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phenotype.6 On the other hand, mutations in genes linked to GnRH 
synthesis and secretion, such as gonadotropin-releasing hormone 
1 (GNRH1), KiSS-1 metastasis suppressor (KISS1), KISS1 receptor 
(KISS1R), tachykinin precursor 3 (TAC3), leptin (LEP), and leptin 
receptor (LEPR),7 give rise to the nCHH phenotype. Causative gene 
variants have been identified in nearly 50% of CHH cases,5 with 
roughly 10% of patients having pathogenic variants in FGFR1 as the 
underlying cause.8

The FGFR1 gene, located on chromosome 8p11.23, comprises 18 
exons and encodes the FGFR1 receptor protein, which belongs to the 
receptor tyrosine kinase (RTK) superfamily.9 The FGFR1 protein is 
composed of 822 amino acids and exhibits wide expression throughout 
various tissues (Uniprot: P16092). It is structurally organized from the 
amino-terminus to the carboxyl-terminus, consisting of an extracellular 
domain, a transmembrane domain, a juxta-membrane (JM) region, 
and an intracellular catalytic TK domain (TKD). The extracellular 
domain encompasses three extracellular immunoglobulin (Ig)-like 
domains (D1–3), with an acidic box (AB) positioned between the first 
and second Ig-like loops10. Importantly, FGFR1 signaling has been 

INTRODUCTION
Congenital hypogonadotropic hypogonadism (CHH) represents a rare 
disorder capable of disrupting the natural progression of puberty and 
fertility.1 This condition results from a diminishment in the quantity of 
gonadotropin-releasing hormone (GnRH) neurons and aberrations in 
both the secretion and function of GnRH. The prevalence of this disease 
is approximately 1 in 8000 for males, though it is lower for females.2 
When CHH is accompanied by symptoms of hyposmia or anosmia, 
it is commonly referred to as Kallmann syndrome (KS).3 Those CHH 
patients who possess an intact sense of smell are characterized as 
normosmic CHH (nCHH) patients.4

Thus far, over 30 genes have been implicated in the pathogenesis 
of CHH.5 Gene mutations, including those in Kallmann syndrome 1 
(KAL1), fibroblast growth factor 8 (FGF8), fibroblast growth factor 
17 (FGF17), NMDA receptor synaptonuclear signaling and neuronal 
migration factor (NSMF), interleukin 17 receptor D (IL17RD), and 
prokineticin receptor 2 (PROKR2), have the potential to affect the 
development, differentiation, and migration of GnRH neurons from 
the olfactory epithelium to the hypothalamus, leading to the KS 
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demonstrated to play a pivotal role in the development of the olfactory 
system, as well as in the migration, differentiation, and survival of 
GnRH neurons.11

FGFR1 mutations were first identified in KS patients in 2003, and it 
was later found that these mutations can also give rise to nCHH.12,13 In 
addition to reproductive system-related symptoms, individuals bearing 
pathogenic FGFR1 variants exhibit a spectrum of other clinical features, 
including anosmia, hearing impairment, and skeletal anomalies.14 A 
substantial number of over 140 FGFR1 variants have been documented 
in CHH patients.6 However, due to the complex pathogenesis of CHH, 
the clinical manifestations associated with these mutations are quite 
diverse. Furthermore, FGFR1 mutations can either be inherited from 
a parent or arise sporadically, potentially resulting in distinct clinical 
manifestations.12,15 The difference in clinical manifestations and the 
response to spermatogenesis therapy between inheritance and de 
novo groups, have not been extensively investigated. This research 
seeks to explore the inheritance patterns of FGFR1 gene mutations 
and subsequently compare the clinical manifestations and response to 
spermatogenic treatment between these two distinct groups.

PATIENTS AND METHODS
Patients
This study enlisted a cohort comprising 210 unrelated Chinese CHH 
patients, who had been admitted to Peking Union Medical College 
Hospital (Beijing, China) between May 2013 and May 2021. The 
diagnostic criteria employed for CHH included the following: (a) the 
absence of pubertal development by the age of 18 years for males and 16 
years for females; (b) in males, a serum testosterone level ≤100 ng dl−1, 
or estradiol level ≤25 pg ml−1 in females, while concurrently presenting 
low levels of serum gonadotropin; (c) the normalcy of other anterior 
pituitary hormones; and (d) the absence of anomalies in hypothalamic–
pituitary region magnetic resonance imaging (MRI). In cases where 
anosmia symptoms were evident, a diagnosis of KS was established.16 
Ethical approval for the study was granted by the Ethics Committee of 
Peking Union Medical College Hospital (Approval No. JS-2111), and 
comprehensive informed consent was obtained from all participating 
individuals.

