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ARTICLE INFO ABSTRACT

Keywords: Kallmann syndrome is a rare genetic disease characterized by the idiopathic hypogonadotropic
Kallmann syndrome hypogonadism with hyposmia or anosmia, which exhibits considerable heterogeneity in genotype
PROKR2 and phenotype. Herein, we reported a 32-year-old male patient with Kallmann syndrome in a
SPRY4 family associated with heterozygous mutations in PROKR2 and SPRY4 genes. The genotyping

Incomplete penetrance results indicated PROKR2 mutations and SPRY4 variants of uncertain significance, which might

be incompletely penetrant in this family.

Introduction

Kallmann syndrome (KS) is a rare genetically heterogeneous disease characterized by isolated hypogonadotropic hypogonadism
accompanied by anosmia or hyposmia, which is caused by impaired migration of olfactory and gonadotropin-releasing hormone
(GnRH) neurons. KS results in the failure of the normal episodic GnRH secretion, and consequently delayed puberty and infertility in
later life [1,2].

Recent studies indicated that mutations in quite a few genes, including ANOS1 (Xp22.3), FGF8 (10q24.3), FGFR1 (8p11.2-p11.1),
PROK2 (3p13), PROKR2 (20p12.3), NELF (9q34.3), CHD7 (8q12.1-q12.2), WDR11 (10q26.12), HS65T1(2q14.3), SEMA3A (7q21.11),
play an important role in the etiology of KS either independently or in an oligogenic manner [1,3], suggesting a genetic spectrum that
lies between the extremes of rare monogenic and common polygenic diseases [4].

Here we reported a 32-year-old male patient with Kallmann syndrome in a family carrying heterozygous mutations in PROKR2 and
SPRY4 genes, indicating incomplete penetrance of PROKR2 mutations and SPRY4 variants of uncertain significance in this family.
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Materials and methods
Case presentation

The proband, a 32-year-old male who was the first child of non-consanguineous parents of Chinese ancestry, was born at full term
following a vaginal delivery. During childhood, he showed normal growth and cognitive development compared to his peers. Yet he had
delayed puberty, characterized by the absence of laryngeal prominence, facial and pubic hair, enlargement of penis and scrotum,
morning erections, spermatorrhea or ejaculation. He reported occasional penile erections monthly. A partial loss of the sense of smell
was found though the patient was not able to confirm when it was initiated. He denied any pertinent family history, and no cognitive or
behavioral concerns were observed. The sex hormones were tested at the age of 32 in the local hospital and the results showed that the
luteinizing hormone (LH) level was 0.13 IU/L (0.57-12.07 IU/L), the testosterone was 0.69 nmol/L (4.94-32.01 nmol/L) and the
estradiol was < 37.0 pmol/L (40.4-161.5 pmol/1). Thus, he was referred to the tertiary hospital for further consult and management.

The patient was 172 cm in height and 61 kg in weight with a body mass index of 20.62 kg/m?. Clinical examination revealed no
dysmorphic features of the head, chest, abdomen and limbs, including no midline defects or digital anomalies. He was unable to
correctly identify the odor on the smell test. Olfactory dysfunction was confirmed using brief smell identification test and no in-
voluntary or mirror movements was noted. The testes were bilaterally descended with the volume of 0.5 ml on the left and 2 ml on
the right and pubic hair was consistent with Tanner 1 stage. The stretched penile length was approximately 3.5 cm.

Gonadotropin-releasing hormone (GnRH) stimulation test

The GnRH stimulation test was performed in the morning between 08:00 and 10:00 following a minimum of 8 h of overnight
fasting. Briefly, Gonadorelin® (BBCA Pharmaceutical, Anhui, China) was administered intravenous at a dosage of 100 pg. LH and
FSH were measured at 0, + 15, + 30, + 60, and + 120 min after the injection. The antecubital venous blood samples in the other
arm were obtained for the determination of LH and follicle-stimulating hormone (FSH) [5].

Human chorionic gonadotropin (hCG) stimulation test

The hCG stimulation test was performed in patient receiving intramuscular injection of hCG 2000 U on 5 consecutive days with
blood samples collected before the first dose of hCG (0 min) and after 24, 48, 72, 96, 120 h [6].

