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Abstract 

Background  The precise etiology of septo-optic dysplasia (SOD) remains elusive, to date a complex interaction 
between genetic predisposition and prenatal exposure to environmental factors is believed to come into play. Being 
SOD such a heterogeneous condition, disruption of many developmental steps in the early forebrain development 
might occur. The knowledge of genes possibly determining SOD phenotype should be improved, therefore in this 
review the authors attempt to highlight the genetic pathways and genes related to this clinical condition.

Main body  Literature search was conducted and updated in November 2023, using PubMed and Google Scholar 
to identify primary research articles or case reports with available full text using the following search string “case 
reports,” “humans,” “septo-optic dysplasia,” “optic nerve hypoplasia,” with a recognized genetic diagnosis. Moreover, 
a review of genetic pathways with an involvement in SOD etiology was conducted. This review thus represents 
the authors’ perspective based on selected literature. The several pathways presented might be already associated 
to other disease phenotypes and interplay with genes and pathways known to have a role in SOD determination. 
Those pathways may converge and thus, the implicated genes may function as cascading regulators at multiple 
levels.

Conclusion  The present data suggest that genes other than HESX1, SOX2, SOX3, and OTX2 might be investigated 
in candidate individuals with a clinical diagnosis of SOD corresponding to the presence of at least two diagnostic 
criteria, particularly in the presence of additional syndromic anomalies.
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Introduction
Definition
Septo-optic dysplasia (SOD), also known as de Morsier 
syndrome, is a congenital disorder belonging to the mid-
line brain malformations group [1]. Prevalence has been 
estimated to be 1 in 10.000 live births [2]. Traditionally, 
SOD has been characterized by the association of a clas-
sic clinical-neuroradiological triad consisting of mid-
line brain defects, hypoplasia of the optic nerves and/
or chiasm, and hypotalamic-pituitary axis dysfunction 
[3]. The percentage of patients presenting all the above-
mentioned features is about 30–47% [3]; currently, at 
least two out of three of such findings are required for a 
clinical diagnosis of SOD [4, 5]. If only one element of the 
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triad is documented, it should be referred to as a distinct 
entity.

The typical midline malformation is represented by the 
absence or disruption of septum pellucidum, a thin trans-
parent membrane located in the brain between the body 
and anterior horns of the lateral ventricles [5]. Other 
midline brain abnormalities described in SOD include: 
thinning or agenesis of corpus callosum and structural 
abnormalities of the hypothalamic-pituitary (HP) axis, 
namely hypoplasia of the pituitary infundibulum and/or 
gland, and ectopic location of the posterior pituitary [3].

When a malformation of cortical development (MCD) 
is associated to SOD, the term “SOD-plus” should be 
adopted, while the term “SOD-spectrum” should be used 
in cases presenting with wider range of congenital anom-
alies [3, 4], with an increasing gradient of severity.

Etiology, pathogenesis and development
A combination of genetic predisposition and prenatal 
exposure to environmental factors leading to disrup-
tion is believed to come into play as the etiology of SOD 
[3]. Being SOD such a heterogeneous condition, disrup-
tion of many developmental steps from early patterning 
to neuronal specification and guidance of commissural 
axons might come into play. Indeed, involved struc-
tures in SOD do have different embryonic origin: pitui-
tary gland, hypothalamus, optic nerves, and forebrain 
all develop from the anterior neural plate, with the neu-
rulation process starting at the third week of gestation. 
Pituitary gland and optic nerves originate around the 
4th–7th week of gestation, while the structure of corpus 
callosum differentiates as a commissural plate within the 
lamina terminalis during the 4th–5th week of gestation, 
with earliest callosal axons appearing at around 10 weeks 
of gestation and the achievement of the complete mor-
phology at around 15 weeks of gestation [6]. Septum pel-
lucidum formation is directly related to corpus callosum 
development and occur starting from 10 to 12 weeks of 
gestation [6, 7].

Vascular hypothesis
One of the most studied theories regarding the etiology 
of SOD portrays this complex neuro-ophthalmological 
syndrome as a vascular disruption sequence [8], resulting 
from a defect in blood circulation of the uterine-placental 
unit, the placental-fetal unit and/or the fetus itself [9]. 
In 1995 Lubinsky [9] defined SOD as a developmental 
anomaly supporting the hypothesis of a vascular disrup-
tion sequence affecting the proximal trunk of the anterior 
cerebral artery as the possible cause.

Young maternal age has been considered one of 
the most prominent factors associated to SOD since 
1979, when Elster and McArney [10] first reported that 

mothers’ age of children with SOD was less than the 
average age of pregnancy. Later on, young maternal age 
and SOD have been extensively found to be associated in 
numerous studies [11, 12]. Similarly, a probable vascular 
etiology has been hypothesized for other congenital dis-
orders [8], some of which co-occur with SOD, such as 
gastroschisis [13–15] and amniotic band syndrome [16–
21]. A possible explanation is that young maternal age 
correlates with a higher rate of binge alcohol consump-
tion, cigarette smoking and use of illicit drugs during 
pregnancy [22], well-known risk factors for fetal vascular 
disturbances.

Moreover, young maternal age might be associated 
with increased levels of estrogen and other endocrine 
disruptors that might have multiple effects, as in gastro-
schisis [23]. When used during pregnancy, some drugs 
with a vascular effect such as valproic acid, phencycli-
dine, phenylpropanolamine and cocaine [24, 25] are asso-
ciated with SOD development in the fetus.

