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Abstract 

 Hypogonadotropic hypogonadism, which may be normosmic (nHH) or anosmic/hyposmic, known as 

Kallmann syndrome (KS), is due to gonadotropin-releasing hormone deficiency, which results in absent puberty 

and infertility. Investigation of the genetic basis of nHH/KS over the past 35 years has yielded a substantial 

increase in our understanding, as variants in 44 genes in OMIM account for ~50% of cases. The first genes for 

KS (ANOS1) and nHH (GNRHR) were followed by the discovery that FGFR1 variants may cause either nHH or 

KS. Associated anomalies include midline facial defects, neurologic deficits, cardiac anomalies, and renal 

agenesis, among others. Mouse models for all but one gene (ANOS1) generally support findings in humans. 

About half of the known genes implicated in nHH/KS are inherited as autosomal dominant and half are 

autosomal recessive, whereas only 7% are X-linked recessive. Digenic and oligogenic inheritance has been 

reported in 2-20% of patients, most commonly with variants in genes that may result in either nHH or KS 

inherited in an autosomal dominant fashion. In vitro analyses have only been conducted for both gene variants 

in eight cases and for one gene variant in 20 cases. Rigorous confirmation that two gene variants in the same 

individual cause the nHH/KS phenotype is lacking for most. Clinical diagnosis is probably best accomplished 

by targeted next generation sequencing of the known candidate genes with confirmation by Sanger sequencing. 

Elucidation of the genetic basis of nHH/KS has resulted in an enhanced understanding of this disorder, as well 

as normal puberty, which makes genetic diagnosis clinically relevant. 

 

  



1.0 Introduction 

 This review will focus on an overview of the genetics of hypogonadotropic hypogonadism, including both 

normosmic hypogonadotropic hypogonadism (nHH) and Kallmann syndrome (KS). We will discuss the known 

causative genes succinctly and provide concepts and categories of genes along with genotype/phenotype 

correlations. We will only include those genes recognized by Online Mendelian Inheritance in Man (OMIM) as 

causative, but 14 newer genes of uncertain significance (GUS) will also be mentioned. As per the American 

College of Medical Genetics and Genomics, the word “mutations” will be replaced by “variants.” Variants are 

classified as “pathogenic,” “likely pathogenic,” “uncertain significance,” “likely benign,” and “benign” 

(Richards et al. 2015). Pathogenic variants are defined as those variants in a known gene that segregate with the 

phenotype (present in affected patients and absent in unaffected patients) and are supported by in vitro studies. 

They are typically nonsense, frameshift, and splice site, but may be missense if proven in vitro in a known 

causative role.  It should be noted that these classifications correspond to those genes already known to be 

associated with the phenotype of nHH/KS, i.e., those with MIM numbers. For GUS variants that do not yet have 

MIM numbers, variants will be considered as “variants of uncertain significance (VUS) (Richards et al. 2015).  

 Relevant mouse models are shown for comparison, including the phenotypes of both heterozygotes and 

homozygotes. Associated phenotypic findings along with Mendelian inheritance patterns will be shown. 

Reported digenic variants will also be critically evaluated, including evidence from human, mouse, and cellular 

studies. Lastly, practical genetic testing of patients will be discussed. This review will focus on the newest 

genetic aspects of nHH/KS, which will update, integrate, and expand upon recent reviews (Boehm et al. 2015; 

Cho et al. 2019; Maione et al. 2018). We believe this to be the first comprehensive analysis of putative digenic 

disease in nHH/KS. 

 

1.1 Development and Function of the Hypothalamic-Pituitary-Gonadal Axis 

 Embryonic development of gonadotropin-releasing hormone (GnRH)-secreting and olfactory neurons are 

interdependent and initially occur outside of the brain, a process conserved across vertebrates. After their fate 

specification from the pre-placodal ectoderm, GnRH neurons migrate out of the developing vomeronasal organ 

along the olfactory axonal projections and olfactory ensheathing cells, forming a bundle, until they reach the 

cribriform plate (Cho et al. 2019). This bundle then converges with axons and olfactory ensheathing cells from 

the main olfactory epithelium. Axons from olfactory neurons travel rostrally to the olfactory bulb, while GnRH 

neurons turn ventrally along a transient neuronal pathway (the terminal nerve) to reach the hypothalamus (Cho 

et al. 2019). Cell bodies for GnRH neurons affecting reproduction are principally located in the arcuate nucleus 

of the hypothalamus and they send projections to the median eminence where GnRH enters the hypophyseal-

portal system (Cho et al. 2019).  

 The normal reproductive axis depends upon pulsatile GnRH from the hypothalamus, which is secreted into 

the hypophyseal-portal system and binds to its membrane bound receptor on the surface of pituitary 

gonadotropes. The pituitary responds with the synthesis and secretion of gonadotropins follicle stimulating 

hormone (FSH) and luteinizing hormone (LH). Both FSH and LH bind their cell surface receptors in the gonads 

to stimulate the production of sex steroids (estradiol in females; testosterone in males) and gametes (oocytes and 

spermatozoa). The sex steroids exert negative feedback at both the hypothalamus and pituitary (Layman 1999a). 

Kisspeptin is a key inducer of the pubertal surge of sex hormones as it stimulates GnRH release upon binding to 

kisspeptin receptors present on GnRH neurons (Seminara 2007; Messager et al. 2005). Other higher brain 

centers also regulate GnRH secretion, and a number of growth factors are also known to participate in HPG axis 

function (Divall et al. 2010). 

 

1.2 The Phenotype of Hypogonadotropic Hypogonadism 

 Hypogonadotropic hypogonadism is defined as low serum levels of gonadotropins and sex steroids in 

individuals with absent/impaired puberty at age 17-18 in females and 18 in males (Crowley et al. 1985; Layman 

2002). In nHH/KS, sex steroids are low (or in the low normal range), and with a lack of negative feedback to 

the hypothalamus and pituitary, the measurement of serum FSH and LH helps localize the defect within the 

HPG axis. Since FSH and LH are low (or inappropriately normal) in nHH/KS, a hypothalamic (more 

commonly) or pituitary defect is present. Further support for a hypothalamic etiology in nHH/KS comes from 

studies of impaired LH pulsatility as a consequence of GnRH deficiency (Santoro, Filicori, and Crowley 1986). 



There are a number of terms for hypogonadotropic hypogonadism in the literature—GnRH deficiency, isolated 

gonadotropin deficiency, and more recently idiopathic hypogonadotropic hypogonadism (IHH) and congenital 

hypogonadotropic hypogonadism. Since the etiology is now known for about half of cases, we will replace IHH 

with either normosmic hypogonadotropic hypogonadism (nHH) or Kallmann syndrome (KS). Kallmann 

syndrome is characterized by the combination of GnRH deficiency with anosmia/hyposmia due to impaired 

GnRH neuron migration. In addition to its characterization based upon sense of smell, nHH/KS may be 

categorized by the degree of pubertal development impairment—complete if no pubertal development or 

incomplete if there is partial pubertal development. It is also well recognized that adult onset forms of nHH/KS 

have been reported and that some patients have pathogenic variants in known nHH/KS genes (Boehm et al. 

2015; Caronia et al. 2011; Santoro, Filicori, and Crowley 1986) due to impaired GnRH neuron migration or 

GnRH action.  

 In the literature, there is a male preponderance of patients diagnosed with nHH/KS, typically 3:1 to 5:1, and 

nHH/KS is usually (but not always) irreversible (Boehm et al. 2015). Females typically have absent breast 

development (or partial development) along with amenorrhea. Males lack the testosterone-induced voice change 

and usually have small testes, and some may manifest cryptorchidism. In the clinical evaluation of these 

patients with FSH and LH, hypopituitarism must be excluded, and it is now well known that pathogenic variants 

in some genes result in combined pituitary hormone deficiency (CPHD), a key phenotypic feature of which is 

short stature (Layman 2013b; Trofimova et al. 2017). It is important to remember that a number of somatic 

anomalies may accompany nHH/KS including midline facial defects, neurologic abnormalities such as 

synkinesia or ataxia, visual or hearing defects as well as cardiac defects and renal agenesis (Layman 1999a; 

Boehm et al. 2015). Since gonadal function is typically present, these patients respond to exogenous GnRH or 

gonadotropin therapy so pregnancy is quite possible. An understanding of the genetic types of nHH/KS is 

therefore of critical importance to counsel patients regarding the risk of transmission. 

