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Abstract

SOX2 variants and deletions are a common cause of anophthalmia and microphthalmia (A/M).
This article presents data from a cohort of patients with SOXZ2 variants, some of whom have been
followed for 20+ years. Medical records from patients enrolled in the A/M Research Registry
and carrying SOXZ2 variants were reviewed. Thirty-seven patients were identified, ranging in age
from infant to 30 years old. Eye anomalies were bilateral in 30 patients (81.1%), unilateral in

5 (13.5%), and absent in 2 (5.4%). Intellectual disability was present in all with data available
and ranged from mild to profound. Seizures were noted in 18 of 27 (66.6%) patients, usually
with abnormal brain MRIs (10/15, 66.7%). Growth issues were reported in 14 of 21 patients
(66.7%) and 14 of 19 (73.7%) had gonadotropin deficiency. Genitourinary anomalies were seen
in 15 of 19 (78.9%) male patients and 5 of 15 (33.3%) female patients. Patients with SOX2
nucleotide variants, whole gene deletions or translocations are typically affected with bilateral
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or unilateral microphthalmia and anophthalmia. Other associated features include intellectual
disability, seizures, brain anomalies, growth hormone deficiency, gonadotropin deficiency, and
genitourinary anomalies. Recommendations for newly diagnosed patients with SOX2 variants
include eye exams, MRI of the brain and orbits, endocrine and neurology examinations. Since
the clinical spectrum associated with SOX2alleles has expanded beyond the originally reported
phenotypes, we propose a broader term, SOXZ-associated disorder, for this condition.
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1| INTRODUCTION

Anophthalmia and microphthalmia (A/M) are defects in eye development that lead to
absence of the globe or reduction in globe size, unilaterally or bilaterally. A/M was first
described in the medical literature in 1917 (Davies, 1917). SOXZ heterozygous pathogenic
variants are identified in 15-20% of patients with A/M (Williamson & FitzPatrick,

2014), making SOX2 pathogenic variants the most frequent known genetic cause of

A/M (Williamson & FitzPatrick, 2014). SOX2-related A/M is an autosomal dominant
condition (Williamson & FitzPatrick, 2014) discovered in 2003 (Fantes et al., 2003)

when the gene was found to be disrupted in a patient with a t(3;11) translocation and
bilateral anophthalmia (Driggers et al., 1999). This condition has previously been named
“Anophthalmia-Esophageal-Genital syndrome (AEG)”, as suggested by Shah et al. (1997)
and supported by other publications (Williamson et al., 2006). Over time, other features
associated with SOXZ2 pathogenic variants were described, including intellectual disability,
developmental delays, brain, and endocrine anomalies, while the initially identified features
were noted to be variable (Driggers et al., 1999; Ragge et al., 2005; Schneider et al., 2008;
Zhou et al., 2008). Thus, AEG syndrome now seems to be too narrow of a description for
this condition.

Many patients have been described in case reports, but this is the first longitudinal report of
a large cohort of patients with SOX2 pathogenic variants or whole gene deletions, compared
with previously reported patients with SOX2 pathogenic variants and deletions.

This article presents 37 patients with SOXZ2 variants or deletions from the A/M Research
Registry and aims to provide clinical guidance for providers.

2| METHODS

Editorial Policies and Ethical Considerations: This study was approved by the ethics
committee from the Institutional Review Boards of Einstein Medical Center, Philadelphia
and of Children’s Wisconsin. Informed consent from all participants was obtained.

The Anophthalmia/Microphthalmia (A/M) Research Registry was established in 1994 at
the Albert Einstein Medical Center, Philadelphia to assemble an international database of
individuals with A/M to determine the incidence of A/M and to provide deep phenotyping
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of the registry population. In 1999, the registry began offering a gene testing protocol.
Eligibility criteria for enrollment in the registry included a diagnosis of unilateral or
bilateral microphthalmia, anophthalmia, or coloboma in enrollees themselves or in a family
member, or the presence of a pathogenic variant in a known A/M gene. The registry gathers
longitudinal phenotypic data by collecting medical records and regular communication with
families.

