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Aims

Wolfram Syndrome Spectrum Disorder (WFS1-SD), in its “classic” form, is a rare autosomal recessive disease with poor prognosis and wide phenotypic spectrum. Insulin dependent diabetes mellitus (DM), optic atrophy (OA) diabetes insipidus (DI) and sensorineural deafness (D) are the main features of WFS1-SD. Gonadal dysfunction (GD) has been described mainly in adults with variable prevalence and referred to as a minor clinical feature. This is the first case series investigating gonadal function in a small cohort of paediatric patients affected by WFS1-SD.





Methods

Gonadal function was investigated in eight patients (3 male and 5 female) between 3 and 16 years of age. Seven patients have been diagnosed with classic WFS1-SD and one with non-classic WFS1-SD. Gonadotropin and sex hormone levels were monitored, as well as markers of gonadal reserve (inhibin-B and anti-Mullerian hormone). Pubertal progression was assessed according to Tanner staging.





Results

Primary hypogonadism was diagnosed in 50% of patients (n=4), more specifically 67% (n=2) of males and 40% of females (n=2). Pubertal delay was observed in one female patient. These data confirm that gonadal dysfunction may be a frequent and underdiagnosed clinical feature in WFS1-SD.





Conclusions

GD may represent a frequent and earlier than previously described feature in WFS1-SD with repercussions on morbidity and quality of life. Consequently, we suggest that GD should be included amongst clinical diagnostic criteria for WFS1-SD, as has already been proposed for urinary dysfunction. Considering the heterogeneous and elusive presentation of WFS1-SD, this clinical feature may assist in an earlier diagnosis and timely follow-up and care of treatable associated diseases (i.e. insulin and sex hormone replacement) in these young patients.
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1 Introduction

Classic Wolfram Syndrome Spectrum Disorder (WFS1-SD) is a rare genetic condition with autosomal recessive transmission and an estimated prevalence of 1:160.000 - 1:770.000 (1, 2). WFS1-SD is caused by mutations in the gene encoding wolframin (WFS1), a protein primarily located in the endoplasmic reticulum (ER) (2). Consequent dysregulation in ER and cytoplasmic Ca2+ homeostasis seems to be the main process leading to apoptosis and degeneration involving β- and neural cells (3–7). Main clinical features of classic WFS1-SD include diabetes mellitus (DM) optic atrophy (OA) diabetes insipidus (DI), and sensorineural deafness (D), hence the acronym DIDMOAD (2, 8). Nonetheless, clinical presentation is extremely variable and often complicated by neurological, urological, psychiatric and other endocrine dysfunctions (2, 4, 8–10). To date, mutations of WFS-1 with dominant transmission have been described (11). Classified as non-classic WFS1-SD, these defects determine deafness (sometimes associated with milder optic atrophy), diabetes alone or congenital cataracts (5, 12, 13).

Currently, there is no treatment able to delay, stop, or reverse the natural history of disease (5). Novel and already marketed/repurposed drugs are being assessed as possible disease modifying agents (2, 5, 7).

Gonadal dysfunction, mainly hypogonadotropic hypogonadism, has been reported and is to date considered a minor clinical feature in WFS1-SD patients (14, 15). Hypergonadotropic hypogonadism has also been recently described (5, 14–18).The prevalence of both primary and secondary hypogonadism in WFS1-SD varies widely from different reports, ranging from 7.1% to almost 30% (16, 19, 20).

To date, gonadal failure has been observed more frequently in young male adults with heterogeneous manifestations. In males, associated features described with hypogonadism included atrophic testes, small penis, erectile dysfunction, gynecomastia and poor secondary sexual characteristics (2, 5, 15, 17, 19, 21). Females may often generally present with primary amenorrhoea (22). Interestingly, the first case of primary hypergonadotropic hypogonadism in a female patient with confirmed WFS1-SD has been recently described in a 16 year adolescent (23). Pubertal delay is often observed in WFS1-SD adolescents alongside growth delay due to hypopituitarism (15, 23). Nevertheless, cases of successful pregnancy and delivery exist and first reports of male fertility date back to a decade ago (15, 24, 25).

The aim of our study was to assess gonadal function in a small cohort of eight paediatric patients (3 male and 7 female) with WFS1-SD undergoing regular follow-up at IRCCS San Raffaele Hospital in Milan.