Finally, the increasing frequency of SOD, might under-
line a changing environmental exposure to exogenous 
predisposing factors [26].

A distinct epidemiology combining a strong decreased 
maternal age effect, an increased incidence in prima-
gravidas independent of the age effect, and a low mater-
nal body mass index [27] was interpreted as supporting a 
specific disorder instead of a spectrum of different clini-
cal manifestations.

Recently, an updated vascular disruption-based model 
[7] incorporating new imaging, genetic and epidemio-
logic data has been proposed [26, 28] and relies on the 
hypothesis of ‘a SOD disruptive sequence with extension’. 
Namely, disruption of the primary proximal anterior cer-
ebral artery trunk causes optic nerve hypoplasia and/or 
septum pellucidum defect; then, disruption can extend 
from optic nerve hypoplasia to the pituitary, or from the 
septal defects to the cortex.

Genetic hypothesis
At present, in the great majority of cases, a unique cause 
of SOD cannot be identified. The majority of SOD diag-
noses seems to be sporadic. Only rare familial cases 
associated to autosomal recessive inheritance have been 
described [3]. Generally, less than 1% of all cases have 
been associated with mutations in the few known SOD 
genes: HESX1 (MIM# 182230), identified in 1998 [26], 
and SOX3, SOX2, and OTX2 being recognized subse-
quently, involved in different stages of eyes and midline 
structures embryonic development [29].

HESX1 belongs to the family of homeobox genes, 
essential for early differentiation of the forebrain and 
adenohypophysis [29]. SOX2 (MIM#206900), SOX3 
(MIM#300123), and OTX2 (MIM#610125) genes encode 
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for transcription factors involved in regulation of other 
DNA regions that are crucial for early formation of dif-
ferent tissues. More specifically, OTX2 and SOX2 both 
play intricate roles in the embryonic development of the 
optic nerve [3]. SOX3 gene encodes a member of the SOX 
family transcription factors involved in the regulation of 
embryonic development and in the determination of the 
cell fate; the encoded protein may act as transcriptional 
regulator after forming protein complexes [30]. With 
recent advances of next generation sequencing (NGS) 
techniques and their implementation in the clinical prac-
tice, many genes and genetic pathways have been studied 
extensively and have been associated with different SOD 
clinical phenotypes; in some cases, a genetic predispo-
sition to vascular disturbances has been found as with 
COL4A1 (MIM#180000) and COL4A2 (MIM#614519), 
whose alteration leads to vascular disruption sequences, 
particularly in the central nervous system (CNS), leading 
to CNS development perturbation ranging from slight 
white matter alterations to porencephaly, with rarer cases 
expressing a SOD-like phenotype [31].

Clinical features
A wide clinical heterogeneity ranging from asymptomatic 
to very severe neurological and endocrinological involve-
ment has been associated with SOD. The earliest clinical 
manifestations usually include neonatal signs of hypogly-
cemia and hyperbilirubinemia with the evidence of visual 
impairment of heterogeneous degree [3, 4, 32]. The onset 
of endocrine disorders is highly variable and central 
hypothyroidism (70%) is considered the most frequent, 
followed by growth hormone deficiency (55%), adrenal 
insufficiency (50%) and central diabetes insipidus (30%) 
[3]. Many different neuro-ophthalmological presenta-
tions are documented, with the most frequent clinical 
finding of abnormal eye movements, which usually can 
be appreciated by the first three months of life, especially 
in cases of SOD with bilateral optic nerve hypoplasia, 
and deficit of visual fixation and smooth pursuit [33]. 
The cognitive profile can range from normal intellectual 
abilities associated to neuropsychological fragilities to 
profound intellectual disability. Other neurodevelopmen-
tal disorders, beyond intellectual disability, have been 
described in SOD, such as autism spectrum disorder, and 
other less complex behavioral problems. Almost 30% of 
patients with SOD are known to have epilepsy, present-
ing either with infantile spasms, generalized tonic–clonic 
seizures, or myoclonic seizures [34]. Seizures secondary 
to metabolic disorder (hypoglycemia or hyponatremia) 
are also common in the first period of life [3]. Further-
more, drug resistant focal epilepsy is frequently observed 
in SOD-plus conditions [35]. Finally, sleep disorders with 
different severities may be part of the clinical picture and 

may be ascribed both to midline defects and to visual 
impairment [36].

SOD plus syndrome
As already stated, SOD might be associated with other 
brain malformations and, in the presence of Malforma-
tions of cortical development (MCDs), the term SOD 
plus syndrome has been adopted [3, 35]. Among MCDs, 
schizencephaly, polymicrogyria, focal cortical dysplasia 
and nodular heterotopia are recurrent findings in SOD-
plus cases. According to Barkovich classification [37], 
both unilateral and bilateral schizencephaly are reported 
in SOD-plus cases available in literature [3]. When SOD 
is associated to other brain abnormalities, a more com-
plex and severe phenotype with poorer prognosis is to be 
expected [3]. See Table 1 for a summary of reported neu-
roradiological patterns of SOD-plus.

The association of SOD with polymicrogyria and nodu-
lar heterotopia supports the idea that SOD etiology might 
come from alterations of different stages at diverse timing 
in fetal neurodevelopment and cannot be explained by 
one isolated event, whether vascular or not [39].

The authors will focus on published studies reporting 
biological and genetic findings that might be responsible 
for determining SOD in order to highlight possible dys-
regulated genes and altered functional pathways lead-
ing to SOD. By searching for a better understanding of 
underlying biological and genetic pathways, it might be 
feasible to improve the diagnostic yield of the syndrome 
and shed light into new areas of research.