Thirty-seven patients had SOX2 pathogenic variants or deletions. Figure 1 details the
location of each variant within the SOX2 gene. Information regarding each patient’s
phenotype is included in Tables 1, S2 and S3. Table S5 describes the ACMG classifications
of the variants based on ACMG classification guidelines (Richards et al., 2015). Tables 2—6
describe SOX2 variant type and presence or absence of various health issues, including

eye anomalies, seizures, brain anomalies, growth hormone and gonadotropin deficiency and
genitourinary anomalies. Brain anomalies were generally detected on standard brain MRI
without particular focus on specific brain regions such as hippo-campus or peri-hippocampal
region. Thirty-five patients have bilateral or unilateral microphthalmia or anophthalmia.
Patients were classified as having unilateral microphthalmia or anophthalmia after a
thorough ocular examination of their other eye for accurate phenotyping. Patients 22 and 28,
who did not have A/M, enrolled after whole exome sequencing identified SOX2 pathogenic
variants. Patients enrolled after being seen either in the Albert Einstein Medical Center
Genetics Clinic, at the clinic offered during the biennial family support group meetings
hosted by ICAN, (International Children’s Anophthalmia Network), or by referral to the
Registry by ICAN or their physician.

SOX2variants were identified through research-based Sanger sequencing or array CGH, as
previously described (Schneider et al., 2008; Schneider et al., 2009; Zhou et al., 2008) or
through clinical testing (Table 1 and Figure 1). Intragenic variants are named using transcript
NM_003106.3. Fifteen patients have been previously published (Driggers et al., 1999;
Fantes et al., 2003; Gorman et al., 2016; Martinez & Madsen, 2019; Ragge et al., 2005;
Schilter et al., 2013; Schneider et al., 2008, 2009; Zhou et al., 2008) (Table 1). All variants
are available through ClinVar or the SOX2LOVD database (https://databases.lovd.nl/shared/
genes/SOX2).

3| RESULTS

The 37 patients with SOX2 variants ranged in age from 3 months to 30 years at the time of
review with 62.1% under the age of 18 and 37.9% over 18 (Table 1). There were 18 females
(48.7%) and 19 males (51.3%).

3.1| Molecular findings

A range of SOX2alterations was identified (Table 1 and Figure 1). The 3926 genomic
region was disrupted in 8 patients. Seven patients carried a deletion of 3926 (7/37,

18.9%) and another had a chromosome 3:11 translocation, which included the SOXZ2 gene.
Deletions of this area have been previously reported (Alatzoglou et al., 2011; Bakrania et al.,
2007; Chassaing et al., 2007; Chassaing et al., 2014; Dennert et al., 2017; Gerth-Kahlert et
al., 2013; Male et al., 2002; Mulvihill et al., 2017; Sisodiya et al., 2006; Suzuki et al., 2014).
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The most common pathogenic variant was ¢.70_89del p. (Asn24Argfs*65) in seven patients
(7/37, 18.9%). This frameshift variant, which causes a premature stop codon, has been
previously reported (Bakrania et al., 2007; Chassaing et al., 2007; Chassaing et al., 2014;
Errichiello et al., 2018; Gerth-Kahlert et al., 2013; Kelberman et al., 2006; Kelberman et
al., 2008; Reis et al., 2010; Suzuki et al., 2014; Zenteno et al., 2005; Zenteno et al., 2006).
In total, 20 patients had a frameshift pathogenic variant, including the seven patients with
c.70_89del; the other 13 patients had private frameshift variants.

The remaining patients’ variants are unique and never previously reported. Seven patients
had nonsense variants, leading to truncation of the normal protein, one of which was a
complex indel. Missense variants were identified in three patients. One in-frame indel was
also identified in Patient 24 that is predicted to be pathogenic.

We identified two families with proven mosaicism of a SOX2 variant. Patients 18 and 19 are
siblings and have been described previously (Schneider et al., 2008; Zhou et al., 2008). They
both had bilateral eye anomalies and the c.551del pathogenic variant in SOX2. Their mother
was mosaic for the same variant in her blood sample and was completely unaffected. Patient
10 and her sister (not enrolled) both had severe bilateral microphthalmia and the ¢.70_89del

pathogenic variant. Their unaffected mother was found to be mosaic for this variant.