2 Materials and methods



2.1 Population

Our study group includes eight patients between 3 and 16 years old. Seven patients have been diagnosed with genetically confirmed classic WFS1-SD and one (the youngest female) non-classic WFS1-SD. All patients are currently undergoing an off-label treatment with subcutaneous liraglutide alongside classic treatments required for diseases associated with the syndrome (i.e. insulin therapy, growth hormone replacement therapy). Patients 1 to 4 were previously included in a published case series assessing safety and tolerability of liraglutide in paediatric WS (26)




2.2 Diagnostic assessment

Hypothalamic-pituitary-gonadal axis was assessed by serum gonadotropin (luteinizing hormone, LH and follicle-stimulating hormone, FSH) and sex hormones (testosterone in males and oestrogen in females) 1evels. Serum anti-Mullerian hormone (AMH) and inhibin-B (INHBB) were assessed in male and female patients respectively to investigate Sertoli cell function and ovarian reserve (27–30). LH, FSH, testosterone, oestradiol and AMH in patients serum were measured by electrochemiluminescence (ECLIA) using an automated analyzer (Roche COBAS®). Inhibin-B serum concentration was assessed by automated enzyme-linked immunosorbent assay (DYNEX DSX™ Automated ELISA).

Pubertal development was assessed according to Tanner staging (A, axillary hair; PH, pubic hair; G, male external genitalia; B, female breast) (31).





3 Results



3.1 Case description

Patient 1 (male) presented with hyperopia and astigmatism at age 6. Shortly after, he developed bilateral neurosensorial hearing loss requiring use of hearing aids. He was diagnosed with non-autoimmune type 1 diabetes (naT1D) at age 6.7 years old and started treatment with multiple daily insulin injections (MDI). WFS1-SD diagnosis was confirmed by genetic analysis showing a double heterozygous WFS1 gene variant (c.409_424dup16; p.Val142fs∗251 and c.1628T>G; p.Leu543Arg). At the age of 8.3 years, diabetes insipidus was diagnosed and treatment with desmopressin was started. Magnetic resonance imaging (MRI) showed OA and mild brainstem hypoplasia.

Patient 2 (female) had an unremarkable medical history except for transient mild speech delay. T1D was diagnosed at age 5.2 years. At age 8.7 years, genetic analysis identified two previously unreported likely pathogenic variants (c.316-1G>A; c.757A>T and p.Lys253Ter; splice site disruption and premature stop codon respectively). MRI showed slight atrophy of brainstem and optic nerves.

Patient 3 (male) had an unremarkable past medical history except for a transient mild motor delay. T1D was diagnosed at 9 years. Genetic confirmation of WFS1-SD was established by NGS (Next Generation Sequencing) showing a double heterozygous missense variant (c.605A>G; p.Glu202Gly and c.1289C>T; p.Ser430Leu). Optical coherence tomography (OCT) scans highlighted OA at 10.7 years of age, later confirmed by MRI.

Patient 4 (male) had a prior unremarkable medical history and was diagnosed with T1D at age 12.3 yrs. Aged 13.4, OA was confirmed at OCT scan. Gene sequencing revealed heterozygous WFS1 variants resulting in a premature stop codon and missense mutation (c.387G>A; p.Trp129 and c.1675G>C; p.Ala559Pr respectively). Reduce volume of brainstem at MRI was found.

Patient 5 (female, sister of patient 3) underwent NGS analysis at age of 10.8 years after her brother’s diagnosis and the same WFS1 gene variants were confirmed. Interestingly, sequencing also reported missense heterozygous variant (c.778G>C; p.Glu260Gln) of paternal inheritance in KCNQ4 gene, associated with neurosensorial hearing loss. Her past medical history included hyperopia and strabismus requiring corrective lenses, diagnosis of bilateral congenital hypoacusia at 7.3 years of age requiring hearing aids and mild speech delay for which she underwent speech therapy. Bilateral optic nerve, pons and cerebellar atrophy were found on MRI assessment at age 10.8. At age of 11.7 years glucose intolerance was observed at mixed meal tolerance test (HbA1c 31 mmol/mol; 5%).

Patient 6 (female) presented with progressive neuromotor delay since birth and bilateral congenital cataract treated with surgery at 1.1 years. Shortly after naT1D was diagnosed, NGS analysis showed a de novo heterozygous WFS1 gene mutation (c2425G>A, p.Glu809Lys), previously described as pathogenetic in autosomal dominant non-classic WFS1-SD. At 3.1 years severe neurosensorial hearing loss was diagnosed and hearing aids were prescribed. Patient 6 was then referred to our centre, where an advanced hybrid closed loop system was started. Growth hormone deficit was also diagnosed and replacement therapy was started. Brain MRI showed a normal pituitary gland.