 

2.0 Human nHH/KS Genes 

 
2.1Kallmann Syndrome—First Gene 

 Three important genes deserve particular attention since they constituted the first descriptions of X-linked, 

autosomal recessive, and autosomal dominant forms of nHH/KS. Information regarding the genetic basis of 

nHH/KS has exploded since the early 1990s with the initial discovery of the Kallmann syndrome-1 gene—first 

known as KALIG1 and ADMLX, then KAL1, and now known as ANOS1, which encodes the protein anosmin-1 

(Franco et al. 1991; Legouis et al. 1991). We would expect that a KS gene would encode a protein directing the 

migration of both GnRH and olfactory neurons, and a pathogenic variant would result in GnRH deficiency and 

anosmia.  

 Through deletion mapping of the short arm of the X chromosome, ANOS1 deletions and point pathogenic 

variants were identified in males with KS (Franco et al. 1991; Legouis et al. 1991; Bick et al. 1992). The 

discovery of ANOS1 was facilitated in males with KS who also had coexistent ichthyosis which is caused by 

steroid sulfatase (STS) gene deletions, the nearby gene that was already characterized. ANOS1 pathogenic 

variants are inherited in an X-linked recessive fashion thereby affecting only males, which interestingly is the 

least common inheritance pattern of nHH or KS in humans. With detailed phenotyping, ~10% of males with 

ANOS1 pathogenic variants were also found to possess unilateral renal agenesis, and ~25% demonstrate 

synkinesia (Quinton et al. 2001). Interestingly, no mouse ortholog for ANOS1 has yet been identified, although 

found in chicks, zebrafish, and C. elegans. The phenotype of ANOS1 pathogenic variants correlates very closely 

with the expression patterns in the chick, as shown in Table 1 (Rugarli and Ballabio 1993). In addition to 

olfactory neuron expression, expression in the CNS explains nystagmus, synkinesia, and eye movement 

abnormalities (Rugarli and Ballabio 1993; Layman 1999b). ANOS1 is also expressed in the facial mesenchyme 

and in the kidney, corresponding to the somatic anomalies that may accompany KS. (Rugarli and Ballabio 

1993; Layman 1999b) Pathogenic variants in ANOS1 occur in up to 50% of clearly inherited X-linked recessive 

families (Hardelin et al. 1993), but only comprise about 5-10% of males in non-X-linked families (Layman 

2013a).  

 



2.2 Normosmic HH—First Gene 

 The first gene identified to possess pathogenic variants in patients with nHH was the gonadotropin releasing 

hormone receptor (GNRHR) gene. One group (de Roux et al. 1997) studied a family with incomplete pubertal 

development and identified compound heterozygous GNRHR pathogenic variants that impaired signaling in 

vitro. About the same time, another group (Layman et al. 1998) studied 46 nHH probands and found one family 

with four affected siblings (three women and one man) who completely lacked pubertal development. One 

female had no breast development at age 30 and failed to respond to increasing doses of GnRH, suggesting 

GnRH resistance. Her two sisters lacked breast development and her brother had no voice change, and had low 

serum testosterone. FSH and LH levels were low or normal. Each affected family member had compound 

heterozygous GNRHR pathogenic variants that impaired signaling in vitro (Layman et al. 1998). GNRHR 

pathogenic variants result in nHH, but the effect upon pubertal development could be variable, ranging from 

partial to complete impairment. Patients with GNRHR pathogenic variants have not been found to have anosmia 

or other associated anomalies, and in two large series, they comprise ~4-5% of the genetic etiology on nHH 

(Bhagavath et al. 2005; Francou et al. 2016). GNRHR was the first gene shown to have pathogenic variants that 

affect females and was the first autosomal locus for nHH, being inherited in an autosomal recessive fashion. 

 

2.3 Both nHH/KS—First Gene 

 The first autosomal dominantly inherited form to result in either phenotype—nHH or KS—was due to 

pathogenic variants in the fibroblast growth factor receptor-1 (FGFR1) gene, as determined by positional 

cloning in patients with overlapping deletions (Dode et al. 2003) and positional cloning of a balanced 

translocation (Kim et al. 2005). It is remarkable that activating pathogenic variants of FGFR1 were previously 

identified in craniosynostoses—Pfeiffer syndrome (MIM# 101600) and Jackson-Weiss syndrome (MIM# 

123150), but also in some rare severe syndromes—Trigonocephaly (MIM# 190440), Osteoglophonic Dysplasia 

(MIM# 166250), and Hartsfield syndrome (MIM# 615465). Inactivating FGFR1 pathogenic variants were 

found first in KS,(Dode and Hardelin 2004) but subsequently in nHH (Pitteloud, Zhang, et al. 2007), making it 

the first gene in which pathogenic variants caused either nHH or KS (Pitteloud, Acierno, et al. 2006). FGFR1 

pathogenic variants demonstrate reduced penetrance and variable expressivity, which are characteristic of 

autosomal dominant disorders. Unlike GNRHR pathogenic variants, patients with FGFR1 pathogenic variants 

may have other associated anomalies including dental agenesis, cleft lip/palate, and synkinesia (Dode et al. 

2003; Pitteloud, Meysing, et al. 2006). Pathogenic variants in FGFR1 are probably the most commonly 

encountered in nHH/KS and comprise ~10%. It should be noted that the phenotype of males with FGFR1 

variants is usually less severe compared with ANOS1 variants. Males with ANOS1 variants are more likely to 

have cryptorchidism, smaller testicular volume, and lower mean baseline and GnRH-stimulated LH levels 

(Salenave et al. 2008), while males with FGRF1 variants manifest a broader phenotypic spectrum from normal 

puberty to delayed puberty to hypogonadotropic hypogonadism, reflecting variable expressivity (Pitteloud, 

Meysing, et al. 2006).  

 

2.4 Additional nHH/KS Genes 

 Shown in Table 2 and Supplemental Figure 1 are the 44 genes recognized by OMIM known to be involved 

in the etiology in ~50% of nHH/KS with pathogenic variants confirmed by in vitro analysis. The chromosomal 

locus is shown in Figure 1. In addition, there are 14 GUS, which are likely to be included in OMIM in the future 

when more supportive evidence is provided. Seven genes were either recognized by the European Consensus 

Group (Boehm et al. 2015) (OTUD4 (Margolin et al. 2013), SEMA7A (Kansakoski et al. 2014), and AXL 

(Salian-Mehta et al. 2014)) or included in another recent review (Cho et al. 2019) (CCDC141 (Hutchins et al. 

2016), KLB (Xu et al. 2017), PLXNA1 (Kotan et al. 2019), and TUBB3(Chew et al. 2013)).  The last seven 

genes—ROBO1 (Zhu et al. 2020), ROBO2 (Zhu et al. 2020), SCEL (Zhu et al. 2020), SRA1 (Kotan et al. 2016), 

TBX3 (Galazzi et al. 2018), IGSF10 (Howard et al. 2016),  and PTCH1 (Barraud et al. 2021) have been 

characterized with a phenotype of nHH/KS more recently, and will not be further discussed here. 

 Pathogenic variants in most genes affect the hypothalamus, while genes such as NR0B1 affect both 

hypothalamic and pituitary function (Habiby et al. 1996). Still others, largely homeobox genes, cause combined 

pituitary hormone deficiency (CPHD), which includes gonadotropin deficiency (Layman 2013b).It stands to 

reason that pathogenic variants in a gene encoding a ligand and its receptor could lead to a similar phenotype. 



For example, protein products of ANOS1(Legouis et al. 1991; Franco et al. 1991) and FGF8(Falardeau et al. 

