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Summary

Our understanding of congenital and genetic disruption to human ocular motility and
alignment has expanded significantly over the past 15 years due in large part to advances in
genetics. This has permitted identification of many underlying genetic causes in several
conditions and provided new insight into the development and function of the oculomotor
system. However, this information has also disturbed current classification systems based
almost exclusively on ocular motility characteristics resulting in a knowledge gap between

clinicians and researchers.

As part of a team of researchers from several institutions a series of studies were conducted to
better elucidate the clinical and genetic features in a large heterogeneous group of subjects
with known or suspected congenital or genetic disorders affecting ocular motility and

alignment.

This dissertation is the outcome of this work. It also provided an opportunity to assess the
value of the orthoptic evaluation by critically evaluating ocular motility and alignment patterns
in this population. The main objective was to identify key patterns that can be used to predict
underlying genotypes. This could provide a more rapid, cost effective approach to these

disorders and better define the role for the general ophthalmologist in the investigation.

This work spans over a decade and resulted in 47 publications that provide key pieces to the
expanding body of knowledge in this field. Several publications served as reviews for
knowledge translation for the ophthalmologist and one focuses on summarizing the orthoptic

evaluation.

In total 845 enrolled subjects received orthoptic evaluations. This included 40 different
diagnoses and 25 different genes with mutations identified. The orthoptic information in these

subjects formulated part of all research team publications. Despite only scratching the surface
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of the entire domain of genetic ocular motility and alignment disorders, this is likely is the

largest and broadest collection of diagnoses in one report.

A new classification scheme is proposed, one that is based on the underlying pathomechanisms
accounting for disruption to ocular motility and alignment. A simplified clinical approach has
been developed for the general ophthalmologist to utilize key orthoptic assessments as aids in
appropriately classifying encountered subjects. This is important as each diagnostic category of

conditions generally requires different investigations and management.

This research also identified significant phenotypic overlap in genetically distinct disorders and
phenotypic variability in the same genetic disorder. Therefore it is concluded that orthoptic
features in isolation cannot be used to reliability predict the underlying genotype. The addition
of information from other medical specialties improves this prediction. However, due to the
currently small number of genotyped individuals in many of these rare disorders, more research
is required before definitive genotype-phenotype spectrums can be identified. It is also
emphasizes the need for standardization of the orthoptic assessment and reporting of the

findings to ensure that similarities and differences be identified accurately.

Vi
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Opsomming (Summary in Afrikaans)

Vordering met die kennis van genetika het ons instaat gestel om oor die afgelope 15 jaar beter
insig te verkry in kongenitale en genetiese defekte in menslike okulére motiliteit en belyning.
Ons is in staat gestel om onderliggende genetiese oorsake in verskeie toestande te identifiseer
sowel as om nuwe insigte te verskaf in die ontwikkeling en funksie van die okulomotoriese
sisteem. Aangesien huidige klassifikasiesisteme byna uitsluitlik basseer is op oog

motiliteitseienskappe, het hierdie nuwe kennis ‘n gaping gelaat tussen klinici en navorsers.

As deel van ‘n span navorsers vanuit verskeie inrigtings is ‘n reeks studies gedoen om die
kliniese en genetiese eienskappe van ‘n groot heterogene group persone met bekende, of

vermoede genetiese toestande van die oogmotiliteits en belyningssisteem beter te verklaar.

Hierdie proefskrif is die uitkoms van daardie werk. Dié navorsing het ook die geleentheid
geskep om krities die waarde van ortoptiese evaluasies te ondersoek deur okulére motiliteit en
belyningspatrone in hierdie populasie te beskryf. Die hoofdoel was om sleutelpatrone te
identifiseer wat gebruik kan word om onderliggende genotipes te voorspel. Hierdie bevindinge
kan ‘n vinnige en koste effektiewe benadering tot hierdie toestande wees en kan ook die rol

van die algemene oftalmoloog in hierdie toetse vergemaklik.

Hierdie proefskrif dek meer as ‘n dekade se werk en het 47 publikasies tot gevolg gehad wat
almal stukkies in die legkaart van kennis in die veld verteenwoordig. Verskeie publikasies dien
as oorsigsartikels om die bestaande kennis aan te bied aan oftalmoloé en een fokus op die

ortoptiese ondersoek metodiek.

Vir dié studie is 845 patiente ortopties ondersoek. Die groep sluit 40 verskillende toestande en
25 verskillende geidentifiseerde genes met hulle mutasies in. Die ortoptiese inligting van al die
pasiénte was deel van die navorsingsgroep se publikasies. Hoewel daar duidelik net op die

oppervlakte van die omvang van die genetiese oogmotiliteits en belynings toestande gekrap is,

is hierdie waarskynlkik die grootste en wydste versameling van diagnoses in een verslag.

Vii
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‘n Nuwe klassifikasie sisteem word voorgestel. Dis gebasseer op onderliggende patologiese
meganismes wat verantwoordelik is vir defektiewe oogbelyning en motiliteit. ‘n
Vereenvoudigde kliniese ondersoeksisteem is ontwikkel vir die algemene oftalmoloog waar
sleutelpunt ortoptiese ondersoeke help om die korrekte klassifisering van pasiénte te bevestig.
Hierdie sisteem is belangrik, want elke kategorie van toestande vereis verskillende ondersoeke
en hanterings strategié.

Hierdie navorsing het ook betekenisvolle oorvleueling identifiseer in toestande wat geneties
ooreenstem. Ortoptiese bevindinge kan dus nie met absolute betroubaarheid gebruik word om
onderliggende genotipes te indentifiseer nie. Addisionele inligting van ander mediese
spesialiteite verbeter egter die voorspelbaarheid. Omdat daar in vele gevalle van hierdie baie
raar toestande nog te min genotipering gedoen is, is daar addisionale navorsing nodig voordat
onbetwisbare genotipe-fenotipe korrelasies gedoen kan word. Die belang van standardisering
van die ortoptiese assessering en rapportering van bevindinge word beklemtoon ten einde te

verseker dat verskille akkuraat identifiseer kan word.

viii
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Chapter 1: Introduction

The field of genetics continues to expand with an ever increasing importance to medicine. The
field of Ophthalmology has already incorporated genetic advances into clinical practice. Two
such examples are Retinoblastoma and von Hippel-Lindau disease for which genetic testing is
now recommended in patients, and frequently in other family members, whenever these
conditions are suspected.! 2

Ocular misalignment between the visual axes of the two eyes (strabismus) is another
ophthalmological disorder that occurs in 2-4% of the general population.? Comitant forms are
those in which the degree of ocular misalignment is the same in all directions of gaze, while
incomitant or complex variants have changes in different gaze positions and are frequently
associated with limitation of ocular movement in one or both eyes. Congenital forms are
present at birth or recognized by 6 months of age. Until recently, distinctions between
congenital or suspected familial/genetic forms of strabismus were based primarily on clinical
and, in some cases by neuro-radiological features.* However, genetic advances have permitted
identification of several genes involved in a variety of components of the oculomotor system.
A genetic distinction is extremely valuable because many of these disorders can have
substantial clinical overlap despite differences in their underlying mechanisms. Additionally,
some will have associated non-ophthalmologic features that may not always be obvious during
a routine eye exam and require investigation by other medical specialities (e.g., deafness,

autism, cerebral vascular anomalies, scoliosis, respiratory problems, and limb weakness).>2

We are presently in an era where genes and genotype-phenotype correlations are being
identified. Despite significant advances in investigational techniques, dissemination of this
information has lagged. Several factors may account for this. First, the topic of ocular motility
dysfunction and strabismus is vast, and no one area of ophthalmology is solely dedicated just to
this field. Second, ocular motility dysfunction and ocular misalignment arising from congenital
and/ or genetic problems are rare when compared to acquired causes. Typical
ophthalmological practice patterns with homogenous regional patient populations infrequently

permit even the most experienced ophthalmologist the opportunity to see many of these
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syndromes. Finally, many of these conditions have clinical similarities. Therefore, difficulties in
clinical distinction often prevent conducting a cost effective genetic analysis in situations where

a genetic diagnosis may be needed.

Problem statement

The field of congenital and genetic disorders of human ocular motility and alignment has
increased dramatically over the past decade and will continue to expand. Gaps have developed
in classification systems and in the link between clinicians and researchers. Designing solutions
to this issue requires a comprehensive review of the field with the goal of designing a better,
more efficient diagnostic approach utilizing published cases, clinical experiences and
prospectively collected data including ophthalmologic, neurologic, radiologic and genetic

information.

Aim:

To design a comprehensive bi-directional diagnostic approach for the investigation of
disruptions to human ocular motility and alignment arising from congenital and/or genetically

defined causes.

Central research question: Can the orthoptic evaluation be an effective tool in the elucidation
and distinction of different congenital and/or genetic disorders resulting in disturbance of
ocular alignment and motility?

This will be feasible if the orthoptic evaluation can demonstrate:

There is phenotypic difference between genetically distinct conditions — Hypothesis 1.

There is phenotypic consistency between genetically identical conditions — Hypothesis 2.

Evidence used to address the central research question will arise from achieving each of the

following research objectives.
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Research objectives:

1. To design a clinical assessment protocol to assess disruptions of ocular motility and
alignment.

2. Toidentify and characterize (congenital and/or genetic) disorders affecting ocular
motility and alignment.

3. To consolidate the identified main phenotypes with confirmed genotypes.

4. Provide new insight into mechanisms affecting normal development and function of the
oculomotor system.

5. Design a classification scheme based on mechanism accounting for disruption of ocular
motility/alignment.

6. Create a simplified clinical approach for the general ophthalmologist.

Table 1.1 consolidates the above research statements.

Methods and Ethical requirements of the research

We conducted Institutional Review Board and Human Ethics committee approved projects at
several institutions (Table 1.2) aimed at defining phenotypic and genetic characteristics in
patients with suspected efferent system dysfunction. The retrospective component involves
work done from January 2003 to August 2011. Prospective work began following ethics
approval from Stellenbosch University August 5, 2011 (Ref no. N11/07/222).

This dissertation is a compilation of work done at 11 sites in 5 countries (Canada (1), United
States (5), Saudi Arabia (2), England (1), Northern Ireland (1), Tunisia (1) and includes 47
publications. It involved the examination of 845 patients. The outcome of this has been
summarized in the following chapters. Chapters 3-7 involve specific clinical diagnoses. Chapter
8 includes a group of heterogeneous disorders. Each chapter centers around publications
identifying phenotype/genotype characteristics. Chapter 9 is a discussion of the central
research question and incorporates information from the previous chapters. Chapter 10 are

conclusions.
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Table 1.1 Overview of research statements

Central research question: To determine if the orthoptic evaluation is an effective tool in the
elucidation and distinction of congenital and/or genetic disturbances in ocular alignment and motility.

Research aim: To design a bi-directional diagnostic approach to the investigation of disruptions to
human ocular motility and alignment arising from congenital and/or genetically defined causes.

Hypothesis There is phenotypic difference between genetically distinct conditions?
1 (Algorithm direction 1 — Phenotype predicts Genotype)
Hypothesis There is phenotypic consistency between genetically identical conditions?
2 (Algorithm direction 2 — Genotype predicts Phenotype)
Objectives
Obj. 1 Design a clinical assessment protocol to assess disruptions of ocular motility and
alignment.
Obj. 2 Identify and characterize (congenital and/or genetic) disorders affecting ocular motility
and/or alignment.
Obj. 3 Consolidate the identified phenotypes with confirmed genotypes.
Obj. 4 Provide new insight into mechanisms affecting normal development and function of
the oculomotor system.
Obj. 5 Design a classification scheme based on mechanism accounting for disruption of ocular
motility/alignment
Obj. 6 Create a simplified clinical approach for the general ophthalmologist

Table 1.2 Approved research projects for enrollment of subjects

Project Institution
project ID 542-7 - Hereditary ocular motility King Saud University, Riyadh, Saudi Arabia
disorders (KSU)
project ID 0424 - Genetic evaluation of congenital King Khaled Eye Specialist Hospital, Riyadh,
eyelid and/or motility abnormalities Saudi Arabia

(KKESH)

project ID 05-03-036R - Genetic studies of strabismus, | Boston Children’s Hospital, Boston, USA
congenital cranial dysinnervation disorders (CCDD’s) (BCH)
and their associated anomalies
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Chapter 2: Duane Retraction Syndrome (DRS)

Duane retraction syndrome (DRS) is a form of congenital complex strabismus. Despite its rarity
in the general population it is considered the commonest form of complex strabismus
presenting to the pediatric ophthalmology service. It is one of the first specialized forms of
strabismus taught to ophthalmology resident and orthoptic students. It is considered to have
consistent clinical ocular features and is generally considered a benign entity.

This chapter summarizes publications involving clinical characterization of DRS and

identification of phenotype-genotype correlations.

This chapter has 3 main sections.

Section 1 outlines the publications defining the orthoptic features in patients with DRS. Section
2 involves subjects who already had an identified genetic mutation. The focus of these reports
were to provide a comprehensive clinical description. Section 3 were prospective publications
focused on genetic evaluation of subjects with DRS frequently associated with medical and

developmental problems. We refer to these forms as syndromic DRS.

Section 1 - Defining DRS phenotypes

Khan, A. O., & Oystreck, D. (2006). Clinical characteristics of bilateral Duane syndrome. J

AAPOS, 10(3), 198-201.°

doi:10.1016/j.jaapos.2006.02.001

e Click reference above to see full PDF article

We reported the clinical characteristics of individuals with non-operated bilateral DRS from one
tertiary care facility in the Middle East (King Khaled Eye Specialist Hospital - KKESH). Two
hundred and seventy charts of patients with DRS were retrospectively reviewed. Thirty seven

patients were identified as having bilateral Duane syndrome (14%).

5
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Significance of this paper was that it identified phenotypic differences between bilateral and
unilateral cases. We observed a 59% male prevalence that was contrary to the 60% female
prevalence reported in unilateral DRS. Bilateral cases were more likely to have primary position

strabismus (78%) than unilateral cases (62%).

Findings from this regional population supported other bilateral DRS reports in the literature.
An associated congenital ocular and non-ocular abnormalities was present in 24% of cases. This
was consistent with reported prevalence of 8-57%. The breakdown was as follows: Associated
ocular abnormality - 14%, non-ocular abnormality - 8%, both - 3%. Other similarities to the
literature was the presence of the same DRS type in each eye (95%), presence of positive family

history of strabismus (22%) and presence of amblyopia (16%).

Other key features included frequent utilization of an abnormal head posture (21/37- 59%). In
all cases it was to permit monocular fixation and never for binocularity. No one in this series
had a multisystem syndrome such as Okihiro syndrome, Wildervanck syndrome, or Holt-Oram
syndrome. This was felt to be due to the referral pattern of the facility in which this study was
undertaken. Patients referred to this eye hospital cannot have any serious medical issues.
Those individuals are instead referred to the local University hospital (King Saud University).
Key elements from this study were that it provided a comparison of DRS phenotype in an Arab
population to other literature involving bilateral cases. It also highlighted some contrasts to
unilateral cases (gender and strabismus patterns). Our study had a surprising low report of
positive family history of strabismus and a low association of other congenital ocular and non-

ocular anomalies.
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Khan, A. O., & Oystreck, D. T. (2006). Fixation preference for the affected eye in patients with

unilateral Duane syndrome. J AAPOS, 10(3), 275-276.19

doi:10.1016/j.jaapos.2006.01.009

e Click reference above to see full PDF article

Here we reported a small series of patients with unilateral DRS that preferred fixation with the
involved eye. In 7/8 cases the reason was due to decreased vision in the non-DRS eye. In each
case there was either uncorrected anisometropia and/or amblyopia. A literature review
revealed there had only been 3 previously reported cases but no details were provided as to
the reason. Another unique feature was that 2 patients had superimposed intermittent
exotropia. In both cases the deviation decompensated into exotropia resulting in the patient
adopting a small face turn towards the DRS eye to maintain fixation with the eye held in
adduction (unable to abduct) while the contralateral non-DRS eye deviated out due to the
exotropia tendency and full ocular motility. The other case with intermittent exotropia also had
uncorrected anisometropia. The fixation preference could again be explained by better visual

acuity in the DRS eye.

The significance of this paper brought attention to a rare feature of preferring fixation with the
affected eye in the setting of a monocular motility deficit when binocular single vision cannot
be achieved. It emphasizes the importance of a careful evaluation of the sensory and vision
features on patients with strabismus. This will later be used as the frame work in a future

publication that standardizes the orthoptic evaluation.!!
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Khan, A. O., Oystreck, D. T., Wilken, K., & Akbar, F. (2007). Duane retraction syndrome on the

Arabian Peninsula. Strabismus, 15(4), 205-208.12

doi:10.1080/09273970701632023

e Click reference above to see full PDF article

This publication was the largest series of DRS reported to date and the first large series from
the Middle East. It summarized the clinical findings in 404 DRS patients from the Arabian
Peninsula and provided a comparison to other large studies.
Main findings:

e Gender: Females 55%; Males 45%

e Laterality: unilateral 86%; bilateral 14%

o Affected eye: Left 79%; Right 35% (included bilateral cases)

o Types:178%; 11 19%; Il 19%

e A further breakdown of findings in unilateral and bilateral were also given

The significance of this paper was that it confirmed the clinical features of an almost exclusively
non-syndromic DRS Arab population. It also determined that the high number of patients from
consanguineous marriage in this region did not affect the clinical presentation. Clinical features
were comparable to those of other large series from other parts of the world. Table 2.1 shows
clinical similarities between 196 patients identified globally through the Orbit international E-
consultation program and our retrospective cohort of 404 patients. In both series left eye
involvement, affecting females, and limitation of abduction (Type 1) were the commonest

presentations.

This publication also increased the number of reported bilateral cases in 2005° from 37 to 57
with findings still supporting a preponderance for male involvement (56% vs 44% M-F). We also
encouraged other authors to carefully report clinical characteristics of bilateral cases and to use

clearly-defined diagnostic criteria to do so.
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Outstanding issues related to this paper was that the population was likely skewed to sporadic
non-syndromic forms of DRS. Therefore a complete picture of DRS was not possible given the
referral pattern to the institution where the study was conducted (KKESH). Strabismic patients
with associated medical or neurologic disease are referred to the local University hospital (King
Saud University). Despite consistency of the ocular features to other studies, it highlights how
reported variation in prevalence of associated anomalies can arise from how intensely patients
are investigated and the referral base from which these patients come. Despite this limitation
the ocular features provided the context for later publications that specifically involved

syndromic and genetic forms.

During work on our retrospective papers it became evident we would need to work
collaboratively with other researchers and institutions to adequately define the full phenotypic

spectrum of subjects with DRS that would include medical and eventual genetic investigations.

Section 2 — Reporting Genotype — Phenotype correlation.

In 2002, just prior to our publications in section 1, a new classification system emerged for
certain forms of congenital ocular motility disorders. DRS was one of several forms included.
These disorders were termed the Congenital Cranial Dysinnervation Disorders (CCDDs).'3 This
inception paper marked the cusp of the genetic era in the field of congenital ocular motility
disorders. Advances in genetic technology were starting to seed the expansion of our
understanding of many of these disorders, including DRS. The timing of this was ideal for our
Middle East team as we just began a collaboration with the Engle lab in Boston, USA. This
group was able to conduct genetic evaluations in patients we identified from our previous
work. My role in this collaboration was to create a standardized clinical approach to confirm
the ocular diagnosis and identify fields in which similar subjects and their families would be
categorized as we moved forward with additional medical and genetic investigations.

This effort led to three publications between 2005 and 2008 defining a new monogenic CCDD

with DRS as a main feature.> ** 1> This was my first opportunity to define orthoptic features,
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and our research team’s first opportunity to define the clinical spectrum of a genetically
defined population of subjects with DRS. These publications contributed to increasing our

understanding of underlying the pathophysiology of cranial nerve and human development.

These publications are summarized here:

Tischfield, M. A., Bosley, T. M., Salih, M. A., Alorainy, I|. A., Sener, E. C., Nester, M. J., Oystreck,

D.T.,...Engle, E. C. (2005). Homozygous HOXA1 mutations disrupt human brainstem, inner

ear, cardiovascular and cognitive development. Nat Genet, 37(10), 1035-1037.14

doi:10.1038/ng1636

e Click reference above to see full PDF article

At this time it was reported that most forms of DRS are sporadic, with 5-10% being inherited in
an autosomal dominant fashion with previous reports of families with bilateral horizontal gaze
anomalies.'® Mutations in one gene (SALL4) was already known to result in autosomal
dominant DRS.Y” A locus for bilateral DRS was known and referred to as DURS2.18 The
phenotype would be expanded to include other ocular associations® 2% and the gene would

later be identified as CHN1.21

Here we reported 9 individuals with syndromic bilateral DRS from 5 families in whom were
found to have homozygous mutations in the HOXA1 gene. It demonstrated the absence of
cranial nerve six bilaterally in the one appropriately imaged subject with thin sliced MRI. It also
included the genetic analysis of another geographically distinct population with a similar
reported phenotype. The clinical features of these Native American subjects had previously
been described and referred to as the Athabascan Brainstem Dysgenesis Syndrome (ABDS).®
Our genetic elucidation paper was the first report of a human homozygous HOX gene mutation,
the first report of a new gene causing syndromic DRS, and the first autosomal recessive form of
DRS. This report identified another monogenic CCDD and provided further evidence that

CCDDs are due to primary cranial nerve maldevelopment.

10
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The paper provided a brief overview of the phenotype. Main clinical features included bilateral
DRS (9/9) associated with profound sensorineural deafness (8/9) with external ear defects
(3/9). Delayed motor milestones (7/9) and Autism spectrum disorder (2/3). This syndrome also
included significant neuro-imaging features. Imaging was obtained in 8 individuals and
demonstrated the cerebrum, cerebellum and brainstem were normal. In the one patient that
was appropriately studied Cranial nerve 6 was absent. In 7 individuals with deafness all had
inner ear abnormalities that included common cavity deformity (5/7) or cochlea aplasia (2/7).
The one patient with normal hearing had normal inner ear anatomy. Skull base imaging with
computed tomography was obtained in 3 individuals. One had bilateral absence of the carotid
canal and two had unilateral absence of the carotid canal. Magnetic resonance angiography
(MRA) of the head and neck was obtained in 4/8 and head only in 3/8. All were found to have
an internal carotid artery (ICA) malformation that ranged from unilateral hypoplasia to bilateral
agenesis.

This article also provided the opportunity to directly compare two geographical distinct subject
with the same genetic mutation. A notable observation was that the ABDS patients had central
hypoventilation syndrome, mental retardation, some had with facial weakness, vocal cord
paralysis and contruncal heart defects (e.g. Tetrology of Fallot and double aortic arch) that were
not present in the BSAS subjects. Confirmation of HOXA1 mutations in two similar but at times
phenotypically distinct conditions resulted in the coining of a new condition now referred to as
HOXA1-related syndromes.

Arising from this publication was the identification of consistent features of HOXA1 syndrome
namely horizontal gaze restriction, although reported as bilateral DRS in BSAS and horizontal
gaze palsy-like in ABDS, and sensorineural hearing loss in almost all patients. However, marked
phenotypic variability could also be present. Further evaluation of more genotyped individuals
needed to better define the phenotypic spectrum. This paper also identified previously
unknown developmental function of HOXA1. More investigation would be needed to determine
its role in vasculo or angiogenesis, inner ear development, and cognitive and behavioral

impairment that included autism (BSAS) and mental retardation (ABDS). The gene was thought

11
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to only be expressed in developing hindbrain. These anomalies suggest role in forebrain and
cerebellar development.

The final point is that the reporting of horizontal gaze restriction needs to be standardized as
the mechanism underlying DRS and true horizontal gaze palsy were very different. The absence

of Cranial nerve 6 in the one BSAS patient suggests DRS rather than horizontal gaze palsy.

Bosley, T. M., Salih, M. A., Alorainy, I. A., Oystreck, D. T., Nester, M., Abu-Amero, K. K.,

Tischfield, M.A., Engle, E. C. (2007). Clinical characterization of the HOXA1 syndrome BSAS

variant. Neurology, 69(12), 1245-1253.°

doi:10.1212/01.wnl.0000276947.59704.cf

e Click reference above to see full PDF article

Here we reported a more detailed clinical description of the 8 individuals from the 2005 paper
and 1 new patient. In this report there was an emphasis to more clearly define the ocular
phenotype by including an in depth description of the motor, sensory and visual aspects of the
orthoptic evaluation.!!

This was important for several reasons. There were several poor clinical descriptions in genetic
reports of subjects with presumed DRS. A recent report had just come out describing novel
neuro-imaging findings in DRS subjects (DURS2 phenotype) identifying wide spread orbital
dysinnervation where 7/8 affected individuals had bilateral DRS in addition to other orbital
involvement.?? We also knew homozygous mutations in HOXA1 can result in two phenotypes —
BSAS and ABDS, each involving a geographically distinct population, with ABDS individuals
appearing to have more severe medical phenotypes. We also previously highlighted the

discrepancy in ocular motility description of subjects with ABDS for versus BSAS.

This 2007 publication reported the BSAS variant found in Saudi Arabian and Turkish populations
can be summarized as having Bilateral DRS Type 3, deafness and inner ear malformations,

cerebrovascular anomalies, and cognitive dysfunction. The ABDS variant found in Native
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American population are reported as having horizontal gaze restriction, deafness, internal
carotid artery abnormalities with extra features that include Central hypoventilation, facial and

bulbar weakness, conotruncal heart defects, and mental retardation.

Significance of this paper:

This comprehensive phenotypic report of a genetically defined syndromic Duane condition
(synDRS) provided distinctions between other genetic forms of DRS and other overlapping
congenital eye movement disorders within the CCDD domain. Provided is a Table emphasizing
genetic, clinical, and neuro-imaging features important to distinguish between three
overlapping conditions - BSAS, ABDS, and HGPPS (described in Chapter 8). It also confirmed
lack of other orbital dysinnervation reported in DURS2.

This paper also extended the BSAS phenotype and highlighted several non-ophthalmic
associations requiring medical investigation. This includes evaluation for deafness, delayed
motor milestones, behavioral abnormalities, and cerebrovascular and cardiac anomalies.

It also documented the clinical variability that can occur in identical HOXA1 mutations within an
isolated ethnic population. This could specifically involve ocular motility. Despite all individuals
meeting the criteria for bilateral DRS the extent of horizontal eye movements could vary
between individuals and between eyes.

This variability was also shown to extend beyond ocular motility. For example, subject 8 had a
mild phenotype with bilateral DRS with modest adduction, normal hearing, only left ICA
hypoplasia, and normal cognition. Subject 5 had a severe phenotype with no observed
horizontal eye movements, deafness, common cavity deformity bilaterally, absent ICA
bilaterally, and autism.

Several significant orthoptic features were identified. We confirmed ocular motility deficit is
always bilateral and limited to horizontal movements. All strabismus patterns can be classified
as bilateral DRS Type 3. Ocular alignment includes orthotropic and esotropic eye positions.
Subjects have normal afferent visual functioning with 3 patients demonstrating Fusion.

Some nuances to the cardinal features of DRS were also identified. Six subjects had obvious

bilateral globe retraction on attempted adduction. However, 1 had unilateral globe retraction
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despite having bilateral motility deficit and an older sister with unequivocal globe retraction
bilaterally, and two patients did not have observed globe retraction. Both of these individuals
had severe autism that may have interfered with ability to cooperate. Globe retraction with
convergence was observed in 3 subjects.

One patient had an element of accommodative esotropia superimposed on DRS. At the time of
publication this may have been the first report of the coexistence of these two strabismic
conditions. The only report that could be found in the literature came in 2014.%3

Significant Neuro-imaging (CT, MRI, MRA) features included normal appearing orbits and extra-
ocular muscles (eoms). The latter suggests the lateral rectus muscle is receiving sufficient
innervation for myofiber survival.

Clinical, radiological, and mouse model studies suggest partial or complete absence of the
abducens nucleus and nerve bilaterally. Differences in residual adduction and presence of mild
abduction in two patients may imply variable depletion of abducens motoneurons and
interneurons in addition to degree of anomalous innervation from CN3 to the lateral rectus.
Vascular defects in BSAS appeared to be clinically silent but probably put patients at increased
risk of cerebrovascular compromise. Delayed motor development may be explained by lack of
vestibular system. Presence of autism or autistic features implies this disorder extends beyond
the brainstem.

Similarities with thalidomide embryopathy suggest that the teratogenic effects of early

thalidomide exposure may be due to interactions with the HOX cascade.

Outstanding issues:

Identification of 1 patient with normal hearing and normal inner ear anatomy highlights the
need for full investigations of all genotyped individuals. This comes back to the issue of
requiring a genetic diagnosis and served as a main reason to establish a formal ophthalmic
genetics program at King Saud University where the majority of work on the dissertation was
completed.

The absence of globe retraction raised an interesting issue. Does the absence of globe

retraction in the setting of significant horizontal gaze limitation suggest another etiological
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mechanism may be responsible? This was addressed in another publication in which |
examined 25/40 subjects included but was not involved in the writing of the manuscript.?*

(See appendix chapter 2 for full article)

All patients we identified to date came through our neuro-ophthalmology clinic as a result of
their ocular motility disturbance. At this time the prevalence of HOXA1 mutations in a deafness
clinic was unknown. This was later addressed in another publication.?® (See appendix chapter 2

for full article)

Bosley, T. M., Alorainy, I. A., Salih, M. A., Aldhalaan, H. M., Abu-Amero, K. K., Oystreck, D. T.,

Tischfield, M.A., Engle, E.C., Erickson, R. P. (2008). The clinical spectrum of homozygous HOXA1

mutations. Am J Med Genet A, 146A(10), 1235-1240.15

doi:10.1002/ajmg.a.32262

e Click reference above to see full PDF article

This article further increased our understanding of the phenotypic presentation. It confirmed
certain features were consistently present such as abnormal horizontal ocular motility and
deafness. However the ocular motility phenotype was expanded by identifying two patients
with full horizontal ocular motility, one of whom had mild unilateral ptosis and limitation of
elevation. All ABDS patients were reported as having bilateral horizontal gaze palsy. It should

be noted | did not examine the ABDS individuals.

Publication summary and significant findings:

This article further increased our understanding of the phenotypic presentation in genetically
confirmed cases of HOXA1. Here we report the clinical findings in 9 new individuals (6 families)
with HOXA1 mutations having BSAS or ABDS. This included 6 individuals from 3 Saudi families
and 3 individuals from 3 Native American families. Noteworthy documentation included a
Table outlining the HOXA1 mutations, cardiac defects, cognitive problems, and medical features
for this syndrome, the frequency of clinical characteristics, and an illustration of the spectrum

of horizontal gaze deficits.
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Additional features were identified in the BSAS population. This included identification of
cardiac defects, facial twitching and grimacing (but not facial weakness), another 3 individuals
with absent horizontal gaze without observed globe retraction, two individuals with full
horizontal gaze and normal hearing of which one was also the only patient to demonstrate a
unilateral elevation deficit with ipsilateral ptosis. Prior to this 1 subject had been found to have
normal hearing but did have bilateral DRS. Given these findings it was felt abnormal ocular
motility and deafness were considered absolute and essential for this diagnosis. This report
also confirmed the absence of cranial nerve 6 bilaterally in another BSAS patient.

Inclusion of these 9 new individuals blurred the distinction between homozygous HOXA1 BSAS
and ABDS variants. Identification of more individuals with absent horizontal gaze and absence
of globe retraction suggests that the same genetic mutation can result in an ocular motility
phenotype of either horizontal gaze palsy or DRS. In both cases cranial nerve 6 is absent but
with variable dysinnervation of the lateral rectus.

This report also expanded the severity gradient. ABDS seems to represent the severe end of
HOXA1 clinical spectrum while the other end has milder versions of BSAS including isolated
bilateral DRS*> '* and isolated mild congenital hearing loss (see subject C4). It also highlighted
features that are more consistent with a particular variant. Facial and bulbar weakness and
symptomatic central hypoventilation still only present among ABDS population, while autism
and somatic abnormalities are only observed in BSAS.

The major clinical features may arise when the gene fails to be expressed correctly in the
hindbrain neuroectoderm and notochord early in gestation. This results, at least at times, in the
loss of rhombomere 5 (and the abducens nuclei, leading to aberrant innervation of the lateral
rectus muscles and bilateral DRS), abnormal vasculogenesis (and congenital cerebrovascular
and cardiovascular anomalies), and possibly disturbed development of serotonergic neurons in
the brainstem (resulting in autistic behavior). It may also lead to defective induction of otic
vesicle development and abnormal or absent development of the inner ear.

The HOXA1 spectrum was further summarized into the context of other CCDDs in a 2011 review
article?® with an update in 2013.?7 PDFs of these publications are included in the appendix for

Chapter 9.
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Summary of the HOXA1-related syndromes

Homozygous HOXA1 mutations were first detected in our Saudi Arabian subjects with bilateral
DRS, bilateral deafness, and cerebrovascular and/or cardiovascular congenital anomalies.
Subsequent evaluation of additional subjects determined that homozygous HOXA1 mutations
may occur without deafness and DRS. Other features are also variable, including the degree of
DRS (type 1 versus type 3), the presence of dysmorphism, or autism.

Two follow up publications were done investigating the role of HOXA1 in individuals with
Moebius syndrome?* (Chapter 4) and with non-syndromic isolated deafness.?> Full articles

available in appendix chapter 2.

Rankin, J. K., Andrews, C., Chan, W. M., & Engle, E. C. (2010). HOXA1 mutations are not a

common cause of Mobius syndrome. J AAPOS, 14(1), 78-80.24.24

doi:10.1016/j.jaap0s.2009.11.007
e Candidate was not involved in the writing of this manuscript, however | did examine all
individuals to confirm ocular motility phenotype.

e Click reference above to see full PDF article

The HOXA1-related syndromes result from autosomal-recessive truncating mutations in the
homeobox transcription factor, HOXA1. Limited horizontal gaze and sensorineural deafness are
the most common features; affected individuals can also have facial weakness, mental
retardation, autism, motor disabilities, central hypoventilation, carotid artery, and/or
conotruncal heart defects. Mobius syndrome is also phenotypically heterogeneous, with
minimal diagnostic criteria of nonprogressive facial weakness and impaired ocular abduction;
mental retardation, autism, motor disabilities, additional eye movements restrictions, hearing
loss, hypoventilation, and craniofacial, lingual, and limb abnormalities also occur. We asked,
given the phenotypic overlap between these syndromes and the variable expressivity of both
disorders, whether individuals with Mobius syndrome might harbor mutations in HOXA1. Our
results suggest that HOXA1 mutations are not a common cause of sporadic Mobius syndrome in

the general population.
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Abu-Amero, K. K., Hagr, A. A., Almomani, M. O., Azad, T. A., Alorainy, I. A., Oystreck, D. T., &

Bosley, T. M. (2014). HOXA1 Mutations are Not Commonly Associated with Non-Syndromic

Deafness. Can J Neurol Sci, 41(4), 448-451.25.%5

PMID: 24878468

OBJECTIVE: Homozygous homeobox Al (HOXA1) mutations cause a spectrum of abnormalities
in humans including bilateral profound deafness. This study evaluates the possible role of
HOXA1 mutations in familial, non-syndromic sensorineural deafness. METHODS: Forty-eight
unrelated Middle Eastern families with either consanguinity or familial deafness were identified
in a large deafness clinic, and the proband from each family was evaluated by chart review,
audiogram, neuroimaging, and HOXA1 sequencing. RESULTS: All 48 probands had normal
neuro-ophthalmologic and general medical examinations except for refractive errors. All had
congenital non-syndromic sensorineural hearing loss that was symmetric bilaterally and
profound (>90 dBHL) in 33 individuals and varied from 40 to 90 dBHL in the remainder. Thirty-
nine of these individuals had neuroimaging studies, all documenting normal internal carotid
arteries and normal 6th, 7th, and 8th cranial nerves bilaterally. Of these, 27 had normal internal
ear structures with the remaining 12 having mild to modest developmental abnormalities of the
cochlea, semicircular canals, and/or vestibular aqueduct. No patient had homozygous HOXA1
mutations. CONCLUSIONS: None of these patients with non-syndromic deafness had HOXA1
mutations. None had major inner ear anomalies, obvious cerebrovascular defects, or
recognized congenital heart disease. HOXA1 is likely not a common cause of non-syndromic

deafness in this Middle Eastern population.
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Section 3 — Genetic investigation of DRS
Following the publications in Section 2 we focused on further investigating the genetics of DRS.

This section is an overview of our results.

From January 2011 - July 2013 a total of 111 subjects met the clinical characteristics for DRS. All
subjects were enrolled either at KSU or KKESH. Table 2.2 is an overview of this population.
Subjects were divided into three groups. Group 1 are those with DRS as an isolated finding,
referred to as non-syndromic DRS (nsDRS). Group 2 are subjects in which DRS is not an isolated
finding. Here DRS is found in association with at least one other non-ocular motility anomaly.
This could include a medical diagnosis, e.g. Duchene muscular dystrophy, deafness, or an
associated developmental anomaly such as clinodactyly, club foot etc. This group is referred to
as syndromic DRS (synDRS). Group 3 had nsDRS associated with another congenital cranial

dysinnervation disorder (CCDD) phenotype. This group is referred to as DRS plus.

Table 2.2 provides a summary of the genetic analysis for all DRS groups. DNA samples were
obtained in 58% (64/111) of subjects. Confirmation of a suspected mutation or discovery of a
novel genetic mutation occurred in 55% of these (35/64). Twenty-five percent (16/64) were
negative for mutations for known CCDD genes at that time, or following chromosomal analysis
with array CGH technology. Results of genetic analysis are still pending in the remaining 25%

(16/64).

Subjects were identified at the time of their initial visit to either the pediatric ophthalmology or
neuro-ophthalmology service. Subjects were then enrolled into an IRB approved research study
at the appropriate institution. This occurred at the initial visit or during a subsequent
evaluation. After enrollment and informed consent, subjects underwent a full orthoptic
evaluation. As part of our clinical protocol subjects also underwent a pediatric ophthalmology
or neuro-ophthalmology assessment or both. Some subjects also had neuro-imaging and

additional medical investigations.
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In total 33 subjects with genetic results were reported in 12 publications.> 1# 1> 2837 Ten were
reported prior to initiation of the dissertation.> %1537 These publications are shown in Table

2.3. Abstracts of the prospective publications for 21 subjects are provided here.

Abu-Amero, K. K., Kondkar, A. A., Salih, M. A., Alorainy, I. A., Khan, A. O., Oystreck, D.T., &

Bosley, T. M. (2013). Partial chromosome 7 duplication with a phenotype mimicking the HOXA1

spectrum disorder. Ophthalmic Genet, 34(1-2), 90-96.28.28

doi:10.3109/13816810.2012.718850

e Click reference above to see full PDF article

Purpose: To evaluate possible monogenic and chromosomal anomalies in a subject with
bilateral Duane retraction syndrome and hearing impairment resulting in a phenotype

resembling the HOXA1 spectrum disorder.

Methods: Sequencing HOXA1 and performing high resolution array comparative genomic

hybridization (array CGH).

Results: The proband had bilateral Duane retraction syndrome (DRS) with severe hearing loss
bilaterally and an absent right vertebral artery, mimicking the major features of the Bosley-
Salih-Alorainy variant of the HOXA1 spectrum. However, he also had developmental delay, mild
mental retardation, and seizures. His parents were not related, but his father had milder
sensorineural hearing loss bilaterally, and two paternal uncles and a paternal cousin had
seizures. Neuroimaging revealed moderate maldevelopment of inner ear bony anatomy
bilaterally. HOXA1 sequencing was normal, but array CGH revealed a small partial duplication of
chromosome 7 encompassing only the PTPRN2 gene (protein tyrosine phosphatase, receptor
type, N polypeptide 2) that was not present in his parents, an unaffected brother, or 53 normal

ethnically-matched individuals.
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Conclusions: PTPRN2 is not yet linked to a genetic syndrome, although its expression has been
identified in the adult human brain, in certain tumors, and in association with type 1 diabetes
mellitus. The phenotype of this patient is strikingly similar to, but not identical to, that of the
HOXA1 spectrum disorder. The findings in this patient raise the possibility that PTPRN2 may be
active during early development of the human brainstem and that its overexpression may cause

bilateral DRS with hearing loss as occurs in patients with homozygous HOXA1 mutations.

Abu-Amero, K. K., Kondkar, A. A., Alorainy, I. A., Khan, A. O., Al-Enazy, L. A., Oystreck, D. T., &

Bosley, T. M. (2014). Xq26.3 microdeletion in a male with Wildervanck Syndrome. Ophthalmic

Genet, 35(1), 18-24.29.2°

doi:10.3109/13816810.2013.766218

e Click reference above to see full PDF article

Background: Wildervanck Syndrome (WS; cervico-oculo-acoustic syndrome) consists of Duane
retraction syndrome (DRS), the Klippel-Feil anomaly, and congenital deafness. It is much more
common in females than males and could be due to an X-linked mutation that is lethal to

hemizygous males. We present the genetic evaluation of a male with WS and his family.

Materials and Methods: Clinical evaluation and neuroimaging, sequencing of candidate genes,

and array comparative genomic hybridization.

Results: The patient had bilateral type 1 DRS, fusion of almost the entire cervical spine, and
bilateral severe sensorineural hearing loss due to bilateral cochlear dysplasia; he also had
congenital heart disease requiring surgery. His parents were unrelated, and he had eight
unaffected siblings. The patient had no mutation found by Sanger sequencing of HOXA1,
KIF21A, SALL4, and CHN1. He had a 3kB deletion in the X-chromosome at Xg26.3 that was not

found in his mother, one unaffected sibling, or 56 healthy controls of matching ethnicity.
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This deletion encompassed only one gene, Fibroblast Growth Factor Homologous Factor 13
(FGF13), which encodes a 216-amino acid protein that acts intracellularly in neurons

throughout brain development.

Conclusions: Analysis of this patient’s phenotype and genotype open the possibility that X-

chromosome deletions may be a cause of WS with larger deletions being lethal to males and

that FGF13 mutations may be a cause of WS.

Abu-Amero, K. K., Kondkar, A. A., Al Otaibi, A., Alorainy, I. A., Khan, A. O., Hellani, A. M.,

Oystreck, D.T., and Bosley, T. M. (2015). Partial duplication of chromosome 19 associated with

syndromic duane retraction syndrome. Ophthalmic Genet, 36(1), 14-20.30.3°

doi:10.3109/13816810.2013.827218

e Click reference above to see full PDF article

Background: To evaluate possible monogenic and chromosomal anomalies in a patient with
unilateral Duane retraction syndrome, modest dysmorphism, cerebral white matter

abnormalities, and normal cognitive function.

Materials and Methods: Performing high-resolution array comparative genomic hybridization

(array CGH) and sequencing of HOXA1, KIF21A, SALL4, and CHN1 genes.

Results: The proband had unilateral Duane retraction syndrome (DRS) type Il on the right with
low-set ears, prominent forehead, clinodactyly, and a history of frequent infections during early
childhood. Motor development and cognitive function were normal. Parents were not related,
and no other family member was similarly affected. MRI revealed multiple small areas of high
signal on T2 weighted images in cerebral white matter oriented along white matter tracts.

Sequencing of HOXA1, KIF21A, SALL4, and CHN1 did not reveal any mutation(s). Array CGH

22



Stellenbosch University https://scholar.sun.ac.za

showed a 95Kb de novo duplication on chromosome 19q13.4 encompassing four killer cell

immunoglobulin-like receptor (KIR) genes.

Conclusions: KIR genes have not previously been linked to a developmental syndrome, although
they are known to be expressed in the human brain and brainstem and to be associated with
certain infections and autoimmune diseases, including some affecting the nervous system. DRS
and brain neuroimaging abnormalities may imply a central and peripheral oligodendrocyte

abnormality related in some fashion to an immunomodulatory disturbance.

Abu-Amero, K. K., Kondkar, A., Hellani, A. M., Oystreck, D. T., Khan, A. O., & Bosley, T. M.

(2015). Nicotinic Receptor Mutation in a Mildly Dysmorphic Girl with Duane Retraction

Syndrome. Ophthalmic Genet, 36(2), 99-104.31.31

doi:10.3109/13816810.2013.835431

e Click reference above to see full PDF article

Background: To evaluate possible monogenic and chromosomal anomalies in a patient with

unilateral Duane retraction syndrome and modest dysmorphism.

Materials and Methods: Clinical evaluation, sequencing of candidate genes, and array

comparative genomic hybridization (array CGH).

Results: The proband had unilateral Duane retraction syndrome (DRS) with low-set ears
bilaterally, a high arched palate, and clinodactyly. Motor development and cognitive function
were normal. Parents were first cousins, but no other family member was similarly affected. No
mutations were detected in the HOXA1, KIF21A, SALL4, TUBB3, and CHN1 genes. Array CGH
revealed a 16Kb de novo deletion at chromosome 8p11.2 that encompassed a portion of only
one gene, the Cholinergic Receptor, Nicotinic, Beta-3 (CHRNB3, Neuronal). This gene encodes a
protein that is involved in the nicotinic acetylcholine receptor on neurons. It interacts

functionally with other genes that code components of the acetylcholine receptor.
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Conclusions: This patient’s chromosomal abnormality affected only one gene that is highly
expressed in the brainstem and brain, involved in neurotransmission, and could be related to

her Duane retraction syndrome.

Abu-Amero, K. K., Bosley, T. M., Kondkar, A. A., Oystreck, D. T., & Khan, A. O. (2015). CCDD

Phenotype Associated with a Small Chromosome 2 Deletion. Semin Ophthalmol, 30(5-6), 435-

442.32.32
doi:10.3109/08820538.2013.874474

e Click reference above to see full PDF article

Purpose: Some individuals are born with congenital limitation of ocular motility, often
associated with ptosis and retraction of the globe. Many of these disorders are now known as
the congenital cranial dysinnervation disorders (CCDDs). While several genes have been
associated with CCDD phenotypes, there are still patients for whom the genetic basis has not

been identified.

Methods: Clinical evaluation and neuroimaging, sequencing of candidate genes, and array

comparative genomic hybridization (array CGH).

Results: The patient was a four year- old girl with mild dysmorphism; bilateral mild ptosis;
substantial limitation of abduction OS with milder limitations of abduction OD, adduction OS,
and vertical gaze OS; and retraction OS>0D on attempted adduction. No mutations were
detected in the HOXA1, KIF21A, SALL4, TUBB3, and CHN1 genes. Array CGH revealed a 8 Kb de
novo deletion on chromosome 2 (2g24.3) that encompassed a portion of only one gene, the Xin
Actin-binding Repeat containing 2 (Gene Symbol XIRP2; NM_001079810). This gene encodes a
protein that is involved in muscle development and protecting actin filaments from
depolymerization. It interacts functionally with 10 other proteins playing a similar role in

muscle development.
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Conclusions: This patient’s chromosomal abnormality affected only one gene that currently
seems involved only in muscle development. All other genes currently associated with the
CCDDs affect neurologic development. Genetic information from this patient implies that genes
involved in development and maintenance of extraocular muscles can cause congenital

ocular motility disorders as well.

Abu-Amero, K. K., Kondkar, A. A., Oystreck, D. T., Khan, A. O., & Bosley, T. M. (2014).

Microdeletions involving chromosomes 12 and 22 associated with syndromic Duane retraction

syndrome. Ophthalmic Genet, 35(3), 162-169.33.33

doi:10.3109/13816810.2014.921317

e Click reference above to see full PDF article

Background: Duane retraction syndrome (DRS) is the most common of the congenital cranial
Dysinnervation disorders (CCDDs). CCDDs can be monogenic or chromosomal in origin.
Identification of the genetic cause(s) in patients and families with DRS facilitates definitive

diagnosis and provides insights into these developmental errors.

Materials and Methods: This study described a young girl with DRS on the left and several
additional developmental abnormalities. Clinical examination including neuroimaging,
sequencing of candidate genes associated with DRS, and array comparative genomic

hybridization (array CGH) were performed.

Results: The proband had unilateral DRS type 3 on the left with somewhat low-set ears, mild
motor delay with normal intelligence, and an asymmetric neck without a palpable right
sternocleidomastoid muscle. Spine X-rays revealed a Klippel-Feil syndrome (KFS) and an MRI

showed a webbed neck. She also had spina bifida at C8-T1 and a submucosal cleft palate. The
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parents of the proband were related with no other family member affected similarly.
Sequencing of SALL4, CHN1, HOXA1, and TUBB3 did not show any mutation. Array CGH
revealed de novo deletions of 21 Kb on chromosome 12g24.31 and 11 Kb on chromosome
22913.31, each encompassing only one gene, ring finger protein 34, E3 ubiquitin protein ligase

(RNF34) and peroxisome proliferator-activated receptor alpha (PPARA) respectively.

Conclusions: This patient presents an unusual phenotype associated with a unique combination

of two chromosomal microdeletions.

Bosley, T. M., Salih, M. A., Alkhalidi, H., Oystreck, D. T., El Khashab, H. Y., Kondkar, A. A., & Abu-

Amero, K. K. (2016). Duane retraction syndrome in a patient with Duchenne muscular

dystrophy. Ophthalmic Genet, 37(3), 276-280.34.34

doi:10.3109/13816810.2015.1039139

e Click reference above to see full PDF article

PURPOSE: We describe the clinical features of a boy with bilateral Duane retraction syndrome

(DRS), Duchenne muscular dystrophy (DMD), and other medical problems.

METHODS: The child was followed-up for five years; his chart was reviewed, including the
results of a muscle biopsy and genetic testing. Multiplex ligation-dependent probe amplification

(MLPA) was used to interrogate deletions/duplications in the dystrophin gene.

