and genetic variants identified in patients affected with IHH.

Notes: Squares and circles indicate males and females, respectively. Numbers (01—11) represent index cases, filled symbols represent affected individuals, open symbols
represent unaffected individuals. +: wild type allele; -: mutated allele; n/a: not available for genetic test; n.d.: no variants were detected. Family | and Family 2 denote that
parental DNA samples were available. Verification of PROKR2 variant in family | and FGFI7 variant in family 2 were performed by Sanger sequencing. The variants found in
patient 06 and patient |1 were inherited from their unaffected mother.

nearly half a year to several years. As shown in Figure 2a, during the follow-up period, all male patients showed
increased serum testosterone levels, especially patient 08, from 0.5 ng/mL to 5.31 ng/mL. There were no changes in
bilateral testicular volume for patient 01, 04 and 10 before and after treatment, but a increase in patient 03 (2.0 mL to
3.0 mL), patient 07 (0.5 mL to 2.0 mL) and 08 (1.0 mL to 3.0 mL) (Table 3). The stretched penile length of patient 01,
03, 04, 07, 08 and 10 improved by 4.0 cm, 5.0 cm, 4.5 cm, 1.0 cm, 3.5 cm and 3.0 cm, respectively. In addition, all the
male patients showed obvious pubic hair development. In female, the serum estradiol level of patient 06 increased but
showed great fluctuation throughout the follow-up period (Figure 2b). After more than three years of treatment with
estradiol valerate, patient 06 displayed progressive sexual development, including breast Tanner stage (II to IV), pubic
hair Tanner stage (I to II), and uterine volume (0 to 9.32 cm?®). Nevertheless, all patients treated with hormones still

showed low serum LH and FSH levels (Figure 2¢ and d) and did not meet the criterion for reversal of hypogonadism.l9
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Table 2 Clinical Phenotypes and Genetic Variants of Patients with IHH Examinated by Whole-Exome Sequencing

No. | Gene cDNA Protein Zygosity | ACMG Category Phenotype Diagnosis
(AR/AD)
02 SOX10 NM_006941.3 1IVS2 Het LP (PVSI+PM2) Micropenis; anosmia; low nose bridge; hearing loss; mild | KS (AD)
c429-1G>C cubitus valgus; metacarpal sign; testicular hypotrophy
WDRII | NM_0I8117.11 | 1VS23 Het VUS (PM2)
C.2931+6delC
04 PROKR2 | NM_144773.2 p.Trp Het VUS (PP2+PP3+PP4) Hyposmia; testicular hypotrophy; right olfactory-blub KS (AD)
¢.533G>C 178Ser agenesis; sinus arrhythmia; slow growth in height;
delayed puberty
05 CHD7 NM_017780.3 p.Cys Het YuUs Anosmia; aplasia of bilateral olfactory-bulb and KS (AD)
c.3344G>A 1115Tyr (PMI+PM2+PP3+BPI) olfactory tract; uterine dysplasia; café-au-lait spot in the
right groin
06 PROKR2 | NM_144773.2 p-Tyrl 13 Het VUS (PMI1+PP3+BS2) Hyposmia; uterine dysplasia; aplasia of bilateral KS (AD)
c.337T>C His olfactory-bulb and olfactory tract; thyroid cystic nodule;
NM_144773.2 p.Arg357Trp | Het LB (BS2+BP4) multiple nevus on the face; low hairline
c.1069C>T
07 CHD7 NM_017780.3 p.Lys Het VUS Micropenis; cleft lip/palate; hearing loss; testicular nlHH (AD)
c.7391A>G 2464Arg (PMI+PM2+PP4+BP1) hypotrophy; aplasia of bilateral olfactory-bulb
08 PROKR2 | NM_144773.2 p.Trp Het VUS (PP2+PP3+PP4) Micropenis; epicanthus; cubitus valgus; sinus arrhythmia; | nlHH (AD)
c.533G>C 178Ser testicular hypotrophy; aplasia of bilateral olfactory-bulb
and olfactory tract
11 FGF17 NM_003867.2 p.Val Het VUS (PM2) Micropenis; anosmia; no observable sexual KS (AD)
c.592G>C 198Leu development

Abbreviations: Het, Heterozygous; VS, Intervening sequence; KS, Kallmann syndrome; AR, Autosomal recessive; AD, Autosomal dominance; LP, Likely pathogenic; VUS,
Variant of uncertain significance.