Methods
Literature search
Literature search was conducted and updated in Novem-
ber 2023, using PubMed and Google Scholar to identify 
primary research articles or case reports with available 
full text using the following search string “case reports,” 
“humans,” “septo-optic dysplasia,” “optic nerve hypo-
plasia,” with a recognized genetic diagnosis. Moreover, 
a review of genetic pathways with an involvement in 
SOD etiology was conducted. This review represents the 
authors’ perspective based on selected literature. Restric-
tions about the publication period were not set, and only 
documents published in peer-reviewed English journals 
were selected.

Study selection
Included primary research articles or case report studies 
responded to the following inclusion criteria: presence 
of a clinical-radiological diagnosis according to the most 
recent SOD diagnostic criteria and a confirmed genetic 
diagnosis with alteration in genes other than the already 
well-recognized ones (HESX1, SOX2, SOX3, and OTX2). 
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Articles reporting on genetic and biological pathways 
implicated in SOD etiology were also included.

Figure  1 resumes genetic pathways and related genes 
potentially implied in SOD pathogenesis as well as well-
known SOD associated genes. As appreciable from the 
figure, the presented pathways often may converge and 
thus, the implicated genes may function as cascading reg-
ulators at multiple levels.

Genes associated with Septo‑optic dysplasia
Twelve articles with genetic findings associated to SOD 
or SOD plus other than HESX1, SOX2, SOX3, and OTX2 
genes were considered. Whole exome sequencing (WES) 
was performed in nine out of twelve cases. CGH array 
was performed in two cases, karyotype was performed in 
two cases. Pathogenic variants and a genetic rearrange-
ment were found in nine and three patients respectively 

[50–52]. SOD-plus patients [51, 53] carried complex 
genetic rearrangements identifiable at CGH array. Seven 
out of twelve patients also showed clinical features other 
than SOD diagnostic triad.

A detailed list of studies and genes is reported below. 
All available information about described variants are 
reported. See Table 2.

Reis et al. [54] described a single case carrying a de novo 
ARID1A (MIM# 614607) variant, ARID1A:c.6625C > T(p.
Gln2209*), with SOD according to the presence of two 
out of the three diagnostic criteria (absence of septum 
pellucidum and corpus callosum, optic nerve hypo-
plasia). Systemic anomalies such as a hypoplastic big 
toe-nail, cleft palate, choanal atresia, sparse hair, and 
heart defects (ventricular septal defect and a patent fora-
men ovalis) were found in the described patient. ARID1A 
gene encodes a member of the SWItch/Sucrose Non 

Table 1  Literature review of SOD-plus neuroradiological pattern

References Number of 
patients

Associated brain malformation Adopted SOD neuroradiological criteria

Miller et al.  [38] 3 a. Right perisylvian polymicrogyria a. Septum pellucidum agenesis
Optic chiasm hypoplasia

b. Right open-lip schizencephaly b. Septum pellucidum agenesis
Optic chiasm hypoplasia

c. Left parietal polymicrogyria c. Septum pellucidum agenesis
Optic chiasm hypoplasia

Camino et al. [39] 1 Right frontal subependymal nodular heterotopia Bilateral optic nerve hypoplasia
Septum pellucidum agenesis

Kwak et al. [40] 1 Thickening of bilateral insular cortex Septum pellucidum agenesis
Optic nerve hypoplasia

Karatas et al. [34] 2 A. tetraventricular communicating hydrocephalus, atro-
phy of the left hemisphere and brain stem
B. Porencephalic area in the right hemisphere

NA

Matushita et al. [41] 1 Polymicrogyria, involving insula, frontal and temporal 
lobes

NA

Trabacca et al. [42] 1 Right occipital cortical dysplasia NA

Signorini et al. [4] 7 Polymicrogyria; Schizencephaly; aspecific abnormal corti-
cal development

Olfactory bulb agenesis; cerebellar vermis hypoplasia

Labate et al. [43] 1 Bilateral perisylvian polymicrogyria Septum pellucidum agenesis

Zoric et al. [44] 1 Left temporal lobe polymicrogyria NA

Callie et al. [45] 13 Polymicrogyria (isolated/bilateral/ perysilvian/frontal)
(47%)
Left open-lip schizencephaly (29%)
Schizencephaly with polymicrogyria at a distant site (18%)
Grey matter heterotopia (35%)
Transmantle cortical dysplasia (6%)

NA

Valenzuela et al. [46] 1 Frontal cortical dysplasia and agyria NA

Gutierrez et al. [47] 1 Right fronto-temporal closed-lip schizencephaly
Left fronto-parietal polymicrogyria

Septum pellucidum agenesis
Corpus callosum hypoplasia
Bilateral optic nerve, optic chiasm and pituitary stalk 
hypoplasia

Wang et al. [48] 1 Right open-lip schizencephaly
Right midbrain hypoplasia
Right oculomotor nerve hypoplasia

Absence of the septum pellucidum
Bilateral optic nerve hypoplasia

Ouazzani et al. [49] 1 Closed-lip schizencephaly NA
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Fermenting (SWI/SNF) complex. Variants in ARID1A 
are known to be responsible for Coffin-Siris syndrome, 
which is characterized by intellectual disability associated 
to agenesis or hypoplasia of the corpus callosum [54]. 
The identification of a role for ARID1A in SOD proposes 
the involvement of this gene and related pathway in this 
disorder, which was never reported before.