2008) both bind to the FGFR1 protein and utilize heparan sulfate (involving a sulfotransferase gene--

HS6ST1(Tornberg et al. 2011)). Pathogenic variants in other FGF pathway genes have also been substantiated 

in patients in nHH/KS, including FGF17, IL17RD, DUSP6, SPRY4, and FLRT3(Miraoui et al. 2013), as well as 

FGF8(Falardeau et al. 2008) (Table 2). Recently, it has also been shown that anosmin-1 can interact with 

PROKR2, suggesting a link between these two common nHH/KS pathways (Murcia-Belmonte, Astillero-

Lopez, and Esteban 2016).  

 The genes in the FGF/PROKR2 pathway appear to be involved in GnRH and olfactory neuron migration, 

and pathogenic variants often cause KS. In contrast, pathogenic variants in other ligand-receptor gene pairs such 

as the genes for GnRH (GNRH1(Chan et al. 2009; Bouligand et al. 2009)), leptin (LEP(Strobel et al. 1998; 

Montague et al. 1997)), kisspeptin (KISS1(Topaloglu et al. 2012)), and neurokinin B (TAC3(Topaloglu et al. 

2009)), as well as their receptors (GNRHR (de Roux et al. 1997; Layman et al. 1998), LEPR (Clement et al. 

1998), KISS1R (de Roux et al. 2003; Seminara et al. 2003), and TACR3(Topaloglu et al. 2009)) cause nHH, 

suggesting their principle effect is upon GnRH regulation/secretion. Kisspeptin, Neurokinin B, and Dynorphin 

are found in KNDy hypothalamic neurons which regulate GnRH secretion (Burke et al. 2006). Typically, 

pathogenic variants in the receptor genes are more common than those in the ligand. Initially, kisspeptin was 

known as metastin in the cancer literature, but largely unknown in reproductive endocrinology until the 

discovery of the ligand and its receptor as causative nHH genes (Seminara et al. 2003; de Roux et al. 2003).  

They are important because they perhaps best exemplify how finding gene pathogenic variants in rare disorders 

can profoundly impact our understanding of normal physiology. Kisspeptin neurons interconnect with GnRH 

neurons and are involved in both positive and negative feedback of estradiol upon gonadotropin secretion 

(Burke et al. 2006). 

 Pathogenic variants in some genes only cause KS such as ANOS1 (Franco et al. 1991; Legouis et al. 1991), 

SEMA3A(Young et al. 2012; Hanchate et al. 2012), SOX10 (Pingault et al. 2013), HESX1 (Dattani et al. 1998), 

and FEZF1(Kotan et al. 2014), suggesting principal effects upon GnRH neuron specification/migration. MRI 

evidence of olfactory bulb absence or hypoplasia may be present with anosmia, and although more likely with 

ANOS1 variants, PROKR2 and PROK2 VUS have been associated with absent olfactory bulbs (Moya-Plana et 

al. 2013). Overall, it is difficult at this time to make genotype/phenotype correlations with olfactory tract 

abnormalities.  

  Other genes regulate GnRH secretion/signaling and only result in nHH, such as GNRH1 (Chan et al. 2009; 

Bouligand et al. 2009), GNRHR (de Roux et al. 1997; Layman et al. 1998), LEP (Strobel et al. 1998; Montague 

et al. 1997),  LEPR (Clement et al. 1998), KISS1 (Topaloglu et al. 2012), KISS1R (de Roux et al. 2003; 

Seminara et al. 2003), TAC3(Topaloglu et al. 2009), TACR3(Topaloglu et al. 2009), PCSK1 (Jackson et al. 

1997), DMXL2(Tata et al. 2014), RNF216 (Margolin et al. 2013), PNPLA6 (Topaloglu et al. 2014), and 

NR0B1(Muscatelli et al. 1994; Zanaria et al. 1994) (see Table 2 for a complete list of genes). However, 

pathogenic variants in some genes, such as FGF8 (Falardeau et al. 2008), FGFR1 (Pitteloud, Zhang, et al. 

2007), FGF17 (Miraoui et al. 2013), IL17RD (Miraoui et al. 2013), PROK2 (Dode et al. 2006; Sarfati et al. 

2010), PROKR2 (Dode et al. 2006; Sarfati et al. 2010), CHD7 (Kim et al. 2008), WDR11 (Kim et al. 2010), 

HS6ST1 (Tornberg et al. 2011), and NSMF(Pitteloud, Quinton, et al. 2007; Xu et al. 2011) may cause either KS 

or nHH suggesting they could have important functions in both GnRH neuron specification/migration and 

GnRH regulation/secretion (Table 2). Certainly as more cases are described in the literature, the breadth of the 

phenotypes will likely be expanded.   

 Pathogenic variants in nHH/KS may be associated with other nonreproductive anomalies as already 

mentioned for ANOS1(Franco et al. 1991; Legouis et al. 1991) and FGFR1(Dode et al. 2003) (Table 3). 

Variants in LEP(Strobel et al. 1998; Montague et al. 1997)  and the LEPR(Clement et al. 1998) result in nHH, 

but also hyperphagia and morbid obesity; although only a small percentage of morbidly obese individuals have 

pathogenic variants in LEP(Strobel et al. 1998; Montague et al. 1997) or LEPR(Clement et al. 1998) genes.  

NR0B1 pathogenic variants result in adrenal hypoplasia congenita in males (X-linked recessive), and treated 

males manifest nHH later (Zanaria et al. 1994; Muscatelli et al. 1994).  

 Another common nHH/KS gene—CHD7—was first known to be involved in the pathogenesis of CHARGE 

syndrome, which includes at least four of six Blake criteria: Coloboma of the eye, Heart malformations, Atresia 

of the choanae, Retardation of growth and development, Genital anomalies, and Ear abnormalities and deafness 



(Vissers et al. 2004). Could nHH/KS be a mild allelic variant of CHARGE syndrome since olfactory 

dysfunction and hypogonadism may be constituents of both KS and CHARGE? This appears to be the case 

since ~6% of nHH/KS patients without full CHARGE criteria have heterozygous CHD7 pathogenic variants, 

which is now known to be involved in the GnRH system (Kim et al. 2008), and CHD7 along with FGFR1 

(Falardeau et al. 2008; Pitteloud, Acierno, et al. 2006), are the two of the most common genes to have 

pathogenic variants in nHH/KS (Layman 2013a; Amato et al. 2019; Cassatella et al. 2018). Pathogenic variants 

in WDR11, which was mapped by positional cloning utilizing a patient with a balanced translocation, interfere 

with EMX1 binding (Kim et al. 2010) and by virtue of its involvement in the sonic hedgehog pathway, support 

that the disorder is a ciliopathy (Kim et al. 2018). Interestingly, recently identified variants (VUS) in PTCH1 

also support a role for the hedgehog pathway (Barraud et al. 2021).  

 Pathogenic variants in at least four genes cause deafness (SOX10 (Pingault et al. 2013), CHD7 (Vissers et al. 

2004; Kim et al. 2008),  DMXL2,(Tata et al. 2014), and IL17RD(Miraoui et al. 2013)), while pathogenic 

variants in two genes in the ubiquitin pathway—RNF216(Margolin et al. 2013) and STUB1(Shi et al. 2014)—

result in nHH with ataxia in a syndrome known as Gordon-Holmes Syndrome (also OTUD4, a GUS, also seems 

to be involved (Margolin et al. 2013)). PNPLA6 pathogenic variants also cause ataxia with nHH resulting in 

either Gordon-Holmes Syndrome or Boucher-Neuhauser Syndrome (Table 3) (Topaloglu et al. 2014). Several 

other genes deserve special mention. SMCHD1 has been known to be involved in the etiology of some cases of 

fascioscapulohumeral muscular dystrophy type 2 (FSHD2), but more recently, pathogenic variants have been 

characterized in patients with a rare ophthalmologic disorder with accompanying nHH—Bosma Arhinia 

Microphthlamia Syndrome (Shaw et al. 2017). Pathogenic variants in POLR3A and POLR3B cause nHH with 

the 4H syndrome (hypomyelination, hypogonadotropic hypogonadism, and hypodontia) (Daoud et al. 2013). 