Clinical data
Age, body mass index (BMI), history of cryptorchidism, testicular 
volume (TV), history of testosterone replacement therapy before 
spermatogenesis therapy, time required for sperm appearance, as well 
as luteinizing hormone (LH), follicle-stimulating hormone (FSH), 
and testosterone levels during treatment in male CHH patients with 
FGFR1 mutations were retrospectively reported. Testicular size was 
measured using an orchidometer by clinical specialists, and the mean 
bilateral testicular volume was used for data analysis. Seminal samples 
were collected via masturbation, and the successful induction of 
spermatogenesis in CHH patients was defined as the presence of at 
least one sperm visible under a microscope following the centrifugation 
of the seminal sample.17

Molecular genetic analysis
Genomic DNA was extracted from peripheral leukocytes obtained 
from 210 CHH patients using the QIAGEN Midi Blood kit (QIAGEN, 
Hilden, Germany) and subsequently subjected to sequencing with the 
high-throughput sequencing system (Illumina Nextseq 500; Illumina, 
Inc., San Diego, CA, USA). A next-generation sequencing panel 
including 97 CHH-related genes (www.hgmd.cf.ac.uk/) was used in this 
study. The reference genome version employed was GRCh37/HG19. 
Additionally, 1000g2015aug_all, ESP6500 (NHLBI Exome Sequencing 

Project), EXAC (The Exome Aggregation Consortium), and ExAC-
EAS (EXAC about 4000 East Asians) databases were also referenced. 
The sequencing results underwent BLAST analysis, and candidates 
were selected with reference to the following sequences: GenBank 
NG_007729 (FGFR1, genomic DNA [gDNA]), NM_023110.2 (FGFR1, 
complementary DNA [cDNA]), NP_075598.2 (FGFR1, protein), and 
the Human Gene Mutation Database (HGMD). Sanger sequencing was 
performed on both patients and their parents to validate and trace the 
origins of FGFR1 mutations.

Pathogenicity analysis
1000g2015aug_all,18 GnomAD,19 and GERP20 were used to evaluate 
the frequency of mutations and the conservation of mutated amino 
acids. The pathogenicity of newly discovered rare missense variants 
was determined using the American College of Medical Genetics 
and Genomics (ACMG) standards21 in conjunction with the results 
obtained from six in silico tools, namely SIFT,22 PolyPhen-2,23 Mutation 
Taster,24 REVEL,25 M-CAP,26 and LRT,27 to evaluate the pathogenicity 
of FGFR1 mutations. If a variant initially identified was not in NCBI 
dbSNP, Ensembl, Exome Variant Server, and 500 normal Chinese 
controls, or if the allele frequency was <0.0003 in the aforementioned 
databases and three or more in silico tools predicted pathogenicity, the 
variant was categorized as likely pathogenic (LP). This classification 
implies a high probability of pathogenicity at the gene function level, 
potentially leading to clinical manifestations.

For splicing site mutations, pathogenicity was assessed with the 
aid of two in silico tools, SPIDEX28 and Splice Site Score Calculation.29 
If a mutation consistently received a pathogenic judgment from both 
in silico tools, it was designated as LP.

Statistical analyses
Data analysis was conducted using SPSS version 26.0 (SPSS Inc., 
Chicago, IL, USA). Normally distributed data were presented as mean 
± standard deviation (s.d.), while nonnormally distributed data were 
expressed as median values (quartiles). Data comparison between the 
inheritance and de novo groups, in the case of normally distributed 
data, was executed using the nonpaired t-test. For nonnormally 
distributed data, differences between the two groups were assessed 
using nonparametric tests. The comparison of rates between groups 
was accomplished with the Fisher’s exact test. Statistical significance 
was defined as a two-sided P < 0.05.

