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Abstract Septo-optic dysplasia (SOD) is a highly heter-

ogeneous condition comprising a variable phenotype of

optic nerve hypoplasia, midline forebrain abnormalities

and pituitary hypoplasia with consequent endocrine defi-

cits. The majority of cases are sporadic and several aeti-

ologies including drug and alcohol abuse have been

suggested to account for the pathogenesis of the condition.

However, a number of familial cases have been described

and the identification of mutations in the key develop-

mental gene HESX1 in patients with SOD and associated

phenotypes suggests that a genetic causation is likely in the

more common sporadic cases of the condition. More

recently, we have implicated duplications of SOX3 and

mutations of both SOX2 and SOX3 in the aetiology of

variants of SOD. As with other developmental disorders

such as holoprosencephaly, the precise aetiology is most

likely multifactorial involving contributions from envi-

ronmental factors in addition to an important role for cru-

cial developmental genes. This potentially complex

interaction between genetics and the environment is borne

out by the variability of the penetrance and phenotypes in

patients with genetic SOD, but at present, the understand-

ing of these interactions is rudimentary. Further study of

these critical factors may shed light on the aetiology of this

complex disorder.
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Septo-optic dysplasia

Septo-optic dysplasia (SOD), also known as de Morsier

Syndrome [1], is a rare condition initially described by

Reeves [2] in a 7-month-old baby with absence of the

septum pellucidum and optic nerve abnormalities. The

condition is highly heterogeneous, currently defined by any

combination of (1) optic nerve hypoplasia, (2) midline

neuroradiological abnormalities, such as agenesis of the

corpus callosum and absence of the septum pellucidum, (3)

and pituitary hypoplasia with consequent panhypopituita-

rism [1–7].

The reported incidence of SOD is 1/10,000 live births

[8] and it is thought to be equally prevalent in males and

females. Although the condition is generally sporadic,

familial cases have been described. Neurological deficit is

common, often occurring in association with optic nerve

hypoplasia (75–80% of patients), and ranges from global

retardation to focal deficits such as epilepsy or hemiparesis

[9, 10]. Associated anatomical features may include cavum

septum pellucidum, cerebellar hypoplasia, schizencephaly

and aplasia of the fornix.

Optic nerve hypoplasia (ONH) may be unilateral or

bilateral although bilateral involvement is more common

(88% as compared with 12% unilateral cases), and may be

the first presenting feature, with later onset of endocrine

dysfunction [4, 5, 11–15]. In rare cases, the eye abnor-

mality may be more severe, resulting in microphthalmia or

anophthalmia.

Pituitary hypoplasia may manifest as variable endocrine

deficits ranging from isolated growth hormone (GH) defi-

ciency to complete panhypopituitarism, and it has been

suggested that abnormalities of the septum pellucidum and

hypothalmo-pituitary axis on neuroimaging can predict the

severity of endocrine dysfunction [16]. Decreased growth
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rate due to growth GH deficiency is the most common

endocrinological feature followed by thyroid stimulating

hormone (TSH) and adrenocorticotropic hormone (ACTH)

deficiencies [17, 18], whereas gonadotrophin secretion may

be retained in the face of other pituitary hormone defi-

ciencies. However, the endocrinopathy may evolve with a

progressive loss of endocrine function over time [7].

Commencement of growth hormone treatment in children

with SOD involving GH deficiency may be associated with

accelerated pubertal maturation [19] and either sexual

precocity or failure of pubertal development may occur,

with abnormal hypothalamic neuroanatomy or function

[20–24]. Other features such as hypoglycemia, diabetes

insipidus, and polyuria and polydipsia are less commonly

associated [4, 25].

The phenotype is highly variable; each of the three

components listed in the first paragraph can occur in iso-

lation or in combination with at least one other, with a

diagnosis of SOD usually made if two or more of the above

features are present. According to Morishima and Aranoff,

approximately 30% of SOD cases have complete mani-

festations, 62% have the complication of hypopituitarism

and 60% have an absent septum pellucidum [26]. De

Morsier [1] reported that optic nerve abnormalities were

present in only nine of 36 cases with absent septum pel-

lucidum; while Acers studied 45 individuals with optic

nerve hypoplasia and found that 12 of these patients had

associated midline brain defects, with six of these also

demonstrating hypopituitarism. Additionally, there appears

to be little correlation between the size of the optic nerve

and its visual function.

The condition is thought to be more frequent in children

born to younger mothers (mean maternal age 22 years) [4,

27], although this has been disputed [15] and in some

studies there is a preponderance of primigravida mothers

[5, 15]. Recently, cases of both isolated ONH as well as

SOD have been shown to cluster in high population den-

sity, inner city areas with high rates of unemployment and

teenage pregnancy [8].

Several aetiologies have been postulated to account for

the sporadic occurrence of SOD, such as viral infections,

environmental teratogens, and vascular or degenerative

damage [24, 28]. However, the precise aetiology of the

condition still remains unknown and is most likely to be

multifactorial, with a combination of genetic and envi-

ronmental factors.

The development of the forebrain is highly complex

occurring at a very early stage of embryonic development,

and has been extensively studied in the mouse [29]. Non-

neural structures such as the anterior pituitary, the olfactory

placode and the nasal cavity ectoderm and neural structures

such as the hypothalamus, the posterior pituitary, the optic

vesicles, the optic nerves and the forebrain develop from

the same region of the embryo, the anterior neural plate.

Any insult at this critical stage of embryonic development

could account for the features of SOD. Such developmental

insults would have to take place during the critical period

of embryogenesis for these structures, which corresponds

to 4–6 weeks of gestation in humans, during which two

significant developmental events occur. First, the telence-

phalic optic vesicles and retinal ganglion cells differentiate,

and second, the lamina terminalis thickens, and its sub-

sequent differentiation results in formation of the corpus

callosum, anterior commisure, and fornix. Any insult

arising at this stage has the potential to produce failure of

ganglion cell formation with subsequent hypoplasia of

optic nerves and chiasm in the first instance and lack of

commisural or septal formation in the second instance. It is

important to stress that hypoplasia can result from an

incomplete commitment of progenitor cells, or a failure to

commit adequate numbers of precursors, which could then

give rise to variable degrees of hypoplasia, as well as

aplasia, of forebrain structures.