3.2| Anophthalmia/microphthalmia

Nineteen patients (19/37, 51.4%) had bilateral anophthalmia (Table 1). Four patients had
unilateral anophthalmia with microphthalmia of the contralateral eye (4/37, 10.8%). All
seven patients (7/37, 18.9%) with bilateral microphthalmia clinically resembled bilateral
anophthalmia due to the severity of disease (Table 1). Among five patients with unilateral
eye anomalies (5/37, 13.5%), four had unilateral microphthalmia and one had unilateral
anophthalmia. Table 2 describes the variant types associated with bilateral and unilateral eye
disease.

In total, 30 patients (30/37, 81.1%) had bilateral eye disease and five had unilateral

eye disease. We identified two patients without A/M despite the presence of SOX2
pathogenic variants without mosaicism (2/37, 5.4%); both patients had nonsense variants.
They presented with severe neurologic symptoms that led to exome sequencing after prior
nondiagnostic routine testing. Eye findings in Patient 28 showed right eye esotropia and
strabismus requiring patching while Patient 22 had a normal eye exam. Neither patient’s
variant had been previously reported in an affected individual nor in the general population
through gnomAD.

3.3| Development and cognition

Previous studies (Table S4) have shown that patients with pathogenic variants in SOXZhave
developmental delay and intellectual disability (ID). Therefore, the Registry collected data
from participants concerning development and intellectual disability (Tables 1, 3 and S2).
Twenty-six patients had adequate records to classify their cognitive development. Eleven
patients had insufficient records and could not be classified; they are therefore excluded
from this part of the analysis. The classifications of intellectual disability severity that

are used come from Table 9-1 of Mental Disorders and Disabilities among Low-Income
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Children (Committee to Evaluate the Supplemental Security Income Disability Program

for Children with Mental Disorders, 2015) (Table S1). In our subgroup of 26 patients,

seven patients are classified with mild 1D (7/26, 26.9%) and three with mild to moderate

ID (3/26, 11.5%). Five patients had moderate to severe ID (5/26, 19.2%). Four patients

had severe ID (4/26, 15.4%) and five had severe to profound ID (5/26, 19.2%) (Table 1).
Individuals who are nonverbal, markedly delayed, need significant support and often cannot
complete activities of daily living independently are diagnosed with severe or severe to
profound ID. Two patients were classified with profound ID (2/26, 7.7%) (Tables 1 and 3).
These two patients were in wheelchairs and had significant health problems outside of their
anophthalmia. Genotype—phenotype correlations are described in Table 3.

A diagnosis of autism had been made in five patients (5/26, 19.2%), all of whom had
moderate to profound ID. Many of these individuals had frameshift variants (four patients);
one had a deletion of the SOX2gene.

No patients with a nonsense variant or a deletion of the SOX2 gene had mild or mild

to moderate ID; this could indicate that these variants predispose to more significant ID.
Patients with frameshift variants were represented in multiple levels of 1D, suggesting that
these patients could have any level of ID.

Although patients with SOX2 pathogenic variants/deletions do vary in their intellectual
ability, as outlined above, our longitudinal analysis of this cohort suggests that these patients
do not appear to worsen with age. The distribution of cognitive abilities appears similar
among adults compared to those under 18, suggesting that the prevalence of intellectual
disability severity may remain stable when these individuals become young adults. However,
follow-up is recommended since adult-onset neurodegeneration in patients with SOX2
syndrome has been reported elsewhere (Ragge et al., 2013).

3.4 | Brain MRIs and seizures

We received results from brain MRIs performed on 30 of 39 patients; 20 patients had

an abnormal brain MRI (20/30, 66.6%) (Tables 1 and 4). Brain MRIs were of standard
resolution and were not focused on any specific region. Brain MRIs were available for 16 of
18 patients with seizures (Tables 1 and 4); of these 5 were normal and 11 abnormal. Eight
patients with brain MRIs available reported never having seizures (4 abnormal) and seizure
status was unknown for the remaining 6 (5 abnormal). Overall, the data suggests that while
a person with a SOX2 pathogenic variant who has an abnormal brain MRI is more likely to
develop seizures, a normal brain MRI does not rule out development of seizures nor does an
abnormal MRI guarantee development of seizures.

Patients with frameshift variants appeared to be more likely to report seizures than not (10
patients with seizures and 4 without). This trend was also observed, though to a lesser extent
in patients with deletions of the SOX2 gene or nonsense variants (4 patients with seizures
and 2 without in each group).
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Twenty-three individuals were noted to have an abnormal wide-based, ataxic gait. Twelve
individuals did not have records indicating their gait, and two individuals were noted to be
hypotonic but did not have records regarding their gait.

