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DAX-1/NR0B1 is an unusual orphan receptor that has a pivotal role in the development and function of steroidogenic tissues and
of the reproductive axis. Recent studies have also indicated that this transcription factor has an important function in stem cell
biology and in several types of cancer. Here I critically review the most important findings on the role of DAX-1 in development,
physiology, and disease of endocrine tissues since the cloning of its gene twenty years ago.

1. Introduction

Nuclear hormone receptors are intracellular proteins that are
responsible for sensing lipophilic substances and mediating
their physiological actions, directly regulating the expression
of target genes through binding to DNA. Nuclear receptors
are implicated in a large variety of biological processes and
have a special importance in development and endocrine
functions (reviewed in [1]). A common feature of the mem-
bers of this protein family is the presence of a conserved
domain in the carboxyterminal part of the protein, which
has the capacity to bind ligands (ligand-binding domain:
LBD) modulating the transcriptional activity of the receptor
and which folds as an antiparallel alpha-helical sandwich [2].
However, ligands are not known for all family members: the
terminology of “orphan” is then used to indicate those pro-
teins, which often possess a defined transcriptional function
in the apparent absence of ligands. This spotlight paper is
focused on a peculiar orphan receptor, DAX-1 (NR0B1 in
the nuclear receptor official nomenclature), and will review
the most important findings about its role in development,
physiology, and disease.

2. Cloning and Structure of DAX-1:
An Unusual Orphan Receptor

Cloning of theDAX-1 gene dates back to 1994. Previous stud-
ies by Bardoni and colleagues described a specific disorder
of sex development, causing male-to-female phenotypic sex
reversal (dosage-sensitive sex (DSS) reversal) in individuals
bearing a normal SRY gene, associated with duplication
of a minimal region spanning approximately 160 kb in
chromosome Xp21 [3]. Cloning of expressed sequences in
this region led to the identification of a two-exon gene
encoding a novel member of the nuclear receptor family
[4]. Remarkably, deletions, frameshift, missense, and stop
mutations in this gene were found in patients affected with
adrenal hypoplasia congenita (AHC), a congenital disorder
characterized by impaired development of the adrenal cortex
that can lead to adrenal insufficiency and is associated with
hypogonadotropic hypogonadism (HHG) after puberty [4,
5]. Given its involvement in two different human diseases,
either when present in double dosage or when mutated, the
novel gene was named DAX-1, which stands forDSS, AHC
critical region on chromosomeX, gene 1. The DAX-1 gene
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product was classified among nuclear receptors because of
the homology of its C-terminal domain with nuclear receptor
LBDs. However, it stands apart in this class of proteins,
since only the potential LBD is conserved in its protein
structure compared with the other members of this class
of molecules (Figure 1(a)). Noticeably, this domain harbors
a ΦΦXEΦΦ motif in its carboxyterminal portion, which
is required for ligand-dependent transcriptional activation
(AF-2) in other ligand-binding nuclear receptors and lies
inside a structured alpha helix (helix H12) [2]. Another
remarkable feature of the DAX-1 C-terminal domain is the
presence of an unusually long insertion (26 amino acids)
between the predicted helices H6 and H7. This insertion
represents an outstanding feature of DAX-1, being absent
in most other nuclear receptors. The conservation of this
insertion in both human and mouse proteins suggests that it
has a relevant role for DAX-1 function, but deletions in this
region do not alter either DAX-1 subcellular localization or
repressor function (see Section 4).

In sharp contrast to the C-terminal domain, the DAX-1
N-terminal domain completely differs from classical nuclear
receptors, which harbor here a zinc-finger DNA-binding
domain. In DAX-1 a novel domain is present, harboring
three repeats of a unique cysteine-rich motif about 70 amino
acids long, with a last and incomplete repeat making the
transition with the C-terminal domain of the protein. Inside
each repeat a LXXLL motif is present, which is thought to
have an important role in the mechanism of transcriptional
regulation by DAX-1 (see Section 4). DAX-1 homologues
have been cloned in a variety of species [6–12]. Remarkably,
nonmammalian DAX-1 homologues have a much shorter
N-terminal domain, harboring only one repeat. The closest
neighbor of DAX-1 in the nuclear receptor family is SHP
(Short Heterodimer Partner; NR0B2), which harbors only
one repeat in its short N-terminal domain [13]. DAX-1
and SHP homologues are present throughout vertebrates,
indicating a paralogous origin through duplication from
a common ancestral gene. Intriguingly, DAX-1 and SHP
both have important but distinct functions in metabolic and
reproductive processes and share common mechanisms of
gene regulation (reviewed in [14]).

3. DAX-1 Expression Pattern during
Embryogenesis and in the Adult

DAX-1 has a restricted expression pattern during embryoge-
nesis and in adult tissues. In the mouse embryo the adrenog-
onadal primordium is first detected at around day 9 of
embryonic development (E9). Thereafter, adrenal and gonad
lineages progressively become distinct while primordial germ
cells colonize the still sexually undetermined bipotent embry-
onal gonad by E10. This differentiates into a testis or into
an ovary after E11.5–E12. At around E11.5 cells derived from
the neural crest infiltrate the adrenal primordium, giving
origin to the adrenalmedulla.The adrenal cortex andmedulla
become distinct by E16. Dax-1 expression is detected in the
adrenogonadal primordium in both sexes starting at E10.5–11

and continues to be expressed in the adrenal thereafter until
adult life, being restricted to the cortical region [6, 15].

In the developingmale gonad, at E12.5,Dax-1 is expressed
both in the testicular cords, which contain primordial germ
cells and the Sertoli cells, and in the interstitial region of
the testis, which harbors the steroidogenic Leydig cells. Dax-
1 expression becomes then progressively localized mostly
to the interstitial region, suggesting that the fetal Leydig
cells are the predominant site of expression at later stages
in development. In the female, Dax-1 expression is present
throughout the ovarian primordium starting from E12.5.
Remarkably, cell clusters located at the junction between
the embryonal gonad and the adjacent mesenchymal tissue
express Dax-1 at high levels in both sexes [6, 15].

Discordant results have been published concerning the
relative intensity of Dax-1 expression in the developing male
compared to the female gonad. In the mouse, Swain et al.
reported a sexual dimorphism in Dax-1 mRNA expression
after E12, with expression levels decreasing in the testis and
remaining elevated in the ovary [6]. Conversely, Ikeda et al.
did not detect a dimorphic pattern of Dax-1 expression in
the late stages of gonadal development, with its transcript
levels being downregulated after E14.5 in both testis and ovary
[15]. In contrast, in another study Dax-1 mRNA levels were
reported to be high in the developing rat testis and low in
the ovary at E18.5 [16]. In a further study analyzing Dax-
1 protein expression, Ikeda et al. reported a more complex
pattern of Dax-1 expression in the developing mouse gonads,
with levels gradually decreasing in the testis until E16.5 and
then increasing again at E18.5, while Dax-1 expression in
the ovary continues to be high until E14.5 but significantly
decreased at E16.5 and E18.5 [17]. These discrepancies may
be due to the different methods (in situ hybridization using
radioactive and nonradioactive probes, RNAse protection,
immunoblotting, and immunohistochemistry) used for Dax-
1 mRNA or protein detection and to the different animal
species under study. Furthermore, it is possible that an
intellectual bias towards a certain hypothesis about the role
of Dax-1 in sex determination may have influenced the
interpretation of experiments looking at Dax-1 expression in
the developing gonad (see Section 7).

A remarkable sexually dimorphic expression of Dax-1
exists in the adult mouse adrenal cortex, being restricted to
the outer region in the male and extended to the entire cortex
in the female. It has been shown that this dimorphic expres-
sion is under the control of sex hormones, being abolished
by gonadectomy and restored by testosterone replacement
in gonadectomized males [18]. Consistent with these data,
androgen receptor is able to repress Dax-1 promoter activity
in a ligand-dependent fashion. In the adult gonads, Dax-1
is expressed in Leydig and Sertoli cells in the testis and in
granulosa and theca cells in the ovary [15]. Interestingly, in
Sertoli cells Dax-1 expression is regulated during spermato-
genesis and peaks during the androgen-sensitive phase of the
spermatogenic cycle [19]. Germ cells do not express Dax-1.