RESULTS: The proband had bilateral DRS with otherwise normal ocular motility; he also had
developmental delay, mild mental retardation, and seizures. Clinical diagnosis of DMD included
progressive proximal weakness, highly elevated creatine kinase levels, and a muscle biopsy
showing significant dystrophic changes including contracted, degenerative, and regenerative
fibers, and negative dystrophin immunostaining. MLPA documented duplication of exons 3 and

4 of the dystrophin gene.
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CONCLUSIONS: This boy is the third patient to be reported with DRS and DMD, the second with
bilateral DRS and the only one with other neurologic features. Mutated dystrophin is present in
extraocular muscles and in the central nervous system (CNS) in DMD, leaving open the question
of whether this co-occurrence is the result of the genetic muscle abnormality, CNS effects

caused by dystrophin mutations, or chance.

Abu-Amero, K. K., Kondkar, A. A., Odan, H. A., Khan, A. O., Oystreck, D. T., & Bosley, T. M.

(2016). Duane Retraction Syndrome Associated with a Small X Chromosome Deletion. Can J

Neurol Sci, 43(3), 445-447.%

doi:10.1017/cjn.2015.358

e Click reference above to see full PDF article

Overview:

This was a single case of 16 year old female with syndromic bilateral DRS type 3. Her main
features in addition to the DRS were cleft palate and mildly reduced hearing. All CCDD
appropriate genes were screened and found to be negative. As a result this patient underwent
high-resolution array-comparative genomic hybridization (array CGH) analysis and found to

have a 12-kb deletion in chromosome X encompassing part of only the dystrophin gene (DMD).

This is another report in which a chromosomal anomaly involving a single gene was isolated in
an individual with congenital complex strabismus. However complex congenital strabismus was
not isolated in this family. Two other members were examined and confirmed to have
disturbance of ocular alignment and motility. The proband’s mother had a history of previous
strabismus surgery. Her right eye had a marked abduction deficit with globe retraction on
adduction. Her left eye had a substantial adduction deficit with a mild abduction deficit and
globe retraction on attempted adduction. The proband’s younger brother had clinical features

most consistent with a congenital left superior oblique palsy.

27



Stellenbosch University https://scholar.sun.ac.za

Significance of this paper:

e This is another report where a mutation in a gene linked to myopathic processes is
present. We previously reported another case of congenital eye movement disorder
associated with the gene XIRP232 that is involved predominantly in muscle development,
implying that the primary genetic abnormality in some subjects with congenital ocular
motility abnormalities may be related to muscle development.

e This is the first report describing mutation in dystrophin gene in a female with DRS.
Three previous reports were males. Of interest subject had a cleft palate as mutations in
dystrophin gene have been associated with oral clefts.

e This report suggests further evaluation on a larger group of subjects with syndromic or
non-syndromic DRS may be required to determine changes in the dystrophin gene.

e Argument given for dystrophin to play a potential role in DRS is as follows:

o In DMD functional dystrophin is missing in postsynaptic regions of cerebellum
and cerebral cortex.

o CNSinvolvement is confirmed by presence of cognitive deficits and increased
cortical excitability

o Presence of dystrophin mutations in either neurologic or ocular muscle tissue (or
both) might play a role in this subject.

o In particular, dystrophin in the embryonic lateral rectus muscle could be a factor
at times in the process of establishing normal development of eom function and
innervation, and dystrophin mutations at times may disturb that process.

¢ Re-introduces the possibility that at times, some CCDD phenotypes may be related to

both myopathic and neurogenic factors.
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Abu-Amero, K. K., Khan, A. O., Oystreck, D. T., Kondkar, A. A., & Bosley, T. M. (2016). The

genetics of nonsyndromic bilateral Duane retraction syndrome. J AAPPQS, 20(5), 396-400

£392.36
doi:10.1016/j.jaapos.2016.06.008

e Click reference above to see full PDF article

Purpose: To assess the importance of monogenic mutations and chromosomal copy number
variants (CNVs) in the occurrence of nonsyndromic bilateral Duane retraction syndrome

(bilateral nsDRS).

Methods: The medical records of 12 patients with bilateral nsDRS were reviewed. Genes
associated with DRS and associated congenital cranial dysinnervation disorders (SALL4, CHN1,
HOXA1, TUBB3, and KIF21A) were sequenced in the standard fashion in each patient. Array
comparative genomic hybridization (array CGH) was performed using Affymetrix Cytogenetics
Whole-Genome 2.7M array, and the results were analyzed using Affymetrix Chromosome
Analysis Suite v1.2. CNVs were assessed as unlikely to be pathologic if they were also present in
the Database of Genomic Variants (DGV) or our local database of array CGH results in 150

normal individuals of Middle Eastern ethnicity.

Results: No patient had a sequence mutation in SALL4, CHN1, HOXA1, TUBB3, or KIF21A.
These 12 patients each had 36-42 chromosomal deletions and/or duplications (mean with
standard deviation, 26.25 +/- 6.77), but all of these CNVs were present either in the DGV or in
our local database of normal individuals of similar ethnicity and, therefore, are considered

nonpathogenic.

Conclusions: The results reported here suggest that bilateral nsDRS is not usually associated
with mutations in these genes or with chromosomal CNVs. Current evidence suggests other
factors such as epigenetic and/or teratogenic abnormalities may be a potential cause of

bilateral nsDRS.
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Table 2.1. Geographical consistency in DRS

Site Orbis international E-consultation King Khaled Eye Specialist Hospital
program
Number 196 404
Laterality Unilateral = 90% Unilateral = 86%
e 34%RE e 24%RE
e 66%LE e 76%LE
Bilateral =10% Bilateral =14%
Gender Male =34% Male =45%
Female = 66% Female = 55%
Type [> 1>l 1 (78%) > Il (19%) > Il (4%)

Table 2.2 Genetic results of subjects with DRS

Sample Genetic results
Group Dx. No. : ' .
obtained Known Screen negative Pending
1 nsDRS 57 19 0 1 .
2 synDRS 53 44 35* 3 0
3 DRS plus 1 1 1
Total | 111 64 35 16 16

Dx = Clinical category; No. = number of subjects; nsDRS = non-syndromic Duane retraction syndrome;
synDRS = syndromic Duane retraction syndrome; DRS plus = nsDRS with other ocular dysmotility
phenotype.*Genetics confirmed in a similarly affected family member.
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Table 2.3 Published DRS subjects

No. Notes Ref

8/9 Genetic mutation confirmed subjects 14
1 subject not phenotyped by DTO.

9/9 Genetic mutation confirmed in subjects 5
Contains 8 subjects reported in 2005 Tischfield and 1 new
subject

4/9 Genetic mutation confirmed in subjects. 15

Only 4 subjects determined to have DRS. Of the
remaining 5, 2 had full ocular movements and 3 were
reported as having horizontal gaze palsy but were not
phenotyped by DTO

1/3 1 subject with bilateral DRS and synergistic divergence 37
was mutation negative when screened for known CCDD
genes.

(See chapter 8.2.1)

1/1 Genetic mutation confirmed in subject 28

1/1 Genetic mutation confirmed in subject 29

1/1 Genetic mutation confirmed in subject 30

1/1 Genetic mutation confirmed in subject 31

1/1 Genetic mutation confirmed in subject 33

1/1 Genetic mutation confirmed in subject 32

1/1 Genetic mutation confirmed in subject 34

1/1 Genetic mutation confirmed in subject 35

12/12 | All subjects with bilateral nsDRS were negative for 36

genetic mutation

33pts

No. = number of subjects with DRS; Ref = Reference number
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Chapter 3: Moebius syndrome (MBS)

Moebius syndrome is a complex developmental disorder of the hindbrain with a broad
phenotype often overlapping with other syndromes. It is felt to have multiple etiological
mechanisms with a yet unknown genetic component.

The major impact of our work has been to improve the clinical diagnostic criteria for this
condition permitting better distinction of subjects with MBS from those having similar but

etiologically distinct conditions.

As of 2016, a total of 123 subjects have been examined with a presumed diagnosis of MBS. An
additional 45 subjects have since been examined but are not included in this dissertation. The
investigations of these 123 subjects has resulted in 5 publications to date. Table 3.1

summarizes these reports.

Important findings were that it is not uncommon for patients presenting with a diagnosis of
with MBS to actually not have the condition. The genetic basis of MBS remains unknown
however the phenotypic and genetic distinction of MBS from other overlapping disorders is

now better elucidated as illustrated in the PDF article included this chapter.
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Table 3.1. Publications arising from the assessment of MBS subjects.

Publication Significant findings Chapter
discussed
Rankin 2010%* | Reports 25 subjects that would later be included in MacKinnon 2014. | Chapter 2
Due to phenotypic overlap with HOXA1 spectrum, these subjects
were analyzed for mutations in HOXA1 gene. All were mutation
negative for HOXA1 mutations.
Webb 20123 | Reported 2 siblings that would be later included in MacKinnon 2014. | Chapter 8
Both were found to have mutations in HOXB1 gene and did not meet
minimum diagnostic criteria for MBS.
Chew 2013% Report includes 2 subjects that would later be included in Chapter 4
MacKinnon 2014.
Both were found to have TUBB3 — E410K mutations and did not
meet minimum diagnostic criteria for MBS.
MacKinnon See full article below. Chapter 3
2014%
Summary of non-MBS subjects identified:
2 patients — mother and son with autosomal dominant congenital
facial palsy (HCFP)
2 siblings with comitant strabismus, facial palsy and sensorineural
hearing loss who were positive for mutation in HOXB1 (see Webb
2012)
4 unrelated subjects found to have mutations in TUBB3.
e 2 subjects with TUBB3-E410K mutations (see Chew 2013)
o 1 subject with TUBB3-262H mutation
o 1 subject with TUBB3-E410V mutation
2017 Di Identifies Carey-Fineman-Ziter syndrome (CFZS), a congenital Chapter 8
Gioia™ myopathy, as another explanation for an atypical MBS phenotype.
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MacKinnon, S., Oystreck, D. T., Andrews, C., Chan, W. M., Hunter, D. G., & Engle, E. C. (2014).
Diagnostic distinctions and genetic analysis of patients diagnosed with moebius syndrome.
Ophthalmology, 121(7), 1461-1468.%°

doi:10.1016/j.0phtha.2014.01.006

OBJECTIVE: To improve diagnostic assessment in Moebius syndrome by (1) creating more

selective diagnostic subgroups and (2) conducting genetic evaluation in a large patient cohort.

DESIGN: Prospective, observational study.

PARTICIPANTS: Attendees of 3 consecutive Moebius syndrome conferences held in the United

States, with a prior diagnosis of Moebius syndrome, were invited to participate.

METHODS: Participants underwent standardized ophthalmologic examination for Moebius
syndrome minimum diagnostic criteria (MDC) (congenital, nonprogressive facial palsy, and

abduction deficit) and genetic testing for HOXA1, HOXB1, and TUBB3 mutations.

MAIN OUTCOME MEASURES: The number of patients meeting MDC and the number of patients

with confirmed genetic mutation.

RESULTS: A total of 112 participants from 107 families enrolled. Nineteen percent of
participants (21/112) did not meet accepted MDC for Moebius syndrome because they had
abduction deficits without facial palsy or facial palsy with full ocular motility. All 5 families with
2 affected individuals had at least 1 family member in this category, including 2 siblings with
comitant strabismus who harbored a HOXB1 mutation. Four unrelated participants, also not
meeting MDC, had large-angle exotropia, vertical gaze deficiency, and ptosis consistent with
congenital fibrosis of the extraocular muscles type 3 (CFEOM3); 1 patient harbored a novel
TUBB3 mutation, and 3 patients harbored previously reported de novo TUBB3 mutations. Three

percent of participants (3/112) met MDC but also had restricted vertical gaze. The remaining 88
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participants (79%) met MDC and had full vertical gaze. This group had relatively homogeneous
findings, and none had a family history of Moebius syndrome. Two previously undescribed
phenomena were observed in this category: (1) volitional Bell's phenomenon and (2) intorsion

with fixation.

CONCLUSIONS: Although the genetic contributors to classic Moebius syndrome remain elusive,
accuracy in clinical evaluation will properly subdivide patients to facilitate genetic testing as
new candidate genes are identified. Failure to test ocular motility may lead to misdiagnosis of
Moebius syndrome, especially in patients who have facial palsy with full ductions. Patients with
exotropia, vertical gaze limitation, and ptosis do not have classic Moebius syndrome and may
have TUBB3 mutations associated with CFEOM3. To optimize genetic analysis, we propose

adding "full vertical motility" to the MDC for Moebius syndrome.
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@D Lo donaer

Diagnostic Distinctions and Genetic Analysis
of Patients Diagnosed with Moebius Syndrome

Sarah MacKinnon, MSc, OC(C),'* Darren T. Oystreck, MMedSei, OC(C),'*** Caroline Andrews, MS,"?
Wai-Man Chan, M5, David G. Hunter, MD, PhD, " * Elizabeth C_ Engle, MD#/5.783.:

Objectiver To improve diagnostic assessment in Mosbius syndromea by (1) creating more salective diag-
nastic subgroups and 2) conducting ganetic evaluation in a large patiant cohort.

Design: Prospectiva, obsarvational study.

Participants: Attendess of 3 consacutive Moabius syndroma confarencas held in the Unitad States, with a
prior dagnosis of Moabius syndroma, wara invited to participate.

Methods: Participants underwant standardized ophthalmologic examination for Moabius syndrome mini-
mum diagnostic criteria (MDC) fcongenital, nonprogressive facial palsy, and abduction deficit) and ganetic tasting
for HOXA 1, HOXBT, and TUBE3 mutations.

Main Oufcome Measures: Tha number of patients maeating MDC and the numbsar of patiants with corfirmead
ganatic mutation.

Results: Atotal of 112 participants from 107 families enrollad. Minetean pancant of participants 21/112) did not
meat accapted MDG for Moabius syndrome bacausa they had abduction deficits without facial palsy or facial palsy
with full acular motility. All 5 families with 2 affected individuals had at least 1 family mamber in this category,
including 2 sibilings with comitant strabismuswho harbored a HOXEB 7 mutation. Four unral ated participants, also not
maating MDC , had large-angle exotropia, vartical gare deficiancy, and ptosis consistent with conganital fibrosis of
the extraccular musclas type 3 {CFEOM3); 1 patient harbored a novel TUBE3 mutation, and 3 patients harboned
praviously reportad de nove TUBS3 mutations. Three parcert of participarts 3/112) mat MDC but also had
restrictad vertical gaza. The ramaining 88 participants (79%) mat MDC and had full vertical gaze. This group had
ralativaly homoganeous findings, and nona had a family history of Mosbius syndroma. Two previously undescribad
phanomena wara obsarved in this category: (1) volitional Ball's phanomenon and 2) intorsion with fixation.

Conclusions: Although tha genatic contributors to dassic Moabius syndrome remain alusive, accuracy in
dlinical evaluation will properly subdivide patiants to facilitate genetic testing as new candidate ganes are
idantifiad Failure to tast ocular motility may laad to misdiagnosis of Moabius syndroma, espadially in patiants
whao have facial palsy with full ductions. Patients with exotropia, wertical gaze limitation, and ptosis do not have
dassic Moabius syndrome and may have TUBB3 mutations associated with CFEOM3. Tooptimize ganetic analysis,
wa propose adding "full wertical matility” to tha MDC for Mosbius syndrome. Ophthalmalogy 2074, 127 :1451-
1468 © 2074 by the Amevican Academy of Ophthal mology.
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Chapter 4: Congenital Fibrosis of the Extraocular muscles (CFEOM)

This chapter involves a heterogeneous group of disorders defined by having congenital non-
progressive ocular motility deficits associated with ptosis. These are referred to as congenital
fibrosis of the extraocular muscles (CFEOM).

The work presented here summarizes the enrolled subject population. It includes publications
that enhance clinical descriptions in genetically confirmed variants as well as report new
genetic syndromes that include CFEOM. At initiation of the dissertation three main phenotypes
were reported, each already having an identified monogenic cause. CFEOM1 was an autosomal
dominant form arising from mutations in KIF21A, CFEOM2 was autosomal recessive arising
from mutations in PHOX2A, while CFEOM3 was autosomal dominant but had a greater
phenotypic spectrum. Mutations in two different genes could lead to a CFEOM3 phenotype.
First was KIF21A, but found to rarely be the cause of CFEOM1. The second gene was TUBB3
and could result in isolated CFEOM or CFEOM associated with neurologic, cognitive, or medical
problems. As a result there was a need to expand the classification of CFEOM3 to include
CFEOMS3A and CFEOM3A plus when due to mutations in TUBB3, and CFEOM3B in the setting of
KIF21A mutations. This expansion started the unravelling of a classification system, which up to
that point, had good phenotype-genotype correlations. This became more evident as
additional individuals were genotyped. An overview of the status of CFEOM at this time was

reported as part of a textbook chapter in 2010* (link to full PDF) and in 2011 as part of a review

article?® (link to full PDF). These in part led to the development of the KSU ophthalmic genetics

program as it was clear more phenotypes and genotypes were yet to be identified.
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Summary of CFEOM research

A total of 105 subjects (13% total population) met criteria for CFEOM. A genetic diagnosis was
confirmed in 47/105 subjects (45%). Results are still pending 28/105 (27%). Three individuals
given a diagnoses of CFEOM were negative for a mutation in the known CFEOM genes and the
currently known CCDD genes. This suggests most CFEOM phenotypes arise from mutations in
previously identified genes, highlighting the importance of a careful clinical evaluation. It also
indicates additional genotypes still need to be identified. Table 4.1 provides a breakdown of
the CFEOM type and the results of the genetic analysis. Given that two genes accounted for
98% of all CFEOM this should be ideal for genotype-phenotype correlations. However, this

would not be the case.

Thirty-five subjects were reported in 8 publications of which the candidate was an author in 7
(Table 4.2).2639,40,42-46 The 28 subjects reported prior to initiation of the dissertation were
instrumental in identifying orthoptic features to better distinguish CFEOM variants from other
congenital eye movement disorders, as well as the CFEOM subtypes from each other.

These are summarized below and organized by clinical diagnosis and any accompanying

publication.

CFEOM1

A total of 20 subjects were given a CFEOM1 phenotype. Four members from 1 family were
found to have mutation in KIF21A. Features of this family were included in review articles
outlining phenotypic distinctions from other CFEOM variants.?® 4% 4> Full articles are included in
appendix section for chapter 4*2 and in chapter 9.2 4> Genetic results are pending in the

majority of these individuals (14/20).

CFEOM2
Twenty-eight subjects were found to have a CFEOM?2 phenotype of which 22 undergoing
genetic analysis were confirmed to have mutations in the same gene (PHOX2A). A cohort of

this group was extensively studied and reported in the following two publications.
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Bosley, T. M., Oystreck, D. T., Robertson, R. L., al Awad, A., Abu-Amero, K., & Engle, E. C. (2006).

Neurological features of congenital fibrosis of the extraocular muscles type 2 with mutations in

PHOX2A. Brain, 129(Pt 9), 2363-2374.4

doi:10.1093/brain/awl161

e Click reference above to see full PDF article

Congenital fibrosis of the extraocular muscles type 2 (CFEOM?2) is a complex strabismus
syndrome that results from mutations in the homeodomain transcription factor PHOX2A. To
define the clinical and neuroimaging features of patients with this autosomal recessive
syndrome, we studied 15 patients with genetically defined CFEOM?2. All patients underwent full
neurological, neuro-ophthalmological and orthoptic assessments. Twelve patients had pupillary
pharmacological testing and nine had 3.0 tesla MRI of the brain, brainstem and orbits. Patients
were born with severe bilateral ptosis and exotropia with almost complete bilateral absence of
adduction, elevation, depression and intorsion. Variable abduction was present prior to
strabismus surgery in 14 patients, and central ocular motility reflexes (smooth pursuit,
saccades, vestibulo-ocular reflex and optokinetic reflex) were intact except for convergence.
Pupillary light and near reflexes were not present, but irises were anatomically normal and
responded to pupillary pharmacology. Neuroimaging of brain and brainstem was remarkable
for the anatomical absence of cranial nerve (CN) 3 and probably CN 4 bilaterally. Therefore, the
CFEOM2 phenotype and neuroimaging are both consistent with the congenital absence of CNs
3 and 4. Additional features included presence of most central ocular motility reflexes, a central
lack of pupillary responsiveness of uncertain etiology and modest phenotypic variability that
does not correlate with specific PHOX2A mutations. Clinical presentation, neuroimaging and
Phox2a-/- animal models all support the concept that CFEOM2 is a primary neurogenic

abnormality with secondary myopathic changes.

Significance of publication:
This was the first formal phenotypic description of individuals with PHOX2A mutations.

Characterization of orthoptic features and neuro-imaging findings confirmed CFEOM2 due to
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PHOX2A mutations fall within in the category of CCDD and that PHOX2A does not affect
supranuclear or central horizontal gaze mechanisms. It also confirmed a lack of mutation-
phenotype correlations and verified that mutations to date result in complete loss of function.
It also determined these individuals do not have major somatic anomalies or other autonomic,
cognitive or focal neurological abnormalities.

The complex strabismus patterns in these individuals led to further refinement of an ocular
alignment and motility scoring template that would be applied to all future subjects. This
included modification of traditional scoring method to include deficits greater than -4 and the
need to document ‘resting’ globe positions. This was also the first CCDD confirmed to have
pupil involvement and led to the development of a pupil testing protocol when evaluating other

CCDDs.

Khan, A. O., Alimutlag, M., Oystreck, D. T., Engle, E. C., Abu-Amero, K., & Bosley, T. (2016).

Retinal Dysfunction in Patients with Congenital Fibrosis of the Extraocular Muscles Type 2.

Ophthalmic Genet, 37(2), 130-136.4¢

doi:10.3109/13816810.2014.926942

e Click reference above to see full PDF article

INTRODUCTION: Congenital fibrosis of the extraocular muscles type 2 (CFEOM2) is a distinct
non-syndromic form of congenital incomitant strabismus secondary to orbital dysinnervation
from recessive mutations in the gene PHOX2A. The phenotype includes bilateral ptosis, very
large angle exotropia, ophthalmoplegia, and poorly-reactive pupils. Other than amblyopia,
afferent visual dysfunction has not been considered part of CFEOM2; however, we have
repeatedly observed non-amblyopic subnormal vision in affected patients. The purpose of this

study was to document this recurrent feature of the phenotype.

METHODS: A retrospective case series (2002-2012).
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RESULTS: Eighteen patients (four families) were identified; all affected individuals had
confirmed homozygous recessive PHOX2A mutations except one individual for whom genetic
testing was not done because of multiple genetically confirmed family members. Age at
assessment ranged from 5-62 years old (median 10 years old). All patients had decreased best-
corrected visual acuity not completely explainable by amblyopia in both the preferred and non-
preferred eye. In those patients who had further ancillary testing, visual fields (five patients)

and electroretinography (10 patients) confirmed abnormalities not ascribable to amblyopia.

CONCLUSIONS: In addition to a distinct form of congenital incomitant strabismus, the
phenotype of CFEOM2 includes subnormal vision consistent with retinal dysfunction. This could

be the direct result of PHOX2A mutations or a secondary effect of orbital dysinnervation.

Significance of publication:
This study demonstrated this CFEOM subtype may have afferent system defect in conjunction
with significant efferent system dysfunction. Therefore individuals with suspected or confirmed

CCDDs should have a complete ophthalmological evaluation.

CFEOM3

Fifty-seven subjects had a phenotype consistent with CFEOM3. Eighteen subjects were
confirmed to have a mutation in one of two genes, TUBB3 (n=10) or KIF21A (n=8) while 3
individuals were mutation negative for all known CCDD genes. Twelve patients were reported
in 6 publications.26 39:40.42,43,45 Three of these publications are outlined below, another 3 are

discussed later in Chapter 8.
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Yamada, K., Chan, W. M., Andrews, C., Bosley, T. M., Sener, E. C., Zwaan, J. T., et al (2004).
Identification of KIF21A mutations as a rare cause of congenital fibrosis of the extraocular
muscles type 3 (CFEOM3). Invest Ophthalmol Vis Sci, 45(7), 2218-2223.43
PMID: 15223798

e No PDF provided

PURPOSE: Three congenital fibrosis of the extraocular muscles phenotypes (CFEOM1-3) have
been identified. Each represents a specific form of paralytic strabismus characterized by
congenital restrictive ophthalmoplegia, often with accompanying ptosis. It has been
demonstrated that CFEOM1 results from mutations in KIF21A and CFEOM2 from mutations in
PHOX2A. This study was conducted to determine the incidence of KIF21A and PHOX2A
mutations among individuals with the third CFEOM phenotype, CFEOM3.

METHODS: All pedigrees and sporadic individuals with CFEOM3 in the authors' database were
identified, whether the pedigrees were linked or consistent with linkage to the FEOM1, FEOM?2,
and/or FEOM3 loci was determined, and the appropriate pedigrees and the sporadic individuals

were screened for mutations in KIF21A and PHOX2A.

RESULTS: Twelve CFEOM3 pedigrees and 10 CFEOM3 sporadic individuals were identified in the
database. The structures of eight of the pedigrees permitted the generation of meaningful
linkage data. KIF21A was screened in 17 probands, and mutations were identified in two
CFEOM3 pedigrees. One pedigree harbored a novel mutation (2841G-->A, M947I) and one
harbored the most common and recurrent of the CFEOM1 mutations identified previously
(2860C-->T, R954W). None of CFEOM3 pedigrees or sporadic individuals harbored mutations in
PHOX2A.

CONCLUSIONS: The results demonstrate that KIF21A mutations are a rare cause of CFEOM3 and

that KIF21A mutations can be nonpenetrant. Although KIF21A is the first gene to be associated
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with CFEOM3, the results imply that mutations in the unidentified FEOM3 gene are the more

common cause of this phenotype.

Significance of publication:

The candidate was not part of this publication. However affected individuals from the Saudi
family were later examined by myself and confirmed to have a CFEOM3 phenotype.

Two of five affected members from a second Saudi family (not published - ID 322987-7,
322969-6) were also found to have CFEOM3 phenotypes further weakening the once definitive

CFEOM1-KIF21A phenotype-genotype correlation.

Oystreck 201126 p70-71 provides a full description of one member from each CFEOM-KIF21A

family. Full article is provided in chapter 9. (link to full PDF)
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Chew, S., Balasubramanian, R., Chan, W. M., Kang, P. B., Andrews, C., Webb, B. D., MacKinnon,

S.E., Oystreck, D.T., Rankin, J, Crawford, T.O., Geraghty, M., Pomeroy, S.L., Crowley Jr, W.F.,

Jabs, E.W., Hunter, D.G., Grant, P, Engle, E.C. (2013). A novel syndrome caused by the E410K

amino acid substitution in the neuronal beta-tubulin isotype 3. Brain, 136(Pt 2), 522-535.3°

doi:10.1093/brain/aws345
e Click reference above to see full PDF article

e Briefly discussed in chapter 3

Missense mutations in TUBB3, the gene that encodes the neuronal-specific protein beta-tubulin
isotype 3, can cause isolated or syndromic congenital fibrosis of the extraocular muscles, a form
of complex congenital strabismus characterized by cranial nerve misguidance. One of the eight
TUBB3 mutations reported to cause congenital fibrosis of the extraocular muscles, c.1228G>A
results in a TUBB3 E410K amino acid substitution that directly alters a kinesin motor protein
binding site. We report the detailed phenotypes of eight unrelated individuals who harbour this
de novo mutation, and thus define the 'TUBB3 E410K syndrome'. Individuals harbouring this
mutation were previously reported to have congenital fibrosis of the extraocular muscles, facial
weakness, developmental delay and possible peripheral neuropathy. We now confirm by
electrophysiology that a progressive sensorimotor polyneuropathy does indeed segregate with
the mutation, and expand the TUBB3 E410K phenotype to include Kallmann syndrome
(hypogonadotropic hypogonadism and anosmia), stereotyped midface hypoplasia, intellectual
disabilities and, in some cases, vocal cord paralysis, tracheomalacia and cyclic vomiting.
Neuroimaging reveals a thin corpus callosum and anterior commissure, and hypoplastic to
absent olfactory sulci, olfactory bulbs and oculomotor and facial nerves, which support
underlying abnormalities in axon guidance and maintenance. Thus, the E410K substitution
defines a new genetic aetiology for Moebius syndrome, Kallmann syndrome and cyclic
vomiting. Moreover, the ¢.1228G>A mutation was absent in DNA from approximately 600
individuals who had either Kallmann syndrome or isolated or syndromic ocular and/or facial
dysmotility disorders, but who did not have the combined features of the TUBB3 E410K

syndrome, highlighting the specificity of this phenotype-genotype correlation. The definition of
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the TUBB3 E410K syndrome will allow clinicians to identify affected individuals and predict the

mutation based on clinical features alone.

Significance of publication:
Further confirmation CFEOM arises from mutation in TUBB3. Also confirms another syndromic

CFEOMS3 phenotype and supports the increasing information that there are mutation-specific

TUBB3 phenotypes.

45



Stellenbosch University https://scholar.sun.ac.za

MacKinnon, S., Oystreck, D. T., Andrews, C., Chan, W. M., Hunter, D. G., & Engle, E. C. (2014).
Diagnostic distinctions and genetic analysis of patients diagnosed with moebius syndrome.
Ophthalmology, 121(7), 1461-1468.%°

doi:10.1016/j.0phtha.2014.01.006

e See chapter 3 for full article

OBJECTIVE: To improve diagnostic assessment in Moebius syndrome by (1) creating more
selective diagnostic subgroups and (2) conducting genetic evaluation in a large patient cohort.

DESIGN: Prospective, observational study.

PARTICIPANTS: Attendees of 3 consecutive Moebius syndrome conferences held in the United
States, with a prior diagnosis of Moebius syndrome, were invited to participate. METHODS:
Participants underwent standardized ophthalmologic examination for Moebius syndrome
minimum diagnostic criteria (MDC) (congenital, nonprogressive facial palsy, and abduction

deficit) and genetic testing for HOXA1, HOXB1, and TUBB3 mutations.

MAIN OUTCOME MEASURES: The number of patients meeting MDC and the number of patients

with confirmed genetic mutation.

RESULTS: A total of 112 participants from 107 families enrolled. Nineteen percent of
participants (21/112) did not meet accepted MDC for Moebius syndrome because they had
abduction deficits without facial palsy or facial palsy with full ocular motility. All 5 families with
2 affected individuals had at least 1 family member in this category, including 2 siblings with
comitant strabismus who harbored a HOXB1 mutation. Four unrelated participants, also not
meeting MDC, had large-angle exotropia, vertical gaze deficiency, and ptosis consistent with
congenital fibrosis of the extraocular muscles type 3 (CFEOM3); 1 patient harbored a novel
TUBB3 mutation, and 3 patients harbored previously reported de novo TUBB3 mutations. Three
percent of participants (3/112) met MDC but also had restricted vertical gaze. The remaining 88

participants (79%) met MDC and had full vertical gaze. This group had relatively homogeneous
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findings, and none had a family history of Moebius syndrome. Two previously undescribed
phenomena were observed in this category: (1) volitional Bell's phenomenon and (2) intorsion

with fixation.

CONCLUSIONS: Although the genetic contributors to classic Moebius syndrome remain elusive,
accuracy in clinical evaluation will properly subdivide patients to facilitate genetic testing as
new candidate genes are identified. Failure to test ocular motility may lead to misdiagnosis of
Moebius syndrome, especially in patients who have facial palsy with full ductions. Patients with
exotropia, vertical gaze limitation, and ptosis do not have classic Moebius syndrome and may
have TUBB3 mutations associated with CFEOM3. To optimize genetic analysis, we propose

adding "full vertical motility" to the MDC for Moebius syndrome.

Significance of publication:

Careful orthoptic evaluations identified CFEOM3 phenotypes in a large population of individuals
with presumed MBS (see Chapter 3). In all four cases a mutation in TUBB3 was found showing
evidence that the term MBS-like used in previous reports are likely patients with CFEOM due to

TUBB3 mutations.
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Table 4.1 Genetic results of subjects with CFEOM

Dx No. Sample Genetic results
obtained Known Screen negative Pending
CFEOM1 20 16 4 0 12
CFEOM2 28 23 22* 0 3
CFEOM3 57 35 18* 3 13
Total 105 74 47 0 28

Dx = Clinical diagnosis; No. = number of subjects; CFEOM1, 2, or 3 = congenital fibrosis of the extraocular

muscles type 1, 2, or 3.

*Genetic mutations were presumed in 1 patient with CFEOM2 and 6 patients with CFEOM3 due to
having a similarly affected sibling with confirmed mutation in the gene.
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Table 4.2 Published CFEOM subjects

No. Significant findings Ref | Chapter
discussed

6/63 Subjects reported as part of large multisite study investigating | 43 Chapter 4
KIF21A as the cause of CFEOM3.

1t paper to report KIF21A mutations can result in CCEOM3
phenotype.

Candidate not an author but would later phenotype all 6 of
these individuals (family 1) and report two members in future

publications focusing on phenotype-genotype correlations.®
45

15/15 | Detailed neurologic and orthoptic reports on subjects with 44 Chapter 4
mutations in PHOX2A.

5/12 Report of CFEOM1,2, and 3 phenotypes as part of textbook 42 Chapter 4

chapter.

6/9 Report of CFEOM1,2, and 3 phenotypes as part of a Review 26 Chapter 9
article.

1/5 Describes subject with CFEOM3 due to mutation in KIF21A. 45 Chapter 9

2/8 Reports new syndrome arising from novel de novo mutation 39 Chapter 4
in TUBBS3.

4/112 | Reports subjects with atypical MBS phenotype have CFEOM 40 Chapter 3
due to specific TUBB3 mutations.

14/18 | Investigation of afferent visual functioning in genetically 46 Chapter 4
confirmed subjects with CFEOM?2

35ptst

No. = number of patients with CFEOM examined by candidate/total number of subjects in publication;
Ref = Reference; Tt = Subjects counted only once. Several have been reported in more than 1
publication.
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Chapter 5: Orbitofacial neurofibromatosis type 1 (OFNF)

Neurofibromatosis is an autosomal dominant, neurocutaneous disorder. We examined 96
subjects with NF1 and noticed some individuals had a more severe phenotype consisting of
neurofibromas involving the lid, brow, face, and orbit. We referred to this group as orbitofacial
neurofibromatosis type 1 (OFNF). The original intent of our research was to perform expression
studies in families with multiple affected members with OFNF and/or NF1. All individuals
enrolled into this study were screened for neurofibromas and received an orthoptic

examination to determine their binocular vision status.
The following publications arose from the assessment of 62 individuals with OFNF. Reported

here were the clinical features and treatment outcomes,*” afferent system disorders,*® and

disruptions to ocular motility and alignment*® in this unique population.

Chaudhry, I. A., Morales, J., Shamsi, F. A., Al-Rashed, W., Elzaridi, E., Arat, Y. O., Jacquemin, C.,

Oystreck, D.T., Bosley, T. M. (2012). Orbitofacial neurofibromatosis: clinical characteristics and

treatment outcome. Eye (Lond), 26(4), 583-592.47

doi:10.1038/eye.2011.336

e Click reference above to see full PDF article

PURPOSE: To report clinical observations and surgical management in a large series of patients
with orbitofacial neurofibromatosis type 1 (OFNF).

PATIENTS AND METHODS: Patients were identified and medical records reviewed for
demographic data, ophthalmologic examinations, surgical interventions, and procedure
outcome to create a retrospective, non-comparative case series of patients with OFNF seen at
one medical centre over a 23-year period.

RESULTS: Sixty patients with OFNF (31 females and 29 males; mean age, 14 years) were
followed for an average of 5.7 years. Presenting signs and symptoms included eyelid swelling in

all patients, ptosis in 56 (93.3%), proptosis in 34 (56.6%), dystopia or strabismus in 30 (50%),
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and decreased visual acuity in 50 (83.3%). Surgical intervention included ptosis repair in 54
(90%; mean 1.6 surgical procedures), facial and orbital tumour debulking in 54 (90%; mean 2.3
surgeries), and canthoplasty in 28 (46.6%) patients. Eleven patients required enucleation or
exenteration of a blind eye.

CONCLUSION: Patients with OFNF often require multiple procedures to preserve vision, prevent
additional disfigurement, and achieve cosmetic rehabilitation. Patients need regular
ophthalmological monitoring given the potential for progressive visual and cosmetic

consequences.

Significance of publication:
This retrospective study led to formal prospective research projects that would eventually
include multiple institutions and several sub-specialties within ophthalmology as well as

radiology, and genetics.

Oystreck, D. T., Morales, J., Chaudhry, I, Alorainy, I. A., Elkhamary, S. M., Pasha, T. M., &
Bosley, T. M. (2012). Visual loss in orbitofacial neurofibromatosis type 1. Ophthalmology,
119(10), 2168-2173.

doi:10.1016/j.0phtha.2012.04.032

e Full article provided below

PURPOSE: On occasion, neurofibromas in neurofibromatosis type 1 may be present on the lid,
brow, or face of an infant or child, a circumstance commonly referred to as "orbitofacial
neurofibromatosis" (OFNF). The present study evaluates the causes and extent of visual loss in

a group of patients with OFNF.

DESIGN: Case series. PARTICIPANTS: Fifty-five patients with OFNF. METHODS: Retrospective

medical record review and reexamination of selected patients from one institution. MAIN
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OUTCOME MEASURES: Visual acuity and identification of underlying cause of reduced vision.

RESULTS: Fifty patients with unilateral OFNF (23 male, 27 female, aged 4-48 years at last visit)
and 5 patients with bilateral OFNF (2 male, 3 female, aged 15-43 years) had adequate
information available to assess afferent visual functioning. Nine patients (4 male, 5 female,
aged 4-28 years) had optic pathway glioma (OPG) in addition to OFNF. Patients were followed
as long as 27 years (mean 8.4 years). Thirty-nine patients (71% of total) had visual acuity of
</=20/60 on the side of OFNF involvement (or the side of worse OFNF involvement in patients
with bilateral disease). One or more causes of amblyopia were present in 29 of these patients,
19 patients had organic disease of the eye (e.g., glaucoma or retinal detachment) or the

afferent system (e.g., OPG), and 12 patients had correctable refractive errors.

CONCLUSIONS: Visual loss in this OFNF cohort was common, typically profound, and usually
multifactorial. Some causes of visual loss (including congenital glaucoma with buphthalmos and
retinal detachment, disconjugate gaze due in part to distorted skull development causing
strabismic amblyopia, and OPG) were difficult to treat adequately and tended to cause
progressive, profound visual loss. Therefore, careful observation should be made during the
period of visual immaturity for possible causes of amblyopia that might be treatable, such as
refractive changes, occlusion of the visual axis, or congenital glaucoma. As affected individuals
get older, physicians must be vigilant for the progression of optic nerve disease due to

glaucoma or OPG and to the possibility that vision might be improved by refraction.
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Visual Loss in Orbitofacial Neurofibromatosis
Type 1

Diarren T Orysredk, hﬂvladgn OC(C)," Jose h[clmiﬂfhm Irmiaz Ci"uuﬂl:rjl,h[ﬂ PhD ?
Ibrahim A. Alorainy, MD* Sahar M. Eﬂchmur:g MD,* Taha M. U. Pasha, MEBS," Tﬁam.nsM.Eusiey, MD'

: On ocecasion, neurofibromas in neurcfibromatosis type 1 may be presant on the lid, brow, or face
of an infant or child, a circumstance commonly refermed to as “orbitofacial neurcfibromatosis™ (OFNF). The
presant study evaluates the causes and axtent of visual loss in a group of patients with OFNF.

Design: Casa sarias.

Pariicipants: Fifty-five patients with OFNF.

Methods: HRetrospective medical record review and reexamination of selected patients from one
institution.

Main Quicome Measures: Visual acuity and identification of underlying cause of reduced vision.

Resufts: Fifty patients with unilataral OFMF (23 male, 27 fomala, aged 4—48 years at [ast visit) and 5 patients
with bilataral OFNF (2 male, 3 femala, aged 15—43 years) had adequate information available to assess afferant
visual functioning. Mine patients (4 male, 5 femala, aged 4-28 years) had optic pathway glioma (OPG) in addition
to OFNF. Patients ware followed as long as 27 years (mean 8.4 years). Thirty-nine patients (71% of total) had
visual acuity of =20/60 on the side of OFNF involvemant [or the side of worse OFNF involvement in patients with
bilateral diseasa). One or mora causas of amblyopia wera prasent in 29 of these patients, 19 patients had crganic
disaase of the eya (2.9., glaucoma or retinal detachment) or the afferant system (o.g., OPG), and 12 patiants had
comectable refractive emors.

Conclusions: Visual loss in this OFNF cohort was common, typically profound, and usually multifactorial.
Some causes of visual loss (including congenital glaucoma with buphthalmos and retinal detachment, discon-
mggmdmnpanmdumtaUSMIdnvﬂnmmm strabismic amblyopia, and OPG) wera difficult to

freat adequataly and tended to cause progressive, profound visual loss. Tharefora, careful obsanvation should be

made during the perod of visual immaturity for possible causes of amblyopia that might be treatabla, such as

refractive changes, occlusion of the visual ads, or congenital glaucoma. As affected individuals get ocldar,

physicians must be vigilant for the pmgmsmniuphcrﬂ'mcism due to glaucoma or OPG and to the
refraction.

possibility that vision might be improved by
Financial Disclosure|s):

:  The authors) have no propristany or commercial interast in any materials discussed
in this articla. Ophthaimology 2012;119:2168-2173 © 2012 by tha Amarncan Academy of Ophthalmology.

Meurofibromatosis type 1 {NF1; von Recklinghausen dis-
ease; Online Mendelian Inheritance in Man 162300} is a
fairly frequent (1 im 3000 live births) autosomal dominant,
newrncutaneouns disorder that has considerable clinical vari-
ahility, the potential for multisystem involvement.” and the
possibility of malignant transformation.? Neurofibromas can
also canse devastating functional and cosmetic effects. In
oehitofacial neurofibromatosis (OFNF) type 1, which occurs
in 1% to 22% of patients with NF1, newrofibromas may
result in progressive, disfiguring tumors of the orbit and
face.’*

Owhitofacial neurofibromatosis has been recognized as a
unique varignt of NF1 for many wears® From earliest
reports, newrofibromas involving the face in infancy and
early childhood have been recognized as virtually a separate
syndrome because of the aggressiveness of these infiltrating
tumors.® For reasons not currently understood, these tomors
almost always occur over only 1 side of the face, typically
favoring the upper eyelid, brow, and temporal region, al-
though hilateral OFNF has been reported.” ! Tumoss in the

2168 3012 by the Amenicen Acsdemy of CphBulmelogy

Poblished by Elevier knc

omebitofacial region generally have a higher growth rate than
newrofibromas elsewhere in the body; agpressiveness is
most striking in early childhood and tends to improve some-
what as the individual ages 1712

Substantial attention has been given to the natural history
and treatment of optic pathway gliomas (OPGs),'*" bat
the wvisnal consequences of OFNF have mot received as
much attention. Globe enlargement affecting refraction oc-
curs frequently on the affected side of patients with
OFNF;"" some of these patients dewa]ug glaucoma, buat
others do not ™' Both neuroimaging® ™' and clinical re-
poris™ have documentad that newrofibromas are commoaly
present in the orbit and cavernous sinus and are frequently
contiguous to globes that are abnormally large and to bony
changes in the skull and orbit.®' This suppests the possibil-
ity of optic nerve compression by newrofibroma or dysplas-
tic bone within the orhital strocture, but the visual implica-
tions of these observations have not been carefully
evaluated. This study evaluates the frequency, severity, and
cause of visual loss in a large group of patients with OFNE.

ESEN 016164201 2552 [val maker
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Oystreck, D. T., Alorainy, I. A., Morales, J., Chaudhry, I. A., Elkhamary, S. M., & Bosley, T. M.
(2014). Ocular motility abnormalities in orbitofacial neurofibromatosis type 1. J AAPOS, 18(4),
338-343.

doi:10.1016/j.jaapos.2014.02.018

e Full article provided below

PURPOSE: To evaluate the causes of ocular motility disturbances in a group of patients with
orbitofacial neurofibromatosis (OFNF) with neurofibromas on the lid, brow, face, or in the orbit

from infancy or early childhood.

METHODS: The medical records of patients with OFNF from one institution were retrospectively

reviewed; selected patients were reexamined.

RESULTS: A total of 45 patients with unilateral OFNF and 4 with bilateral OFNF were included.
Of these, 14 had no strabismus and relatively good vision, with no ductional abnormalities on
either side despite large globes, sphenoid dysplasia, and neurofibromas in the orbit and/or
cavernous sinus in many. The 8 patients with comitant strabismus also had no ductional
abnormalities with a similar constellation of anatomic abnormalities, but these patients all had
poor vision in at least one eye. The 27 patients with incomitant strabismus all had downward

displacement of the globe and limited ductions.

CONCLUSIONS: The pathologic anatomic changes associated with OFNF do not always cause
ocular motility abnormalities: strabismus generally was not present when ocular motility was
full and visual acuity was good. Comitant strabismus occurred in the setting of full ocular
motility with reduced vision in at least one eye. Incomitant strabismus was always accompanied
by reduced vision and a ductional abnormality in one or both eyes due to anatomic

abnormalities of the orbit and skull.
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Ocular motility abnormalities in orbitofacial
neurofibromatosis type 1

Darren T. Oystreck, MMedSc, ™ Thrahim A. Alomainy, MD," Jose Morales, MD,"

Imtiaz A. Chaudhry, MD, PhD, FACS,** Sahar M. Elkhamary, MD," and Thomas M. Boslcy, MD*

RESULTS

CONCLLISIONS

To evaluate the camses of ooulir motility dismrbances in a group of patients with orbivo-
facial newrofibromatwsis (OFNF) with neurofibromss onthe lid, brow, face, or in the orhit
from infancy or early childhood.

The medical records of patiems with OFNF from one institution were retrospectively re-
viewed; selected patients were reexamined.

A wtal of 45 patients with unilateral OFNF and 4 with hilareral OFNF were included. OFf
these, 14 had no strabismus and relatively good vision, with no ductonal abrormalivies on
either side despite large globes, sphenoid #sia, and newm fibronts in the orbit andfor
cavernous sinus in mmany. The 8 patens with comitant strabismus also had no ductional
ahnormalities with a similir eonstellatdon of amawmic shnormalites, bur these padents
all had poor vision in at lesst one eye. The 27 padents with incomitant strabismos all
had downward displacement of the globe and limired ductions.

The pathologic amatomic changes assodated with OFNF do not always cause ocular
motility abnormmlides: smabisms generally was not present when ocular motlity was
full and vianal scuity was good. Comimn sorabismes ocourred in the seing of full ooular
motility with reduced vision in at least one eve. Incomitant strahismus was always
aceompanied by reduced vision and a ductional abnormaliog in one or both eyves E
due o amatomic abnomalitdes of the orbit and skull. (] AAPOS 2014; 18:338-343) &=

N eurofibromatsis tpe 1 (NF1; von Reckling-
hansen disease; OMIM 162200) is a fairly
frequent (1 in 3000 live birhs), sutsomal domi-
mant, neumcutaneows disorder with comsiderable cinical
warihilig. In orhimfadal NF1 (OFNE), nenmfibromas
(MFs) cmse progressive, often disfiguring mmors of the
Iid, brow, temple, face, and orbit™ Orbitofacial
neurofibmnmmsis has long been recognized as a unique
warhnt of NFLY The erliest reports mecognized
neurofibmnms imvolving the face or arbit during infancy
and early childhood as wmu]]}r a separate syndromse
because n-F the aggressiveness of these infilkrmdng
mmors™ Tumors in the orbitofacial mgion generally
have a mwch higher growth rare than newnrofibromas
elsewhere in the body and often resulr in recurrence char
requires debulking surgery for cosmetc and functiomal
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reasoms.” Tumor growth rate tends to improve somewhat
i the individual ages™™'; however, processes affecting
afferent'” and efferent visual funcrioning are set in motion
during the visually immatre period of childhood.

Apart from the disfiguring characteristics of mmaors of
OFMF, certain pathological processes related w che dis-
ease may be important factors contrbuting w oculr
matility abnomalities Facial NFs occurring early in life
are commonly asodated with sphenocid dysplasia, a prom-
inent smll feawre with mdiclogic chamereristies thar
inclide defects in the greater sphennid wing and en]zrge—
ment of the middle cranial fosa.'™"* The orbit is often
affected by these changes, with bone erosion associated
with contiguous tumor and decalcification and distorton
of the orbital walls'® The globe may be enbrged in
MF1, sometimes due v congenital glancoma but often
even in the ahsence of glaueoma '” resubing in refractive
changes. Current neuroimaging has dramatcally improved
the ability w resolve subde soft-tisue and bone changes
due vo NF infiltration of orbiml nerves, sclera, choroid,
exmraocular muscles, optc nerve sheath, and cavernous
dnus.” Both neurcimaging'™"® and clinical repores'®"
have now shown thar NFs are frequendy presemt near
orhital and slull changes” implying that mamy of these
developmental abnormalivies are caused indirecdy by
CONCFUONS WL,

Decreased visual acuity,’” a large and displaced
globe, skull and orbital deformity, and mmor within

the orbit and cavernous sinus are potential causes of
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Chapter 6: Congenital Myasthenic Syndrome (CMS)

In some circumstances ocular motility can be disturbed by dysfunction at the neuromuscular
junction (NMJ). The commonest reason is acquired autoimmune myasthenia gravis and
Lambert-Eaton syndromes.
However, there are genetic variants referred to as Congenital Myasthenic Syndromes (CMS).
CMS is a heterogeneous group of inherited disorders in which there is impairment of
neuromuscular transmission due to dysfunction of the structure or functionality of the
neuromuscular synapse. Several responsible mechanisms have been identified; however, in all
cases appropriate achievement of muscle depolarization is compromised.
Identification of specific clinical clues are used to help suggest a diagnosis of CMS. A diagnosis
of CMS should be considered in infants with feeding difficulties that include poor suck and
swallow, respiratory failure that may include apneic crisis, and hypotonia® all of which may be
variable.>® Age at onset is typically in the neonatal period but it can be late childhood or
beyond depending on the variant. Description of ocular motility features are limited in the
literature, and when given subjects are generally described as having variable ptosis and
ophthalmoparesis.
At present, determining the underlying mechanism has not been reliable, although accuracy
can be improved with the addition of morphologic examination of the NMJ and with
neurophysiological studies. However, these are time consuming, prone to artifact and not
feasible in neonates that are generally unwell .8
The advent of new genetic tools has permitted a classification of CMS based on molecular
details. This affords the opportunity to answer several important questions:

e Elucidating phenotypic characteristics for each genetically distinct variant.

e Toinvestigate unique features to a specific gene mutation or the presence of a mutation

specific phenotypes, both of which could be used to make a clinical diagnosis which in

turn may predict the molecular diagnosis in other subjects.
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CMS research overview:
With these questions in mind our team set out to identify and investigate subjects with CMS.