Familial cases of SOD are rare, but have the obvious

advantage that they implicate a genetic defect pointing to

the developmental mechanisms involved. They are more

frequently associated with an autosomal recessive inheri-

tance [30–32], although dominant inheritance has been

described [33–35].

Development of the forebrain and anterior pituitary

gland

Animal studies have recently shed a considerable amount

of light on the normal development of the forebrain and

pituitary gland. There is now good evidence that anterior

patterning in the extraembryonic endoderm, or anterior

visceral endoderm (AVE), of the early mammalian con-

ceptus occurs before there is any sign of primitive streak

formation, i.e., prior to gastrulation; the process resulting in

the formation of the primitive streak, the notochord, and

the three germ layers that lead to the development of all

embryonic tissues and organs [36]. The AVE has been

shown to be functional in providing the embryo with

anterior characteristics and is vital for normal forebrain

development.

Current knowledge of the expression of several genes,

including Otx2, Lim1, goosecoid, cerberus-related 1, and

Hex, shows they are restricted to a medial strip of the AVE

underlying approximately the anterior third of the epiblast

at least 12 h before the primitive streak has formed. As the

streak forms, the most anterior extreme of the AVE, in the

region where the heart will develop, starts to express the

gene Mrg1. Slightly more posteriorly, where it overlies the

portion of epiblast fated to give rise to oral ectoderm and
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forebrain, Hesx1 (also known as Rpx) is expressed. Hence,

as gastrulation starts, the AVE already exhibits a restricted

pattern of expression of transcription factors. Mutations in

a number of these genes, including Hesx1, Lim1 and Otx2

[37–39], which are first expressed in the AVE and only

subsequently in epiblast derivatives, affect anterior pat-

terning in the mouse, with variable defects in forebrain

development.

In humans, the first known event in the development of

the nervous system is neural induction or neurulation,

whereby the neural plate, the embryonic precursor of the

brain, forms in the third week of gestation. The developing

notochord induces the overlying ectoderm to thicken and

form the neural plate, the primordium of the central ner-

vous system. The ectoderm of the neural plate, the neu-

rectoderm, gives rise to the brain and spinal cord. The

neural plate forms as a result of the cellular interaction

between the ectoderm and the mesoderm of the gastrula-

stage embryo and is a planar sheet of pseudostratified

neuroepithelium produced during gastrulation. The neural

plate becomes regionally patterned along each of its axes

and is converted into the neural tube which then differen-

tiates into the central nervous system structures in the brain

and spinal cord. Again, restricted patterns of differential

gene expression are evident at the anterior neural plate

stage in the human embryo, and these foreshadow the later

development of morphological and functional subdivisions

of the neural tube.

By the fourth week of gestation, a series of ring-like

constrictions mark the approximate boundaries between the

primordia of the major brain regions: the forebrain or

prosencephalon, midbrain or mesencephalon and hindbrain

or rhombencephalon. As the rostral neuropore closes at

about 25 days of gestation, the optic vesicles appear as two

lateral outgrowths on each side of the forebrain, and are the

primordia of the retinae and optic nerves. A second pair of

diverticula arise more dorsally and rostrally; these are the

cerebral or telencephalic vesicles which are the primordia

of the cerebral hemispheres, their cavities forming the

lateral ventricles. During the fifth week, the forebrain

partly divides into two regions, the telencephalon and the

diencephalon. The diencephalon will give rise to the thal-

amus and hypothalamus.

Fate map studies in a number of species such as the

chick, Xenopus, Axolotl, and Zebrafish have shown that

the prospective telencephalon occupies the rostral end of

the neural plate, partly overlapping the anterior neural

ridge. Distributed laterally along the anterior neural ridge

are sites fated to form the olfactory bulbs and the lateral,

dorsal, and medial regions of cerebral cortex. The neural

plate medial to the telencephalon contains sites destined to

form the preoptic, optic, and hypothalamic areas. Of note is

the finding that the site destined to form the anterior pitu-

itary or adenohypophysis also maps onto the anterior

neural ridge. Additionally, in Xenopus, the mid-anterior

ridge produces a triangular wedge of tissue extending at the

midline from the chiasma ridge to the lamina terminalis

and laterally into the optic stalks [40].

Several lines of molecular and genetic evidence now

suggest that medial and ventral specification of the fore-

brain is regulated by the prechordal plate, an axial mes-

endodermal structure. Forebrain development is highly

complex and it is clear that a number of genes are impli-

cated in this process. These include Sonic Hedgehog, Fgf8,

Hesx1, HNF3b, Nkx2.1, Nkx2.2, Lim1, Otx1, Otx2, Cer-

berus, goosecoid, Pax6, Six3, Emx1, and Emx2. The exact

role of many of these genes remains to be defined; never-

theless, as the forebrain, eyes, optic chiasm, olfactory

bulbs, adenohypophysis and hypothalamus originate from

the same region in the embryo, defects of some of the

genes expressed in the anterior neural ridge could poten-

tially lead to developmental defects of these structures.

However, it is important to stress that many of these genes

have multiple spatial and temporal domains of expression

throughout the embryo and are not solely involved with

forebrain and pituitary development.

The pituitary gland is a midline structure consisting of

the anterior, intermediate, and posterior lobes of varying

size and complexity in different species. Developmentally,

the pituitary has a dual embryonic origin; fate map studies

in the chick and Xenopus have demonstrated that the

derivatives of the oral roof ectoderm (which include the

pituitary and nasal epithelium) are initially derived from

the anterior neural ridge (ANR). As the embryonic head

turns, the ANR is displaced ventrally and forms the sto-

modeum, the ectoderm which gives rise to the roof of the

mouth and its derived structures [41, 42]. In the mouse, the

onset of pituitary organogenesis coincides with a thicken-

ing of the initially uniform stomodeal ectoderm on

embryonic day (E)8.5 which then invaginates on E9.0 to

form a structure called Rathke’s pouch, from which the

anterior and intermediate lobes of the pituitary are derived.