 There are at least six homeobox genes (PROP1 (Wu et al. 1998), HESX1 (Dattani et al. 1998), SOX2 

(Kelberman et al. 2006),  SOX3 (Laumonnier et al. 2002), LHX3 (Netchine et al. 2000), and LHX4)(Machinis et 

al. 2001; Tajima et al. 2007) involved in combined pituitary hormone deficiency (CPHD), which include 

gonadotropin deficiency and short stature. Some have other associated anomalies such as SOX2 (eye, hearing 

loss, septo-optic dysplasia) (Kelberman et al. 2006), SOX3 (isolated growth hormone deficiency and intellectual 

disability) (Laumonnier et al. 2002), LHX3 (short cervical spine, variable pituitary size) (Netchine et al. 2000), 

and LHX4 (isolated growth hormone deficiency, abnormal cerebellum, small or ectopic pituitary) (Machinis et 

al. 2001; Tajima et al. 2007). Patients with pathogenic variants in HESX1 may manifest KS with midline facial 

defects including septo-optic dysplasia (Dattani et al. 1998). Additionally, rare isolated deficiencies of the beta 

subunit genes encoding FSH(Matthews et al. 1993; Layman et al. ) and LH(Valdes-Socin et al. 2004; 

Lofrano-Porto et al. 2007) and have also been reported. In each case, the protein encoded by the defective 

subunit is low (low serum LH with LHB pathogenic variants (Valdes-Socin et al. 2004; Lofrano-Porto et al. 

2007); low serum FSH with FSHB pathogenic variant (Matthews et al. 1993; Layman et al. 1997)), while the 

unaffected gonadotropin is elevated. This is because both dimeric gonadotropin proteins possess the same alpha 

subunit, but pathogenic variants in specific beta subunits impair intact dimer formation.  

 

2.5 Hypothalamic and Pituitary Effects  

 As already mentioned, NR0BIv(Habiby et al. 1996) variants may impair hypothalamic, pituitary, and 

adrenal function, but this gene also has a gonadal actionv(Yu et al. 1998). Since there is broad expression of 

many genes, there is growing evidence suggesting that some nHH/KS genes could have gonadal effects.  

Rarely, pathogenic variants in each of the following genes have been shown to cause pituitary hypofunction in 

addition to their known role in the hypothalamus—FGFR1 (Simonis et al. 2013), FGF8(McCabe et al. 2011), 

PROKR2 (McCormack et al. 2017), HESX1 (Dattani et al. 1998; Newbern et al. 2013), and WDR11 (Cole et al. 

2008). Testing pituitary function in patients with nHH/KS is prudent, but particularly when variants are 

identified for these genes in patients, clinical evaluation should include testing for pituitary insufficiency, which 

can be life threatening if untreated. 

 

2.6 Reversible nHH/KS 

 It has now become recognized that reversibility of nHH/KS may occur in some patients. In this case, 

affected individuals who responded to treatment with GnRH, gonadotropins, or sex steroids for their 

hypogonadism continue to manifest normal gonadal function once the therapy is discontinued. The first report 



of reversibility of an nHH patient with a pathogenic variant in a known gene involved GNRHR (Pitteloud et al. 

2001; Lin et al. 2006), which was followed by reversibility of KS (Pitteloud et al. 2005) and nHH(Raivio et al. 

2009) with FGFR1 pathogenic variants. Other reported gene variants exhibiting reversible nHH/KS include: 

ANOS1 (Ribeiro, Vieira, and Abucham 2007),  PROKR2 (Sinisi et al. 2008; Cole et al. 2008), TAC3 (Gianetti et 

al. 2010), TACR3 (Gianetti et al. 2010), CHD7 (Laitinen et al. 2012), and SOX10 (Maione et al. 2016). In the 

largest study to date, 44/308 (22%) of nHH/KS patients demonstrated reversibility, and on occasion, relapse 

(Sidhoum et al. 2014). These included patients with FGFR1, PROKR2, and GNRHR pathogenic variants (no 

patient with ANOS1 pathogenic variants). TAC3 and TACR3 pathogenic variants comprised about half of those 

that showed reversibility (Sidhoum et al. 2014). When a subset of seven patients with pathogenic biallelic 

TACR3 variants was examined, three of seven demonstrated reversal, while three of seven with heterozygous 

variants demonstrated evidence for reversibility of their hypogonadism (Gianetti et al. 2010). Therefore, 

counseling of patients, particularly with pathogenic variant in these genes, should include the possibility for 

reversal and relapse.  

 

3.0 Genome Wide Association Studies (GWAS) and Hypogonadotropic Hypogonadism 

 The nHH/KS genes discussed in this review involve the identification of specific variants in genes that 

interfere with function and underlie the pathogenesis of the disorder. In contrast, genome wide association 

studies (GWAS) have been used to dissect regions of the genome that are associated common traits such as age 

at menarche, age at first birth, age at menopause, or infertility. GWAS consists of a case-control association of 

multiple DNA markers scattered across the genome with the phenotype of interest. Since effect sizes for 

common variants are small, large sample sizes are needed. It should be realized that GWAS identifies genomic 

regions or regions near genes (not necessarily within the protein coding regions of the gene) associated with a 

particular trait rather than specific genes and pathways (Gajbhiye, Fung, and Montgomery 2018).  The eventual 

goal of GWAS is to identify specific genes that impair function, but this has already been elucidated for more 

than half of patients with nHH/KS by different approaches. 

 Although some of the genetic regions associated with reproductive milestones such as age at menarche and 

age at menopause involve reproductive genes, including nHH/KS genes, others do not. For example, DNA 

damage/repair, immune response and breast cancer processes genes are associated with age at menopause, as 

are nHH/KS genes—CHD7, FGFR1, SOX10, and TAC3 (Day et al. 2015). Associated loci explain about 25% 

of the heritability of the age of menarche (Day et al. 2017). Approximately 250 genes expressed in neural 

tissues were associated with age of menarche, with two genes for precocious puberty—MKRN3 and DLK1—

having a large effect if paternally expressed (it is known that paternal transmission of variants in these genes 

result in precocious puberty) (Abreu et al. 2013). Causal associations were suggested between puberty timing 

and the increased risk of cancer (breast and endometrial cancer in women and prostate cancer in men) (Day et 

al. 2017).  

 For one of the nHH/KS genes associated with nHH/KS, SNPs in other parts of the gene have shown 

association in non-nHH/KS situations. SNPs upstream of the transcription start site of FSHB (so are not located 

in the protein coding region as has been described for isolated FSH deficiency) are associated with increased 

levels of circulating FSH, decreased LH levels, shorter menstrual cycles, increased dizygotic twinning, 

increased risk of endometriosis, decreased risk of PCOS, and earlier menopause (Gajbhiye, Fung, and 

Montgomery 2018). GWAS has not been typically used for nHH/KS because of its more obvious Mendelian 

inheritance (despite digenicity), but has been useful for complex disorders such as PCOS, endometriosis, and 

diabetes.  

 

4.0 Mouse Models 
 Mouse models now exist for 43 of the 44 known human nHH/KS genes (no ANOS1 gene is found in mice) 

(Table 4, which also includes the references and PMID).  A priori expectations would be that homozygous 

knockout mice manifest the phenotype of hypogonadotropic hypogonadism, while heterozygotes would be 

unaffected. However, this is very variable as shown in Figure 2 and Table 4. The first known model was the 

hypogonadal mouse, published more than 30 years ago, which had a naturally occurring deletion of much of the 

Gnrh1 gene.(Mason, Hayflick, et al. 1986) Although protein sequences for the decapeptide were not deleted, the 

precursor transcript was unstable, and exogenous GnRH administration or GnRH gene therapy corrected the 



defect (Mason, Pitts, et al. 1986). Others followed and the phenotypes generally agree with human phenotypes, 

but not always. 