Patient 7 (female) had an unremarkable past medical history until 5.5 years of age when she presented with progressive visual impairment. OA was found at OCT assessment and genetic analysis for Leber optic atrophy was negative. At the age of 8.7 years classic WFS1-SD was diagnosed (two heterozygous variants, c.108delG in exon 2 and c.2206G>A in exon 8). At the same timepoint she presented fasting hyperglycaemia (300 mg/dl) and increased haemoglobin A1c (9.8%). The patient was transferred to our Centre for follow-up and treatment

Patient 8 (female) was born from consanguineous parents. T1D was diagnosed at 4.2 years in her country of origin (Egypt). Afterwards, her medical history was complicated by bilateral cataracts (5.5 years of age) for which she underwent surgical correction. Genetic analysis performed at 9 years of age showed the presence of a single likely pathogenic homozygous variant in WFS1 (c.2140G>C, p.Asn714Asp) confirming classic WFS1-SD. Screening for associated diseases showed mild sensorineural hearing loss. The girl was referred to our centre for periodic follow-up

Table 1 summarizes patient genotype and WFS1-SD related phenotype.


Table 1 | General pathognomonic characteristics of WFS and genetic mutations of all patients.






3.2 Gonadal assessment

Patient 1 showed an increased value of LH and FSH first at 12 years and 8 months of age, confirmed at yearly clinical follow-up (see Table 2). Clinical examination showed a regular progression of pubic hair and genital virilisation (according to Tanner staging). However, testicular volumes remained lower than expected for age and pubertal staging (4 cc bilaterally at last evaluation; 15 yo) and inhibin-B still remained unmeasurable. Hormonal exams were diagnostic for hypergonadotropic hypogonadism, and testosterone levels are being assessed on regular follow-up to evaluate the need for testosterone replacement therapy (see Table 2).


Table 2 | Gonadal and endocrinological assessment of all patients.



Patient 2 presented a pubertal delay, with first evidence of breast budding around 13 years of age. Periodical laboratory assessment showed prepubertal LH, FSH and oestradiol values compatible with Tanner staging until the last follow-up (13 years and 8 months), when pubertal progression was clinically evident (Tanner stage: A2, B2, PH3) with concomitant gonadotropin rising. However, at the same age, serum AMH values were still in the lower range, possibly suggesting a early-stage primary ovarian insufficiency (POI; see Table 2).

Patient 3 presented a normal progression of pubertal development, but a testicular asymmetry, with a right testis of 5 cc and left testis of 12 cc at 13 years and 8 months of age. The ultrasound of the right testis, performed at the same timepoint, showed initial signs of fibrosis of the seminiferous tubules. Gonadotropins, testosterone, inhibin-B and AMH values remained normal for age and pubertal stage duwholeg the all follow-up (12 y 4 m – 14 y 6 m, see Table 2).

Patient 4 showed an increased value of LH and FSH first at 14 years of age, confirmed at yearly clinical follow-up (see Table 2). Clinical examination showed a regular progression of pubic hair and genital virilisation (according to Tanner staging). However, testicular volumes remained lower than expected for age (4 cc) and pubertal staging and inhibin-B still remained unmeasurable at last evaluation (16 year old). Hormonal exams were diagnostic for hypergonadotropic hypogonadism, but testosterone levels always remained in the normal range for age and pubertal stage, with no currently need for hormonal replacement therapy (see Table 2)

Patient 5 showed normal progression of pubertal development with appropriate gonadotropin and AMH values for age and sex at all timepoints (10 y 10 m, 11 y 8 m and 12 y 1 m; see Table 2).

Patient 6 showed an increased value of LH and FSH since the first evaluation at 3 years and 3 months of age (see Table 2). Hormonal exams, performed at the same age and repeated 6 month later, were diagnostic for early hypergonadotropic hypogonadism and AMH values confirmed the diagnosis of primary ovarian insufficiency at a very early age (see Table 2).

Patient 7, assessed at 8 year and 8 months of age, was prepubertal. Serum gonadotropins and AMH values were normal for age and sex. (see Table 2).