RESULTS
Gene variant and in silico analysis
Nineteen CHH patients, with a male-to-female ratio of 15 to 4, 
presented a spectrum of FGFR1 variants, encompassing 10 KS and 
9 nCHH cases. These variants exhibited a broad distribution across 
the entire FGFR1 gene (Figure 1a) and were distributed across nearly 
all functional domains of FGFR1 (Figure 1b). Reference sequences 
for FGFR1 cDNA and protein are NM_023110.2 and NP_075598.2, 
respectively. Among these variants, three had been previously reported 
in CHH patients: p.V273M,30 p.P366L,31 and p.R424H.32 The remaining 
16 variants were characterized as novel rare variants, comprising 
eight missense variants (G260R, V358F, T761I, L326F, S125L, M1I, 
R80C, and P702T), and eight likely truncating variants, which 
included frameshift, splice site, and nonsense mutations (c.536delC, 
c.838dupT, c.2226dupA, c.54_55del, c.1854+1G>C, c.359-1G>A, 
c.250_264delGAGGAGGTGGAGGTG, and c.325_342delAGTGAC
ACCACCTACTTC), as shown in Supplementary Table 1. Notably, 
one variant (P366L) was observed in two patients, and a single patient 
harbored two rare FGFR1 variants (L326F and S125L).
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The analysis of pathogenicity for the 11 single-nucleotide substitution 
mutants is summarized in Table 1, while the analysis of pathogenicity for 
the 2 splice site mutants is presented in Table 2. According to the ACMG 
classification, five novel missense variants (T761I, L326F, S125L, R80C, 
and P702T) were categorized as variants of uncertain significance (VUS). 
Two mutants (G260R and M1I) were identified as LP, and one mutant 
(V358F) was deemed pathogenic. Notably, all variants garnered pathogenic 
classifications from more than three out of six in silico tools (Table 1).

An FGFR1 protein alignment, facilitated by GERP, revealed the 
strict conservation of all amino acids at the identified loci in this 
study (Table 1).

In summary, novel LP variants were categorized into three 
groups: missense variants (n=8), including G260R, V358F, 

T761I, L326F, S125L, M1I, R80C, and P702T; splice site variants 
(n=2), namely c.1854+1G>C and c.359-1G>A; and insertions or 
deletions (n=6), including c.536delC, c.838dupT, c.2226dupA, 
c .54_55del ,  c .250_264delGAGGAGGTGGAGGTG,  and 
c.325_342delAGTGACACCACCTACTTC (Supplementary Table 2). 
In total, our clinical study identified sixteen novel LP variants among 
19 CHH patients, including 15 males and 4 females.

FGFR1 mutants inheritance mode
Eleven patients displayed mutations of inherited origin, constituting 
the inheritance group, while 8 patients manifested de novo mutations, 
forming the de novo group. It is noteworthy that all frameshift 
mutations exclusively occurred in the de novo group (Table 3).

Table  1: Pathogenicity analysis of rare single‑nucleotide variants of fibroblast growth factor receptor 1 (FGFR1) in congenital hypogonadotropic 
hypogonadism patients