The posterior lobe develops as a result of the evagination of

the neural ectoderm (infundibulum) at the base of the

developing diencephalon which comes into direct contact

with Rathke’s pouch [43]. In humans, the diverticulum

forming Rathke’s pouch projects dorsally from the roof of

the stomodeum around the fourth week of gestation and

grows towards the brain. By the fifth week, the pouch has

elongated, has become constricted at its attachment to the

oral epithelium and has come into contact with the infun-

dibulum. The apposition of Rathke’s pouch and the dien-

cephalon is maintained throughout the early stages of

pituitary organogenesis, and this close relationship has long

suggested that inductive tissue interactions are involved in

the process.
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Between E10.5 and E12 in the mouse, the pouch epi-

thelium continues to proliferate as it closes and separates

from the underlying oral ectoderm. Subsequent to these

initial patterning events, the progenitors of the hormone-

secreting cell types proliferate ventrally from the pouch

between E12.5 and E15.5 to populate what will form the

anterior lobe [44]. The remnants of the dorsal portion of the

pouch form the intermediate lobe destined to form mela-

notropes. The size of the intermediate lobe varies markedly

between species, and in humans, its exact role remains

unclear.

The development of the anterior pituitary gland is now

known to be dependent on various intrinsic and extrinsic

transcription factors and signalling molecules. Extrinsic

factors include Ttf1, BMP4, and Fgf8 [45–47], which are

expressed in the diencephalon and not Rathke’s pouch, but

are nevertheless implicated in normal pituitary develop-

ment. It appears that Rathke’s pouch develops in a two-step

process that requires at least two sequential inductive sig-

nals from the diencephalon, which are present only in the

infundibulum and developing hypothalamus and not in

Rathke’s pouch itself. First, the induction and formation of

the pouch rudiment is dependent upon Bone Morphoge-

netic Protein 4 (BMP4), followed by a second signal,

Fibroblast Growth Factor 8 (FGF8), which activates the

key regulatory genes Lhx3 and Lhx4 (see below) essential

for subsequent development of the pouch rudiment into a

definitive pouch structure [47].

A number of transcription factors are expressed within

the pituitary primordium itself. These include Six3 [48],

Pax6 [49], and Hesx1/Rpx [50, 51], all of which continue to

be expressed in Rathke’s pouch. Concurrent with organ

commitment, two LIM-homeodomain factors, Lhx3 or P-

Lim [52, 53], and Lhx4 [54], are also expressed in the

pouch. Deletion of the Lhx3/P-Lim gene in mice results in

the failure of the pituitary gland to grow and differentiate,

despite initial formation of Rathke’s pouch [55], whereas

mutation of both Lhx3 and Lhx4 results in complete failure

of pouch formation [54]. The OTX-related factor Ptx1/

P-OTX is also expressed throughout early pituitary devel-

opment [56, 57].

The mature anterior pituitary gland is populated by five

endocrine cell types, at least as defined by the hormones

they produce: somatotropes (producing GH), corticotropes

(ACTH), thyrotropes (TSH), gonadotropes (luteinizing

hormone, LH; follicle stimulating hormone, FSH) and

lactotropes (prolactin, PRL). These endocrine cell types

progressively differentiate in a temporally and spatially

regulated manner [58, 59], and this process is dependent

upon an increasing list of transcription factors. One of the

first such factors to be discovered, was the tissue-specific

POU domain factor POU1F1 (OMIM 173110; previously

referred to as PIT1) which is required for terminal differ-

entiation, growth and survival of somatotropes, lactotropes,

and thyrotropes [60]. Additionally, a paired-like homeod-

omain factor Prop1 is also required for the determination of

the POU1F1-dependent lineages [61], however the phe-

notype of patients with mutations in PROP1 (OMIM

601538) suggests that the gene is also involved in the

determination of gonadotropes [62].

Midline defects and pituitary dysfunction

Congenital midline defects encompass a large array of

clinical phenotypes, ranging from those that are incom-

patible with life to severe palato-facial cleft associated with

neuroanatomical defects. The conditions include various

forms of holoprosencephaly, septo-optic dysplasia and

agenesis of the corpus callosum. At the less severe end of

the spectrum are isolated cleft lip or palate. As the pituitary

is a midline structure, the association between hypopitu-

itarism and extensive congenital midline brain defects has

long been recognized, of which septo-optic dysplasia

phenotypes are the most common [63–66].

HESX1 and SOD

Hesx1 is a member of the paired-like class of homeobox

genes [50] and is first expressed during mouse embryo-

genesis in a small patch of cells in the anterior midline

visceral endoderm as gastrulation commences [29, 51, 67].

Following a critical signal from the visceral endoderm,

expression is then induced in the adjacent ectoderm in an

area destined to give rise to the ventral prosencephalon,

which will in turn form the forebrain. Subsequently, Hesx1

is detected at the anterior extreme of the rostral neural

folds; expression is then restricted to the ventral dien-

cephalon by E9.0 in the mouse, and also in the thickened

layer of oral ectoderm that will give rise to Rathke’s pouch.

Hesx1 continues to be expressed in the developing anterior

pituitary until E12 when expression is attenuated in a

spatiotemporal sequence corresponding to progressive

pituitary cell differentiation, finally becoming undetectable

by E13.5.

Homozygous disruption of Hesx1 in mice is associated

with a phenotype closely resembling that of SOD, with all

Hesx1 null mice being abnormal at birth [37]. Features

include a reduction in prospective forebrain tissue, absence

of developing optic vesicles, markedly decreased head size,

craniofacial dysplasia with a short nose, and severe

microphthalmia. Defects were often noted to be asym-

metrical, with one side more severely affected than the

other, and the severity of the mutant phenotype was also

often variable, with mutants divided into either a severe

Class I phenotype or a milder Class II phenotype.
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Histological analysis of the mutant mice revealed that

severely affected Class I embryos had substantially reduced

forebrains with no sign of telencephalic vesicle or infun-

dibulum development, in addition to absence of the optic

cups, the olfactory placodes, and Rathke’s pouch. Class II

mutant embryos demonstrated a thin forebrain epithelium

with retardation in prosencephalic development. Other

abnormalities included reduced telencephalic vesicles with

hypothalamic abnormalities and aberrant morphogenesis of

Rathke’s pouch [37]. The olfactory pits and optic vesicles

were also hypoplastic and often asymmetric in appearance.

