New Insights into Adrenal Pathophysiology

Hormone
Research

Horm Res 2003;59(suppl 1):94-98

DOI: 10.1159/000067831

SF1inthe Development of the Adrenal

Gland and Gonads

Gokhan Ozisik2 John C. Achermann® Joshua J. Meeks2 J. Larry Jameson?

aDivision of Endocrinology, Metabolism and Molecular Medicine, Northwestern University, The Feinberg School of
Medicine, Chicago, lll., USA; and PCentre for Human Growth and Maturation, Department of Medicine and

Institute of Child Health, University College London, London, UK

Key Words
SF1 . Sex determination - Testis - Adrenal gland - DAX1

Abstract

SF1 (steroidogenic factor-1; NR5A1) is an orphan nuclear
receptor that is expressed in the adrenal gland, gonads,
spleen, ventromedial hypothalamus and pituitary gon-
adotroph cells. Combined approaches of targeted muta-
genesis in mice and examination of the effects of natural-
ly occurring mutations in humans have clarified the role
of SF1 in steroidogenesis and development. Targeted
disruption of Sf1 (Ftzfl) in mice prevents gonadal and
adrenal development and causes male-to-female sex
reversal. A heterozygous loss-of-function human SF1
mutation (G35E) was described in a patient with adrenal
failure and complete 46,XY sex reversal, indicating that
haploinsufficiency of this transcription factor is sufficient
to cause a severe clinical phenotype. In an infant with a
similar clinical phenotype, a homozygous SF1 mutation
(R92Q) was identified. In functional assays, this mutant
SF1 protein exhibited partial loss of DNA binding and
transcriptional activity when compared with the more
severe G35E P-box mutant. These patients reveal the
exquisite sensitivity of SFl-dependent developmental

pathways to gene dosage and function in humans.
Copyright© 2003 S. Karger AG, Basel

Discovery and Structure of SF1

The existence of a common ‘steroidogenic factor’ had
been proposed based on the identification of similar regu-
latory elements in the proximal promoter regions of the
cytochrome P-450 steroid hydroxylase gene family [1].
Steroidogenic factor-1 (SF1) (also known as Ad4BP) was
cloned from adrenal cDNA libraries in 1992 (fig. 1) [2].
The mouse gene encoding this protein was mapped to
chromosome 2 and named FizfI, as it is structurally
homologous to the Drosophila gene, fushi tarazu factor 1
(FTZF1) [3, 4]. The human homologue, FTZFI/NR5A1
contains seven exons and has been mapped to chromo-
some 9q33 [5, 6].

SFI (FTZF1/NR5A1) encodes a 461 amino acid pro-
tein that is structurally similar to other members of the
nuclear receptor superfamily (fig. 2). Functional domains
of SF1 include a zinc finger DNA binding domain, an A-
box (or FTZF1 box), a hinge region and a transactivation
(AF2) domain. The first zinc finger of SF1 contains a
proximal box (P-box) which confers DNA sequence speci-
ficity [7, 8]. The A-box stabilizes DNA binding[9, 10] and
probably accounts for the ability of SF1 to bind to DNA as
a monomer, in contrast to many other nuclear receptors,
which bind to DNA as homo- or heterodimers. The AF2
domain of SF1 is involved in transcriptional activation,
reflecting the recruitment of various co-activator proteins
[11].
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Pivotal Role of SF1 in Adrenal and Gonadal
Development

The temporal and spatial expression of SF1 is consis-
tent with its critical role in adrenal development, steroido-
genesis and gonadal differentiation (fig. 3). In the mouse,
Sf1 is first expressed in the urogenital ridge at embryonic
day 9 (E9) [12]. It is subsequently localized to adrenal pri-
mordium (E11) and concentrated to adrenal cortical cells

SF1 in the Development of the Adrenal
Gland and Gonads

(E13) [13]. A similar expression pattern is seen in humans
[14, 15]. In the developing gonad, SF1 participates with
several other transcription factors (WT1, DAX1, SRY and
SOXD9) to initiate patterning of the gonad as well as differ-
entiation of the testis. In Sertoli cells, Sf1 regulates the
expression of anti-Miillerian hormone, which leads to
regression of the progenitors of the oviducts, uterus and
upper vagina in males [16]. In Leydig cells, Sf1 regulates
transcription of various enzymes involved in steroidogene-
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Table 1. Examples of genes regulated by SF1

Adrenal gland and steroidogenesis
ACTH receptor
HDL receptor SR-B1
StAR
CYP11A1
3B-hydroxysteroid dehydrogenase
Aromatase

Sexual differentiation
DAX1
AMH
AMH receptor
Insulin-like 3 gene product

Reproduction
GnRH receptor
Glyprotein hormone a-subunit
LHB-subunit
Oxytocin
Inhibin o-subunit

sis and testosterone biosynthesis, allowing virilization of
the male fetus. In the developing ovary, SfI transcript lev-
els fall during embryogenesis but are expressed in the gran-
ulosa and theca cells of the adult ovary at the onset of fol-
liculogenesis [17]. Finally, Sf1 also plays an important role
in the development of the ventromedial hypothalamus and
pituitary gonadotrophs [18].