In other tissues Dax-1 has a restricted pattern of expres-
sion both in the embryo and in the adult. At E9.5 intense
Dax-1 expression can be detected in Rathke’s pouch (the
embryonic structure derived frommidline oral ectoderm that
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Figure 1: Structure of theDAX-1 protein. (a) Schema of the humanDAX-1 protein.TheN-terminal repeats are indicatedwith arrows, together
with the last incomplete repeat that extends into the C-terminal domain. The position and sequence of the LXXLL motifs in the N-terminal
domain as well as the conservedmotif in the C-terminal domain are shown. (b)The three-dimensional structure of the Dax-1:LRH-1 complex.
LRH-1 is shown in yellow; the two Dax-1 molecules are shown in blue. The structural elements involved in the binding of the first Dax-1 to
LRH-1 are shown in rose (RH site) and dark red (AF-2 region). The structural elements at the second Dax-1:LRH-1 interface are indicated in
light and dark green. From [61]. Copyright 2008 National Academy of Sciences, USA.

lies in direct contact with the floor of the diencephalon and
from which the anterior pituitary originates), which later
(E11.5) becomes restricted to its dorsal part and decreases
markedly at later times in development (E13.5) [17]. At E14.5
Dax-1 expression is first detectable in scattered cells present in
the anterior part of Rathke’s pouch. In the postnatal pituitary
gland, Dax-1 expression is restricted to gonadotropes [15].
Dax-1 is also expressed in the diencephalon at E9.5–E11.5 and
postnatally is detectable in the ventromedial hypothalamic
nucleus (VMH) and possibly other brain regions (arcuate
nucleus, amygdala, hippocampus, and cerebral cortex) [17].

During human embryo development, the adrenal pri-
mordium takes origin from intermediatemesoderm, forming
a distinct structure by 33-day postconception (dpc), and then
rapidly grows in size during the embryonic period. By 52 dpc
an inner group of large eosinophilic cells (the fetal zone)
occupies the inner part of the human embryonic adrenal
cortex, which express the steroidogenic enzyme CYP17 at
high levels. Small, densely packed, nonsteroidogenic cells sur-
round the fetal zone and form the definitive zone, fromwhich
the adult adrenal cortex will form after birth and involution
of the fetal zone [20]. At later gestational times (18 weeks)
a transitional zone becomes evident, being situated between
definitive and fetal zones and harboring cells of intermediate
characteristics. DAX-1 can be detected in the human fetal
adrenal gland starting from its inception at 33 dpc and is
expressed at high levels both in fetal and definitive zones
at 52 dpc, while its expression decreases thereafter [21]. In
humans, the sexually indifferent gonadal ridge, containing
both somatic and primordial germ cells, can also be identified

around 33 dpc. At this stage of development, the gonadal
ridge already expresses DAX-1 at levels lower than in the
adjacent adrenal primordium. DAX-1 expression persists
during the whole period when the gonad is undifferentiated
and continues at low levels in both sexes after testis and
ovarian determination [22].

In most sites of Dax-1 expression a remarkable, even if
not complete, overlap exists with the expression of another
nuclear receptor, steroidogenic factor-1 (SF-1/Ad4BP; NR5A1
in the nuclear receptor nomenclature), which has a pivotal
role in the development of adrenal glands and gonads [23,
24] and has a similar tissue-restricted pattern of expression
[15, 25]. Functional interactions between DAX-1 and SF-1 are
described in Section 4.

4. Mechanisms of Transcriptional and
Posttranscriptional Regulation of Gene
Expression by DAX-1

The characterization of DAX-1 as a member of the nuclear
receptor family prompted studies of its transcriptional regu-
latory properties. Data published already in its cloning paper
showed that DAX-1 is able to repress ligand-induced tran-
scriptional activation by the retinoic acid receptor alpha—
retinoid X receptor alpha heterodimer [4]. Further studies,
mostly focused on other members of the nuclear receptor
family, confirmed and extended those early results, showing
that DAX-1 generally works as a repressor of gene expression
activated by other transcription factors.
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The overlapping expression patterns of DAX-1 and SF-
1 provided a rationale for a blooming of studies inves-
tigating the functional interplay between their transcrip-
tional functions. SF-1 binds to and activates transcription
from multiple P450 steroidogenic enzyme promoters and
other genes involved in steroidogenesis, metabolism, and
reproductive function (reviewed in [24]). Furthermore, gene
knockout studies demonstrated that SF-1 has an essential role
in the development of adrenal glands and gonads [23]. SF-
1 transcriptional activity can be regulated by phospholipid
ligands which bind inside the hydrophobic pocket present in
its LBD [26–28]. Seminal studies demonstrated that DAX-1 is
able to downregulate transcriptional activation driven by SF-
1 on steroidogenic genes through a powerful transcriptional
repression domain situated in the protein C-terminal, LBD-
like domain. DAX-1 mutants found in AHC patients have
invariably lost their transcriptional repression properties
(see Section 6) [29–32]. Further studies have shown that
Dax-1 expression correlates negatively with the expression
of steroidogenic genes in a cell line derived from targeted
tumorigenesis of the mouse adrenal cortex [33] and that it
also works as a repressor of steroidogenesis in vivo [34].
The framework has then been established with DAX-1 acting
as a global negative regulator of genes involved in steroid
hormoneproduction andmetabolism in steroidogenic tissues
(reviewed in [35]). The E3 ubiquitin ligase RNF31 inter-
acts with DAX-1 and cooperates with it in transcriptional
repression of steroidogenesis, probably by stabilizing the pro-
tein through monoubiquitination [36]. Interestingly, DAX-
1 expression is in turn positively regulated by SF-1 [37–40],
suggesting that DAX-1 is part of a regulatory loop that has
the function of limiting SF-1 activity (see Section 5). Since the
level of SF-1 transcriptional activity is a crucial parameter for
the selection and regulation of its downstream target genes
[41–43], the action of DAX-1 as a SF-1 repressor has probably
a great relevance in the process of adrenal gland development.
At early stages in development, the expression pattern ofDax-
1 overlaps with that of Sf-1, whose expression is driven at this
time by the fetal adrenal enhancer (FAdE) [44], while, at later
times (E17.5),Dax-1 is found localized in the outer part of the
adrenal primordium (from which the adult adrenal cortex
will originate). At this stage FAdE expression is restricted
to the inner part of the adrenal cortex (identified as the X-
zone postnatally). This pattern of expression indicates that
Dax-1 may suppress FAdE expression during the transition
from the fetal to the adult adrenal differentiation program
[44] and suggests that a fine balance between Sf-1 and Dax-
1 is needed for normal adrenocortical development. These
data also provide clues to explain how loss of function of two
transcription factors as SF-1 and DAX-1, one working as an
activator and the other one as a repressor of transcription,
respectively, leads to the same adrenal hypoplasia phenotype
(see also below Section 7).

A mechanism employed by DAX-1 to exert its neg-
ative transcriptional effect involves direct protein-protein
interaction with the C-terminal domain of SF-1 [16, 29,
45] and other nuclear receptors [46–57] (see the following
list of transcription factors reported to interact with DAX-
1: SF-1 [29, 45]; LRH-1 [45]; ER𝛼/ER𝛽 [46]; AR [47, 48];