 When all 43 mouse models are examined, 22/43 (51%) of the homozygotes were embryonic or postnatal 

lethal. These included genes in three major categories, although additional features and  some overlap exist: 1) 

homeobox genes (Hesx1, Lhx3, Lhx4, Prop1, Sox2, and Sox10); 2) fibroblast growth factor pathways (Dusp6, 

Fgf8,  Fgfr1—exon B variant, Flrt3, and Hs6st1); and 3) central nervous system and midline cranial defects 

with or without other anomalies (Chd7, Dmxl2, Fezf1, Pnpla6, Polr3a, Polr3b, Smchd1, Stub1, Dmxl2, and 

Wdr11); and as well as several others (Pcsk1, Ndn). For at least two genes, Fgfr1 and Wdr11, although most are 

lethal, rarely some mice that reach adulthood are able to reproduce, but still exhibit infertility.  Somewhat 

surprisingly, only 10/43 (23%) of the homozygotes manifested hypogonadotropic hypogonadism as the 

reproductive phenotype with or without other anomalies. These included: Gnrh1, Gnrhr, Kiss1, Kiss1r, Lep, 

Lepr, Fgfr1, Prok2, Prokr2, and Lhb, and Sema3a.  

 Of the remaining 20 homozygous mouse models, 1/43 (5%) did not have a reproductive specified (Il17rd); 

3/43 (7%) were fertile (Fgf17, Sema3e, and Spry4,) and the remaining 7/43 (16%) had subfertility. For Sox3, 

subfertility was not specified if it affected both sexes. Subfertility in Nsmf KO mice is sexually dimorphic, 

being more severe in females than males.(Quaynor et al. 2015; Spilker et al. 2016) Hypofunction of three genes 

(Tac3, Tacr3, Fshb) resulted in fertile males, but subfertile females, while pathogenic variants in Rnf216 and 

Nr0b1 were associated with normal fertility in females, but subfertility in males (Table 4).   

 As detailed above, nearly half of the mouse models of hypogonadotropic hypogonadism manifested lethality 

in the homozygous state. If the heterozygotes for these 22 genes are analyzed, we observed the following: 12/22 

(54%) were fertile, 5/22 (23%) were subfertile, and for 5/22 (23%), the reproductive potential was not available. 

Viable heterozygotes, such as Hesx1 KO, did manifest signs of pituitary failure with hypogonadotropic 

hypogonadism. 

 Overall, most mouse models had relevance to the phenotype of nHH/KS even though nearly half were 

lethal. Of the 56 homozygous mouse models, 53% were lethal; 21% displayed nHH/KS; 16% had subfertility 

leaving 7% that were fertile and 5% for which the reproductive phenotype was not available. A high mortality 

among homozygous knockout/hypomorphic mice is not particularly surprising given the involvement of 

homeobox genes, the FGF pathway and CNS/midline defects. What is more surprising is that nearly one quarter 

of mouse models had pubertal development and were fertile or subfertile, suggesting some differences with the 

more severe human phenotype. Despite varying severity in phenotypes, very valuable scientific evidence 

regarding the intricacies of reproduction have been learned from these animal models 

 

5.0 Inheritance Patterns of nHH/KS Genes & Genetic Counseling 

 The inheritance patterns of nHH/KS are shown in Table 2A for 44 genes recognized and given MIM 

numbers by OMIM. Only three genes—ANOS1 (Franco et al. 1991; Legouis et al. 1991), NR0BI, and SOX3 are 

X-linked recessive, and so should affect males. All of the rest are autosomal, which is interesting given the 

increased male to female ratio, which could indicate some bias of ascertainment of nHH/KS patients. Note that 

22 are categorized as autosomal recessive and 21 are autosomal dominant. HESX1 and IL17RD variants may 

either be inherited in an autosomal dominant or autosomal recessive fashion. Others could also be considered in 

two categories, such as PROK2 (Cole et al. 2008; Cox et al. 2018), PROKR2 (Dode and Rondard 2013), and 

NSMF (Xu et al. 2011), because monoallelic and biallelic variants have been described in these genes and not 

enough families have been characterized for segregation analysis. Interestingly, some of these heterozygous 

variants also coexist with a heterozygous variant in a second gene, suggesting the possibility of digenic disease 

(see below) in 2-10%. Ideally, families are best studied by constructing a three-generation pedigree. 

 

5.1 X-Linked Recessive Forms of nHH/KS 

 There are three known X-linked recessive genes involved in nHH/KS—two associated with KS (ANOS1 and 

SOX3) and one associated with nHH (NR0B1). Affected males have only one X chromosome—they are 

hemizygous. Affected males will pass this X-chromosome gene variant to all daughters, who will be carriers, 

but none of their sons will be affected. Females are typically unaffected in X-linked recessive disorders unless 

there they have a 45,X karyotype (very unlikely), variants are biallelic, or there is skewed X-inactivation. 

Normally X-inactivation is random in cells, but if there is preferential inactivation of the normal X 



chromosome, the remaining chromosome with the pathogenic variant could result in a phenotype of nHH/KS. 

There is little compelling evidence that female carriers for ANOS1, NR0B1, or SOX3 pathogenic variants 

manifest nHH/KS. One female with biallelic ANOS1 variants manifested KS, but other variants in females have 

occurred in the presence of pathogenic variants in other genes (Shaw et al. 2011).  

 Carrier females of X-linked recessive diseases will transmit their abnormal X chromosome to half of their 

daughters (who will be carriers) and to half of their sons (who will be affected). For practical genetic counseling 

of apparent X-linked recessive families (affected males inherited via carrier females), ANOS1 gene variants will 

be the most commonly dealt with X-linked recessive gene. In this instance, associated phenotypic findings can 

be very helpful. If anosmia/hyposmia, midline facial defects, cryptorchidism, unilateral renal agenesis, and/or 

synkinesia is present in a family with X-linked recessive inheritance, ANOS1 is the likely culprit. If there is 

adrenal hypoplasia congenita (AHC) in the normosmic patient, then NR0B1 will be more likely. If there is 

CPHD with or without intellectual disability, SOX3 is more likely. The latter two are much less common. 

 

5.2 Autosomal Recessive Forms of nHH/KS 

 There are at least 22 genes for which variants result in autosomal recessive disease (Table 2A). The affected 

individuals, who may be female or male, have biallelic variants which may be identical (homozygous) or 

different (compound heterozygous). Compound heterozygous pathogenic variants are very common for 

GNRHR.(Bhagavath et al. 2005; Francou et al. 2016) When homozygous variants for rare diseases are 

encountered, consanguinity should be suspected and ascertained. In autosomal recessive inheritance, both 

parents are nearly always heterozygous carriers so their recurrence risk is 25% for an affected child, 50% for an 

unaffected carrier, and 25% for a normal phenotype. Three of the most commonly involved autosomal recessive 

forms of nHH/KS are due to GNRHR, TACR3, or KISS1R pathogenic variants as there have been more than 20 

families reported with TACR3 and KISS1R variants, and more than 60 for GNRHR) (Maione et al. 2018).  

 Pathogenic variants in LEP, LEPR, KISS1, PCSK1, and GNRH1 genes are uncommon, and each of these 

results in nHH in less than 1% of patients (Layman 2013b). In an autosomal recessive pedigree, other 

phenotypic features may assist in the diagnosis and counseling. Variants in DMLX2 and IL17RD are commonly 

associated with deafness, while pathogenic variants in FEZF1 result in KS, and others are associated with 

neurologic diseases (PNPLA6, POLR3A, POLR3B, and RNF216 (Table 3).  

 If the individual with an nHH autosomal recessive pedigree is counseled for future fertility, most commonly 

because of GNRHR or TACR3 variants, the recurrence risk for that individual is very low. The affected 

individual would have to reproduce with another carrier, which would be very unlikely unless there is 

consanguinity. If we use a carrier rate of 1/100, so the chance of an affected child would be 1 (the probability 

for the affected individual to be a carrier) X 1/100 (background carrier rate) X 1/2 chance of the background 

carrier to pass on the variant = 1/200. In reality, the carrier frequency is much lower than that, so the risk is very 

small.  

 There are some special cases of gene variants affecting pituitary function that result in autosomal recessive 

disease. If there is CPHD in family members, then PROP1, LHX3, and HESX1 need to be considered. HESX1 

variants can also be inherited in an autosomal dominant fashion. If hypogonadism is present, but FSH is very 

low and LH is elevated, FSHB pathogenic variants could be causative (Matthews and Chatterjee 1997; Layman 

et al. 1997; Layman et al. 2002). Similarly, if LH is low and FSH is elevated or normal, LHB variants should be 

sought (Lofrano-Porto et al. 2007; Weiss et al. 1992). For some of the other genes in Table 2, not enough 

families have been described to be useful for practical genetic counseling. 