Growth and endocrine

Growth parameters and/or endocrine evaluations were available for 21 patients (Tables 1, 4
and S3). Two patients were noted to have growth hormone issues but did not provide their

endocrine records. Fifteen patients (15/21, 71.4%) had growth delays, of which nine had a

diagnosis of growth hormone deficiency and six had short stature which may be caused by
growth hormone deficiency. Seven patients reported normal growth hormone levels (Table

1).

Fourteen patients had a diagnosis of gonadotropin deficiency (LH, FSH, testosterone
deficiency, hypogonadism, hypogonadotropic hypogonadism) (14/19, 73.7%, 5 had normal
gonadotropins) (Table 1). Nine patients also had growth hormone deficiency or short stature
in addition to gonadotropin deficiency. Eighteen patients did not have medical records
available for their endocrine evaluations or had never had an endocrine evaluation. Several
patients did not provide the Registry with endocrine evaluations but had genitourinary
anomalies or growth hormone deficiencies noted in other medical records.

Out of 19 male patients with information regarding genitourinary anomalies, 15 patients
(15/19, 78.9%) had at least one genitourinary anomaly, including micropenis, undescended
testicles, shawl scrotum, and other testicular anomalies (Tables 1 and 6). Four males

had reportedly normal genitourinary systems. Six female patients reported a female
genitourinary anomaly such as infantile uterus, labial adhesions, or hypoplastic labia (6/17,
35.3%). Eleven reported normal genitourinary tracts and one was unknown.

DISCUSSION

Heterozygous pathogenic variants in SOX2 were first reported as a cause of anophthalmia

in 2003 in Patient 1 with bilateral anophthalmia and absent optic nerves, delayed walking
with ataxic gait, ongoing weakness of her legs, delayed puberty, short stature, developmental
delay and a single febrile seizure (Driggers et al., 1999; Fantes et al., 2003; Ragge et

al., 2005). Review of this large cohort of patients with SOXZ2 variants provides a better
description of the natural history of this disorder.

Anophthalmia prevalence

Of the 37 patients in the registry with SOX2 variants, 51.3% had bilateral anophthalmia,
18.9% had bilateral severe microphthalmia, and 10.8% had unilateral anophthalmia and
contralateral severe microphthalmia. Unilateral eye anomalies and one normal eye were
present in 13.5% and 2 patients had normal eye size (Patients 24 and 30). In total, 30/37
(81.1%) patients with SOX2 variants or deletions had bilateral eye defects.

One hundred and forty-four individuals have been described previously with SOX2
pathogenic variants (Table S4). In total, bilateral eye disease was identified in 106 of
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144 (73.6%), consistent with the rate in our patients (81.1%). There are now 18 patients
(including our two) reported with normal eyes and SOXZ2 pathogenic variants. However, this
number is expected to rise as more patients with neurological disorders are analyzed with
whole exome sequencing. Historically, SOX2was analyzed in patients with A/M, so most
patients with SOX2 variants are affected with A/M, a classic case of ascertainment bias.

4.2 | Variant specific ocular findings

The recurrent ¢.70_89del frameshift variant, reported in 12 of 144 (8.3%) previously
reported patients (Table S4) was also present in 7/37 (18.9%) patients reported here

(Table 1), further supporting that this is a hot-spot mutation. While all patients with this
variant reported here have bilateral anophthalmia or microphthalmia, 6 of 12 (50%) of

the previously reported cases had unilateral anophthalmia or had normal eyes (Errichiello
et al., 2018; Gerth-Kahlert et al., 2013; Zenteno et al., 2006), suggesting that phenotypic
variability does not correlate fully with genotype. Among all patients with frameshift
variants in the Registry, 3 of 19 (15.8%) had unilateral microphthalmia or anophthalmia
and 16 of 19 (84.2%) had bilateral anophthalmia, similar to the distribution in the literature,
with 38 of 54 (70.4%) patients affected with bilateral A/M.

Among the seven Registry patients with nonsense variants, four (57.1%) have bilateral A/M.
In contrast, among patients in the literature, 26 of 30 (86.7%) had bilateral A/M; three other
patients in the literature had normal eyes and nonsense variants.