PR [48]; GR [51]; Nur77 [49]; ERR𝛾 [50]; PPAR𝛾 [52];
HNF4𝛼 [53]; LXR𝛼 [54]; FXR [55]; CAR [56]; Esrrb [57];
Oct3/4 [58]; EWS/FLI1 [59]). In many cases protein-protein
interactions betweenDAX-1 and other nuclear receptors were
suggested to be mediated via the LXXLL motifs present
in the DAX-1 N-terminal domain, which would occupy
the coactivator-binding surface in the nuclear receptor
LBD, competing with positive transcriptional cofactors and
also recruiting the strong transcriptional silencing domain
present in the DAX-1 C-terminus to the complex [46].
However, while several studies were able to show interaction
of DAX-1 with SF-1 and other nuclear receptors in the
yeast and mammalian two-hybrid systems, published data
showing that those factors interact onDNA forming a distinct
ternary complex are scanty. This suggests that additional
factors are required for interaction between DAX-1 and
nuclear receptors, one of them probably being local DNA
conformation itself. It has in fact been shown that DAX-1 is
able to bind to hairpinDNAstructures, which are required for
transcriptional repression of SF-1-dependent activity of some
promoters [31, 60]. Another piece of evidence complicating
the picture stems from the only structural study published
to date describing the crystal structure of the C-terminal
domain of mouse Dax-1 in a complex with the LRH-1 LBD.
Sablin et al. showed that only the Dax-1 C-terminal domain,
and not the N-terminal domain, is able to interact with the
LRH-1 LBD in vitro, forming a heterotrimer with a Dax-
1 : LRH-1 ratio of 2 : 1 [61]. The structure of the complex
shows that a novel conserved sequence motif (PCFXXLP; the
“repressor helix”) in the Dax-1 C-terminal domain mediates
interaction with the coactivator groove of the LRH-1 LBD
and with an additional surface comprising parts of helices H7
andH11 (Figure 1(b)).Mutagenesis of repressor helix residues
drastically impairs repression of LRH-1-induced transac-
tivation by Dax-1. It remains to be determined whether
interaction of DAX-1 with other nuclear receptors involves
the same molecular surfaces described in the case of LRH-
1. Noticeably, the structure of the mouse Dax-1 C-terminal
domain shows insufficient space to harbor even small ligands.
This suggests that Dax-1 is a true orphan receptor. However,
because of the limited similarity between the human and the
mouse DAX-1 proteins (76.3%), the possibility still exists that
ligands may modulate the transcriptional activity of human
DAX-1.

DAX-1 was described as being able to form homodimers
and also heterodimers together with SHP/NR0B2 [62]. The
DAX-1 amino and carboxyl termini have been reported
to interact in an antiparallel fashion to form homodimers,
with involvement of the LXXLL and AF-2 motifs. The same
domains are involved in heterodimeric interaction of DAX-1
with SHP. It has been suggested thatDAX-1 homodimersmay
function as reservoirs of the protein, which may dissociate
in a fashion regulated by signalling pathways to become
available to interaction with other partners. This scenario,
however, remains speculative.

Activity of the DAX-1 transcriptional silencing domain
requires corepressors [30], transcriptional cofactors medi-
ating binding to histone deacetylases and other protein
complexes producing specific histonemodifications that lock
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chromatin in an inactive state, thus inhibiting PolII transcrip-
tion. Among corepressors, DAX-1 was shown to interact with
N-CoR [63] and Alien [64], even if further studies have ruled
out a role of N-CoR as a bona fide DAX-1 corepressor [65].
However, site-directed mutagenesis of conserved surface
residues in DAX-1, which in other nuclear receptors are
involved in corepressor interaction, does not impair DAX-
1 transcriptional silencing properties (see Section 6) [66].
These data suggest that cofactors different from known
nuclear receptor corepressors mediate DAX-1 transcriptional
silencing activity.

It is well known that transcription factors acting as
constitutive or regulated repressors of gene expression play
a fundamental role in developmental processes in a variety
of species [67]. An example within the nuclear receptor
family is provided by the chicken ovalbumin upstream pro-
moter transcription factors I and II (COUP-TFI and COUP-
TFII) orphans, which are required for development of the
nervous and cardiovascular system, respectively [68, 69].
A mechanism that has been suggested to explain DAX-1
function in adrenal development consists in the repression
of the expression of differentiation genes (StAR, steroid
hydroxylases) in the developing adrenal cortex, whichmay be
required to allow proliferation of definitive zone cells in the
critical postnatal period in the human adrenal cortex. In the
absence of a functional DAX-1, abnormally early expression
of steroidogenic genes may be activated in definitive zone
cells of the adrenal cortex, which could impair their prolifer-
ation and further differentiation. Adrenal hypoplasia would
then develop in those individuals after the physiological
postnatal regression of the fetal zone [35] (see Section 6).

Another peculiar property of DAX-1 is its ability to
also bind RNA [70]. By immunofluorescence and electron
microscopy, DAX-1 was visualized both in the nucleus
and in the cytoplasm in steroidogenic cell lines (human
adrenocortical H295R and the mouse Leydig MA-10 cells).
In the nucleus, DAX-1 is preferentially associated with
ribonucleoprotein (RNP) fibrils in the perichromatin region
and with fibrillar constituents in chromatin-rich regions. In
the cytoplasm, DAX-1 was frequently found associated with
ribosome-rich areas. Biochemical fractionation confirmed
that a portion of the cytoplasmic DAX-1 protein pool is
found associated with polyribosomes, which are actively
involved in protein translation, as part of large mRNP com-
plexes containing poly(A)+ RNA. DAX-1 is able to directly
bind RNA homopolymers in vitro, with different binding
specificity. The nucleocytoplasmic shuttling activity of DAX-
1 suggests that it is implicated in mRNA export from the
nucleus to polyribosomes and possibly in the control of
their translation. Both DAX-1 N- and C-terminal domains
are able to directly bind RNA homopolymers in vitro, but
the full-length protein has a RNA-binding specificity which
differs from each domain taken singularly. Remarkably,
DAX-1 AHCmissense mutants have a reduced RNA-binding
activity compared to the wild-type protein. This suggests
that the RNA-binding properties of DAX-1 are relevant to its
physiological function during adrenal development and that
posttranscriptional regulation of gene expression by DAX-
1 may play an important role. It can also be speculated

that the RNA-binding activity of DAX-1 may be related to
its transcriptional repressor properties, possibly mediating
interaction with RNA species that are part of transcriptional
coregulator complexes. One nuclear receptor cofactor known
to work as a RNA molecule is the steroid receptor activator
(SRA). A report has indeed suggested that mouse Dax-
1 recruits SRA to SF-1, with the result of increasing its
transactivation of some of its target promoters (Mc2R, StAR)
[71]. However, several inconsistencies in the data obtained
by Xu et al. are present. First, we could never observe
activation of Mc2R and StAR promoter activity by DAX-1
cotransfection, which in our hands was invariably associated
with promoter repression [31, 72]. Second, Xu et al. show only
a verymodest effect of cotransfectedDax-1/SRA in increasing
activation of aMc2R-luc construct by SF-1. Paradoxically, this
effect was also present when the isolated Dax-1 C-terminal
domain was coexpressed, which, according to those authors,
has very reduced SRA binding activity compared to the full-
length protein [71]. Third, the Dax-1 mutant ΔV271, which
corresponds to the human AHC mutant ΔV269, behaves
similarly to the wild type. However, the localization of this
mutant is shifted to the cytoplasm (see below Section 6)
[65, 66] and it is difficult to explain how it may regulate
promoter expression in the nucleus. Further studies are then
needed to assess the role of potential interactions between
DAX-1 and RNA transcriptional cofactors in the regulation
of gene expression. In a restricted number of other studies
DAX-1 has also been reported to function as a transcriptional
activator. It remains possible that transcriptional activation
by DAX-1 may be promoter-specific, as shown for the
PBX1 promoter by Ferraz-de-Souza and collaborators [73].
However, a detailed molecular characterization of the DAX-
1 transcriptional effect, for instance, by the investigation of
the activity of the AF-2 DAX-1 mutant, was lacking in that
study. Moreover, in another study transcriptional activation
by DAX-1 was detected on SF-1 activated CYP11B1 promoter
in adrenocortical H295R cells [74]. However, those cells
express endogenous DAX-1, which may influence the results
obtained. Remarkably, in the same study DAX-1 worked as
a transcriptional repressor when transfected in other cell
types. Additionally, in a recent study, mouse Dax-1 was
reported to upregulate Oct4 promoter expression in mouse
embryonic stem (ES) and embryonic carcinoma F9 cells by
interacting with LRH-1 and SRA [75]. However, also in this
case both cell types express endogenous Dax-1, with possible
confounding effects on the results of transient transfection
assays. I have also previously commented on the reported
interaction between Dax-1 and SRA. Considering all those
results, it is clear that further studies are needed to convinc-
ingly demonstrate a potential direct positive transcriptional
effect of DAX-1 on gene promoter activity.