Site Nucleotide Amino 
acid

Hom/
het

Novel GnomeAD 1000g2015aug_
all

ACMG Clinvar SIFT PolyPhen_2 MutationTaster REVEL M-CAP LRT GERP

Exon 7 c.778G>C G260R Het Yes − − LP − + + + ++ ++ + +

Exon 8 c.1072G>T V358F Het Yes − − P − + + + ++ ++ + +

Exon 17 c.2282C>T T761I Het Yes − − UC − − − + − ++ + +

Exon 8 c.976C>T L326F Het Yes − − UC − + + + ++ ++ + +

Exon 8 c.374C>T S125L Het Yes 0.00001 − UC − + − + − ++ + +

Exon 2 c.3G>A M1I Het Yes − − LP − + − + − ++ − +

Exon 3 c.238C>T R80C Het Yes 0.000004 − UC − − + + − ++ + +

Exon 7 c.817G>A V273M Het No 0 − LP LP + + + ++ ++ + +

Exon 9 c.1271G>A R424H Het Yes 0.00003 0.0003 UC − + − + − ++ + +

Exon 16 c.2104C>A P702T Het Yes − − UC − + + + + ++ + +

Exon 9 c.1097C>T P366L Het No − − UC LP + − + − ++ + +

Exon 9 c.1097C>T P366L Het No − − LP LP + − + − ++ + +

In SIFT column, +: damaging; −: tolerated. In PolyPhen_2 column, +: probably damaging; −: benign. In MutationTaster column, +: disease causing. In REVEL column, ++: pathogenic; 
+: likely pathogenic; −: uncertain. In M‑CAP column, ++: pathogenic. In LRT column, +: deleterious; −: neutral. In GERP column, +: conserved. In nucleotide column, G: guanine; 
C: cytosine; T: thymine; A: adenine. In amino acid column, G: glycine; R: arginine; V: valine; F: phenylalanine; T: threonine; I: isoleucine; L: leucine; S: serine; M: methionine: C: cysteine; 
H: histidine; P: praline; Y: tyrosine; Q: glutamine; E: glutamic acid; D: aspartic acid. In Hom/het column, hom: homozygous; het: heterozygous. In ACMG column, P: pathogenic; LP: likely 
pathogenic; UC: uncertain. In Clinvar column, LP: likely pathogenic. In GnomeAD and 1000g2015aug_all columns, −: unknown. ACMG: American College of Medical Genetics and Genomics

Figure 1: (a) Distribution of rare variants in the FGFR1 gene. (b) Distribution of rare variants across the FGFR1 protein. Recurrent variants are in black. Novel 
variants are in red. Likely pathogenic variants are represented in regular font. In words with “c.”, G: guanine; C: cytosine; T: thymine; A: adenine. In others, 
G: glycine; R: arginine; V: valine; F: phenylalanine; T: threonine; I: isoleucine; L: leucine; S: serine; M: methionine: C: cysteine; H: histidine; P: praline;Y: 
tyrosine; Q: glutamine; E: glutamic acid; D: aspartic acid. FGFR1: fibroblast growth factor receptor 1.

b

a
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Clinical characteristics
Eighteen patients carrying mutations in FGFR1 were included 
in this study to investigate the association between the type 
of variants and specific symptoms. Notably, hearing loss was 
exclusively observed in patients harboring frameshift mutations 
(Supplementary Table 3). Among the 14 male patients, 8 were 
classified in the inheritance group, while 6 belonged to the de novo 
group. The incidence of cryptorchidism displayed a somewhat 
lower trend in the inheritance group compared to the de novo group 
(25.0% vs 33.3%). Patients with short stature and hearing loss were 
solely found in the de novo group. The baseline testicular volume 
was greater in the inheritance group (2.3 ml vs 1.6 ml). Moreover, 
the inheritance group appeared to exhibit higher levels of LH (mean 
± s.d.: 0.5 ± 0.4 IU l−1 vs 0.2 ± 0.1 IU l−1) and testosterone (mean ± 
s.d.: 1.3 ± 1.0 nmol l−1 vs 0.9 ± 0.3 nmol l−1) than the de novo group 
(both P>0.05). Furthermore, the FSH levels were notably higher 
in the inheritance group (mean ± s.d.: 1.0 ± 0.5 IU l−1 vs 0.5 ± 0.2 
IU l−1; P = 0.03; Table 4).

Among the four female patients, two were allocated to the 
inheritance group, and two to the de novo group. Patients with anosmia 
and skeletal abnormalities were exclusively identified in the inheritance 
group, whereas short stature was observed solely in the de novo group 
(Supplementary Table 4). Analogous to male patients, the inheritance 
group displayed elevated levels of LH (0.4 IU l−1 vs 0.3 IU l−1), FSH 
(2.0 IU l−1 vs 0.4 IU l−1), and estradiol (18.5 pg ml−1 vs 17.0 pg ml−1) in 
comparison to the de novo group.

Treatment and spermatogenesis outcomes
Among the 14 male patients, four with deleterious mutations in 
FGFR1 (V273M, T761I, c.1854+1G>C, and Q743Tfs*57) underwent 
testosterone-only treatment, while ten patients (six in the inheritance 
group and four in the de novo group) received sperm-inducing 
therapy due to their initial inability to ejaculate. Following treatment, 
significant increases were observed in testicular volume (mean ± s.d.) 
from 2.6 ± 1.3 ml to 6.6 ± 3.9 ml, P < 0.05) and sperm concentration.