This chapter includes 3 publications involving 4 subjects.

Salih, M. A., Oystreck, D. T., Al-Faky, Y. H., Kabiraj, M., Omer, M. I., Subahi, E. M., Beeson, D.,

Abu-Amero, K.K., Bosley, T. M. (2011). Congenital myasthenic syndrome due to homozygous

CHRNE mutations: report of patients in Arabia. J Neuroophthalmol, 31(1), 42-47.%1

doi:10.1097/WNO.0b013e3181f50bea

e Click reference above to see full PDF article

We describe the clinical characteristics of 3 siblings from 1 family with congenital myasthenic
syndrome due to homozygous mutations of the gene coding for the epsilon subunit of the
acetylcholine receptor (CHRNE). Onset of symptoms occurred in the first few months of life
with ptosis, restricted ocular motility, mild proximal weakness, and difficulty swallowing.
Multiple hospital admissions were required due to recurrent pulmonary infections. There was
no decremental conduction on repetitive nerve stimulation, but jitter was increased on single
fiber electromyography. Since early childhood, our patients have done well without pulmonary
or bulbar symptoms and with partial improvement on pyridostigmine therapy. Response of
ptosis to diagnostic ice pack test was striking. Although these siblings have a clinical history and
examination findings typical of homozygous CHRNE mutations, the clinical presentation of
congenital myasthenia subtypes is variable, and accurate genotyping is essential in choosing the

appropriate treatment.

Significance of Publication:

This paper reported the clinical features in the first family from the Arabian Peninsula
confirmed to have autosomal recessive mutations in CHRNE. This afforded the opportunity to
assess orthoptic features in a group of patients in which a molecular diagnosis was already
known. This study was instrumental in shaping the concept of using an orthoptic evaluation to

identify conditions with differing pathomechanisms affecting ocular alignment and motility.
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The homozygous mutations in CHNRE reported in this paper are responsible for coding the
epsilon subunit of the receptor and result in deficient postsynaptic AChR (MIM 608931).
However different mutations in the same gene can result in a fast channel syndrome
(abnormally brief channel opening; MIM 616324) that can have autosomal recessive or
dominant inheritance. Other mutations can result in autosomal recessive slow channel
syndrome (prolonged synaptic current; MIM 605809) leading to depolarization block.
Therefore the CMS-CHRNE variant in this paper highlighted the importance of needing to
identify the specific mutation. This information is crucial to administrating appropriate medical
therapy. Mutations leading to AChR deficiency and fast channel syndrome respond to

anticholinesterase therapy while this must be avoided in the slow channel syndrome variant.

This paper also provided information about key clinical features.
e A positive response to the ice pack test can be present in at least CMS due to CHNRE
mutation.
e Demonstrated history and clinical features were not diagnostic for CMS arising from
CHRNE mutations as many of these features also overlap with other CMS subtypes.
e Presence of normal pupillary response to light helps distinguish this variant from CMS

due to COLQ mutation.

Following this publication, the candidate as part of the research team, set out to systematically
conduct orthoptic evaluations in future patients diagnosed with CMS. Over the next 3 years
another 7 subjects would be enrolled for genetic analysis. Table 6.1 outlines the total

population of CMS subjects.
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Salih, M. A., Salih, M. A., Mustafa, A. A., Oystreck, D. T., Attia, K. M., El-Sadig, S. M., Hamed,

A.A., Hajjar, W.M., Bosley, T. M. (2013). Ocular Neostigmine Drops for Diagnosing Myasthenia

Gravis. J Neurol Neurophysiol (511:004).°!

doi:10.4172/2155-9562.511-004

e Click reference above to see full PDF article

Introduction: A variety of tests have been devised for the diagnosis of myasthenia gravis (MG).
The best known of these (Tensilon test, using intravenous edrophonium chloride) may cause
serious complications (bradycardia and syncope) dictating cardiac monitoring during the
procedure. Ocular neostigmine drops, a simple procedure, may significantly reduce the risk of
diagnostic testing for possible MG.

Method: To investigate its efficacy, the miotic effect of neostigmine was explored using 30
rabbits. One drop of sterile neostigmine solution (2.5 mg/ml) was instilled into the right eye
(RE) of each rabbit using the left eye (LE), which received sterile normal saline, as control. Serial
assessments of pupillary size were done. One drop of neostimine was instilled daily for 7 days
to investigate its safety. Six patients (aged 4.5-55y, median=42y, mean=36.4y) with MG had the
same test and were observed for increase of the palpebral fissure height (documented by
photography).

Results: At baseline there was no significant difference in the mean [SD] pupillary size of the
rabbits between the RE (7 mm [1.07]) and LE (7 mm [1.07]), p=0.63). Significant miotic effect
was observed in the RE compared to the LE at 30, 60 and 90 minutes (respectively, 4.8 mm
[1.86] vs 7.0 mm [1.09], p=0.0001; 4.8 mm [1.86] vs 7.0 mm [1.09], p=0.0001; and 3.2 [0.76] vs
7.0 [0.0], p=0.013). Administration of one drop of neostigmine daily for 7 days caused no ocular
inflammation. All six patients with MG had an observable increase of the palpebral fissure
height (documented by photography) of at least 2 mm, 30 minutes after neostigmine
instillation. The response was dramatic in the three patients with no prior treatment for MG.

Conclusion: Ocular neostigmine drops is a safe, simple and efficient diagnostic test for MG.
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Overview of the publication:

This paper investigated the safety and efficacy of using a novel topical agent (IV neostigmine
solution) to aid in the clinical diagnosis of autoimmune MG. The first part of the study involved
30 New Zealand white rabbits to determine effectiveness of the drop. This was confirmed by
documenting the miotic effect on the pupil and duration of action. The rabbits were also
monitored for any adverse effects such as ocular irritation or obvious systemic effects. The
second part of the study included 6 patients with symptomatic autoimmune MG. One drop of
IV neostigmine solution (2.5 mg/ml) was applied to each eye with appropriate manual punctal
occlusion. Effect was determined as a change in ptosis 15 minutes after application. Subjects

were also monitored for cholinergic systemic or ocular irritation.

Significance of the publication:

Reduction of ptosis in subjects with autoimmune MG following single drop topical instillation of
IV neostigmine solution to the eyes confirmed this method could be added to other clinical
methods already employed such as IV edrophonium and ice pack test. All 6 subjects in this
study had a minimum 2 mm reduction of ptosis after 30 minutes. None had ocular or systemic
side effects. Patients receiving no prior pharmacological treatment are expected to have a
greater response. IV edrophonium has been abandoned by many ophthalmological clinics due
to potential serious cholinergic effects, the need to have staff trained in cardiac resuscitation
and availability of atropine, and lack of availability in hospitals within developing countries.
Additionally, certain CMS variants can have a significant deterioration with the use of
acetylcholinesterase and therefore this method should be avoided if CMS is suspected. The ice
pack test required lid cooling for 2-5 minutes is not generally tolerated by children. Ocular
neostigmine drops could provide a safe, simple and efficient alternative diagnostic method for
MG. This method still requires careful investigated in CMS variants in which systemic
anticholinesterase agents are contraindicated such as mutations in COLQ, MUSK, DOK7, and

those resulting in slow channel syndromes.>% >3
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Alaraj, A. M., Oystreck, D. T., & Bosley, T. M. (2013). Variable ptosis after botulinum toxin type a

injection with positive ice test mimicking ocular myasthenia gravis. J Neuroophthalmol, 33(2),

169-171.”
doi:10.1097/WNO.0b013e31828bb19b

e Click reference above to see full PDF article

We describe a patient who received cosmetic botulinum toxin type A injections to the brow and
subsequently developed unilateral ptosis that was variable during examination and was
transiently improved after the ice pack test. Ptosis gradually resolved spontaneously over
approximately 3 months. This is the third patient to have variable ptosis documented after
botulinum toxin type A injection to the brow and the second to have a positive ice test. The ice
test is not completely specific for myasthenia gravis but may, at times, improve ptosis resulting
from other defects at the neuromuscular junction. Wound botulism now is much more

common because of illicit drug use, and the ice test also might be positive in this setting.

Overview of the publication:
This report included a single subject with variable unilateral ptosis that included Cogan lid
twitch and worsening with sustained up gaze due to recent botulinum toxin type A injection to

the ipsilateral forehead.

Significance of publication:
e Botulism is a differential diagnosis for infants with presumed abnormal neuromuscular
transmission not due to CMS.
e We previously reported a positive response to the ice pack test in at least CMS due to
autosomal recessive CHRNE variant. A positive response in this subject with botulinum

paralysis reduces the specificity of the ice pack test which needs to be kept in mind.
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Discussion
Despite the limited number of enrolled patients with a diagnosis of CMS, the resulting

publications identified features to help the clinician distinguish this rare group of disorders from
other categories of congenital and/or genetic eye movement disorders. It also provides a
detailed description about orthoptic features specific to CHRNE mutations. This has not been
reported before. However, it does not permit a definitive statement about motility features
that may be used to distinguish between various CMS subtypes. Affected family members
reported in Salih et al. 2010°! had consistent ocular features, however additional affected
individuals from other families would be need to be examined to determine the full spectrum
of involvement.

Appendix Table 6.3 highlights ophthalmological features in various CMS sub-types. Most
descriptions are vague with suggestion that pupils may play a small role.

Engel 2015 outlined a set of clinical features to guide clinicians to assist predicating the
molecular diagnosis (see Appendix Table 6.3).>* The inclusion of ocular phenotypes by these
authors was only mentioned in COLQ mutations and Laminin B2 highlighting a need for more
investigations to determine the benefit of assessing ocular features to aid in distinguishing
between CMS subtypes. Differences, if found, may be related to a structural difference and

gene expression within the extraocular muscle endplates.>>

A final note is that additional material has been included in the appendix section for this
chapter. It contains a summary of a literature review done by the candidate in preparation for
proposed prospective research projects in this topic. This information has been included only

for interest.
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Tables

Table 6.1 Genetic results of subjects with CMS

CHRNE 3 (3 sibs)
coLqQ 1
MUSK 2
Unknown 4

*confirmed mutation in the gene listed.
No. = number of enrolled subjects
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Chapter 7: Horizontal Gaze Palsy and Progressive Scoliosis (HGPPS)

HGPPS is a unique autosomal recessive disorder defined by congenital horizontal gaze palsy
associated with scoliosis. However it is generally described in the context of an ocular
myopathy, namely progressive external ophthalmoplegia.>®

Identification of the loci confirmed the association of congenital horizontal gaze palsy and early
onset progressive scoliosis.>” The mutated gene was identified (ROB0O3) and the phenotype
expanded to include evidence of uncrossed corticospinal and dorsal column-medial lemniscus

pathways.>®

Summary of HGPPS research:

At the start of my research HGPPS was already known as a monogenic ocular motility disorder
with profound anatomic maldevelopment of brainstem, including failure of at least two long
neuronal tracts to decussate.

The candidate examined a total of 33 subjects with a diagnosis of HGPPS. Of these, 24 had
genetic confirmation of the diagnosis and 21 were included in 3 publications focused on
elucidating the phenotype. This was important as it was one of the first conditions in which our

team could study genotype-phenotype correlations.
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Bosley, T. M., Salih, M. A., Jen, J. C., Lin, D. D., Oystreck, D., Abu-Amero, K. K., MacDonald, M.D.,

al Zayed, Z., al Dhalaan, H., Kansue, T., Stigsby, B., Baloh, R. W. (2005). Neurologic features of

horizontal gaze palsy and progressive scoliosis with mutations in ROBO3. Neurology, 64(7),

1196-1203.°
doi:10.1212/01.WNL.0000156349.01765.2B

e Click reference above to see full PDF article

OBJECTIVE: To review the neurologic, neuroradiologic, and electrophysiologic features of
autosomal recessive horizontal gaze palsy and progressive scoliosis (HGPPS), a syndrome
caused by mutation of the ROBO3 gene on chromosome 11 and associated with defective

decussation of certain brainstem neuronal systems.

METHODS: The authors examined 11 individuals with HGPPS from five genotyped families with

HGPPS. Eight individuals had brain MRI, and six had electrophysiologic studies.

RESULTS: Horizontal gaze palsy was fully penetrant, present at birth, and total or almost total in
all affected individuals. Convergence, ocular alignment, congenital nystagmus, and vertical
smooth pursuit defects were variable between individuals. All patients developed progressive
scoliosis during early childhood. All appropriately studied patients had hypoplasia of the pons
and cerebellar peduncles with both anterior and posterior midline clefts of the pons and
medulla and electrophysiologic evidence of ipsilateral corticospinal and dorsal column-medial

lemniscus tract innervation. Heterozygotes were unaffected.

CONCLUSIONS: The major clinical characteristics of horizontal gaze palsy and progressive
scoliosis were congenital horizontal gaze palsy and progressive scoliosis with some variability in
both ocular motility and degree of scoliosis. The syndrome also includes a distinctive brainstem

malformation and defective crossing of some brainstem neuronal pathways.
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Significance of the publication:

This paper was the first major clinical description of genetically defined individuals with HGPPS.
Prior to this the best clinical description was from 1975 involving a single family with multiple
affected individuals with presumably the same congenital disorder.>®

This is also the largest series of genetically defined individuals to date and the first cohort
having detailed orthoptic evaluations. This paper expanded the phenotype. It was first
description of the binocular vision status; first report of intermittent vertical strabismus, that
when present dampened the nystagmus; and reported absence of facial weakness that had

been reported in previous series.®°

This report set the template for future ocular motility descriptions of this disorder.

It also further confirmed known genetic, clinical and neuroanatomical features specific to
HGPSS. This includes mutations in both copies of ROBO3; congenital complete or almost
complete absence of conjugate horizontal gaze; followed by progressive scoliosis during
childhood; and a developmental malformation of the brainstem that consists at least in part of
uncrossed corticospinal and dorsal column pathways.

The report also suggested this is a central ocular motility defect arising from hypoplasia of the
pons. Lower efferent system is intact as noted by the presence of cranial nerve 3 and 6 and
normal extraocular muscle anatomy on neuro-imaging. We were also able to confirm the
congenital onset of the ocular motility deficit by parental history and examination of two
infants less than 1 year of age; normal afferent and overall normal ophthalmological exam;
normal forced ductions; and that scoliosis remains the most important reason for making an

early diagnosis.
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Khan, A. O., Oystreck, D. T., Al-Tassan, N., Al-Sharif, L., & Bosley, T. M. (2008). Bilateral

synergistic convergence associated with homozygous ROB03 mutation (p.Pro771Leu).

Ophthalmology, 115(12), 2262-2265.°1

doi:10.1016/j.0phtha.2008.08.010

e Click reference above to see full PDF article

OBJECTIVE: To document the phenotype and determine the genotype of a child with synergistic
convergence. DESIGN: Interventional case report.

PARTICIPANTS: Patient and nuclear family (7 members total).

METHODS: Ophthalmologic, neurologic, and radiologic examination of the proband; venous
blood sampling for candidate gene testing of the proband; venous blood sampling for
confirmatory testing in other family members.

MAIN OUTCOME MEASURES: Clinical and radiologic observations in proband and candidate
gene results. RESULTS: The proband, a 9-year-old girl, substituted convergence for horizontal
gaze (synergistic convergence) since birth. She also had conjugate pendular nystagmus,
asynchronous blinking, and high myopia. No family member had ophthalmologic or medical
symptoms. Neuroradiologic imaging revealed hindbrain dysplasia and modest scoliosis.
Sequencing of ROB03, the gene associated with horizontal gaze palsy and progressive scoliosis,
revealed a novel missense mutation (p.Pro771Leu) that altered an evolutionarily conserved
amino acid. Screening the family for this mutation confirmed that both parents were carriers
and identified 2 sisters as carriers and 2 brothers as noncarriers.

CONCLUSIONS: This is the second reported patient with synergistic convergence and the first
associated with a documented pathologic genotype. Unlike the previously reported case (which
occurred in the setting of the cranial dysinnervation disorder congenital fibrosis of the
extraocular muscles), our patient presumably has a supranuclear cause.

Significance of the publication:

First report of a central etiology for synergistic convergence in a genetically confirmed subject

with HGPPS.
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Amouri, R., Nehdi, H., Bouhlal, Y., Kefi, M., Larnaout, A., & Hentati, F. (2009). Allelic ROBO3

heterogeneity in Tunisian patients with horizontal gaze palsy with progressive scoliosis. J Mol

Neurosci, 39(3), 337-341.%2

doi:10.1007/s12031-009-9217-4

e Click reference above to see full PDF article

Horizontal gaze palsy with progressive scoliosis (HGPPS) is a rare autosomal recessive disorder
characterized by the congenital absence of horizontal gaze, progressive scoliosis, and failure of
the corticospinal and somatosensory axon tracts to decussate in the medulla. HGPPS is caused
by mutations of the ROBO3 gene, which encodes a protein that shares homology with the
roundabout family of transmembrane receptors that are important in axon guidance and
neuronal migration. To date, over 15 mutations have been found in consanguineous families of
Greek, Italian, Turkish, Pakistani, Saudi Arabian, and Indian descent. To detail clinical, cerebral
magnetic resonance imaging (MRI) and genetic findings of ten HGPPS patients from four
unrelated Tunisian families. Four unrelated consanguineous Tunisian families with a total of ten
patients suffering from horizontal gaze palsy with progressive scoliosis. Genetic linkage analysis
and direct sequencing of the ROBO3 gene. All patients shared similar clinical gaze movement
abnormalities and variable degrees of scoliosis. Four distinct homozygous mutations were
identified. This study extends the molecular spectrum of the ROBO3 gene and the geographic
origin of patients with ROBO3 gene mutations, and underlines the homogeneity of the motor

ocular syndrome whatever type of mutation is encountered.

Comment about Amouri 2009.

The candidate performed all orthoptic evaluations on these individuals during an invited
research trip to Tunisia. The objective was to help the local research team evaluate individuals
and confirm the clinical diagnosis prior to conducting expensive genetic evaluations. These
evaluations were later used in this publication. This work was only acknowledged in the

publication by thanking our research lead Dr. Thomas Bosley. The publication has been
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included in the Appendix as it represents the first group of individuals with genetically

confirmed HGPPS not having severe scoliosis. Our figures were not published.

Chapter 8: Other disorders disrupting ocular motility and alignment

Each of the previous chapters addressed a single clinical diagnosis that was often the focus of
specific research project. This chapter encompasses several additional diagnoses encountered.
These have been categorized into groups with similar mechanisms accounting for ocular

motility and/or alignment dysfunction.

8.1 Myopathic disorders

A total of 12 subjects fall into this category. Six were published in 3 articles.
An additional 3 subjects with synDRS, published as cases studies (see chapter 2), have been
included here as well (section 8.1.1) as genetic analysis revealed mutations in genes associated

with muscle function and development.

8.1.1 CCDD phenotype

Three subjects with synDRS had mutations in genes associated with muscle development. Each
subject was reported in a different publication.3> 34 3> These reports were presented in chapter

2.

Abu-Amero, K. K., Bosley, T. M., Kondkar, A. A., Oystreck, D. T., & Khan, A. O. (2015). CCDD

Phenotype Associated with a Small Chromosome 2 Deletion. Semin Ophthalmol, 30(5-6), 435-

442 32
doi:10.3109/08820538.2013.874474

e Click reference above to see full PDF article
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Bosley, T. M., Salih, M. A., Alkhalidi, H., Oystreck, D. T., El Khashab, H. Y., Kondkar, A. A., & Abu-

Amero, K. K. (2016). Duane retraction syndrome in a patient with Duchenne muscular

dystrophy. Ophthalmic Genet, 37(3), 276-280.34

doi:10.3109/13816810.2015.1039139

e Click reference above to see full PDF article

Abu-Amero, K. K., Kondkar, A. A., Odan, H. A., Khan, A. O., Oystreck, D. T., & Bosley, T. M.

(2016). Duane Retraction Syndrome Associated with a Small X Chromosome Deletion. Can J

Neurol Sci, 43(3), 445-447.3>

do0i:10.1017/cjn.2015.358

e Click reference above to see full PDF article

These papers suggest some forms of DRS may arise from mutations in genes related to muscle
development, or a developmental insult affecting multiple systems. One should also consider
these may represent unrelated co-existing cases of DRS. However the associated syndromic

features warrants suspicion for a unifying mechanism.
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8.1.2 Carey-Fineman-Ziter syndrome (CFZS)

Di Gioia, S. A., Connors, S., Matsunami, N., Cannavino, J., Rose, M. F., Gilette, N. M., et al.

(2017). A defect in myoblast fusion underlies Carey-Fineman-Ziter syndrome. Nat Commun, 8,

16077.4
doi:10.1038/ncomms16077
e Click reference above to see full PDF article

e Discussed briefly in chapter 3

Multinucleate cellular syncytial formation is a hallmark of skeletal muscle differentiation.
Myomaker, encoded by Mymk (Tmem8c), is a well-conserved plasma membrane protein
required for myoblast fusion to form multinucleated myotubes in mouse, chick, and zebrafish.
Here, we report that autosomal recessive mutations in MYMK (OMIM 615345) cause Carey-
Fineman-Ziter syndrome in humans (CFZS; OMIM 254940) by reducing but not eliminating
MYMK function. We characterize MYMK-CFZS as a congenital myopathy with marked facial
weakness and additional clinical and pathologic features that distinguish it from other
congenital neuromuscular syndromes. We show that a heterologous cell fusion assay in vitro
and allelic complementation experiments in mymk knockdown and mymkinsT/insT zebrafish in
vivo can differentiate between MYMK wild type, hypomorphic and null alleles. Collectively,
these data establish that MYMK activity is necessary for normal muscle development and
maintenance in humans, and expand the spectrum of congenital myopathies to include cell-cell

fusion deficits.

Significance of the publication:
This represents one of the identified phenotypes that overlapped with MBS, i.e. Atypical MBS,
MBS-like disorder. The genetic and phenotypic elucidation of this disorder arose from the

identification of a subject that did not meet our designated criteria for MBS.
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8.1.3 Oculopharnygeal muscular dystrophy (OPMD)

Oystreck, D. T., Salih, M. A., & Bosley, T. M. (2011). When straight eyes won't move: phenotypic
overlap of genetically distinct ocular motility disturbances. Can J Ophthalmol, 46(6), 477-480.%°
doi:10.1016/j.jcjo.2011.09.009

e Click link to see full PDF Straight eyes 2011

OBJECTIVE: To describe the phenotypic similarity in a series of patients with genetically distinct
ocular motility disturbances involving straight eyes and different ocular motor pathology.

DESIGN: Retrospective case series.

PARTICIPANTS: Clinical and genetic evaluation of 5 patients with straight eyes in the primary
position and abnormalities of ocular motility. RESULTS: Patients with oculopharyngeal muscular
dystrophy, congenital myasthenic syndrome, congenital fibrosis of the extraocular muscles type
3, Bosley-Salih-Alorainy syndrome, and horizontal gaze palsy and progressive scoliosis all had
straight eyes in primary position and restricted ocular motility. History, ocular motility patterns,
systemic features of individual syndromes, and genetic screening were important

diagnostically.

CONCLUSIONS: A number of congenital and genetic ocular motility syndromes may result in
substantial phenotypic overlap, particularly when eyes are straight in primary position and
nonophthalmologic features are not apparent or not observed. The range of disorders that may

fall into this category is discussed.

Significance of the publication:

This was patient 1 from the above publication. It highlighted specific phenotypic overlap (i.e.

straight eyes) in genetically distinct conditions.
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8.1.4 Kearns-Sayre Syndrome

Kozak, I., Oystreck, D. T., Abu-Amero, K. K., ..., Bosley, T. M. (2016). New Observations

Regarding the Retinopathy of Genetically Confirmed Kearns-Sayre Syndrome. Retin Cases Brief

Rep.”?
doi:10.1097/1CB.0000000000000503

e Click reference above to see full PDF article

PURPOSE: To report novel retinal findings in Kearns-Sayre syndrome and correlate degree of

retinopathy with other clinical findings.

METHODS: Observational case series of patients from Saudi Arabia with retinal and
neuroophthalmologic examinations, medical chart review, and mitochondrial genetic

evaluation.

RESULTS: The three unrelated patients had progressive external ophthalmoplegia and
pigmentary retinopathy bilaterally. Muscle biopsy in two of the cases revealed mitochondrial
myopathy. All three had abnormal findings on neuroimaging and modestly reduced visual
acuity in both eyes with a variable pigmentary retinopathy. One of the patients had bilateral
subretinal fibrosis with a full-thickness macular hole in the right eye. All three patients had
single, large-scale mitochondrial DNA (mtDNA) deletions (5.0-7.6 kb in size) with blood mtDNA
heteroplasmy levels ranging from below 20% to 57%. Severity of pigmentary retinopathy did
not correlate with severity of progressive external ophthalmoplegia, but did correspond grossly
with electroretinographic abnormalities, just as the degree of ocular motility restriction and
ptosis in each patient correlated with the size of their extraocular muscles on neuroimaging. In
addition, the size of the single, large-scale mtDNA deletion and level of mtDNA heteroplasmy

corresponded with degree of ocular motility restriction but not with severity of retinopathy.

CONCLUSION: Subretinal fibrosis and macular hole are novel retinal observations which expand

clinical profile in Kearns-Sayre syndrome. Genetic testing for mtDNA deletions and
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heteroplasmy in blood, muscle biopsy, careful ocular and retinal examination including

electroretinography, and imaging are indispensable tests for this condition.

Significance of the publication:

Attempted to construct phenotype-genotype correlation. Numbers of subjects were too small.
Disorder represents a progressive and severe form of external ophthalmoplegia. Muscle
weakness is not restricted to eyes. It is one of the few conditions included that also has

afferent system dysfunction. Genetics involve mutations in the mitochondrial DNA.
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8.2 Maldevelopment of cranial nerve development

This section includes subjects with confirmed congenital maldevelopment of extraocular innervation
that does not fit in with any of the previous diagnosis discussed, e.g., DRS, CFEOM, MBS, or HGPPS. This

includes 7 subjects reported in 5 publications. Two of these publications are presented here.

8.2.1 Synergistic Divergence

Oystreck, D. T., Khan, A. O., Vila-Coro, A. A., Oworu, O., Al-Tassan, N., Chan, W. M., Engle, E.C.,

Bosley, T. M. (2009). Synergistic divergence: a distinct ocular motility dysinnervation pattern.

Invest Ophthalmol Vis Sci, 50(11), 5213-5216.3’

doi:10.1167/iovs.08-2928

e Click reference above to see full PDF article

PURPOSE: To summarize the clinical, neuroradiologic, and genetic observations in a group of

patients with unilateral synergistic divergence (SD).

METHODS: Five unrelated patients with unilateral SD underwent ophthalmic and orthoptic
examinations; three of them also had magnetic resonance imaging of the brain and orbits.
Three patients underwent genetic evaluation of genes known to affect ocular motility: KIF21A,

PHOX2A, HOXA1, and ROBOS3.

RESULTS: The patients did not meet the clinical criteria for CFEOM types 1, 2, or 3. Each patient
had severe adduction weakness on the affected side and large-angle exotropia in primary gaze
that increased on attempted contralateral gaze because of anomalous abduction. Magnetic
resonance imaging revealed a much smaller medial rectus muscle in the involved SD orbit.
Oculomotor cranial nerves were present in the one patient imaged appropriately. Genetic

sequencing in three patients revealed no mutations in KIF21A, PHOX2A, HOXA1, or ROBO3.
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CONCLUSIONS: SD should be classified as a distinct congenital ocular motility pattern within
congenital cranial dysinnervation disorders. It may be caused by denervation of the medial
rectus with dysinnervation of the ipsilateral lateral rectus by the oculomotor nerve precipitated
by genetic abnormalities (some currently identified) or by local environmental, teratogenic, or

epigenetic disturbances.

Significance of the publication:

Highlighted the importance of careful phenotyping similarly affected individuals. It also
represented the limitation of genetic elucidation of disorders and importance of waiting.
Patient 2 was later described in two additional publications. One that confirmed an autosomal
recessive mutation in COL25A1, a gene involved in axonal guidance and cytoskeletal
microtubule function.®® The second describe the phenotype in more detail reporting that when
this gene is mutated it can lead to abnormal ocular motor neuron development resulting in a
variable combination of phenotypes including, synergistic divergence, congenital ptosis and/or

DRS.%4
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8.2.2 Hereditary Congenital Facial Paresis-3 (HCFP3-HOXB1)

Webb, B. D., Shaaban, S., Gaspar, H., Cunha, L. F., Schubert, C. R., Hao, K., Robson, C.D., Chan,

W., Andrews, C., MacKinnion, S., Oystreck, D.T., Hunter, D.G., lacovelli, A.J., Ye X., Camminady,

A., Engle, E.C., Jabs, E. W. (2012). HOXB1 founder mutation in humans recapitulates the

phenotype of Hoxb1-/- mice. Am J Hum Genet, 91(1), 171-179.38

doi:10.1016/j.ajhg.2012.05.018
e Click reference above to see full PDF article

e Discussed briefly in chapter 3

Members of the highly conserved homeobox (HOX) gene family encode transcription factors
that confer cellular and tissue identities along the antero-posterior axis of mice and humans.
We have identified a founder homozygous missense mutation in HOXB1 in two families from a
conservative German American population. The resulting phenotype includes bilateral facial
palsy, hearing loss, and strabismus and correlates extensively with the previously reported
Hoxb1(-/-) mouse phenotype. The missense variant is predicted to result in the substitution of a
cysteine for an arginine at amino acid residue 207 (Arg207Cys), which corresponds to the highly
conserved Arg5 of the homeodomain. Arg5 interacts with thymine in the minor groove of DNA
through hydrogen bonding and electrostatic attraction. Molecular modeling and an in vitro
DNA-protein binding assay predict that the mutation would disrupt these interactions,

destabilize the HOXB1:PBX1:DNA complex, and alter HOXB1 transcriptional activity.

Significance of the publication:

Represents another phenotype originally mistaken as MBS. Two siblings in this report were
identified during our examination of subjects at the International Moebius conference as not
having minimum diagnostic criteria.*® This paper reports the identified mutation as being

pathogenic. This identifies the third HCFP3 phenotype (OMIM 614744).
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8.3. Neurologic/CNS related disorders predominantly affecting ocular motility

The candidate had the opportunity to conduct orthoptic evaluations patients with various
neurological disorders. In total this included 5 disorders involving 30 subjects. This resulted in
two publications addressing the effect of cerebellar dysfunction on the ocular motility

phenotype.

8.3.1 Ataxia Telangiectasia-like disorder

Khan, A. O., Oystreck, D. T., Koenig, M., & Salih, M. A. (2008). Ophthalmic features of ataxia

telangiectasia-like disorder. J AAPOS, 12(2), 186-189.%°

doi:10.1016/j.jaapos.2007.09.016

e Click reference above to see full PDF article

INTRODUCTION: Ataxia telangiectasia (AT) is a recessive neurodegenerative disease due to a
faulty repair mechanism for breaks in double-stranded DNA (ATM mutation). Ophthalmic
features of AT include conjunctival telangiectasia, strabismus, saccadic dysfunction with head
thrusts, and convergence insufficiency. Ataxia telangiectasia-like syndrome (ATLD) is a more
recently recognized condition due to homozygous mutation in MRE11, a gene also involved in
the cellular repair response to double-stranded DNA breaks; ophthalmic features of ATLD are

not well described. The purpose of this article is to describe the ophthalmic features of ATLD.

METHODS: Full ophthalmologic and orthoptic evaluations were obtained in 13 individuals: 10
previously reported ATLD patients, an additional related ATLD patient, and 3 nonaffected
relatives. All individuals were from three unrelated consanguineous Saudi Arabian families

harboring an MRE11 mutation (W210C). Age range was from 2 to 40 years of age.
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RESULTS: No affected patient had structural ocular abnormality (eg, conjunctival
telangiectasia), manifest strabismus at distance, or duction limitation. All but one (the
youngest) had saccadic dysfunction (without head thrusts). Most patients had abnormal
convergence. Older patients had nystagmus with abnormalities in smooth pursuit and
vestibular ocular reflex. All patients had cerebellar atrophy by neuroimaging and slowly
progressive ataxia. The unaffected heterozygous relatives had unremarkable ophthalmic and

neurologic examinations.

CONCLUSIONS: Saccadic dysfunction without head thrusts and convergence abnormality are
common in ATLD secondary to homozygous W210C MRE11 mutation. Older patients have
nystagmus with abnormalities in smooth pursuit and vestibular ocular reflex. Eye movement
control systems apparently deteriorate with time in this rare neurological disease. Ophthalmic
features of AT that were not observed in any of our ATLD patients include conjunctival

telangiectasia, head thrusting, and manifest strabismus at distance.

8.3.2 Joubert syndrome

Khan, A. O., Oystreck, D. T., Seidahmed, M. Z., AlDrees, A., EImalik, S. A., Alorainy, I. A., & Salih,

M. A. (2008). Ophthalmic features of Joubert syndrome. Ophthalmology, 115(12), 2286-2289.¢

doi:10.1016/j.ophtha.2008.08.005

e Click reference above to see full PDF article

PURPOSE: Joubert syndrome (Online Mendelian Inheritance in Man 213300) is a rare autosomal
recessive congenital malformation of the brainstem and cerebellar vermis. Diagnosis is based
on characteristic clinical features (e.g., hypotonia, episodic hyperpnea, developmental delay,
progressive ataxia) and is confirmed by distinctive neuroradiologic findings (e.g., the "molar
tooth" sign). Variable ophthalmic features have been mentioned in prior reports; however,
most do not detail eye findings and the few that do were before the publication of suggested

diagnostic criteria. The objective of the current study is to describe the ophthalmic phenotype
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in a cohort of patients with Joubert syndrome for whom the diagnosis was made using current

diagnostic criteria.

DESIGN: Prospective case series.

PARTICIPANTS: Eight children diagnosed clinically with radiologic confirmation.

METHODS: Ophthalmic examination and visual electrophysiology.

MAIN OUTCOME MEASURES: Ocular and oculomotor examination (as allowed by patient

cooperation), electroretinography, flash visual-evoked potential (fVEP).

RESULTS: Patients' ages ranged from 7 months to 10 years. Saccadic dysfunction was observed
in all cooperative patients (6/6); compensatory head thrusts or turns were present in all except
the youngest patient (7 months of age). Most patients (5/8) had primary-position nystagmus
(see-saw in 3/5). Abnormal pursuit (3/7) and a dystrophic retinal appearance (3/8) were also
seen. One patient had bilateral asymmetric ptosis with unilateral lid elevation during ipsilateral
abduction. Electroretinography findings were normal for all 8 patients. Seven patients
underwent fVEP; 6 were abnormal (asymmetric) and one was not interpretable because of

study artifact.

CONCLUSIONS: Ophthalmologists should be aware that saccadic dysfunction (typically with

head thrusts) and primary position nystagmus (typically see-saw) in a developmentally delayed
child suggest the diagnosis of Joubert syndrome, especially if a dystrophic retinal appearance is
also present. Our findings of asymmetric fVEPs and see-saw nystagmus suggest an abnormality
in optic nerve decussation, consistent with the concept that impaired axonal guidance occurs in

patients with Joubert syndrome.
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Discussion:

Subjects with either Ataxia-Oculomotor Apraxia 2 (AOA2), Ataxia Teleganectasia (AT), or
Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) were also examined,
demonstrating a similar effect on the ocular motor system due to cerebellar dysfunction. These

disorders suggests the need for a specific category in which to group such conditions.
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8.4 Neurologic disorders predominantly affecting ocular alignment (Strabismus)

This section represents subjects with neurological abnormalities involving abnormal ocular
alignment but with intact ocular motility.

This group involves 46 subjects with 7 different neurological disorders. A total of 41 subjects
were published in 5 papers that included mutations in 4 different genes and 1 chromosomal
anomaly. Itis was felt the genetic mutation was not directly responsible for the strabismus.
However it highlights secondary effects that may occur in genetic disorders affecting the brain.
The vast majority of subjects had full ocular excursions, however the associated comitant
strabismus present in most subjects was proposed to be secondary to sensory strabismus from
organic anterior visual pathway defects, or from abnormal posterior visual pathway deficits
inhibiting normal binocular function. One group included here did have normal ocular

alignment and motility but were included to illustrate the need for careful orthoptic testing.

8.4.1 Lipoid Proteinosis

Salih, M. A., Abu-Amero, K. K., Alrasheed, S., Alorainy, I. A., Liu, L., McGrath, J. A., Van

Maldergem, L., Al-Faley, Y.H., AlSuhaibani, A.H., Oystreck, D.T., Bosley, T. M. (2011). Molecular

and neurological characterizations of three Saudi families with lipoid proteinosis. BMC Med

Genet, 12, 31.%7
doi:10.1186/1471-2350-12-31

e Click reference above to see full PDF article

BACKGROUND: Lipoid proteinosis is a rare autosomal recessive disease characterized by
cutaneous and mucosal lesions and hoarseness appearing in early childhood. It is caused by
homozygous or compound heterozygous mutations in the ECM1 gene. The disease is largely
uncharacterized in Arab population and the mutation(s) spectrum in the Arab population is
largely unknown. We report the neurologic and neuroradiologic characteristics and ECM1 gene
mutations of seven individuals with lipoid proteinosis (LP) from three unrelated

consanguineous families.
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METHODS: Clinical, neurologic, and neuro-ophthalmologic examinations; skin histopathology;
brain CT and MRI; and sequencing of the full ECM1 gene.

RESULTS: All seven affected individuals had skin scarring and hoarseness from early childhood.
The two children in Family 1 had worse skin involvement and worse hoarseness than affected
children of Families 2 and 3. Both children in Family 1 were modestly mentally retarded, and
one had typical calcifications of the amygdalae on CT scan. Affected individuals in Families 2
and 3 had no gross neurologic, neurodevelopmental, or neuroimaging abnormalities. Skin
histopathology was compatible with LP in all three families. Sequencing the full coding region of
ECM1 gene revealed two novel mutations in Family 1 (c.1300-1301delAA) and Family 2
(p.Cys269Tyr) and in Family 3 a previously described 1163 bp deletion starting 34 bp into intron
8.

CONCLUSIONS: These individuals illustrate the neurologic spectrum of LP, including variable
mental retardation, personality changes, and mesial temporal calcification and imply that
significant neurologic involvement may be somewhat less common than previously thought.
The cause of neurologic abnormalities was not clear from either neuroimaging or from what is
known about ECM1 function. The severity of dermatologic abnormalities and hoarseness
generally correlated with neurologic abnormalities, with Family 1 being somewhat more
affected in all spheres than the other two families. Nevertheless, phenotype-genotype
correlation was not obvious, possibly because of difficulty quantifying the neurologic

phenotype and because of genetic complexity.

Significance of the publication:

All subjects were referred to our neuro-ophthalmology service because of strabismus. Careful
orthoptic investigation revealed all genotyped individuals had normal ocular alignment and
motility. This publication has been included to illustrate the importance of including the
orthoptic evaluation. These individuals may have inappropriately been reported as having
strabismus by investigators who were not able to appropriately assess the ocular alignment. It

also represents a gene we determined is not pathogenic for strabismus.
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8.4.2 Carbonic anhydrase type Il deficiency syndrome

Bosley, T. M., Salih, M. A., Alorainy, I. A., Islam, M. Z., Oystreck, D. T., Suliman, O. S., al Malki,S.,

Suhaibani, A.H., Khiari, H., Beckers, S., van Wesenbeeck, L., Perdu, B., AlDrees, A., EImalik, S.S.,

Van Hul, W., Abu-Amero, K. K. (2011). The neurology of carbonic anhydrase type |l deficiency

syndrome. Brain, 134(Pt 12), 3499-3512.%8

doi:10.1093/brain/awr302

e Click reference above to see full PDF article

Carbonic anhydrase type Il deficiency syndrome is an uncommon autosomal recessive disease
with cardinal features including osteopetrosis, renal tubular acidosis and brain calcifications.
We describe the neurological, neuro-ophthalmological and neuroradiological features of 23
individuals (10 males, 13 females; ages at final examination 2-29 years) from 10 unrelated
consanguineous families with carbonic anhydrase type Il deficiency syndrome due to
homozygous intron 2 splice site mutation (the 'Arabic mutation'). All patients had
osteopetrosis, renal tubular acidosis, developmental delay, short stature and craniofacial
disproportion with large cranial vault and broad forehead. Mental retardation was present in
approximately two-thirds and varied from mild to severe. General neurological examinations
were unremarkable except for one patient with brisk deep tendon reflexes and two with severe
mental retardation and spastic quadriparesis. Globes and retinae were normal, but optic nerve
involvement was present in 23/46 eyes and was variable in severity, random in occurrence and
statistically correlated with degree of optic canal narrowing. Ocular motility was full except for
partial ductional limitations in two individuals. Saccadic abnormalities were present in two,
while half of these patients had sensory or accommodative strabismus, and seven had
congenital nystagmus. These abnormalities were most commonly associated with afferent
disturbances, but a minor brainstem component to this disorder remains possible. All internal
auditory canals were normal in size, and no patient had clinically significant hearing loss.
Neuroimaging was performed in 18 patients and repeated over as long as 10 years. Brain
calcification was generally progressive and followed a distinct distribution, involving

predominantly basal ganglia and thalami and grey-white matter junction in frontal regions
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more than posterior regions. At least one child had no brain calcification at age 9 years,
indicating that brain calcification may not always be present in carbonic anhydrase type Il
deficiency syndrome during childhood. Variability of brain calcification, cognitive disturbance
and optic nerve involvement may imply additional genetic or epigenetic influences affecting the
course of the disease. However, the overall phenotype of the disorder in this group of patients
was somewhat less severe than reported previously, raising the possibility that early treatment
of systemic acidosis with bicarbonate may be crucial in the outcome of this uncommon

autosomal recessive problem.

8.4.3 Autosomal Recessive C12orf57

Salih, M. A., Tzschach, A., Oystreck, D. T, ..., Bosley, T. M. (2013). A newly recognized autosomal

recessive syndrome affecting neurologic function and vision. Am J Med Genet A, 161A(6), 1207-

1213.%°
doi:10.1002/ajmg.a.35850

e Click reference above to see full PDF article

Genetic factors represent an important etiologic group in the causation of intellectual disability.
We describe a Saudi Arabian family with closely related parents in which four of six children
were affected by a congenital cognitive disturbance. The four individuals (aged 18, 16, 13, and 2
years when last examined) had motor and cognitive delay with seizures in early childhood, and
three of the four (sparing only the youngest child) had progressive, severe cognitive decline
with spasticity. Two affected children had ocular malformations, and the three older children
had progressive visual loss. The youngest had normal globes with good functional vision when
last examined but exhibited the oculodigital sign, which may signify a subclinical visual deficit. A
potentially deleterious nucleotide change (c.1A>G; p.Met1Val) in the C120rf57 gene was
homozygous in all affected individuals, heterozygous in the parents, and absent in an
unaffected sibling and >350 normal individuals. This gene has no known function. This family

manifests an autosomal recessive syndrome with some phenotypic variability that includes
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abnormal development of brain and eyes, delayed cognitive and motor milestones, seizures,
and a severe cognitive and visual decline that is associated with a homozygous variant in a

newly identified gene.

8.4.4 Partial mosaic trisomy 8

Abu-Amero, K. K., Kondkar, A. A., Salih, M. A., Al-Husain, M., Al Shammari, M., Zeidan, G.,

Oystreck, D.T., Hellani, A.M., Kentab, A.Y., Bosley, T. M. (2013). Ophthalmologic observations in

a patient with partial mosaic trisomy 8. Ophthalmic Genet, 34(4), 249-253.7°

doi:10.3109/13816810.2012.762933

e Click reference above to see full PDF article

BACKGROUND: To carefully assess the phenotype and genotype of a patient with partial mosaic

trisomy 8 with particular attention to ophthalmologic features.

METHODS: Ophthalmologic and neuro-ophthalmologic examination; neuroimaging;

conventional karyotyping; and array comparative genomic hybridization (CGH).

RESULTS: The proband was the only affected child of a non-consanguineous family. At birth she
was noted to have facial dysmorphism including telecanthus, low set ears, prominent nares,
and an everted lower lip. She had an accommodative esotropia with otherwise normal globes,
optic nerves, retinae, and orbits. She also had delayed motor milestones and mild mental
retardation associated with agenesis of the corpus callosum. Both karyotyping and array CGH
documented mosaic partial trisomy of chromosome 8 that included all of the "q" arm and part

n_n

of the proximal "p" arm.

CONCLUSIONS: This girl had a number of the classic features of mosaic trisomy 8, including an
accommodative esotropia with none of the other ocular and orbital anomalies described in

patients with mosaic trisomy 8. This report constitutes an initial effort to create a virtual
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database of patients with mosaic chromosome 8 in which careful phenotype-genotype
correlation employing high resolution array CGH may help identify clues regarding the genetic

etiology of ophthalmologic features of this syndrome.

8.4.5 Isolated sulfite oxidase deficiency

Bosley, T. M., Alorainy, I. A., Oystreck, D. T., Hellani, A. M., Seidahmed, M. Z., Osman Mel, F.,

Sabry, M.A., Rashed, M.S., Al-Yamani, E.A., Abu-Amero, K.K., Salih, M. A. (2014). Neurologic

injury in isolated sulfite oxidase deficiency. Can J Neurol Sci, 41(1), 42-48.71

PMID: 24384336

e Click reference above to see full PDF article

Background: We review clinical, neuroimaging, and genetic information on six individuals with

isolated sulfite oxidase deficiency (ISOD).

Methods: All patients were examined, and clinical records, biochemistry, neuroimaging, and

sulfite oxidase gene (SUOX) sequencing were reviewed.

Results: Data was available on six individuals from four nuclear families affected by ISOD. Each
individual began to seize within the first week of life. neurologic development was arrested at
brainstem reflexes, and severe microcephaly developed rapidly. neuroimaging within days of
birth revealed hypoplasia of the cerebellum and corpus callosum and damage to the
supratentorial brain looking like severe hypoxic-ischemic injury that evolved into cystic
hemispheric white matter changes. Affected individuals all had elevated urinary S-sulfocysteine
and normal urinary xanthine and hypoxanthine levels diagnostic of ISOD. Genetic studies

confirmed SUOX mutations in four patients.

87



Stellenbosch University https://scholar.sun.ac.za

Conclusions: ISOD impairs systemic sulfite metabolism, and yet this genetic disease affects only
the brain with damage that is commonly confused with the clinical and radiologic features of

severe hypoxic-ischemic encephalopathy.

Notes:
Orthoptic assessment was conducted on 3 of the 6 individuals. Ocular motility was grossly full
but alignment was variable with poor or no attention to visual targets. Biochemical diagnosis

was confirmed in 6, genetic confirmation in 4.

Significance of this publication:

These individuals represented a group in which ocular alignment and excursion of ocular
motility was variable due to profound brain dysfunction. Subjects did not have visually guided
eye movements but rather roving movements. The publication highlights brain development
conditions resulting in cortical blindness with subsequent effects on the oculomotor system,

e.g. roving eye movements, variable strabismus, and sensory nystagmus.
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8.5 Strabismus with full ocular motility in neurologically normal

This section represents a large group of subjects who were neurologically normal, full ocular
motility, and comitant strabismus who also have at least two other similarly affected family

members.

This comprises two populations of subjects and represents on-going work as a member of the

international Strabismus Genetics Research Consortium.

One group was enrolled into the KSU project 542-7 where all examinations were done in
Riyadh, Saudi Arabia. However genetic investigations were done with a collaborating research
team at Boston Children’s Hospital (Engle lab) who were also investigating the genetics of
familial forms of simple strabismus. We enrolled a total of 204 subjects from 50 Arab families.
DNA samples were obtained in 160 subjects. Two siblings were found to have a mutation in
HOXA1, one of whom was published in a previous HOXA1 publication®. Results are pending on

the remaining samples.

A second group involves roughly 50 subjects | examined at Boston Children’s Hospital who were

enrollment into their Simple strabismus project.

One publication has recently been published.
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8.5.1 Comitant esotropia

Shaaban, S., MacKinnon, S., Andrews, C., Staffieri, S. E., Maconachie, G. D. E., Chan, W. M., et al.

