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Abstract  

The nuclear receptor transcription factors, DAX-1 (NR0B1) and SF-1 (NR5A1), regulate 

many aspects of adrenal and reproductive development and function.  Disruption of the 

genes encoding these factors can be associated with pediatric adrenal disease.  DAX-1 

mutations are classically associated with X-linked adrenal hypoplasia congenita (AHC), 

hypogonadotropic hypogonadism (HH) and impaired spermatogenesis.  However, other 

phenotypes are also being reported, such as isolated mineralocorticoid insufficiency, 

premature sexual development, primary adrenal insufficiency in a 46,XX patient and late 

onset X-linked AHC and/or HH.  SF-1 mutations have also been associated with primary 

adrenal insufficiency, together with 46,XY disorders of sex development (DSD). However 

it is emerging that SF-1 changes are a relatively rare cause of primary adrenal failure in 

humans, and most individuals with SF-1 mutations have a spectrum of 46,XY DSD 

phenotypes.  These conditions range from 46,XY females with streak gonads and 

Müllerian structures, through children with ambiguous genitalia and inguinal testes, to 

severe penoscrotal hypospadias with undescended testes.  Therefore, the human gonad 

appears to be more sensitive than the adrenal gland to loss of SF-1 function.  This 

review will focus on the expanding range of phenotypes associated with DAX-1 and SF-

1 mutations. 
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Introduction  

 

The human adrenal gland first develops from an area of intermediate mesoderm at 

around four weeks post conception and undergoes rapid growth and differentiation 

during fetal life into a fully functional organ capable of releasing cortical and medullary 

hormones. Defects in several different transcriptional, signaling and mitogenic pathways 

can result in underdevelopment of the adrenal gland, leading to the clinical condition 

congenital adrenal hypoplasia (or adrenal hypoplasia congenita; AHC) [1]. Many of these 

processes also regulate adrenal function postnatally and throughout the lifespan, 

potentially resulting in primary adrenal insufficiency when disruption occurs.  

 

In this chapter we will focus on the role of the nuclear receptor transcription factors DAX-

1 (NR0B1) and steroidogenic factor-1 (SF-1, NR5A1, Ad4BP) in human adrenal 

development and function. The importance of these factors in human adrenal disease is 

now well established, but the spectra of phenotypes associated with these conditions 

continue to expand.  

 

DAX-1 (NR0B1) 

 

DAX-1 (Dosage-sensitive sex reversal - Adrenal hypoplasia congenita critical region on 

the X chromosome 1) is an atypical nuclear receptor first reported in 1994 to be 

associated with X-linked adrenal hypoplasia congenita (X-linked AHC, OMIM 300200) 

[2]. The genetic locus for this transcription factor was mapped to the short arm of the X 

chromosome (Xp21) as X-linked AHC can occur as part of a contiguous gene deletion 

syndrome with glycerol kinase deficiency (GKD) and Duchenne Muscular Dystrophy 

(DMD). DAX1 (officially called NR0B1) encodes an atypical nuclear receptor with a 
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ligand-like binding domain at the carboxyl-terminus and an unusual amino-terminal 

region containing 3.5 repeats of an LXXLL-motif containing sequence (fig. 1). DAX-

1/NR0B1 is expressed in key areas of the adrenal gland, gonad, and central 

reproductive axis during development and post-natal life, consistent with its role in the 

development and function of these endocrine systems. 

 

The “classical” clinical features of X-linked AHC are: 1) primary adrenal failure 

presenting in early infancy or childhood; 2) hypogonadotropic hypogonadism presenting 

as absent or arrested puberty; and 3) impaired spermatogenesis [2,3]. Boys with this 

condition usually need glucocorticoid and mineralocorticoid replacement throughout life 

and induction of secondary sex characteristics with testosterone. In general, GnRH 

pumps or recombinant gonadotropins are not effective at reversing azoospermia [4,5]. 

 

Approximately one-third of boys with X-linked AHC have a deletion of DAX1 (NR0B1) 

[6]. A contiguous gene deletion syndrome affecting another Xp locus gene occurs in 

about half of these cases. Approximately two-thirds of individuals have point mutations in 

the DAX1 (NR0B1) gene. These changes can be insertions, deletions or nonsense 

changes scattered throughout the two exons. The most common point mutations are 

frameshift changes (approximately 50%) and nonsense mutations (approximately 30%) 

(fig.1, upper panel).  Missense mutations have been reported in 20% of patients with 

point mutations and are mostly located within the putative ligand-binding region of DAX-

1 (fig.1, lower panel) [6]. These changes can cause several different defects such as 

altered protein structure, reduced protein-co-factor interactions, or disrupted nuclear 

localization [7,8]. Missense changes in the amino-terminus of DAX-1 are very rare. 
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In addition to the classic phenotype of X-linked AHC described above, several variant or 

partial phenotypes have now been reported (table 1). These include predominant 

mineralocorticoid insufficiency [9]; hyperandrogenism in early childhood [10]; early 

puberty with later pubertal arrest [11]; and adrenal insufficiency in a girl with an Xp 

deletion and extreme skewed X-inactivation [12]. Furthermore, late-onset X-linked AHC 

has been described in several men who presented with primary adrenal failure or 

hypogonadotropic hypogonadism in late adolescence or early adulthood [13,14]. In 

some cases, these milder conditions may be due to missense mutations with partial 

loss-of-function, or to premature stop codons at the aminoterminus of the protein with 

subsequent translation of an alternative isoform of the DAX-1 protein that retains partial 

function due to preserved LXXLL domains [13,14]. 