5. Regulation of DAX-1 Expression

A transcription factor that has an important function in
early adrenogonadal development and that was reported
to regulate Dax-1 expression is WT1, through binding to
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promoter-proximal sites [76]. However, the relevance ofDax-
1 regulation byWT1 in vivo during development is unknown.
Conversely, several lines of evidence implicate the nuclear
receptor SF-1 in the regulation of DAX-1 expression. Initial
studies indicated that a conserved SF-1 binding site situated
close to the transcription start site in the DAX-1 promoter is
important for basal and SF-1-stimulated promoter activity in
adrenocortical H295 cells [37, 38]. However, deletion of the
sequence harboring the homologous binding site has little
effect on basal and SF-1-stimulated activity of themouseDax-
1 promoter in LeydigMA-10, adrenocortical Y1, and pituitary
gonadotrope 𝛼T3 cells. Moreover, Dax-1 expression is still
present in the genital ridge and the hypothalamus of Sf-1 null
mice [15]. These results led Ikeda and coauthors to suggest
that SF-1 does not play an essential role in the regulation of
Dax-1 expression. However, further studies showed thatDax-
1 expression is significantly reduced in tissues from Sf-1 null
mice [39] and that a 500 bp conserved region 4 kb upstream
of theDax-1 coding sequence directs reporter gene expression
in the developing gonad [40]. This region harbors a SF-1
binding site, which is essential for activity, while SF-1 sites
that are proximal to the transcription start site of the gene are
important to regulate Dax-1 expression levels. Remarkably,
a 60Mb chromosomal inversion on the X chromosome was
identified in an AHC kindred with one of the inversion
breakpoints situated in the conserved region, which causes
relocation of the SF-1 binding site implicated inmouse studies
[77]. Conversely, a submicroscopic 250 kb deletion upstream
of DAX-1, which left intact the distal SF-1 binding site, was
associated with male-to-female sex reversal with no adrenal
insufficiency [78]. Taken together, these data suggest that
distal regulatory elements have an important function in the
regulation of DAX-1 expression.

Another important actor in the control of DAX-1 expres-
sion is represented by the Wnt/𝛽-catenin pathway. This
pathway has a pivotal role in the regulation of proliferation
and differentiation of progenitor cells in the adrenal cortex
and gonads and is also implicated in tumorigenesis. Soluble
factors belonging to the Wnt family interact with Frizzled
and LRP membrane receptors and inhibit 𝛽-catenin degra-
dation, allowing its stabilization and nuclear translocation
to interact with LEF/TCF and other transcription factors
(reviewed in [79]). Starting from the common phenotype of
DSS with disorders of sexual development (DSD) associated
with duplications in 1p31-35, which harbors the WNT4 gene
(studies in mice have revealed to be involved in female sexual
development [80]), it was shown that transfection of Wnt4
resulted in upregulation ofDax-1 expression inmouse Sertoli
and Leydig cell lines [81]. Further studies showed that Dax-
1 expression is downregulated in the developing gonad of
Wnt4 null mice and that Dax-1 expression is stimulated by
𝛽-catenin, which acts synergically with SF-1 to activate Dax-
1 promoter expression [82]. Importantly, 𝛽-catenin activation
also controlsDax-1 expression inmouse embryonic stem (ES)
cells (see Section 8).

In contrast with the positive action of the Wnt/𝛽-catenin
pathway, the cAMP pathway has a negative effect on Dax-
1 expression in several contexts. In the rat primary Sertoli
cells, Dax-1 expression is regulated negatively by FSH [19].

This action is mimicked by a cell-permeant form of its second
messenger cAMP, while phorbol esters and testosterone
have no effect. The effect of cAMP on Dax-1 expression in
the Sertoli cells requires transcription and de novo protein
synthesis. Similar effects of cAMP pathway activation to
negatively modulate Dax-1 expression have been reported
in bovine glomerulosa cells stimulated with the adenylate
cyclase activator forskolin [83], in rat ovarian granulosa cells
after FSH stimulation [84], in mouse Leydig K28 cells after
LH stimulation [49], and inmouse adrenocortical ATC-1 cells
after ACTH stimulation [33]. In the other mouse adrenocor-
tical cell line Y1, ACTH can antagonize the glucocorticoid-
dependent synergy between SF-1 and glucocorticoid receptor
in the activation of the Dax-1 promoter [85]. The effect
of the cAMP pathway, which invariably stimulates steroid
hormone production, onDax-1 expression in several systems
can be considered as a mechanism to decrease the levels of an
endogenous repressor to allow for efficient steroidogenesis.

6. AHC: Clinical Features and Pathogenesis

AHC is a hereditary disease of the adrenal cortex, which
in the majority of cases manifests as a syndrome of adrenal
insufficiency early in life [86]. Clinical features include failure
to thrive, vomiting, hyperpigmentation, and shock, with
biochemical tests showing hyponatremia/hyperkalemia, low
cortisol and aldosterone levels, and elevated ACTH and
plasma renin activity. However, a large clinical spectrum
exists (sometimes even within the same family), with some
cases being diagnosed later in childhood or in adulthood,
others presenting isolated mineralocorticoid deficiency with
apparently preserved glucocorticoid production [74], or even
some cases being clinically silent. Two forms of the disease
have been identified based on pathological and inheritance
criteria as follows.

(i) An X-linked form, characterized by the absence of
the permanent zone of the adrenal cortex and by
the presence of large vacuolated cells, similar to fetal
adrenal cells is presented. This form of AHC can be
found associated with glycerol kinase deficiency and
the Duchenne muscular dystrophy as a contiguous
gene syndrome caused by deletion of multiple genes
on chromosome Xp21.

(ii) A rare autosomal recessive or sporadic form with
small (miniature-type) cells is presented.

AHC can be a lethal condition if untreated because of salt
and water loss due to deficit of mineralocorticoid hormones
produced by the adrenal and reduced resistance to stress.

DAX-1 mutations are responsible for the X-linked form
of AHC [4, 5]. A distinctive feature of this form is its
association with HHG, which becomes clinically evident
after puberty and is caused by a combined hypothalamic
failure in GnRH release and pituitary defect in LH/FSH
production [87]. Remarkably, it has been reported that
in patients with AHC-associated HHG the physiological
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postnatal transient activation of the hypothalamic-pituitary-
gonadal axis (minipuberty of infancy) is normal or even pro-
longed in time, while the onset of gonadotropin production
at puberty is impaired [88–90]. In rare cases HHG may be
the presenting or the only symptom of the disease [91–93].
Furthermore, GnRH or gonadotropin treatments are usually
inefficient to improve spermatogenesis in patients carrying
DAX-1mutations, suggesting that a primary testicular defect
is present. This hypothesis is reinforced by studies in Dax-1
null mice (see Section 7). A case has been recently reported
of successful in vitro fertilization by intracytoplasmic injec-
tion of spermatozoa obtained from the testicular tissue of
an azoospermic patient carrying a DAX-1 mutation [94].
Strikingly, in contrast with the prevalent HHG phenotype,
in rare cases DAX-1 mutations or deletions can even cause
precocious puberty, which may be of central origin [95, 96]
or possibly due to chronic ACTH stimulation of the testicular
Leydig cells [97]. In exceptional cases, AHC/HHG due to
DAX-1 deletion or mutation has also been diagnosed in
women [91, 98]. Gene conversion or skewed inactivation of
the normal X chromosome may account for this unusual
phenotype.

It has been estimated that approximately one-third of
the boys with X-linked AHC bear a deletion in DAX-
1, with a contiguous gene syndrome occurring in about
half of these cases. Conversely, nearly two-thirds of those
patients have a mutation inside the DAX-1 coding sequence
(point mutations, dinucleotide mutations, small duplications
and deletions, and indel mutations), which can produce
insertions/deletions inducing in most cases a frameshift of
the coding sequence or amino acid changes (nonsense and
missense) [4, 5, 99–101]. Notably, little correlation exists
between the type of DAX-1mutations or their position in the
genomic sequence and age at presentation or severity of the
disease.

Of particular interest are DAX-1 missense mutations,
which represent around 20% of all mutations and which
have been very valuable to elucidate the function of the
protein. In the overwhelming majority of cases they are
localized in the DAX-1 C-terminal domain [4, 5, 99–101].
Only in two cases, DAX-1 missense mutations have been
found localized in the N-terminal domain of the protein:
one mutation (C200W) affects a nonconserved residue and
is associated with childhood-onset AHC [102], while the
other mutation at the level of a highly conserved residue
(W105C) was associated in one proband with apparently
isolated mineralocorticoid deficiency but was also present in
three asymptomatic male siblings [74].