The study of Reinstein and colleagues [55] describes a 
family (two patients) carrying a homozygous missense 
variant in TAX1BP3 gene, presenting agenesis of corpus 
callosum and absence of septum pellucidum, hypogon-
adotropic hypogonadism, bilateral optic disc hypoplasia 
in one of the two members, microcephaly, facial dysmor-
phisms, and severe dilated cardioyompthy. TAX1BP3 is 
highly expressed in developing heart and brain, encoding 
a small PDZ-containing protein implicated in the regula-
tion of the Wnt/β-catenin pathway. Variants in the genes 
encoding Wnt/β-catenin pathway proteins (TAX1BP3 e 
TCF7L1) have been hypothesized as causative of hypopi-
tuitary axis developmental defects with available studies 
on animal models [56].

A decreased expression of the NR2F1 protein has 
been described in association to SOD by Gazdgah 
et  al. [57] in a patient with initiation codon de novo 
missense variant in NR2F1 (MIM#615722) show-
ing absence of septum pellucidum, truncation of the 
rostrum of corpus callosum and slender infundibu-
lum, Chiari I malformation, developmental delay, sei-
zures, optic atrophy and coloboma. NR2F1 protein is a 
nuclear hormone receptor and transcriptional regula-
tor belonging to chicken ovalbumin upstream promoter 
transcription factors (COUP-TFs), which are orphan 

receptors of the steroid/thyroid hormone receptor 
superfamily [58]. Murine studies showed that  COUP-
TFI and COUP-TFII  (Nr2f1 and Nr2f2) genes are essen-
tial for early neural development and organogenesis. 
Moreover, Tang and colleagues [59] revealed that COUP-
TFs are crucial for dorsalization of the eye and that PAX6 
and OTX2, described in SOD cases, are directly regulated 
by COUP-TFs.

A novel hemizygous out-of-frame deletion in FLNA 
(MIM#300321), c.6355+4_6355+5delAG, located 
in intron 38 of the gene, was found in a patient with 
neonatal hypoglycemia, optic nerve hypoplasia and 
dysmorphisms of corpus callosum described by Fernan-
dez-Marmiesse and colleagues, thus presenting with two 
out of three SOD diagnostic criteria [60]. The patient also 
presented with interventricular septum hypertrophy and 
limb anomalies, well known findings in FLNA-associated 
syndrome. RNA studies showed that this variant results 
in the production of three aberrant FLNA transcripts, the 
most abundant of which results in the retention of intron 
38. FLNA is implicated in signaling pathways that medi-
ate organogenesis in multiple systems, involving the cen-
tral nervous system during embryonic development [61]. 
The clinical picture of the reported patient potentially 
expands the phenotypic variability associated to FLNA.

A maternally inherited pathogenic ENG variant was 
found in a patient Hereditary hemorragic telangiectasia 
and optic nerve hypoplasia, pituitary gland hypoplasia 
and dysfunction, thus showing two out of three SOD 
diagnostic criteria [62]. ENG (MIM#187300) encodes for 
endoglin, which is a 180-kD glycoprotein expressed on 
endothelial cells, acting as an ancillary receptor for sev-
eral transforming growth factors (TGF)-β superfamily 
ligands  and modulating TGF-β1 and TGF-β3 responses 
[63]. This nonsynonymous variant was estimated to be 
pathogenic since previously reported in a patient with 
HHT [64] and functional prediction algorithms sug-
gested that this variant might cause change of splice 
site. Kawano-Matsuda and colleagues [62] hypothesized 
that latent vascular insults during the fetal development 
might represent the common pathogenesis of congenital 
malformations both in the extremities and in midbrain 
that are found in SOD, and that the underlying micro-
vascular abnormality of HHT during the development of 
cerebral midline may lead to SOD.

A heterozygous TUBA1A likely pathogenic variant, 
c.715A > C, was found by Reyes-Capò and colleagues 
[53] in a patient with corpus callosum agenesis, severe 
optic nerve hypoplasia, band heterotopia and cerebellar 
hypoplasia. Mutations in TUBA1A gene (MIM#611603), 
which encodes the microtubule-related protein α-tubulin, 
have been associated with a wide range of brain malfor-
mations including abnormalities of cortical development, 

Fig. 1  Genes and genetic pathways associated to SOD
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Table 2  Review of SOD patients’ neuroradiological, clinical and genetic findings with a genetic diagnosis other than HESX1, SOX2, 
SOX3, and OTX2 genes were considered from the literature

First author Year Country No. of patients Performed genetic 
testing

Genetic diagnosis ONH Midline anomalies

Al-Salihi 2023 Qatar 1 Exome TUBB mutation Yes Septum pellucidum 
agenesis, stretched 
and thin CC, hypoplastic 
splenium

Bravo 2012 USA 1 Karyotype Interstitial deletion 
of the proximal portion 
of the long arm of chro-
mosome 14

Yes CC agenesis

Dhamija 2013 USA 1 CGH-array Unbalanced 5;12 trans-
location

Yes Septum pellucidum 
agenesis

Fernández-Marmiesse 2019 Spain 1 NGS (brain morpho-
genesis defects) nega-
tive, mRNA expression 
studies

Rare intronic variant 
c.6355+4_6355+5delAG 
in hemizygous state 
in the FLNA gene 
(reference sequence 
NM_001456.3)