 

The precise functional role of DAX-1 in adrenal development and function remains 

unclear. Many studies have shown that DAX-1 can act as a repressor of gene 

transcription through its effect on the related nuclear receptor steroidogenic factor-1 (SF-

1, NR5A1). Indeed, crystallography of DAX-1 bound to the related receptor LRH-1 

(NR5A2) predicts that two DAX-1 proteins bind to the ligand-like binding domain of the 

partner, thereby potentially altering its activation capacity [15]. However, such a 

repressor role for DAX-1 is paradoxical given the fact that loss-of-function changes in 

DAX-1 result in adrenal hypoplasia. Two alternative hypotheses have been suggested. 

Firstly, DAX-1 may be needed to prevent adrenal stem cell differentiation, so that 

expansion of a pool of progenitor stem cells can occur before these cells mature into a 

mature steroidogenic lineage [7]. Loss of DAX-1 repression would result in premature 

differentiation without prior expansion, so that the total number of cells is reduced and 

adrenal hypoplasia results. Alternatively, DAX-1 may actually function as an activator of 

gene transcription in certain cases, such as with the steroid receptor RNA activator 
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(SRA) or on specific promoters (e.g. pre-B-cell leukaemia transcription factor 1; PBX1). 

These activator effects may be cell- or time-specific [16,17]. 

 

Although the exact mechanisms underlying X-linked AHC and its associated 

reproductive consequences remain to be fully elucidated, understanding the underlying 

pathogenic mechanism is important to gain new insight into this condition and if new 

treatment approaches are to be developed. 

 

Steroidogenic factor-1 (SF-1, NR5A1) 

 

SF-1 is a related nuclear receptor that is expressed in the adrenal gland, gonads, 

ventromedial hypothalamus, gonadotropes and spleen during development and into 

postnatal life. Like DAX-1, SF-1 has a carboxyl-terminal ligand-like binding domain, but 

its amino-terminal DNA-binding domain is more typical of the nuclear receptor 

superfamily (fig.2). This region contains a two zinc finger DNA-binding domain (with a 

“P-box” motif), an accessory region (“A-box”) that supports monomeric binding, and a 

hinge region that can undergo post-translational modification (e.g. phosphorylation, 

SUMOylation). SF-1 was originally thought to be an “orphan” nuclear receptor as no 

naturally-occurring ligand was known. Recent data following crystalization of the ligand-

binding domain suggest that this region may contain a small phospholipid molecule  [18]. 

Although it is still not know if a high-specificity natural ligand exists for SF-1, this finding 

raises the possibility that SF-1 function could be modulated by signaling pathways, 

environmental chemicals or pharmacological agents.  

 

SF-1 regulates an array of target genes involved in adrenal and reproductive 

development and in steroidogenic and metabolic function. Complete deletion of the gene 
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encoding Sf1 in the mouse causes adrenal and gonadal agenesis, a female phenotype 

and Müllerian structures in XY mice, partial gonadotropin deficiency, and late-onset 

obesity in animals rescued by adrenal transplantation [19].  

 

Initial attempts to identify SF-1 changes in humans focused on individuals with a similar 

collection of features (i.e., primary salt-losing adrenal insufficiency, 46,XY disorders of 

sex development (DSD) and Müllerian structures). This is a very rare phenotype in 

humans and in more than a decade only two such patients have been reported who 

harbor SF-1 changes. The first individual described has a de novo heterozygous p.G35E 

change in the “P-box” of SF-1 [20]. This motif forms the principle DNA-binding structure 

of SF-1 by interfacing with the major groove of DNA. The p.G35E may have a mild 

competitive or dominant negative effect in certain assay systems but the effect on 

different promoters can be variable and the phenotype may be the result of reduced SF-

1 transactivation on multiple targets throughout the genome and at different stages of 

development; therefore, a potentially complex and non-linear system. The importance of 

SF-1 in regulating human adrenal and gonad development and function was confirmed 

following the report of an infant with a similar phenotype (primary salt-losing adrenal 

failure, 46,XY DSD, Müllerian structures) who had inherited a homozygous p.R92Q 

alteration in SF-1 in a recessive fashion [21]. This change lies within the “A-box” of SF-1 

and interferes with monomeric DNA binding stability. Again, the effects of this 

homozygous change are complex and variable, but in a range of promoter assays mean 

functional activity was in the order of 30-40% of wild-type. Although a 46,XX girl with 

primary adrenal failure was reported to have a heterozygous point mutation in SF-1 

(p.R255L) [22], a systematic study of children and adults with a range of potential 

adrenal hypoplasia phenotypes did not reveal any additional mutations in SF-1 in a 

cohort of more than 70 DAX-1 negative individuals tested [6]. Therefore, SF-1 mutations 



 8 

are a well-established but relatively rare cause of primary adrenal failure in humans. No 

complete loss of function changes or deletions of SF-1 have been described.  