The common feature of all DAX-1 missense mutants is
their impaired transcriptional regulatory activity compared
to the wild-type protein [29, 30]. In general, little correlation
exists between the age of onset of the disease and the
magnitude of the transcriptional defect of the mutant DAX-1
protein. A DAX-1 mutation (I439S) found in a patient with
adrenal insufficiency diagnosed at adult age and incomplete
HHG has only weakly reduced transcriptional repression
activity [103]. A patient has also been described with late-
onset adrenal insufficiency and gonadal failure bearing an
amino terminal nonsense mutation in DAX-1. An alternate

downstream translation initiation site in the DAX-1 mRNA
allowed production of a truncated form of the protein that
retains partial transcriptional activity [104]. However, partial
defects in transcriptional activity also characterize other
DAX-1mutants found in patients with childhood-onset AHC
[105].These data suggest thatmodifier genes and possibly also
epigenetic factorsmay influence the clinicalmanifestations in
patients bearing DAX-1 mutations.

A significant breakthrough to identify the mechanism
explaining the impaired transcriptional activity by DAX-
1 missense mutants came from the discovery that they all
have a defect in nuclear localization, which is of variable
severity according to the position of the residue affected by
the mutation [65, 66]. An inverse relationship exists between
the repression activity of the mutant DAX-1 and the degree
of its cytoplasmic localization (Figure 2). Limited proteolysis
experiments showed that DAX-1 AHC missense mutations
alter the structure of the protein C-terminal domain probably
determining itsmisfolding and allowing the interaction of the
protein with anchoring sites that retain it in the cytoplasm,
since the protein nuclear localization signal (NLS) lies in
the DAX-1 N-terminal domain and is not affected by the
mutations [65, 66]. Remarkably, the misfolded DAX-1 C-
terminal domain can also induce cytoplasmic retention of
a fused heterologous DNA-binding domain (yeast Gal4)
possessing its own NLS. On the other hand, the misfolded
DAX-1 AHC mutants do not shift localization of SF-1 to the
cytoplasm.Themisfolding of themutatedDAX-1 proteins can
also account for their diminished RNA-binding activity (see
Section 4).

It is interesting to remark that the magnitude of the
defects of nuclear localization and transcriptional repression
activity by DAX-1 missense mutants varies according to the
chemical nature of the mutated residue. Val 269 (targeted
by the in-frame deletion ΔV269 in an AHC patient) is a
conserved residue in the DAX-1 C-terminal domain lying
in the H3 helix, having a critical role in the stabilization of
the structure of the nuclear receptor LBD fold. Experiments
replacing V269 with other amino acids at the same position
showed that the mutants harboring the hydrophobic residues
alanine, isoleucine, and leucine retained wild-type nuclear
localization and transcriptional repression, while the V269R
mutation shifted protein localization to the cytoplasm with
consequent loss of its transcriptional activity, mimicking the
effect of theV269 deletion. Also, Ile 439 (targeted by the I439S
AHCmutation) is predicted to be localized at the C-terminal
portion of the H10 helix in the DAX-1 C-terminal domain
structure. In this position a hydrophobic residue is conserved
in all nuclear receptors, making contacts with residues in
helix H7. The substituted serine has a weakly hydrophobic
character, which is predicted to only partially perturb the
hydrophobic environment in which the residue is situated.
Consistent with this interpretation, loss of transcriptional
activity and impaired nuclear localization are inversely pro-
portional to the hydrophobic character (leucine > alanine >
serine) of the residue present in this position [66]. On the
other hand, transcriptional repression byDAX-1 is insensitive
to mutagenesis of a putative corepressor binding surface. A
partially overlapping molecular surface is used by nuclear
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Figure 2: Correlation between loss of transcriptional repression
by DAX-1 AHC missense mutants and their degree of cytoplasmic
localization. Twelve different mutant DAX-1 proteins were investi-
gated.The position of the I439S mutant, whose repression activity is
the least impaired, is indicated. 𝑟 = 0.85. From [65]. Copyright 2002
National Academy of Sciences, USA.

hormone receptors for interaction with both coactivators and
corepressors, which includes a cluster of hydrophobic amino
acids surrounded by polar and charged residues localized in
helices H3 and H4 [106, 107].These residues are conserved in
DAX-1 and inmost other nuclear receptors. For some nuclear
receptors, two additional surfaces were shown to be involved
in interaction with corepressors, with one lying alongside
helix H1 and the other above helix H11. Mutations in key
residues in DAX-1 that are homologous to residues important
to mediate interaction of PPAR𝛼 with corepressors [108] had
a negative effect on its transcriptional repression activity only
when mutations also affected protein expression, without
affecting nuclear localization. The only DAX-1 mutation
reducing transcriptional repression by about 50%, while
keeping a predominantly nuclear localization and expression
similar to the wild-type protein, affected S374, a residue
predicted to be situated in the loop between helices H7 and
H8 [66].

Particularly interesting to understand the structure-
function relationship in the DAX-1 protein are themutagene-
sis studies concerning the predicted C-terminal helix H12. In
ligand-activated nuclear receptors, H12 is essential for ligand-
dependent transcriptional activation, repositioning upon lig-
and binding to stabilize the interaction of coactivator LXXLL
motifs with the coactivator-binding surface in the LBD [2]. A
critical role in this process is played by a conserved glutamate
in H12, which forms a charge clamp together with a lysine
residue localized at the end of helix H3. H12 residues required
for ligand-dependent transactivation (ΦΦXEΦΦ motif) in
other nuclear receptors are conserved inDAX-1. In themouse

Dax-1 3D structure, helix H12 is docked in the coactivator
groovewith the conservedM464,M467, and L468mimicking
the Leu residues from the coactivator LXXLL motif [61]. The
docked position of H12 in Dax-1 is then consistent with the
protein function as a transcriptional repressor. Additionally,
helix H12 has a critical role in DAX-1 nuclear localization.
Deletion of the last four C-terminal amino acids is sufficient
to induce a significant shift of the protein to the cytoplasm.
Two mutations affecting helix H12 (M461X and L466R)
have been found in AHC patients. Those mutations have
the effect of completely shifting DAX-1 localization to the
cytoplasm, impairing its transcriptional function [65, 66,
109]. Remarkably, the M461A/M462A double mutant has a
predominantly nuclear localization but its repression activity
is about 50% reduced compared to the wild-type protein,
indicating that those residues may have an important role in
interaction of DAX-1 with corepressors.

The studies on the subcellular distribution ofDAX-1AHC
mutants, revealing loss of function of the proteins that cannot
enter the nucleus, suggest that regulation of DAX-1 nucleocy-
toplasmic trafficking may be an important way to modulate
its biological activity. Evidence supporting this hypothesis
comes fromour analysis ofDAX-1 distribution during human
adrenal development [110]. In the adrenal at the second
trimester of gestation, DAX-1 is localized mainly in the
nucleus in the outer definitive zone and in the cytoplasm in
the fetal zone, whereas the number of DAX-1 positive cells
decreases from the external to the internal portion of the
gland. DAX-1 nuclear localization in the definitive zone cells
is consistent with the negative modulation of steroidogenesis
in these cells during the second trimester of gestation. This
cell layer represents the proliferative compartment in the
human fetal adrenal, while the larger fetal zone cells produce
high levels of DHEA/DHEAS. It is then consistent with their
function that in fetal zone cells DAX-1 is mainly excluded
from the nucleus, where it could act to repress the expression
of steroidogenic genes.