Yes CC hypoplasia

Gazdagh 2022 UK 1 Exome NR2F1 initiation codon 
de novo missense 
variant

Yes Absence of septum 
pellucidum, truncation 
of the rostrum of CC

Kawano-Matsuda 2020 Japan 1 NGS ENG de novo variant Yes (left) No

Kinjo 2020 Japan 1 Exome SMCHD1:p.Asp398Asn Yes No

Pasca 2023 Italy 1 Exome SON:c.1069_1070delAG, 
(p.Arg357Thrfs*8)

Yes Partial agenesis of CC 
and septum pellucidum

Reinstein 2015 Israel 1 family Karyotype, exome TAX1BP3 homozygous 
missense variant

Yes CC and septum pelluci-
dum agenesis

Reis 2022 USA 1 Exome ARID1A:c.6625C > T(p.
Gln2209*)

Yes CC and septum pelluci-
dum agenesis

Reyes-Capó 2018 USA 1 Exome TUBA1A(NM_006009.4):c
.715A > C(p.Thr239Pro)

Yes Absence of septum 
pellucidum, truncation 
of the rostrum of CC

Singh 2004 USA 1 CGH-array 8q deletion/3p trisomy Dentato-
olivary 
dysplasia

deficient pituitary stalk, 
hypoplastic piyuitary 
gland, small optic nerves, 
absence of left olfactory 
bulb, absence of poste-
rior half of CC

Slavotinek 2012 USA 1 exome VAX1:p.Arg152Ser Yes Corpus callosum 
agenesis

First author Hypothalamic/
pituitary axis 
involvement

Malformation 
of cortical 
development

Other MRI 
abnormalities

Associated clinical 
features

ACMG classification

Al-Salihi No No No Facial dysmorphisms NA

Bravo Hypopituitarism No Ventriculomegaly, infe-
rior vermis hypoplasia

Facial dysmorphisms, 
microcephaly, tracheo-
malacia, bronchopul-
munary dysplasia, 
hypospadia

–

Dhamija Hypopituitarism No No Pre-axial polydactyly; 
patent ductus arterio-
sus, atrial and ventricular 
septal defects; facial 
dysmorphisms; hyper-
reflexia

–

Fernández-Marmiesse Pituitary hypoplasia, 
growth rate drop (nor-
mal tests)

No Delayed myelination Interventricular septum 
hypertrophy

VUS (described 
as pathogenic PMID: 
31234783)
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hippocampi,  basal ganglia, corpus callosum,  cerebellum 
and brainstem. TUBA1A alterations have been described 
in two cases of optic nerve hypoplasia but variants in 
TUBA8 (MIM#619840), also coding for an alpha tubu-
lin as TUBA1A, have been linked to optic nerve hypo-
plasia [65]. Therefore, alpha tubulin components seem 
to be involved in both midline structures and optic nerve 
development.

Pasca and co-authors [66] recently reported an over-
lapping phenotype of Zhu-Tokita-Takenouchi-Kim syn-
drome (ZTTK) and SOD in a patient carrying a novel de 
novo SON gene (MIM#617140) heterozygous frameshift 
variant, c.1069_1070delAG, (p.Arg357Thrfs*8), and 
showing congenital hypothyroidism, psychomotor delay, 
dysmorphisms, growth delay, partial agenesis of septum 
pellucidum and corpus callosum, mild optic nerve, chi-
asm hypoplasia, and a small pituitary gland. The authors 
hypothesized that SON gene might have a regulatory 
function on the genes involved in SOD based on recent 
studies showing that SON gene haploinsufficiency in neu-
ronal progenitors results in reduced mRNA expression 
and abnormal RNA splicing of multiple genes critical 
for neuronal migration, organization, brain development 
(e.g., FLNA, TUBG1, PNKP, WDR62, PSMD3, HDAC6), 
and metabolism (e.g. PCK2, PFKL, IDH2, ACY1, ADA) 
causing neuronal migration defects and dendritic spine 

abnormalities [67]. Effects of SON haploinsufficiency on 
embryonic development are documented and result in 
several neurodevelopmental disorders associated with 
severe brain and eye malformations [68].

SMCHD1 (MIM# 603457) encodes an epigenetic regu-
lator that controls DNA methylation of multiple genomic 
loci [69]. Heterozygous SMCHD1 mutations were iden-
tified in patients with Bosma arhinia microphthalmia 
syndrome (BAMS), an extremely rare syndrome whose 
clinical triad is represented by the absence of the nose, 
microphthalmia, and hypogonadotropic hypogonadism 
(HH). Kninjo and colleagues [69] described a patient 
with p.Asp398Asn variant in SMCHD1 showing com-
bined pituitary hormone deficiency (CPHD), optic nerve 
hypoplasia and thin retinal nerve fiber layer, therefore 
satisfying the criteria for SOD. Whole exome sequencing 
excluded additional variants in other HH/CPHD-causa-
tive genes. In  vitro assays confirmed functional impair-
ment of the described variant. These results suggest that 
the clinical consequences of SMCHD1 mutations are 
broader than currently recognized, including septum 
pellucidum/corpus callosum hypoplasia, hearing loss, 
and cleft palate; HH, and eye anomalies have been docu-
mented in both conditions.