SF1 regulates the transcription of a vast array of genes
involved in sex determination and differentiation, repro-
duction and steroidogenesis by binding to its cognate sites
in their promoters (table 1). SF1 binds to DNA as a mono-
mer and recognizes DNA binding sites that are variations
on an extended estrogen receptor response element
(PyCA AGGTCA). Once bound, transactivation of target
genes by SF1 involves the recruitment of coactivators
such as steroid receptor coactivator-1 (SRC1) [11], gluco-
corticoid receptor interacting protein (GRIP1) [19],
CREB-binding protein (CBP)/p300 [20] or proline-rich
nuclear receptor coregulatory protein (PNRC) [21]. It
remains unclear whether a specific ligand modulates the
activation of SF1. Although oxysterols were proposed to
be SF1 ligands [22], subsequent experiments showed min-
imal effects on transcriptional activation [23]. Phosphory-
lation pathways have also been shown to modulate SF1-
mediated transcription [19].

Several groups have performed targeted deletion of Sf1
(Ftzf1) in mice [24-27]. Mice homozygous for the gene
deletion (-/-) have complete adrenal and gonadal agene-
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sis, male-to-female sex reversal and persistence of miiller-
ian structures in males. Adrenal failure is apparent soon
after birth. A virtual absence of the ventromedial hypo-
thalamus occurs and there is decreased production of
gonadotropins [27, 28]. However, these animals are able
to respond to gonadotropin releasing hormone (GnRH)
stimulation, suggesting that Sf1 deficiency does not result
in an absolute loss of gonadotropin production from the
anterior pituitary [28]. Furthermore, conditional knock-
out of Sf1 in the pituitary has confirmed that the hypogon-
adotropic hypogonadism seen in these animals is also
reversible with exogenous GnRH treatment [29].

Functional Interplay of SF1 and DAX1

SF1 is co-expressed with and stimulates the expression
of another orphan nuclear receptor, DAX1 (dosage-sensi-
tive sex reversal, adrenal hypoplasia congenita, critical
region on the X chromosome gene-1) [30-32]. In humans,
mutations of DAX1 cause adrenal hypoplasia, character-
ized by prolonged retention of the fetal adrenal and absent
development of adult zone of the adrenal cortex [33, 34].
Targeted mutagenesis of Dax! (also known as Ahch) in
mice causes a similar but less pronounced phenotype [35].
In mice, there is delayed regression of the X-zone, which
may be homologous to the fetal zone, but the function of
the mature adrenal cortex is apparently normal. DAX]
mutations also cause reproductive defects that include
hypogonadotropic hypogonadism and disordered forma-
tion of seminiferous tubules with ectopic Sertoli and Ley-
dig cells, leading to impaired spermatogenesis [36, 37].
DAXI1 inhibits SF1 transcription by interacting directly
with SF1 and recruiting transcriptional co-repressors [38—
40]. This observation, combined with the adrenal pheno-
type, led Babu et al. [41] to test whether the adrenal pheno-
type in Sfl knockout heterozygotes [42] might be amelio-
rated on a background of Dax1 deficiency. They observed
that the absence of Dax1 increased adrenal weight and
function in Sf1 heterozygous mice. These findings illus-
trate the interaction of these factors in vivo and underscore
the fact that adrenal gland development is modulated by
the interplay of multiple genes and pathways.

Phenotypic Effects of Human SF1 Mutations

A human SF1 mutation was first identified in a patient
with primary adrenal failure, XY sex reversal and persis-
tent Miillerian structures [43]. This phenotypically female
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patient exhibited signs of primary adrenal insufficiency
during the first 2 weeks of life. Laparotomy revealed nor-
mal Miillerian structures and streak-like gonads contain-
ing poorly differentiated seminiferous tubules and con-
nective tissue. Mutation analysis revealed a de novo het-
erozygous G35E mutation within the P-box of the SF1
DNA binding domain (fig. 2). Functional studies showed
that this mutation did not interfere with protein expres-
sion or nuclear localization. However, as predicted from
the location of the mutation in the DNA binding domain,
the mutant SF1 failed to bind or transactivate SF1 target
genes (fig. 4). The mutant SF1 protein does not exhibit
dominant negative activity and was able to partially acti-
vate several genes containing a ‘perfect’ SF1 binding site
(e.g. Cypl19) [45]. Therefore, it is likely that SF1 acts in a
dose-dependent manner. Since SF1 regulates so many
genes involved in steroidogenesis, haploinsufficiency of
SF1 could have a cumulative effect on multiple steps of
steroid production and adrenal and gonadal develop-
ment.

Recently, a second de novo heterozygous SFI muta-
tion (R255L) was found in an XX female with adrenal
insufficiency [46]. This mutation affects a conserved resi-
due in the hinge region of SF1 (fig. 2). Although the muta-
tion renders the molecule transcriptionally inactive, it
does not appear to impair ovarian development.

A recessive (homozygous) SFI mutation has been
identified in a baby born to consanguineous parents [44].
This autosomal recessive mutation affects the A-box re-
gion of SF1 that modulates monomeric DNA binding [45,
47]. In contrast to the P-box mutation, this A-box change
(R92Q)) is associated with a partial loss of function and
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Fig. 4. DNA binding and transcriptional activity of human SF1
mutations studied in vitro. A The R92Q A-box mutant shows
impaired activation of a critical SF1 target gene, Cyplla (P-450scc).
B Reduced binding to a probe corresponding to the SF1 binding site
(TCA AGGCTA) of this promoter. However, this loss of function
was not as severe as that seen with the G35E P-box mutant. Repro-
duced with permission from Achermann et al. [46].

impaired binding to its response element (fig. 4). The sur-
prising fact that the other family members are phenotypi-
cally normal despite having one mutant allele reveals the
exquisite sensitivity of developmental pathways to gene
dosage and residual function of SF1 in humans.
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