The Registry includes seven individuals with a deletion of the whole SOX2gene (Table 1)
and one patient with an initiation codon deletion, which would be expected to result in a
similar complete loss of protein product, all of whom demonstrated bilateral A/M (100%).
Twenty-eight previously reported patients have had whole gene deletions with bilateral A/M
seen in 22 of 28 (78.6%) (Table S4). Three of the six without had normal eye size with
minor concerns such as strabismus, retinal folds or unilateral coloboma.

Two individuals from the Registry had a missense variant: one with bilateral anophthalmia,
and one with unilateral microphthalmia. In contrast, 32 patients have been previously
reported in the literature with missense variants (Table S4); of these, 15 of 31 (48.4%)

had bilateral A/M, 4 of 31 (12.9%) had unilateral A/M, 4 of 31 (12.9%) had other anomalies
(coloboma, microcornea), and 8 of 31 (25.8%) had normal eyes.

Overall, the occurrence of bilateral A/M in our cases was higher in almost every group
compared to the literature, consistent with the fact that these patients were part of an A/M
registry. The type of variant appears to have some effect on phenotype with missense
variants having a lower penetrance for bilateral A/M phenotypes compared to loss-of-
function (17/34 [50%] vs. 116/148 [78.4%], respectively).

4.3 | Mosaicism

Two cases of mosaicism were previously reported in addition to the two new cases

of mosaicism reported here: in a family with two affected children, maternal germline
mosaicism was identified for the c.70_86del variant (Chassaing et al., 2007) and in a
Moroccan family with two of six pregnancies affected, a pathogenic missense variant,
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€.138T>G, p.(Asn46Lys), was identified in both affected pregnancies and present at a
lower level in the mother’s sample (Faivre et al., 2006). In one additional family, two
children with ocular anomalies were born to a mother with idiopathic hypogonadotropic
hypogonadism and a c.837del p.(Gly280Alafs*91) pathogenic variant was identified in all
three individuals, with varying levels in the mother’s blood compared to saliva, suggesting
possible mosaicism, though a sequencing artifact could not be ruled out (Stark et al., 2011).
While the mother has been the carrier in all reported familial cases with mosaicism, the
possibility of paternal mosaicism cannot be ruled out. With five known cases of A/M
patients with SOXZ2variants inherited from a parent with normal eyes, we recommend

that all parents of children with SOX2 pathogenic variants should be tested to rule out
mosaicism. Additionally, different tissues should be tested, and next generation sequencing
should be considered as opposed to Sanger sequencing to avoid allele dropout. The
identification of mosaicism is important for determining the recurrence risk for the patient’s
parents.

4.4 | Patients without A/M

While many of the first cases in the literature with normal eyes and SOX2 variants

were identified because other family members were found to have pathogenic variants
(Chassaing et al., 2007; Mihelec et al., 2009; Stark et al., 2011; Zenteno et al., 2006), several
were the first in their families, presenting with overlapping syndromic features including
brain anomalies, hypogonadotropic hypogonadism (HH), developmental delay/intellectual
disability (ID), seizures, or genital anomalies (Blackburn et al., 2018; Dennert et al., 2017,
Errichiello et al., 2018; Kelberman et al., 2006; Pilz et al., 2019; Shima et al., 2017; Takagi
et al., 2013). Some of these patients, on further examination, had slight ocular anomalies,
such as narrowed palpebral fissure (Zenteno et al., 2006), mild retinal anomalies (Errichiello
et al., 2018; Mihelec et al., 2009; Pilz et al., 2019; Shima et al., 2017; Takagi et al.,

2013), subtle anterior segment anomalies (Dennert et al., 2017, Mihelec et al., 2009), ocular
motility disorders (Errichiello et al., 2018; Pilz et al., 2019), or optic nerve hypoplasia
(Kelberman et al., 2008). Some patients were normal intellectually while others had severe
cognitive impairment, and some were too young to evaluate. As more patients with normal
eyes undergo whole exome sequencing, we expect that SOX2 pathogenic variants will
continue to be identified in patients without A/M. Unbiased screening through whole exome
sequencing will enable better determination of the true incidence of A/M in patients with a
SOX2 pathogenic variant.