Patient 8 showed an increased value of LH and FSH since the first evaluation at almost 10 years of age (see Table 2). Hormonal exams, performed at 9 years and 11 months of age, were diagnostic for early hypergonadotropic hypogonadism and AMH values confirmed the diagnosis of premature ovarian insufficiency (see Table 2).

Figures 1–5 show trends of AMH in males and females, Inhibin B, and gonadotropins respectively.




Figure 1 | Trend of anti-Mullerian hormone in males. # stands for “patient”.






Figure 2 | Trend of anti-Mullerian hormone in females. # stands for “patient”.






Figure 3 | Trend of inhibin-B in males. # stands for “patient”.






Figure 4 | (A) Trend of the Luteinizing hormone in males. (B) Trend of the Luteinizing hormone in females. # stands for “patient”.






Figure 5 | (A) Trend of Follicle-stimulating hormone in males. (B) Trend of Follicle-stimulating hormone in females. # stands for “patient”.







4 Discussion



4.1 Gonadal dysfunction: an underrated clinical feature

Clinical presentation in WFS1-SD is often complicated by neurological, urological, psychiatric and other endocrine dysfunctions. Some of the features are under-recognized despite their significant repercussions on prognosis. In particular, among endocrinological problems, gonadal dysfunction has been described in affected patients and referred to as a suggestive clinical feature and is therefore not included in major nor minor diagnostic criteria. Cases of hypogonadotropic hypogonadism due to hypopituitarism and hypothalamic dysfunction have been classically reported since the first patient described by Wolfram in 1938 (14, 15). Nonetheless descriptions of both primary and secondary hypogonadism are increasingly found in literature (14–18). The prevalence of hypogonadism in WFS1-SD patients varies widely from different reports. Salzano et al. analysed clinical findings in 14 patients with WFS1-SD and reported a prevalence of 7.1% for both hypogonadotropic hypogonadism and hypergonadotropic hypogonadism (16). A Spanish study on a cohort of 50 individuals observed hypogonadism in 27.8% of them (19). Simsek et al. described gonadal failure in about a third of WFS1-SD cases (20). Importantly, the low prevalence of the disease and heterogeneous clinical presentation makes it difficult to establish an accurate frequency of associated manifestations. Gonadal dysfunction may manifest subtly and variably as well. To date, gonadal failure has been observed more frequently in young male adults with heterogeneous clinical features (atrophic testes, small penis, erectile dysfunction, gynecomastia and poor secondary sexual characteristics) (2, 5, 15, 16, 19, 21). Females may often present primary amenorrhoea with low gonadotropins (secondary hypogonadism) and a review from 2018 describes normal ovarian function in female WFS1-SD patients (22). The reason for differences in gender in term of gonadal function is yet to be elucidated. Interestingly the first case of primary hypergonadotropic hypogonadism in a female patient with confirmed WFS1-SD diagnosis has been recently described in a 16 year adolescent (23). Moreover, pubertal delay is often observed in WFS1-SD adolescents alongside with growth delay due to concomitant hypopituitarism (15, 23). Nevertheless examples of successful pregnancy and delivery have been described and first reports of male fertility date back to 2013 (15, 24, 25).




4.2 Pathogenesis of gonadal dysfunction in WFS1-SD

Hypogonadism in Wolfram patients has been classically attributed to hypothalamic dysfunction (secondary or hypogonadotropic hypogonadism). However, recent reports have suggested that primary hypogonadism (hypergonadotropic hypogonadism) may also be part of the spectrum (14, 15, 32). Currently, the pathogenetic mechanism underlying primary gonadal failure observed in some patients remains unclear and cannot possibly be attributed to neurodegeneration or uncontrolled diabetes. However, a first hypothesis about wolframin’s role in gonadal failure has been suggested. Noormets et al. investigated the role of WFS1 gene in infertility using a murine model (33). They generated WFS1-deficient (WFS1KO) male mice and showed that reduced fertility may be related to changes in sperm morphology and reduced number of spermatogonia and Sertoli cells. On the contrary, Leydig cell number and morphology, serum testosterone and FSH concentrations did not differ between WFS1KO mice and wild-type. It is yet unclear whether wolframin underexpression impairs spermatogenesis by consequently increasing ER-stress and spermatogenic cell apoptosis. Further research is needed to clarify the mechanism through which WFS1 mutations affect gonadal cells function. Das et al. enrolled and studied clinical progression in five patients (three males, two females) with genetically confirmed WFS1-SD at a single tertiary care centre in India (17). They observed pubertal delay in 60% of patients, with primary amenorrhoea (with low gonadotropins) in both female patients (one requiring hormone therapy for pubertal initiation) and primary gonadal failure in two of the three male patients. Both of the latter showed elevated levels of gonadotropins at hormonal analysis and hormonal replacement therapy was started. Testicular biopsy revealed partly hyalinised seminiferous tubules and prominence of Leydig cells. Immunohistochemical analysis confirmed the presence of mutated wolframin, which was not significantly different from normal testis specimens on protein quantification. This may suggest gonadal cell toxicity possibly mediated by a dysfunctional protein and consequent ER-stress, as extensively described for β-pancreatic and neural cells. Although data is currently scarce, the recently proposed association between severe phenotypes and mutations causing intracellular retention, rather than loss of protein, may be suggested by reported gonadal findings (21).