Further analysis of neonatal and adult mutants revealed

hypoplastic nasal cavities, hypoplastic olfactory bulbs,

microphthalmia and anophthalmia, with abnormalities of

the septum pellucidum and corpus callosum. A more

detailed analysis of the Hesx1-null mutants revealed that,

in the mice with the more severe phenotype (5%), no

anterior pituitary gland was formed, although thickening of

the oral ectoderm and minimal expression of Lhx3 were

detected [68]. However, in the majority of the mice, pituitary

development proceeded beyond formation of Rathke’s

pouch; abnormalities were observed with multiple oral

ectodermal invaginations leading to the formation of

multiple pituitary glands, followed by dramatic cellular

over-proliferation. It is notable that the late stages of

pituitary development (E16.5) show normal terminal dif-

ferentiation of the hormone-producing cell types with

detectable expression of Pou1f1, GH, and TSHb, in addi-

tion to a-GSU, the common subunit of FSH, LH and TSH,

and the precursor of melanocorticotrophin, POMC. The

expression domains of Lhx3 and Prop1 were noted to be

expanded and extended into the more anterior region of

oral ectoderm. Additionally, the expression domains of

Fgf8 and Fgf10 in the infundibulum were expanded more

rostrally, and these data therefore suggest that Hesx1 is

required for the maintenance of proper FGF expression

domains. Fgf8 in turn appears to regulate Hesx1 expression

as expression of Fgf8 under the control of the early pitui-

tary specific Pitx1 promoter leads to complete loss of

Hesx1 expression [69]. These in vivo data are suggestive of

a repressive function of Hesx1, which has been confirmed

in vitro using transfection studies showing that HESX1 is a

promoter-specific transcriptional repressor [68, 70]. This

repressor action of HESX1 is mediated by 37 amino-acids

at the N-terminus of the HESX1 protein (the engrailed

homology domain; eh-1), which is also implicated in

homo- and hetero-dimerization of HESX1 with partner

proteins [70]. The exact mechanism of transcriptional

repression remains unknown, although Dasen et al. [68]

have shown that the mammalian homologue of the

Drosophila co-repressor protein Groucho, TLE1 (Transdu-

cin-like enhancer of Split), is recruited by the eh-1 domain,

whilst the homeodomain interacts with the nuclear receptor

co-repressor N-CoR1, which in turn leads to the binding of

histone deacetylases 1 and 2. TLE1 and Hesx1 lead to

abrogation of the binding of Prop1, also a paired-like

homeobox transcription factor, suggesting that Hesx1 and

Prop1 bind to overlapping sites, and that the temporal

control of expression of the two directs organ commitment

and proliferation mediated by Hesx1 during early devel-

opment and subsequently the specification of hormone

producing cell lineages by Prop1. In the Ames dwarf

mouse, the phenotype of which arises as a result of a

mutation in the Prop1 gene, Hesx1 expression persists later

than normal (until E16), suggesting an additional role for

Prop1 in regulating Hesx1 expression [61]. Additionally, a

role for Lhx3 in the maintenance of Hesx1 expression has

been suggested from the analysis of Lhx3 null mutant mice

[54]. These data, therefore, suggest that Hesx1 is essential

for the initial organ commitment and proliferation events

during pituitary morphogenesis.

The phenotype of Hesx1 null mice is reminiscent of that

observed in SOD in humans. In light of this observation we

investigated the role of the human homologue of HESX1

(OMIM 601802) in patients with SOD. HESX1 maps to

chromosome 3p21.1, and the coding region spans 1.7 kb

consisting of four coding exons encoding a 185-amino acid

open reading frame (ORF) that is highly conserved com-

pared with the mouse and Xenopus, particularly across the

homeodomains that share 95 and 80% homology, respec-

tively. The highly conserved eh-1 domain, located near the

amino-terminus, is also present in other homeodomain

repressors including engrailed and goosecoid.

A homozygous mis-sense mutation in the homeobox

of HESX1 was initially identified in a highly consan-

guineous family in which two affected siblings presented

with optic nerve hypoplasia, absence of the corpus

callosum, and hypoplasia of the anterior pituitary gland

with an undescended/ectopic posterior pituitary and

consequent panhypopituitarism [30, 37]. The mutation

was identified in the two affected siblings and resulted in

the substitution of a highly conserved arginine at residue

160 (position 53 of the homeodomain) by cysteine which

leads to a loss of DNA binding by the mutant protein.

The parents were heterozygous for the mutation and

phenotypically normal. Screening of extended members

of the family revealed a further nine phenotypically

normal heterozygotes within this highly consanguineous

pedigree, consistent with an autosomal recessive inheri-

tance. Subsequently, four further homozygous mutations

have been identified.

A homozygous substitution (I26T) was identified in a

girl presenting with GH and gonadotrophin deficiency,

with evolving ACTH and TSH deficiency. MRI revealed

anterior pituitary hypoplasia with an undescended posterior

pituitary; however she had normal optic nerves and no
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midline forebrain defects. This mutation occurs in the

highly conserved eh-1 domain which is crucial for tran-

scriptional repression [70], and was associated with partial

loss of repression [71] (Fig. 1).

More recently a third recessive mutation has been

identified in two siblings from a consanguineous family,

involving an Alu-element insertion in exon 3 of HESX1,

which encodes the homeodomain of the protein [72].

Homozygosity for the mutation was associated with a

severe phenotype including undetectable levels of all

anterior pituitary hormones as a result of aplasia of the

anterior pituitary (as observed in 5% of homozygous null

mice), together with hypoplasia of the sella turcica.

Conversely, the posterior pituitary and pituitary stalk

were both normal. One sibling had a coloboma of the

right optic nerve resulting in unilateral blindness, whilst

the other had no ophthalmic abnormalities but displayed

a left-sided diaphragmatic hernia and aortic coarctation

and died shortly after birth.

Sobrier et al. [73] have recently reported two additional

patients with novel recessive mutations in HESX1 associ-

ated with anterior pituitary aplasia in the absence of an

ectopic posterior pituitary or optic nerve abnormalities,

features typically associated with HESX1 mutations.