Discussion

In this study, we identified eight rare heterozygous variants of SOX10, WDR11, PROKR2, CHD7 and FGF17 in 11 IHH
patients with unrelated kindreds using WES. The results of the genetic analysis indicated that SOX10 ¢.429-1G>C was
considered to cause the KS phenotype in patient 02, and two potential VUS variants in the CHD gene (c.3344G>A;
¢.7391A>QG) possibly contributed to the KS phenotype in patient 05 and the nIHH phenotype in patient 07. However, the
pathogenicity of these variants requires further investigation by more strong evidences. Long-term testosterone or
estradiol replacement treatment effectively improved the development of sexual characteristics in patients with IHH
regardless of whether they harbored potential variants.

PROKR?2 plays an important role in the olfactory bulb interneurons development and GnRH neurons migration by
binding to its ligand PROK2.%%*' PROKR? variants, especially missense type, cause either KS or nIHH with variable
expressivity and incomplete penetrance.?” Interestingly, only PROKR2 ™~ mice presented a phenotype reminiscent of THH
including hypoplasia of the olfactory bulb and atrophy of the reproductive system,*® albeit multiple heterozygous
missense variants (Y113H, V115M, W178S, SI188L, W251L) frequently identified in KS or nIHH patients could impair
PROKR? signaling in transfected HEK293 cells.>* This inconsistent finding brings new understanding of IHH, either in
respect of digenic/oligogenic inheritance pattern or genetic basis of species differences. In the present study, three
patients with IHH harboring PROKR?2 variants presented similar phenotypic features in the reproductive and olfactory
systems, including aplasia of the olfactory bulb and testicular or uterine dysplasia. However, they manifested variable
non-reproductive non-olfactory abnormalities. Patients 04 and 08 carried the same PROKR?2 variant (p.W178S), which is
often reported in KS or nIHH patients and has a high frequency in East Asian populations (56/19,952).>° Even though the
p.W178S variant has been proven to cause a loss-of-function of PROKR2 and impair its cell-surface targeting,?® regional
predominance predisposes to a VUS classification. Patient 06 harbored non-compound double heterozygous PROKR2
variants (p.Y113H and p.R357W) that were inherited from her unaffected mother. As the same as the p.W178S variant,
this variant has relatively high frequency in the East Asian population (28/19,954) and was also classified as VUS, albeit
bioinformatic predictions and functional assessment mark it as pathogenic.”’” Moreover, the p.R357W variant was
considered as neutral in our study and previous report.”® Collectively, low pathogenicity of the three missense variants
(p-W178S, p.Y113H, p.R357W) in PROKR2 are insufficient to explain the clinical phenotype of IHH patients, and there
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Figure 2 Changes in testosterone, estradiol, LH and FSH levels of patients affected with IHH during therapy.

Age (years)

Notes: (a) serum testosterone level of male patients treated with testosterone undecanoate through the entire follow-up period; (b) serum estradiol level of female patient treated
with estradiol valerate through the entire follow-up period. (c and d) Serum LH and FSH level of all patients receiving hormone treatment during the entire follow-up period.