(2018). Genome-Wide Association Study ldentifies a Susceptibility Locus for Comitant Esotropia

and Suggests a Parent-of-Origin Effect. Invest Ophthalmol Vis Sci, 59(10), 4054-4064.72

doi:10.1167/iovs.18-24082 002
e Click reference above to see full PDF article
e Candidate was not involved in the writing of this publication but was involved in the
examination and classification of subjects enrolled in this project. This is discuss in more
detail in chapter 9.
e An update to the genetic findings in this population has just been accepted as a poster

at the 2019 AAPOS conference in San Diego, CA, USA.

Purpose: To identify genetic variants conferring susceptibility to esotropia. Esotropia is the
most common form of comitant strabismus, has its highest incidence in European ancestry

populations, and is believed to be inherited as a complex trait.

Methods: White European American discovery cohorts with nonaccommodative (826 cases and
2991 controls) or accommodative (224 cases and 749 controls) esotropia were investigated.
White European Australian and United Kingdom cohorts with nonaccommodative (689 cases
and 1448 controls) or accommodative (66 cases and 264 controls) esotropia were tested for
replication. We performed a genome-wide case-control association study using a mixed linear

additive model. Meta-analyses of discovery and replication cohorts were then conducted.

Results: A significant association with nonaccommodative esotropia was discovered (odds ratio
[OR] =1.41, P = 2.84 x 10-09) and replicated (OR = 1.23, P = 0.01) at rs2244352 [T] located
within intron 1 of the WRB (tryptophan rich basic protein) gene on chromosome 21 (meta-
analysis OR =1.33, P =9.58 x 10-11). This single nucleotide polymorphism (SNP) is differentially
methylated, and there is a statistically significant skew toward paternal inheritance in the

discovery cohort. Meta-analysis of the accommodative discovery and replication cohorts
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identified an association with rs912759 [T] (OR = 0.59, P = 1.89 x 10-08), an intergenic SNP on

chromosome 1p31.1.

Conclusions: This is the first genome-wide association study (GWAS) to identify significant
associations in esotropia and suggests a parent-of-origin effect. Additional cohorts will permit
replication and extension of these findings. Future studies of rs2244352 and WRB should

provide insight into pathophysiological mechanisms underlying comitant strabismus.
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Chapter 9: Phenotypic-genotypic bi-directional algorithm overview &
Summary

Project design

All subjects were enrolled into an REB approved institutional project. (see chapter 1 Table 1.2)
The research was conducted under several grants and different principal investigators. (Table
9.0) The central focus of these institutional research projects, and the resultant publications,
varied. Main topics included genetic, radiologic, neurologic and medical domains.

The candidate was a member of these international research teams and was involved in the
assessment of all subjects. My contribution was as a certified orthoptist having expertise in the
evaluation of ocular motility disorders. This afforded a unique opportunity to study the
orthoptic features in a large cohort of subjects with rare and heterogeneous conditions in
which disturbance of ocular motility and alignment were common features.

The central research question was whether the orthoptic evaluation can be an effective tool in
the elucidation and distinction of congenital and/or genetic disorders with disturbance of
ocular alignment and motility. If true, this could lead to designing a bi-directional diagnostic
algorithm in which orthoptic features serve as the starting point in the investigation of these
subjects. Therefore all studies done by our research teams required conducting an orthoptic
evaluation. In most cases this was administered in conjunction with additional assessments as
part of a larger institutional study. These assessments most often included neuro-
ophthalmology, pediatric ophthalmology and genetics; frequently included radiology, pediatric
neurology; and as needed ENT, audiology, pediatrics, and psychology as per study protocols.
The method of genetic investigations were determined by the research lab conducting the
assessment and the study protocol in which the subject was enrolled. Molecular investigation
techniques included sequencing of candidate genes, array comparative genomic hybridization

(array CGH) and whole exome or genome screening.

92



Stellenbosch University https://scholar.sun.ac.za

Table 9.0. Research grants in which candidate work was performed

Agency Grant ID Pl
KSU Deanship scientific research RGP-VPP-301 Salih
KACST AT-30-20 Abu-Amero
AT-29-31
07-581
NEI RO1 EY 15298 Engle

KSU = King Saud University; KACST = King Abdulaziz City for Science and
Technology; NEI = National Eye Institute.

Addressing the main research question and proposed aim of the research

The central research question: Is the orthoptic evaluation an effective tool in the elucidation
and distinction of congenital and/or genetic disturbances in ocular alignment and motility?
Research aim: To design a bi-directional diagnostic clinical algorithm in which identified
phenotypes can accurately predict the genotype (direction 1 — phenotype predicts genotype),
conversely to identify genotypes that will allow the clinician to accurately predict an expectant
phenotype (direction 2 — genotype predicts phenotype).

The benefits of such an algorithm would improve accuracy of the diagnosis, permit earlier and
more appropriate referrals to other medical specialists, ensure cost effective genetic
investigations, and permit more targeted management strategies with clearer outcome goals.
The central research question and aim are explored through two hypothesis and developed
through addressing 6 objectives. (Fig 9.1)

This chapter presents evidence for each objective.
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Figure 9.1. Construction of a bi-directional algorithm
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Objective 1: Design a clinical assessment protocol to assess disruptions of ocular
alignment and motility.

Outcome: Met with regards to current knowledge and understanding of the conditions.
Evidence:

e RP 0424 datasheet (link to document)

e NANOS/CHB datasheet (link to document)

e Example of MBS datasheet (link to document)

e Textbook Chapter — The Orthoptic evaluation (link to PDF)

Discussion:

Chapter 2 includes early publications that led to my involvement in this topic. This was the start
of a conscious effort by a team of clinicians to further pursue research in the field of congenital
ocular motility disorders by elucidating the clinical spectrum of newly identified genetic
syndromes. Early success with key publications led to the creation of a larger multidisciplinary
team that included myself as the ocular motility expert. This in turn resulted in the eventual
initiation of the ophthalmic genetics research program at King Saud University in Riyadh, Saudi
Arabia that | would join in 2008.

My involvement within these research teams included standardizing the clinical approach to

evaluating and documenting ocular involvement.

Outcome:

Candidate designed data collection forms; standardized the assessment, scoring and
terminology used in the evaluation of subjects. This permitted consistent, detailed descriptions
for disorders encountered, which proved useful to identify important similarities and

distinctions within this population.
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Identified limitations:

Despite great efforts, a single standard investigation on all subjects was not achieved. This was
due in large part to the different requirements for each project and the different services and
clinical specialists available at the various institutions. However, the basic orthoptic evaluation
was consistent. Modification was required in situations of poor cognitive ability or bilateral
visual deficits. An unabridged approach was published as a textbook chapter.!! A PDF of the

editor’s final copy has been provided in appendix section for chapter 9.
No single data collection form or database could be utilized. Most projects required use of a

specific form and data storage location. The candidate adapted to the needs and requests of

different stakeholders. Examples are provided in appendix chapter 9.
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Objective 2: Identification and characterization of congenital and/or genetic disorders
affecting ocular motility and alignment

Outcome: Met

The total number of subjects examined and charts reviewed (retrospective reports) related to
the dissertation is estimated at 1409.
Of these, 564 were excluded for the following reasons:
e 404 subjects reviewed as part of the DRS retrospective publications® 2
e 60 OFNF subject reported in the retrospective OFNF treatment publication.*’
e ~50 subjects examined as part of the Boston Children’s Hospital Simple Strabismus
study’?
e 50 subjects (15 families) with at least two family members having congenital motor
nystagmus with apparent normal afferent visual functioning. It was decided to not

include this group as full investigations were not complete at the time of this writing.

This left a total of 845 subjects enrolled with 40 different clinical diagnoses identified.
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Objective 3: To consolidate the identified main phenotypes with confirmed genotypes

Outcome: Met

Evidence: Table 9.3.1,9.3.2,9.3.3

Phenotyping:

All subjects underwent substantial investigations that involved multiple specialties to provide as
much phenotypic information as possible. My role was to perform an orthoptic evaluation to
identify strabismus and/or ocular motility abnormalities. In most cases the orthoptic exam was
done as part of a subject’s regular ophthalmological visit to Pediatric ophthalmology or Neuro-

ophthalmology. In other cases it was conducted as part of a research clinic.

Genotyping:

All institutional approved research projects that subjects were enrolled involved genetic
investigations. DNA samples were obtained in 72% (609/845) of subjects. However a genetic
diagnosis was confirmed in 33% (281/845) of all subjects, either by analysis of DNA or by

confirmation in a similarly affected family member. Table 9.3.1 lists the outcomes.

Consolidating confirmed genotypes to phenotypes:

A total of 25 genes were identified as having a mutation. Two show evidence for mutation-
specific phenotypes (TUBB3, CHRNE), one had marked variable expression (NF1). One condition
involved mitochondrial DNA deletions. Several subjects had a chromosomal anomalies, which
in all but one case (partial chromosome 8 trisomy) involved a single gene. Table 9.3.2 provides

a full list of the genetic results linked to the pertinent diagnosis.
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Characterization of disorders and genetics:

The candidate authored 43 peer reviewed articles, 1 textbook chapter, and participated in two
publications as a consortium member that described the clinical, and when known, genetic
details of 349 subjects. Included in this list are 5 invited publications.?”-4%73-75 A textbook
chapter defining the orthoptic evaluation also arose from work on defining the best approach
to the assessment of binocular vision disorders.’* Tables 9.3.3 list the publications by date of

acceptance.

Table 9.3.1 Genetic results in subject population n= 845

n total % total
population population
Sample obtained 609 72%
Results pending* 378/609
Initial results negative 21/609
Results known* 281/865 33%

*Awaiting DNA analysis; ¥ Genetics confirmed by DNA analysis or by genetic
confirmation in similarly affected family member.
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Table 9.3.2 Summary of genetic results in subject population

Chapter 2 - DRS
Gene/ Gene full name Gene Inher Cyto loc. No. Dx linked in
Locus MIiM genotyped | dissertation
HOXA1 Homo sapiens homeobox Al *142955 AR 7p15.2 28 synDRS
BSAS
ABDS
HOXA1
syndrome
PTPRN2 protein tyrosine phosphatase, receptor *601698 Chrm 7q36.3 1 synDRS
type, N polypeptide 2
FGF13 Fibroblast growth factor homologous *300070 Chrm Xq26.3- 1 synDRS (WS)
factor 13 q27.1
KIR killer cell immunoglobulin-like receptor Chrm 19q13.4 1 synDRS
CHRNBS3, Cholinergic Receptor, Nictoinic, Beta-3 *118508 Chrm 8pl11.2 1 synDRS
Neuronal
XIRP2 Xin Actin-binding Repeat containing 2 *609778 Chrm 2g24.3 1 synDRS
RNF34 ring finger protein 34, E3 ubiquitin *608299 Chrm 12¢g24.31
protein ligase
- - - 1 synDRS
PPARA peroxisome proliferator-activated +170998 Chrm 22q13.31
receptor alpha
DMD dystrophin *300377 Chrm Xp21.2- 2 synDRS
p21.1
COL25A1 collagen type XXV alpha 1 *610004 AR 4925 2 nsDRS
Non Bilateral nsDRS
pathogenic
CNV
Chapter 3 - MBS
Gene/ Gene full name Gene Inher Cyto loc. No. Dx linked in
Locus MiM genotyped | dissertation
s | e 123 MBS
TUBB3 See chapter 4
HOXB1 See chapter 8
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Chapter 4 - CFEOM

Gene/ Gene full name Gene Inher Cyto loc. No. Dx linked in
Locus MIiM genotyped | dissertation
KIF21A kinesin family member 21A *608283 AD 12q12 12 CFEOML1 >
CFEOM3
PHOX2A Aristaless Homebox, Drosophila, Homolog | *602753 AR 11q13.4 22 CFEOM2
of (ARIX)
TUBB3 Tubulin, Beta-3 *602661 De 16q24.3 10 CFEOMS3 plus
novo
AD
TUBBS3 - E410K 2
TUBB3 —E417H 2
TUBB3 —R262H 1
TUBB3 — mutation not specified 5
Chapter 5 - OFNF
Gene/ Gene full name Gene Inher Cyto loc. No. Dx linked in
Locus MIiM genotyped | dissertation
NF1 Neurofibromin 1 *613113 AD 17q11.2 96* NF1
OFNF
*includes all subjects having either NF1 or OFNF
Chapter 6 - CMS
Gene/ Gene full name Gene Inher Cyto loc. No. Dx linked in
Locus MIiM genotyped | dissertation
CHRNE Cholinergic Recptor, Nicotinic, Epsilon *100725 AR 17p13.2 3 CMS (3 MIM
Polypeptide phenotypes)
coLQ Collagenic Tail of Endplate *603033 AR 3p25.1 1 CMS5 (pheno
Acetylcholinesterase MIM 603034
MUSK Muscle, Skeletal, Receptor Tyrosine *601296 AR 9qg31.3 2 CMS9 (pheno
Kinase MIM 616325)
Chapter 7 - HGPPS
Gene/ Gene full name Gene Inher Cyto loc. No. Dx linked in
Locus MiM genotyped | dissertation
ROBO3 Roundabout, Drosophila, Homolog of, 3 *608630 AR 11924.2 25 HGPPS
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Chapter 8 - Miscellaneous

Gene/ Gene full name Gene Inher Cyto loc. No. Dx linked in
Locus MIiM genotyped | dissertation
MtDNA | N/A - Mito 3 KSS
(Mitochondrial DNA deletions)
MRE11A | Meiotic recombination 11, S. Cerevisiae, *600814 AR 11q21 14 ATLD1
homolog of, A
C12o0rf57 | Chromosome 12 open reading frame 57 *615140 AR 12p13.31 4 Abn brain and
eye (Temtys)
Chrm 8 Chromosome 8 Partial trisomy - denovo | 8q&p 1 Accommodati
ve ET
SUOX Sulfite oxidase *606887 AR 12g13.2 3 ISOD
CA2 Carbonic Anhydrase Il *611492 AR 8¢21.2 23 CADS,
Marble Brain,
Osteopetrosis
ECM1 Extracellular matrix protein 1 *602201 AR 1g21.2 7 Lipoid
Proteinosis
PABPN1 | Polyadenylate-binding protein, nuclear, 1 *602279 AD 14q11.2 1 OPMD
HOXB1 Homo sapiens homeobox B1 *142968 AR 17q921.32 2 HCFP3

Full spelling of diagnoses are given in legend for Table 9.6.
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Table 9.3.3 List of candidate’s publications related to dissertation

Paper | Cty | Accpt for | Reference title and journal Thesis
Pub Ref #

1 2 2004 12 Neurologic features of horizontal gaze palsy and progressive scoliosis 6
with mutations in ROBO3. Neurology. 2005;64(7):1196-203.

2 2 2005 10 Clinical characteristics of bilateral Duane syndrome. Journal of AAPOS. 9
2006;10(3):198-201

3 2 2005 10 Homozygous HOXA1 mutations disrupt human brainstem, inner ear, 14
cardiovascular and cognitive development. Nature genetics.
2005;37(10):1035-7

4 2 2006 01 Fixation preference for the affected eye in patients with unilateral 10
Duane syndrome. Journal of AAPOS. 2006;10(3):275-6.

5 2 2006 05 Neurological features of congenital fibrosis of the extraocular muscles | 44
type 2 with mutations in PHOX2A. Brain. 2006;129(Pt 9):2363-74

6 2 2007 06 Duane retraction syndrome on the Arabian Peninsula. Strabismus. 12
2007;15(4):205-8

7 2 2007 09 Clinical characterization of the HOXA1 syndrome BSAS variant. 5
Neurology. 2007;69(12):1245-53

8 1 2007 09 Ophthalmic features of ataxia telangiectasia-like disorder. Journal of 65
AAPOS. 2008;12(2):186-9

9 2 2008 01 The clinical spectrum of homozygous HOXA1 mutations. American 15
journal of medical genetics Part A. 2008;146A(10):1235-40

10 1 2008 08 Ophthalmic features of Joubert syndrome. Ophthalmology. 66
2008;115(12):2286-9

11 2 2008 08 Bilateral synergistic convergence associated with homozygous ROB03 61
mutation (p.Pro771Leu). Ophthalmology. 2008;115(12):2262-5

12 2 2009 08 Synergistic divergence: a distinct ocular motility dysinnervation 37
pattern. Invest Ophthalmol Vis Sci. 2009;50(11):5213-6

13 2 2010 Congenital Cranial Dysinnervation Disorders. 2010. In: Encyclopedia of | 42
the Eye [Internet]. Elsevier; [346-55]

14 5 2010 01 Congenital myasthenic syndrome due to homozygous CHRNE 51
mutations: report of patients in Arabia. Journal of neuro-
ophthalmology. 2011;31(1):42-7

15 2 201101 Recent progress in understanding congenital cranial dysinnervation 26
disorders. Journal of neuro-ophthalmology. 2011;31(1):69-77

16 1 2011 02 Molecular and neurological characterizations of three Saudi families 67
with lipoid proteinosis. BMC medical genetics. 2011;12:31

17 1,2, | 01107 When straight eyes won't move: phenotypic overlap of genetically 45

4 distinct ocular motility disturbances. Can J Ophthalmol. 2011;46(6):477-

80

18 1 2011 09 The neurology of carbonic anhydrase type Il deficiency syndrome. 68
Brain.2011;134(Pt 12):3499-512

19 3 2011 10 Orbitofacial neurofibromatosis: clinical characteristics and treatment 47
outcome. Eye (Lond). 2012;26(4):583-92
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Paper | Cty | Accpt for | Reference title and journal Thesis
Pub Ref #

20 3 2012 04 Visual loss in orbitofacial neurofibromatosis type 1. Ophthalmology. 48
2012;119(10):2168-73

21 2,6 | 2012 05 HOXB1 founder mutation in humans recapitulates the phenotype of 38
Hoxb1-/- mice. American journal of human genetics

22 6 2012 05 Comitant strabismus: Perspectives, present and future. Saudi journal of | 73
ophthalmology. 2012;26(3):265-70

23 2 2012 07 Partial chromosome 7 duplication with a phenotype mimicking the 28
HOXA1 spectrum disorder. Ophthalmic genetics. 2013;34(1-2):90-6.

24 2 2012 11 A novel syndrome caused by the E410K amino acid substitution in the 39
neuronal beta-tubulin isotype 3. Brain. 2013;136(Pt 2):522-35

25 1 2012 12 A newly recognized autosomal recessive syndrome affecting 69
neurologic function and vision. American journal of medical genetics
Part A. 2013;161A(6):1207-13

26 6 2012 12 Ophthalmologic observations in a patient with partial mosaic trisomy 70
8. Ophthalmic genetics. 2013;34(4):249-53

27 2 2013 01 Xq26.3 microdeletion in a male with Wildervanck Syndrome. 29
Ophthalmic genetics. 2014;35(1):18-24

28 3 2013 03 Ocular Neostigmine Drops for Diagnosing Myasthenia Gravis. J Neurol 76
Neurophysiol. 2013(S11:004)

29 3 2013 05 Variable ptosis after botulinum toxin type a injection with positive ice 77
test mimicking ocular myasthenia gravis. Journal of neuro-
ophthalmology. 2013;33(2):169-71

30 2 2013 07 Partial duplication of chromosome 19 associated with syndromic 30
duane retraction syndrome. Ophthalmic genetics. 2015;36(1):14-20

31 1 2013 07 Neurologic injury in isolated sulfite oxidase deficiency. The Canadian 71
journal of neurological sciences Le journal canadien des sciences
neurologiques. 2014;41(1):42-8

32 2 2013 08 Nicotinic Receptor Mutation in a Mildly Dysmorphic Girl with Duane 31
Retraction Syndrome. Ophthalmic genetics. 2015;36(2):99-104.

33 2 2013 09 Congenital cranial dysinnervation disorders: a concept in evolution. 27
Current opinion in ophthalmology. 2013;24(5):398-406

34 2 2013 12 CCDD Phenotype Associated with a Small Chromosome 2 Deletion. 32
Seminars in ophthalmology. 2015;30(5-6):435-42.

35 2 2014 01 HOXA1 Mutations are Not Commonly Associated with Non-Syndromic | 78
Deafness. Can J Neurol Sci. 2014;41(4):448-51

36 2,3, | 201401 Diagnostic distinctions and genetic analysis of patients diagnosed with | 40

6 moebius syndrome. Ophthalmology. 2014;121(7):1461-8

37 2 2014 03 Microdeletions involving chromosomes 12 and 22 associated with 33
syndromic Duane retraction syndrome. Ophthalmic genetics.
2014;35(3):162-9

38 2 2014 05 Retinal Dysfunction in Patients with Congenital Fibrosis of the 46

Extraocular Muscles Type 2. Ophthalmic genetics. 2016;37(2):130-6
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Paper | Cty | Accpt for | Reference title and journal Thesis
Pub Ref #

39 2 2015 01 Congenital and Genetic Ocular Motility Disorders: Update and 74
Considerations. Am Orthopt J. 2015;65:58-66

40 2,4 | 201504 Duane retraction syndrome in a patient with Duchenne muscular 34
dystrophy. Ophthalmic genetics. 2016:1-5

a1 2,4 | 201512 Duane Retraction Syndrome Associated with a Small X Chromosome 35
Deletion. Can J Neurol Sci 2016;43(3):445-7

42 2 2016 06 The genetics of nonsyndromic bilateral Duane retraction syndrome. 36
Journal of AAPOS. 2016;20(5):396-400 e2.

43 4 2016 12 New Observations Regarding the Retinopathy of Genetically 79
Confirmed Kearns-Sayre Syndrome. Retin Cases Brief Rep 2018;
12(4):349-358

44 2017 The orthoptic evaluation — chapter 75. In Taylor & Hoyt's pediatric 11
ophthalmology and strabismus, 5% edition, Eds. Lambert SR, Lyons
CJ.2017

45 2 2018 01 Ophthalmoplegia and Congenital Cranial Dysinnervation Disorders. J 75
Binocul Vis Ocul Motil 2018;1:31-33

Publications as a consortium member — not involved in writing manuscript

46 4 2017 07 A defect in myoblast fusion underlies Carey-Fineman-Ziter syndrome 41
(Moebius Syndrome Research Consortium)

47 6 2018 08 Genome-Wide Association Study Identifies a Susceptibility Locus for 72
Comitant Esotropia and Suggests a Parent-of-Origin Effect. Invest
Ophthalmol Vis Sci 2018; 59:4054-4064
(Strabismus Genetics Research, Consortium)

Cyt = Classification category (see category distinctions below); Accpt for Pub = date accepted for

publication (YYYY/MM)
Category distinctions:
1 = Neurological or Central Nervous System Disorders
2 = Disorders of Cranial Nerve development (CCDDs)
3 = Disorders of Orbital development

4 = Myopathic disorders
5 = Disorders of Neuromuscular junction
6 = Disorders of Simple strabismus
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Objective 4: Provide new insight into mechanisms affecting normal development and
function of the oculomotor system

Outcome: Met

Evidence: Table 9.4.1

An anticipated outcome of studying a large cohort of subjects with rare disorders was to gain
insight into mechanisms affecting the normal development and function of the oculomotor
system. By integrating the results of the genetic evaluation with detailed clinical evaluations
including the orthoptic evaluation, neuro-radiology, and findings from other medical specialties,
new and existing mechanisms were identified.

A list of the involved gene, chromosome, mitochondrial DNA are provided in Table 9.4.1 with a
reference to the relevant candidate publication discussing the impact on the oculomotor
system and proposed mechanism. The Table has been sorted into groups based on known or

presumed impact to the function of the oculomotor system.

Group 1: Genes with direct impact
e Involved in cranial nerve development, maintenance and axonal guidance
e Involved in neuromuscular junction function
e Involved in cerebellum function
Group 2: Genes with an indirect impact
e Defective gene function leading to abnormal orbital anatomy with a secondary effect on
binocular vision, globe position, and/or motility
e Defective gene function leading to structural anomaly or a functional anomaly of the
visual pathway resulting in defective visual processing or a sensory strabismus
Group 3: Genes with an unknown role
e Identification of a genetic mutation that could not reliably be attributed to the observed
oculomotor dysfunction. In many cases in this group the publication was the first
report, or most detailed description, of a detected ocular motor anomaly when one was

present.
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Table 9.4.1 Grouping of genes based on known or presumed role in the development and
function of the oculomotor system.

Group 1 Ref Group 2 Ref Group 3 Ref
HOXA1* 14 NF1 i PTPRN2 28
COL25A1 37,63 C12orf57 69 FGF13 29
KIF21A 26 SUOX 71 KIR 30
PHOX2A 26, 44 CHRNB3, Neuronal 31
TUBB3* 39, 40,74 XIRP2 32
CHRNE 51 RNF34 33
coLqQ exam PPARA 33
MUSK exam DMD 34,35
ROBO3 6 CA2 68
MtDNA del 79 ECM1* 67
MRE11A 65 HOXB1* 38
PABPN1 45

Ref = relevant candidate publication; exam = as determined by candidate examination and literature
Group 1 = genes when mutated having a direct impact on function of the oculomotor system

Group 2 = genes when mutated having an indirect (secondary) impact on function of the oculomotor
system

Group 3 = genes when mutated having no known impact on function of the oculomotor system.
*reported cases of full eye movements
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Objective 5: Design a classification scheme based on mechanism accounting for
disruption of ocular motility and/or alignment
Outcome: Met

Evidence: Objectives 1-4

Addressing objective 5 is possible by meeting criteria for objectives 1-4.

Objective 1 provided the bases in which ocular motility and alignment data could be
standardized to ensure accurate and consistent data was collected in a population with
complex ocular motility disorders.

Objective 2 confirmed diagnoses in which identified phenotypes could be applied and studied.
Objective 3 consolidated these phenotypes with identified genotypes.

Objective 4 provided evidence about underlying mechanisms accounting for a disturbance in
the oculomotor system in genetically confirmed diagnoses. This established which genetic
disorders were likely pathogenic.

Objective 5 incorporates the information from the preceding objectives to propose a

classification system that encompass the relevant encountered disorders.

Creating a classification system:

A review of the literature and observations of our clinical findings suggests a classification
scheme based exclusively on clinical phenotype is not be reliable.

Examples include unraveling of the original CFEOM classification based on ocular motility
patterns as more genetic information was elucidated, and an overestimation of the value of
confirming DRS to predict genotype as was determined in many of our publications.

As a result it became apparent a scheme based on pathomechanisms would be more ideal.
However, it requires investigations that go beyond orthoptic features. This approach is
presented in the following paragraphs. Note however, objective 6 returns to the notion of
beginning with the orthoptic phenotype as the initial approach.

Based on known/proposed gene functions and documented phenotypes the following

classification scheme is proposed.
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Category 1: Neurological or Central Nervous system related disorders

Involves ocular motility and alignment disorders arising from a disturbance to normal
neurologic or central nervous system function. Innervational connections and structure of the
extraocular muscles are normal. The commonest issues in our population involved abnormal
function of the central eye movement systems due to supranuclear disturbances involving
cerebellar, thalamic, and cortical white matter neuronal functioning. This predominantly
affected ocular motility rather than inducing strabismus. Another mechanism arose from
abnormal cortical functioning in which normal visual processing and/or binocularity may not be
possible resulting in sensory strabismus or roving eye movements.

Observed oculomotor anomalies usually occurred after birth and tended to be progressive.

Key candidate publications pertaining to this category are listed in Table 9.3.3

Category 2: Congenital Cranial Dysinnervation disorders

This involves a heterogeneous group of neurogenic syndromes that arise from brainstem and
cranial nerve maldevelopment. Most result in absent or misinnervation of extraocular muscles,
lids, and/or facial muscles. However these can arise from congenital brainstem malformation
involving cranial nerve nuclei or gaze centres (e.g. MBS, HGPPS); or congenitally aplastic or
hypoplastic cranial nerves (KIF21A, TUBB3). This is the only category involving dysinnervation
of the extraocular muscles.

This category comprised the diagnoses discussed in chapters 2-4 and chapter 8 (section 8.2.1

and 8.2.2). Key candidate publications pertaining to this category are listed in Table 9.3.3

Bosley, T. M., Abu-Amero, K. K., & Oystreck, D. T. (2013). Congenital cranial dysinnervation

disorders: a concept in evolution. Curr Opin Ophthalmol, 24(5), 398-406.%7

doi:10.1097/1CU.0b013e3283645ad6
e The article provides the largest overview on this category.

e Click reference above to see full PDF article
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Category 3: Disruption to orbital anatomy

This involves conditions that predominantly affect the orbital development or disrupt the
integrity of the orbital anatomy resulting in dysfunction to ocular motility or more commonly
alignment. This category does not involve pathology affecting extraocular muscle development
or innervation.

This category comprised the diagnosis in chapter 5.

Key candidate publications pertaining to this category are listed in Table 9.3.3

Category 4: Myopathic disorders

This category involves disorders affecting extraocular muscle physiology or structure without
innervational disturbances.
This category comprised diagnoses in chapter 8 sections 8.1.2, 8.1.3, and 8.1.4

Key candidate publications pertaining to this category are listed in Table 9.3.3

Category 5: Disorders of the neuromuscular junction

Defects of the neuromuscular junction comprises a heterogeneous group of disorders caused
by mutations in different genes that affect neuromuscular transmission. Mutations in several
genes will inhibit neuromuscular transmission by affecting structure or function of the
neuromuscular synapse. Several disorders within this group disrupt eye movements, however
ocular alignment is generally not disturbed.

This category comprised the diagnosis in chapter 6.

Key candidate publications pertaining to this category are listed in Table 9.3.3
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Category 6: Simple strabismus

This category involves subjects with manifest strabismus that is either congenital or familial (at
least 2 other affected family members). This group has normal extraocular muscle function,
innervation and structure. Subjects are considered neurologically normal.

This category was discussed briefly in chapter 8 (section 8.5)

Key candidate publications pertaining to this category are listed in Table 9.3.3

Category 7 (additional): Multiple mechanisms

This category was added to accommodate the 8 subjects that had features consistent with
more than one of the above categories. These individuals are extremely interesting and likely

hold the key to additional information related to oculomotor system development.

Not categorized, but also worth mentioning were two other populations of subjects. The first
group comprised 31 subjects in which a definitive clinical diagnosis could not be made. These
subjects were found within categories 1-4. The second group consisted of 5 subjects that had
multiple diagnoses from within the same category. Both groups also represent interesting

populations worth further investigations.

Table 9.5.1groups all enrolled subjects by category. It includes the clinical diagnoses and genes

for each category as well as the number of subjects genotyped and the outcome. This Table is

considered a major outcome of this research.
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Summary:

Objective 5 represents what could be considered a penultimate classification for congenital
and/or genetic disorders of ocular motility and alignment. This is a scheme that incorporates
clinical, radiological, and molecular information to elucidate the underlying pathomechanism,
which is then used as a category. This classification is now possible due to recent advances in
genetics and radiology. Incorporation of investigations by multiple specialties is required for
this classification. However, this should now be considered the gold standard approach within
a research environment. We demonstrated this approach by the large number of authors and
medical specialties included in many of our publications. It is anticipated as more information
is generated through careful clinical assessments and collaborative work between multi-
disciplines this classification system will become more informative and useful to the general

ophthalmologist.
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Table 9.5.1 Subject classification based on underlying pathomechanism

Category 1: Neuro / CNS

Diagnosis No. | Genetics known Genetics unknown No.
Unable to specify 7 molecular diagnosis 48 results pending | 14
JBS 11 affected family member 13 screen negative 0
AT 2 61 no sample 4
ATLD 14 18
AOA2 2
ISOD 3 Gene Pts Published No.
ARSACS 4 MRE11A 14 Yes | 57
Cockayne 1 C12o0rf57 4
CADS 23 SUOX 3
TEMTYS 4 CA2 23
LP* 7 ECM1 7
Mul pheno same cat 1 chromosomal (no gene) 0
Total 79 Total 51
Category 2: CCDD
Diagnosis No. | Genetics known Genetics unknown No.
Unable to specify 17 molecular diagnosis 96 results pending | 207
CFEOM 105 affected family member 10 screen negative | 21
CFEOM1 (20) 106 no sample | 84
CFEOM2 (28) 312
CFEOMS3 (57)
DRS 108 | Gene Pts Published No.
nsDRS (56) ROBO3 24 Yes | 197
synDRS (52) PHOX2A 22
MBS 123 KIF21A 12
HGPPS 33 HOXA1 25
MGJW 3 PTPRN2 1
Isolated SD 2 RNF34 1
Isolated Ptosis* 4 PPARA 1
Isolated FP* 17 DMD 2
CN4 palsy 1 TUBB3 10
DEP 1 KIR 1
Mul pheno same cat 4 CHRNB3 1
Total | 418 XIRP2 1
FGF13 1
COL25A1 2
Chromosomal (no gene) 2
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| | | 106 |
Category 3: Orbit
Diagnosis No. | Genetics known Genetics unknown No.
Unable to specify 2 molecular diagnosis 32 results pending 5
NF1 34 affected family member 64 screen negative 0
OFNF 62 96 no sample 5
Plagio 10
BS
Mul pheno same
cat 0 Gene Pts Published No.
Total | 106 NF1 96 Yes | 79
Category 4: Myopathy
Diagnosis No. Genetics known Genetics unknown No.
Unable to specify 5 molecular diagnosis 6 results pending 2
CPEO 2 affected family member 0 screen negative 0
OMPD 1 6 no sample 5
KSS 4 7
CFZS 1
Total 12
Gene Pts Published No.
PABPN1 1 Yes 6
mtDNA del 4
MYMK 1
Category 5: Neuromuscular junction
Diagnosis No. Genetics known Genetics unknown No.
MG 8 molecular diagnosis 6 results pending 3
CMS 10 affected family member 0 screen negative 0
Total 18 6 no sample 9
12
Gene Pts Published No.
coLQ 1 Yes | 4
CHRNE 3
MUSK 2
6
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Category 6: Simple strabismus

Diagnosis No. | Genetics known Genetics unknown No.
Eso 52 molecular diagnosis 2 results pending | 160
Inf ET 9 screen negative 0
AET 94 no sample | 42
EXO 36 202
Strab assc 12 Gene
HT 1 HOXA1 2 Pts Published No.
Total | 204 Total 2 Yes 2
Category 7: Multiple mechanisms
Diagnosis No. Genetics known Genetics unknown No.
Multiple 8 molecular diagnosis 4 results pending | 4
Total 8 4 screen negative 0
4
Gene Pts Published No.
HOXA1 2 Yes | 7
HOXB1 2
4

*Disorders not affecting ocular motility or alignment. These have been included in the table for
completeness to illustrate total diagnoses encountered in this category.

Legend for diagnoses/phenotypes in Table 9.5.1

Pheno

Abbrev OMIM Diagnosis
AET Accommodative Esotropia
AOA2 #606002 | Ataxia-Oculomotor Apraxia 2
ARSACS #270550 | Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay
AT #208900 | Ataxia Teleganectasia
ATLD #604391 | Ataxia Teleganectasia-like disorder 1
BS %616407 | Brown syndrome
CADS #259730 | Carbonic anhydrase type Il deficiency syndrome
CFEOM1 #135700 | Congenital Fibrosis of the Extraocular Muscles Type 1
CFEOM2 #602078 | Congenital Fibrosis of the Extraocular Muscles Type 2
CFEOM3 #600638 | Congenital Fibrosis of the Extraocular Muscles Type 3
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congenital myasthenic syndrome; CMS9 MIM 616325 (CHRNE); CMS5

CMS MIM 603034 (COLQ); CMS9 (MUSK)
CN4 palsy 136480 | isolated congenital fourth nerve palsy
Cockayne #216400 | Cockayne syndrome
CPEO Chronic progressive external ophthalmoplegia
DEP monocular elevation deficiency (Double elevator palsy)
DRS 126800% | Duane Retraction Syndrome (unspecified)
Esotropia, intermittent esotropia, non accommodative esotropia with
ESO full ocular movements
EXO Exotropia, Intermittent exotropia with full ocular movements
isolated Facial palsy; HCFP1 (#601471); HCFP2 (#604185); HCFP3
FP (#614744) due to HOXB1;
HGPPS #607313 | Horizontal Gaze Palsy and Progressive Scoliosis
HT vertical strabismus with full ocular movements
Inf ET Infantile Esotropia
ISOD #272300 | Isolated Sulfite Oxidase Deficiency
JBS #614464 | Joubert syndrome (several genotypes)
KSS #530000 | Kearns-Sayre Syndrome
LP #247100 | Lipoid Proteinosis of Urbach and Wiethe
MBS 157900% | Moebius syndrome
MG 254200 | autoimmune Myasthenia Gravis
MGJW isolated Marcus Gunn Jaw Winking
Multiple
phenotypes Features consistent with diagnoses in more than 1 category
NF1 #162200 | Neurofibromatosis, Type 1; von Recklinghausen disease
nsDRS Duane Retraction Syndrome (nonsyndromic); may include BSAS
NT SPD diagnosis not specified
OFNF #162200 | Orbitofacial Neurofibramotosis
OPMD #164300 | Oculopharyngeal muscular dystrophy
Plagio Plagiocephaly (Craniosynostosis)
Ptosis 300245% | isolated ptosis
SC isolated Synergistic Convergence
SD Isolated Synergistic Divergence
Strb Assc Strabismus associated condition
Duane Retraction Syndrome (syndromic); includes BSAS (#601536) ;
synDRS Wildervanck (%314600); Chrm 7 dup
TEMTYS #218340 | Temtamy syndrome
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Objective 6: Designing a simplified clinical approach to these conditions

Outcome: Met.

Objective 5 determined a definitive diagnosis for ocular motility disorders often requires in
depth investigations from multiple specialties with an increasing importance on genetics.
However, in most cases a proband presents first to the general ophthalmologist who is then
tasked with beginning the investigation process. The following is a simplified approach
recommended for the general clinician who may find him/herself in this situation. It arises
from our experiences examining a large number of individuals with complex strabismus. The

foundation is utilization of the orthoptic evaluation.

Presented are two algorithms. Algorithm 1 is meant to assign a subject into the appropriate
category (see chapter 9 — objective 5). Algorithm 2 is meant to help narrow down the diagnosis
within a particular category and to help focus subsequent investigations, e.g. radiology
protocols, genetic technique.

Algorithm 1 can be easily utilized by the general ophthalmologist. Algorithm 2 requires a more
in depth assessment of the oculomotor system and quantification of confirmed anomalies.

Therefore it may not always be feasible for the general clinician.

The following sections have been discussed in part within our publications. However, the

concepts are amalgamated here for clarity.
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Algorithm 1: Getting into the right category — Clinician’s role

The primary objective is for the clinician to assign a ‘new patient’ into the appropriate category.
This is possible because most categories (based on pathomechanisms) demonstrate enough
phenotypic distinctions (hypothesis 1 can be assumed to be at least partially correct) that
assessment of a few key features can be utilized effectively.

Understanding that a complete orthoptic evaluation is not always feasible, presented here is an
abbreviated orthoptic evaluation that focuses on two components. These are considered
simple and reliable. Figure 9.6.1 outlines this as a 3 step process. This algorithm can identify a
category 2 condition in one step and category 1, 6, 4, and 5 in two steps. However, it is not

adequate for category 3 diagnoses because of marked variability.
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Figure 9.6.1 Step 1 — Key features to identify category

Step 1: Assess range of ocular excursion

Subject
v |
Full excursion Limited excursion

() () ()| ()
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Symmetrical all directions Full or limited

I

Step 2: Assess for presence of strabismus
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Step 3: Onset & Progression
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Later onset, Early onset, Early onset, Congenital/
progressive variable or stable progressive static
A\ 4 \ 4 A4 \ 4

Cat 1 = Neuro/CNS; Cat 2 = CCDD; Cat 3 = Orbit; Cat 4 = Myopathy; Cat 5 = NMJ; Cat 6 = Simple strab
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Step 1 — Assess degree of ocular excursions

Ocular excursions refer to the degree of ocular movement elicited with a duction. This does not
assess the quality of movement, but only whether the eye can achieve full movement into all
directions. An inability to achieve a full range of movement, regardless of direction or amount,
separates categories 1 and 6 from 2,4,5. Further distinction is made by judging symmetry of
the limited movements. Asymmetrical limitations are those in which limitation only occurs in
specific directions or are of significantly different amounts. This is characteristic of category 2
disorders (CCDDs). Symmetrical limitations are approximately the same amount in both eyes
and in all positions. Category 4 and 5 generally have symmetrical limitations. These can then
be distinguished from each other by proceeding directly to Step 3.
Outcome: Confirms Category 2

Advance to Step 2 to confirm if Category 1 or 6 diagnosis

Advance to Step 3 to confirm if Category 4 or 5 diagnosis

Step 2 — Assess for strabismus

This distinguishes category 1 from 6. Assessment of ocular alignment is only required in
primary position where the goal is to detect a manifest strabismus. Direction and size are not
required at this time. Category 1 conditions tend to maintain good eye alignment while
category 6 must have the presence of a manifest deviation in association with full ocular
excursion. Exceptions can occur in category 1 as some patients will have variable strabismus
secondary to profound bilateral visual loss.

Outcome: Distinguishes between Category 1 and 6

Step 3 — Onset and progression

Although useful for all categories, determination of age at onset and history of progression of
ocular dysmotility can distinguish between category 4 and 5. Both tend to have symmetrical
limitations of eye movement however age at onset tends to be later in category 4 with a
greater preponderance of increasing severity with advancing age.

Outcome: Distinguishes between Category 4 and 5.
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Algorithm 2: Narrowing down the correct diagnosis

After a patient has been categorized the next step is to attempt to narrow down a specific
diagnosis. The orthoptic evaluation can again be valuable starting point. However, this time a
more in depth assessment of ocular movements, strabismus patterns, and assessment of other
associated ocular features is required. These are described below and were part of all subject
evaluations in our studies. A more in depth description of the evaluation is provided in “The

Orthoptic Evaluation” chapter.!!

Detailed assessment of ocular movements:

This has 3 main components, each with several sub-components. Table 9.6.1 describes the
significance of each to the appropriate category.
1) Identification and quantification of ductional deficits

e Unilateral / bilateral

e Horizontal, vertical, combination

e Small, moderate, marked

2) Evaluation of eye movement subsystems
e Smooth pursuit
e Saccades
e Vergence
e Vestibular ocular reflex
e Bell’'s phenomenon

e Fixation stability

3) Determination of dyskinetic eye movements suggestive of dysinnervation:
These are unintended globe and/or lid movement activated by anomalous innervation to
the muscles.
e globe contraction during attempted adduction

e simultaneous divergence during attempted horizontal gaze — synergistic divergence
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e simultaneous convergence during attempted horizontal gaze or attempted up gaze —
synergistic convergence
e vertical movement of an eye during attempted horizontal gaze

e anomalous lid movement during eye or jaw movement

Table 9.6.1. Assessment of ocular movements

Ocular movement Remarks

Normal Category 6 — exclusive
Overlap with some diagnoses in Category 1, 3, 4 (early age).

Ductional deficit Category 2 - mandatory feature

e Can be associated with globe(s) fixed in position away from
primary position due to tight or atrophic eoms.

Category 3 (OFNF) may involve ductional deficit; globe may be positioned
away from primary due to orbital bone anomalies resulting in hypoglobus

Category 4 & 5 have symmetrical deficits.

e (Category 4 tends to have later onset and progressive.
e  (Category 5 can be variable but overall stable in degree of
maximum limitations.

Overlap with diagnoses in Category 2, 3, 4 (untreated), 5 (late stage)

Abnormal ocular motility | Category 1 — hallmark finding is full ocular excursions but with poor quality
subsystems eye movements as a result of defective smooth pursuit and/or saccades.

Category 2,4, and 5 may have perceived deficits of vergence however
these are not due to primary deficit of the vergence system.

Overlap with Category 4 and 5 but abnormality due to different
pathomechanisms

Dysinnervation Category - exclusive to this group

e  May have multiple dysinnervation patterns in same patient
e  May have similar dysinnervation patterns between different
CCDDs
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Detailed assessment of strabismus patterns:

Table 9.6.2 describes strabismus patterns significant to each category.

1) Direction: Eso, Exo, Hyper, Hypo, Torsional or combination

2) Size: Tiny to large angle deviations

3) Comitancy: Comitant vs incomitant

4) Control: Latent, manifest, intermittent

5) Globe position: Some categories have diagnoses in which one or both globes are in a fixed

position. Movement is limited from that position

Table 9.6.2 Assessment of strabismus patterns

Strabismus Remarks

Incomitant strabismus Category 2 - Pathognomonic
Category 3 — frequent feature
Overlap patterns between Category 2 and 3

Comitant strabismus Category 1 — may occur as sensory strabismus
Category 3 — may occur as sensory strabismus
Category 6 - Pathognomonic
e AandV pattern and distance near disparity included in the setting of

absent ductional deficits.
Overlap in direction and size between Category 1, 3 and 6

No manifest deviation Category 1 — common in setting of good vision in either eye
Category 3 — not uncommon in setting of good vision in either eye
Category 4 and 5 — common feature. Achievable as the associated limitation of
ocular movements are symmetrical
e  Generally have associated near Exodeviations due to limited
convergence ability.

Globe position Category 2
e  Fixed positions may include Adduction, Abduction, Infraduction and
Supraduction (rare).
e Arises from tightness of a hypoplastic fibrotic extraocular muscle, or
from secondary contracture of a normal ipsilateral antagonist muscle.
Category 3
e Down ward displaced globe position (hypoglobus).
e Occurs in setting of orbital bony dysplasia.
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Assessment of other ocular features:

Additional features include lid function and position, pupil function and appearance, presence
of nystagmus or intrusion to fixation, anomalous head postures, age at onset, and progression.

Table 9.6.3 outlines these features and their significance to each category.

Utilization of different orthoptic features can be used to create a multitude of diagnostic
algorithms. Provided here is one example that has proved effective. This algorithm that starts
with vertical gaze. Figure 9.6.2 illustrates the flow pathway for a subject with limited vertical
eye movement. Figure 9.6.3 is the flow pathway for a subject with full vertical eye movement.
Table 9.6.4 is another example. This one assesses degree of ocular motility in subjects with no
manifest deviation in primary position. What should be apparent in these examples is that no
one pathway consistently leads to a single diagnosis. A similar algorithm in subjects with these
characteristics was described in our ‘straight eyes’ publication.*> The article proposed 3 key
steps to distinguish the overlapping phenotype of having straight eyes in primary position. Step
1 started with a detailed history focusing on age at onset of symptoms and signs. Step 2
involved a careful assessment of ocular motility that also included looking for evidence of
dysinnervation. Step 3 requires looking for additional non-ophthalmological features. In each
case, the subject had a different diagnosis arising from a different gene mutation. This is
significant as it highlights the limitations of relying on diagnostic criteria arising solely from the

orthoptic evaluation and the need to incorporate additional investigations.

This then opens up discussions related to the central research question and confirming the

hypotheses. These is addressed in the following section - 9.7
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Table 9.6.3 Additional ocular features

Feature Remarks
Lid position Ptosis is a feature common to most categories but with differing mechanisms
accounting for it.
Category Mechanism Feature
2 Neurogenic Congenital/static
3 Pseudo when due to hypotropia Acquired
or hypoglobus.
True ptosis may occur secondary
to mass effect (Neurofibroma) Progressive
4 Myopathic process Acquired, progressive
5 Defect of neuromuscular Congenital/acquired;
transmission variable
Category 1 and 6 - True ptosis not expected
Lids — blinking Category 2
e  blink asymmetry evident in HGPPS
e slowed lid closure on side of cranial nerve 7 weakness (MBS, HCFP-HOXB1)
Pupils Category 2: Abnormal reactivity and shape in some forms in Category 2
e CFEOM2 due to mutation in PHOX2A
e CFEOMS3 due to specific mutations in TUBB3
Category 5 — slowed pupillary responses in variants due to end-plate AChE
deficiency (mutation in COLQ)
Nystagmus Category 1 — common, may include ocular intrusions

Category 2 — specific to HGPPS
Category 3 — pulsatile exophthalmos — not true nystagmus; rare feature

Anomalous head
postures

Category 1 — evident as head thrusting to compensate for defective eye
movements
Category 2 — Common. Serves several purposes which all may be present in the
same subject.

e To achieve ocular alignment permitting fusion

e To achieve monocular fixation in an eye with severely restricted

movement

e Toclear visual axis to avoid ptosis
Category 3 — Common in setting of ptosis due to lid mass. Adopted initially to avoid
ptosis to permit bifoveal fixation. Tends to be abandoned in time due to
progressive lid tumor size completely covering the eye.
Category 4 and 5 —common

e Head movement to compensate for defective eye movements

e To clear visual axes in setting of bilateral ptosis
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Figure 9.6.2 Flow chart for select diagnoses in category 2,4, & 5. Part A - limited vertical eye movement

Limited vertical
eye movement

\ 4
A 4
Limited horizontal movements CFEOM1 R
& ptosis present in each. CFEOM2 Refer to Fig
CFEOM3 e
CMS
oM
Bell’s
phenomenon
2 \ 4
CFEOM1
S CFEOM2
CFEOM3
OMD
m Chin up AHP No
L A 4
For_ fixation; Avoid ptosis Manual lid elevation to see.
eyes infraducted AHP not useful as eyes do not
move down
Y A\ 4 A\ 4
CFEOM1 CMS CFEOM?2
CFEOM?2 (rare) CFEOM2 (rare) OPD
CFEOMS (rare) CFEOMS (rare) v

Dysinnervation
Supports further evidence

for distinction between v
these diagnoses

CFEOM1; CFEOM3

4
CFEOM2; CMS; OM

Normal Abnormal

CFEOM3-mutation specific CFEON.IZ .
CMS: OM CFEOM3-mutation specific
’ CMS (COLQ mutation)

Flowchart based on predominantly of ocular motility features

CFEOM = congenital fibrosis of the extraocular muscles; CMS = congenital myasthenic syndrome; OM = ocular myopathy;
AHP = anomalous head posture
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Figure 9.6.3 Flow chart for select diagnoses in category 2,4, & 5. Part B - full vertical eye movement

Subject

Limited vertical
eye movement

\ 4
v HGPPS Convergence variable in each;
Refer to Fig nsDRS Extend of horizontal limitation
9.6.2 BSAS can be identical
MBS

Dysinnervation can be present in all.