 

  



5.3 Autosomal Dominant Forms of nHH/KS 

 Autosomal dominant diseases represent the most challenging to detect and counsel because of reduced 

penetrance and variable expressivity. The most commonly encountered autosomal dominant inherited gene 

variants are in FGFR1, CHD7, PROKR2, and WDR11 (Maione et al. 2018; Boehm et al. 2015). Variants in 

SOX10 are common among those patients with hearing loss (Pingault et al. 2013). Affected individuals may be 

either males or females with heterozygous pathogenic variants. Heterozygous variants may either cause disease 

because of haploinsufficiency, in which ~50% reduction in protein is not able to adequately sustain normal 

function, or by a dominant negative mechanism, in which the variant interferes with the function of the wild 

type allele. CHD7 variants commonly exhibit haploinsufficiency, particularly truncating variants. However, in 

depth studies of PROKR2 variants, which are commonly missense variants, have revealed that some are 

consistent with haploinsufficiency, but others support a dominant negative effect (Cox et al. 2018). Dominant 

negative variants typically affect proteins that form dimers (such as PROKR2) or multimeric proteins such as 

collagen. 

  Autosomal dominant traits have a 50:50 chance of transmission to a son or daughter. Variants may be 

inherited from a parent, but they may also be absent in both parents (de novo) or there may be gonadal 

mosaicism, in which pathogenic variants are present in some germ cells, but not in peripheral blood DNA. For 

most autosomal dominant diseases, the recurrence risk is ~ 2-4% if gonadal mosaicism is present. Gonadal 

mosaicism has been reported for FGFR1 variants.(Sato et al. 2006) In a recent study involving whole exome 

sequencing in 60 nHH/KS trios (patient and parents), postzygotic mosaicism for two FGFR1 variants and one 

CHD7 variant were identified in 3 of 10 patients when multiple tissues were studied. These findings reinforce 

available information for genetic counseling (Acierno et al. 2020). However, once the individual has a 

heterozygous variant, it will behave in an autosomal dominant fashion with a 50% risk for each pregnancy. 

 The phenotypic effects of autosomal dominantly inherited pathogenic variants may vary from mild to severe 

(variable expressivity). It is possible, for example, that a female with a CHD7 pathogenic variant has KS and 

mild hearing loss, but she could have a more severely affected child with KS, congenital heart disease, midline 

facial clefting, and severe deafness. What complicates this situation even more is that not all individuals with 

the pathogenic variant exhibit any phenotypic effects—this is reduced penetrance. Yet they are still at the same 

risk of transmitting the variant to 50% of their offspring. These features always make autosomal dominant 

disease difficult to predict future risk.  

 When an apparently unaffected person has a pathogenic variant in one of the autosomal dominant genes, it 

is perhaps safest to counsel up to a 50% recurrence risk to a child. This same advice could be provided for an 

affected individual with nHH/KS who has not yet been studied for pathogenic variants in any nHH/KS genes. 

For two genes (HESX1 and IL17RD), for which variants may be inherited as autosomal dominant or autosomal 

recessive, performing a pedigree and testing available family members would provide the most important 

information. If that is not possible, erring on the side of autosomal dominant with a 50% recurrence risk seems 

prudent. This is also true for PROKR2 and PROK2, as some families may have autosomal recessive appearing 

pedigrees, while others have autosomal dominant ones, which manifest variable expressivity and reduced 

penetrance (Dode et al. 2006; Cox et al. 2018). 

 

6.0 Digenic nHH/KS 
 Digenic and oligogenic variants have been increasingly reported by a number of investigators, but 

confirming digenic inheritance is extremely difficult to prove and it requires a combination of human families 

(which are usually rare), animal models, and cell-based studies (Schaffer 2013). Digenicity for KS was first 

suggested for PROKR2 and ANOS1 variants, but variants were not studied in vitro (Dode et al. 2006). Digenic 

families in which variants for both genes underwent in vitro analyses with familial segregation were reported in 

2007 for FGFR1/NSMF and FGFR1/GNRHR (Pitteloud, Quinton, et al. 2007). Subsequently, many additional 

cases have been reported. In a compilation of cases from the literature, we identified 67 probands who had 

variants in two or more of the 44 nHH/KS genes recognized by OMIM (Table 5, which includes the reference 

and PMID number for each) (Dode et al. 2006; Pitteloud, Quinton, et al. 2007; Cole et al. 2008; Falardeau et al. 

2008; Canto et al. 2009; Sykiotis et al. 2010; Sarfati et al. 2010; Quaynor et al. 2011; Beneduzzi et al. 2011; 

Miraoui et al. 2013; Margolin et al. 2013; Xu et al. 2017; McCormack et al. 2017; Goncalves et al. 2017; 

Quaynor et al. 2016; Tornberg et al. 2011; Zhou et al. 2018).   



 From these studies, we identified eight unrelated individuals with digenic variants in nHH/KS supported by 

in vitro confirmation for both variants and 20 probands with supportive in vitro analysis for one of the two 

genes (the other was not studied), and 39 had digenic variants where neither was studied—i.ie., VUS. These 

latter 39 digenic variants will not be discussed further. All 67 digenic variant combinations are shown in Table 

4. For these first two groups of 8 and 20 probands, 12 genes were involved (Table 2A, 2B; Table 5)—ANOS1, 

SEMA3A, GNRHR, RNF216, TACR3, FGF8, FGFR1, HS6ST1, NSMF, PROK2, PROKR2, and WDR11. 

  

6.1 Eight Digenic Cases Where Both Variants Were Studied In Vitro 

 Eight probands had digenic variants that were deleterious in vitro. Six genes were involved—five autosomal 

dominant (FGFR1, PROKR2, NSMF, SEMA3A, and WDR11) and one autosomal recessive (GNRHR) gene.  

Four cases involved FGFR1 and four involved PROKR2 variants, all of which were heterozygous. The second 

gene variant along with FGFR1 involved either heterozygous NSMF (n = 1), biallelic GNRHR (n = 2), or 

heterozygous GNRHR variants. For PROKR2 variants, the second gene consisted of heterozygous variants in 

either NSMF (n =1), SEMA3A (n = 2), or WDR11 (n = 1). In seven of the eight cases, the variants in either gene 

could result in the phenotype without involvement of the other gene. In one case, a heterozygous GNRHR 

variant should not be sufficient to cause disease because it is autosomal recessive.  

 For five of these cases, pedigrees were reported, but for the three SEMA3A/PROKR2 digenic variants, only 

the proband was genotyped. As can be seen in Figure 3 for cases 1 (FGFR1/NSMF), 2 (GNRHR/FGFR1) and 8 

(PROKR2/WDR11), digenic inheritance is supported as there are individuals with both gene variants who are 

affected, whereas persons with one gene variant may either be affected or unaffected. For case 3 and 4, 

digenicity was more difficult to support since none of the unaffected family members were genotyped. No 

animal models were reported for any of these cases. Therefore, support for digenicity in three of these cases 

comes from two of the requirements: human pedigrees and cell-based in vitro studies, but not animal studies. It 

should also be pointed out that only one family for each digenic pair was identified. It is interesting to note that 

15 of the 16 genotypes in these individuals are sufficient to cause nHH/KS without a variant in a second gene. 

 

6.2 Twenty Digenic Cases Where Only One Variant Was Studied In Vitro 

 The next best evidence for digenicity in humans comes from 20 gene pairs possessing variants, in which one 

was confirmed in vitro (Table 5). Only the gene variants in the digenic pair that were studied in vitro were 

counted as genes participating in digenicity.  All 20 gene variants are sufficient to cause disease without a 

second gene. For the variants confirmed in vitro, FGFR1 was once again the most common gene involved (n = 

5), followed by ANOS1 (n = 4), and then WDR11, HS6ST1, SEMA3A, and NSMF, found in two probands each. 