Chromosome analysis

G-band Karyotyping Analysis was performed as described previously and Karyotype integrity and band resolution of metaphase
chromosomes was determined according to the International System for Human Cytogenetic Nomenclature [7].

Clinical whole exome assay

Genetic testing was performed by BGI (Shenzhen, China) using high-throughput sequencing of whole exome sequencing and
mitochondrial genome sequencing utilizing Roche KAPA HyperExome and MGISEQ-2000 Sequencing Platform, and the data were
analyzed as described previously [8].

Results
Laboratory tests

The patient was found to be hypogonadotrophic with initial laboratory tests revealing a total testosterone of 0.40 nmol/L
(8.6-29.0), LH 0.25 IU/L (1.7-8.6), FSH 1.40 IU/L (1.5-12.4), estradiol < 5.00 pg/ml (11.3-43.2), testosterone 0.40 nmol/L
(8.6-29.0), progesterone 0.06 ng/ml ( <0.149), while prolactin was 13.96 ng/ml (3.86-22.8) and growth hormone was 2.09 ng/ml
(0.02-2.47). Upon GnRH stimulation test, peak LH was 2.62 IU/L and peak FSH was 5.08 IU/L (Fig. 1 A). The stimulation test with
hCG revealed that the peak testosterone was 0.89 nmol/L after 5 days of hCG injection (Fig. 1 B).

The patient’s hematological data revealed the hemoglobin level of 127 g/L (130-175 g/L) and the hematocrit of 37.7% (40-50%).
No significant abnormalities were observed in liver and kidney function including serum electrolytes urea, creatinine, alanine and
aspartate aminotransferases, alkaline phosphatase, conjugated and total bilirubin, as well as routine testing of urine and feces.

Imaging

The left wrist and hand x-rays revealed a bone age of 16 years and 6 months according to TW3-RUS and 15 years according to
TW3-Carpal (Fig. 2). Scrotal ultrasound showed small left testis (16.8 x 6.7 mm) and right testis (16.4 X 6.3 mm). Ultrasound ex-
amination showed both breasts have mammary gland-like echogenicity with diameters of 12.2 mm (left) and 12.9 mm (right) with
normal representation of skin and subcutaneous tissue. Prostate ultrasound showed the volume of prostate was small
(17 x16 x11 mm). No abnormalities were noticed on abdominal ultrasound examination including kidney, ureter and bladder.
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Fig. 1. Hormone levels. (A)GnRH stimulation test. (B)hCG stimulation test. (C)LH, FSH and testosterone levels before treatment and after 9 months of treatment.
Abbreviations: LH, luteinizing hormone; FSH, follicle-stimulating hormone; hCG, human chorionic gonadotropin.

Fig. 2. Bone age. The left hand and wrist x-rays indicated that his bone age was 16 years 6 months for TW3- RUS and 15 years 0 months for TW3-Carpal.

Contrast-enhanced MRI of the pituitary demonstrated an abnormal signal in the middle part of the pituitary gland (Fig. 3). Dual-
energy X-ray bone densitometry indicated his bone mineral density was below the expected value of the same age.

Genetic testing

Whole-exome sequencing showed that the NM_144773.2:c .533 G > C variant was detected in the PROKR2 gene of the patient
(Fig. 4), and the nucleotide at position 533 of the coding DNA was changed from guanosine to cytosine, leading to a mutation
changing a tryptophan residue at position 178 by serine (p.Trp178Ser).
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Fig. 3. MRI Imaging. Contrast-enhanced MRI of the pituitary demonstrated an abnormal signal in the middle part of the pituitary gland (marked with red arrow).

The NM_030964.3:c.423 A > C(p.Prol41 =) variant was detected in the SPRY4 gene of the patient (Fig. 4), the nucleotide at
position 423 of the coding DNA was changed from adenosine to cytosine nucleotide, and the corresponding amino acid at position
141 was not changed (proline).

The results of genetic testing in the patient's family showed that NM_144773.2:c .533 G > C (p.Trp178Ser) variant was detected
on the the PROKR2 gene of the patient's mother but not in his brother. Additionally, the NM_030964.3;c. 423 A > C;p.(Prol141 =)
variant was detected on the SPRY4 gene of both the patient's mother and the patient's brother (Fig. 4). However, no clinical man-
ifestations were observed in the patient's mother or brother.