When present ‘type’ is significant
Synergistic
convergence

Globe
retraction

Dysinneravation
Not evident in
all cases

Blink
asymmetry

v A\ 4
HGPPS nsDRS
MBS BSAS
(asymmetric facial weakness)

v v
HGPPS nsDRS
MBS (rare) BSAS

HGPPS = Horizontal gaze palsy with progressive scoliosis; nsDRS = non-syndromic Duane retraction syndrome; BSAS =
Bosley-Salih-Alorainy syndrome; MBS = Moebius syndrome
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Table. 9.6.4 Evaluation of Ductions in patients with ‘straight eyes’

|. Bilateral Horizontal limitation

Complete Partial Associated dysinnervation patterns
e HGPPS e HGPPS ® HGPPS-SC
® BSAS ® BSAS ® BSAS-SC,GR
e MBS ® MBS e MBS-SC
e OPMD (late) e CFEOM3 ® CFEOM3-SC, GR (rare)
e CPEO (late) e OPMD (early)
® CPEO (early)
e CMS

. Isolated Vertical limitation
® None

Ill. Vertical and Horizontal limitation

e CFEOMS3 (rare)
e CMS
e OPMD

IV. Full excursion (H&V) — abnormal eye movement sub-systems

e AT
e ATLD
e JBS

HGPPS = Horizontal Gaze Palsy with Progressive Scoliosis; BSAS = Bosley-Salih-Alorainy Syndrome; MBS = Moebius
syndrome; OPMD = Oculopharyngeal Muscular Dystrophy; CPEO = Chronic Progressive External Ophthalmoplegia;
CMS = Congenital Myasthenic Syndrome; SC = synergistic convergence; GR = globe retraction on attempted
adduction; CFEOM2 = Congenital Fibrosis of the Extraocular Muscles Type 2; AT = Ataxia Telangiectasia; ATLD =
Ataxia Telangiectasia-Like Disorder; JBS = Joubert syndrome
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Section 9.7 — Addressing research question and bi-directional algorithm

Outcome: Partially met, due to the complexity of the cases and constantly evolving knowledge.

The design and testing of a bi-directional algorithm was central to this dissertation. It was to be
based on orthoptic features that could identify phenotypes that would effectively predict
genotypes, and conversely when a genotype was known, predict the expectant phenotype.

Our approach was as follows:

Step 1: Define ocular motility phenotypes

Step 2: Link to an already recognized diagnosis

Step 3: Enhance accuracy of diagnosis with careful observation of other associated features

Step 4: Obtain a genetic confirmation in as many cases as possible

After examining 845 subjects with 40 identified diagnoses (several subjects without a definitive

diagnosis) and 25 different genes, the following conclusions have been made:

Regarding Hypothesis 1: There is phenotypic difference between genetically distinct conditions

(Algorithm direction 1 — Phenotype predicts Genotype)

Although our reports have identified many differences between genetically distinct conditions,
there is too much overlap both in the orthoptic features as well as the overall phenotype to

reliability and consistently confirm a genotype.

Regarding Hypothesis 2: There is phenotypic consistency between genetically identical

conditions (Algorithm direction 2 — Genotype predicts Phenotype)
This was initially promising. However most diagnoses did not have enough subjects genotyped.

Of the 609 subjects with a DNA sample obtained, the genetic analysis is still pending in 62%

(378/609). These results would likely add valuable information to this issue.
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This warrants some discussion involving the category with the largest number of subjects —
category 2 CCDDs. We felt this group had the greatest chance of establishing a feasible bi-
directional algorithm. However, the following reasons are presented as to why this did not

come to fruition.

A new field — limited data:

The majority of our publications described novel findings in newly elucidated genetic conditions
or provided the first phenotypic report of previously genetically defined subjects. This meant
very few of our publications were actually able to add to a pool of previously reported cases. It
suggests there is still not enough information available in which to base a reliable algorithm. At
present new conditions are still arising that may further hinder this effort and the literature is

still lacking an adequate number of detailed phenotypic descriptions in genotype subjects.
Phenotypic overlap between distinct disorders:

Table 9.7.1 provides a few examples of the overlap we identified between different CCDDs.

The appropriate candidate publication is given that describes this in more detail.
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Table 9.7.1 Examples of phenotypic overlap between distinct CCDDs.

CCDD Comments Ref
Bilateral horizontal gaze HOXA1 syndrome; HGPPS-ROBO3,; MBS
dysfunction
Abnormal convergence nsDRS — uni or bilateral; synDRS; MBS
Note: convergence may also be normal in each
Synergistic divergence Isolated SD; DRS-COL25A1 37,63
Synergistic convergence HGPPS-ROBO3; MBS 6,40, 61
Nystagmus HGPPS-ROBO3; MBS 6,40
Globe retraction on attempted nsDRS; synDRS 5,15
adduction Note: absence in setting of a marked ipsilateral
abduction deficit does not rule out anomalous
innervation between horizontal recti
HGPPS-ROBO3 — 1 case (not reported)
Autism BSAS-HOXA1, synDRS-PTPRN2; MBS 14, 28, 40
Neck/Spine anomaly HGPPS, synDRS-FGF13 (Wildervanck), synDRS- 6, 29,33
RNF35/PPARA
Hearing deficit/Deafness BSAS-HOXA1, synDRS-PTPRN2, synDRS-FGF13, synDRS- 14, 28, 29, 35,
DMD, DRS+SD (pt#2), MBS, HCFP3-HOXB1 37,38, 40
Ptosis CFEOM, BSAS-HOXA1 (1pt), synDRS-XIRP2 15,32
Facial palsy HCFP-HOXB1, CFEOM-TUBB3, CFEOM — mutation 38,39
negative for known CCDD genes (not reported)

Ref = candidate reference; ns = non-syndromic; syn = syndromic

Phenotypic variability between patients with the same genetic disorder:
A key learning point was the discovery that phenotypic differences can exist within the same
genetic disorder and even within the same family of affected family members.
Some noteworthy examples include:
HGPPS-ROBO3
e Scoliosis in subjects were generally severe® however mild forms were confirmed well.®
62
e Degree of horizontal gaze limitation was not always complete and could be

asymmetrical.® ¢!
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e Presence and size of primary position strabismus could vary even between affected

siblings.®

HOXA1 spectrum
e More severe phenotype in ABDS*®

e Reported case with full eye movements®

e Reported case of normal hearing® 1°

e Several individuals examined (not reported) had other co-existing genetic disorders —
Retinitis pigmentosa or albinism, thus further blurring the borders of the HOXA1

spectrum.

CFEOM2-PHOX2A

e Difference in resting globe position**

CFEOM3-KIF21A family
e Five family members with CFEOM due to mutation in KIF21A. Not all individuals met
criteria for CFEOM1, therefore the entire family is labelled as CFEOM3

Despite rejecting the hypotheses and falling short of constructing a bi-directional algorithm |
feel the work in this dissertation has significantly moved this concept forward by populating the
literature with detailed descriptions of orthoptic features for numerous conditions. The
resultant publications are also felt to have significantly impacted the field of congenital and/or
genetic disorders of ocular motility and strabismus through adequately addressing all intended
objectives.

Published evidence has minimized the gap between clinician (general and expert) and
researcher. Within our research teams there is now a greater understanding and appreciation
for the need to work more collaboratively to ensure investigations are appropriate, efficient

and results are additive to completing the picture of any individual.
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Summary of candidate first author publications for this section:

The following publications provide evidence for the statements in the previous section. These
publications generally discuss the significance of certain orthoptic features in making a specific
diagnosis both positively as well as highlighting the limitations. They also highlight the role of
the orthoptic evaluation within a larger investigational paradigm that is required for these
complex disorders. Areas frequently included involve neuro-ophthalmology, pediatric
ophthalmology, radiology and genetics. The take away point here is that there is no clear
advantage of beginning with one investigational starting point over another — only that making
a definitive diagnosis, or recognizing a novel condition (or novel phenotype in a previously
known condition) requires input from a combination of investigators. However, the candidate
believes there is sufficient evidence to suggest starting with orthoptics moves the team forward

significantly.
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Oystreck, D. T., Engle, E. C., & Bosley, T. M. (2011). Recent progress in understanding congenital
cranial dysinnervation disorders. J Neuroophthalmol, 31(1), 69-77.2°

doi:10.1097/WNO.0b013e31820d0756

BACKGROUND: In 2002, the new term congenital cranial dysinnervation disorder (CCDD) was
proposed as a substitute for the traditional concept of congenital fibrosis of the extraocular
muscles (CFEOM) based on mounting genetic, neuropathologic, and imaging evidence,
suggesting that many, if not all, of these disorders result from a primary neurologic
maldevelopment rather than from a muscle abnormality. This report provides an update 8

years after that original report.

EVIDENCE ACQUISITION: Review of pertinent articles published from January 2003 until June
2010 describing CCDD variants identified under PubMed MeSH terms congenital fibrosis of the
extraocular muscles, congenital cranial dysinnervation disorders, individual phenotypes

included under the term CCDD, and congenital ocular motility disorders.

RESULTS: At present, a total of 7 disease genes and 10 phenotypes fall under the CCDD
umbrella. A number of additional loci and phenotypes still await gene elucidation, with the
anticipation that more syndromes and genes will be identified in the future. Identification of
genes and their function, along with advances in neuroimaging, have expanded our

understanding of the mechanisms underlying several anomalous eye movement patterns.

CONCLUSIONS: Current evidence still supports the concept that the CCDDs are primarily due to
neurogenic disturbances of brainstem or cranial nerve development. Several CCDDs are now
known to have nonophthalmologic associations involving neurologic, neuroanatomic,

cerebrovascular, cardiovascular, and skeletal abnormalities.
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Recent progress 2011

Section Editors: Grant T. Liu, MD
Randy H. Kardon, MD, PhD

Recent Progress in Understanding Congenital Cranial

Dysinnervation Disorders

Darren T. Oystreck, OC(C) MMedSci, Elizabeth C. Engle, MD, Thomas M. Bosley, MD

Backgrountd: In 2002, the new term congenital crandal
on  disorder (CCDD) wes  proposed
&4 & subatitute for the traditionsl concept of congenital
fibrosis of the extreocular muscles (CFEOM) based on
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dence, suggesting that many, if not all, of t hese disorders
reqult from & primary newrclogic maldevelopment rather
than from & muscle abnormality. This report provides an
update 8 years ater that oniginal report.
Evidence Actuisition: Review of pertinent articles pub-
lished from lanuary 2003 until June 2010 describing
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congenital Nbrosis of theextraoculsr muscles, congenital
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imaging, have expanded our understandng of the mech-
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CONGENITAL FIBROSIS OF THE
EXTRAOCULAR MUSCLES TO CONGENITAL
CRANIAL DYSINNERVATION DISORDERS

wring the kst half of the 20th century, pediatric
were bom with congenital oculer motlity shnomalites
amociztel with Bbrotic extmecular musdes. This observa-
tion led to the concept of "congenital Abmsis of the ex-
tracular muscles™ (CFEOM) becnme of the ssumption
that the primary problem was 2 congenital shnormality of
muscle development (1,2). The most common of these
dizorders is Duane retraction syndrome (DRS), al thowgh
amlmbcro&'u'ﬂurq:onduuﬂﬁm.ﬂn]mnﬂgmh]mﬂar
matility symdromes were alse
As time pased, evidene sccumulated that 2 mumber of
theese symadromes had 2 neurogenic etiology. Therfore, in
22, an alemative concept of “congenital cranial dysin-
nervation disordes’” (CCDDs) was proposed (3), shifring
the foocus away from muscle dz\dn:p.rnr_rlt and  towand
a likely nevragenic eticlogy of congenital abnormalities of
ooular muscle and facial inmenation. Devdopments in the
past § years have sup ported this concept, since all identified
crznial nerve development. The purpose of this review b to
update the original report proposing the CCDD concept
(3} because much has happened over the past § years. Many
of the syndromes described here ane wncommon, and
2 number have sutocsomal recemive etidogies that make
their oocumene mor frequent in specific aras of the
wodd. Yet with increased 1 nternational 'Ir.wd. lPﬂﬁEl'l't with
amy one of these disonders might walk into the office of an
ophthalmologst or neurdogst amywhere in the wodd.
Therdore, dimicians should be familiar with this hetem-
ger groazp of sy Mot inchuded here (or within

2
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Oystreck, D. T., Salih, M. A., & Bosley, T. M. (2011). When straight eyes won't move: phenotypic
overlap of genetically distinct ocular motility disturbances. Can J Ophthalmol, 46(6), 477-480.4
doi:10.1016/j.jcjo.2011.09.009

OBJECTIVE: To describe the phenotypic similarity in a series of patients with genetically distinct
ocular motility disturbances involving straight eyes and different ocular motor pathology.
DESIGN: Retrospective case series. PARTICIPANTS: Clinical and genetic evaluation of 5 patients

with straight eyes in the primary position and abnormalities of ocular motility.

RESULTS: Patients with oculopharyngeal muscular dystrophy, congenital myasthenic syndrome,
congenital fibrosis of the extraocular muscles type 3, Bosley-Salih-Alorainy syndrome, and
horizontal gaze palsy and progressive scoliosis all had straight eyes in primary position and
restricted ocular motility. History, ocular motility patterns, systemic features of individual
syndromes, and genetic screening were important diagnostically.

CONCLUSIONS: A number of congenital and genetic ocular motility syndromes may result in
substantial phenotypic overlap, particularly when eyes are straight in primary position and
nonophthalmologic features are not apparent or not observed. The range of disorders that may

fall into this category is discussed.
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Straight eyes 2011

When straight eyes won’t move: phenotypic overlap of
genetically distinct ocular motility disturbances
Darren T. Oystreck, MMedSci, OC(C)**, Mustafa A. Salih, MD, DrMedSci',

Thomas M. Bosley, MD*
ABSTRACT » RESUME
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At times, patienis may have siraight eyes in primary gare
despite the presence of marked restriction of ooular motility.
Perhaps the most common of these sinuations is Duane retrac-
tion syndrome, in which eyes are commonly straipht but ab-
duction and/or adduction is limited. However, there are
other, more unusal, congenital and genetic disorders that
may presant as straipht eyes thar do not move normally, put-
m:gﬂleph}sﬂanmleaﬁmhsgrwnd. Diagnostic proups
tility," in the neuromusoular j Zand
mngu:ru]mnmld}slmmﬁmnhs.l We present 5
mmﬂmmngdupmm]#mctyprmahpmﬂ:&
helpful in sorting through the diagnostic possibilities.

Case reports

Five patients presented to the hospitals of King Saud
University in Riyadh, Saudi Arabia, with the complaint of
prosis or restricted ocular motlity. All had comprehensive

dinical, neuro-ophthalmologic, and ophthalmologic ex-
aminations, and genetic evaluation identified the murated
gene in 4. These patients signed informed consent for pe-
netic evaluation under a project approved by the instin-
tional review board.

Patignt 1. A 47-year-old male presented with propressive
prosis and pradual restriction of ocolar movements over
many years. His major complaints were the need to hold a
lid up to see while driving and intermittent difficulties with
swallowing liquids. Ocoular motility examination revealed
almost complete bilateral ophthalmoparesis and poosis
covering the pupillary axis OU (Fig. 1, A1-A5). He had
frontal balding, substantial weakness and wasting of facial
musdes, moderate proximal > distal musde weakness,
and nasal speech. His 30-year-old son complained of some
decrezsed muscle strenpth recently, and his exam revealad
full eye movements, no prosis, and modest weakness of the
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Oystreck, D. T., & Lyons, C. J. (2012). Comitant strabismus: Perspectives, present and future.
Saudi J Ophthalmol, 26(3), 265-270.73
doi:10.1016/j.sjopt.2012.05.002

Comitant strabismus is a common condition affecting infants, children and adults. Its impact on
the affected patient may be severe resulting in visual loss, lack of binocularity, diplopia, social
stigma and multiple corrective surgeries within the affected individual's lifespan. It is therefore
important that this prevalent disorder should be better understood. We review the current
understanding of the demographics and what is known of the etiology, risk factors and genetics
of strabismus. We stress the importance of careful clinical assessment in classifying strabismus,
and the common pitfalls in the measurement and pre-operative sensory work-up of the
strabismic patient. The fact strabismus is comitant does not indicate it is benign: acute onset of
comitant esotropia may be a presenting sign of pontine or cerebellar tumor. Lastly, we review
the impact of genetics on our understanding of strabismus. While the causes of many types of
congenital incomitant strabismus have been elucidated through careful observation and
genetic screening, the genetics of comitant strabismus are more complex and multifactorial.
Only through careful study and recruitment of large groups of affected individuals and families
can we start to answer the question: why is this group of patients pre-disposed to develop
strabismus. Doing so will help identify patients at risk, to spare them from the significant

morbidity associated with this common disorder.
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Pediatric Ophthalmology Update

Comitant strabismus: Perspectives, present and future

Carren T. Oysred:. MMedSd. OCHC) “**; Chrisiopher ). Lyons, MB. FROCS. FRCSC®

Abstract
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s, Wie stress the importance of careful clinical assessment in clasifying strabismus, and the oommuon pitfall s in the messer ement
and pre-operative snsory work-up of the strabismic patient. The fact strabismus is comitant does not indicate it i benign: acute
anset of comitant esotropia may be a presenting sign of pontine or cerebellar tumar.

Lastly, we reviews the impact of genetics on our understanding of strabismus. While the causes of many types of congenital incom-
itant strabemus have been elusdated through careful observation and genetic screening, the genetics of camitant strabismues ane
mare complex and multifactorial. Only through careful study and recruitment of large groups of affected individuals and families
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Defining comitant strabismus

Strabismus is best defined &= a condition in which anly ane
of the 2 eyes is directed at the object of interest. If the angle
af ocular misalignment s equal in all fields of gaze, remains
thie same regardless of which eye is used for fication, and if
the eye movements ane all full, the strabismus is desoribed
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sults from limitation of eye movement assodated with para-
lytic o medaical etiologes Comitant strabemos
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at any age particularly in the presence of monooular visual
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Demographics and prevalence
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Recently some interesting trends hawe come to light
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Oystreck, D. (2015). Congenital and Genetic Ocular Motility Disorders: Update and
Considerations. Am Orthopt J, 65, 58-66.7%
doi:10.3368/20j.65.1.58

Concepts regarding certain forms of congenital eye movement disorders have recently
changed, due in large part to new genetic evidence identifying causative genes and their role in
the development of extraocular muscle innervation. This group is now referred to as the
Congenital Cranial Dysinnervation Disorders (CCDDs). Careful assessment of phenotypic
features that include both ophthalmological and non-ophthalmological features in genetically
defined individuals has led to the development of a more robust classification system.
Correlating phenotypes with new genetically defined syndromes has improved the ability of the
clinician/researcher to better determine a definitive diagnosis in patients with complex ocular

motility disorders. Nevertheless, more work is still required.
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Oystreck, D. T. (2018). Ophthalmoplegia and Congenital Cranial Dysinnervation Disorders.
Journal of Binocular Vision and Ocular Motility, 68(1), 31-33.7°
doi:10.1080/2576117X.2017.1416242

Some forms of ophthalmoplegia are congenital and fall into the category of Congenital Cranial
Dysinnervation Disorders (CCDDs). These disorders arise from a primary defect of cranial
nucleus/nerve development or guidance. Many have substantial limitations of ocular motility
with or without other associated features. The type and degree of ophthalmoplegia can be
similar between CCDD subtypes as well as with non-congenital forms of ophthalmoplegia.
Therefore diagnostic confirmation often requires neuro-imaging and/or genetic investigations.
The clinician should consider this category in cases of ophthalmoplegia that are congenital and

nonprogressive in nature.
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should consider this category in cases of ophthalm oplegia that are congenital and NONPIOGESIVE  colioss mngenink
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Introduction the extrascular muscles (CFEOM) and is now consid-

The congenital cranial dysinnervation  disorders
(CCDDs) represent a group of developmental disorders
that commanly involve disturbances to ocular motility.
Most cases are bilateral and severe enough to be con-
sidered ophthalmoplegia To put this group into per-
spective it is said strabismus affects 4% of the general
population. Congenitally incomitant forms account for
roughly 5% of this group and indudes those falling into
the CCDD category. So the number of individuals with
this diagnoss is small but not trivial.

Many of the conditions encompassed within the
CCODs are not new; what is new is how we define
them. Prior to 2003 many of these disorders were
described as restrictive aphthalmoplegia that is hath
congenital and non-progresive in nature. Most were
referred to as the Congenital Fibrosis syndromes which
was a term used because of the appearance of fibrotic
musces noted at the time of strabismus surgery™
However in 2003 following advances in genetics and
newro-imaging this entity was renamed the CCDDs* a
term that better reflects that these disorders result from
developmental errors in innervation of the lids, extrao-
cular muscles, and/or facial muscles. The fibrotic muos-
des noted are now considered a secondary effect from a
primary disturbance of innervation.

Tahle 1 illustrates the ourrent CCDDs imvolbving
restricted ocular motility, The original term congenital
fibrosis has been modified into congenital fibrosis of

ered a CCDD sub-group, CFEOM types predominantly
affect vertical eye movements and arise from maldeve-
lopment of cranial nerve I1T but may also involve other
cranial nerves® The bold text in the table represents
those CCODs predominantly or exchisively affecting
horizontal gare and arise from maldevelopment or
dis-connectivity of cranial nere/nudens VL A& sub-
group (Moehius syndrome) also has concurrent inval-
vement of cranial nerve VII. Many CCDDs now have a

molecular diagnosis®

Select examples of CCOD [ophthalmoplegia)
phenatypes
Patients with a diagnosis of congenital fibrods of the
extraocular musdes (CFEOM) are most likely to pre-
snt with congenital forms of ophthalmoplegia What is
interesting (and unfortunate) is that this group can
have many dinical presentations. The following ilhas-
trates only four such examples seen by our strabismus
tearmn in the Depantment of Ophthalmology at King
Saud University in Riyadh, Saudi Arabia.
Subject A was a 10 year old boywith a marked chin-up
head posture. Both eyes could achieve elevation to mid-
line but not above, Further attempts to elevate his eyes
resulted in simultaneous convergence referred to as
gynergistic convergence and represents congenital misin-
nervation. He also had marked asymmetric ptosis with

OONTACT Damen T. Oysiredc 'hlrwa By i, $250/5580 Universty Averne, PO Box 5700, Halifar, Mova Sootin, Carada B 688

The ot afiliation of Daren T Oystreck vas as follows Department of

of Medidne, King Saud Univerity, Riyadh, Saud Ambia

Ophdalmalogy, Colege
Prsmted as part of 3 symposium, Op hfalmoplegia: When the Bre Don't Move, at the 2017 AAD Arreal Meeting, New Odears, LA

& AN A Aot Omfosde laimal R

143



Stellenbosch University https://scholar.sun.ac.za

Table 9.7.2 provides addition evidence supporting this section. It includes a list of oral and

poster presentations given on this topic.

Table 9.7 2. Candidate oral and poster presentations relevant to dissertation.

DARREN THOMAS OYSTRECK
PRESENTATIONS — National & International

2018 Jun World Ophthalmology Congress, Barcelona, Spain
= |nvited symposium presenter - CCDDs
= Congenital Fibrosis of the Extraocular Muscles

2017 Nov American Academy of Ophthalmology meeting, New Oreans, LA
AAQMAOCIAACD annual symposium — Ophthalmoplegia: When the Eyes
Don't Move.
= Ophthalmoplegia and Congenital Cranial Dysinnervation Disorders

American Association of Certified Orthoplists — Workshop
= ABCs of the CCDDs {Congenital Cranial Dysinnervation Disorders)

2016 Jun Xllith Intemational Crihoptic Congress, Rotterdam, The Netherdands
+* Phenotype medification after genetic analysis — another lock at
Moebius syndrome

2015 Aug Intermnational Society for Genetic Eye Dizeazes & Retinoblastoma, Halifax,
Canada
= Presenter "Congenital eye movement dizorders: Improving phenotypic
descriptions after genetic analysis - another look at Moebius
syrdrome”

2014 Nov Intemational Ophthalmological Conference, Kuwait
= |nvited speaker
= Concomitant strabizsmus — thoughts and approaches, past present
and future

2014 Jun Canadian Ophthalmological Society meeting, Halifax, Canada
= The John Pratt-Johnzon lecture: Congenital and genetic ocular
motility disorders — concepts for the development of a dinical
algorithm

2014 May American Association of Certified Orthoplists Easter Regional Meeting,
Boston, USA.
* |nvited speaker “Congenital Ocular Mofility Disorders — An
Introduction to the CCDDs"
+ Presenter - Complex Motility Workshop

2013 Mar Combined meeting of the 30% King Khaled Eye Specialist Hospital & the
25" Seientific session of the Saudi Ophthalmological Society, Riyadh,
Saudi Arabia
* Presenter “Abnomnal head postures”
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Chapter 10: Conclusions

Synopsis:

There are many disorders involving dysfunction of ocular motility and alignment with most
resulting in complex patterns of strabismus. Some of these are congenital and suspected of
having underlying genetic causes. Recent advances in investigational techniques have provided
more information about the underlying mechanisms accounting for these conditions. This has

however has resulted in an expanding knowledge gap for the front line clinician.

The candidate had the unique opportunity to study a large heterogeneous group of individuals
with these disorders at a time when technology advances were just beginning (e.g. genetics and
radiology) to conduct this work within environments affording significant resources to actively

investigate and define complete clinical and genetic features of these conditions.

As a result the material contained in this dissertation could be considered one of the largest

collection of subjects with congenital and genetic disorders of ocular motility and strabismus.

Through careful orthoptic assessments the clinical ‘phenotype’ pertaining to ocular movements
and alignment was defined in 845 enrolled subjects with 40 different diagnoses. Genetic results

would reveal these involved mutations in 25 different genes.

Attainment of this information was only possible through the candidate’s involvement as a
member of various research teams working within large institutional research projects. The
magnitude of this project would have been substantially less if designed as a prospective
assessment of patients in an orthoptic clinic. Subject population and access to resources would

have been major limiting factors.
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Additionally, integration into large research teams permitted the acquisition of resources to
conduct detailed medical investigations by several specialties on a large population of these

subjects.

My main role as a member of these teams serves as the basis of this dissertation. That is to
evaluate the role of the orthoptic evaluation, and to determine if orthoptic features can be
used to effectively predict the genotype in known genetic conditions or identify patterns

suggestive of novel syndromes.

This was addressed through completing several research objectives. These are summarized as

follows:

Objective 1 - Standardization of the orthoptic evaluation was achieved. Many of these
disorders have complex motility patterns. At initiation of this work there was no standardized
approach to the evaluation of subjects or to the consistency in the reporting of features in the

literature.

Objective 2 - Identification and concise characterization of orthoptic features was completed in
a large number of rare conditions. Again, this was possible because of the unique environment
in the candidate worked. Duplication of a similar project would be extremely difficult, if not

impossible, for most clinicians.

Objective 3 - Consolidation of the orthoptic features in a large number of genetically confirmed
diagnoses was also achieved. Access to this number of genotyped subjects was a major

accomplishment in the project. It was crucial when assessing genotype-phenotype correlations.

Objective 4 - Identification of new mechanisms or providing additional evidence of proposed
mechanisms disrupting oculomotor function was achieved. This was done through combining

results of molecular testing, with detailed orthoptic examinations and results of investigations
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from other medical specialties. This ‘perfect environment’ permitted detailed descriptions for
all encountered conditions, many of which were original descriptions. This also determined
which gene mutations were pathogenic to the oculomotor system as not all were despite initial

suspicions.

Objective 5 - Achievement of the preceding 4 objectives led to proposing a new classification
scheme. Through this work it was demonstrated clinical features alone, and genetic results
alone, are not beneficial to the clinician. Rather proposed is a scheme that combines a
molecular diagnosis with documenting the effect on development and function of the
oculomotor system. This permits conditions to be categorized based on the underlying
pathomechanism. However, the initial categorization of subject begins with the identification
of ocular motility patterns. The scheme outlined requires more development, however the 6
categories presented provide a reasonable meeting point between clinicians and researchers

thus reducing the knowledge gap.

Objective 6 - During development of the classification scheme (objective 5) the candidate was
able to provide a simplified clinical approach for the general ophthalmologist. This aids in

classifying subject appropriately and again further reduces the knowledge gap.

Hypotheses:
Once objectives 1-6 were addressed the necessary information to accept or reject the

hypothesis was available.

Hypothesis 1 states that there are phenotypic (orthoptic) differences between
genetically distinct conditions.
Hypothesis 2 states that there will be phenotypic consistency between genetically

identical conditions.
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The analysis shows that Hypothesis 1 can be rejected. The orthoptic features in isolation can
adequately categorize subjects (Classification scheme 1-6) however it cannot reliability predict
the genotype. Prediction can be improve if additional medical information is added, e.g.
radiology, neurology etc. However, more genotyped subjects are required to better define the

most consistent features.

Hypothesis 2 must also be rejected. The reports contained within the dissertation suggest
substantial variability between subjects, and even within family members with the same
genetic diagnosis. This not only includes ocular motility disturbance but also for the associated

conditions, e.g. deafness, spine/neck anomalies.

As a result a bi-directional algorithm is not feasible at this time.

Originality of research

The work within this dissertation can be considered original on many accounts.

First, performing orthoptic evaluations and reporting the outcomes on a large heterogeneous
population of subjects with congenital and/or genetic disorder of motility and strabismus has

never been done to this magnitude.

Second, integrating this information with results of other investigations resulted in numerous
publications in high impact journals reporting novel genetic findings and new syndromes
(HOXA1 syndrome, TUBB3-E410K, HCFP-HOXB1, synDRS variants), complete descriptions of rare
disorders (HGPPS-ROBO3; CFEOM-PHOX2A; OFNF) or proposed new diagnostic criteria for
complex developmental disorders (MBS). Noteworthy is the number of different journals in
which the publications occurred. Inclusion of ocular motility features into this variety of
domains is a testament to the novelty of these conditions and lack of reporting that currently

exists in the literature.
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Third, formally assessing the value of the orthoptic features in the elucidation of complex ocular
motility disorders to this degree has not been done previously. Certainly not involving the
number of conditions included here. This permitted the ability to construct a classification
scheme based, in part, on ocular motility distinctions. It also creates the foundation on which
to continue development a bi-directional algorithm where phenotype predicts genotype and
genotype predicts genotype. This will require continued careful clinical observations and more

genotyped individuals.

Contributions to existing knowledge

A total of 41% (349/845) of enrolled subjects were published in 47 different papers. Many were
in high impact journals with a high number of citations. Several were within invited review
articles. Further knowledge translation has occurred with pediatric ophthalmology and
orthoptic colleagues through participation at national and international conferences via poster
or oral presentations or within symposia. This has forged new collaborations and a network of
clinicians in which these conditions are discussed. This work has also been acknowledge by
invitations to write Review articles. All of this speaks to the uniqueness and importance of
these findings in relationship to disruptions of development and function of the oculomotor

system.

The publications provide the most detailed, and often an original description, for numerous
complex disorders resulting in ocular dysmotility. Critical analysis of the orthoptic features was
vital in defining differences and similarities between conditions. The publications also set a

new bench mark for future publications to achieve when describing ocular motility features.

We demonstrated the importance of team approach to achieve high level research outcomes.
This was represented by the large number of authors from multiple specialties that were

included in publications elucidating an encountered condition.
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Information arising from this work also been taken up by the public. It has been used by the
HGPPS family support group that was initiated by the parents one of our Canadian subjects.

The Moebius syndrome foundation (https://moebiussyndrome.org) has also used results from

our MBS publication to inform the public about ocular involvement.

We have identified the need for medical investigation on some forms of CCDDs. These have

been outlined in detail in the review articles.

Several novel observations were made. Examples include intorsion with fixation and volitional
Bell’s phenomenon in MBS; asymmetric blinking in HGPPS; manual lid elevation in CFEOM2;
and identification of several compensatory mechanism utilized by subjects. Novel approaches
to clinical testing were also developed. One example was modifying the cover test in subjects

with significant restriction of motility to detect small manifest strabismus.

Knowledge gained by candidate

| started this work as a clinician. | ended as a clinician-scientist. | have acquired a deep
understanding about the requirements for conducting high level research and the keys to
successful completion of projects. Several examples are provided. One is that | have learned the
importance of interprofessional collaboration. | have witnessed how a strong team can convert
a good project into one that is world class. From this | have gained a greater appreciation of
the information that can be provided by other medical specialties, which in turn has provided
me with a greater understanding about the conditions we encountered that goes well beyond
the ‘eyes’. | am also adept at understanding communication dynamics with collaborators, co-
authors, clinicians, geneticists, and even research assistants. This work has also changed my
perspective in the clinic. | now consciously evaluate everything that | do as part of my
evaluation to ensure the right information is being collected with on-going attention to features

that are most characteristics to each diagnosis.
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| have also developed skills related to generating publications. | have mastered literature
reviews, learned how to write manuscripts, learned how to submit manuscripts, and how to
handle Reviewer comments (that was a tough one). In almost all publications | was the one
who took consent for clinical photographs, took the photograph, then photoshopped and

edited for publication.

General statements

Motivation for pursing a PhD.

| consider myself a clinician with an expertise in the evaluation of ocular motility, alignment and
binocular vision. Within my career | have been fortunate to have worked with expert clinicians
and researchers in several institutions, both within North America and abroad. This has
provided me with a unique opportunity to engage in research projects spanning over a decade.
The outcome of these efforts has led to new discoveries that has had a profound impact in my
field. The attraction to pursue a PhD with the Department of Ophthalmology at Stellenbosch
University arose from two main reasons. First, it provided an opportunity to work with talented
supervisor who could provide expert guidance in the development and completion of work at
this level. Second, formally pursuing a PhD and completing a dissertation would permit (and
require) high level reflection of this vast wealth of knowledge that had accumulated and was
anticipated to continue to expand over the subsequent years. This explains the inclusion of
several publications preceding my enrollment in 2011. Each was a stepping stone for a later

publication with all eventually leading the requirements for a PhD.

Hurtles and design approach:

For this project to be as successful as it was, an unconventional approach was required.
A big part of this project was assessing genotype-phenotype correlations. In an ideal study,

subjects would be enrolled. Testing would be administered (e.g. phenotyping and genotyping).

Results would then be analysis and comments made.
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In reality this could not be controlled. At times subjects would present for an assessment who
were already genotyped. Conversely, it was not uncommon for the genetic results to be
completed several years after phenotyping. At other times complete phenotyping could also
take several months due to the number of additional investigations that were required as part
of the larger institutional research project the subject was enrolled under. Keeping track of
what was completed, what was still outstanding, all within a constantly growing subject

population usually fell to me. This was not a trivial task.

Additionally, it was not uncommon to have multiple active studies. Note the accepted
publication dates for different papers involving different topics. This was both an advantage
and disadvantage. The advantage was that this level of activity afforded the opportunity to
exam large numbers of individuals with numerous (and extremely rare) disorders. However this
‘shot gun’ approach made it difficult to focus on a single topic at any one time. The candidate
spent most of his time collecting data for several studies and then writing appropriate
publications for the appropriate journal. This also led to the next issue — duration to complete

dissertation.

Dissertation took maximum length.

The candidate formally left the ophthalmic genetic program at King Saud University in July 2013
to accept a new position at Dalhousie University in Canada. It was through this program that
the majority of work was conducted. However, because of the large volume of data that was
collected during this time, manuscripts were still being designed and written for publication
well after my departure. Deferring completion of the dissertation therefore permitted several
more important publications to be included. It also permitted more genetic results to become
known. Patience in this regard has proven significant for some of our syndromic DRS subjects,

atypical MBS subjects, and most recently simple strabismus subjects.
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Breadth of topic.

In hind sight the scope of this dissertation may have been too ambitious. Integration of a large
number of publications including a vast array of conditions limits the ability to take a deep dive
into any one condition or concept. However, after consideration | felt this dissertation in its

present state most accurately reflects my research experience in this field.

It should be pointed out that the decision to study a vast number of diagnoses was not an
active decision on my part, but rather arose out of necessity. Again, my work was conducted
under several institutional research projects. The approach taken by our research teams was to
examine and document as many subjects as possible as there was no certainty what subject or
condition would provide the next break through following genetic investigations. As a result,
the dissertation includes virtually all conditions we encountered, all genes with mutations
identified, and very likely every orthoptic phenotype that is humanly possible to observe.

When | analyzed all of the data collected it comprises 159GB containing 22 977 files in 2990
folders. The candidate is unaware of a collection of information of this magnitude anywhere on
this subject.

Therefore this dissertation throws a ‘net’ around the topic of congenital/genetic ocular motility
and strabismus disorders by including a wide spectrum of reports. This may be viewed as a
limitation. However, after consultation with colleagues it was felt that publications providing
clear clinical descriptions for these extremely rare and complex disorders is helpful. However,
the addition of proposing a broad classification scheme and providing a simple clinical approach
to the patient suspect of having one of these disorders was extremely beneficial, as it provides
the clinician a foundation from which to begin. This was identified as something missing in the
literature and helps bridge the gap between the general clinician and the new concepts that

now exist in this field.
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Future directions

Specific:

| will continue my on-going collaboration with the Strabismus Research consortium and the
Moebius Syndrome Research Consortium.

Work will continue to expand a CCDD clinic at my home institution. We are now receiving
patient referrals from across Canada and have recently established a relationship with the
Engle lab in Boston to conduct the genetic investigations.

| plan to continue enhancing the classification scheme with any new subjects we report and
from new reports arising in the literature. The goal is to still achieve a bi-directional

algorithm.

Potential future publications:

On-going work with the ophthalmic genetic program in Saudi Arabia is presently on hiatus.
However there are still several outstanding subject populations that require attention. One
group are additional cases of syndromic DRS who are still awaiting genetic analysis.
Another group are subjects with CFEOM in whom an initial screen of the currently known
CCDD genes was negative. Another significant population involve our 204 subjects in
category 6 with simple strabismus having at least two other affected family members.
Detailed orthoptic and pediatric ophthalmology features for this entire group is complete.

Status of the genetic evaluation is pending.

Planned knowledge translation manuscripts:

Two topics identified by my general ophthalmology and orthoptic colleagues include a
review article discussing the dysinnervational patterns we encountered, the other is a
review of the compensatory mechanisms adopted by our subjects. We feel this needs to be
addressed by describing these in more detail and providing an explanation of the
significance each feature has in the domain of complex strabismus.

Another ambitious endeavor is to expand the description of the classification scheme

(objective 6) and publish each as a separate review article or textbook chapter.
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Global aspirations:

Unification of research efforts in this field. Much of this work has been done in
collaboration with the Engle lab at Boston Children’s hospital. Our successes have proven
that international collaboration works, and from a resource perspective is much more
efficient. Designation of a single major genetic lab capable of collecting samples from
around the world and pool rare cases together to conduct more powerful genetic
investigations should be sought. This is occurring now to some degree. The candidate was
involved in standardizing the incoming clinical information to the Engle lab which is

expanding its role as an international collaboration site.

Development of an ocular motility gene chip. A lot of effort went into analyzing phenotype-
genotype correlations in order to try and accurately confirm a diagnosis. As more subjects
are genotyped certain genes/gene mutations are now identifying as the main cause of
certain disorders. Development of gene chip that can screen for mutations in the most
popular genes may become the most cost effective first step in the approach to these

subjects.
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Appendix Table A — Abbreviation list.

Abbreviation Term

ABDS Athabascan Brainstem Dysgenesis Syndrome

ACh Acetylcholine

AChR Acetylcholine receptor

AD Autosomal dominant

AET Accommodative esotropia

AHP Anomalous head posture

AOA2 Ataxia-Oculomotor Apraxia 2

AR Autosomal recessive

ARSACS Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay

AT Ataxia telangiectasia

ATLD Ataxia telangiectasia-like syndrome

BS Brown syndrome

BSAS Bosley-Salih-Alorainy syndrome

CADS Carbonic anhydrase type Il deficiency syndrome

Cat Category

CCDD Congenital Cranial Dysinnervation Disorders

CFEOM Congenital Fibrosis of the Extraocular Muscles

CFZS Carey-Fineman-Ziter syndrome

CHB Children’s Hospital Boston

Chrm Chromosome

CGH Comparative genomic hybridization

CMS Congenital myasthenic syndrome

CN Cranial nerve

CNS Central nervous system

CNV Copy number variation

CPEO Chronic progressive external ophthalmoplegia

CT Computed tomography

DEP Double elevator palsy

DMD Duchenne muscular dystrophy

DNA Deoxyribonucleic acid

DRS Duane Retraction Syndrome

DURS2 Locus for bilateral DRS

ENT Ear nose and throat

eom Extra-ocular muscle

ESO Esotropia, intermittent esotropia, non accommodative esotropia with full
ocular movements

EXO Exotropia, intermittent exotropia, with full ocular movements

FP Facial palsy

GR Globe retraction

GWAS Genome-wide association study

HCFP Hereditary congenital facial paresis

HGPPS Horizontal Gaze Palsy and Progressive Scoliosis
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Hyper Hypertropia

Hypo Hypotropia

HT vertical strabismus with full ocular movements
ICA Internal carotid artery

Inf ET Infantile Esotropia

ISOD Isolated sulfite oxidase deficiency

JBS Joubert syndrome

KACST King Abdulaziz City for Science and Technology
KKESH King Khaled Eye Specialist Hospital

KFS Klippel-Feil syndrome

KSS Kearns-Sayre Syndrome

KSU King Saud University

LP Lipoid proteinosis

MBS Moebius syndrome

MDC Minimum diagnostic criteria

MG Myasthenia gravis

MGJW Marcus Gunn Jaw Winking

MRA Magnetic resonance angiography

MRI Magnetic resonance imaging

NANOS North American Neuro-ophthalmological Society
NEI National Eye Institute

nsDRS Non-syndromic Duane Retraction syndrome
NT SPD diagnosis not specified

Obj objective

oD Right eye

OFNF Orbitofacial neurofibromatosis

OMIM Online Mendelian Inheritance in Man
OMPD Oculopharyngeal muscular dystrophy

OPG Optic pathway glioma

0sS Left eye

Plagio Plagiocephaly (Craniosynostosis)

SC Synergistic convergence

SD Synergistic divergence

Strab assc Strabismus associated

synDRS Syndromic Duane Retraction syndrome
TEMTYS Temtamy syndrome

Gene and gene mutation abbreviations not included. These are provided in Tables within Chapter 9
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Clinical Characteristics of Bilateral Duane
Syndrome

Arif 0. Khan MDD, and Darren Qﬂuﬂi OC(C)

Purposa: To describe the clinical characteristics of bilateral Duane syndrome. Methods: Retrospective medical
record review (1982 to 2003) for petients with & diagnosis of Duane syndrome (examined by a pediatric
ophthalmologisth who were bilaterally affected and had no prior ocular surgary. Data collected included type of
Duane syndrome, gander, family history for strabismus, abnormal head position, versions, strabismus maasure-
ments, associatad ocular and/or nonocular abnormalities, and amblyopia status. Resolts: Of Z10 patients with the
diagnosis of Duane syndrome, 37 (14%) were bilaterally affected. Mone had ocular surgary prior to refarral.
Twenty-two (59%) wara male, 35 (95%) had tha same Duane syndrome type in both eyes, 29 (78%) had strabizmus
in primary position, 9 (24%) had ocular and nonocular congenital abnormalities, 6 (16%) had amblyopia, and 8 [22%)
had & recorded strabismus family history. Conclosions: Unlike unilateral Duana syndroma, bilateral Duana
syndrome may be mora common in males and associated with a higher prevalence of strabismus in primary gaze
position. Tha prevalences of amblyopia, positive strabismus family history, and associated congenital abnormal-

ities in this series of bilateral cases is similar to the reported prevalence.

um:mammsjﬁbd:unr{ﬂllﬁjlsamng:mmlcrn—
nial dysinnervation disorder! that is characterized by
paradomcal lateral recous musde innervagon of e
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duction).? Prior reviews of DRS, comprising mostly unilaz-
eral cases, reporta 1 o 4% proponton of all smabismus cases,
gypically sporadic occurrence (with 5 o 10% autosomal-
dominant inhenmance), asocared oo abnormalites
(15 to 50%), and a preponderance of the females
(60%), lefr eyes (72%), and Type [UE%J“’ Mast prior
tics of bilateral cases (representdng 15 © 20% of cases). !
Bilareral RS is the subject of this dinical report

METHODS

After Instiruoonal Review Board and Human Edhees Com-
mirtee approval were obrained from the King Ehaled Eye

Hrom s [viston of Priari Osbetalmalsyy, King Kbaked By Specislive Fepieal,
Ryadt, Sl Arabia

The amabery bame n romRicer of trerere o il ol dres ol sy off e oyl prevee
I e AT i

Sabwnisnd Oraber 11, 2005

Ryt e A 0. Kham, M, Dibivion o Prdioarte Gpbubabmskogy, King Kbaked
Bye Specialive Horplal, PO Ber 7191; Biyadd 11462, Kingdom of Sexdi Arabis eail:
kol oo e

Oarprighe @ 2006 by ehe Aweriom Amsciseion for Fediori Opbehlowiyzy sl
S i,

TORF-FFILTO06FIT. 00 + @

v 10,1101 6 jaaper 200402, 007

198 Fume 2006

(J AAPOS 2005;10:198-201)

Specialist Hospial (Riyadh, Sandi Arabia), medical
records coded with the diagnosis of DRS from 1982 o
2003 were reviewed for the following criteria: (1) diagnosis
of DRS by a pediamic ophthalmologise; (2) both eyes
affected; and (3) no prior ophthalmic surgery when firse
referred. Thirry-seven medical records thar met the crite-
ria were identfied. All were referred becanse of sbnormal
eye movements andfor abnormal head posmring. Data
collected included type of DRS, gender, family history of
strabismus, abnormal head posidon, versions, srabismic
messurements, associated oolar and nonocular abnormal-
ides, and amblj'npu SCaTus.

RESULTS

Two hundred seventy medical records were identified as
definidve DRES, and 37 of these (14%) were bilateral cases
(Table 1). All 37 had documented signs of cocontraction.
There were 22 (59%) males and 15 (41%) females. If one
assumes thar 60% of all DRS- patients are female as quoned
in prior general reviews,’ the likelihood of 22 (or mare)
panients being male in this casc scrics is only 0.013 (i, it is
very unlikely). This probabilicy is caloulaved from che bi-
nomial probability distmbubon for wo exchisive oui-
comes, (NV(RIN — RI)PF1 — pI" %, where N = the
number of ocourrences (37 subjecs), B = the number of
times a particular outcome is observed (22 males), and p =
the probahbility for the parocular ourcome o be observed
for any single occurrence (040 prevalence of males in
prior DRES reviews).

Most eyes were Type I, and most patients had the same
type in both eyes: 25 (68%) were bilaveral Type L 1 (3%)
ws bilateral Type IL, and 9 (24%) were bilateral Type ITL
Mixed types were seen in two panents (5 %): Type IITOD
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Fixation Preference for the Affected Eye in
Patients With Unilateral Duane Syndrome

Arif 0. Khan MD, and Darren T. Ovstreck OC(C)

Duane reraction syndrome is a congeniral incomitant
lateral recrus muscles.! Padents with unilateral Duane
syndrome (B0-90% of cases)' who exhibit a fixadon
preference tend to prefer the unaffected eye.'” We
describe 8 padents with unilateral Dusne syndrome
who prefer the affected eye. Themnst:ﬁ'equentm—
ciated ophthalmic ﬁndmgm decreased vision in the
unaffected eye from anisometropia and/or amblyopia.
An addidonal associared finding was decompensated
intermittent exomopia in 2 patdents.

CASE SERIES

Instimunonal Review Board and Human Ethics Commirtes
approval were obeained for a retrospectve review of Du-
ane syndrome. OFf 270 records coded with diagnosis of
Dane syndrome from patents referred w the King
Khaled E:_'r: Specalist Hospital (Riyadh, Saudi Arabia)
from 1982 to 2003, 8 were given a diagnosis of unilateral
Duane syndrome with clear fixation preference for the
affected eye. All 8 patents had 2 diagnosis of Type I
Dhiane syndrome, and none had other significant congen-
iral or medical problems. All were referred becanse of
ghnormal eye positon andfor abnormal head posmuring.
Dara collecred included reason for referral, age, gender,
ghnormal head posidon, ocular modlicy, sirabismic mea-

surements, amblyopia status, and cycloplegic refraction.
Patent charactenstcs are 5|.1.111J:|:|ar.in:d in Table 1.

DISCUSSION

Ar least 3 cases of fimaon preference for the affected eye
with unilareral amblyopia affecting the unaffecred eye have
been mentoned in the lteramre, bur no detals were
prmidcdr:gardingﬂ:n:acm:s”?rnrimlsr:ﬁ:wsdum:
sddress pn:ﬁ:rcmn: for the affected eye in unilateral Duane
syndrome."” Inmitvely, one would expect w find de-
creased vision in the unaffected eye from common phe-

Hrew che DXvion o Frdaric Osbetalmoisgy, King Kbaled e Specialtee Faea,
yad®, Kingsow of SRt Arsbis

Sabeieed Awgare 11, 2007,

ericion acrpent Yowmary 14, 004
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nomena, such 35 uncorrected anisometropia andfor am-
blyopia in such patents.