Remarkably, DAX-1 subcellular distribution is also influ-
enced by the substrate on which fetal adrenal cells are
cultured. On both a collagen and a fibronectinmatrix, DAX-1
is localized in the nucleus of the definitive cells and exhibits a
nucleocytoplasmic distribution in the fetal cells. ACTH stim-
ulation induces nuclear localization of DAX-1 in fetal cells
cultured on collagen, without modifying its nucleocytoplas-
mic localization in cells cultured on fibronectin. In contrast,
angiotensin II induces DAX-1 localization in the cytoplasm
in fetal cells, cultured on either collagen or fibronectin, while
it does not affect its pattern of distribution in definitive
zone cells [110]. These data suggest that modulation of DAX-
1 localization in the fetal adrenal gland by hormones and
components of the extracellular matrix may represent a
mechanism for controlling the expression of steroidogenic
enzymes in the definitive and fetal zones. This may have a
direct impact on the pathogenetic mechanism of AHC. It
can be speculated that earlier expression of genes involved in
steroid hormone production is activated in adrenal definitive
zone cells in individuals carrying a DAX-1 loss-of-function
mutant that is unable to appropriately repress steroidogenic
genes. Anticipation of the differentiation process in those



Advances in Biology 9

cells may have negative consequences on keeping their stem
cell capacities and exhaust the reservoir of adrenocortical
progenitor cells. Adrenal hypoplasia would then ensue after
the physiological regression of the fetal zone after birth
(Figure 3). This hypothesis of progressive exhaustion of
adrenal stem cell capacities in the presence of a DAX-1
loss-of-function mutation is consistent with data from Dax-
1 null mice, which display increasingly altered dysplastic
adrenal morphology and reduced proliferation in an age-
dependent fashion. Interestingly, in those animals’ adrenals,
large eosinophilic cytomegalic cells can be found that are
reminiscent of the cytological findings in X-linked human
AHC [111].

Another tissue where modulation of DAX-1 subcellular
localization may have a role during development is the
pituitary gland. Dax-1 is distributed diffusely in both nucleus
and cytoplasm in Rathke’s pouch cells at E10.5 in the mouse,
while at E18.5 it is found localized in the nucleus [109]. Since
DAX-1 is able to repress the synergy between Egr-1 and SF-
1 in regulating the LH𝛽 promoter [112] and SF-1-mediated
activation of the nitric oxide synthase gene promoter [113],
changes in its subcellular distribution may have a relevant
impact on the function of pituitary gonadotrope cells.

Little is known about the mechanisms regulating DAX-1
subcellular distribution. One study showed that heat shock
has a dramatic effect on the localization of the DAX-1
protein, completely shifting it to the cytoplasm [114]. DAX-
1 heat shock-induced cytoplasmic localization is reversible,
requires the cooperation of both its N- and C-terminal
domains, and is not sensitive to inhibition of Crm1, p38,
and ERK. The heat shock effect on DAX-1 localization is
highly specific because other stimulations inducing cellular
stress (sorbitol, UV, arsenite, and H

2
O
2
) do not affect it.

The mechanisms underlying heat shock effect on DAX-1
subcellular localization remain to be determined.

7. DAX-1 Role in Sex Determination
and Gonadal Function: Lessons from DSS
Patients and Mouse Models

During the process of mammalian sex determination, an
undifferentiated gonad arises from the intermediate meso-
derm. Two ductal structures are present during this bipo-
tential stage, the Wolffian duct, which in the male later
differentiates into the epididymis and vas deferens, and
the Müllerian duct, which in the female will form the
oviducts, uterus, and upper vagina. Transient activation of
the Y chromosome testis-determining factor Sry initiates
male gonad differentiation by upregulating Sox9. The crit-
ical event in sex determination is the formation of Sertoli
cells in the male gonad. These cells produce the Müllerian
inhibiting substance/anti-Müllerian hormone (MIS/AMH)
that produces regression of the Müllerian derivatives in
males. In the absence of MIS/AMH production, the female
differentiation program of those structures is activated. Once
gonadal sex has been determined, the gonad differentiation
process follows to give rise to either a mature testis or an
ovary.

As mentioned in Section 2, the DAX-1 gene is situated
inside the critical region in Xp21 that when duplicated causes
DSD of variable severity in 46,XY individuals (DSS) [3].
This region spans 160 kilobases and additionally harbors
the MAGEB (MAGEB1-4) family of genes [115, 116]. Patients
with DSS usually bear large chromosomal duplications in
the region and have a complex phenotype including mental
retardation and other malformations due to a contiguous
gene syndrome. However, two 46,XY sisters have been
describedwho carried the same 637 kb interstitial duplication
in Xp21.2 and presented isolated DSD [78]. Based on the
DSS phenotype, a role of DAX-1 has been investigated in sex
determination and differentiation.

As described before in Section 3, a sexually dimorphic
expression pattern of Dax-1 during mouse gonadal devel-
opment was described by Swain et al. [6], with its mRNA
reported to be first detectable in the genital ridge at 11.5 dpc
and downregulated in the male gonad at later times but
remaining expressed at relatively high levels in the devel-
oping ovary after E12.5. A subsequent study by the same
authors reported that overexpression of a 11 kb genomic
fragment containing the Dax-1 gene induces in some cases
hermaphroditism or gonadal female differentiation only in
mice from strains harboring a “weak” Sry allele (M. domes-
ticus poschiavinus XY animals, Sry transgenic XX animals)
[117]. These data, together with the human DSS syndrome
phenotype, led to the hypothesis that DAX-1 represents an
“antitestis” gene, antagonizing Sry function and required for
ovarian differentiation [118]. However, ovaries were present
in a female patient affected with HHG and homozygote
for a DAX-1 nonsense mutation [91]. Also in contrast with
the results by Swain et al., as described before in Section 3,
several other studies showed that the Dax-1 transcript is
expressed at equivalent levels in mouse and rat testis and
ovary at E12.5–E15.5, while it is downregulated in the ovary
at later times [15, 16]. The Dax-1 protein is expressed in
the mouse testis Sertoli and Leydig cells and throughout
the ovarian primordium at E12.5–E14.5 [17]. Furthermore,
in humans DAX-1 is expressed both in the male and the
female embryonic gonads during the critical period of sex
determination [22]. It is also worth to be mentioned that
DAX-1 homologues are expressed during embryogenesis in
the gonads of both sexes in another mammalian species (pig)
and in chicken, frog, and fish [7, 8, 10, 11]. Moreover, in
alligator and turtle species where sexual differentiation is
determined by temperature, Dax-1 is expressed at similar
levels in male and female gonads during the critical period
for their specification [9, 12]. Taken together, all these results
argue against the previously advanced model that a sexual
dimorphism of Dax-1 expression during gonad development
is required for ovarian differentiation and rather suggest that
this transcription factor has a specific function in different
cell types in both sexes.More recent studies showed thatDax-
1 is essential for male but is dispensable for female gonadal
development. In themouse knockoutmodel (obtained byCre
recombinase-mediated deletion of the Dax-1 exon 2), which
in other respects presents neither an adrenal hypoplasia
nor a hypogonadotropic phenotype, Dax-1 is required for
normal testis morphology and function. Dax-1 inactivation
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Figure 3: A model of DAX-1 function during human adrenal development. DAX-1 represses steroidogenic gene expression in definitive
zone cells, allowing for their proliferation and differentiation into glomerulosa, fasciculata, and reticularis zones. In the absence of functional
DAX-1, abnormally early expression of steroidogenic genes is activated in the definitive zone and its proliferation is downregulated. Under
these conditions, adrenal hypoplasia follows the physiological regression of the fetal zone after birth. From [35]. Copyright 2003 Endocrine
Society.

causes progressive degeneration of the testicular germinal
epithelium and dilation of the seminiferous tubules with
the concomitant Leydig cell hyperplasia, resulting in male
sterility already at a young age [119, 120]. Conversely, Dax-
1 null females have normal ovarian development and are
fertile; the only abnormality detectable in their ovaries is that
a subset of follicles harbors multiple oocytes. In male Dax-
1 null mice, independent transgenic reexpression of Dax-1
in Sertoli and Leydig cells, respectively, improved fertility,
but not testicular pathology, showing that the testicular
phenotype of those mice reflects the combined effects of
Dax-1 deficiency in both cell types [121, 122]. An interesting
finding was that in the testis of Dax-1 null mice the ectopic
Sertoli and Leydig cells block the rete testis and the efferent
ductules, with sex-cord stromal tumors being present in
about one-third of aged animals [123]. A critical molecular
abnormality present in the testes of Dax-1 null males is
upregulation of aromatase expression in Leydig cells, with
consequent increased intratesticular estradiol levels [124].
Strikingly, Leydig cell hyperplasia and fertility in Dax-1 null
males could be rescued by tamoxifen (a selective estrogen
receptor modulator) administration, showing that estrogen
excess is important to impair testicular function in those
animals. It was shown that Sv/129 Dax-1 null mice have
a defect in testis cord formation during development with
a lower number of peritubular myoid cells and disruption
of the basal lamina [120]. The severity of testicular defects

in Dax-1 null mice depends on the genetic background,
since Dax-1 deficiency can even induce gonadal sex reversal
in the poschiavinus and C57BL/6J strains, associated with
a defect in Sox9 upregulation in Sertoli cells [125, 126].
Interestingly,Dax-1 inactivation does not compensate for the
defects present in the testes of Sf-1 heterozygote mice but
further impairs Sertoli cell differentiation and fetal Leydig cell
differentiation [127].These data show that early male gonadal
development in mice depends on the cooperative function of
both Sf-1 and Dax-1 (see also Section 4).