Sequencing of HESX1 in the two individuals revealed that

one patient carried a homozygous 2 bp deletion

(c.449_450delAC) resulting in a frameshift, whilst the

other patient was homozygous for a mutation in the splice

donor site in intron 2 (c.357 + 2T > C), with both muta-

tions predicted to disrupt the homeodomain of the protein

[73] with consequent loss of DNA binding. The patient

with the 2 bp deletion had additional midline abnormalities

Fig. 1 MRI findings in HESX1 mutations (from Fig. 1, Development

2001; 128:5189–5199) (A) Sagittal MRI scan of the head of a normal

child showing the corpus callosum (CC), the optic chiasm (OC), the

anterior pituitary (AP), the pituitary stalk (PS) and posterior pituitary

(PP) in the normal sella turcica. Note the well-formed corpus

callosum, optic chiasm, and the posterior pituitary which appears as a

bright spot within the sella turcica. (B) Sagittal MRI scan of sibling 2

with a homozygous R160C mutation in HESX1. The corpus callosum

(CC) is severely hypoplastic, as is the optic chiasm (OC) and the

anterior pituitary (AP) located in a well-formed but empty sella

turcica. Note the ectopic posterior pituitary (PP) and the lack of a

visible pituitary stalk. (C) Sagittal MRI scan of sibling 1 with a

homozygous R160C mutation in HESX1. Note that the splenium of

the corpus callosum is more hypoplastic than the rest of the structure

and that the sella turcica is shallow as compared with the MRI scan of

sibling 2 (B). The posterior pituitary (PP) appears to be partially

descended. (D) Sagittal MRI of a patient with S170L mutation in

HESX1. Note the atrophic posterior pituitary (PP) that has not

descended completely into the fossa and an anterior pituitary (AP)

gland that is hypoplastic and does not enhance well. The pituitary

stalk is thin, but the optic chiasm (OC) is normal as is the corpus

callosum (CC)
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including a thin corpus callosum and hydrocephalus

(Fig. 2).

To date, reports of screening patients with sporadic SOD

have yielded six novel heterozygous mutations within

HESX1. In an initial series of 228 patients with hypopitu-

itarism, of whom 105 had SOD, three heterozygous

mutations were initially identified: Q6H, S170L, and

T181A [33]. All three mutations are associated with a

milder phenotype than the homozygous R160C substitu-

tion, invariably leading to GHD with or without an unde-

scended posterior pituitary. The S170L substitution is

located three residues downstream of the carboxy terminus

of the homeodomain in a highly conserved region of

HESX1 and was first described in two siblings with iso-

lated GHD, one of whom also had optic nerve hypoplasia.

Subsequently, the same mutation was found in a child with

isolated GHD with an undescended posterior pituitary. The

Q6H substitution occurs at a highly conserved residue at

the N terminus in a patient who presented with GH and

thyrotrophin (TSH) deficiency and an undescended pos-

terior pituitary. The T181A change is located at the car-

boxy terminus of the protein and was observed in an

individual with GHD and absence of the posterior pituitary

bright spot. Compound heterozygosity within HESX1 was

excluded by performing haplotype analysis, and autosomal

dominant inheritance with variable penetrance is the most

likely mode of inheritance [33]. Furthermore, a deletion at

nucleotide position 1684 (g.1684delG), leading to a

frameshift altering the C-terminal portion of the protein

[34], and a de novo 2 bp insertion (306/307insAG) [35]

have been identified in patients presenting with SOD

phenotypes characterized by GH deficiency, hypoplasia of

the anterior pituitary and optic nerves, and midline fore-

brain abnormalities. The patient with the insertion mutation

also exhibited evidence of gonadotrophin deficiency and

hypothyroidism.

More recently, we have identified a mis-sense mutation

in HESX1, E149K, that is associated with impaired

repression of PROP1 activation, in a patient with GHD and

an undescended posterior pituitary [27]. Again the pene-

trance is variable, with the son of the proband being an

unaffected carrier of the mutation. To date, we have now

screened over 800 patients with SOD and hypopituitarism,

and identified mutations in less than 1% of individuals

confirming the rarity of HESX1 mutations [27]. As a result

of this screening we have identified a number of poly-

morphisms, including a change of unknown function in a

highly conserved base in the 5¢ region of HESX1. Whether

these polymorphisms contribute to the phenotype remains

to be proven. The overall frequency of HESX1 mutations is

low suggesting that mutations in other known or unknown

genes contribute to this complex disorder, together with a

likely contribution from environmental factors [8, 74].

SOX3

SOX3 (OMIM 313430) is a member of the SOX (SRY-

related HMG box) family of transcription factors, which

were initially identified based on homology to a conserved

DNA binding motif of the high mobility group (HMG)

class, present in the mammalian sex determining gene, SRY

[75, 76]. Approximately 20 different SOX genes have been

identified in mammals, and have also been identified in a

wide range of species including birds, fish, reptiles,

amphibians and insects [77, 78]. The HMG domains of

SOX proteins exhibit at least 60% identity to that of SRY;

however variation in homology exhibited within the HMG

box between different members allows them to be grouped

into different subfamilies [79]. SOX3 was among the first

of the SOX genes to be cloned, and together with SOX1 and

SOX2, belongs to the SOXB1 subfamily exhibiting the

highest degree of similarity to SRY [75, 76, 80]. Members

of this family of genes are expressed throughout the

developing central nervous system and are some of the

earliest neural markers that are believed to play a role in

neuronal determination.

SOX3 is encoded by a single exon producing a transcript

with a coding region of approximately 1.3 kb, and maps to

chromosome Xq27. The SOX3 protein consists of a short

66 amino acid N-terminal domain of unknown function, the

79 amino acid DNA binding HMG domain and a longer

C-terminal domain, containing four poly-alanine stretches,

shown to be involved in transcriptional activation [76, 81].

The HMG domains of SOX proteins share similar DNA

binding properties, recognizing a consensus 6–7 base pair

motif (A/T A/T CAA A/T G) [82, 83]. SOX3 is highly

conserved among mammals, and of all the SOXB1 genes, it

shows the greatest sequence homology to SRY within the

HMG domain (90% at the protein level) leading to the
Fig. 2 Mutations and polymorphisms within the coding region of

HESX1
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suggestion that SRY may have evolved from SOX3 [76, 82,

84].