In this report, wncorrected anisomeropta andfor am-
blyopia in the unaffected eye was indeed the most frequent
characterisoc associated with fivaton preference for the
affected eye (seven out of eight padents). For the pagens
with uncorrected anssomerropta withour amblyopia (pa-
tents 2, 3, and 7), the minimal spherical difference ob-
served was + 1.25 (padent 5, the preferred eye being +
.25 whereas the conmalareral eye was — 1.00). Presumably
uncorrected blur in the contralateral eye led patens @
prefer fixation with the affeceed eye. These patients may
have had a greater degree of uncorrected anisometropia in
early childhood; the resules of previous cycloplegic refrac-
tons are not available. Patient 6 had amblyopia in his
contralateral eye for reasons thar are not clear from the
medical record. An inittal fovorable response to patching
reamment was recorded; however, the visual acuity of his
contralateral eye remurned w is preparching level after the
patient became noncompliant with treatment.

An addinonal observed associatdon was thar of decom-
pensated intermittent exomropia. Paoent 3 had a previously
documented intermittent exotropia that decompensared
into 4 constant exowropia, a5 did patent ? (who also had
amisometropia). In these 2 patents with exotropia and
Type [ Duane syndrome, the shductdon imitadon of the
affecred eye could have forced the patient oo switch fixa-
ton to the affected eye by prevendong manifestadon of
exoiropia in that eye wheress the unaffected eye under-
went exotropic drift. Both of these panents preferred a face
mrn conmralateral o the eye affecred with Duane syn-
drome. Such a face mm caused relative inward deviation of
the affecred eye, presumably a]lmnng it bemter alignment
with the contralareral exoropic cye.

In conclusion, in this case senes of unilateral Duane
syndrome with foration preference for the affected eye, as
would be expected the most common associated ophehal-
mic finding was decreased vision from uncorrected aniso-
memopia andfor amblyopia in the unaffecred eye. An ad-
ditional observed associanon was thar of decompensared
intermittent exotropiz. In this simadon, the shducton
limitation of the affected eye likely allowed it a fivagon
sdvantage whereas the contmalateral eye underwent exo-
tropic drifr.
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Duane Retraction Syndrome on the
Arabian Peninsula

Arf 0. Khan, MD,

Darren T. Oystreck, 0C(c), ABSTRACT Purposs To describe the clinical features of patients from the Ara-
Kelth Wilken, CO. and bian Peninsula with Duane retraction syndrome (DRS). Methods Retrospective
E“:Eﬁmg[: chart review of patients referred to the King Khaled Eye Specialist Hospital in

Rivadh, Saudi Arabia from 1982 to 2003 with a diagnosis of DRS. Patients hav-

E;h;:im;glk:::gh ing had prior strabismus surgery were excluded. Ressdlis Of 404 DES patients, 347

saudl Arabila {8&%) were unilateral, 57 {14%) were bilateral, and 111 (27%) had amblyopia.
There were 221 {55%) females and 182 (45%) males. The Huber dassification
was as follows: 315 (78%) Type L, 16 (4%) Type I1, and 77 (19%) Type II1. OFf
the 57 bilateral cases, 25 (44%) were female and 32 (56%) were male. Disoossion
Owerall, the clinical features of DRS patients referred to a Rivadh eve hospital
are similar to those reported in series throughout the world. However, our re-
ferred bilateral DRSS patients are more commonly male. The clinical features of
bilateral DRE deserve further worldwide study.

KEYWORDS Cuane retracion syndrome; dinical characteristics; Huber classification;
Saud Arabia

INTRODUCTION

Duane retraction syndrome (DES) is a congenital incomitant strabismus char-

acterized by varving degrees of medial rectus and lateral rectus co-contraction

during attempted adduction (DeRespinis et al., 1993). It can be considered a

congenital cranial innervation disorder due to paradoxical innervation of the

lateral recus muscle by axons intended for the ipsilateral medial rectus mus-

cle {Gorowski et al,, 2003). DRS is often subjectively described using Huber's

classification system: Type I (limited abduction with normal to near normal

abduction), Type 11 {(limited adduction with normal to near normal abduction),

and Type 111 {limited abduction and adduction) (Huber, 1974). The purpose of

this report, the first large DRS clinical series from the Middle East, is to sum-

Recelved 15 Dedember 2006 marize the clinical findings in 404 DRS patients from the Arabian Peninsula

Arcepted 12 June 2007, in the context of other large studies (Isenberg & Urst, 1977; Kickham, 1970;

Emﬁ"a Kml‘r:-mh;"- Marshman et al., 2000; Mauro et al,, 197%; O'Malley et al., 1982; Park et al.,

King KI‘EIEI:IE}ESMIIIHHI:EHI;.![.}FI'D 2005; Pfaffenbach et al., 1972; Raab, 1986; Bo et al, 1989; Shauly et al., 1993;
Box 7191, Riyadh 11462, Saudl Arabla.  Tredid & Von Moorden, 1985; Zhang, 1997).
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z Homozygous HOXAI mutations
d.vsrupt human brainstem,

£ inner ear, cardiovascular and
cognitive development
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We identified homorygouws troncating mutation: in HOXATin
three genetically solated human popul ations. The resulting
phemlype inchide horiontal gare abmormalities, dealrss,
Enciall wealaess, laion, vascular mal rmations of the
intermal carotid arteries and candiac oulilow tract, mental
retandstion and awlsm spectrum disonder. This is the first
repart o o kiviwledge of viable homory gous trsnca ling
rautations in any human HOX gene and of a2 mendelian
disorder resulting from mutations ina human HOX gene

E critical for development of the central nervous system.

avchlea aplasia in twn. The ninth individual had normal hearing and
inmeT ear anatom

Three individualk with BSAS had mmputed invmography imaging of
the skull hase. Ome had hilveral aheence and two had |eft-sided abeence
of the @mtid camal (Fig. 1), the foramen through which the internal
amtd arery (ICA) nommally eners the skull Four individuals
iunderwent magnetic resomance angiography (MBEA) of both the head
and neck, and thres individuals Mmiﬂm}ndmipm
hilateral agenssis (Fig. 1#-h and Supplemetary Table | online).

Wi carried out SMP-hased linkage malysis ofthe bogest family with
BSAS (Supplementary Fig | online) and identified a single, fully
informative 8.5-Mb region fhmked by mPE3543 and 177962 on
chromasome 7pl 5.3-pl4d. 3 in which only the afleced children were
homozygous. Further analyss with additional microsatellite markers
[Supplementary Tahle ? online) confirmed coivheritance of the
haplotype with disease status in all five pedigres with BSAS and
alsn identified 2 homozygous ~ 300-kh subregion on Tpl52 that was
taphsidentical in affectel Sawdi Arahian individuds, suggestive of 2
fnmder mutation in the Saudi Arabian populrtion | Supplementary
Fg | online). The maximum mmbinal two-point lod smre was 7.7
[Supplementary Table 3 online).

The HOXA duster falk in the leploidentical megion, and we

Wi olserved an autosomal ressive ymdrome in five i
fmilies, four Saudi Arbian and one Turkish I'qulﬂ:lmtlrrl"‘.l
online), which we alled Basley-Salib-Alominy syndrome ([BSAS;

@ Supplementary Table 1| anfine). All nine affected individusks had

hil#teral Duane syndmome, a hotizomntal e mowment
sorder (Fg la) Eight afieced individuak had prodound sensori-
demfnes, and thre had ecternal s defeck. Seven affeced
individual s had delayed motor mil stones. Two individuak with BS AS
from different Saudi Arabian families were mgnitively and behavio-
rally impeired and met DEM-TV criteria for autism specrum disorder
Their parents did not have featurss of BRAS.

Eight individuak with BSAS underwent brain magnetic rsonance
o SO ging |5 upplementary Methods online).
n thin magnstic resomanee sections through the candal pons from ane
afeced individual, we could not identify exditing abduems omia
the erehrum, caehdlum md baimstem appeared normal (Fig. b

We imaged the inner ear in seven of dght individuals with deafnes
md found hilsteral abeenee of the codhlea, semidroular camals and
wstibule | @mmon avity deformity) in five of them (Fig lcd) and

1o i

hzed HOXAI for mutations heause there are similarities hetween
the BSAS phenotype and the mthology of the Homl "~ mouse'.
amial 2 hommygme ganine insertion, 175 1763, putatively
reulting in a reading frame shift and the intmoduction of 2 premature
sinp awdon [ Fig. 2ab and Supplementary Fig. | online). The Tarkish
individual with ESAS had a homozygows 840 — G mubtion, resuling
i:tﬂ!nlbsﬁmﬁnmcfamm-rhmﬁu'atpudmrddu (Y2EN:
Fg X md Supplementary Fig. | onlinel. Both mutatiors were
heteozygous in parents of affeded individuak, cossgregated appro-
priziely in mch family and were not p aon 354 chr of
mixed ethnicity (inchiding 128 Saudi Arabian and 26 Turkish)l. The
muitions are prediced o afied the synthesis of all three human
HOXAI transipts® (Fig 2) and to result in loss of FOXA T function.
mutations have been documentad in four human

HOX 7 lnated near the 5 ends of the A or D disters. These
muitions lead primarily to mairmed distal extremities. Human
muitions have not been described in 3 HOX genes esential for head
md central nervous system pateming. Hoxal, the most ¥ gemne in
duster A, is the first of the Hox genes expressed in mammals and is
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Clinical characterization of the HOXA1

syndrome BSAS variant

ABSTRACT

Backpground: The Bosley-Salih-Alorainy syndrome (BSAS) variant of the congenital human HOXA 1
syTedrome results from eutosomal recessive truncating HOXAL mutations. We describe the cur-
rently recognized spactrum of coular motility, inner ear malformations, cersbrovascular anoms-
lies, and cogritive function.

Methods: We examined nine affected individuals from five consanguineous Saudi Arabian fami-
lies, all of whom harbored the sama [7 5-176insG homozy gous mutation in the HOXA1 gene. Pa-
tients underwent complete neurologic, neurc-ophthalmologic, orthoptic, and neuropsy chological
examinations. Sk individuals had CT, and six had MR of the head.

Results: All nine individuals had bilateral Duane retraction syndrome (DRS) type 3, but extent of
abduction and adducticn varied between eyes and individuals. Eight patients were deaf with the
common cavity deformity of the inner ear, while one patient had normal hearing and skull base
development. Six had delayed motor milestones, and two had cognitive and behavioral abnormal-
ities meeting Diagnostic and Statistical Manual of Mental Disorders- IV criteria for autism spec-
trum disorder. MRI of the orbits, extraocular muscles, brainstem, and supratentorial brain
appeared normal. All s appropriately studied patients had cerebrovascular malformations rang-
ing from unilzteral internal carotid artery hy poplasia to bilateral agenesis.

Conclusions: This report extends the Bosley-Salibr Alorainy syndrome phenotype and documents
the clinical variability resulting from identical HOXA 1 mutations within an isolated ethinic popula-
tion. Similarities between this syndrome and thalidomide embryopathy suggest that the terato-
genic effects of early thalidomide exposure in humans may be due to interaction with the HOX
cascade. Neurology ® 2007;69:1245-1253

GLOSSARY

ABDS = Athebascan bralnstem dysganasis syndrome; BSAS = Bosioy- Salih- Aorainy syndroma; CARS = Chilidhood Sutism
Rating Scaks; CCA = oommaon carotid artany; CCD = commaon cantty deformity; CM = cranial nerse; C-apime = carvical sping;
DRS = Dusne retraction syndroms; DSM-4 = Diagnostic and Statistical Mamsal of Mantal Disordars; ET = esotropla;
BC = imemal suditory canal; IGA = inbarmal carotid ; MRA = magnatic resoranca anglography: N& = not availabla;
m-ngnm;m-mmmns-lmmuu-buhmm posterior communicating artary:
TOF = time-of-fiight; US = witrasound: VAB = VVinaland A daptiva Boherior; WHIL = within normnal limits; XT = ocotropla.

We recently reported a new Mendehan syndrome associated with truncating mutations
in HOXA1,' a homeodomain transcription factor critical for the proper development of
hindbrain rhombomeres in mice.™ Homozygous 175-176insG guanine base-pair inser-
tions were found mn several families from Sandi Arabia, while a homozygous 4050
nonsense mutation resulied in the substitution of a stop codon for a tyrosine residuc
(Y28X) in a Turkish individual. These two mutations canse a phenotype, referred to as
the Bosley-Salih-Alorainy syndrome (BSAS; OMIM #601336), characterized by bilateral

From the Neure-ephthalmelogy Devison [T_M.E., D.T.0.), King Khaled Eye Specialist Hompital; Divenios of Pediasic Neseology (M_AS)
and Dipasiment of Badiclogy [LA4.A.], Kmg Khalid Universiy Hosgital, King Saad Usiveity; Departmesia of Nourceciones (T80, MUK
and Cenctucn [KK A~ King Famall Specialint Hoapstal and Hescarch Centre, Riyadh, Sand Arabea; and the Program in Genomics,
(hildre="s Hoapital Bostos, and Program in Meomecescs [MUALT., ECE), Harvard Medical Schocl, Boxton, MA. . Bodey moncw with
the Meomlogy Divixios, Cooper Universty Hospital, Camden, Mz asd Dr. Abo-Amern is sow with the Shadallab Gonectics Medica] Cener,
Dok, Clatar.
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The Clinical Spectrum of Homozygous
HOXAI Mutations
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We describe nine previoushy unmep oried individuals from sis
families whe have homosygous mutations of FOXA T and
efther the Boaley -Salth-Alomainy symdrome (BSAS) or the
Athabasan brainstem dysgpenesis syndrome (ABTS). Con-
genital heart disease was present in four BSAS matents, two
of wheom had neither deafness nor horizongl gaze ressric-
Hiom, thus mising the posshilty that cndioveasoular malfor-
Tmtioms might be a dinically Bolited, or reltively Bolted,
i et aticm of hwomo oygpous FIO0E 1 mutations., Two ARTS

probands had redatively mikd mental resrdation. These
inudividuals blur the clinieal distinctions betwesn the BSAS
ancd ARDS HONAT variants and broaden the phenotype
amd gemotype of the homosygous FFOXA T mutstion dinical
spectmam. 8 2008 WilsyLiss, Inc.

Ky wonds: FIO0A T Duame .-q.mdrr.l'r!;de:ﬁ'mm el
vaumular maformasion: BSAS: ARDS
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INTRODUCTTION

We recently repored a Mendelian syndrome
assochted with truncating mutations in HOMXA T
[Tischfieldet al., 2005), 2 homeodomain ranscr pticn
factor critical for the d.cvn]npmt:rt aof hind-
brmin rhombomeres fM'O 1991; Chisaka
et al., 1992]. Homozygous lTﬁ-lTﬁlmG ine

r insemtions were found in several families
from Saudi Arabia, while a homozygous 84C>G
nonsense mutation resulted in substimtion of 2 stop
adon for a tymsine residue ina Tudcish individoal.
mmnmﬂummuacaphnrntfptﬁmodm
as the Bosley—Salih—Alorainy (BSAS;
OMIM #601536) characierzed by bikterl Duane
retraction e (DRS) 3, deafness, malfor-
maticns Dfsrnﬂ'ﬂmmmrdim t-Fpltal'u.n: and autism in
some patients [Tischfield et al. 21'!']5 Basley et al,

2007]. This syndmme differed from another homo-
Zygous HOMAT variant, the Athabascan brainstem
dysgenesis syndmme (ABDS) reported in native
Americans, which is marked by horzontal gaze
restriction, deafness, mental retardation, fackl and

Thosms M Bosey's present addness @ Mewnigy Division, Coopes
Tkiversicy Hosgaral, Canden, Mew Jesep.

D T. Opstreck’s presest addess @ Departmed of Ophotalboc
boagry, Boatcn Chilldness Ficospical, Bt n, M sckac hissems.
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Short Reports

HOXA1 mutations are not a common cause of

Mobius syndrome

Jessica K. Rankin, MD,* Caroline Andrews, MS e Wai-Man Chan 4 and

Elizabeth C. Engle, MD*bade b

The HOXAi-relaied syndromes result from awiesomal-recessive
truncating mutations in fhe homeobox tranzcription factor, HOXAT.
Limited horizontal gaze and sensorineural deainess are tha most
commin fieafwres; affected individuals can alzo have facial weak-
ness, mental retardation, sutizsm, motor dizabilities, central hypo-
venfilation, carofid arery, andfor conoiruncal heart defects.
Mibiuzs syndrome i alzo phenotypically heierogeneous, with min-
imal diagnostic criteria of nonprogressive facial weakness and
impaired ocular abductiom; mental retardafion, awtiem, moior
dizabilities, additional eye movements resirictions, hearing loss,
Iyp oventil ation, and craniofacial, lingual, and limb abnormalities
also occur. We asked, given the phenotypic overlap between these
symdromes and the variabl e expressivity of both dizorders, whethar
individuals with Mobius syndrome might harbor muiations in
HOXAT Owr resul ts supp est that A0XA T mutations are not a commaon
causa of sporadic Mibius syndrome in the general population

OXAT-related syndromes incude the Bosley-

Salih-Alorainy syndrome, identified in Saudi

Arahian and Turkish fanilies, and the Athabas-
can brairstem d:.rsfeness syndrome, identified in MNative
American families. " Both result from autosomal-recessive
runcating mutations in the homeohoe rranserption fetor,
HOXAL The HOX Al vrelated srndrome phenotype is var-
ishle. The most commaon fearures in affected individuals
are limited horizontal gaze (diagnesed as Duane synd rome
in Bosley-Salih-Alominy syndrome padents and horizontal
gaze palsy in Arhabescan brainstem dysgenesis synd mme
padents) and sensorineural deafness facal weakness

Aasher i “Dparmes of Neareegy, Chilire's Fiitl B, B,
M. FM Bardy N, N e N
Mearology, Hiarsand MedScal Sckand, Bk, Masacisarsts; “Huremnd Higes Makcal
Fratisntr, Dy Ol Marplioad: "Dt et of Opbshalmodqpy, Children's Hopital
Brsto, { D of Mirdicins, Cbilden's it oot Sbilrem b Hlogeitad st
Program ix G, Bostor, Misma dhscartts, *The Mwim: Camier for O Disras
Framare b, Cblr's Fiogeital Boct o aonid” Dot o (bt by, Hlars e M il
ol

Tl miiedy v comincied at shve Dirparimant of Mrarologry, Clildnen's Flogstal Bordor,
Boziem, Mumackzsrsis.

Fanding s prosided by NET B2 EXT 08 and FHIR B8 T Tndallrcisal aud
Dl aia | Disability Rrserok Crsiers. FUF raw ieretiy ator of she Hesard Hagho
Mircal [ctitte

Sadomritird Asgcat I7, TR,

Rrsiion avrgp dad Necwmiber M, 08
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Loograwod Aswmier, Bosiow, MA 02115 frona it Filbz et ke ovgdeBickilofrons botrsrared alic].
FAAPDE B1G1&TEG

gyt & F0 8 by il Armwrvic s Amociation: for Prdiatvic {jid aleology wul
iralimmo

ML OMNAENE +

i 0.1 805 . 20091 180T

il

mental retardation, autism, motor disabilivies, cemral -
poventilatdon, carotd arvery, andfor conotruncal heart de-
fects also occur.™ The minimal disgnestic criteria for
Miibius syndrome, which is also phenotypically heeroge-
necus, are mnpmgemw facial wealmess and impaired
ocular abduction.’ Affected individuals can also have
mental reardadon, awdsny, mowr disahilivies, addivional
eve-movement restricions, hearing los, h}limra&nlﬂan,
and craniofacial, lingual, and limb abnoroalities

pr'umutdy 0% of repomed individuals with the
HOXAI-related syndromes have both facial wealmess and
horizontal gaze paky and thus meet diagnostic criteria
for Mihins syndmme. Among this subgroup w dare,
none has globe mtraction, all have deafness and central
hypoventibton, and half have conoruncal cardise de-
feets. " We asked whether, given the phenorypic over-
lap berween these syndromes and the variable expressivicy
of both disorders, individuals with Mdéhivs syndmme
might harhor muetions in HOXAL

Methods

The study was approved by the local institutional review board
and conducted in accordance with the Health Insurance Pora kil
ity ansl Accountabdlity Act, with written informed consent of the
participants mﬂmﬂ:ﬁ'a‘mﬂ'\tﬁm‘u We :id.ﬂ'rl:iﬁadm]rnbmhd:
with Mébms symdrme from among the participants enrolled in
owr study of complex strabsmms, 25 of whom were recruited
from the fth Intemational Moehius Syndrame Confermnes in
2. All probands met the minimal cniena of Mikmus symdmome
udﬁudhmm statement of the Moehmus ﬁu‘hd:me
Rﬂu‘dﬂuikuﬂrﬁf}urﬁﬂm m.ﬁ.]n'.i] 2007, ruu'ndv (= 8
gemital, uni- mhﬂn‘lﬂ'ﬂ]mmmﬁnﬂwcﬂ:ﬂ:mﬂhm
ﬂndabdu:ﬁimrﬁﬂuqﬂs "4En|d\])m'ﬁci]:nmt1u'hd.ﬂ1wrtm
examminations were reviewsd, and sach sobomthed @ blood or ali-
m?m]ﬂeﬁwDNﬁmﬂﬂmlﬁtDNﬁwum
from participents” blood by the use of Cagen Gentra Paregene
DMA Eobton Kits (Valenci, CA) or sabiva mmples by the use
of DMNA fﬂ'ﬁn}ﬂmgﬂbe:a]iﬂm‘dn]m swab kits (Kamata,
Omvtari, Camacda). HOXAT exons and their flanking mtronic se-
quences were amplified, sequenced, and analyzed a5 previcusly
described.”

Results

Probands incdluded individuak of European and South, Cen-
ral, and Norrh American origin, including those of white,
black, Hispanic, Native American, and Asian exraction

Fournal of AAPOS
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HOXA1 Mutations are Not Commonly
Associated with Non-Syndromic Deafness

Khaled K. Abu-Amero, Abdulrafman al Hagr, Murad ©. Almomani,
Tarif Anwar Azad, Tbrakim A. Alorainy, Darren T. Qystreck, Thomas M. Bosley

ABSTRACT: Objective: Homazygous homeobox Al (HOXA!) muotstions canse a spectrom of sbnormalities in homans ineloding
Iiluteral profound desfress. This study evaluses the posible mle of HOXA! muotations in familial, non-syndromic sensornenral
desfness. Methods: Forty-eight onrelsted Middle Esstern families with elther comanguinity or familial desfness were identified in a
large deafres chnie, and the proband from esch family was evalusted by chart review, andiogram, neurimaging, and HOXAL
sequencing. Resalffe All 48 probands had normal neoro-ophthalmologic and general medical examinstions except for refractive erora.
All had congenital non-syndroric sensorneural hesring loss that was symmetric blaterally and profound (00 dBHL) in 33 individoals
and varied from 40 to 90 dBHL in the remainder. Thirty-nine of these individosls kad newmdamaging smdies, sl docomenting normal
iniermal carotid aeres and normal G, Tih, and Bt cranial nerves bsterally. OF these, 27 had normal internal ear shmetones with the
remaining 12 having mild to modest developmental sbnormalites of he cochlea, semicirenlsr canala, andior veatibular aqueduet. No
patient had homozygous HOXA] mutations. Conclision s None of these patiens with non-syndromic deafness had HOXA T muotatons,
None had major nner esr anomalied, obvom cerebrovascular defects, of reoognized congenital hesnt disesse . HOXAL i3 hkely not 2
oommon canse of non-syndromic deafres in this Middle Essiemn popuolation.

RESTIME: Des mutations de HOXAL ne sont pas fréquemment swodés i b sundité non syndromique, Objecsf  Les mottions de b ségquence
homéatigue Al (HOXAL & I'éat homozy gote @usenton specte d anomalies chex les homains dontone sordie bilarale profonde. Dans catie émde,
noms avons évalné la pesihili® goe des motations de HOX Al jonent on réle dens b soxdité de parception familidle non syndmmiqee. Mihoder -
(maramte-bmit familles non appereniées do Moyen Orient présentant de by comsan goin# oo me sordité familisle ont & identififes dans one climiqoe de
surdité @ hant volome de patients et b cas index de chaque famille 2 € dmdié an moyen d'one revoe do dossier, d'on andiogramme, de tesis de
nemnimagerie et prr squengage de HOXAL . Résmlat r Cher les 48 cos index I'examen newro-ophizimolo gigoe et I'examen dinigoe géném] étmient
mormame, sanf poor la présance d'anomalies d= la réfmaction. Toms présantsient one mxdié d= percepfion non syndromiqoe, qm &sit hilatérale =
symétrigqoe, et qoi St profond e (=50 dhhl jchez 35 patients etde 40 390 dhh] chez les antres. Les artéres canotides intemnes bilatérales émient nonmales
zinsi queles e, Te et §enerfs criniens bilémam chez 39 de s individns qui ont suhi des examens de neonoi magerie. Pammi enx, lastmctore: de I oredl ke
imemne éfait normale chex 27 ; les 12 amires présen iient des anomafies de développement de légées & modéndes de la cochlée, des omamy semi=
circmlsires stfon de I'sgoedoe de Sylviss. Anoon pafient n'Siad porieor de moistions de HOXA] &1'%s homorygoie. Conolusions © Anoon de cos
patients afteints de sundité non syndromiqoe n'éhit porear de muotations de HOX AL Aoom J'emx n'était portenr d'momalie imporante de I'oredl ke
imemne, d'anomalie césfbrovascolire évidente oo de maladie cardizque comgéniale moomme. 11 est probable que HOXAL ne sot pas mne camse
frévments d= snwxdi non syndmmigoe dans catie population do Moyen Odent.

Can J Neurol Sei. 2004; 41: 448-451

Hearing loss isrelatively common in homans . Around 371000
infanis have some congenital hesring loss, with severe or
profomnd  congenitsl hearing lms (bad enough o preciude
normel speech development) etimated o oocur in show 1 in
1000 births. Approximately 5% of individuals with severe
childhood desfness sre thought to have genetic cames'?, of
which nearly 70% worldwide are thoughi o be anidomal
receddve’. Approximately T0E of congenitm]l deafness
s tated with genetic factors ane clssified & non-syndromic,
and more than 400 forme of syndromic deafness can be
dizgnosed in the remaining 30% becanse of smocisted clinical
findinga®,

In 2003, several consanguineons families in Sandi Arsbia
were found to have a previoualy nnreponted syndrome consiting

EE ]

moal noably of desfness, hilsieral Dosne retraction syndrome
(DRS ), and cerebrovascnlar and cardiovasenlsr mal formations’ 8.
Cengme-wide screen revealed homozygous muotstions in the
Homozygous homeobox Al (HOXAN) gene thal presumably

n_twumm (KIAA, TAA,DTO, TME),ENT
{ AaH, B0I4), D of Ralidkogy (14 4), Chllge of Malse, Kag
s-.u:._ﬂ, Rl Sandh Amia; Depirtmentof Opbohabebogy (KICA A1,

Coollege of Mediciae, Uai of Flosichs, Tacksoms e, Flosida, 15 A; Divzion of
Do kg s { DTN, P by of Hesaleh S, Dnmerady of Se e aboich
Ty, Soauth Ay

Recerven Novmumm 14, 1. Fra B weces S Taoaey M, 2004,

Cowerpradence do: Khalol K. Ab-Aaem, Depatmes of Ophthalnology, College of
Mokme, Ky Sosl Unie sy, Ripadh, Sl A Bl dben oo ol com.
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CASE REPORT

Partial chromosome 7 duplication with a phenotype
mimicking the HOXA| spectrum disorder

Khaled K. Abu-Amero'?, Altaf A. Kondkar', Mustafa A. M. Salii’, Ibrahim A. Alorainy?*,
Arif O. Khan®, Darren T. Oystreck’, and Thomas M. Bosley’

"Department of Ophthalmology, College of Medicine, King Saud University, Rivadh, Saudi Arabia, *Department of
Ophthalmology, College of Medicine, University of Florida, Jacksonuille, FI, LISA, *Department of Pediatrics, College
of Medicine, King Saud University, Rivadh, Saud:i Arabia, ‘Dq,urtmr of Radiology, College of Medicine, King Saud

University, Rivadh, Saudi Arabia, and “King Khaled Eye Specialist Haspdd,Rjyuﬂl Saudi Arabia

ABSTRACT

Purpose: To evaluate possible monogenic a:ddumwsomalmﬂeshap&uwﬂhbﬁmenl&nmm«ac-
mmmmmmmmmmawmummxmm
Methods: SequmngHOXAlandperfotmmgl'dghmdllmmqulnm genomic hybridization
(arrayCGH).
Mmmmwmmmmm;mmmmmub&mﬂyaMm
absent right vertebral artery, the major features of the ‘variant of the HOXAI

However, he also had tal delay, mild mental retasdation, and seizures. His parents were
not related, but his father had milder sensorineural hearing loss bilaterally, and two patemnal uncles and a
paternal cousin had seizures. revealed moderate ma of inner ear bony anatomy
bilaterally. HOXA1 sequencing was nogmal, but aryCGH revesleda small partial duplication of chromosome
7 encompassing only the PTPRN2 gene (protein tyrosine phosphatase, feceptor type, diypepudeZ)that
was not present in his parents, mmmuhuhqaszmalmw
CmﬁlmWPRNZBmyahkedbagwmmﬂmghm-mmhasbeenldmuﬁa‘]lmhe
adult human brain, in certain tumors, and in association with 1 diabetes mellitus. The phenotype of this
patient is strikingly similar to, but not identical o, that of the HOXA1 spectrum disorder. The findings in this
patient raise the possibility that PTPRN2 may be active during early development of the human brainstem
mmamamnqmwmmsmmmammmmmm
HOXAI mutations. .«

KEYWORDS: Dumaulmsyndmne Congenital hearing impairment, HOXAT spectrum, Array
comparative genomic hybridization, Mental retardation, Seizures

INTRODUCTION

Bilateral Duane retraction syndrome (DRS) occurs
in association with bilateral hearing impairment in
a number of congenital syndromes. These include at
least: (1) the Bosley Salih Alorainy Syndrome (BSAS;
OMIM 601536)' caused by autosomal recessive
mutations in HOXA1 that result in bilateral DRS
type 3, bilateral deafness associated commonly with
severe inner ear maldevelopment, cerebrovascular
anomalies, and occasionally autism,** (2) Duane-
radial ray syndrome (DRRS; OMIM 607323)‘0“5«1

by autosomal dominant mutations in SALL4 resulting
in unilateral or bilateral DRS, upper limb anomalies,
and renal anomalies, (3) Duane retraction syndrome
2 (DRS2; OMIM 604356)7 caused by autosomal
dominant mutations in CHNI and resulting in
unilateral or bilateral DRS, unilateral congenital
ptosis, and unilateral deafness®" (4) the Townes-
Brocks syndrome (TBS; OMIM 107480)" caused
by autosomal dominant mutations in SALLI that
result in anal anomalies, dysplastic ears, abnormal
thumbs, conductive or sensorineural deafness, cardiac
and renal anomalies, and rarely DRS,*" and (5)
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Xqg26.3 Microdeletion in a Male with
Wildervanck Syndrome

Khaled K. Abu-Amero'”, Altaf A. Kondkar', Ibrahim A. Alorainy”, Arif O. Khan®,
Leila A. Al-Enazy®, Darren T. Oystreck”, and Thomas M. Bosley'

'Depaﬂmem of Ophthalmology, College of Medicine, King Saud University, Ri Sandi Arakia, zﬁndj'dngy
Department, College of Medicine, King Saud Univeraty, Riyadh, Saudi Aralvia, King Khaled Eye Specialist
Hospital, Rivadh, Saudi Arabia, *Depariment of Ophthalmobgy, College of Medicine, Universily of Flarida,
Jacksowmille, FL, USA, and *Division of Ophthalmology, Faculty of Health Sciences,

Univeraity of Stellenbosch, Tigerberg, South Africa

ABSTRACT

Backgroend: Wildervanck Syndmme (WS cervico-oculracostic syndmome) consists of Duane retaction
:.':,mdmun: {DRS), the .Bﬂ:ippd—ﬁ::ﬂ mu]}l:. and cm'lgz:rliia] deainess. [t is much mone common in females fhan
males and could be due to an X-linked matation that & lethal to hemizygous males. We present the genetic
evaluation of a male with WS and his famdly.

Mtersels end Methods Olinical evaluation and mmn\nﬁpnﬁ, :ﬂ]uu'n:i:rla of camdidate penes, amd amray
comparative genomic hybridization.

Results: The ]:!.u:tiult head bilateral 1.}!]:!: 1 DES, fusion of almost the entire cervical :]:!:i:n:, and bilateral sevens
semsrineural hearing loss due to bilteral cochlear dysplasia; he ako had congenital heart diseases regquiring
sungery. His parents wen unnelated, and he had eight unaffocted siblings The patient had neo mutation found
|:|}r Sﬂ'lsﬂ'm‘lﬂ'l:i:l‘lﬁ of HOXAT, KIF2T A, SALI, and CHNT. He had a 3kB deletion in the X-chromosome at
Xg2a.3 that was not fund in his mother, ane unaffected sibling, or 56 healthy controbs of matching ethnicity.
Thiz deletion encompassed only one gene, Fibroblast Growth Factor Homoksgows Factor 13 (FGF13), which
encodes a 21 amino acid protein that achirrh'nﬂtﬂm’j}r im neurons 'H'I:I'U'I.Iaj'lﬂ.l‘t brain dﬂr:in]:!mﬂi
Comcheions: Analysis of this patient’s phenotype and genotype open the possibility thet X-chromosome
i‘ldd:im:nu}r be & cause of WS with h:s::rildd:im'u b:mg lethal tomales and that FGFT3 n'ruhﬁm'um}rlx a
caue of WS,

Keywords Cervico-oculoracostic syndmme, chromosome deletion, congenital deafness Duane retaction
symdmme, KlippelFeil anomaly, Wildervanck syndnome, s-linked

Cipiat hallen e Grent Drowmboa dad froan infoem shealthcam. com by Dralhows e Univesiy on 022614
For pemonal we caly.

INTRODUCTION

Wildervanck syndrome (WS, OMDIM 314600), or the
cervico-oculo-acoustic s}lndmnlz,' is an uncommon '~
congenital syndrome defined by the co-occurrence of
the Klippel-Feil anomaly (congenital fusion of cervical
vertebra; OMIM 118100}, Duane retrmaction synd mme
(DRSS, OMIM 12680), and congenital deafmess that
may be sensorneural, conductive, or mixed.* There
have been reports of WS patients with additional

features such as cervical spinal cord developmental
abnormalities,*” facial palsy® other neurclogic devel-
opmental abnormalities,” cardiac abnormalities,® cleft
palate™ and ectopia lentis. The possible  genetic
etiology of the syndrome is not yet defined, but the
fact that it occurs much more commenly in females’
has led to the h that it is an X-linked
disorder that i lethal to hemizygous males."”

We describe the phenotype of a male with sporadic

Recefved X3 Octoher A2 revised 4 December A2 acoeptad 9 anuary 3013 puoblished antne 1 leu.acr)rmﬂ
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Partial Duplication of Chromosome |9 Associated
with Syndromic Duane Retraction Syndrome

Khaled K. Abu-Amern™?, Altaf A. Kondkar', Abdullah Al Otaibi’,
Ibrahim A. Alorainy’, Arif O. Khan®, Ali M. Hellani®, Darren T. Oystreck™®
and Thomas M. Besley'

! Department of Ophthalnobgy, College of Madicine, King Sand University, Riyadh, Saudi Arabia, *Department

of Ophthalmology, College of Medicine, University of Flarida, Jacksanwille, FL, USA, *Department of Radiology,

College of Medicine, King Saud University, Riyadh, Saudi Arabia, *King Khaled Eye Specialist Hospital, Riyadh,

Sandi Arabia, *Viafd Genomic Center, Sydney, Australia, and “Dividgon of Ophthalmobgy, Facully of Health
Sciences, University of Stellenbosch, Tygerberg, South Africa

ABSTRACT

Back gronerd: Tor evaluate possible monogenic and ch 1 Hes in a patient with unilateral Duane
retraction syndmme, modest dysmorphism, cerebral white matter abnomalities, and nomal cognitive
Function.

Materiels and Methods: Performing hi ution army comparative genomic hybridization (army CGH) and
sedquencing of HOXAT KIF2TA, SALLY, and CHNT genes.

Resulis: The proband had unilateral Duane retaction smdrome (DR type 1 on the right with low-set eams,
prominent forehead, clinodactyly, and a hiskry of frequent infections during early childbood. Motor
ilzuﬂu]:m::rlt amd ugn:iti\r: function wen normal. Paments were mot related, and no other :Emu'j}r member was
similarly affected. MEL mevealed multiple small aneas of high sigral on T2 weighted images in cerebral white
mather oriented along white matier tack. Sequencing of HOXAT, KIFZTA, SALLA, and CHNT did not reveal any
vtk o (. .Pa'.m}r CGH showed a 95EDL &mdupiivmﬁm o chromaosoame ]'91:|]3.:I ﬂ'lmﬂ:l'!:!ﬂ:i:l‘lﬁ fomar killer
cell immunoglebulin-like mceptor (KIR) genes

Comeheanms: KIR penes Tea e most ]:!:r:v.imuj}r been linked to a l‘lulﬂq:!mﬂﬂzj .-.:,mdrm, ﬂjﬂ'lﬁ.laj'l '|‘.1'E‘|,I' ame kmown
ter b encpresssed in the human brain and brainstem and to be associated with certain infections and autoimmune
diseanes, including some affecting the nervous system. DRS and brain neuraimaging abnommalities may imply a
central and Pl:r.i]ﬂ'lﬂ'aj nhs\ndu1dﬂt‘lrlz al:u'lm'n\alii}r related in some fashion to an inmnmmdtﬂdm‘}r

Cipiat hallen e Grent Drowmboa dad froan infoem shealthcam. com by Dralhows e Univesiy on 022614
For pemonal we caly.

disturbance.
Keywords Clinodactyly, Duane metraction syndmome, killer cell immunoglobulin-like meceptor, KIR gene,
levimi-siet ears, n]:gndﬂ'ldru:y'lz

INTRODUCTION radial dysplasia that may also be unilateral or bilat-

Druane retraction syndrome (DRS) is usually isolated
and sporadic. However, three monogenic DES syn-
dromes have now been reported: Duane Radial Ray

eral, variable deafness, and sometimes other somatic
milﬁ}mlﬂiﬂﬂ;u Duane Retracion Syndrome 2
(DURS2; OMIM &04356) due to autosomal dominant
mutations of chimerin I {CHNI) that are most com-

Syndrome (DRES;, OMIM 607323) due to autosomal
dominant mutations in the sal-like 4 (SALL4) gene that
cause unilateral or bilateral DRS assodated with

monly associated with bilateral DES with some
vertical gaze alnormalities and rare somatic disturb-
ances* and the Bosley-Salik-Alorainy syndrome
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ABSTRACT

Backgronerd: To evaluate possible monogenic and chromosomal anomalies in a patient with unilateral Dusne
retraction :;l,rnd:rm and maodest i:l}rm'm'_pﬂlim

Materiels and Methods: Clinical evaluation, sequencing of candidate genes, and army compamtive genomic
hybridization (amray CGH).

Resmulis: The proband had uniliteral Duane retraction syndmome (DRES) with bw-set ears bilaterally, a high
arched palate, and clinodsctyly. Moo development and cognitive funchion wene normal. Parents were first
cousng, bt no other ﬁn‘u‘]}r member was :i:u'n'.lm'j:,r affertd. Mo matations were deteched in the HOXAT,
KIFZ1A, SALLA, TUBES, and CHNT genes. Armay CGH mevealed a 16 Kb de novo deletion at ch omaosome 8pl12
that encompased a portion of only one gene, the Cholinengic Receptor, Nicotinie, Beta-3 (CHENEB3, Neummnalh.
This peme encodes a prodein that & involved in the nicotinic .u::l}rjd'lniim receptor on neunmns. |t interacs
functiomally with other genes that code components of the acetylcholine meceptor.

Comcheioms: This patient's chromosomal al:u'lncmu]i{}r affected m]}r O g that & }Iis]'l]}l’ ﬂi]:!:rmﬂl in the
brainstern and brain, involved in neurotmnsmission, and could be reladed to e Duane retraction. syndrome.

Keywords: Beta-3(CHRNE3, neumonall, cholinergic nsoe ptor nicotinic, clinadactyly, Duane netraction syndmme,
loviw-set ears, symdromic Duane syndmme

INTRODUCTION

Duane retracion syndrome (DRS) is usually isolated
and sporadic. However, three monogenic DRS syn-
drames have now been induding Duane
Radial Ray Syndrome (DRRES; OMIM 607323) due to
autesomal dominant mutations in the SALLS genes'”
Duane Retmction Syndrome 2 (DURSZ, OMDM
604356) due to autosomal dominant mutations of
CHN1# and the Bosley-Salih-Alorainy syndmme
(BSAS) in which autosomal recessive mutations of
HOXAT occur™ Genetic causes of syndmmic DRS

are not always assodated with recognized monogenic

syndromes. A number of syndmmic DRS patients
have been reported in association with a variety of
different chromoesomal copy number wariations
(CNVWs) including deletion(s), "' duplicationis), trans-
location(s),"” and the presence of a marker chromo-
gome """ These reports utilized technologies for
detecting CMWWVs limited to resolutions of 5-10Mb for
standard ing, 3-5Mb for FISH probes, or
80200 Kb for BAC dones.”® Advances in high reso-
lution array-comparative genomic hybridization
(array CGH) have imy detection capabilities
into the range of 1Kb,"™ increasing dramatically the
ability to detect small, potentially symptomatic TNV a.
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CCDD Phenotype Associated with a Small
Chromosome 2 Deletion
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ABSTRACT

FPacrpoe: Some individuals ane born with un'lsl:m'laj limitation of ocular n'urh'.lﬂ.}l; often associsted with prosis
and metraction of the globe. Many of thess disonders ane now known as the congenital cranial dysinnervation
disorders (CCDDs). While several genes have been asmociated with OCDD phenotypes, there ane still patients
forr o the e bic basis has not been identified. Methods: Qinical evaluation and T o g T, et Cingg
of candidate genes, and army comparna tive genomic hybridization (amay OGH. Resulis: The patient was a four-
year-old gid with mild dysmorphism; bilateral mild phosis; substantial limitation of abduction 0% with mider
limitations of abducion OD, adduchion 08 and vertical pae 0%; and mtmction OS=0D on .u:HnnP'Ind
adduction. No matations wene detected in the HOXAT, KIF21 A, SALL4, TUBES, and CHNT genes. Array CGH
revealed a 8 Kb denovo deletion on chromaosomee 2 (224 3) that sted a portion of only one gene, the Xin
Pu:hn-l:u:ml:na RePﬂt unh:i:r:ins 2 (G 5‘,!111':-0\1 XIRpP2. MM 007981 . This e encodet 2 Pr\uhh that is
il ved in masscle developmen t and protecting actin filaments from depol ymerization. It interacts funchionalby
with ]Duﬂlﬂrpm‘h:im Pﬂa}nnﬁ a similar mle in muscle il:uﬂ-cpmﬂlt Comelicsom: This Pd:iuﬁ:d'lmm'm]
ahmuiii}raﬁu:hd Dﬂ'lj}l’m Eutﬂutmﬂrﬂ}rm:in\rud\rul mﬂ}r:inmusrk dervel All -D'H'IEEH'ES
currently associated with the OCDDs affect neurokgic development. Genetic information from this patient
:i:mPi:iﬂ that s invalved in il:vduPn'hu'lt and mainenance of extmocular mascles can cause un'l&::r:ih]

Semnn Ophvhalmed Downloaded from mfosm dhealthoas: com by Dalhows ¢ Univesa iy on (12413
For pemonal we caly.

ocular motility disorders as well
chm\&: Cm'laz:rlihj cranial d}r::m'lﬂ'\mhm dimorder, Duane retraction S}ITI‘I:I'WE_ d}rmmu?ﬂlim les::,
XIRF2

INTRODUCTION refraction and narowing of the palpebral fssure on

attempted adduction.™ In the past, DRS and similar

Ophthalmologists recognized over 6 years ago that
certain children were born with congenital ocular

ility abnormalities associated with limited eye
movements and occasionally retmction of the globe.'
Duane retraction syndrome (DRS) was one of the first
deacribed of these ¢ ital ocular motility disorders
and dassically consists of absent abduction with globe

conganital  ocular  motiity  abnormalities  were
assumed to be due to a developmental abnormality
of muscles, a phenomenon termed congenital fibrogis
of the extrapcular muscles {CFEDM}.‘ However, more
recently, this category of disorders has been recate-
gorized as the congenital cranial dysinnervation
disorders (OCDDY because all genes currently linked
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ABSTRACT

Backgroned: Duane retraction syndmome (DRSS is the most commeaon of the congenital cranial dysinnervation
diorders (OCDDs). OCDDE can be n'm-cszm'c or chmmosomal in m'.i&h. lddemtification of the E:I'Eﬁt o)
in patients and families with DRS facilitates definitive diagnosis and provides insights into the se developmental
EITOTE.

Materiels and Methods This Shl‘.l}l' described a ina T a'.i:rj with DES on the left and sevem] additional
developmental abnormalities. Clinical examination inchiding neuradmaging, sequencing of candidate genes
agmcisted with DRS, and array comparative genomic hybridization (army OGH) were performed.
Resulis: The proband had unilateral DRS type 3 on the keft with somewhat low-set ears, mild modor delay
with normal intelligence, and an agymmetric neck without a palpable right stemocleidomastoid muscle. Spine
J'.-ra:,r:rmajﬂl aK:I:iFPd-H:ij .-.:,un:lrm (KPS and an MR1 showed a webbed neck. She aleo had :Pum ificla at
CET1 and a submucosal cleft palate. The panents of the proband were related with no other family member
affected similady. Sequencing of SALLY, CHNT, HOXAT, and TUBES did not show any mautation. Army CGH
revealed de novo delebons of 21 Kb on  chromosome ]2'42!.3] and 11 kb on chromosomse 221]]33], each
encompassing only one gene, ring finger protein 34, B3 ubiquitin protein ligase (RNF3) and pemoxisome
proliferator-sctivated recepior alpha (PEARA) respectively.

Comchmions: This patient presents an umsual phenotype ssocated with a unique combination of two
chmmosomal microdeletions

Keywords Aray OGH; cleft palate: congenital cranial dysinnervation dissrder; Duane retraction. syndmme:
il}rm'urpi'l:'mn; Ki:i]:!]:!d-ﬁ:ij a:rlncmnj}r; :'_Pu:rln ifida

Cipiat hallen e Grenet Drowmboa dad froan infoem shealthcam. com by Dralhows e Univesigy oa 011003
For pemonal we caly.

INTRODUCTION

Devdopment of the normal human ocular motility
system i3 a complex process imvalving numerous
gma.u:hngmmmm‘tatﬂecmma:ﬂ
pl.a.cv_ Congenital cranial dysinnervation disorders
(CCDDs) are the group of congenital, static disturb-
ances of ocular motility that result when in ufero

development of this system is disturbed™ The

occurrence of OCDDs has now been reported in the
setting of monogenic disorders causing cell cyele
disruptions (eg abnormal ]:rsumh!m devdopment
in the HOXAI spectrum disordems),* abnormal apaop-
tosis (e.g death of n:ulmu:tcr muclaus neurons
with PHOXZA rmutations)” and abnormalities of
signal transduction and transcription (eg CFEOMI
and CFEOM3 due to KIF21A and TUBBS muta-
tionsL® Other CCDDs seem likely to be the result
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Purpose We describe the clinical features of a boy with bilateral Duane retraction syndrome [DRS),
mscuslar

Duscheesmine (DD, and other medical problema e
Mathode The child was followed-up for five years his chart was reviewed, including the results of 2 A°CF=d & Apil 2015
muscle biopsy and genetic testing. Multiplex hgation-dependent probe amplification (MUPA] was wed  wEywoRDs

1o interrogate deletions,/duplications in the dyrophin gene Duane mimdion swdrome;
Resinln: The proband hed bilsteral DRES with othersise normal ocular motility; he sko had developmental — Dudenne musoular
deday, mild mental retsrdstion, snd seirsnes. Clinical disgnodis of DMD induded prgresive pioximal  drsvopin drsophi; aye
weskness, highly elevated creatine kinase lovels, and 3 muscle biopsy showing signilicant dystmphie  Tovements, musadar

changes. incleding contracted, degenerative, and regenerative fiben, and negative dystrophin immu-
mistaining. MLPA documented duplication of exons 3 and 4 of the dystraphin gene._

Conclusions: This boy i the third patient 1o be reponed with DRS and DMD, the second with bilateral
DS and the only one with other newrclogic lestured Mutated dystrophin is present in extraocular
musicles and in the central nervows system [ONS) in DMD, leaving open the question of whether this co-
ooourence i the result of the genetic musdle abnormality, ONS effects caused by dystraphin mutations,

of chance

Introduction

Duane retraction syndrome (DRS) is a common congenital
ocular motllity sbnormality occurdng in 1 1 births It s
usially bolated and sporadic, and more commmon among
fermales. Three monegenls DRS syndromes have been
described due to autosomal domdmant mutations o sal-Eke 4
(SALLAY and chimerin 1 (CHNIT and antosomsl recessive
mutations in Homo sipiens homeobax A (HOXAD." In addi-
thm, extraccular muscles (EOM) disturbanees lncluding glebe
retraction and hodzontsl meotlity restriction have been
reported in ocular motility problems due to mutstions in
kinesin family member 214 (KTF21A)" and tubulin, beta 3
chyss T ( TUBBF)® and in nurmerous chromosorral COPY [m-
ber varkatlons ™

Recently, the term congenital fibrosks of the extrascular
muscles (CFEOM) has been recategorized as the congenital
cranial dysinnervation disorders (QCDD) because all genes
currently linked to congenital ocular motllity aboomsalities
disturh nevrclogic development,"'” and not musde develop-
ment. In fact, it 15 a curlous observation that most meseular
dystrophies spare the BOM so that eye movements remain full

throughout Ufe, and histologle specimens of EOM do sot
exhibit the pattern of necrosis, fibrosis and regeneration

seen in most skeletal muscdes in either human or animal
models of these disorders.”