For patients receiving human chorionic gonadotropin and human 
menopausal gonadotropin (hCG/HMG) treatment, successful sperm 
production was observed in two patients from the inheritance group, 
while one patient from the de novo group did not achieve this outcome. In 
contrast, among patients subjected to pulsatile GnRH therapy, successful 
spermatogenesis was observed in 3 out of 4 patients from the inheritance 
group and 2 out of 3 patients from the de novo group (Table 5).

In summary, sperm-inducing therapy proved effective in 
enhancing ejaculation capability, increasing testicular volume, and 
potentially improving spermatogenesis. Of note, 5 patients (83.3%) 
in the inheritance group and 2 patients (50.0%) in the de novo 
group achieved successful spermatogenesis. The final testicular 
volumes (mean ± s.d.) for the inheritance and de novo groups were 
7.0 ± 4.6 ml and 5.5 ± 0.7 ml, respectively. The average follow-up 
durations for the inheritance and de novo groups were 18.8 months 
and 9.5 months, respectively (Supplementary Table 5).

Furthermore, it is worth highlighting that pulsatile GnRH therapy 
appeared to require less time to yield sperm compared to hCG/

Table  2: Pathogenicity analysis of splice site mutations of fibroblast growth factor receptor 1 in congenital hypogonadotropic hypogonadism 
patients

Site Nucleotide Amino acid Hom/het Novel GnomeAD 1000g2015aug_all ACMG Clinvar SPIDEX Calculation

Exon 13 c.1854+1G>C Splicing Het Yes − − Pathogenic − + +

Exon 4 c.359‑1G>A Splicing Het Yes − − Pathogenic − + +

In GnomeAD/1000g2015aug_all/Clinvar column, −: none. In SPIDEX column, +: pathogenic. In calculation column, +: pathogenic. In nucleotid column, G: guanine; C: cytosine; T: thymine; 
A: adenine. In Hom/het column, Hom: homozygous; het: heterozygous. ACMG: American College of Medical Genetics and Genomics

Table  3: Inheritance mode of fibroblast growth factor receptor 1 mutations

Site Nucleotide Amino acid Hom/het Inheritance

Exon 7 c.778G>C G260R Het De novo

Exon 8 c.1072G>T V358F Het De novo

Exon 17 c.2282C>T T761I Het Paternal

Exon 8 c.976C>T L326F Het Maternal

Exon 8 c.374C>T S125L Het Paternal

Exon 2 c.3G>A M1I Het Paternal

Exon 3 c.238C>T R80C Het Paternal

Exon 7 c.817G>A V273M Het Maternal

Exon 9 c.1271G>A R424H Het Maternal

Exon 16 c.2104C>A P702T Het Paternal

Exon 9 c.1097C>T P366L Het Paternal

Exon 9 c.1097C>T P366L Het Maternal

Exon 5 c.536delC P179Lfs*13 Het De novo

Exon 7 c.838dupT Y280Lfs*2 Het De novo

Exon 17 c.2226dupA Q743Tfs*57 Het De novo

Exon 2 c.54_55del C19Hfs*3 Het De novo

Exon 13 c.1854+1G>C Splicing Het De novo

Exon 4 c.359‑1G>A Splicing Het Paternal

Exon 3 c.250_264delGAGGAGGTGGAGGTG 84_88delEEVEV Het De novo

Exon 3 c.325_342delAGTGACACCACCTACTTC 109_114delSDTTYF Het Paternal

In nucleotide column, G: guanine; C: cytosine; T: thymine; A: adenine. In amino acid column, G: glycine; R: arginine; V: valine; F: phenylalanine; T: threonine; I: isoleucine; L: leucine; 
S: serine; M: methionine; C: cysteine; H: histidine; P: praline; Y: tyrosine; Q: glutamine; E: glutamic acid; D: aspartic acid. In Hom/het column, Hom: homozygous; het: heterozygous
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HMG therapy in seven male CHH patients with FGFR1 mutations 
who reported successful spermatogenesis (9.0 months vs 34.0 
months; P < 0.05).

DISCUSSION
In a cohort of 210 CHH patients from a single medical center, we 
found 19 individuals bearing 19 LP variants in the FGFR1 gene. 
Notably, almost 60% of these FGFR1 mutations were inherited from 
phenotypically normal parents. Comparative analysis of LH, FSH, T, or 
estradiol levels between the inheritance and de novo groups unveiled 
higher hormone levels in the inheritance group, implying a less severe 
impairment of the gonadal axis function in this group. Additionally, 
extra-axial manifestations, such as short stature, exhibited milder 
presentations in the inheritance group. Concerning spermatogenesis, 
the inheritance group displayed a notable trend toward higher success 
rates and larger testicular volume during follow-up.