These data highlight significant differences between WFS1-SD human patients and evidence from mice models with regard to laboratory and histological findings.




4.3 Our cohort

To our knowledge this is the first case series investigating gonadal function in paediatric patients suffering from WFS1-SD.

Despite the small cohort, consistent with the rareness of WFS1-SD, primary hypogonadism was diagnosed in 50% of patients (n=4), more specifically 67% (n=2) of males and 40% of females (n=2). These data confirm that gonadal dysfunction may be a frequent and underdiagnosed clinical feature in WFS1-SD. In particular, hypergonadotropic hypogonadism seems to be more common than previously described, involving both male and female patients. Underdiagnosis may have previously been due to short life expectancy and other more life-threatening, life-worsening, and therefore alluring clinical features.



4.3.1 Gonadal dysfunction seems more frequent in males than in females

Patient 1 and Patient 4 were diagnosed with hypergonadotropic hypogonadism with a concomitant undetectable level of inhibin B, highlighting the early dysfunction of Sertoli cells, which may therefore be more affected than testosterone producing Leydig cells. In fact, patient 1 showed normal testosterone until the age of 14 years and Patient 4 had normal testosterone at the latest follow-up.

Patient 3 had a normal hormonal assessment (LH, FSH and inhibin B values) and pubertal progression. Interestingly patient 3 is the male sibling of the female Patient 5, who also presented a normal hormonal assessment including AMH and pubertal progression, suggesting a normal ovarian reserve for age and sex. This may suggest that there is a specific genotype-phenotype correlation with gonadal dysfunction but further studies on larger populations are needed to confirm this hypothesis.

Our data suggest that primary hypogonadism occurs more frequently and at a younger age in female subjects than their male counterparts. This may suggest that ovarian tissue may be more affected by wolframin dysfunction than testicular tissue.

Only one case of female primary gonadal failure in patients affected by WS has been described in literature so far, as reported by Jodoin et al. in a young adolescent patient (23). To determine if a correlation between the genotype and the type and onset of clinical manifestations in WS exists, also including sexual development issues, is complicated by the rarity of the disease.

Our experience suggests that hypergonadotropic hypogonadism in WS1 is more frequent than previously reported. Furthermore, this clinical feature seems to be even more common than hypogonadotropic hypogonadism, contrary to what has been previously described.






5 Conclusions

Our case series suggests that gonadal dysfunction, with potentially significant morbidity and impaired quality of life, represents a frequent and early clinical feature in WFS1-SD. The mechanisms underlying wolframin defects and gonadal failure and possible phenotype-genotype correlations have yet to be clarified. Since gonadal function appears to be a significant, not just “suggestive” feature of the disease, our proposal is that gonadal dysfunction should be included amongst clinical diagnostic criteria, as has already been proposed for urinary dysfunction (18, 34). Early diagnosis of hypogonadism may assist in an earlier clinical suspect, allowing timely diagnosis and follow-up and care of treatable associated diseases in these young patients, including hormonal replacement therapy when needed (35, 36). Periodical assessment of gonadal function and pubertal development in every patient affected by WFS1-SD is therefore also fundamental, starting from very early age. Considering that WFS-1 mutations have been described in patients with subtle clinical features and that signs and symptoms of WFS1-SD are extremely variable, the existence of patients with gonadal dysfunction as the only presenting sign cannot be ruled out. Currently, the presence of two pathological mutations in WFS1 is considered a sufficient criteria for diagnosis (according to EUROWABB guidelines) (37). Therefore, the presence of gonadal dysfunction alongside other WFS1-SD clinical features should be a significant lead towards genetic testing.
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