Consistent with the role of Dax-1 in testicular develop-
ment in mice, a primary testicular defect is present in DAX-
1 mutation carriers, since in these subjects gonadotropin
treatment is not able to normalize spermatogenesis and tes-
ticular biopsy shows disorganization of seminiferous tubular
structure and Leydig cell hyperplasia [128]. An interesting
possibility for these patients to father children is to undergo
in vitro fertilization of oocytes using sperm recovered from
testicular biopsies, as described in a recent report [94] (see
Section 6).

Even if caution should be taken to interpret the results
generated in transgenic mice [117], as discussed before,DAX-
1 remains the best candidate gene inside the DSS critical
interval to produce female or ambiguous gonadal differen-
tiation in XY individuals carrying duplications of the Xp21
region because of its known transcriptional repressor activity.
Different mechanisms may be responsible for the effect of
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an increased DAX-1 dosage on gonadal differentiation as
follows.

(1) Repression of MIS/AMH production by fetal Sertoli
cells. Dax-1 antagonizes the synergy between SF-1
andWT1 in activating the MIS/AMH gene promoter,
consistent with its role as a general negative regulator
of SF-1-induced transactivation [16]. DAX-1 overex-
pression would then lead to repression of MIS/AMH
expression producing persistence of the Müllerian
derivatives, as observed in some DSS patients [3].

(2) Repression of testosterone production by fetal Leydig
cells. Considering its negative effect on steroidogen-
esis [21, 31, 32], DAX-1 overexpression would inap-
propriately repress testosterone biosynthesis in fetal
Leydig cells, which is essential for sexual secondary
character masculinization.

(3) An increased Dax-1 dosage may inhibit activation of
the Sox9 testis enhancer by SF-1, as suggested recently
[129]. However, in that study the reduction of Sox9
mRNA expression in XY Dax-1 transgenic gonads
compared towild typewas not statistically significant.
The relative importance of thismechanism to produce
the DSS phenotype then warrants further investiga-
tion.

8. Dax-1 in Stem Cells and Cancer

ES cells are characterized by their self-renewing (capac-
ity to undergo cell division without differentiation) and
pluripotency (capacity to give rise to cells belonging to all
three germ layers: ectoderm, endoderm, and mesoderm)
properties.Their pluripotent state is maintained by the action
ofmultiple signaling pathways and transcription factors, with
a pivotal role played by the POU domain factor Oct3/4 and
the Nanog homeoprotein [130]. These factors orchestrate
transcriptional regulatory networks whose integrity is crucial
to keep the pluripotent state of ES cells. It has been shown that
it is possible to produce pluripotent stem cells derived from
differentiated cells by inducing a forced expression of specific
genes (induced pluripotent stem cells (iPSCs)) [131].

The identification of Dax-1 expression and role in mouse
ES cells has opened a whole new field of investigation. Dax-
1 is expressed at high levels in mouse ES cells (Figure 4(a))
[132] and its knockdown or gene inactivation by homologous
recombination induces loss of their pluripotency and differ-
entiation [133]. Further studies have shown that Dax-1 is part
of the core protein network implicated in the homeostasis of
mouse ES cells pluripotency and self-renewal, by interacting
with other essential pluripotency factors and binding to a
common set of promoters [134–136].

In mouse ES cells, Dax-1 expression is controlled by
the pluripotency factors STAT3, Oct3/4, Nanog, and Esrrb
[57, 134, 137]. In turn, Dax-1 binds to Oct3/4 and inhibits
its transcriptional activity, thus establishing a regulatory
circuit limiting Oct3/4 activity in ES cells [58, 138]. This
may be an important mechanism for Dax-1 to sustain ES
cell pluripotency, since excessive Oct3/4 activity leads to

their differentiation [139]. Also, Dax-1 overexpression is
able to induce ES cells differentiation [137]. Another report
suggested that Dax-1 may upregulate nuclear receptor LRH-
1-mediated Oct3/4 expression in mouse ES cells through
interaction with the RNA coactivator SRA (see Section 4)
[75]. However, other studies did not confirm the direct
positive transcriptional effect of Dax-1 on Oct3/4 expression
[137, 140]. Furthermore, Dax-1 has also been reported to
interact with the other pluripotency factors Nanog [135] and
Esrrb [57]. In a study investigating binding to gene promoters
for nine transcription factors (including Dax-1) involved in
the keeping of the pluripotency state in mouse ES cells, Kim
et al. identified a common set of promoters bound bymultiple
factors [136]. Those authors correlated the probability that a
given gene is expressed in pluripotent ES cells and repressed
after their differentiation with the number of pluripotency
factors bound at the level of its promoter.

Dax-1 expression is controlled by the 𝛽-catenin pathway
in mouse ES cells and its knockdown induces rapid upregu-
lation of genes expressed in the three embryonic germ layers
and cell differentiation [140]. Similarly to steroidogenic cells,
also in mouse ES cells Dax-1 functions as a transcriptional
repressor. Consistently with this activity, Dax-1 knockdown
increases the expression of more than 90% of the genes that
it regulates (Figure 4(b)). Those genes are involved in the
differentiation of multiple tissues and also in the control
of cell proliferation and apoptosis [140]. These results are
not consistent with previous studies which had suggested
an “additive” model for gene regulation in mouse ES cells,
with promoters bound by multiple factors being active in
pluripotent cells and then repressed upon differentiation
[136]. This rather simplistic model of gene regulation should
then be modified to take into account the specific role of
Dax-1, which has probably a specialized function to repress
the expression of a specific subset of genes involved in
differentiation of mouse ES cells, thus playing a critical
function in the preservation of their pluripotency. Therefore,
we have suggested that Dax-1 is not to be considered as an
essential pluripotency factor in murine ES cells but rather
as a specialized pluripotency keeper that is hierarchically
situated between upstream bona fide pluripotency factors and
downstream differentiation genes with the task of repressing
the expression of a specific subset among them [140, 141].
Consistent with this hypothesis, it is interesting to remark
that Dax-1 is not able to enhance reprogramming of fibrob-
lasts into iPSCs or to replace any of the reprogramming
factors [142].

In contrast to mouse ES cells, DAX-1 is only expressed
at very low levels in human ES cells and its expression is
inconsistently modulated during their differentiation [143].
These data suggest that the important role played by Dax-
1 in the pluripotency mechanism in mouse ES cells is not
conserved or that redundant pathways may be active. This
is consistent with the fact that individuals carrying loss-of-
function mutations in DAX-1 are born to term, even if they
may eventually develop AHC/HHG. On the other hand, it is
conceivable that in humans the function of DAX-1 in stem
cells maintenance became restricted only to some tissues
(like the adrenal cortex) and may be brought back to life
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Figure 4: Expression of Dax-1 in mouse ES cells and effects of its knockdown on gene expression profiles. (a) Immunofluorescence showing
Dax-1 expression inmouse ES cells grown in the presence of LIF (+LIF) or subjected to different differentiation protocols for 48 hours: culture
in the absence of LIF (−LIF), without LIF+1%DMSO (+DMSO), and treatment with 2 𝜇MRA (+RA). Nuclei were counterstained with DAPI
dye and images were acquired by confocalmicroscopy. Scale bar = 50 𝜇m.DAPI: 4,6-diamidino-2-phenylindole; DMSO: dimethyl sulfoxide;
LIF: leukemia inhibitory factor; RA: retinoic acid. (b) Top: unsupervised clustering of genes regulated byDax-1 knockdown inmouse ES cells
using two differentDax-1 specific siRNAs (siDax-1 number 1 and siDax-1 number 3). In red, genes upregulated byDax-1 knockdown; in green,
genes downregulated byDax-1 knockdown. Left panel: genes regulated for 24 hours after siRNA transfection; right panel: genes regulated for
48 hours after siRNA transfection. Bottom: comparison of genes regulated by Dax-1 knockdown at 24 (left) and 48 (right) hours with genes
bound by Dax-1 in the study by Kim et al. [136]. From [140]. Copyright 2009 John Wiley & Sons.

in some cancer types (see below). Intriguingly, evidence for
Dax-1 being involved in inhibiting premature differentiation
of adrenal stem cells comes from a recent study showing
establishment of adrenal insufficiency and development of
adrenocortical dysplasia in aged Dax-1 null mice after an
early phase of hyperfunction, probably as a consequence of
depletion of the adrenal stem cell pool [111].