The prevalence of FGFR1 LP variants in this CHH series was 9.0%, 
a figure consistent with those reported in other studies.13,33 While no 
in vitro functional studies were conducted, the collective evidence 
consistently suggests that these 16 novel variants may detrimentally 
impact gene function.

For eight missense variants, which had not been previously 
reported in CHH patients, the application of ACMG guidelines and 
bioinformatics analysis indicated their likely pathogenic nature. 
First, these variants demonstrated a high degree of conservation, 
as evidenced by GERP scores. Second, the majority of in silico tools 
predicted their pathogenicity.

The presence of signal peptide region variations can influence 
the intracellular trafficking of FGFR1, with the M1I (methionine 
substituted by isoleucine) substitution occurring within this signal 
peptide region.12 The interaction between the acid box and the 
heparan sulfate-binding region on the D2 domain has the potential 
to facilitate the folding of D1 onto D2 and D3, impacting interactions 
with FGFs.34 In an independent study by Sanchez-Heras et al.35 
a decrease in binding between FGFR1 and neurocalcineurin, a 
neuronal cell adhesion molecule, was observed in the absence of the 
AB region, leading to neuronal migration failures. Mutations such 
as R80C, situated in the D1 region, and S125L, located in the AB 
region, may perturb the autoinhibition mechanisms of FGFR136 and 
subsequently contribute to abnormal migration of GnRH neurons 
and olfactory neurons.

The ligand binding site, formed by D2, D3, and the junction 
connecting the two,37 appears to be influenced by mutations such as 
G260R and L326F, positioned in D2 and D3. These mutations may 

reduce the ligand’s affinity for the FGFR1 protein, thus affecting 
signal transduction and protein activation.13,38 The P366L mutation, 
situated at the junction of D3 and the transmembrane region, has 
been demonstrated to be associated with KS.13 Interestingly, V358F 
is located in the same domain as P366L, and is suspected to disrupt 
protein function and consequently influence GnRH neurons’ function.

Mutations like P702T and T761I, located in the TKD domain, are 
likely to alter the molecular size, electronic charge, and hydrophobicity, 
potentially disrupting the three-dimensional protein structure and 
impairing protein function.12 These 16 novel variants were categorized 
as detrimental mutants, although in vitro functional studies are 
warranted for further validation.

Our investigation revealed a 28.6% incidence of cryptorchidism in 
participants with FGFR1 mutations, consistent with the 13.0%–60.0% 
range reported in other studies.8,30 Notably, the incidence of 
cryptorchidism was slightly lower in the inheritance group compared 
to the de novo group (25.0% and 33.3%, respectively). Furthermore, 
the inheritance group exhibited higher levels of gonadotropins and sex 
hormones than the de novo group.

FGFR1 mutations may manifest in extra-gonadal features, with 
short stature occurring in 15.0% of CHH patients bearing FGFR1 
mutations,39 skeletal anomalies in 23.0%,40 and hearing loss in one-third 
(33.3%) of cases.41 In our study, the inheritance group displayed less 
severe phenotypes compared to the de novo group.

Notably, seminiferous tubules contribute significantly to testicular 
volume, with larger testicular size correlating with heightened sperm 
concentration.42 Therefore, the augmentation in testicular size 
during treatment can serve as a vital indicator of the potential for 
spermatogenesis.43–46 Our investigation found that patients exhibited 
increased testicular size and yielded sperm in the ejaculate following 
sperm-inducing therapy, consistent with previous findings.47–49

In general, the rates of successful spermatogenesis in CHH patients 
with FGFR1 mutations range from 76.0% to 80.0%.17,50,51 In our study, 
the two groups demonstrated distinct responses to spermatogenic 
treatment, with spermatogenesis rates of 83.3% and 50.0% in the 
inheritance and de novo groups, respectively. FGFR1 signaling plays 
a pivotal role in spermatogenesis, and FGFR1-inactivating mutations 
significantly diminish daily sperm output.52 Notably, our study revealed 
that the inheritance group exhibited a trend toward more favorable 
spermatogenic responses and larger testicular volume. Additionally, 
pulsatile GnRH therapy was associated with earlier spermatogenesis 
when compared to combined gonadotropin therapy,53,54 a finding 
corroborated in our male CHH patients carrying FGFR1 mutations. 
These cumulative evidence suggest that mutations in the inheritance 