Physiological and hormonal changes after treatment at follow-ups

The patient was clinically diagnosed with Kallmann syndrome and osteoporosis. Thus, Pulsatile GnRH Therapy was administered for
Kallmann syndrome to maintain a physiologic pattern of the hypothalamus-pituitary-testis axis, while calcium and vitamin D supple-
mentation followed by a single intravenous infusion of zoledronic acid were prescribed for osteoporosis based on the patient’s wishes.
The LH, FSH and testosterone levels were well elevated on follow-up in 1st, 3rd, 6th, and 9th month. The testes and penis gradually
increased in size, pubic hair grew, and the breasts were slightly and transiently enlarged in the process. After 9 months of treatment,
Tanner stage 3 genital development was observed in the patient with significant increases in LH (9.10 IU/L), FSH (17.17 IU/L) and
testosterone (8.16 nmol/L) levels (Fig. 1 C). Ultrasonography showed that the left and right testes were about 25.7 x 19.1 X 9.4 mm
and 25.0 X 18.4 X 9.9 mm, respectively. The patient had significantly increases in libido and ejaculation frequency with about 0.5-1 ml
of semen in a single ejaculation. Further evaluations will be conducted in the coming regular follow-ups.

Discussion

Hypogonadotropic hypogonadism and anosmia/hyposmia are typical features of Kallmann syndrome [1]. The presented 32-year-old
patient had delayed sexual development in adolescence and hypogonadotropic hypogonadism, accompanied by significant olfactory
hyposmia. The GnRH stimulation test showed a good pituitary response to GnRH. Heterozygous variants in PROKR2 and SPRY4 genes
were detected in both the patient and his mother, with a heterozygous variant in PROKR2also detected in his brother. However, no
clinical manifestations of hypogonadotropic hypogonadism and anosmia/hyposmia was observed in the patient's mother or brother.

Kallmann syndrome is widely considered to be related to disruption of GnRH neuronal migration and/or defective GnRH synthesis
and secretion [9]. In recent years, more and more studies imply the pathogenesis seems not fully understood [3]. The pathogenic
genes implicated in Kallmann syndrome include KAL1, NSMF, FGFR1, FGF8, FGF17, IL17RD, SPRY4, FLRT3, PROK2, PROKR2,
HS6ST1, CHD7, WDR11, SEMA3A and SOX10 [3,10]. The majority of Kallmann syndrome cases described are sporadic, some X-
linked recessive, autosomal dominant, and autosomal recessive modes of inheritance [11]. In this case, the presented patient ex-
hibited variants in PROKR2 and SPRY4 genes.

The pathogenicity of the NM_144773.2:c .533 G > C variant detected in the PROKR2 gene has been reported, according to the
ACMG Classification Criteria and Guidelines for Genetic Variants published by the American College of Medical Genetics and
Genomics (ACMG), the variant was judged to be a suspected pathogenic variant with the following evidence items [3,12-14]
(PS3 +PP3 +PP4. PS3: Variants that have been clearly shown to cause impaired gene function in in vivo and in vitro functional
experiments. PP3: Multiple statistical methods predicted that the variant would have deleterious effects on the gene or gene product,
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Fig. 4. Variants in the PROKR2 gene and SPRY4 gene. Whole-exome sequencing results showed that the NM_144773.2:c .533 G > C(p.Trp178Ser) variant in the
PROKR2 gene was detected in the proband and his mother, but not in his brother, and the NM_030964.3:¢.423 A > C(p.Pro141 =) variant in the SPRY4 gene in the
proband, his mother and his brother.