Abbreviations: LH, luteinizing hormone; FSH, follicle-stimulating hormone.

may be other undetected variations contributing to a digenic/oligogenic inheritance
investigated.
CHD7 is widely expressed in fetal and adult tissues and its harmful variants are i

pattern, which needs to be further

mplicated in multisystem disorders

including iris coloboma, coloboma, heart malformation/defects, atresia choanae, retardation of growth and/or develop-

ment, genito-urinary defects and/or hypogonadism, and ear anomalies/deafness

Table 3 Genetic Variants and Clinical Outcomes of Patients Affected with KS or nlHH After

as the hallmarks of CHARGE

Hormonal Treatment

No. | Diagnosis Variants Duration Before Treatment After Treatment
(Years)
BTV PL PH Breast uv BTV PL PH Breast uv
(mL) | (ecm) Tanner Tanner (ecm®) | (mL) | (cm) Tanner Tanner (cm®)
Stage Stage Stage Stage
0l KS - 2.36 1.0 1.0 | - - 1.0 5.0 ] | -
03 KS - 2.49 2.0 1.5 | | - 3.0 6.5 v | -
04 KS PROKR2 3.6l 1.0 1.5 | | - 1.0 6.0 1] - -
p-W178S
06 KS PROKR2 3.46 - - Il Il 0 - - Il v 9.32
p.YI13H
07 nIHH CHD7 0.46 0.5 3.0 - | - 2.0 4.0 | - -
p.K2464R
08 nIHH PROKR2 4.48 1.0 25 Il v - 3.0 6.0 \% v -
p-W178S
10 KS - 1.98 2.0 2.0 1] 1] - 2.0 5.0 v Il -
Abbreviations: —, not detected; BTV, Bilateral testicular volume; PL, Penile length; PH, Pubic hair; UV, Uterine volume.
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syndrome.”’ A large majority of CHD?7 allelic variants occurs de novo, sporadic and nonsense or frameshift,*° and
approximately 6% of KS or nIHH patients carried predominantly CHD7 missense variants, whereas 60 ~ 70% CHARGE
syndrome patients had mainly nonsense or frameshift variants capable of causing complete loss-of-function.?! At present,
some [HH-associated CHD7 missense variants including p.S834F, p.K907T and p.T917M, had been functionally
validated via attenuating both ATPase and nucleosome remodeling activities by CHD7.*? Accordingly, in our study,
both patient 05 with KS and patient 07 with nIHH carried missense CHD?7 variant. The p.C1115Y variant is located in the
highly conserved DEXHc region within the SNF2-like ATPase/helicase domain, and a larger side chain residue
(hydroxyphenyl group) may alter the conformation of the a-helix in the ATP-binding region. This variant was previously
recorded in the ClinVar database as a VUS classification (VCV000588616.4). Although the p.K2464R variant was not
located in a catalytically active domain, it was absent in public databases and the site was conserved across different
species, suggesting its potential as a cause of IHH onset. This novel variant was submitted to the Leiden Open Variation
Database (#00430229). The p.C1115Y and p.K2464R variants in CHD7 might be involved in the KS phenotype in patient
05 and the nIHH phenotype in patient 07, respectively. Their pathogenicity undoubtedly needs to be further verified by
stronger evidence, including functional assessment or co-segregation analysis within family members. In addition to the
typical clinical features of nIHH, patient 07 carrying the p.K2464R variant also presented partial phenotypic overlap with
CHARG syndrome, such as cleft lip/palate and hearing loss, but no ocular coloboma, heart malformations, or atresia of
the choanae, which are the decisive diagnostic criteria for CHARGE syndrome.** Therefore, detailed clinical evaluation
and systematic screening of genetic variants of CHARGE syndrome-like features are indispensable for a more precise
diagnosis of IHH (KS/nIHH) and CHARGE syndrome.