PROKR2, FGF8, and GNRHR were each represented once. All variants confirmed in vitro were heterozygous 

except GNRHR variants, which were biallelic. For the five cases of confirmed FGFR1 variants, FGFR1 variants 

are sufficient to explain the phenotype since FGFR1 variants can cause nHH or KS. For the one female with KS 

(#27 in Table 5) who had heterozygous FGFR1 and TACR3 variants, it appears likely that FGFR1 was 

causative. A heterozygous TACR3 variant by itself should not result in the KS phenotype since it is autosomal 

recessive, and TACR3 variants also cause nHH rather than KS.  

 The four cases of ANOS1 pathogenic variants confirmed by in vitro studies occurred only in males with KS, 

and so ANOS1 by itself could explain the phenotype. Two of the males also had heterozygous PROKR2 VUS 

and two had heterozygous TACR3 VUS. The second gene variant for the ten probands involving WDR11, 

HS6ST1, SEMA3A, NSMF, GNRHR, and PROKR2 were also VUS (not studied in vitro), but if found to be 

causative, the other gene variant could potentially cause the disease by itself in 8 of 10 cases. For two cases, a 

heterozygous GNRHR variant should not be causative by itself, and the female with nHH who had biallelic 

GNRHR variants, also had a heterozygous ANOS1, which should not cause nHH in a female. Therefore, these 

monoallelic variants could potentially be responsible for the observed phenotype in all cases without any 

contribution from another gene!  

 Little can be ascertained from the 39 cases with VUS since they have not been studied in vitro. It should be 

noted that cases 57-67 were part of a study in which only males were studied (Zhou et al. 2018). Most of the 

cases from Table 5 were studied with known genes at the time, which has increased over time so that digenicity 

could be underestimated. To get a truly unbiased ascertainment of digenic inheritance, all genes would need to 



be studied. However, whole exome sequencing and whole genome sequencing have only been applied more 

recently, which likely will increase the detection rate of digenic/oligogenic variants in nHH/KS. 

 Just because digenic (or oligogenic in a few) variants are present, this does not prove that both genes are 

involved in the phenotype. This is a much understudied area of hypogonadotropic hypogonadism genetics.  

As published by Schaffer (Schaffer 2013), digenic inheritance is extremely difficult to prove and it requires a 

combination of human families (which unfortunately are rare), animal models, and cellular models. Although 

there are 28 different genes reported in digenic inheritance in humans, there is very little proof of causation with 

a few exceptions. We only found three mouse models supporting digenicity. In the double Fgf8 +/-//Fgfr1+/- 

mouse, but not Fgf8/Fgfr3 or Fgfr1/Fgfr3 double heterozygotes, GnRH neuron migration was more adversely 

impaired with the double heterozygote compared with the single heterozygote (Chung et al. 2010). Two 

FGF8/FGR1 heterozygous digenic pathogenic variant have also been described in humans (cases 10 and 11 in 

Table 5), providing further documentation for digenic diease (Falardeau et al. 2008).  Therefore, strongest 

support for digenicity comes from FGF8/FGFR1 genes since all three criteria for digenicity have been 

supported, although only two families have been identified.  

 Another example supporting digenicity in an animal model is for RNF216 and OTUD4. Homozygous 

pathogenic variants in both genes were identified in one consanguineous family with nHH and ataxia (Gordon-

Holmes syndrome) (Margolin et al. 2013). When these genes were knocked down in zebrafish, a greater 

impairment of optic tectum size was noted compared with each gene separately (Margolin et al. 2013). OTUD4 

is currently a GUS, because unlike RNF216 where additional variants in GHS were found, no additional 

OTUD4 variants have been reported. Nevertheless, there is support from the animal model for digenicity. 

Although the Kiss1/Kiss1r double KO mouse appears to have a more severe phenotype than either alone (Chan 

et al. 2011), we were unable to find corresponding pathogenic variants in both genes in a human with nHH.  

 Mechanisms of how variants in two or more genes result in disease include: 1) chance alone; 2) digenicity; 

3) synergistic heterozygosity, or 4) modifier gene effects (Schaffer 2013). Digenicity refers to the interaction of 

two nonhomologous genes, either monoallelic or biallelic. In true digenic disease, some individuals with 

variants in one gene will manifest the phenotype, while others do not; however, those with variants in both 

genes will be affected, and likely be more severely affected than with either gene alone. Synergistic 

heterozygosity is defined as variants in two genes, either affecting intra- or interpathway interactions, which are 

not sufficient to result in disease individually, but that are causative in combination (Vockley et al. 2000; 

Schuler et al. 2005; Phillips et al. 2008). They do not have to be involved directly in the same pathway, but 

could contribute to a common pathway such as GnRH neuron migration, GnRH secretion, etc.  Synergistic 

heterozygosity was described in biochemical genetics in which heterozygous variants to two genes in the same 

biochemical pathway resulted in disease, which would normally only occur if either gene had biallelic variants 

in an autosomal recessive condition (Vockley et al. 2000). Lastly, the second gene involved could be a modifier 

gene, in which a gene at a different locus modifies the phenotype—either making it worse or milder. A classic 

example is how MBL2 and TGFB1 may modify the cystic fibrosis phenotype in affected individuals with CFTR 

pathogenic variants (Bartlett et al. 2009).  

 In depth studies of digenicity are extremely important in understanding the pathophysiology of nHH/KS and 

could profoundly affect genetic counseling of affected patients. At this time, it appears that 12 genes 

demonstrated some evidence for digenicity, most of which are autosomal dominant and can cause either nHH or 

KS (Table 2, Table 5). FGF8/FGFR1 offers the strongest  support for all three criteria for digenicity, while 

human studies for FGFR1/NSMF, FGFR1/GNRHR, and PROKR2/WDR11 and animal model findings for 

RNF216/OTUD4 and KISS1/KISS1R provide support for digenicity. It is clear that future studies are needed to 

clarify and confirm the issue of digenicity in nHH/KS. 

  

7.0 Clinical Genetic Diagnosis of nHH/KS 
 The genetic basis for nHH/KS has been elucidated for approximately half of patients. Karyotype is generally 

not helpful since no consistent abnormalities have been reported. In one study of 76 patients, ~4% had either a 

balanced translocation or a pericentric inversion, but they are not known to be causative without further analysis 

(Bhagavath et al. 2006). One of these translocations was instrumental in identifying the WDR11 gene as a 

causative nHH/KS gene (Kim et al. 2010). The use of chromosomal microarrays (CMA) will not usually be 

helpful since single nucleotide variants and small indels constitute most of the known etiologies. However, 



when intellectual disability or another apparently unrelated phenotype accompanies nHH/KS, CMA may be 

utilized to demonstrate a contiguous gene deletion syndrome. One example is an Xp22.3 deletion encompassing 

ANOS1 causing KS and STS, which causes ichthyosis (Maya-Nunez et al. 1998). Contiguous gene deletions of 

chromosome 8p11-p12, which includes FGFR1, have also been reported in patients with KS and either 

congenital anemia due to spherocytosis or visual impairment (Dode et al. 2003).  DNA sequencing of candidate 

genes constitutes the current state of diagnosis for most patients. 

 Given the large numbers of implicated genes for nHH/KS and possible oligogenic inheritance, how should 

the clinician proceed to perform genetic testing? A minimalist approach might be to perform DNA sequencing 

for the most common genes involved. Pathogenic variants in FGFR1 (10%) and CHD7 (6%) are common in 

both nHH and KS, so one argument could be to test for these two in nHH and add GNRHR (4-5%) and TACR3 

(5-6%). This would give a detection rate of ~25% (Layman 2013a). For KS, testing FGFR1, CHD7, and ANOS1 

(if a male) would yield pickup rates of 20% in males and 16% in females (Layman 2013a). 