The expression domains of SOXB1 genes have a strong

tendency to overlap during development [85–88]. Sox3 is

expressed in the earliest stages of development, with its

main site of expression within the central nervous system

(CNS), and has been strongly implicated in neurogenesis

[89]. In the mouse, Sox3 begins to be expressed at 6.5 dpc

(days post coitum), prior to the appearance of the primitive

streak, throughout the epiblast and in a band of extraem-

bryonic ectoderm at the boundary of the embryonic and

extraembryonic tissues [85]. During early gastrulation,

expression is rapidly downregulated in extraembryonic

tissue and becomes restricted to the anterior ectoderm of

the epiblast and to a posterior domain adjacent to the

primitive streak. Later expression extends into the posterior

region of the epiblast and from the onset of somite for-

mation, expression is restricted to the presumptive neuro-

ectoderm [85]. Subsequently, Sox3 is expressed along the

full length of the developing CNS, including the brain and

spinal cord, in actively dividing undifferentiated neural

progenitor cells where expression is maintained throughout

development of the CNS [90]. High levels of expression

have also been noted in the ventral diencephalon, including

the infundibulum and presumptive hypothalamus [91].

Targeted disruption of Sox3 in mice has been performed

in two independent laboratories revealing that the Sox3

mutants have a variable and complex phenotype including

craniofacial abnormalities, hypopituitarism, midline CNS

defects, and a reduction in size and fertility [91, 92]. Sox3

mutant mice of both sexes are born with expected fre-

quency showing no evidence for embryonic lethality, and

approximately one-third of mutant mice are viable and

fertile with no gross abnormalities. Heterozygous females

are mosaic with respect to the mutation due to X inacti-

vation and generally appear normal, although some dis-

played a mild craniofacial phenotype. However,

approximately 43% of Sox3 null mice did not survive to

weaning, and the most severely affected mice exhibited

profound growth insufficiency and general weakness with

craniofacial defects including overgrowth and misalign-

ment of the front teeth and abnormality of the shape of the

pinna which was completely absent in some animals [91].

Despite the high sequence similarity between Sox3 and Sry,

the sex ratio of Sox3 mutants did not deviate from that

expected, suggesting that Sox3 is not required for sex

determination. No reduction in fertility was observed in

mice with a milder phenotype. However, severely affected

males were hypogonadal with reduced testis weight and

abnormal germ cell development; seminiferous tubules

were small and irregular with some tubules showing

complete absence of germ cells. The ovaries of severely

affected Sox3 null female mice were small with numerous

atretic follicles and harvesting of oocytes following

induction of ovulation showed a greater proportion of dead

or malformed oocytes in Sox3 mutants compared with

wild-type mice [92].

Rizzoti et al. [91] analysed the pituitary gland and brain

of Sox3 mutant mice in detail, revealing the mutants to

have a variable endocrine deficit, the extent of which was

correlated with body weight. Pituitary levels of GH,

luteinizing hormone, follicle stimulating hormone and TSH

were all lower in mutant compared to wild-type mice at

2 months of age. Histological analysis of the pituitary

gland at this stage showed that all three lobes of the pitu-

itary were present, however the anterior lobe was smaller

with the presence of an additional abnormal cleft disrupting

the boundary between the anterior and intermediate lobes.

Further examination of Sox3 mutant embryos revealed that

normal pituitary development was disrupted. Rathke’s

pouch, the embryonic primordium of the anterior pituitary,

displayed an abnormally expanded and bifurcated appear-

ance in mutant embryos which possibly results in the

additional cleft observed at later stages of development and

in the adult pituitary. Sox3 is not expressed in Rathke’s

pouch; however it is expressed at high levels in the ventral

diencephalon including the infundibulum which provides

necessary inductive signals for the formation of the anterior

pituitary [93]. In Sox3 mutants, the evagination of the

infundibulum was less pronounced than observed in wild-

type mice and the presumptive hypothalamus thinner and

shorter with loss of Sox3 resulting in a marked reduction of

proliferation in cells that would normally express the gene

in these tissues [91]. This suggests that the hypopituitary

phenotype observed in mutant mice arises as a secondary

consequence of the absence of Sox3 in the ventral dien-

cephalon. Furthermore, two of the signals required for the

induction of pituitary morphogenesis and the development

of Rathke’s pouch, Fgf8 and Bmp4 [46, 94], show

expanded domains of expression in the absence of Sox3.

Additionally, experiments in Xenopus have shown that

overexpression of xSox3 inhibits Wnt signalling pathways

[95] which have an important role in pituitary development

[46, 96, 97]. Therefore, although pituitary development is

abnormal in Sox3 null mice, expression of the gene is re-

quired in the ventral diencephalon for normal development

of the hypothalamus and infundibulum and consequently

for the induction of Rathke’s pouch morphogenesis. Fur-

thermore the observed hypopituitary defect is probably the

result of additional defects at the level of hypothalamic

control of the pituitary [91].

Several pedigrees have been described with variable

hypopituitarism and mental retardation mapping to the X

chromosome. The observation of affected males carrying

two copies of a linked microsatellite marker suggested

duplication of the region; subsequently tandem
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duplications involving chromosome Xq26–27 have been

identified in several of these pedigrees [98–101]. By using

array comparative genomic hybridisation, Solomon et al.

[101] identified additional duplications and, by combining

data from five unrelated pedigrees with X linked hypopi-

tuitarism, were able to define a critical duplication region

of 3.9 Mb between Xq26.1 and Xq27.3 containing 18

annotated transcripts including SOX3. The phenotypes of

affected males with X linked hypopituitarism involving

duplications within this region are variable. All affected

males manifest GH deficiency and varying degrees of

developmental delay or mental retardation [99, 101]. Some

individuals have been reported to have varying combina-

tions of deficiencies of other hormones including adreno-

corticotrophin, thyroid stimulating hormone (TSH) or

gonadotrophins, and complete panhypopituitarism has been

documented in some cases [100]. A single family has been

reported with duplication of Xq26–q27 associated with

hypopituitarism and spina bifida; however the duplication

in this family is large (13 Mb), and the authors concluded

that the spina bifida is most likely to result from the dis-

ruption of a gene distinct from that responsible for the

hypopituitary phenotype [100]. Unaffected carrier females

in these pedigrees show preferential inactivation of the

duplicated X chromosome. However, a rare family with

five affected females presenting with short stature sec-

ondary to hypopituitarism, speech and language problems,

hearing impairment and facial dysmorphism has also been

reported with a 7.5 Mb duplication of chromosome

Xq26.2–q27.1 [102]. The authors suggested that the

duplication may disrupt SOX3 resulting in hemizygosity in

affected females, although this was not confirmed at the

molecular level. However, it is of interest that no male

offspring within the three generation pedigree carried the

duplication and the maternal grandmother of the proband

was noted to have had three miscarriages.