Table  4: Comparison of clinical characteristics of male congenital hypogonadotropic hypogonadism patients in inheritance and de novo groups

Clinical characteristic Inheritance group (n=8) De novo group (n=6) P

Age at diagnosis (year), mean±s.d. 17.8±4.5 17.0±2.1 0.68

BMI (kg m−2), mean±s.d. 24.2±5.8 22.2±4.2 0.50

Incidence of cryptorchidism, n (%) 2 (25.0) 2 (33.3) 0.99

Incidence of short stature, n (%) 0 (0) 1 (16.7) 0.42

Incidence of skeletal anomalies, n (%) 1 (12.5) 2 (33.3) 1.00

Incidence of hearing loss, n (%) 0 (0) 1 (16.7) 0.42

Abnormal olfactory bulb and tract, n (%) 4 (50.0) 4 (66.7) 0.62

Baseline testis size (ml), mean±s.d. 2.3±1.7 1.6±1.3 0.38

Baseline LH (IU l−1), mean±s.d. 0.5±0.4 0.2±0.1 0.07

Baseline FSH (IU l−1), mean±s.d. 1.0±0.5 0.5±0.2 0.03

Baseline testosterone (nmol l−1), mean±s.d. 1.3±1.0 0.9±0.3 0.22

BMI: body mass index; LH: luteinizing hormone; FSH: follicle‑stimulating hormone; s.d.: standard deviation
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group appear to have less detrimental effects on FGFR1 protein 
function and result in milder clinical manifestations.

Nonetheless, it is imperative to acknowledge several limitations 
in our study. First, the pathogenicity of FGFR1 variants was assessed 
primarily based on ACMG guidelines and bioinformatics tools, with 
a lack of in vitro functional and morphological assays. Second, the 
limited number of female patients precluded a comprehensive analysis 
of differences between the two groups. Third, although the observed 
differences offer valuable insights into individualized therapy, the data 
did not attain statistical significance. Future studies encompassing 
larger sample sizes may ameliorate these limitations.

In conclusion, our investigation identified 19 patients harboring 
LP variants in FGFR1, with 11 out of the 19 variants being inherited 
from phenotypically normal parents. The inheritance group exhibited 
less pronounced damage to the pituitary–gonadal axis function, 
evident through a lower incidence of cryptorchidism, elevated levels 
of gonadotropins and testosterone, and a more favorable response 
to sperm induction therapy. This study broadens our knowledge of 
loss-of-function FGFR1 variants and enhances our comprehension of 
the pathogenesis of CHH induced by FGFR1 mutations.
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Supplementary Table  1: Fibroblast growth factor receptor 1 mutants identified in our patient series

Mutation type Nucleotide Amino acid Novel ACMG

Missense mutations c.817G>A V273M − LP

Missense mutations c.1097C>T P366L − US
LP

Missense mutations c.1271G>A R424H − US

Missense mutations c.778G>C G260R + LP

Missense mutations c.1072G>T V358F + P

Missense mutations c.2282C>T T761I + US

Missense mutations c.976C>T L326F + US

Missense mutations c.374C>T S125L + US

Missense mutations c.3G>A M1I + LP

Missense mutations c.238C>T R80C + US

Missense mutations c.2104C>A P702T + US

Splice site mutation c.1854+1G>C Splicing + LP

Splice site mutation c.359‑1G>A Splicing + LP

Deletions c.536delC P179Lfs*13 + P

Insertions c.2226dupA Q743Tfs*57 + P

Insertions c.838dupT Y280Lfs*2 + P

Deletions c.54_55del C19Hfs*3 + P

Deletions c.250_264delGAGGAGGTGGAGGTG 84_88delEEVEV + LP

Deletions c.325_342delAGTGACACCACCTACTTC 109_114delSDTTYF + LP

Nucleotid  ‑  G: guanine; C: cytosine; T: thymine; A: adenine. Amino acid  ‑  G: glycine; R: arginine; V: valine; F: phenylalanine; T: threonine; I: isoleucine; L: leucine; S: serine; 
M: methionine; C: cysteine; H: histidine; P: praline; Y: tyrosine; Q: glutamine; E: glutamic acid; D: aspartic acid. Novel  ‑  +: yes; −: no. ACMG  ‑  P: pathogenic; LP: likely pathogenic; 
US: uncertain. ACMG: American College of Medical Genetics and Genomics