SOX10 heterozygous variants cause Waardenburg syndrome (WS) type 2, WS type 4, PCWH syndrome and KS.**
Another similar pathogenic variant in SOX10 gene (c.429-1G>A) associated with WS type 4A was recorded in the
ClinVar database (VCV000590850.3). In practice, WS-like features, such as hearing loss and pigmentation abnormalities,
frequently occur in IHH individuals with pathogenic SOX10 RSVs.>>-*¢ Additionally, the role of SOX70 in GnRH neuron
migration and organization of the olfactory bulb nerve layer has been experimentally demonstrated using SOX10™"~
mice.?” SOX10 loss-of-function variants showed a good genotype-phenotype correlation in KS patients with hearing loss.
However, SOX10 heterozygous variants displayed obvious phenotypic differences between humans and mice.**® Overall,
the phenotypic spectrum resulting from SOX10 variants might be more variable than previously understood. In our study,
two heterozygous splice variants, SOX10 (c.429-1G>C) and WDRI1 (c.2931+6delC), were identified in a patient with
KS and hearing loss. They were classified as LP and VUS and submitted to the Leiden Open Variation Database
(#00430227; #00434898). Although WDRI11 interacts with EMX1, a homeodomain transcription factor involved in the
development of olfactory neurons, and heterozygous missense variants were found in patients with KS,* the low
pathogenicity of WDRII splicing variant (c.2931+6delC) indicated that SOX10 (c.429-1G>C) was more likely to be
considered the molecular etiology of the KS phenotype in patient 02.

Much less common, but equally strong in terms of causation, is FGF17 that has highly homologous to FGF8 and
plays a critical role in GnRH neuron ontogeny though interaction with FGFR1c.*® Previous report showed that the
prevalence of FGFI7 variants in a 145 IHH probands was approximately 2.07%.4 Heterozygous FGF17 missense
variant (p.V198L) found in patient 11 was inherited from unaffected mother, and has been recorded in ClinVar database
as a VUS classification (VCV002287919.1). Therefore, the current evidence does not support the hypothesis that the p.
VI198L variant causes KS in patient 11.

Seven patients with available follow-up information showed improved sexual characteristics, including bilateral
testicular volume, penile length, and pubic hair Tanner stage in male or breast Tanner stage, and uterine volume in female
with variable degrees after testosterone undecanoate or estradiol valerate replacement treatment. They did not achieve
reversal of the IHH. Six male showed low basal LH level (< 0.11 mIU/mL), low testosterone level (< 1.53 ng/mL) and
small testicular volume (< 2.0 mL), which seems to consistent with previous reports that higher basal LH and stimulated
LH levels as well as larger testicle size are favorite parameters for reversal.'""' Currently, pulsatile GnRH pump
treatment, testosterone/estradiol treatment and human chorionic gonadotropin (hCG)/human menopausal gonadotropin
(hMG) combination treatment are three main treatment options for KS or nIHH, wherein testosterone/estradiol only
improve sexual characteristics and GnRH pump is restricted to hospital grade and high cost, by contrast, hCG/hMG
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combination was recommended as the optimal therapy for IHH patients, either in respect of sexual development or
reproductive demands.*® Practically, the choice of treatment strategies will depend on multi-factors including patient’
age, sex, individual desire, etc. Unfortunately, the lack of follow-up and fertility potential data in some patients has
hindered systematic evaluation. In terms of treatment efficacy in this and previous studies, testosterone or estradiol
effectively improved the development of sexual characteristics in patients with IHH, regardless of whether they harbored
potential variants.

This study has a few limitations. First, the number of IHH cases was relatively small and did not represent the full
genetic etiology of local IHH. Second, DNA samples from family members were often unavailable and functional studies
of candidate variants were not performed. Finally, non-coding regions (introns, promoters, and enhancers), large-
fragment deletions, and mitochondrial genomes could not be captured using the WES method, thus probably missing
certain types of pathogenic variation.

Conclusion
Genetics variants in the SOX10 (c.429-1G>C) and CHD?7 (c.3344G>A; c.7391A>Q) possibly contributed to the IHH
phenotype found in this study. NGS-based identification of genetic variants in patients with sporadic IHH has extended
our understanding of the biological implications of IHH pathogenesis, continuously promoting the clinical application of
NGS for the early diagnosis of IHH. Efficient therapeutic outcomes strongly indicate the need for a precise diagnosis and
timely treatment.
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