Woods et al. [103] described a pedigree with two half

brothers manifesting evidence of X linked hypopituitarism

harbouring a submicroscopic duplication on chromosome

Xq27.1, further refining the critical interval to approxi-

mately 690 kb. The phenotype was variable between the

two siblings, possibly reflected by differences in genetic

background from their different fathers. The first child

manifested growth hormone (GH) deficiency, with bor-

derline low FT4 concentrations, a possible indicator of

evolving TSH deficiency, with hypoplasia of the lower half

of the infundibulum and an abnormal corpus callosum

which contained a cyst within the splenium. The second

sibling manifested a more severe phenotype of combined

pituitary hormone deficiency, with complete absence of the

infundibulum and hypoplastic genitalia; however his cor-

pus callosum appeared normal. Both patients had anterior

pituitary hypoplasia and an undescended posterior pituitary

as revealed by MRI. There was no evidence of mental

retardation or craniofacial dysmorphism in either individ-

ual, unlike individuals who had previously been shown to

be duplicated. The unaffected mother of the patients was

also shown to carry the duplication, however no skewing of

X inactivation was observed. The duplication identified in

this family is the smallest described to date encompassing

SOX3 and two additional transcripts of unknown function,

neither of which are expressed in the developing infun-

dibulum [103] suggesting that the phenotype in these pa-

tients is due to the presence of an additional copy of SOX3.

Further implication of SOX3 in X linked hypopituita-

rism comes from the identification of patients harbouring

an expansion of one of the polyalanine tracts within the

gene [103, 104]. Laumonnier et al. [104] identified an in

frame duplication of 33 bp occurring between nucleotides

711–743 and co-segregating in affected males in a large

family with X linked mental retardation and GH defi-

ciency. This duplication encodes an additional 11 alanine

residues and is predicted to cause expansion of the

normal polyalanine tract from 15 to 26 residues and was

associated with a phenotype of short stature, isolated GH

deficiency and mental retardation, with facial anomalies

in some, but not all, patients. Additionally, a second

novel expansion of seven alanine residues within the

same tract has been identified in three siblings of a

consanguineous pedigree presenting with profound and

complete panhypopituitarism in association with anterior

pituitary hypoplasia, an absent or hypoplastic infundibu-

lum and an undescended posterior pituitary. There was

no evidence of mental retardation or craniofacial dys-

morphism in these individuals. Additionally, a fourth

sibling had GH and possible gonadotrophin deficiencies,

with similar neuroradiological findings, although genetic

testing was not performed. It is likely that this fourth

child also harbours the same polyalanine expansion

[103]. A deletion resulting in contraction of the same

polyalanine repeat by nine residues has also been

reported in two brothers with mental retardation; how-

ever the significance of this finding remains unknown as

functional studies have not been performed and the

deletion was also present in the maternal grandfather of

the patients who was clinically unaffected [104]. No

mutations involving SOX3 have been found in patients

with sex reversal, gonadal dysgenesis or infertility [105,

106].

In vitro analysis of the SOX3 +7 alanine expansion

identified by Woods et al. [103], revealed that the expan-

sion leads to partial loss of function possibly due to

impairment of nuclear localization as the mutant protein

was largely excluded from the nucleus, compared to wild-

type SOX3 which is predominantly localized within the

nucleus of the cell. Similar findings have also been shown
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for the mutant SOX3 protein containing the +11 alanine

expansion which forms aggregates within the cytoplasm

[107]. Furthermore, expansion mutations in HOXA13 and

RUNX2 show a similar effect, suggesting that expanded

polyalanine tract mutations in transcription factors are

associated with loss of function as a result of cytoplasmic

aggregation of the mutant protein [107].

Bowl et al. [108] recently reported a case of X linked

hypoparathyroidism previously mapped to Xq27. Molecu-

lar analyses revealed a novel deleted region of 23–25 kb

which had been replaced by a 340 kb insertion originating

from chromosome 2p25, which contained a segment of the

SNTG2 gene but lacked an open reading frame. The deleted

region of Xq27 did not contain any known genes but the

breakpoints were situated approximately 67 kb down-

stream of SOX3. Patients with X linked hypopituitarism

have not been reported to suffer from hypoparathyroidism.

However Sox3 expression has been detected in the second

and third pharyngeal pouches, the developing parathyroids

and thymic and thyroid rudiments in the mouse [108]. It is

possible that the deleted region of Xq27 identified in the

patients contains long-range cis-acting regulatory elements

for SOX3. The authors postulated that disruption of such

putative regulatory sequences may result in mis-regulation

of the gene leading to parathyroid agenesis and hypo-

parathyroidism.

Duplications of Xq27 encompassing SOX3 and loss-

of-function polyalanine expansion mutations are essen-

tially associated with similar phenotypes, predominantly

infundibular hypoplasia. As suggested by, and consistent

with, observations from the mouse, anterior pituitary

hypoplasia with associated deficiency of anterior pituitary

hormones is most likely a secondary effect of the dis-

ruption of inductive signalling mechanisms from the

developing hypothalamus and infundibulum which are

important for normal development of the anterior pitui-

tary. Significantly, it appears that gene dosage of SOX3

is critical for normal development of the diencephalon

and infundibulum and, consequently the anterior pitui-

tary, as both over- and under-dosage of SOX3 are

associated with infundibular hypoplasia and variable

hypopituitarism with variable effects on the corpus

callosum. At present, no obvious genotype–phenotype

correlations can be made, particularly given the vari-

ability of the phenotypes within pedigrees [103].