Slavotinek and colleagues described a patient bearing 
a homozygous VAX1 variant (p.Arg152Ser), predicted to 

Table 2  (continued)

First author Hypothalamic/
pituitary axis 
involvement

Malformation 
of cortical 
development

Other MRI 
abnormalities

Associated clinical 
features

ACMG classification

Gazdagh Growth hormone 
deficiency

No Arnold-Chiari malforma-
tion

Iris coloboma, 2–3 toe 
syndactyly

Pathogenic (PMID: 
26986877; 30945278; 
34787370

Kawano-Matsuda Hypothalamic pituitary 
dysfunction and hypo-
plasia

No No Strabismus, pulmunary 
AV fistulas

Pathogenic

Kinjo Hypogonadotropic 
hypogonadism

No No No Uncertain significance ( 
parents testing NA)

Pasca Congenital hypothy-
roidism

No No Dysmorphisms, growth 
delay

Likely Pathogenic

Reinstein Hypogonadotropic 
hypogonadism

No No Cardiomyopathy, facial 
dysmorphisms, macro-
cephaly

VUS, described as Path-
ogenic PMID:25645515

Reis No No No Hypoplastic big toe-nail, 
cleft palate, choanal 
atresia, sparse hair, 
and heart defects

Likely Pathogenic

Reyes-Capó No No Band heterotopia 
and cerebellar hypo-
plasia

No Likely Pathogenic

Singh Hypopituitarism Cortical dysplasia Abnormal myelination, 
dento-olivry dysplasia

Cardiac malformation –

Slavotinek No No No Microphthalmia 
and cleft lip/palate

Likely pathogenic
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be of LOF nature, in a proband of Egyptian origin with 
microphthalmia, small optic nerves, cleft lip/palate and 
corpus callosum agenesis, hence with a SOD phenotype 
[70]. VAX1 is essential for basal forebrain development, 
indeed it has been shown that Vax proteins function as 
activators of a dominant negative isoform of the Wnt 
signaling mediator TCF7L2, which is expressed through-
out the developing forebrain [71]. The functional study 
conducted by the authors suggest that one mechanism 
whereby the mutation exerts its phenotypic effects is 
through the hyperactivation of Wnt signaling.

Genetic pathways associated to septo‑optic dysplasia
Ras‑RAF‑EMK‑ERK/mitogen‑activated protein kinase 
signaling  The Ras-RAF-EMK-ERK/mitogen-activated 
protein kinase signaling pathway (ERK/MAPK pathway) 
finds its first actor in receptor-linked tyrosine kinases, 
which then triggers an intracellular phosphorylation cas-
cade leading to phosphorylation and activation of ERK1/2-
MAPK. The above results in different cellular events from 
proliferation, changes in cell differentiation, apoptosis 
and senescence [72]. HRAS, KRAD and BRAF are genes 
involved in ERK/MAPK pathway and participate in differ-
ent steps of neurodevelopment processes including neural 
stem cell proliferation, neurogenesis, gliogenesis, and oli-
godendrocyte differentiation and myelination [73].

Germline mutations in components of ERK/MAPK 
pathway are known for being responsible of a set of 
syndromes defined as RASopathies [73]. Gualtieri and 
colleagues reported the association of SOD and RASo-
pathies in the presence of BRAF gene mutations leading 
to a gain-of-function activation of MAPK pathway [74]. 
Activation of the MAPK pathway in the progenitors of 
the pituitary gland leads to abnormal terminal differen-
tiation of hormone-producing cells, transient expansion 
of the pituitary stem cell pool followed by cell growth 
arrest and apoptosis leading to postnatal hypopituita-
rism. The authors also analyzed the expression pattern of 
BRAF during human embryonic development, and BRAF 
mRNA transcripts were localized throughout the neural 
tube, the retina, dorsal root ganglia, cranial nerves, and 
in the developing endocrine hypotalamo-pituitary axis, 
with prevalent expression in the ventral diencephalon 
and the Rathke’s pouch [74].

Wnt/β‑catenin signaling  Wnt/β- catenin signaling path-
ways are recognized to have a major role in embryonic 
development, body axis patterning, and cell migration 
[75]. Specifically, the Wnt/β-catenin pathway plays criti-
cal roles in the proper patterning of the central nervous 
system from the earliest stages of neural development, 
driving neurodevelopmental processes such as CNS 
regionalization, neural progenitor differentiation, neu-

ronal migration, dendrite development, synaptogenesis 
and adult neurogenesis [76]. The stability of β-catenin, 
which is a strong transcriptional activator, is critical for 
normal WNT/β-catenin signaling function [77]. In the 
absence of WNT ligands, β-catenin is phosphorylated 
and degraded, rendering the pathway inactive. β-Catenin 
can then translocate into the nucleus and interact with 
members of the T-cell factor/lymphoid enhancer fac-
tor family to activate the expression of target genes. In 
mammals, transcription factors like TCF7L1, TCF7L2, 
and LEF1, have a β- catenin–interacting domain at the N 
terminus. It is recognized that, in the absence of stable 
β-catenin, TCF/LEF factors can repress target genes of the 
pathway by the involvement of corepressors. It has been 
observed that alterations of the Wnt/β-catenin signaling 
pathway disrupt midbrain and hindbrain regionaliza-
tion, and cause neural tube defects including conditions 
such as anencephaly, spina bifida, and craniorachischisis 
[76]. TCF7L1, for instance, is crucial to maintain normal 
expression of the hypothalamic signals involved in the 
induction and subsequent expansion of Rathke’s pouch 
progenitors, through its repressing activity of Wnt path-
way [78]. As mentioned above, Vax proteins are activators 
of the canonical Wnt signaling mediator TCF7L2, having 
as an effect regulation of TCF7L2 target genes and Wnt 
signaling [71].