Supplementary Table  2: Types of 16 novel mutations in fibroblast growth factor receptor 1

Mutation type Nucleotide Amino acid Pathogenic

Missense mutations c.778G>C G260R LP

Missense mutations c.1072G>T V358F LP

Missense mutations c.2282C>T T761I LP

Missense mutations c.976C>T L326F LP

Missense mutations c.374C>T S125L LP

Missense mutations c.3G>A M1I LP

Missense mutations c.238C>T R80C LP

Missense mutations c.2104C>A P702T LP

Splice site mutation c.1854+1G>C Splicing LP

Splice site mutation c.359‑1G>A Splicing LP

Deletions c.536delC P179Lfs*13 LP

Insertions c.2226dupA Q743Tfs*57 LP

Insertions c.838dupT Y280Lfs*2 LP

Deletions c.54_55del C19Hfs*3 LP

Deletions c.250_264delGAGGAGGTGGAGGTG 84_88delEEVEV LP

Deletions c.325_342delAGTGACACCACCTACTTC 109_114delSDTTYF LP

Nucleotid  ‑  G: guanine; C: cytosine; T: thymine; A: adenine. Amino acid  ‑  G: glycine; R: arginine; V: valine; F: phenylalanine; T: threonine; I: isoleucine; L: leucine; S: serine; 
M: methionine; C: cysteine; H: histidine; P: praline; Y: tyrosine; Q: glutamine; E: glutamic acid; D: aspartic acid. Pathogenic  ‑  LP: likely pathogenic

Supplementary Table  3: The relationship between fibroblast growth factor receptor 1 mutation types and symptoms

Clinical characteristic Missense mutation (n=10) Splice site mutation (n=2) Frameshift mutation (n=4) Deletion mutation (n=2)

Incidence of cryptorchidism, n (%) 2 (20) 1 (50) 1 (25) 0

Incidence of short stature, n (%) 0 0 2 (50) 0

Incidence of skeletal anomalies, n (%) 1 (10) 0 2 (50) 0

Incidence of hearing loss, n (%) 0 0 1 (25) 0

Abnormal olfactory bulb and tract, n (%) 6 (60) 1 (50) 2 (50) 0

n: number of congenital hypogonadotropic hypogonadism patients



Supplementary Table  4: Clinical characteristics of female congenital hypogonadotropic hypogonadism patients in inheritance and de novo groups

Patient Age at diagnosis 
(years)

Diagnosis Comorbidities BMI 
(kg m−2)

LH (IU/l) 
(baseline)

FSH (IU/l) 
(baseline)

Estradiol (pg/ml) 
(baseline)

Inheritance

Female 1 14 KS ‑ 16.9 0.65 2.40 22 Yes

Female 2 13 nCHH Skeletal abnormalities 17.3 0.20 1.54 15 Yes

Female 3 15 nCHH ‑ 23.1 0.20 0.24 19 No

Female 4 15 nCHH Short stature 20.3 0.48 0.64 15 No

Comorbidities  (‑): no. KS: Kallmann syndrome; nCHH: normosmic congenital hypogonadotropic hypogonadism; BMI: body mass index; LH: luteinizing hormone; FSH: follicle‑stimulating 
hormone

Supplementary Table  5: Comparison of spermatogenesis outcomes in patients with inheritance and de novo mutations

Clinical characteristic Inheritance group (n=6) De novo group (n=4) P

Spermatogenesis success rate, n (%) 5 (83.3) 2 (50.0) 0.50

Basal TV (ml), mean±s.d. 3.0±1.1 1.9±1.6 0.21

TV (ml) at spermatogenesis, mean±s.d. 7.0±4.6 5.5±0.7 0.68

Time required for spermatogenesis (months), mean±s.d. 18.8±14.2 9.5±0.7 0.21

n: number of congenital hypogonadotropic hypogonadism patients; s.d.: standard deviation; TV: testicular volume