including conserved prediction, evolutionary prediction, splice site effects, etc. PP4: The phenotype or family history of the variant
carrier is highly consistent with a single gene genetic disorder). The PROKR2 gene ¢ .533 G > C(p.Trpl178Ser) variant, which is
recurrent in probands from east Asia (China, Japan, and South Korea), is considered as a suspected pathogenic mutation [14].
The SPRY4 gene c.423 A > C (p. (Prol41 =)) variant has never been reported to be pathogenic, and the significance of this
variant remains unclear. It is reported that the PROKR2 gene is inherited in an autosomal dominant manner [15]. The presented
patient has heterozygous variants in the PROKR2 gene ¢ .533 G > C(p.Trp178Ser) and clinical phenotype of hypogonadotropic
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hypogonadism, which was consistent with the report described by Zhao, Y. et al. [13]. In view that no pathogenicity of the
NM_030964.3:¢.423 A > C(p.Prol41 =) variant detected on the SPRY4 gene was reported, according to the ACMG guidelines, the
variant was judged as a variation of undetermined significance, according to the ACMG guidelines, with the following evidence items
(PM2: Variants weren’t found in normal control populations (or very low frequency loci in recessive genetic disorders) in the ESP
database, Thousands database, and EXAC database.). Noteworthy, It was reported that the SPRY4 gene was located on chromosome 5
and its heterozygous allelic variant (c .158 G > A, p.R53Q) is associated with anosmia and adult-onset isolated hyypogonadotropic
hypogonadism, which suggested that the variant could be inherited in an autosomal dominant manner [16].

Actually, a number of patients with Kallmann syndrome were sporadic, while many cases are clearly familial [17]. In this case, the
patient’s mother had a heterozygous variant at the same locus of the PROKR2 gene but was not associated clinical manifestations,
suggesting that the mutated gene might be incompletely penetrant in his mother. Some studies indicate that incomplete penetrance is
observed in FGFR1, PROK2, PROKR2, NDNF and PLXNA1 [12,18]. In addition, some studies show that variants in PROK2 or PROKR2
only could be asymptomatic, suggesting that these genetic variants might be incompletely penetrant [19]. In recent years, Kallmann
syndrome is increasingly widely considered to be an oligogenic disease, involving variants in more than one gene [4]. The combined
effects of oligogenic variants may be an important mechanism of incomplete penetrance of Kallmann syndrome [20]. Due to the high
genetic heterogeneity of Kallmann syndrome, the genetic pattern and pathogenesis of the causative genes are still under continuous
investigation [12,21]. Herein we tentatively put forward that the variants of PROKR2 and SPRY4 gene may contribute to the
Kallmann syndrome in the patients in an oligogenic manner either with or without other related genes, and incomplete penetrance
might be one of the important explanations of that no clinical manifestations were observed in the patient's mother or brother.
Anyhow, further research is necessary to confirm the hypothesis and to explore the potential mechanism involved.

The genetic complexity of congenital hypogonadotropic hypogonadism is reflected in its genetic heterogenity with mutations in a
number of genes, and different modes of inheritance involving X-linked, autosomal dominant and autosomal recessive. Incomplete
penetrance, variable expressivity, and oligogenicity in addition to the Mendelian modes of inheritance, makes the assessment of a
single variant’s pathogenicity and the synergistic effects between variants more challenging [1,22]. In the presented family, the
complexity and challenge is demonstrated, to which close attention should be paid in clinical management and genetic counseling.
The advent of high-throughput sequencing dramatically enhances the ability to detect multiple rare variants in a patient, which is of
great help in the precise genetic screening and subsequent management in families carry variants in genes associated with Kallmann
syndrome [1,12,23].

It should be noted that although the patient had an abnormal signal shadow in the middle portion of the pituitary gland, which
was considered to a possible pituitary micro adenoma, and no other hormonal abnormalities were observed in the pituitary gland, the
diagnosis of Kallmann syndrome was considered, but follow-up was absolutely necessary. Additionally, based on the challenges of the
display and identification of olfactory bulbs, olfactory tracts and olfactory grooves in conventional MRI, as well as the patient's
willingness, we were not able to present the olfactory bulbs, olfactory tracts and olfactory grooves of the patient clearly in a great
manner, which is considerably important and if possible more attention should be paid to, especially in clinical practice and academic
research in the future [24,25].

Notwithstanding these limitations, we tentatively put forward that the heterozygous variants in PROKR2 and in SPRY4 genes
might be crucial in the development of Kallmann syndrome in the present patient, and that no clinical manifestations were observed
in the patient's mother or brother might be attributed to incomplete penetrance of PROKR2 mutations and SPRY4 variants. More
attention should be paid and further research is necessary in further clinical practice and research.

Conclusions

The finding suggests incomplete penetrance of PROKR2 mutations and SPRY4 variants within the KS family studied, which
demonstrates the necessity to consider oligogenic inheritance and variable expressivity in KS, and for further research to fully
understand the genetic mechanisms involved.
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