4.5| Brain anomalies and seizures

Individuals with SOX2 pathogenic variants have an increased risk for brain anomalies and
seizures. Among patients with data available from our cohort and the literature combined,
87 patients out of 114 in total (76.3%, Tables 1, 4, S2 and S4) had brain anomalies and 41
of 63 individuals (65%) had seizures. SOXZ2is a developmental regulator transcription factor
that is expressed in the brain and eyes (Sisodiya et al., 2006), which may explain the high
rate of brain anomalies and seizures. Seizures were seen in the majority of patients with
frameshift variants (10/15 patients), gene deletions (4/6 patients), and nonsense variants (4/6
patients) (Tables 1 and 4), similar to rates in the literature with nonsense variants (10/15),
deletions (4/6) and missense variants (2/2) (Table S4). However, among previously reported
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patients with frameshift variants, only 5 of 11 had seizures (Table S4). A large proportion
of previously reported patients did not mention seizures (Table S4), and it is unclear if these
patients were seizure-free or never had a neurologic evaluation. A strength of this article is
documentation of seizure-free patients within our cohort.

Brain MRI was performed on 30 patients in this cohort, with abnormalities identified in
20including 6 of 7 with gene deletion, 7 of 15 with frameshift, 5 of 6 with nonsense,

and 2 of 2 with missense variants. While this data suggests a lower rate of anomalies

for patients with frameshift variants, the sample size is very small. Within the literature,
abnormal brain MRIs were reported more often than normal brain MRIs for patients with
all types of variants (Table 4 and S4), possibly because abnormal brain MRI results are
more likely to be included in a publication compared to normal results. In total, 89 patients
had an abnormal brain MRI (Tables 1, 4 and S4), indicating that brain MRI abnormalities
are common among patients with any variants in the SOX2gene. Very few patients in the
literature have been described as having normal brain MRIs, so this may be under-reported
and should be investigated further.

The cohort reported here also provided insight on patients with seizures and the presence

or absence of a brain anomaly. In this cohort, brain MRI results were available for 16 of

18 patients with seizures, of which 11 were abnormal; an abnormal brain MRI was also
reported in 5 of 9 seizure-free patients (Table 4). However, in the literature, there are far
more patients reported with seizures without information about brain anomalies, indicating
that brain MRIs are not always performed after seizures are noted (Table S4). Given

the previous association of mesial temporal malformations in patients with SOX2-related
seizure disorders (Sisodiya et al., 2006), a broader study of brain MRIs from patients with
SOX2variants, including detailed evaluation of the peri-hippocampal region and correlation
with seizure status would be of interest.

4.6 | Intellectual disability and developmental delay

Many previous publications have described developmental delays and/or intellectual
disability in patients with SOX2 variants (Table S4). However, this publication is the first to
describe a cohort of older individuals with SOX2 pathogenic variants and to report on their
cognition. Twenty-six patients had information available regarding their cognitive ability
(Tables 1 and 3). Among the 13 characterized patients over the age of 18, five of those
patients have mild to moderate intellectual disability, and eight are moderately to profoundly
affected. There did not appear to be a correlation between variant type and severity of
intellectual disability in our cohort. Table 3 describes ID severity based on SOX2 variant
type. Eight patients in the literature had reportedly normal intelligence (Table S4). However,
over 90 patients in the literature (Table S4) and 11 patients in our cohort did not have any
information specified about their intelligence, so it is possible that there is a bias and that
there are additional patients with normal intelligence and SOX2 variants.

4.7| Abnormal gait

An abnormal gait has been noted anecdotally for many patients with SOX2 variants. In total,
55 individuals, including 24 individuals from this study, were noted to have a wide-based,
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ataxic gait. While there were no reports in the literature of normal gait, in most cases gait is
not described at all. Therefore, further investigation is needed to determine the prevalence of
the wide-based ataxic gait. The gait anomalies seem to be associated with muscle weakness
and to improve with physical therapy, but most individuals are somewhat unsteady as they
get older and tire easily. Data from this registry suggests that physical therapy is important
for management of individuals with SOX2 pathogenic variants and deletions.