Duchenne muscular dystrophy (DMD) & the most com-
mon muscular dystrophy woddwide, affecting one in 3600
boys."? DMD results from mutstions in the distrophin gene,
spanning 2.4 million base-pairs on dhromosome Xp21.2 and
corsists of 79 exons encoding a 427 kDa protein. Dystrophin
protein anchors the actin cytoskeleton to the extracelular
matrix and plays a mle in protecting the muscde from
mechanical infury.” In most cases, dystrophin mutations
that preserve the reading frame result in the mider Becker
phenotype whereas mutations that disrupt the reading frame
mesult in the more severe Duchenne phenotype.™ The dinlcal
presentation of boys with DMD incudes delayed motor mile-
stones, proximal weskness, calves, and moark-
edly elevated creatine kinase (CK) levels Ocular maotility is
aleost always clinlcally umaffected although the mutated dys-
trophin gene is also expressed in BOM.'

Twao Fw]mm patients have been reparted with DMD and
DRS,"™'" fming an exception to the general rule that DMD
& not asmocated with dinically significant distudances of
ocular motility. The patient desceibed here is the third such
example, but he differs from both previous reports in impor-
tant ways as descrbed.
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Inane Retraction Syndrome Asocated with a Small X
Chromosone Delet on

Keywords Ahducens cranta]l mnerve, congeniial cramal
dysinnervation disonders, ¢lefi palaie, dvatraphin gene, Dochenne
e ar dysiroply

Thiz report describes the genstic evaluation of a gl with
hilsieral Duane retraction syndrome (DRS), clefi palsie, and
mildly reduced hesrng who was found by high-resolution
array-comparstive genomic hybridiz stion (aray OGH) 1o have a
chromosomal anomaly involving a single gene known o be
inviolved in muscle development

The sudy was spproved by the Instiiotional Review Board of
the College of Medicine at King Saud Universty, Riyadh, Saudi
Arabia, and informed coment was obisined. Patienis' medcal
reconds were reviewed, including mulliple examinations by bath
the Ophitalmology and Oiolarmgology Depanments ai King
Abdulsriz University Hospltal over a peniod of almost 15 years
Dats exiracied incloded family history, compleie ophithalmologic
and newrologic examinst ons, ahorsiory nesu s, and newno maging,
Cenes sisocisted with syndroae DRS (SALLY, CHNI, TUBE3,
HOXAL and KIF21A) were squenced; the complste coding
regions of the SALLS, CHNI, TUBES, and HOXAD genes and
exong B, 20, and 21 comidered holspot for mutations in the
KIFHA gene were sequenced acconding i prowonls deseribed
previowsly.'

The Affymerix Cywogenstics Whole-Genome 2TM array
(Affymetdx Inc., Sants Clara, CA, USA) was med o detect
lmown and novel chromosomal sherrations: acrss the enlire
penome. The aray CGH asay was performed acoording ko the
manufaciurer's msiuctions a5 detsiled elsewhere” Data were
analyzed wsing the Affymetrix Chromosome Amalyss Solie,
v12, software. In the sheence of inemationally recognized
criteria for analysis of high-resoluion ammay OGH reslis, we
devised preliminary criteria for a copy number variant (CNV) 1o
b conddered potentally pathologe, meluding: (1) it was
ml reparied in the Datshese of Genomic Vartans (DGV:
i Mprojects ea g cahvar stion) among normal coniols (2) i
was nod present in 150 healthy conirols of similar ehnicity; (3) i
mneluded an ares of the genome encompasing Oond of mone
functional genes; and (4) itsegregated with the phenodype and was
ol present in unaffecied family members. The ithreshold for
gin or lds was adjuded to 10kb. We used the Mational
Center for Bitechnology Information Homan Genome Assembly
Build 35.

The proband was a 16-year-old girl with hilaersl iypz 3 DRS.
Her parents were first cousins, Her father was reponedly asymp-
ioratic, ha her modher had congendital sirshd smns thal was inested
with sirshdsmus surgery during childhood. Three of her modver's
seven siblings reponed]y had congeniial @rsbismus a5 well These
individuals conld not be e xamined, bt none had fesmres of DRS
Iy e pot. The proband had four unaffected siblings and a brother
with congendial left superior oblique palsy.

THE CANADLAN IOURMNAL OF NEUROLOGICAL SCTENCES
Wiy r Ity Libraries, on 02 Dee 2016 ot O8: 385, subject 10 the Cambridge Core eerrm of use, avallable ol b combe idge orglcore/ler

..... [T srgiesre. D

- bttt ded srgH U101 Teje 2005 958

She was the product of a normal pregnancy and delivery, but
was born with acleft palate thai wes succesafully repared at the
age of 1 year, Her hearing wias modestly reduced hilaserally with
flat tympanograms, bl she did nol require hesring sds. She
achieved normal developmental miledones, although her spesch
from early childhood throagh her leenage yesrs was modesdy
ahnormal with poorly formed words and multiple word subatitu-
Hions, possibly 23 the resull of her hesring difficuliies Cognitive
function was grossly normal, and she did not display any sudaic
featumes.,

Al age 16 years, the proband's visal aouity messoned
AW O wilth exc ellent color vidon and normal appesring ofiic
discs and posterior podes bilsterally. She had a small esotropis and
right hyperropis in forced primery postion and, in general
asnmed & small face torm and hesd 83 o fhe left She had bilsteral
DES ype 3 with almod complete slkence of abduction and
e deficiis of addoetion asoctsted wit marked retraction of
each eye on atempied adduetion (Figare 1) An uphoot of the
monfixing adduciing eyve could be elicied during atiempled
horinonial gare ifithe eyes were di ghily shove nodline. Additionally,
a dowmhoot of the lefi eye would occur if atlemping dght e
dighdy below the hormonia] midline. Convergence wias relativel y
poiof. A magnelc resommnce mmaging scan of he bean and
orbdis performed &t age 11 yesrs was entirely normal, incloding
exiraocular muscls (EOMs), except that the shdocens nerves
waere nol well seen, posaibly became of motion anifact inthe CSF
SR L el

Mo squence varations were detected in the soreened regions
of SALLA, CHNI, HOXAI, TUBE3, and KIF2 1A genes. Asray
OGH documented a 12-kb deletion in chromosome X exiending
from 32 568,156 0032, 580, 208 and e ncompassing pan of only the
dyatroyphin gene {Gene Symbol DM MOC_000023.1 1) exiending
from exon 14 o inron 16, The deletion nvolves repest 2 and
repeat 3 encoding the central rod domain of the DM gene that
comprises of 24 specirin-like repaai folded in wiple coded-cod
amcire, The DMD gene resding frame checker st the Ledden
Museular Dyswrophy database (www.dmd nl), which predicts the
effect of exon deletioniduplication on the reading frame indcated
that deleting the exon 14 through exon 15 leads i an in-frame
deletion. Funther analyss usng the eDyanophin datshase (g
adysrophin genpued orgl), which pedics the comaquences of the
in-frame mintations &t the proen kevel, ndicated that e deletion of
exons 1415 (2. 1603-7_1812 + Mel, pVal535_Alaodldel) partially
affects the Bpid-hnding domsin 1 of the DMD prokein and may nol
allw the prodein recondimting a rple-colled cod at the new
junction of the two ddes of the deletion, leading to hybad or frac-
tiomnal repest, and the filameniow simetne may ol be mantained
The copy number siste wis aqual i 1, indicating that thi delstion
wat likely io be heterorygpous. The confidence value caleulsted by
the Chromosome Analyds Suite softwarne was 88%, with a marker
count of 16 spanning the deleted srea. This deletion was absent in
the proband’s mother and father and was therefore ke ly o be de
novo, It wias not present in the DGV or in 150 mrelsted healty
inchividusls of similer ethmcity.

The patient described here i & young woman with bdlateral
syndromic RS, She sl had a clefi palste and modersie ly poor
hearing Wlserally. DRSS, clefi palate, and portial desfness ocowin
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The genetics of nonsyndromic bilateral Duane
retraction syndrome

Ehaled K. Abu-Amero, PhD,*" Arf Q. Khan, MD," Darren T. Oystreck, MMedSci,”
Altaf A. Kondkar, PhD,* and Thomas M. Bosley, MD*

PURPOSE To sssess the imporance of monogenic muations and chromosomal copy number varian s
(CINVs)in the occurrence of nomsynd romic bilaveral Dwane retrction syndrome (hilireral

nsDES).

The medical records of 12 padents with bilateral rsDES were reviewed. Genes sssocdated
with DES and ssociated congenital cranial dysinnervation disorders (S4LL4, CHNI,
HOXAL TUBR3, and KIF214) were sequenced in the standard fashion in each padent
Array comparative genomic hybridization (array CGH) was performed using Affymerric
Cygenetics Whaole-Genome 2. 7M army, and the results were analyzed mu'g Affymerrix
Chromosome Aralbysis Suite vl 2. CNVs were sssessed as unlikely to be pathologicif they
were also present in the Dambase of (Genomic Varianrs (V) or our ]cu::] dabase of
array OGH results in 150 normal individuals of Middle Exstern ethniciry.

Mo patient had a sequence mumation in SALL4, CHNI, HOXAL TUBR3, or KIF214
These 12 patients each had 36-42 chromosonal deletons andfor duplications {neean
with standard deviation, 26.25 + 6.77), burall of these CINVs were present either in the
DGV or in our local database of normal individuals of similar edhnicity and, therefore,
are considered nonpathogenic.

RESULTS

CONCLLES 10 NG The results reported here suggest thar hilaeral rDES & not wswally sssociaed with mo-
tations in these genes or with chromosomal CNVs, Current evidence sug gests ather factors
such a5 epigenetic and/for wersogenic abnormalivies may be a porential cause of hilieral

nsDRS. (] AAPOS 2006;20:396-400)

mne retraction syndrome ([VES) was one of the 13%-24% of DES En'uen'rs, with ar without other

first described congeniml ocular motiling disor-

ders and dasically consists of deficient abduc-
ton  with globe retraction and narrowing of the
palpebral fisure on  avemped adduedon.’”  DRS
represents congenital defective innervation of the lveral
rects muscle by the ipsibieeral abducens nerve with
subsequent abermnt innervation of that muscle by a
branch of the ipsilateral oculomotor nerve, resulting in
varying degrees of co-conraction of the lareral and
medial recrus muscles on sttempred adduction ™ DRS
is nsally unilateral, isolated, and sporadic, withour an
identifiable monogenic cause, but it occurs bilaerally in

L_r-_r,lu_-p-l-.i-l.d'rd-q']'_‘ of bt by, Cllege of Maici
Lty of Flowida, Fackeersilic Fyr bttt ﬂlii-ﬂ:'h'.ﬂ-ﬂ'\d'. Al [rals,
Livited Amb Feirater “TWE Hralth Coviee Fye Cre Team, Halfer, Noto Smsia,
i

This profict e mpyoriad by e Kovgeiom of Sameds Avm b Pt il Frogram for
Scievor wal Taceolgy Gt § 1I2-UEDZE 102, Wr abe S io shonk she (T arona
Frst vk i for iy s o s il oolacanlier pyroarision disberraiory

Sadowissed Focky 18, 2015.
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congenital anonalies

Three monogenic DES syndromes have been reported,
inchiding Duane—radial ray syndrome (DRRS; OMIM
G07323), caused 'n!.r autosomal domirant murations in the
gpaltlike mamscription factor 4 (SALL4) geneqm Dhuane
retraction syndrome 2 (DURSZ; OMIM 6043 56), due w
autcsomal  dominant  mutations  of  chimerin 1
(CHND'™'%; and the Bosley-Salib-Alorainy syndmme
(BSAS; OMIM 601536), cawed by sutsomal recessive
mutations of homeobox Al (HOXAT'™Y In addidon,
patents with ocular motlity shoormalides due w
autosonzl  domimant  kinesin family member 1A
(KIF21Ay or mubulin, bews 3 das I (TUBE ) nsrstions
may lave ocular motliy deficis chat indude feanimes
similar to DRS."*" The genetic canses of DES are not
always monogenic im origin, because a number of
gndromic DES patiens have now been reported in
wsocition with a variety of different chromosomal copy
mumber varations (CNVs).” Epigenetic and teramgenic
cames have been hypothesized in the absence of a
recognized genetic abnormaling.'®

There have been rare reports of nonsyndromic bilac-
eral Duane retraction syndrome (hilateral nsDRS) from
monogenic mumtions in the context of affected fam-
ilies, but it is unclear how common this phenomenon
is. We evalwared 12 patients with hilateral nsDBES for
possible monogenic and chromesomal eriologies.

Fowrnal of AAPOS
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Neurological features of congenital fibrosis of
the extraocular muscles type 2 with mutations
in PHOX2A

Thomas M. Bosley, ' Darren T. Oystreck.” Richard L. Robertson,* Abdulaziz al Awad,”
Khaled Abu-Amers® and Elizabeth C. Engle™ ™’

"Mevre-cphthalmelogy Division and ‘Peditric Ophthalmelogy Division, King Khaled Eye Specialist Hospinl (KKESH),
*Department of Genetics, King Faisal Specialist Hospital and Research Centre, Riyadh, Saudi Arabis, *Department of
Rﬂnlqy,"l’mfm\lnm:.md eparmment of Meuralogy, Children’s Hospital BumndePn:Q'mh
Meurosdence, Division of Medical Sciences, Harvard Medical 5chool, Bosvon, MA, LSA

ter Thomas M Besley, Division of Neuralogy, Suite 320, 3 Cooper Pz, Cooper University Hospital,
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Children’s Heospital Beston, 300 Longwood Ave, Boston, MA 02115, USA
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Congenital fibrosls of the extraseular museles type 1 (CFEOMI) b a complex strablsmus syndrome that
results from mutations in the homeodomaln transcription factor PHOXIA To define the clinical and neuro-
imaging features of patlents with this autosomal recessive syndrome, we studied |5 patients with genetically
defined CFEOML All patients underwent full neurological, reuro-ophthalmological and orthoptic assessments.
Twelve patients had puplllary pharmacological testing and nine had 3.0 tesla MRI of the braln, bralrstem and
orblts. Patlents were bom with severe bllateral ptosls and exotropla with almost eomplete bllateral absence of
adduction, elevation, depression and intorsion. Yariable abduction was present prior to strablsmus surgery in 14
patients, and central ocular motllity reflexes (smooth pursult, saceades, vestibulo-ocular reflex and optokinetic
reflex) were Intact except for convergence. Puplllary light and near reflexes were not present; but irises were
anatomibcally normal and responded to puplllary pharmscology. Neurslmaging of braln and bralnstem was
remarkable for the aratomical absence of cranial nerve (CN) 3 and probably CN 4 bilaterally. Therefore, the
CFEOM1 pherastype and neurcdmaging are both eonsistent with the congenital absence of CMa 3 and 4
Additlonal features included presence of most central ocular motility reflexes, a central ek of pupllary
resporsiveness of uncertaln astiology and modest phenotyple variabilicy that does not correlate with specifie
PHOX2A mutations. Clinlcal presentation, neuraimaging and Phaxla~'~ animal modelsall support the concept

that CFEOM1 k a primary neurogenic abrormality with secondary myopathlec changes,

Keywords: brain imaging: brain development; acular motor nerve; congenitl ophthal moplegia

Abbreviations: CCDDs = congenital cranial dysinnervation disorders; CFEOM2 = congenital fibresis of the extraocular
muscles type 2: CN = eranial nerves EOM = extraocular muscle

Recsived March 17, 2006. Revsed May 16, 2006, Acmpted May 20, 2006, Advance Access publiavtion June 30, 2006

Intreduction

Congenital  strabimus  in humans can resull from  axons. We now refer to these syndromes as congenital
mutations in a sumber of genes, induding ROBO3 (Jen crnia dwinpervation disondes (CCDDs) (Gutowskd et al,
d al, 2004), PHOX2A (Makano et al, 2001), S4LL4 23]

[Al-Baradie ef o, 2002), HOXA] (Thchfield & al, 2005) The first insight into the gemetics of the OCDDs came
and EIF21A (Yamada ef al, 2008) that are esential to the from studies of congenital fibrosis of the extraocular muscles
nornsl  developmsent of brainstes motor neuroms or  type 2 (CFEOMYL OMIM &02078), in which affected

i The Author { 30051, Aubibieed by Oiafored Uwvoeraiy Pria an beh o fihe Guomntors of B A1 Aghts sveved For Pemisiony, pladie amod jumudy o e ford c g
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Retinal Dysfunction in Patients with Congenital
Fibrosis of the Extraocular Muscles Type 2

Arif O. Khan', Mohammed Almutlag’, Darren T. Oystreck™, Elizabeth C. Engle®,
Khaled Abu-Amero’, and Thomas Bosley”

! Division of Pediatne Ophthalmology, King Khaled Eye Specialif Hospital, Riyadh, Saudi Aralvia,
zﬂfpﬂrhﬂé‘m of Ophthalmology, College of Madicine, King Saud Universify, Riyadh, Saudi Arabi,
*Division of Ophthalmobgy, Facully of Halth Sciences, Universify of Stellenbosch, Tygerberg, South Africa, and
*Divisions of Newrolagy and Ophthalmology, Chiliren's Hospital, Boston, M, LISA

ABSTRACT

Trrohac Cms:m"lzj fibrogis of the extraccular moscles 'iﬂ_:!: 2{CAEOM?) & a dutinct m—:}rndrm'n: form
of congenital incomitant stabimues secondary to orbital dysinnervation from mecessive mutations in the gens
PHOXZA The phenotype inchides bilsteral ptosie, very langge angle exotropia, ophthalmoplegia, and
Pn-u'j}r\-mcﬁ\.r: Pl.lPuk. Other than .un'll:l]}nP:'n!, afferent visaal d}rﬂ"u:m:tim1 e mot been constidensd P.urt of
CFEOMZ, however, we have repeatedly observed mom-amblyopic subnommal vision in affeced patients.
The purposs of this shady was to document this recurment feature of the phenotype.

Methods: A metrospective case series (2002-2112)

Remulis Es}m Puﬁmh ffour families) wens identified; all affected indivichaals had condimed }m‘mﬁ'}rswu:
recessive PHOX2 A mutations except one ind ividual for whom genetic testing was not done becawss of multiple
genetically confirmed family members. Age at assessment mnged from 5-62 years old (median 10 years old).
All patients had decressed bes-cormecied visual acuity mot mcmPicH}r ﬂ:P!m'mbk |:|:,r an'l:!]}nn-Pu'a in both the
preferred and non-preferned eye In those patients who had further ancillary testing, visual felds (five patients
and electromtinggraphy (10 patients confirmed abnormalities not scribable to amblyopia.

Comchmions: In addition to a distinet form of cngenital incomitant strabismus, the phenotype of CFEOM2
includes subnormal vision consistent with retinal dysfunction. This could be the direct result of PHOX2A
muntations or a m:h:l‘:,r effect of orbital d}r:i:rmmﬁml.

ch'lvm:\&: Cm'lﬁ:rn'la] cranial i‘l}r:h'l:rlﬂ'uaﬁm disomder; un'l&:n:ih] fibmis of the exraccular moseles;
PHOXZ2A; retina

INTRODUCTION Man [MIM] #602078) are hilateral phosis and
absent addudtion, supraduction, and infraduction,
creating the appearance of bilateral oculornobor
nerve palsies” Abducton is present although
often incomplete, and pupils generally are variable

Although congenital Abregis of the extraccular
musdes (CFEOM) was originally considered a pri-
mary disorder of extraocular musce formation,

CFEOM is now recognized as one of several rare
forms of congenital incomitant strabismus secondary
to  orbital dysinnervation that are collectively
known as congenital cranial disinnervation
disorders (CCDDs).! The main clinical features of
CFEOM type 2 (CFEOM2, Mendelian Inheritance in

in szize and shape and non-reactive to  light
and accommodative targets although they respond
appropriatdy Lo Pupu.'lh.r}rplurma.cdcg;c _a@mﬂ;
and accommodative  ability seems  intact
Meuroi i shows absent oculomotor nerves
bilaterally.

Recefved 29 March A014; revizsed 13 May 3014; acoepied 15 May X0i4; poblished online 18 June 204

Correspondence Anf 0. Khan MDD, Divison of Pediatrc Ophthalmology King Khaled Bye Specialist Hospil, Riyadh 11462, Saudi Arabia
E-mail: arif khan@mssmoedu

130

188



Stellenbosch University https://scholar.sun.ac.za

Chew, S., Balasubramanian, R., Chan, W. M., Kang, P. B., Andrews, C., Webb, B. D., MacKinnon,

S.E., Oystreck, D.T.,...

and Engle, E.C. (2013). A novel syndrome caused by the E410K amino acid

substitution in the neuronal beta-tubulin isotype 3. Brain, 136(Pt 2), 522-535.%°

Brain Advance Access published January 31, 2013

doi:10 1093 brain/aw3 45 Brain 2013: Page 1 of 14 | 1

BRAIN

A JOUBRAL OF MEBLR OLOGN

A novel syndrome caused by the E410K amino acid
substitution in the neuronal g-tubulin isotype 3

Sheena Chew,'>*** Ravikumar Balasubramanian,®’ Wai-Man Chan,"2** Peter B. Kan
Caroline hn&ews,’ -23.58 Bryn D. Webb,* ' Sarah E. MacKinnon, ! Daren T. Oystreck, "*
Jessica Rankin, & Thomas O. Crawford,' Michael Geraghty, Scott L. Pomeray, =34

William F. C
Elizabeth C. Engle 23/58.11.13.17.18

57 lin Wang Jabs,®1%"® David G. Hunter,"! Patricia E. Grant'® and

[T

Department of Neumlogy, Boston Children’s Hospital, Boston, MA 02115, USA

FM Kirby Neurobiology Centre, Boston Children’s Hospital, Bosion, MA 02115, USA

Department of Neumbogy, Harvasd Medical School, Boston, MA 02115, USA

4 Harvasxd Medicad School, Boston, MA 02115, USA

5 Howasd Hughes Medicad Institule, Chewy Chage, MD 20815, USA

& Harvasd Repmductive Endocine Sciencos Cente, Masachisetts General Hospitad, Boston, MA 02114, LEA

gy ey Ut pepRORMAL]

7 The Reprodudive Endogine Unit of #he Department of Medicine, Massachumets General Hospital, Bosion, MA 02114, USA
8 Pmgram in Genomics, Boston Children®s Hospital, Boston, MA 02115, IUSA

9 Department of Genefics and Genomic Soences, Mount Sina Sthool of Medicine, New York, NY, 10029, USA

10 Depatment of Pediatics, Mount Sinai School of Medicine, New Yok, NY, 10029, USA

11 Depatment of Ophthaindagy, Bostn Chikdren's Hosgital, Boston, MA 02115, LSA
12 Denatment of Mewrdlagy, lnhns Hopkine Hospital, Baimose, MA 21307, USA

13 Denadment of Paediskics, Childen’s Hospital Eastern Ontario, Univesiy of Ottwa, Canada

14 Brosd Instiute of MIT 2nd Hervard, Cambridge, MA, 02142, USA

15 Depastment of Developmental 2nd Regenestive Biobgy, Mount Snai Schoal of Medicine, New Yodk, Y, 10029, LEA
16 Depament of Radiol gy, Bosion Chiden's Hospitd, Boston, MA (2115, USA

17 The Manton Centre far Owphan Diseass Ressarch, Basion Chiden®s Hospital, Baston, MA 02115, USA

18 Depastment of Medidne (Genetics), Boston Children’s Hespital, Bosin, MA 02118, USA

* Present addrees: Department of Ophthalmology, Cadliege of Medidne, King Saud University, Riyadh, Saudi Aoha
*Present ad dress: Division of Ophthaimdogy, Faculty of Health Sdences, Univesity of Stelienbosch, Tygerberg, South Afica
SPresent address: Department of Ophfalmology, Massachusetts Eye and Ear infimmary, Boston, MA 02114, USA

Conespondence in: Hzzheth O Engie, MD,

CLS14074,

Boston Children's Hospitad,
300 Longerood Awe,

Boston,
MA D215,
usa

107 " Armuscp ) w0 dmpa nr) prear w Sos

E-mail: Hizzheth_=n gle@ichiid rens hanvard sdu

Missense mutations in TUBBEZ, the gene that encodes the neuronal-specific protein f-tubulin isotype 3, can cause isolated or
syndromic congenital fibrosis of the extrascular museles, a form of complex congenital strabismus characterized by cranial nerve
misguidance. One of the eight TUBE3 mutations reported to cause congenital fibrosis of the esxtraocular misdes, c.1228G> A
results in a TUBEZ B410K amino acid substitution that directly alters a kinesin motor protein binding site. We report the
detsiled phenotypes of eight unrelsted individusls who harbowr this de nove mutation, and thus define the ‘TUBES Ed410K
syndrome’. Individuals harbouring this mutation were previously reported to have congenital fibrosis of the extrascular muscles,
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Orbitofacial
neurofibromatosis:
clinical
characteristics and
treatment outcome

Abstract

Purpose  To report climical observations and
surgical management in a largge series of
patients with orbitofacial newmd broma tosis
type 1 (OFNEL

Patients and methods Fatients were
identified and medical reconds reviewed for
demogrphic data, ophthalmelegic
examinations, I'IIIFIICII in berven Hons, and
procedure outcome to create a retrospective,
nm-nmp:mﬁuu!euﬁe: ul'p.'lﬁm‘h with
OFNF seen at one medical centre over a
H-gﬂr'?u:incl

Results Sixty patients with OFNF (31 femnales
and 29 males; mean age, 14 years) were
followed for an average of 5.7 years.
Presenting signs and symptoms included
eyelid swelling in all patients, ptosis

in 56 (93.3%), proptosis in 34 (566%),
diystopia or strabismus m 30 (50%), and
decreased visual acuity in 50 (83.3%)
Surgical imtervention included ptosis repair
in 54 (90%; mean L6 surgical procedures),
facial and orbital tumour dl.-'l:uﬂl:inﬁ:'m

5 (90%; mean 23 surgedies), and canthop lasty
in 28 (46.6%) patients. Eleven patients
required emucleation or exenteration of

a blind eye.

Comchesion  Fatients with OFNF often require
m'uiﬁPichoﬂlnm: o Ptﬂemv.'ll'lm,
prevent additional disfignrement, and achieve
cosmetic rehabilitation. Patients need m—ﬁ'uiar
ophthalmological monitoring given the
potential for progressive visual and cosmetic
COTSE U En O

by'd‘{m".lz} 25, H3-592; &Jﬁ:]ll]ﬂm.-f:}tm'] 1336
]:Il.‘:!]'nhﬂd omline 23 December 2011

Kaywords: neurcdibromatoss type 1;
axrbibodacial memmodi bromarboss; P]udfum
neumfibromes; sphenoid dysplasia; optic
pathway glioma

WA NN O Tk

14 Chaudhry', | Morales', FA Shamsi’,
W AlRashed', E Bzanidi’, YO Arat’, © Jacgquemin',
BT Oystreck® and Th Bosky'™

Introdu ctiom

Neurofibromatosis type 1 (NF1; von
R::H:i:rlﬁhum e OMMIM 1622000 1% a
fairky frequent (1 in 3000 Hve births), autosomal
dominant, neurocutaneoss disorder that has
considerable clinical variability and e
potential for multisystem invobement.'
neurafibromas (NFs) have the potential of
nu]ia'nunl trarahrmation” and can kave
devastating functional and cosmetic effects.

In orbitodacial ME1 ({OFNF), which oocurs in
1-22% of patients, NFs may cause progrssive,
disfiguring tumours of the orbital, facial,

and temporal amae™ In this shady, we neview
the e P moe with :'l.l:ra'uzj mana gement

of OFNF in patients seen at the King Khaled
Eye Specialig Hospital (KKESH), a tertiary
eye care referml centre in Rivadh, Saudi
Arabia, and the hn'su't ey facﬂﬂ}r i thee
Middle East.

Fatients and methods

Patients with OFMNF treated at KKESH over a
23year ]:lu'lud wene identified and their medical
records neviewed i catalogue demographic
indoxrma o, Pruﬂ'lh:rls :E.ru and ’;f.ll'l]:!hll'ﬂ‘
ophthalmokegric examination dats, disgnostic
studies performed, and surgical intenmentions
rendensd. All patients had NF1 on the basis of
clinical criteria established by the National
Institute of Health,™ and the diagnosis of OFNF
was confirmed hisologically in all sungical
cages Ph'l']'mhapm] Spcimens :ra:ngd from
small tissue biopsy sample obtained at the time
tﬁphﬁ:mmwhﬂk}rhmw:up 0
25¢m in aggregate.

Visaual ann"i}r {WA) was mcorded for each
eye at least at the time of diagnosis and
at the last ey eamnin ation. Inwvalvemnent of
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Original Contribution

Congenital Myasthenic Syndrome Due to Homozygous

CHRNE Mutations: Report of Patients in Arabia

Mustafa A. Salih, MD, Darren T. Oystreck, MMedSci, OC(C), Yasser H. Al-Faky, MD,
FRCS, Mohammed Kabirai, MD, Mohamed I. A. Omer, FRCF, Elamin M. Subahi, FRCFP,
David Beeson, PhD, Khaled K. Abuw-Amero, PhD, Thomas M. Bosley, MD

Abatract: We deooribe the clinica charscteristica of
3 siblings from 1 family with congenital myssthenic
ayndrome due to homaygous mutaions of the gene
coding for the epsilon subunit of the acetylcholine
receptor (CHRNEL. Onset of asymptoms occummed in
the firat few months of lite with ptogis, negbricted ocular
motility, mild proximal weakmess, and difficulty swal low-
ing. Multiple hospital sdmissions were required due to
recument pulmonary infections. There was no decramed:
tal comduction on repetitive nerve atimulation, but jitter
wad increased on gingle fiber elect romyographic. Since
early childhood, our patients have done wall without
pulmonary o bulbar gymptoms and with partial improve
ment on pyridostig mine therapy. Response of ptosis to
disgnosatic ice peck test was striking. Although these
aiblings have & clinical history and o amination findings
typical of homozygous CHRNE mutations, the clinical
presentation of congendtal mysathenia subtypes ia vari-
able, and accurate genoty ping is essential in chooaing the
approgriate treatment .

i of Heuro-Op brthakmollogy i 85-47
dol: 101097, WHND 0b013e3181 fE0bea
£ 2041 by Worth American Neuro-Ophthalme logy Soclety

Depanments of Pediaerics (Neonol ogy) (MAS) and Ophehalmology
(DT, YHAF, KA-h, TMH), College of Medicine, King Sand
University, Riyadh, Saodi ambie; Division of Neorophysiology,
Depaement of Negmarisnee (MK), Ammead Foroes Hospdal, Riyadh,
Sandi arabia 1nie of Child Health, Depasmment of Clindeal Sdences
{MIAD), Famby of Medical Sdenoss, Tnidad & Tohago, Wes In-
dies; Depammens of Pediserios (EMS), Mawemiry and Childnen
Hompiral, Burasdah, Sandi drakia; Weatherall Inssisee fior Molsoalar
Medicine (DH), The John Radelf, Oxford, Unded Kingdeom; and
Nexwodogy Division, Cooqeer Univesiy Hospiral (TMHE), Camden,
New Jersey.
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Deparmen of Ophchamology, King Abdoleiz University Hospaeal,
PO Box 24%, Rimdh 11411, Saodi Arsbi; Fmailk darrenoysrede
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he congenitzl myssthenic syndmomes (CMS) are me

and comprise a group of inhented diserders (1) i
which the mfety mamgin of the nevromscular juncion
tamsmissicn is compromized (23)L CMS may be mis-
dizgnosed ot 2 congenital muscular dystrophy or mypopathy
leading to delryed or incorrect trestment (1)

The diagnoeis of CMS & based on clinical symptom-
antibodies plus ot lesst 1 of the following: electromyo-
gaphic (EMG) evidence of wscular trans mis ion
defert, response to pyridostigmine, and molealar genetic
toms and signs may mot be present in wteny or inothe
e naial pcr.in-rl [1.4}. Putr_rlﬁa]]y mmp].il:ﬁns d.'nﬁnom's.
Mulecular disgnosis is critical because inoprmect treatment
in CMS5 can be life threatening (4).

We describe 3 brothers with CMS from a consanguine-
ous family. Thess patients have homoarygous mutstions
of the gene encoding the epsilon subunit of the AChR
(CHRNE) (5.6). They ilhustrate important features of the
history and examination of this CMS varant, incheding the
potentizl vahee of the ice pack test reported previously in
autpimmune myasthenia.

CASE REPORT

Three siblings from a comanguinems family with 5 chil-
dren were the product of noermal pregnancies (with normal
hmm}aﬂmnynpmaﬁchﬂuhn-
madizte postpartum period. However, by the age of 2-3
maonths, the oldest boy (Patent 1) developed bilsteral
prosis, decreased feeding, choking, and failure to thrive, He
had several hempital sdmisions and on 4 occasions was
admitted to the neonatal intensive care unit because of
respimtory falure. The middle brother (Patient 2) and
the younger brother (Patient 3) had los severs symptoms
beginning at ap proximately 4 months of age, although they

Salih et al: J Mo dhpdvalmeol 3000531 4247
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Ocular Neostigmine Drops for Diagnosing Myasthenia Gravis
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Abstract

Introdwckion: A varlety of fests have been devised for the diagnosis of myasinenia gravis (MG). The best known
of these (Tenslion test, using intrawenous. edrophanium chionde) may cause serous complications (bradycandia and
syncope) dictsling cardiac monforing durng e procedure. Ocular neastigmine drops, 3 simple procedure, may
significantly reduce the sk of diagnastic testing for possible MG.

Mathod: To Investigate Is eMicacy, the miotic effect of neostigming was expiared Lsing 30 rabbls. One drap of
stErlle neostigmine solution (2.5 mg/mil) was Instilied Inte the right eye (RE) of each rabibit using the lef eye (LE], which
received sterle narmal saing, 35 condl. Senal Bs5e5Ements of pupliEry size wers done. One drap of Necsimine was
Instlled dally far 7 days &0 Invesbigate Ks safety. Sk patients (aged 4.5-55y, median-42y, mean=36.£y) with MG had
the same test and were observed for Increase of the palpetiral fissure hesght (documented by phosography).

Resulta: At baselne thare was no nt difference in the mean [S0] pupliary size of the rabbits between the
RE (7 mm [1.07]} and LE {7 mm [1.07]). p=0.52). Signifcant miolc effect was coserves In the RE compared to the LE
at 20, 60 and B0 minuies (respecsivaly, 4.6 mm [1.86] vs 7.0 mm [1.00], p=0.0001; £.8 mm [1.86] ve 7.0 mm [1.09],
p=0.0001; and 3.2 [0.76] vs 7.0 [0.0], p=0.013). Administration of ane drop of neostimine dally for 7 days caused no
‘pcular inflammation. A% slx patients with MG nad an chservable Increase of the palpebral fissure haight [documeniad
by photography) of at least 2 mm, 30 minwes afer necsigming Instiiation. THE rEEpONse Was oramatic n the mee

patients with no priar reatment for MG,

Concluzion; Ocular necsligming drops 15 3 safe, simple and efMcient diagnastic test far WG,

Keywords: Myathenia gravis; Diagnosis; Ocular necstigmine drops;
Tensilon test; Ed.n:phmlm chloride

Introduction

Myosthenia gravis (MG) & an acquired autoimmune disorder
caused by autcantibodies directed against epitopes on or around
the acetylcholine receptor (AChR) in the muscle membrane [1]. The
condition is characterized dinically by variable ptosis, ccular maotility
abnormalities, and weakness of voluntary muscles in other parts of
the body [1]. Mearly all patients present with extroccular muscles
imrolvement, causing ptesis and diplopia, and in 20-40% of
weakness remains limited to these muscles (ccular MG) [1-3]. The
diagnosis may be difficult to make cn dinical grounds especially in
juvenile cases when wealmess is restricted to few muscles such as in
ccular MG [4], and a variety of supportive diagnostic tests have been

Perhaps the best known of these is the Tensilon test [5-8], using
intravenous edriphoneum chloride, which is an acetylchalinesterase
{AChE) inhibitor with wery short action. Unfortunately, edriphoneum
causes cholinergic side effects that may include increased oral and
bronchial secretions, bmd'gw.tﬂ:n. abdominal cramps, sweating,
bradycardia, heart bleck, hypotension, and red, watery, painful eyes.
These are often uncomfortable for the patient, and although serious
complicatiors of bradycardia and srncope are rare [9] the test is now
commanly performed with cardiac monitoring and stropine mailable
as an anti-cholinergic agent. Other relative comtmindications for
performance of edrophonium are cardiac dyschyrthroias and bronchial
asthma. & second quick bedside test is by apphring an ice pack locally

to a ptotic eyelid for 2-5 minutes and chserving for any mprovement
of ptosis or eye movement deficit [10-12]. The ice pack test is simple,
inexpersive, and has a reported sensitivity of 93-97% and specificity
of 57-98% [13]. This adjunctive diagnostic test is particularly helpfal i
the edrophonium test is contraindicated or not svailable. However, the
procedure is unlikely to be tolerated by young children [14].

Other supportive tests require labomtory and electrophysiologic
facilities. Serologic tests include mssesming AChR antibodies which are
foand in B0% of adubs with MG [15], 70% of peripubertal juvenile MG
bt coly 50% of prepubertal MG [16,17]. Antibodies to muscle-spacific
kinase (MuSK) are rare in juvenile MG [18].

Electrodingnosis of MG includes repetitive nerve stimulation [RNS]
{locking for a decrement of greater than 10% of the fifth compared
to the first-evoked compound muscle action potential [CMAP] in

+Comacponding swthor: Frof Musta®a & Saik, MO, Department of FediaTics,
Coll=ge of Medicine, Sxudl Arabla, Tel: +S€E 1 4E79725; Fax: +566 1 4673543;
E-mall mustaty_sxinIE@yahaocom

Feerived Febnaary 07, 2013; Acoapéed March 25, 201 3% Published March 20,
a3

CHatiom: Salh MA, Sall MA, Mustafa AA, Oystreck OT, Ain KM, =t al
{2012} Ocular Gravis. J Mewrol
Mewropivysiol 511:004. dol: 1041722 155-3562 511-004

Copyrighd: 830432 Salk MA, etal. This Is an open-acoess aticl= distibuled under
ffhe terres of the Creaiive Commons Afirbubon License, which pemils unresiricbed
use, disirbubon, and reproduciian In amy medlum, provided the criginal sulhor and
source are creclisd.
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Clinical Observation

Variable Ptosis after Botulinum Toxin Type A Injection
with Positive Ice Test Mimicking Ocular

Myasthenia Gravis

Ahmad M. Alarg), MD, Damen T. Oystreck, MMedSci, Thomas M. Bosley, MD

Abstract We descdbe s patient who recehed cosmetic
botulinum toxin type A injections to e brow and sub-

ice pack test. Pogia gradually moolved sponEnesly over
approximately 3 montha. This is the third patient to have
varighle posis documented after botulinum toxin type A
inection to the brow and the second to have a positive ice
test. The ioe 8t ia not compleiely apecific for mysathenia
gmvia but may, 3 times, improve ptosis resulting from ofer
dedects at e meuromuacular junction. Wound bobullism now
s much more common because of illiclt dug use, and the

ice test also might be positive in this setting.

Joumal of Reurc-Ophthalmology 2013 33168-171
dol: 100097 /WHOL 0b 01 331800 b Oh

& 3% by Worth Amedoan Neuro-Ophthaimlogy Soclety

otulinum toxin injections (Botor; Allergan, Inc, Inine,
(Myabloc; Elan, Inc, San Franckos, CA) are the mot
commen minimally imasive facil performed
in the United States and probebly woddwide (1,2). We
describe a patient with unilsteral ptosis following msmetic
botulimum toxin type A injections to the brow that mim-
icked myasthenia gravis (MG), incduding having & positive
ice test (3,4). This patient highlights the mues regarding
diggrostic difficulties in the setting of ptosis following bot-
ulinum toxin type A injection and regarding the specificity
of the ice test for myasthenic poosis.

Deparment of Ophehalmology (AMA)L College of Medicne, Qassim
Undversity, Buorasdah, Suodi Arabia; Demmmens of Ophthalmology
{0, TME), College of Medicine, King Saud Universicy, Riyadh,
Sandi Arabias and Ddvision of Ophthalmology (DTO), Faoky of
Health Sriences, Lnivesiny of Sellenbhosch, Tygerherg, Sooth aftca.
The suthoss repos no aaflics of inewes

Address oormespondenoe i Damen T Oysreck, MMedscl, King
Abdulaziz Universty Hospisal, PO Box 245, Riyadh 11411, Sandi
Aurabi; E-mail darnenops secioigmail com

Almj e gl [ Naeodphdvalmal 200 3 33 168171

CASE REPORT

A 52-year-old woman presemted with 2 1-week history of
= drooping right upper eyeld. She deried diplopis, pain
dysphagia, dysarthria, dyspres, generalized weaknes, or any
dﬂ\:rfu:]mmﬂqi::}mp‘bnn.andhﬁt'n]]}nﬂudﬂm
mention receiving commetic botulinum toxin injections.
Medical history wa significant for dizhetes mellins and
amlar. Family history was unremarkahle.

Wisual acuity was 20020 in the dght are and 20040 in the
left eye She had 3 mm of rght upper eyelid poxis (Fig, 1A)
with fatigability of the nght levator on sustzined upgaee and
a positive Cogan lid twitch sign. The ldft wpper eyelid was
normal, s wes examination of the pupls. Chouler modlicy
was full, anad funduscopy was normal. The remainder of her
n:mulng'cu:nin:ﬁnnmum:maﬂdﬂ:miﬂwutd}m
thria or midline or appendicular weaknes. A S-minute e
tstw:p:rﬁonndm]thsh tm'l:i:rrth'np.rm'uruuﬂh'l
prmis of =2 mm (Fig. 1B

Genenal physical eamination and chest x-my were
normal. Acetylcholine receptor antibody titer wa within
the norma Lmits. On a2 follow-up visit, the patient
admitted receiving @emetic botulinum  toxin fpe A
injection to the Adght eyebrow 3 days before the omset of
r@ﬂpﬁnhmmﬂpk&mﬂuﬁnﬂiwkwlz

DISCUSSION

Chur patient developed unilateral upper lid pross shorty
aﬁnrm-eﬁcl:-u‘hﬂh‘nmtoﬂ:intypeﬂhjﬂcﬁnm to the
mimicked MG with varizhle lid position, Cogan lid twitch
sign, and trmsient resolution of prosis after cooling of the
invalved lid with an ice pack (3,4). The patient did not have
diplopia, limited ocular motlity, or any other systemic signs
or symptoms of genenlizd MG, and scetylcholine receptor
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™ Neurologic features of horizontal gaze

palsy and progressive scoliosis with
mutations in ROBO3

TM. Bosley, MD; M.AM. Salih, MD); J.C. Jen, MD, PhD; D.D.M. Lin, MD, PhD); D. Oystreck, OC(C);
K K. Abu-Amero, PhD; D.B. MacDonald, MD; Z. al Zayed, MD); H. al Dhalaan, MD; T. Kansu, MD;
B. Stigshy, MD, PhD; and R.W. Baloh, MD

Abstract—Objeciive: To review the neorologic, neuroradiologic, and slectrophysiologic festures of autosomal recessive
horizontal gaze palsy and progressive seolinsis (HGPPS), a syndrome caused by mutation of the ROBO3 gene on chromo-
some 11 and associated with defective decussation of certain brainstem newronal systems. Mefhods: The authors examined
11 individuals with HGFPS from five genotyped families with HGPPS. Eight individuals had brain MRI, and six had
electrophysiologic studies. Resnlts: Horizontal gaze palsy was fully penetrant, present at birth, and total or almost total in
all affected individoals. Convergence, ocular alignment, congenital nystagmus, and vertical smooth porsuit defects were
wariahle between individuals. All patients developed progressive scoliosis during early childhood. All appropriately studied
patients had hypoplasia of the pons and cerebellar peduncles with both anterior and posterior midline clafts of the pons
and medulla and electrophysiologic evidence of ipsilateral corticospinal and dorsal column-medial lemniscus tract inner-
wation. Heterozygotes were unaffected. Comclusions: The major clinical characteristics of horizontal gaze palsy and
progreasive scoliosis were congenital horizontal gaze palsy and progressive scoliosis with some variability in both ocular
motility and degree of scolicsis. The syndrome also includes a distinctive brainstem malformation and defective crossing of
some brainstem neuronal pathways.

MEUROLOGY B008;64:1196 1203

Dretalos and Eondovannis were the first to recog-
mize the autesomal recessive of horizontal
gaze palsy and progressive scohosis (HGPPS; OMIM
&073813).' The most complete neurclogic description
to date® was the 1976 review of a Hakka Chinese
family, noting the absence of horizontal gaze in the
examined patitents and the development of severe,
progressive scohosis duning chaldhood.

We confirmed the autosomal recessive charactar of
this syndrome in six affected individuals of two unre-
lated consanpuinecus families and localized the
problem to chromosome 11923-25." Recently, we
studied 10 unrelated conzanguinecus HGPPS fam-
lies and identified 10 different mutations in the
buman ROBO3 gene? a gpene homologous to round-
about genes in other species that are important in
the regulation of axonal medline crossing during
brain development 55 We found slectrophysiologic av-
idence of uncrossed corticospinal and dorsal column-
Additienal matarisl ralnted tn this artieln ean be foond on the Newrnlagy

Wab sito. Go to warw and sexroll down the Tabla of Con-
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medial lemniscus pathways. Therefore, patients with
HGPPSE have a profound anatomic maldevelopment
of the brainstem, mcluding failure of at least two
]ungmumnaltlm to decussate, violating a funda-
mental principle of vertshrate neuma.uatumj'

We describe neurclogic, neuroradiologic, and elec-
trophysiologic observations in 11 affected members
of five genotyped HGFPS fammlies.

Methods. Polirnis. Wa inkarviowed five consanguineous fami-
lias (figura 1) and axamined 11 affected individoals (seven mala
and four famals subjects sged 2 menths to 22 yoars) ovar & poriod
of up to & yaars (tabla 1). Four of thosa familses ware pravicusly
roparted? (Family A = Family 2; Family B = Family 1; Family O
= Family 3; Family I} = Family 4), and all affacted individoals
harbored us mutations in ROBO0E (3326 + 1 G in Family
A, GIELE in Family B, RT0AP in Family C, and STOEP in Family
I¥). The remaining family (E) had the sama frameshift motation in
ROB03I as Family A and proved to be distantly ralatad. All indi-
vidunls signed informed consant approved by Institotional Review
Boards at all partiripating institutions.
Clirieal evaluation. .ﬁll pl.‘h.ﬂnl:l had a cnmplnln maro-
dogic and :\g:u: tiom, incloding vi
£ and dist vmmlnnmlj'u.ndnnnrpﬂni
of accommodntion ware maasured in most patients. Orthoptic as-
sessmant was porformed on 10 individunals {not C-1), with chsarva-
tions dopendont on age amd ability to cooparata. Fusional statos
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Bilateral Synergistic Convergence Associated

with Homozygous ROB03 Mutation
(p.Pro771Leu)

Arif O, Khan, MD," Darren T. Orsereck, OC(C)," Nada Al Tassan, PhD,* Larifa Al-Sharif, Bsc,?
Thomas M. Bosley, MDP

Obyective: To document the phanotypa and determine the genotype of a child with synargistic converganca.

Design: Interventional case report.

Participants: Patient and nuclear family (7 mambers total).

Mathods: Ophthalmologic, neurclogic, and radiclogic examination of the proband; venous blood sampling
for candidate gene testing of the proband; venous blood sampling for confirmatory festing in other family
mambers.

Main OQuicome Measures: Clinical and radiologic obsenvations in proband and candidate gene results.

Results: The proband, a 9-year-old girl, substituted convergence for horizontal gaze (synargistic convear-

gaence) sinca birth. She also had conjugate pandular mystagmus, asynchronous blinking, and high myopia. No
family member had ophthalmologic or medical symptoms. Neuroradiclogic imaging revealed hindbrain dysplasia
and modest scoliosis. Sequencing of ROB03, the gens associated with horizontal gaze palsy and progressiva
scoliosis, revealed a novel missense mutation {p.Pro77 1Leu) that altered an evolutionarily conservad amino acid.
‘Screaning the family for this mutation confirmed that both parents were camiars and identified 2 sisters as camiars
and 2 brothars as noncamars.

Conclusions: This is the second reported patient with synergistic convergance and the first associated with
a documentad pathologic ganotypa. Unlike the previously reportad case (which occurred in the setting of the
cranial dysinnervation disorder congenital fibrosis of the exiraccular muscles), our patient presumably has a
supranuclaar causa.