Moreover, VAX1 apparently interacts with a down-
stream target of Wnt pathway that is PAX6 (MIM# 
607108) [71]. Compound heterozygous mutations in 
PAX6 has been detected in two patients with complex 
brain and ocular malformations classifiable as SOD plus 
[79]. Heterozygous PAX6 mutation have been detected 
in patients presenting with various brain midline defects 
among which corpus callosum hypoplasia [80] but also 
ONH [81]. PAX6 is a transcription factor important for 
ocular development, by orchestrating the differentiation 
of different cell lines into the tissues constituting the eye, 
and for central nervous system embryonic development, 
through the government of cortical progenitor cell pro-
liferation, neurogenesis, and neuronal layer formation. 
PAX6 also plays a crucial role in establishing dorso-ven-
tral patterns, differentiating diverse CNS cell types, and 
defining boundaries along the anterior–posterior axis. 
Mutations of genes involved in Wnt/β-catenin signal-
ing are the most represented in SOD diagnoses (SOX2, 
SOX3, OTX2, TAX1BP3 and TCF7L1).

FGFR1 and FGF8 players
In humans, mutations in  FGF8  and  FGFR1  genes are 
known to cause congenital hypogonadotropic hypog-
onadism (CHH) without or with anosmia [82], Kallman 
syndrome, Hartsfield syndrome [83], holoprosenceph-
aly and split hand/foot malformation [84]. Raivio and 
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colleagues [85] have described a genetic overlap in 
patients with combined pituitary hormone deficiency 
CPHD/SOD carrying heterozygous mutations in FGFR1 
and FGF8, hypothesizing that mutations in genes gener-
ally associated with CHH/Kallman syndrome may also 
be associated with CPHD/SOD. Kallman syndrome is 
a developmental disease showing hypogonadism with 
anosmia but also absent or incomplete puberty, sexual 
immaturity, infertility, and midline defects [85]. In addi-
tion, FGF8 mutations have been found to be associated 
with recessive holoprosencephaly, craniofacial defects, 
and hypothalamo-pituitary dysfunction [86].

During formation of the olfactory bulb and GnRH neu-
rons, FGF8 acts mainly via FGFR1, i.e. one of the four 
FGF receptors [87] and its three isoforms (FGFR1-IIIa, 
FGFR1-IIIb and FGFR1-IIIc). Studies on mice carry-
ing null mutations in FGFR1 revealed its fundamental 
role in early embryonic development, which reflects its 
involvement in neuralization and precursor prolifera-
tion [88]. Nuclear FGFR1 is required for neuronal dif-
ferentiation and is expressed in Rathke’s pouch but also 
in the neuroepithelium where it regulates anterior–pos-
terior patterning of telencephalon, being responsible for 
producing most of the frontal cortex [89]. FGF8 has two 
isoforms with distinct activity during brain development: 
FGF8a which exerts mainly a neural activity inducing the 
midbrain proliferation, and FGF8b, which is involved in 
mesoderm induction and differentiation [90]. Moreo-
ver, murine transcriptome data have identified members 
of the FGF8 signaling network during pituitary devel-
opment [90]. Thus, FGF8 and FGFR1 might be early 
involved in processes leading to SOD.

PKB‑AKT pathway  The phosphoinositide-3-kinase-
protein kinase B/Akt (PI3K-PKB/Akt) pathway activation 
is controlled via a multistep process. Fully active PKB/Akt 
mediates numerous cellular functions including angio-
genesis, metabolism, growth, proliferation, survival, pro-
tein synthesis, transcription, and apoptosis [91].

PI3K activates protein kinase B, also known as AKT, 
which represents a central node, being a positive regu-
lator of several signaling pathways modulating cell pro-
liferation, growth and survival, such as mTOR pathway. 
Particularly, in neurons located in the hippocampus, 
cerebral cortex and cerebellum, activation of the AKT/
mTOR pathway seems to be essential for neuronal devel-
opment and synapse formation [91]. The important func-
tion of PI3K in neurons has been demonstrated for its 
involvement in severe brain pathologies, such as devel-
opmentally-associated brain malformations, namely 
megalencephaly and focal cortical dysplasia [92]. Over-
all, studies on animal models and humans, indicate that 
PI3K/AKT is a central pathway for the integration of 

developmental signals that are necessary for brain devel-
opment [93].

PROK2/PROKR2 players  PROK2 and its receptor 
PROKR2 are primarily expressed in the CNS, where they 
influence the olfactory bulb development and GnRH neu-
ral migration, but are produced in many other organs and 
tissues [94]. PROKR2 activation leads to mobilization of 
calcium, stimulation of phosphoinositide turnover and 
activation of p44/p42 mitogen-activated protein kinase 
[94].

Alterations of the PROK2/PROKR2 signaling path-
way have been identified as causes of human Kallman 
syndrome. Specifically, PROK2/PROKR2 signaling has 
been recently demonstrated to be crucial for the tangen-
tial and radial migration of olfactory bulb interneurons 
[95]. Prok2 and prokr2 gene knockout mice both present 
abnormal GnRH neuron migration, agenesis, or hypo-
plasia of the olfactory bulbs, in association with hypog-
onadotropic hypogonadism [95]. Raivio and colleagues 
[85] searched for mutations in the PROK2/PROKR2 
genes in patients with CPHD/SOD, identifying loss-of-
function mutations in PROKR2 in unrelated CPHD/SOD 
probands but found the same variant (PROKR2 R268C 
variant) in heterozygous state in HH/Kallman syndrome 
patients, healthy first-degree relatives of Kallman syn-
drome probands, and in one of 250 healthy controls. 
With these findings, Raivio and colleagues [85] hypoth-
esize that such involvement of PROK2/PROKR2 signal-
ing pathway do not cause major midline defects per se, 
though it may act as a genes’ modifier.