4.8 | Growth hormone and gonadotropin deficiency

Another significant issue for these patients is growth hormone and gonadotropin deficiency.
Both growth hormone deficiency and short stature have been reported in patients with SOX2
pathogenic variants (Table S4) and SOXZ has been shown to be involved in the development
and function of hypothalamo-pituitary and reproductive axes (Kelberman et al., 2006). Mice
with SOX2 heterozygous variants show a reduction in size and poor fertility (Kelberman et
al., 2006). There is evidence that SOX2is part of the pituitary transcription pathway, causing
growth hormone deficiency and hypopituitarism when it is deleted or mutated (Kelberman

et al., 2006). Detailed phenotyping of our cohort supports this association, with 10 of

our patients having documented growth hormone deficiency, and an additional 6 reporting
short stature (14/37, 37.8%, Tables 1 and 5). Seven reportedly had normal height and 15
with unknown height. Within the literature, a similar frequency was noted with 46 of 145
(32%) reported to have growth hormone deficiency or short stature (Table S4). Patients with
SOX2 pathogenic variants should see an endocrinologist early and have height and growth
hormone levels closely monitored.

Estrogen and testosterone elevations lead to the onset of puberty and development of
secondary sex characteristics. Delayed puberty or hypogonadotropic hypogonadism is
marked by lack of sexual development and/or low gonadotropin levels (Dye et al.,

2018), also known as secondary hypogonadism. Male patients with hypogonadotropic
hypogonadism may also have congenital genitourinary anomalies, such as micropenis,
cryptorchidism, and undescended testes (Richard-Eaglin, 2018). Patients with SOX2
pathogenic variants have been reported to have delayed puberty, genitourinary

anomalies, hypogonadism and/or hypogonadotropic hypogonadism (Table S4) Gonadotropin
deficiencies were documented in 49 out of 58 in our cohort and in the literature (84.5%,
Tables 1 and 5, Tables S3 and S4). However, this may be artificially elevated, as there
were only three patients in the literature reported with normal assessment of gonadotropin
function.

Between our cohort and the literature, 61 individuals out of 94 with data available (64.9%)
had genitourinary anomalies (Tables 1 and 6, S3 and S4). Within our cohort, five female
patients had a genitourinary anomaly (13 females had normal GU tract) and 15 male patients
had at least one genitourinary anomaly (4 had normal GU tract) (Tables 1 and 6). Therefore,
there appears to be a lower prevalence of genitourinary anomalies in female patients (28%
Vs. 79%). It is not clear how many individuals with SOXZ2 pathogenic variants have normal
gonadotropin levels, but this should also be monitored in affected patients, particularly if the
patient has delayed puberty or a genitourinary anomaly.
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5| RECOMMENDATIONS

Patients with variants or deletions of the SOX2 gene are at risk for multiple health concerns.
Upon diagnosis, patients should undergo a thorough evaluation by an ophthalmologist

for ocular anomalies, with potential consideration of prosthesis or surgery if needed, and
physical examination to determine if they have any genitourinary anomalies. Other common
syndromic features noted in the literature in patients with SOX2 deficiency, not specifically
tracked in this population but important to consider, include esophageal anomalies and
hearing loss. Imaging at the time of diagnosis should include brain MRI which may require
special pituitary protocols to visualize the pituitary region. If seizures are noted or suspected,
patients should undergo an EEG and referral to a neurologist should be considered. Seizures
can occur at any age and may occur even if a brain MRI is normal. Due to the risk

for intellectual disability and learning disabilities, patients” milestones and development
should be followed closely with a low threshold for referral to early intervention and/or a
developmental pediatrician. Patients with SOXZ2 pathogenic variants or deletions are at risk
of failure to thrive (particularly with esophageal anomalies) and short stature, so growth
and pubertal development should be closely followed with a low threshold for referral to
the appropriate specialist, with particular attention to the high risk of growth hormone and
gonadotropin deficiencies. As patients reach adulthood, they should continue to follow with
an ophthalmologist and a primary care provider along with any other specialists needed for
co-morbidities. Depending on their cognitive ability and family support, they may either
live at home or in a group setting and may need support with activities of daily living or
employment.

6| CONCLUSION

Most patients with SOX2 pathogenic variants in our cohort of 37 individuals have structural
eye anomalies, usually bilaterally, however, patients without A/M have also been identified.
Other features include neurological anomalies with abnormal gait, intellectual disability,
seizures, endocrine and esophageal anomalies. We expect that the phenotypic range of SOX2
will continue to expand as more patients with developmental anomalies undergo exome
sequencing. Since the phenotypic spectrum of individuals with SOX2 pathogenic variants
has widened beyond anophthalmia, esophageal anomalies and genital anomalies, we propose
using the name SOXZ2-associated disorder instead of AEG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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