SOX2

SOX2 (OMIM 184429) is also a member of the SOXB1

subfamily with SOX1 (OMIM 602148) and SOX3. In the

mouse, initial expression of Sox2 is detected at 2.5 dpc at

the morula stage, and then in the inner cell mass of the

blastocyst at 3.5 dpc. Later expression of Sox2, following

gastrulation, is restricted to the presumptive neuroectoderm

and by 9.5 dpc it is expressed throughout the brain, CNS,

sensory placodes, branchial arches, gut endoderm and the

esophagus and trachea [85, 109]. Homozygous loss of Sox2

results in peri-implantation lethality, whereas Sox2 het-

erozygous mice appear relatively normal but show a

reduction in size and male fertility [110]. By introducing a

regulatory mutation in Sox2 (Sox2DENH) in addition to the

Sox2bgeo null allele, Ferri et al. could access some later

functions of SOX2 in the CNS [111]. Compound hetero-

zygosity for both alleles reduced levels of Sox2 expression

to 25–30% of wild-type levels within specific regions of

the CNS. This resulted in a reduction in both numbers of

pups being born, and in their post-natal survival, with

surviving mice showing severe abnormalities including

growth retardation, although this was usually compensated

by 6 weeks of age, dystonic reactions, epileptic spikes in

the cortex and hippocampus, and circling behaviour. These

data support a role for SOX2 in neural progenitors, as has

been suggested from studies in other model systems [89],

as well as highlighting its importance for the maintenance

of specific neuronal populations.

Further studies using conditional and hypomorphic al-

leles of Sox2 to create a gene dosage series of mutant mice

with expression ranging from 50% to 15–30% have been

able to investigate the role of Sox2 in eye development.

Reduction of less than 40% of normal Sox2 levels results in

a range of eye phenotypes with severity directly related to

the level of expression [112]. Additionally, two regulatory

mutations have been reported in mice resulting in senso-

rineural deafness or severe hearing impairment as a result

of the complete absence or reduced expression of Sox2

specifically within the developing inner ear [113].

Given the observation of growth retardation and re-

duced fertility, Kelberman et al. [114] investigated the

role of Sox2 in murine pituitary development, showing

that a proportion of heterozygous animals manifested a

variable hypopituitary phenotype, with hypoplasia and

abnormal morphology of the anterior pituitary gland with

concomitant reduction in levels of GH, LH, ACTH and

TSH. Like its murine counterpart, the human SOX2 gene

is a single exon gene encoding a 317 amino acid protein

containing an N-terminal domain of unknown function, a

DNA binding HMG domain and a C-terminal transcrip-

tional activation domain. Twelve heterozygous de novo

mutations in SOX2 were previously reported in 14 human

patients associated with bilateral anophthalmia or severe

microphthalmia with additional abnormalities reported

including developmental delay, learning difficulties,

esophageal atresia and genital abnormalities [109, 115–

118]. Additional phenotypic abnormalities include

developmental delay, learning difficulties, esopha-

geal atresia, sensori-neural hearing loss and genital
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abnormalities. All of these mutations occurred de novo

and included five nonsense, four frameshift, one deletion,

and two mis-sense mutations. More recently, Kelberman

et al. [114] reported six patients harbouring de novo

heterozygous mutations in SOX2 resulting in loss-of-

function of the mutant protein, four of which were pre-

viously unreported (c.60insG, c.387delC, Y160X and

c.479delA; Fig. 3). Clinical evaluation revealed that in

addition to anophthalmia/microphthalmia, SOX2 muta-

tions were also associated with anterior pituitary hypo-

plasia and hypogonadotropic hypogonadism, which

resulted in the absence of puberty in all six patients and

genital abnormalities in males. All affected individuals

exhibited learning difficulties with other variable mani-

festations including hippocampal abnormalities, defects

of the corpus callosum, esophageal atresia and sensori-

neural hearing loss [114]. The mutations were associated

with significant loss of function that included loss of

DNA binding, nuclear localization, and transcriptional

activation, suggesting these phenotypes arise as a result

of haploinsufficiency of SOX2 in development. It is

unusual to observe a normal GH response to provocation

in the face of abnormal gonadotrophin secretion in pa-

tients with hypopituitarism. Additionally, other pituitary

hormone axes appeared to be clinically normal in pa-

tients despite structural hypoplasia of the gland. Dysre-

gulation of hypothalamic secretion associated with SOX2

mutations could lead to endocrine deficits; however this

would have to be more severe for neurons secreting

gonadotropin-releasing hormone (GnRH). It is also pos-

sible, though unlikely, that a primary abnormality in the

formation of Rathke’s pouch selectively affects the go-

nadotrope cell lineage during pituitary development in

humans. Given the widespread expression of Sox2 in the

CNS in mice during development, the phenotype of

gonadotropin deficiency may be due to a loss of function

at an earlier stage, for example in determining the nor-

mal number and/or specification of GnRH neurons in the

developing hypothalamus.

Conclusions

SOD is now known to be due to disordered development

of the forebrain and related structures. It has previously

been speculated that SOD is due to an environmental

effect. Mutations in developmental genes have been

shown to play a role in the pathogenesis of a number of

conditions in man. A role for the homeobox gene HESX1

in rare familial forms of SOD has been demonstrated

[37, 71–73] in addition to a suggestive role for this gene

in some cases of the more frequently occurring sporadic

form of SOD [33, 70]. Nevertheless, the majority of

patients screened in our studies show no mutation of

HESX1. There may be several explanations for this

observation; variable phenotypes may actually reflect the

heterogeneity of multiple conditions with different path-

ways affecting forebrain/midbrain development. Alterna-

tively, the variability could theoretically reflect a single

SOD phenotype with the same genetic defect (e.g.,

HESX1), but which is variably penetrant. Alterations in

regulatory regions may also contribute to the etiology of

this condition, as forebrain and pituitary-specific regula-

tory regions have been identified for some genes and

mutations in these regions may lead to a principally

forebrain or pituitary phenotype.

Additionally, as with holoprosencephaly, SOD may

have a multigenic basis, and mutations in as yet unidenti-

fied genes could contribute to some cases. Mutations

identified in SOX2 and SOX3 are associated with rarer

variants of SOD that include severe bilateral eye defects

and abnormalities of the corpus callosum, respectively. To

date, the targets and partners of these transcriptional factors

remain unknown. These may shed further light on the

molecular basis of not only SOD, but of various other

pituitary disorders. The variability of the phenotypes within

a single SOD pedigree may also suggest a complex inter-

action between genetics and the environment, and at

present, the understanding of these conditions is rudimen-

tary. Study of the interactions between these critical tran-

scription factors may shed further light on the aetiology of

this complex disorder.
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