SHH pathway  Sonic Hedgehog signaling (HSS) path-
way is one fundamental network regulating key events of 
developmental processes. The pathway modulates the Shh 
protein, which constitutes one important signaling mol-
ecule implicated in the control of neurogenesis and neural 
patterning during CNS development [96, 97]. Shh signal-
ing pathways is divided into canonical and non-canonical 
signaling, meaning a direct or indirect mediation of other 
pathways. Recent studies show that Shh regulates the 
development of the CNS through synergistic effect with 
temporal regulation appearing indispensable in determin-
ing the phenotype [96].

More specifically, Shh mediates ventral proliferation 
and differentiation of precursor cells [96] and neocor-
tex development. In the CNS development of SHH gene 
knockout embryos of mice, early deficiency occurs in the 
midline structure and late deficiency includes the loss of 
distal limb structure, ciliary eye, the lack of ventral cell 
type in neural tube and the loss of spine and most ribs 
[98]. Conditional knockout of Shh in mice hypothala-
mus specifically resulted in a SOD phenotype [99]. The 
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eye and pituitary develop in close proximity to the source 
of SHH in the anterior hypothalamus and depend on 
this signal for formation of the optic disc, from where 
the optic nerve exits the eye, and for coordinating pitui-
tary morphogenesis. In support of a crucial role of SHH, 
SOX2 and SOX3—two well documented SOD-associated 
genes—were shown to be dose-dependent regulators 
of  SHH  transcription that directly bind and activate a 
long-range SHH forebrain enhancer [99]. In humans, loss 
of function mutations in SHH are known to result in a 
variable clinical expression of holoprosencephaly phe-
notype [100], which results from imperfect separation 
of the cerebral hemispheres and craniofacial structures 
due to a reduction in SHH signaling from the prechordal 
plate. According to the timing and location of SHH signal 
disruption, a different phenotype might come out, pos-
sibly including SOD presentation.

GLI2 is an obligatory mediator of SHH signal trans-
duction and is recognized among genes essential in 
pituitary formation. Loss-of-function mutations in the 
human GLI2 gene (MIM# 610829) are associated with 
phenotypes belonging to holoprosencephaly (HPE) 
spectrum, whose primary features include defective 
anterior pituitary formation and pan-hypopituitarism, 
with or without overt forebrain cleavage abnormalities, 
and HPE-like mid-facial hypoplasia [101]. In the study 
of Soares Paulo and colleagues [102], a single heterozy-
gous nonsense SHH mutation (p.Tyr175Ter) was found 
in a patient presenting with hypopituitarism and alobar 
HPE but its contribution to phenotype is uncertain as 
the in silico analysis did not predict it to be pathogenic. 
In the same study, a novel heterozygous missense vari-
ant in GLI2 (p.Leu761Phe) was found in a patient with 
SOD and CPHD; the same variant was found in the unaf-
fected mother, with a possible explanation of incomplete 
penetrance. The resulting affected leucine residue is well 
conserved and lies in the GLI2 acetylation domain, which 
has been showed to be a key transcriptional checkpoint 
of Hedgehog signaling; in silico analysis predicted this 
variant to be damaging. Functional studies of the genetic 
variants described are needed to confirm genotype–phe-
notype correlation.

Finally, SHH signaling pathway resulted to be a key tar-
get of prenatal ethanol exposure and animal models with 
mutations in the Shh pathway genes showed a profound 
increase in the penetrance and severity of HPE when 
exposed to sub-teratogenic doses of ethanol [103].

Conclusions
SOD typically has a low rate of genetic diagnosis. The 
broad clinical heterogeneity that has driven research-
ers to interpret SOD as a spectrum of clinical manifes-
tations rather than a specific entity, is counterbalanced 

by a specific epidemiology that has allowed the theori-
zation of an updated vascular disruption-based model 
[26]. Also, recent data on animal models and clinical 
reports show interesting insights into alterations in new 
and sometimes overlapping pathways. Not surprisingly, 
SOD and SOD-plus phenotype might derive from alter-
ations in transcriptional pathways that intersect during 
brain development. Moreover, those pathways might 
be already associated to other disease phenotypes and 
interplay with genes and pathways known to have a role 
in SOD determination. Concurrent alterations in brain 
structures with different timing in development of SOD 
corroborates the hypothesis that the cause for this syn-
drome is related to an alteration in different stages of 
neurodevelopment and cannot be explained by one iso-
lated event, whether vascular or not. When considering 
new plausible genes as responsible for SOD phenotype, 
other neurological and extra-neurological findings are 
usually found in addition to standard SOD diagnostic 
clues. The present data suggest that investigation for 
a genetic etiology should be warranted in individuals 
with a clinical diagnosis of SOD corresponding to the 
presence of at least two diagnostic criteria, particu-
larly in the presence of additional syndromic anoma-
lies. Structural findings in non-genetic cases tend to be 
milder (e.g., thinning of the corpus callosum, ventricu-
lomegaly, anomalies of the hippocampus,), and can be 
explained as secondary to thrombotic by-products of 
disruption transferred in the cerebrospinal fluid [28]. 
Moreover, as suggested in previous literature [54], 
patients born from older, multigravida mothers should 
also represent good candidate for genetic testing.
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