 Testing could be targeted depending upon the associated anomalies, such as synkinesia (FGFR1, ANOS1), 

deafness (SOX10, CHD7, IL17RD, DMXL2), ataxia (RNF216, STUB1, PNPLA6), midline facial defects (CHD7 

and FGF pathway genes), or septo-optic dysplasia (HESX1 and SOX2). Others are shown in Table 3. Testing 

could be based upon the sense of smell. As shown in Table 2B, variants in 9 genes result in KS; 21 result in 

nHH; and 12 result in either nHH or KS. Isolated deficiencies of gonadotropins will be dictated by serum FSH 

and LH levels. If the patient is anosmic/hyposmic, it would be reasonable to sequence these 21 (9 KS; 12 

nHH/KS) genes. If the patient is normosmic, then sequencing of 33 genes (21 nHH; 12 nHH/KS) could be 

performed 

.  Inheritance within the family could also provide clues if there are several affected individuals, although 

some gene variants can be inherited as dominant or recessive (HESX1, IL17RD, PROK2, PROKR2, NSMF). As 

can be seen in Table 2A, about half of the genes with variants are inherited as autosomal recessive and half are 

autosomal dominant. Only 3/44 (7%) are X-linked recessive. Genes participating (but not proven) in 

digenic/oligogenic inheritance are also indicated (in bold) in Tables 2A and 2B. Although important to consider 

these genes, the role of digenic causation is largely unknown and needs to be studied before more specific 

guidelines can be generated. Careful evaluation of the genotypes and phenotypes of affected and unaffected 

family members is required. In true digenic disease, patients with pathogenic variants in one gene may or may 

not be affected, while those with pathogenic variants in two genes should be affected (Schaffer 2013).  

 Right now, targeted next generation sequencing panels of all 44 genes provides the most practical method of 

DNA diagnosis, but variants should be confirmed by Sanger sequencing. It is likely in the near future, the 14 

additional GUS discussed above could be added to the panel, as well as other newly discovered genes. 

Intragenic deletions are not commonly reported in nHH/KS, but a reflex deletion analysis by MLPA or qPCR 

could be performed if pathogenic variants are absent, but certain specific genes are suspected. Large gene 

deletions are not commonly described for most nHH/KS genes, but have been identified for ANOS1 and 

FGFR1. When patients manifest intellectual disability and additional somatic anomalies not commonly 

associated with nHH/KS, contiguous gene deletion syndromes could be present so that microarrays could be 

considered.   

 Finally, whole exome sequencing (WES) or whole genome sequencing (WGS) could be performed. It must 

be realized that particularly with WES, not all bases of every gene may be interrogated (or captured in the 

library preparation). This technique could be considered when the 44 gene panel does not yield any pathogenic 

variants. Whole genome sequencing allows a more unbiased approach and may be useful for copy number of 

some genes/regions, but many variants of undetermined significance will be identified. Currently WGS is 

probably best reserved for research purposes, but it will likely have increasing usage as the analysis is better 

understood and the cost decreases. Improved sequencing methods, and in particular, more robust bioinformatics 

analysis of big data (Suwinski et al. 2019), as well as improved detection of structural variants by methods such 

as genome optical mapping (Chaisson et al. 2019), will facilitate more complete genetic analysis of these 

patients.  

  



7.1 Fertility Considerations 

 When patients with nHH/KS contemplate pregnancy, it is important to provide them with information 

regarding their future fertility through a multidisciplinary approach. This may include referrals to mental health 

professionals, geneticists/genetic counselors, and fertility specialists. As discussed above, genetic counseling 

should include an explanation of the inheritance pattern of the involved gene variant and the likelihood of 

transmitting the disease to offspring. This is particularly important for autosomal dominant genes since it is 

complicated by both variable expressivity and reduced penetrance, and there is a higher likelihood of 

transmission to offspring. 

 Fertility can often be restored in males using pulsatile GnRH or subcutaneous gonadotropins 2-3 

times/week. Early studies showed ~88% success in males treated with gonadotropin therapy.(Crowley and 

Whitcomb 1990) Findings from a meta-analysis demonstrated an overall success rate of~ 75% of achieving 

spermatogenesis, with a mean sperm concentration obtained of ~6 million/mL for gonadotropins and ~4 

million/mL for GnRH therapy (Rastrelli et al. 2014). This treatment for males may take 6-12 months or even 

longer depending upon several predictive factors. Specific recommendations based upon the gene variant 

involved are not currently available due to small numbers of identified individuals seeking fertility treatment. 

Poor prognostic factors for males include small testes (<4cc), cryptorchidism, and low inhibin B, which more 

commonly occur in males with ANOS1 pathogenic variants (Salenave et al. 2008). Important for treatment is the 

evaluation of the female partner for tubal patency and ovulation. 

 Females may be treated with subcutaneous gonadotropins, usually both FSH and LH, or GnRH. Successful 

ovulation induction occurs in 60-80% of the cases with a pregnancy rate of 20-50% if there is no male factor 

(Pandurangi, Tamizharasi, and Reddy 2015). Even in the presence of compound heterozygous GNRHR 

pathogenic variants, pulsatile GnRH administration was capable to overcome the receptor defects and induce 

ovulation and successful pregnancies (Seminara et al. 2000). As more patients with nHH/KS undergo genetic 

analysis, gene-specific fertility rates could become available for counseling purposes. For now, patients should 

be informed that GnRH and gonadotropin therapy is usually successful depending upon age, the phenotypic 

features mentioned, and associated partner factors. 

 Gene-specific effects have been studied in the ~10% of patients with nHH/KS who experienced spontaneous 

reversal (Raivio et al. 2007). One group (Sidhoum et al. 2014) showed spontaneous reversal in 22% of patients 

with FGFR1, PROKR2, and GNRHR pathogenic variants, but the rate of reversal was not statistically different 

amongst these genes. Notably, no patients with ANOS1 variants experienced reversal (Sidhoum et al. 2014). 

However, as discussed above, patients with pathogenic variants in the tachykinin pathway (TAC3 and TACR3) 

have a much better prognosis for spontaneous reversal and fertility.  

 

 

8.0 Conclusion 
 In the past 35 years, great strides have been made in the identification and characterization of genes 

involved in nHH/KS with and without other associated anomalies. Currently, 44 likely causative genes have 

variants in about 50% of nHH/KS patients, which are complemented by 43 mouse models. It is likely new genes 

will be characterized, perhaps facilitated by chromosomal rearrangements (Supplemental Table 1). With the 

advent of WES and WGS, a better characterization of digenic variants will increase our understanding of the 

role in oligogenicity in these disorders. It must be remembered that pituitary deficiency due to variants 

homeobox genes causing combined pituitary deficiency should be considered where appropriate. Human and 

animal models will aid in the clarification of the role of nHH/KS genes in the diagnosis of patients with pubertal 

disorders and will enhance our understanding of normal puberty. 
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Highlights 

 

-Of the 44 human normosmic hypogonadotropic hypogonadism (nHH)/Kallmann syndrome (KS)  

genes, >90% are autosomal in inheritance 

-With digenic occurrence, most variants occur in genes associated with both nHH and KS that  

are inherited in an autosomal dominant fashion 

-Variants in FGFR1 constitute the most common cause of monogenic and digenic nHH/KS 

-Of the 43 homozygous mouse models, nearly half were lethal, 20% displayed hypogonadotropic  

hypogonadism, and most of the rest had subfertility 

-Genetic testing may be accomplished by targeted gene sequencing based upon sense of smell,  

associated anomalies, inheritance patterns, or by next generation sequencing/Sanger  

confirmation with reflex deletion testing 

  



 

 

Figure Legends 

 

Figure 1: Chromosome location of nHH/KS genes beginning with chromosome 1 and ending with chromosome 

X. Chro = chromosome. Shown are the 44 genes in OMIM as well as the 14 genes of uncertain significance. 

 

 

 
 



Figure 2: Mouse models of the homozygous loss of function genes in broad categories. HH = hypogonadotropic 

hypogonadism; M = male; F = female. It is recognized that other phenotypic features are present in addition to 

those shown here, but they were selected in these major categories. 

 

 
  



Figure 3. Digenic cases where both variants were confirmed in vitro. These correspond to Cases 1-8 in Table 5.  

Cases 1 and 2 are from Pitteloud et al. J Clin Invest (2007); cases 3 and 4 from Ravio et al. JCEM 2008. Cases 

5, 6, and 7 are from Hanchate et al PLOS Genet 2012, but pedigrees were not provided. Case 8 is from 

McCormack et al. JCEM 2017. CLD = clinodactyly; DS = Duane syndrome; MLD = midline facial defect; 

CPHD = combined pituitary hormone deficiency.  

 

 