 

More recently, an association between SF-1 changes and 46,XY DSD has emerged [for 

example, see 23]. These children typically harbor heterozygous nonsense or frameshift 

mutations in SF-1 that are predicted to cause haploinsufficiency of the protein, or 

heterozygous missense changes with severe loss of function but no clear dominant 

negative activity. Affected individuals have a spectrum of 46,XY DSD phenotypes 

ranging from 46,XY females with streak gonads and Müllerian structures, through 

children with ambiguous genitalia and inguinal testes, to severe penoscrotal 

hypospadias with undescended testes [24]. In these cases there seems to be a 

predominant androgen biosynthesis defect with variable defects in testis development 

and/or integrity. 

 

SF-1 changes often occur de novo, but can also be transmitted in a recessive pattern or 

from the mother in a sex-limited dominant manner. Other missense mutations in SF-1 

have be found in association with bilateral anorchia (vanishing testis syndrome) with 

micropenis [25] and in women with primary ovarian insufficiency or premature 

menopause [26].  Of note, where data are available, adrenal function appears to be 

normal in all these individuals. Therefore, the human gonad appears to be more 

sensitive than the adrenal gland to loss of SF-1 function, although this group of patients 

will need long-term follow up to establish whether there is a risk of developing adrenal 

failure with time. The potential metabolic effects of SF-1 disruption also need addressing 

in the long-term, as ventromedial hypothalamic defects and late-onset obesity have been 

reported in mice [27], and obesity and hypertension have been noted in some patients.  
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A polymorphic variability in SF-1 may influence some of these processes in the 

population.  

 

Finally, overexpression of SF-1 may act as a drive to pediatric adrenal tumorigenesis, as 

somatic duplication or multiple copy numbers of the locus containing SF-1 have been 

found in some children with adrenal tumors on a background of loss of heterozygosity for 

TP53 [28].  In such cases, SF-1 could be a future therapeutic target for treatment of this 

rare but important group of conditions.  
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Figures legends 

 

Fig. 1. Cartoon of DAX-1 structure and a selection of the nonsense (closed circles), 

frameshift (open circles) and missense changes reported. Those changes associated 

with a milder phenotype (*) or isolated mineralcorticoid deficiency (**) are indicated. The 

potential LXXLL domains are shown below the protein structure. LBD = ligand binding 

domain. (Modified with permission from Lin et al., J Clin Endocrinol Metab 2006; 91: 

3048-3054. Copyright © 2006 by The Endocrine Society). 

 

Fig. 2. Cartoon of SF-1 structure and a selection of the changes reported in patients with 

adrenal insufficiency and/or reproductive phenotypes. Nonsense, frameshift and 

missense changes are shown. BD = binding domain, PAI = primary adrenal 

insufficiency, DSD = disorder of sex development, POI = primary ovarian insufficiency. 

(Modified with permission from Lin et al., J Clin Endocrinol Metab 2006; 91: 3048-3054. 

Copyright © 2006 by The Endocrine Society) 
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Table 1. Phenotypes associated with changes in DAX-1 (NR0B1). 
 

Clinical phenotype Example ref 

Primary adrenal insufficiency, HH, infertility [2,3]  
Isolated mineralocorticoid insufficiency [9]  
Premature sexual development [10,11] 
Adrenal insufficiency or delayed puberty in girls with skewed X 
inactivation or gene conversion 

[12]  

Late-onset X-linked AHC or HH in early adulthood [13,14] 
Presymptomatic diagnosis [29] 

 
AHC = adrenal hypoplasia congenita, HH = hypogonadotropic hypogonadism 
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Table 2. Phenotypes associated with changes in SF-1 (NR5A1). 
 
 

Clinical phenotype Example ref 

Primary adrenal insufficiency, 46,XY female, streak gonads, uterus [20, 21] 
Primary adrenal insufficiency in 46, XX girl [22] 
46,XY DSD, streak gonads, uterus [23] 
46,XY DSD, clitoromegaly/ambiguous, inguinal testes, no uterus [23] 
Severe penoscrotal hypospadias, small penis, undescended testes [24] 
Bilateral anorchia, small penis [25] 
Primary ovarian insufficiency [26] 

 
DSD = disorder of sex development 

 