The first studies analyzing DAX-1 expression in tumors
concerned adrenocortical neoplasms. Similarly to other well-
described situations, the levels of DAX-1 expression and hor-
mone production are inversely correlated in benign adreno-
cortical adenomas (with DAX-1 levels being the lowest in
aldosterone-producing adenomas, intermediate in cortisol-
producing adenomas, and the highest in nonfunctioning
adenomas), while its expression in adrenocortical carcinomas
is highly variable [144]. Other studies also showed low DAX-
1 levels in cortisol-producing adenomas but elevated expres-
sion in two cases of the rare deoxycorticosterone-producing

adenomas [145]. These studies suggest then that DAX-1
expression may influence the pattern of steroids produced
by the tumors. In addition, DAX-1 may have an important
role in adrenocortical tumors to limit SF-1 transcriptional
activity, whose increased dosage has been linked to increased
cell proliferation and adrenocortical tumor formation inmice
[41].

More recently, DAX-1 expression has been reported and
correlated with clinical parameters in different types of
human tumors derived from a variety of tissues (reviewed
in [141]). An important caveat, however, must be taken
into account when considering the published studies about
DAX-1 expression in cancer. The commercial antibody used
in most of the studies mentioned below does not specifi-
cally recognize DAX-1 either in immunohistochemistry or
immunoblotting [146, 147].This obviously engenders consid-
erable uncertainty in the interpretation of the results obtained
in those studies.
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8.1. Pituitary Adenomas. DAX-1 is coexpressed with SF-1 in
pituitary adenomas of gonadotropic origin (nonfunctioning)
[148]. DAX-1 is also expressed in some somatotroph tumors.
No relationship appears to exist between DAX-1 expression
and FSH/𝛼GSU production in vitro by cell cultures from
pituitary adenomas [149].

8.2. Ovarian Carcinoma. DAX-1 immunoreactivity corre-
lates in a direct fashion with clinical staging, tumor grade,
residual size of the tumor after neoadjuvant chemotherapy,
and its Ki-67 labeling index and inversely with survival [150].

8.3. Breast Cancer. DAX-1 immunoreactivity was reported to
be directly correlated with androgen receptor expression and
nodal status [151].

8.4. Endometrial Carcinoma. DAX-1 immunoreactivity cor-
related inversely with histological grade and positively with
ER𝛼 and ER𝛽 expression [152].

8.5. Prostate Cancer. DAX-1 immunoreactivity correlated
inversely with Gleason score, a grading system used to assess
malignancy in this type of cancer [153].

8.6. Lung Cancer. A gene expression profiling study showed
thatDAX-1 expression is high in lung adenocarcinoma cancer
stem cells identified in the A549 cell line as a side population
(SP) by flow cytometry [154]. Only SP cells are tumorigenic
when injected in nudemice.These data suggest that, similarly
to its role in mouse ES cells, DAX-1 may be involved in
the maintenance of cancer stem cells in lung adenocarci-
noma. Another study showed that DAX-1 knockdown does
not increase proliferation of A549 cells but increases their
sensitivity to the topoisomerase I inhibitor topotecan and
decreases their invasive ability in a Matrigel invasion assay,
colony formation in vitro, and xenograft growth in immun-
odeficient mice [155]. In addition, higher levels of DAX-1
expression in lung adenocarcinoma correlatedwith high rates
of lymph node metastasis and recurrence. At least in some
cases, high DAX-1 expression in lung adenocarcinoma may
be determined by demethylation of its promoter. Importantly,
disease-free and overall survival were significantly better in
lung adenocarcinoma patients with low DAX-1 expression
in the tumor compared with patients displaying high DAX-
1 expression. In multivariate analysis high DAX-1 expression
levels were an independent unfavorable prognostic factor,
together with stage of the disease and size of tumor [155].
Even if these results need to be confirmed on a larger cohort
of patients, they lay the groundwork for further studies on
the role of DAX-1 in lung cancer, with possible therapeutic
applications.

8.7. Ewing Tumors and Other Soft Tissue Tumors. This is
the type of cancer where the mechanisms regulating DAX-1
expression and its role in cancer cell biology are at present
best known. Ewing tumors represent a group of highly
malignant bone and soft tissue tumors usually diagnosed in
children, adolescents, and young adults. They are associated

with specific balanced chromosomal translocations, leading
to the expression of chimeric proteins harboring the N-
terminal region of the EWS gene product and the C-terminal
region of amember of the ETS family of transcription factors,
most commonly FLI1. Those fusion oncogenes have a patho-
genetic role in the disease by regulating the transcription of
specific target genes in cancer cells [156].

DAX-1 is specifically expressed and is required for the
oncogenic phenotype in Ewing tumors, but not in other his-
tologically similar small round cell tumors, as neuroblastoma
and embryonal rhabdomyosarcoma [157, 158]. However,
DAX-1 was found expressed in cases of rhabdomyosarcoma
of the alveolar subtype bearing a PAX3, or PAX7, containing
fusion protein together with FKHR [157] and is one of the
genes whose expression allows for discrimination between
embryonal and alveolar rhabdomyosarcoma [159].

In Ewing tumors, the EWS/FLI1 oncoprotein directly
regulates DAX-1 expression by binding to a polymorphic
GGAA-rich region in its promoter [160, 161]. Moreover,
DAX-1 expression levels in Ewing tumor cell lines correlated
positively with the number of GGAA repeats present in
theirDAX-1 promoter. DAX-1 was also reported to physically
interact with and modulate the transcriptional activity of the
EWS/FLI1 oncoprotein [59]. DAX-1 has an important role in
regulating Ewing tumor cells growth since its knockdown
blocks cell proliferation in vitro, causing accumulation in
the G1 phase of the cell cycle, and significantly impairs the
growth of Ewing tumor cells grafted in immunodeficientmice
[160]. Importantly, the effect of DAX-1 knockdown on Ewing
tumor cells proliferation was observed in the presence of
continued expression of the EWS/FLI-1 oncoprotein, indicat-
ing the main role of DAX-1 in mediating EWS/FLI1 effects.
Consistently with these results, analysis of gene expression
profiles showed that the expression of about 10% of the genes
regulated by EWS/FLI1 in Ewing tumor cells is sensitive
to DAX-1 knockdown. Genes involved in cell cycle control,
and more specifically genes implicated in the G1/S transition
such as CDK2, SKP2, MCM10, and CDC6, are significantly
enriched among DAX-1 target genes in Ewing tumor cells
[160]. Altogether, these results show that DAX-1 plays an
essential role in the generation of the transformed phenotype
of Ewing tumor cells and suggest that it may be a novel
therapeutic target in this disease.

9. Conclusions

Twenty years have elapsed since the cloning of the DAX-
1 gene and much progress has been made to elucidate
the pathogenetic mechanisms of AHC, the role of DAX-
1 in the control of steroidogenesis and gonadal function
and its unexpected involvement in stem cell biology and
cancer. However, this unusual nuclear receptor still keeps
many of its secrets, especially concerning its mechanisms of
transcriptional regulation and the identity of its target genes
during development, in adult tissues and in pathological
conditions. New efforts are eagerly needed to understand
its function in physiology and disease using a combination
of cell biology, structural and genomic approaches, together
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with the production of novel animal models and the integra-
tion of results from clinical studies.
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