Fnancial Disclosuref{s): The authoris) have no propristary or commercial interest in any materials discussad
in this article. Cphthalmalogy 2008;115:2262-2265 © 2008 by the Amenican Acadamy of Ophthalmology.
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Allelic ROBO3 Heterogeneity in Tunisian Patients
with Horizontal Gaze Palsy with Progressive Scoliosis

Rim Amour - Houda Nehdi - Yosr Bouwhlal -
Moundr Kefl - Abdelmajid Larmaowt - Faycal Hentatd
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Abstract Horizontal gaze palsy with progressive scoliosis
(HGPPS) is a rare awosomal recessive disorder characierized
by the congenital shsence of horizontal gaze, progressive
sopliosis, and failure of the comticospinal and somaDsmsory
oon track to decussate in the medulla HGFPS i caused by
nmutations of the ROBOI gene, which encodes a proiein that
shares homology with the roundabout famiy of trasmemn-
brane roceptors that are mportant in axon guidsnce and
neuronal migration, To date, over 15 mutations have been
found in consanguineous families of Greck, Halian, Turkizh,
Pakistani, Sandi Arsbisn, and Indian descent To detail
clinical, cerebral magnetic resonance imaging (MRT) and
genetic findings of ®&n HGPPS patients from fowr unrelated
Tunisian families Four uworelsied consanguinoous Tunisian
familics with a total of ten patients suffering from horizontal
gaze paky with progressive scoliosis, Genotic linkage
analysis and direct sequencing of the ROBOI genc. All
patients shared similar clinical gare movement alnormalitics
and variable degrees of scoliesis, Four distinet homoaygous
mutations wene identified. This sudy extends the molecular
spectrum of fwe ROBOF gene and the geographic origin of
patients with ROBOI gene mutations, and underlines the
homogeneity of the motar ecular syndrome whatever type of
nmutation is encountensd.

R Amouri ((51) - H. Nehdi - V. Bouhlal - M. Eefi - A Lamao -
F. Hanmati

Laborataire de Nearobiologie Mol i et de Nemropashologie,
Institnt Natiomal de Nemmlogie,

1007 La Rahia,

Tunis, Tamisia

smal rimamonriEplmnet in

email: rimamowriEgmail com

Keywords Autosomal recessive disonder -
Geenee tic mutation - Horizontal gare palsy -
Progressive sooliosis

Tty oehis ctlom

Horizontal gaze palsy with progressive scoliosis
(HGFPS) is a rare awisomal recessive disorder charac-
terized by the absence of conjugate lateral eye mowve-
ments with preserved vertical gaze and progressive
sopliosis from birth (Bosley et al. 2005). A striking
bransiem malformation, with markedly diminished size
and a bifid appearance of te modulla oblongata (“butter-
fly medulla™), iz found in patiens with HGPPS (Jen et al
2004, MacDonald et al. 2004 ). The unusual appearance of
the modulla and abnomal functional results suggest that
SME0AmMOnr projections do not cross the midline in
HGPPS (Jen et al 2004; MacDonald ot al. 2004),

The gene responsible for HGPPS has boen identified
a ROBOI, This gene encodes a protein that shares
homolegy with the roundshout family of transmembrane
meceptors important in aon guidance and neuronal
migration (Jen et al 2004). Over ten different mutations
located in different domains of the encoded protein have
been identified and ane thought to diminish the function of
this recepior (Jen et al. 2004). To date, the patients
meportod are essentially from consanguineous families of
Greek, Talian, Turkish, Pakistani, Sswdi Arabian, and
Indian descent One pabient from mon-co nEanEUineoUs
parents of Irsh and Georman descent was reported as a
compound heterozygote (Jen ot al 2004).

In thiz study, we repont the clinical, cerchral MRI and
genctic findings of £n HGPPS affected patients from four
unrelated Tindsian families,

£} Bornens Frass
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A defect in myoblast fusion underlies
Carey-Fineman-Ziter syndrome
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fiorm maultinu deated myotubes in mamme, chide, and =hafich Here, we report that sutosomal rscessive
matations in MYRME (OMIM 615345) case Camy-Fa -Ziter syndr ink {CFZS; OMIM

254940) by mducing but nat aliminaing MYMK funcion. We charscierize MYMK-CFZS 2= a congenital
miyapathy with marked facal weakness and addifonal dinical and pathologic fedures that distingush it
from afher c wtal cular synd We show fhat a heteralogows ol fusion asay in who
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MYME activity is nexmary for nomal musce development and maintenana in humans, and cxpand the

spectrum of cngenital myopathies to indude cell-oall fusion deficis.
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NEW OBSERVATIONS REGARDING THE
RETINOPATHY OF GENETICALLY
CONFIRMED KEARNS-SAYRE
SYNDROME

Tgor Kozak, MD, PhD,* Darren T. Oystreck, MMedSci, 7 Khaled K. Abu-
Amero, PhD,7§ Sawsan R. Nowilaty, MD,* Hisham Alkhalidi, FRCPC]

Sahar M. Elkhamary, MD,* Sarar Mohamed, MD,** Muddathir H. A. Hamad, MD,**
Musiafa A. Salih, MD, Dr Med Sci,** Emma L. Blakely, PhD. i

Robert W_ Taylor, PhD, FRCPath, 11 Thomas M. Bosley, MD7§#

Purpose: To report novel mtinal findings In Keams—Sayre syndrome and comelats
degres of retino pathy with othar dinical findings.

Methods: Observational case series of patients from Saud Ambia with retnal and
nevroophthamologic examinations, medical chat review, and mitodhondria genatic
evaluation.

Resultz The three unrelgted patients had progressive edcemal ophthalmoplegia and
pgmeantary setinopathy bilaterally. Musde blopsy In two of the cases revealed mitochon-
drial myopathy. All fres had abnommal findings on newssimaging and modaatly reducad
wisus aculty in both eyes with a vanable pigmentary retinopatvy. One of the patiants had
bilateral subretingl fibrosis with a full-thickness macular hobe i the right eye. All three
patients had single, lange-acals mitochondrial DA (mtDNA) deletons 5.0-7.6 kb in sizg
with biood miDNA heteroplasmy levels ranging from below 20% to 57%. Sewerity of
pgmeantary retinopathy did not comedate with severty of progressive extemnal ophithaimo-
plagia, but did comespond grossly with eleciroretinographic abnommalities, just as the
degres of ocular motility reatriction and piogis in each patent comelated with the size of
thair exteaocular muscles on newrcimaging. in addition, the size of the single, lame-acale
miDhA delstion and level of mtDkA heteroplasmy comespondsd with degres of ocular
moility restriction but not with severnity of retinopatihy.

Conclusion: Subwetingl fiwosis and macular hole ane novel retinal obeervations which
expand dinical profile in Keams-Saye syndrome. Genetic teating for miDINA delstions and
heteropiaamy in blood, muscle biopay, careful ocular and retinel examination induding
elactroretnography, and imaging are indispensable st for fhis condition.

RETIMAL CASES & BRIEF REPORTS 12:340-358 2018

From the *King Khald Evwe Specialiss Hospital,
Riyadh, Sl Arabia; 1 Department af
Ophthalmology, College of Madicine King Sawd
University, Rivaah, Suudi Arabia; 3The Division of
Ophthalmaology, Faculty of Healbth Sciences,
University of Stellenbosch, Tygerberg, Sowh Africa;
EDepartment of Ophthalmology, College of Madicine,
University  of Floride, Jacksonvlle, Florda;
Deparments of FPathology, and **Pediarrics,
College of Madicine, King Saud University; Rivadh,

Sawdi Arabiq; 17The Wellcome Trust Centre for
Michonrdrial Research, Instiniwte of Newroscience,
Newcastle University, Newcastle upon Twne, Uniied
Kingdony and 33The Wilner Eye Institate, Johns
Hoplkins University, Balfmore, Mardand.

cams-Sayme syndrome (K55) is a mme mito-
hondrial {mit) cytopathy which is generally rec-
ognized by the triad of pogessive extemal
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Synergistic Divergence: A Distinct Ocular Motility

Dysinnervation Pattern

Darren T. Oystrock,'* Arif O. Kban," Antonio Aguirre Vila-Coro,"* Olugbemisola Oworn,?
Nada AlTassan,*® Wai-Man Chan,® Elizabeth C. Engle, > and Thomas M. Bosley™'''2

PimposE. To summatime the clinical, eurofadiologic, and ge
hetic obsetvatiohs ih a group of patichis with uhilatetal syhet-
gistic divetgehoe (510

METHODS. Five uhrelated patiehts with uhilatetal S uhdetorent
aphthalmic atd ofthoptic examinhatiohs; three of them also had
maghetic hesohatwe imagitg of the bimibh ahd obhiits. Thies
|patiehts uhderwent gehetic evahation of genes khowh to af-
fect ocular motility: KIFZFA, PHOX2ZA, HOXAT, ahd ROBOS.
CFEOM types 1, 2, or 3. Each patient had severe adductioh
weakhess ob the affected side abd latgeabgle exottopda i
[primaty game that incheased ohb mpwd:nl:.l.hh.bﬂa]y.‘m

S0 oehit. Oculomotor crahial hebres were phesent ih the ohe
patieht imaged appropriately. Gehetic sequehcihg ih three
patiehts revealed ho mutatiohs in KIF21A, PREX2A, BOXAT,
of ROEE

Cosousions. S0 should be dassified as a distihct cohgehital
tioh disorders. It may be caused by debetvatioh of the medial
rectus with dysinhervatioh of the ipsilteral hteral rectus by
the oculomotor hetve precipitated by gehetic abhotmalities
{znime cutfehily sdebtified) o by local ehvitohinehial, tetato-
gehic, of epigehetic distutbahces. (Trest Opbrbalmod Vis 5ol
2009;50:521 3-5216) DOL10.1 167/ iovs.08-2928

vhetgitic divetgehoe (51X is a cobgehital ocalab motilsy
pattern characeerized by parudoxical abduction during at-
tempted hotizohial gare o the cobttalatetal side.! This tare
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conditioh is gehetally uhilateral ahd is sleays associated with
limited adductioh of the affected eye. The pathophysiology of
ahomakous abductioh remaihs wholear but has beeh variously
sittbuted to mechahical factors, ahomalons inhebvatioh of the
ipsilateral medial and lateral mcﬁmuxln,’-"mdmm
alous ctoss inhetvation between the two lateral pecti® S0 is
wsually ah isolated oculat motility abhotmality, but it has beeh
desctibed sevetal times in nud:gubclmwihumhd'mltv
phehotypes cobsistent with fibsbosis of the extimoc-
ulak bnuscles typees 1 (CFEOM1) ahd 3 (CFEOM3)S

This report sumimatires clinical, mdiclogic, and gehetic
whsebmatiohs ih 2 group of patients with uhilater] S0

MEeTHODS

Five umrchited patients of Middle Exstern ethinicity had complete or
thoptic and ophthalmic examimations, mchding dilsted fondwsoopy.
measured wsing the Worth 4-Dot Test and the Lang Stereo Test.

Standard brain ME palse sequences were aoguired in one pagient by
2 1.5-Tesla scanner {Sigma; GE Medical Sysiems, Wankesha, W) and im
two patients by a 3.0-Tesla scanmer (Magneton Allegral Siemens bed-
ical Systems, Germany), including sagittal Ti-welghted spin-echo, oom-
nal Buidattenusied inversion recovery, axial dual sd, and aocial po-
ton demsity imversion recovery sequences im all pattents amd ocial 300 FT
constractive interference in steady staie (C55) of the bmin stem in one
annther scanner {Sensation 4; Skemens Medical Systoms).

Five milliliters of peripherl blood was millected m EDTA tubes
from three patients and high-molecularweight DNA was extracted
with a blood kit (Purcgene Qizgen, Hilden, Germany), quantified
!pamghm_tﬂymdmmdz BD'Chalq;m-nlmql.-ﬂl
PHOXZA (MIM "602753), FIOOCAT (MIM "142955)," and KIF21.A4 (MIM
"GoH2EYT (Menddan Inherfance in Man, provided in the public
domain by the Maticnal Institutes of Health, Bethesda MIv; hitpy
waw.nchlnlmnih govOmimyy  coding exoms  and  exon-introa
boundaries were amplified using polymense chain reactions (PCE)
with Tag DMA polymerse (Hotstar, Qlagen). Two patients also had
!ijalm'mmmmmdﬂmhmﬂmh
PHOX2A, HOXAT, and ROE0H, and the amplicons for ATF2 14 eoons
8, 0, and 21 were direct sequenced on 2 sequence amahyzer (3730;
Applied Biosystems, Inc [ABI], Foster City, CA). The romaining
mz!dmmnmwmwm:
mm'lnnpmﬂmdrpbﬂmd,mdmm
avallshle on reguest Stady protocol adhered o the tmets of the
by the King Khaled Eye Specalist Hospital, Btyadh, or the Children's
Hospital, Boston

REsLLTS

Birth, getetal medical histoty, ated family histoly wete ohbe-
matkable, akthough teo patiehts wete fom oohsabhguibeous
families (3 typical prevalehee ih the Middle East). Figure 1
ilhastrates the eye movements of patients 1, 2, and 3, wheteas
Table 1 presents clinical details. All patients wrebe make, ahd all
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REPORT

HOXB1 Founder Mutation in Humans
Recapitulates the Phenotype of Hoxb1~/~ Mice

Bryn D). Webb,122 Sherin Shaaban,45.11,14152% Hamld Gaspar,'.%62829 Luis E. Cunha,.17
Christian R. Schubert,10.11,13,1819 Ke Hao,! Caroline D). Robson,” Wai-Man Chan,49.20

Caroline Andrews,4811,2 Samh MacKinnon,s Damen T. Oystreck,2122 David G. Hunter,5.12
Anthony J. lacovelli,! Xiaogian Ye,! Anne Camminady,'s EHizabeth C. Engles5689.1011.122023
and Ethylin Wang Jabs! 23.242526,27%

Memmbeers of the highly conserved homeohax: (FOX) gene family enode transoriphion fadors that confer cellular amd S se §dem fities
along the antexs-posterion aods of mioe and humamns. We have identifial a founder homorygous misense mutation in BOXE in two
famibies from a comservative German Amerian population. The resulting phenotype inchdes hilvteral facal paky hearing loss, and
strabismus and comelates extensivel y with the previously reported Hoxbi —'~ mouse phenotype. The missense variant is praliced to
result in the substimtion of acysteine for an argnine at am i oeckd reddue 207 {Arg XA ys), which commes pomds to the highly conserved
Arg 5 of the homemdomain, Args interactswith thymine in the minor groove of DNA through hydrogen bonding and electnontat cattrac-
tomn. Molerular modeling amd am in vt D NA-probein . b mding 2wy predict that the mutation wounkd dismpt these interactions, desta-
hilize the HONB] PRX1:DMA complex, and alter HOXE] transcriptional activity

Congenital facial paralysis (CFF) has been classified
amang the congenital cranial dysinnervation disorders
(CCDDs). "~ CFP could be inherited, and autosomal-dom -
nant loci have been mapped for solated CFP (H CFP1 loous)
and for CFP with varable hearing loss (HCFP2 locus) ™
CFF can ako oocur together with complex congenital eye-
maovement disorders, and in particular as a component of
Moebius syndrome (MIM 157900} Moehius syndrome
was defined atthe Moebius Syndrome Foundation Research
Caonference in 2007 & congenital, nonprogessive facial
weakness with Imited abduction of one or both eyes
(inzhility to move the eye fully outward or toward the
ear).” Additional features can induds hearng loss and ot her
cranial nerve dysfunction, as well as motor, orofacial,
muscula-skeletal, neurodevelopmental, and soclal prob-
lems. "** Moehius syndrome 15 most frequently sporadic,
and with the exception of rare HOMAD (MIM 142955)
or TUBES (MIM 602661) mutations that cause atypical

Moehius syndmomes, its genetics remaln undefined. "™*
Sorting out its genetics has been complicated, in part, by
the not-infrequent misdiagnoss of Moshius syndrome in
children who have CFF but do not have Umited abduction
af the eye.

In an effort to identify causative mutations for Moshius
syndrome and CFF, we in the Jabs and Engle laboratories
errolled probands diagnosed with these and related
disorders and their family members in ongoing genetic
studies. The Jabs study was approved by the institutional
review boards at The Johns Hopkins University and
Mount Sinal School of Medicine, and the Engle study
was approved by the institutional review board of
Boston Childen's Hospital. Written informed consent
was obtained from participating family members or from
thelr guardians. All investigations were conducted in
accordance with the principles of the Declaration of
Hekink.
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New Yok, Mew York 10029, USA&; *Deparmentaf Nemolkogy, Bodon Children’s Heospinl, 300 Longwood dve, Bosion, MA 02115, USA; “Deparment of
Maficine {Genetics), Boston Childes Hoapinl, 300 Longwond Ave Bogion, MA 0F115, US4 “Deparmnant of Ophalmalsgy, Beton Chidrms
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Ophthalmic features of ataxia
telangiectasia—like disorder

Arif 0. Khan, MD," Darren T. Oystreck, OC(C)," Michel Koenig, MD." and Mustafa A. Salih, MD®

INTRODUCTION Araxia velangiecrasia (AT) is a recessive neurodegenerative disease due to a faulty repair
mechanism for breaks in double-stranded DINA (4TM mutation). Ophthalmic featares of
AT include conjunctival telangiectasta, srabismus, saccadic dysfuncton with head thruses,
and convergence insufficiency. Amooa elinmectasia-like sjmd:m: (ATLDY) is 3 more
recently recognized conditon due  homorygous munton in MREIT, a gene also
mvolved in the cellalar repair response to double-stranded DINA hn:-.'lhi; ophthalmic
feamres of ATLID are not well descmibed. The purpose of this arocle is oo describe the
ophthalmic fearures of ATLD.

Full ophthalmologic and orthopoc evaluations were obained in 13 individuals: 10 previ-
ously reported ATLD patients, an addidonal relared ATLIY patient, and 3 nomaffected
relatives. All individuals were from three unrelaed consanguineous Saudi Arsbian families
harboring an MREIT mumation (W210C). Age range was from 2 wo 40 years of age.

Mo affecred patient had soucrural ocolar abnormality (eg, conjunctival telangiecrasia),
manifest strabismus at disrance, or duwedon lmiroon. All bur one (the youngest) had
saccadic dysfunction (withour head thruses). Most pagents had abnormal convergence.
Older patients had nystagmus with abnormalines in smooth pursuie and vestibular ocular
reflex. All patients had cerebellar atrophy by neurcimaging and slowly progressive atada. The
unaffected hetermrygous reladves had unremarkable ophthalmic and newrologic examinations.
Saccadic dysfuncdon without head throsts and convergence abnormality are common in
ATLD secondary wo homozygous W210C MRET mumton. Older padents have mys-
ragmus with abnormalides in smooth pursnit and vestdbular ocolar reflex. Eye move-
ment control systems apparently deteriorate with tme in this rare neurological
disease. Ophthalmic feamres of AT that were not observed in any of ouwr ATLD
padients include conjunctival telangiectasia, head thrustng, and manifest strabismus ac
distance. (] AAPOS 2008:12:186-189)

RESULTS

taxia relangiecrasia (AT; [On-line Mendelian In-

heritance in Man (OMIM) 208900, heop/fwww.

nchi.nlm.nih.gov/sites/entrez? db=omim]) is a rare
(1/40,000 for the USA) genomic instability syndrome
due to a faulry repair response to double-stranded DINA
breaks (homozygous ATM mutadon) and is character-
med by progressive cerebellar araxia, dysarthna, sensi-
ovity o lonizing radiation, cancer predisposidon, and
immuncdeficiency with recurrent infections.!? Ho-
mozygous A TM mutation causes loss of function of the

Ao filiasions *{izkion of Fediaeric Opbrhsiwsiagy, King Khsled Eye Specislie
Hiorptesd, Rpmst, Sl Arstis; Simstms e Geneepe e de Bisksyie Mulerlaie s
Celtlire, Bl Seaheary, France; mmal " Dévision §f Pediaeric Nearisgy, Kng

Cphdalmalngy, Kng
Kbaled EBye Specieltre Horpial, PO Bex 790, Rfpmie [1462 Saudl Aratin el
S o).
Copprigi €3 2007 by e American Azocieim i Fediaeri Gpbshabmaiogy snd
Serakivemr.
1691 -FFILOEITEOT + @
1 ) g, 2060 016
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ATM protein, 3 nuclear provein kinase integral for che
cellular repair response to breaks in double-stranded
DNA' Ocular feamres of AT, more prominent with
increasing patient age, include conjunctival telangiecra-
sia, strabismus, saccadic d].r:ﬁ.mmon with head thruses,
and convergence insufficie
Ataxia velangiecrasialike disorder (ATLD; [OMIM
6i04391]) is 3 more recently recognized genomic mstabilioy
syndrome doe t a defec in a different of the
complex cellular response w0 double-stranded DNA breaks
MRE11 mutation affecting the Mrel1-Rad30-
Nhsl complex)."*” There have been only 16 previously
docmented cases—4 from the United Kingdom,® 2 from
Traly.® and 10 from Saudi Arabia” In comparson o AT,
ATLID has a larer onser of neurological feamres, slower
progresston, and milder sympooms—inchiding no reports o
date of cancer predisposinon or i jency. '+ Vir-
mally all ATLD pagents carry MRE!! murations dhar ex-
press some level of corresponding procein (unlike the sina-
oon in AT, where most patients have ATM murstions that
reault in no dewecrable procein)."* Descripiions of ophthal-
mic feamures in ATLD are lmiced +

FJournal of AAPOS
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Ophthalmic Features of Joubert Syndrome

Arif Q. Khan, MD," Darren T. Orysereck, OC(C)," Mohamed Z. Seidahmad, M.Dz
Abdulmajead NDmes PhD}? Salah A. Elmalik, L{Djlhﬂimr’t Alordiny, M.D Museafa A. Salih, MD?

Purpose: Joubert syndrome (Online Mandelian Inheritance in Man 213300) is a rare autosomal recessive
conganital malformation of the brainstem and cerabellar vermis. Diagnosis is basad on charactaristic clinical featuras
(e.g., hypotonia, episodic hyperpnea, developmental dalay, prograssive atada) and is confirmed by distinctive
neuroradiclogic findings (e.g., the "molar tooth™ sign). Variable ophthalmic features have been mantioned in prior
reports; however, most do not detall aye findings and the fow that do ware befors the publication of suggestad
diagnostic criteria. The objective of the curment study is to dascribe the ophthalmic phenotype in a cohort of patients
with Joubert syndroms for whom the diagnosis was mads using cument diagnostic critana.

Design: Prospective casa saras.

Participants: Eight children diagnosad clinically with radiclogic confirmaticn.

Meathods: Ophthalmic examination and visual electrophysiclogy.

Main Outcome Measures: Ocular and oculomotor examination (as allowed by patient coopearation), olec-
troretinography, flash visual-evoked potential (FVEF).

Results: Patiants’ agas ranged from 7 months to 10 years. Saccadic dysfunction was obsanved in all cooperativa
pﬂm‘h{ﬂﬁmmmmhyhmdhusﬁorhmmnmﬂndlam@ﬂhmmmtpﬂmﬂﬂnuﬁudm}
Most patients (5/8) had primary-position nystagmus (ses-saw in 3'5). Abnommal pursuit (3/7) and a dystrophic rati
appearanca (3'8) wera also ssan. mmmmmmmmmumﬁmmm
ipsilataral abduction. Bectroratinography findings were normal for all 8 patients. Seven patients underwent WVEP; 6
wera abnommal (asymmasiric) and one was not interpretable becausa of shudy artifact.

Conclusions: Ophthalmologists should be aware that saccadic dysfunction (typically with head thnusts) and
primary position nystagmus (fypically sse-saw) in a developmentally delayed child suggest the diagnosis of
Joubert syndrome, especially if a dystrophic retinal appearance is also prasent. Our findings of asymmeatric AVEPs
and see-saw nystagmus suggest an abnormality in oplic nerve decussation, consistent with the concept that

impaired axonal guidance occurs in patiants with Joubert syndroma.
Financial Tha author(s) have no proprietary or commercial intarest in any materals discussad

Dizclosurefs):
in this article. Ophthalmology 2008;115:2286-2289 © 2008 by the Amencan Academy of Ophthalmology.

<

Joubert syndrome (Cnline Mendelian Inberitance im Man
213300 is a rare aniosomal recessive disorder that is diag-
nosed clinically and confirmed radiclogically.™* The syn-
drome was named after Marie Joubert, who m 1969 de-

caﬂﬂhm_'hﬂtmymmmzmmzm
siblings who also had a3 retinal dystrophy. Since then, ap-

proximately 200 cases of Joubert syndrome have been pub-
lished® and diagnostic criteria have been proposed®."; how-

cal findings *” Episodic hyperpnes is common in infancy,
and typical facial featores are common in childhood (high
rounded eyebrows, broad nasal bridge, anteverted nostrils,
low-set ears). ™ Nemroimaging chows sheence of the cer-
ebellar vermis and the “molar tooth sign™—an abmormsal
confiuration of the superior cerebellar that con-
mect the cersbellum to the midbrain " The absence of
decussation of both the superior cerebellar peduncles and
the corticospinal tracks at the medullary pyramids suggests

2286 o200k by i Americsn Assdcoy of Oplibalsology

that patients with Joubert syndrome have a defect of axon
guidsnre ' A variety of other coexisting congenital ab-
normalities have been reported infrequently, incloding me-
nmingoencephalocale, microcephaly, polydactyly, kidney ab-
nommality, soft tssme tomor of the tongue, liver disease, and
duodenal stresia ” The term “Joubert disesse and related
WBMsmﬂwmmmm-
Eest a umique distnct
Mmmmmmm:&
ported to oconr in patients with Joubert syndrome'—'*;
EVET, mﬂmmmﬁmﬁmlqemmdﬂn
ﬁwmm“-"mbmmemmmufmmd
dismostic criteria. " The pupose of this sdy is #o describe
the ophthalmic phenotype of JToubert syndrome i children
who were disgnosed using suggzested dispnostic oriteria.

Materials and Methods
In a semes of § comsecutive patiemts, the diapnosis of Foubert
syndrome was made en the basis of climical criferia and confirma-

fory neurcimaging *” Instifutional review board approval was
mnmmmﬁmm

T55N 016154 MRS fron msder
i 101016 opbeha 208 08 D05
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Molecular and neurological characterizations of
three Saudi families with lipoid proteinosis

Mustafa A Salit’, Khaled K Abu-Ameno™, Saleh Alrasheed®, Ibrabim A Alorainy®, Lu Licf, John A McGrath®,
Lionel Van Maldergern”, Yasser H Al-Fakey”, Adel H AlSuhaibani®, Daren T Oystreck”, Thomas M Badey™

Abstract

Badeground: Lipoid proteinoss is a A autcsomal recessie dissase characterized by cutansows and mucosal
lesiors and hoarseness appearing in early childhood. it i @ussd by homozygous or compound heterozygous
miutations in the ECMT gene. The disease is largely undharacterized in Arab population and the mutationis)
spectrum in the Asb population is largely unknown. We report the neurclogic and neuroradiokogic characternistics
and ECMT gene mutations of sven individuals with lipoid proteinosis {LP) from three unneated consanguineous
tmilies.

Methods: Clinical, neuralogic, and neurc-ophthalmaologic esaminations; skin histopathalogy; bain T and MRE and
squendng of the fullBCMT gene

Results: All seven aflected individuals had skin scaming and hoarsenes from early dhildhood. The twao chilkdren in
Family 1 had worse ddn irvohement and waorse hoarseness than affected children of Families 2 and 3. Both
children in Family 1 were modestly mentally retarded, and one had typical caldfications of the amygdalae on CT
acan. Affected individuals in Families 2 and 3 had no grossneunclogic, neunodevalo pmental, or newroimaging
abnormalities. Skin histopathology was compatible with LP in all three families Sequencing the full coding region
of BCMT gene revealed two nove mutationsin Family 1 13001301 delA#) and Family 2 {pCy269T) and in
Family 3 a previously described 1163 bp deletion starting 34 bp into intron &

Condusions: These individuals illustrate the neurologic spectrum of LP, induding variable mental retardation,
persorality changes, and mesial temporal caldficationand imply that sgnifiant neuralogic involement may be
somewhat les common than previously thought The use of neurclogic abnommalities was not clear from either
neuraimaging or from what is known about ECMT function. The severity of dermatologic abnormalities and
hoarssness generally comelated with neurclogic abnormalities, with Family 1 being somewhat mare affected in all
sphenes than the other two Bmilies. Nevertheless, phenotype-genotype comelation was not abvious, possibly
because of difficulty quantifying the neurologic phenotype and because of genetic comiplexity.

Background protein-protein interactions due to ECMI gene muta-
Lipoid proteinesis (LP; MIM 2471000 is a rare autoso-  tions is the likey cause of dermatologic abnormalities
mal recessive disease characierized by cutanecus and  induding warty skin, scarring, and mucesal thickening
micosal lesions and hoarseness appearing in eady child-  [5]. These changes ako affect the msopharynx, tongue,
hood [1] that is caused by homozygous or compound  and vocal cords, resulting in severe fibrosis and the
heterozygous mutations in the ECMJ1 gene located on  hoarseness characteristic of the disonder.

chromosome 1g21 [2]. This gene encodes a protein that Approximately one third of affected individuals are
iz an important structural component of basement reported to have mild mental etardation [6], andneur-
membrane and extracellular matrix [34], and loss of opsychological problems may be more comman [7-9].
Other reported neurclogic abnormalities include com-
* Comespondence: abuarme oo mailcom plex partial seizwres, memory loss, and emotional diffi-
‘Depareent of Cpieraimodogy, Coliege of Medcine, King Saud Universsy, culties, often beyrmlng in teemge years and pwg

Ry, Saud Ambia
Full st of auser Infoemarion & avalable ot S end of S anicle from that time onward [68]. Caleification of the mesial

& 00 Sl an ok oo o o od Conral Lod TS E an Open Aocoss sl o 2r oo uidor th i of th Choathas Coimiions

O BBl Ceriral  Asvibuton Leors e o wacommanong A conse . 03, which [imies e o u, dEmbarion, d Resdaion in
any i, prodidon the ol ginal wadk & propory dead
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Carbonic anhydrase type Il deficiency syndrome is an uncommon autosomal recessive disease with camdinal featwres including
osteopetrosis, renal tubular acidosis and bmin calcifications. We deseribe the neurclogical, neurs-ophthalmological and
neuroradiologeal features of 23 individuals (10 males, 13 females: ages at final examination 2-29 years) from 10 wnrel sted
consanguinecus families with carbonic anhydrase type 11 deficiency syndrome due to homozygous intron 2 splice site mutation
(the “Arshic mutation'). All patients had osteopetrosis, renal tubular acidosis, developmental delay, short stature and
craniofacial disproportion with large cranial vault and broad forehead. Mental retardation was present in approstimately
two-thirds and varied from mild to severe. General nevrological examinations were unremarkable except for one patient
with brisk deep tendon reflexes and two with severe mental retardation and spastic quadriparesis. Globes and retinae were
normal, but optic nerve involvement was pmesent in 23/46 eyes and was varishle in severity, random in occurrence and
statistically correlated with degree of optic canal rarrowing. Ocular motility was full except for partial ductional limitations
in two individeals. Saccadic abnormalities were present in twa, while half of these patients had sensory or accommodative
strabismus, and seven had congenital nystagmus. These abnormalities were most commonly associated with afferent disturb-
ances, but a minor bminstem component to this disorder remains possible. All internal awditory canals were normal in size, and
no patient had clinically significant hearing loss. Newrsimaging was performed in 18 patients and repeated over as long as 10
years. Brain caleification was generally progressive and followed a distinet distribution, invelving predominantly basal ganglia
and thalami and grey—white matter junction in frontal regions more than posterior regions. At least one child had no brain
caleification at age 9 years, indicating that brain calcification may not always be present in carbonic anhydrase type |1 defici ency
syndrome during childhood. Vadahility of brain caleification, copnitive disturbance and optic nerve involvement may imply
additional genetic or epigenetic influences affecting the course of the disease. However, the overall phenotype of the dsorder in

v Augest 30, 2011 Redsed Sepdember 30, 2001 Accepied Sep 27, 111
& The At {2001). Published by Orwiced Uriverslly Press on behalf of She Guaraniees of Smin. Al rights resened.
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Molecular and neurological characterizations of
three Saudi families with lipoid proteinosis

Mustafa A Salib’, Khaled K Abu-Ameno™, Saleh Alrasheed®, Ibrabim A Alorainy®, Lu Licf, John A MeGrath®,
Lionel Van Maldergern”, Yasser H Al-Fakey”, Adel H AlSuhaibani®, Daren T Oystieck’, Thomaz M Badey™

Abstract

frmilies.

sequendng of the fullECMT gene

Badeground: Lipoid proteinoss is a rae autcsomal recessive dissase characterized by cutaneows and muoosal
lesions and hoarseness appearing in early childhood. it B used by homozygous or compound heterozygous
miutations in the ECMT gene. The disease is largely undharacterized in Arab population and the mutationis)
spectrum in the Asb population is largely unknown. We report the neurclogic and neuroradiokogic draracteristics
and ECMT gene mutations of sven individuals with lipoid proteinosis {LP) from three unrelated comsanguineous

Methods: Clinical, neuralogic, and neurc-ophthalmaologic esaminations; skin histopathalogy; bain T and MRE and

Results: All seven aflected individuals had skin scaming and hoarsenes from early dhildhood. The two chilkdren in
Famity 1 had worse ddn irvolement and waorse hoarseness than affected children of Families 2 and 3. Both
children in Family 1 were modestly mentally retarded, and one had typial caldfications of the amygdalae on CT
sran. Affected individuals in Families 2 and 3 had no grossneunclogic, neurodevalo pmental, or newroimaging
abnormalities. Skin histopathology was compatible with LP in all three families Sequencing the full coding region
of BCMT gene revealed two nowe mutationsin Family 1 §1300-1301delA&) and Family 2 {pGr<68Tyr) and in
Family 3 a previously desoribed 1163 bp deletion starting 34 bp into intron 8.

Condusions: These individuals illustrate the neurologic spectrum of LP, induding variable mental retardation,
persorality changes, and mesial temporal cabdficationand imply that sgnifiant neurclogic invohement may be
somewhat les common than previousy thought The use of neurclogic abnommalities was not clear from either
neurcimaging or from what is known about ECMT function. The severity of dermatologic abnormalities and
hoarssness generally comelated with neurclogic abnormalities, with Family 1 being somewhat mare affected in all
spheres than the other two families. Mevertheless, phenatype-genotype comrelation was not obvious, possbly
beause of difficulty quantifying the neurclogic phenotype and because of genetic comiplexdty.

Background

Lipoid proteincsis (LP; MIM 247100) is a rare autoso-
mal recessive disease characierized by cutanecus and
micosal lesions and hoarseness appearing in eady child-
hood [1] that is caused by homozygous or compound
heterozygous mutations in the ECM1 gene located on
chromosome 1g21 [2]. This gene encodes a protein that
is an important structural component of basement
membrane and extracellular matrixc [34], and loss of

* Comesnorcenos: abearTe oo mailo o

‘Depamment of Ophaimology, Colirge of Medcine, King Saud Uriverdsy,
Fyadh, Saud fmbia

Ful list of aushor informanion & asalabhe ar e end of e avicle

() muted Cerul

protein-protein interactions due to ECMI gene miita-
tions is the likely cause of dermatologic abnormalities
induding warty skin, scarring, and mucesal thickening
[5]. These changes alo affect the msopharymx; tongue,
and vocal cords, resulting in severe fibrosis and the
hoarseness characteristic of the disonder.
Approximately one third of affected individuals are
reported to have mild mental metardation [6], andneur-
opsychological problems may be more commaon [7-9].
Other reported neurclogic abnormalities include com-
plex partial seizures, memory loss, and emotional diffi-
cultiex often beginning in teenage vears and progressing
from that tme onmward [68]. Cakification of the mesial

A Sl ok e B oed Conral Lod This an Open Aoce s it of v b uindir th moms: of o Chaathes Coimimaons
Amibusio Linarga (e puf v orcmamonong conso e 0), which peimiss uinani@od e, demburion, and RproccTion in
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CASE REPORT

Ophthalmologic Observations in a Patient with
Partial Mosaic Trisomy 8

Khaled K. Abu-Amem'*, Altaf A. Kondkar', Mustafa A. Salih®, Muneera AlHusain®,
Muneera Al Shammari®, Ghassan Zeidan®, Darren T. Oystreck’, Ali M. Hellani®,
Amal Y. Kentab”, and Thomas M. Bosley'

! Department of Opkthalmology and “Division of Pediatric Newrology, College of Madicine, King Sand
University, Riyadh, Saudi Arabia, Cytogenetic Laboratory, Central Laboratory and Blood Bank, Rivadh, Saudi
Ambia, *Saad Specialist Hospital, AlKhobar, Saudi Arabia, *Divisin of Ophthalmology, Faculty of Health
Seiences, University of Stdlenbasch, Tygerberg, South Africa, and “Department of Ophthalmology, Collage of
Medicime, University of Florida, facksonville, FL, USA

ABSTRACT

Backgronend: To carefully smsss the phenotype and genotype of a patient with partial mossic trisomy 8 with
particular attention to ophthalmologric features.

Mthods - ﬁ]ﬂ'l'ﬂ'lajnwiuajc amd mm-«.l]:ﬂ'rﬂ'lajnuh@: oA i abion mnnn\napn&, comviendiona | h:‘}uﬂ}l]:un&
and array comparative genomic hybridization (OGH)

Re:hnlf:l:'ﬂ'l:]:ruhmﬂ was the mﬂ}raffu:ind child of a mr@nmm:fm‘uj}r. At birth she wa noted to
have facial dysmorphism including telecanthus, low st eam, prominent nans, and an everted lower Ep.
She had an sccommusdative esotropia with otherwise normal globes, optic nerves, netinae, and orbite. She also
hiad d:h}nud mutor mikestones and mild mental retandation associated with e et of the callosum.
Both karyotyping and amray OGH documented mosaic partial trisomy of chromosome 8 that inchded all of the
“q" arm and part of the procimal “p” arm.

Comchesions: This girl had a mumber of the classic features of mosaic trisomy 8, inchading an acormmeoda tive
emtropia with none of the other ocular and orbital anomalies deseribed in patients with messic trisomy 8.
This mport constitutes an initial effort to create a virtual database of patients with mosaic chromosome 8
in which cansful phenotype-gemotype cormdation emplying high resolution army CGH may help iden tify clues
regranding the genetic ebolegy of ophthalmologic features of this syndrome.

Keywords Accommadative esotnopia, aae:rlen':ucf O callogum, d}rmm-_p!'li:m, mosaic trisomy 8

Cipiat hallen e Grenet Drowmboa dad froan infoem shealthcam. com by Dralhowes e Univesiigy on 01 0814
For pemonal we caly.

INTRODUCTION dysmorphism with hypertelorism, bmad nasal raat,
and eye abnormalities; and congenital heart defects.”

Caomplatetrisomy 8 is usually anearly lethal conditicn.
Trisomy & mosaickm is a less severe disorder with a
distingt phenotypic presentation incuding retarded
psychomaotor development; moderate to severe mental
retardation sometimes assodated with corpus callo-
sum agenesis; limb and skeletal anomalies induding
deep palmar and longitudinal plantar furrows,
clinodactyly, and lmitaion of joint moton; facial

Mosaic trisomy 8 has not been reported in Saudi
Arabia previpusly, and the inddence of the disorder is
not known in the region. We describe a Saudi child
with a rare cytogenetic presentation of mosaic tisomy
& imvolving the entire “q” arm and part of the "p"
amiwhnmﬁiedpastﬁemﬂlpmmmﬁla
number of developmental and dysmorphic features

Remefved 14 Movember 2012; aoepted 13 December 2012 published aonline 13 ]%huayiﬂ‘l!

Correspondemnce Khaled K. Abu-Amero, PhD, FRCPath, w&ﬂﬁﬂﬂmmqgﬁmﬁqsﬂ Umlmligmrﬂl.
Saudi Arabla Tel 49654731000 Fax: 2814775724, Bradl abuamserodis madl com
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Neurologic Injury in Isolated Sulfite
Oxidase Deficiency

Thomas M_ Bosley, Tbrahim A Alorainy, Darren T. Ovatreck, All M. Hellani,
Mohammed Z_ Seidahmed, Mohamed El Fali Osman, Mohamed A Sabry,
Mohamed 5. Rashed, Eiman A, Al-Y¥amani, Khaled K. Abu-Amero,

Mustafa A. Salih

ABSTRACT: Backgronnd: We review clinical, neordmaging , and genetic information on @x individuals with isolated anlfite oxidase
deficiency (ISOD). Mathods All patients werne examined , and elinieal records, bochemistry, nearamaging , and sulfile oxidse pene
(STOX) sequencing werne reviewed. Resolte: Dats was available on six individuak from foor noclear familes affected by ISOD. Bach
individoal began to seize witin the fira week of life. Mewrologic development was srretied at braimtem reflexes, and severe
microcephaly developed rapidly. Newroinaging within days of binth revealed hypoplasts of the cerebellim and conpus callanm and
damage i the supratentorial brain looking ke severe hypoxic-ischemic injury that evolved into cyatic hemispherc whilte matier
changes. Affected individusls sl had elevated nrinary S-aolfoc yateine and normal oinsry xanthine and hypoxanthine level dagnotic
of [30D. Genetic smdies confirmed SUOX mutations in four patients. Conclugons: [30D impain sysemic alfie metabolizm, and
wet this genetic ditesse affeci only the brain with demage that 13 commonly confosed with the ¢inical and radiologic festures of aevere
hypoxic-iachemic encephalopathy.

RESUME: Léisions neurologiques dans le dffidt isolé en sulfite oxydase. Comtexte - Noos avons reva l'information clinique, de neoroimagerie &
pEndtique de & individos atteints d'on déficit isolé en sifie oxydase (DISD). Méhode - Toos les patients ont é8 examings et leors dossiers ont s
revis, inchoant ke biochimie, b neoroimagerie et b= séquengage do géne de b solfite ox ydase (SU00X). Résaliars r Les données de & ind ividos, faiant
partiz d= 4 familles mdésires diffirentes, atiintex d= STN0X, étaient disponihles. Chaqne ndividn & commencd & présanter des crises comvolsi ves m
comrs de la premiée semaine de vie. Le développement nenrol ogi que &t Emité ila présence de #iflexes du toonc cérébral et nne miocooéiphalie sévire
= ‘imstal it rapid sment. La nenroimagesie effecinée dms les premisns joos aprés by misonce 3 moniré me hypoplxie do cervelet o do corps callenx
et des dommages sus-femioricls wssemnhlant & one ksion by porigoe-ischémiqoe sévére qui évolosit vers des changements d'aspect kystiqoe de b
suhstanoe hlanche émigphénigoe. Le individes stteints avaient ioos on tam ormsie &levé de Ssnfocys #ine et mn tenx orinsine nommal de xanthine s
d'hypox anthine, curactéristiques do DISD. Les étndes pénétiques ont confinmé mne motation de ST0X chez 4 patients. Conclirsions - Le DISD pertorhe
le métshofisme systémiqoe do =ifie = pooriant cetie maladie pénétiqoe n*atieint qoe le corvean. Le dommage i ce nivean est sonvent confondn avec
les manifestations clniqoes etradiolgiques d'me encéphalopatiie by pox qoe-ischémiqoe sévire.

Can J Newrol Sci. 2014, 41: 42-48

Taplaied sulfile oxidase deficency (IS0D; MIM #272300) &
an amosoira] recesaive syndrome involving homozygons of
componnd heterozygous mutstion: in the solfie oxidase gene
(SUOX: MIM *606887) on chromosome 12g13.2-13.3.
Typically, an affecied infant develops setzores and fesding
difficulties within the firmt week of Lfe, oflen with axial
hypotonda and Bmb hyperionts. Inital neoroimaging nsually
shows diffise edema affecting supraentorial sroctores, and
cystic changes laber sppesr in the hentsphere white mamer',
Newrologic development & generally halied st the level of
berainatem neflexes, and the child remains vegetative and rapidly
develops microcephaly. Desth frequent]ly oocors within the first
years of life. A somewhat milder fiorm of the disese has boen
reported™ | and some individoals smrvive ino childhood. A
related sniiomal recessive disorder, molybdemum cofactor
deficiency (MOOOD; MIM #252150), has similar clinjeal and
radiokgic festures® bot 12 doe @ other mntsed penes affecting
satfor and uric scid me whol s,

42

The firat cloe to the etiology of IS0D was recognition that
sulfite omidase (S50, & soluble mitochondrial enryme, wa
underactive in affected individusl® Isolaed slfite oxidase
deficiency patienis experence an accomulstion of alfie, 5
sulfocystene, tsordne, and thicsulfste and a decressed
concentration of plasma cysieine’. They have elevated urinary

sl R ch Cenire, Foyabh; the PGD
L sbvveteery { AMH], Sl Mele- ol Chater, ol Kok, Sauls A b ; Divmasa of
O phbaben oy y DT, Facuby of Hidh S Waiweridy of S R sk
T gty Scasch Aicse; Depastment of Opbehalewbygy (KAL), College of
Makeme, Univesaty of Floala, hosowlle, USA.
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Genetics

Genome-Wide Association Study Identifies a Susceptibility
Locus for Comitant Esotropia and Suggests a Parent-of-
Origin Effect
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Evidence for Objective 1

Demographic data & Summary information:

Hame: MIF
1D DOB.: Ethnic origin:
Residence: Institutions examined at:

O Mew patient to KKESH
O Previously assessed at KKESH
O Included in past studies

Studies included in:

Previous classification given:

Previous genetic analysis:

digns B Svmploms,
1. Visual symptoms:

2. Observations by family members:

3. Neurclogical or systemic conditions:

Eamily Hi
4. Parent’s relation:

5. Other affected family members [pedigree analysis & classifications given)

RF 0424 strabismus form

221



Stellenbosch University https://scholar.sun.ac.za

Evidence for Objective 1

Children's Hospital Boston - Center for Strabismus Research
PHYSICIAN INFORMATION SHEET

Project Title:

Genetic studies of Strabismus,
Congenital Cranial Dysinnervation Disorders (CCDD’s)

and their associated anomalies.

— Standardized Dafa Collection Form —

Section L. Examining Physician Contact Details
Section Il Participant Background Information
Section . Visual Acuity & Refraction Status
Section IV. Anomalous Head Posture
Section V. Lid Position
Section VI. Ccular Alignment (Strabismus)
Section VI Resting Eye Position
Section VI Ocular Motility
Section IX. Other Associated Features
Section X. Ouwr Contact Details

Page Number 1
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Evidence for Objective 1

Maobius datasheat
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Evidence for Objective 1
Oystreck D.T. The orthoptic evaluation. In: Lambert SR, Lyons CJ, eds. Taylor & Hoyt's Pediatric
Ophthalmology and Strabismus, 5th ed: Elsevier, 2017.!
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Evidence for objective 5

Bosley, T. M., Abu-Amero, K. K., & Oystreck, D. T. (2013). Congenital cranial dysinnervation
disorders: a concept in evolution. Curr Opin Ophthalmol, 24(5), 398-406.%”

REVIEW

i, Congenital cranial dysinnervation disorders:
a concept in evolution

Thomas M. Bosley”, Khaled K. Abu-Amers™®, and Daren T. Oystreck™®

Purpose of review
We review the congenital and genefic diognenes that are currently ind uded in the congenital cranial
dysinnervation disorders [CCDD.

Resce it imding s

Racent literature conlaing new genchypic and phenstypic descriplions of Duane retracfion syndrome,

Moshiue syndrome, and other CCDDs. Mew genes which when mutated con result in CCDD herve basn

identified, permitfing o befer understanding of amocialed phenolypes. More infarmation is available
rding neuodevelopmental and dinical sflects of various gene mulalions assaciated with individual

%I}a certain CCDDs, the phenotype of a parficuar individual may not completely predict the

genotype, and conversely, the genolype may not ahweys predic the phenobype.

Summary

The CCDD concept has koeused aiention on specific congenital disurbanees of human scular matility

and on the fod that thess disorders are ypically nevrogenic in origin. The post decode has sesn rapid

evolufion within this field with the last 2 years yielding additional information aboul exisfing diagneases,

genes, and phenclypes that may resull in beller danificafion of these disorders and new genolype—

phenalype cormsations in the future
ey oof s

brainsemn development, congenital eranial dysinnervation disarders, cranial nerves, scular mofility, srabismus

Ophthalmologists recog nized over 60 years ago that
certain children were born with congenital ocular
motility abmormalites associated with restricted
eye movements and fibmotic extraccular muscles
[1]. This ohservation led to the assumption that
the primary problem was a congenital abnomality
of musde development and thus to the concept
of ‘congenital fibmosis of the extraccular muscles”
(CFEOM) [2]. Duane retmdion syndrome (DRS) [3]
and Moebius syndome (MBS) [4] were recognized
early on, and a number of other spomdic and
familial congenital ccular motility syndromes were
added as time passed.

Evidence accumulated over time that most
or all of these syndromes had a neurogenic cause.
Therefore, in 22 an alternative concept of
‘congenital cranial dysinnervation disorders
(CCDIY' was proposed that shifted the focus away
from muscle development [5]. Developments in
the last decade have supported the CCDDY concept,
with all currently identified genes that cause CCDDs
when mutated affecting brainstem amdfor cranial
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nerve development. It is likely that we have not yet
identified all syndromes that would fall under the
CCDD rubrc, although presumabl y the ones not yet
identified are less common (or at least harder to
characterize) than those already recognized.

The CCDD concept encompasses most congenital,
static abnormalities of ocoular motility and some
additional abnormalities primarily involving lid
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