Wu et al. Orphanet Journal of Rare Diseases ~ (2024) 19:300 Orp hanet Journal of Rare
https://doi.org/10.1186/s13023-024-03206-w Diseases

. : __ : ®
Clinical and genetic characteristics of Chinese D
patients with congenital fibrosis of the
extraocular muscles

JinWu"?", Lijuan Huang®", Yunyu Zhou', Yan Xie', Tong Mo* and Ningdong Li"3*"

Abstract

Objective This study aimed to describe the clinical and genetic characteristics of Chinese patients with congenital
fibrosis of the extraocular muscles (CFEOM), and to evaluate the phenotype—-genotype correlations in these patients.

Methods This was a retrospective study. Patients with CFEOM underwent detailed ophthalmic examinations and
magnetic resonance imaging (MRI). Panel-based next-generation sequencing was performed to identify pathogenic
variants of disease-causing genes.

Results Sixty-two patients with CFEOM were recruited into this study. Thirty-nine patients were diagnosed with
CFEOM1 and 23 with CFEOM3. Forty-nine of the 62 patients with CFEOM carried either KIF21A (41/49) or TUBB3
variants (8/49). Six known missense variants in the KIF21A and TUBB3 genes, and a novel variant (c.3906T > A,
p.D1302E) in the KIF21A gene were detected. Most patients with CFEOM1 carrying the KIF21A mutation displayed
isolated CFEOM, whereas patients with CFEOM3 carrying the TUBB3 mutation had a wide range of clinical
manifestations, either CFEOM alone or syndromes. Nystagmus was also present in 12 patients with CFEOM.
Furthermore, the MRI findings varied, ranging from attenuation of the extraocular muscles to dysgenesis of the cranial
nerves and brain structure.

Conclusions The novel variants identified in this study will further expand the spectrum of pathogenic variants in
CFEOM-related genes. However, no phenotype—genotype correlations were established because of the diversity of
the clinical characteristics of these patients.
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Introduction

Congenital fibrosis of the extraocular muscles (CFEOM)
is a group of rare ocular motor disorders with an esti-
mated prevalence of 1:230,000 [1]. This condition devel-
ops after birth and is characterized by nonprogressive
ophthalmoplegia and ptosis in one or both eyes. Some
patients with CFEOM may have an abnormal head pos-
ture, usually with a chin-up position caused by hypo-
tropia and ptosis. Recent advances in genetics and
neuroanatomy have proven that CFEOM is caused by
maldevelopment of the cranial nerves and their motor
neurons [2]. To date, mutations in seven genes, i.e.,
KIF21A (OMIM *608,283), PHOX2A (OMIM *602,753),
TUBB3 (OMIM*602,661), TUBB2B (OMIM *612,850),
TUBAIA (OMIM *602,529), ECELI (OMIM *605,896),
and COL25A1 (OMIM *610,004), have been associ-
ated with CFEOM [3, 4]. However, with the exception of
TUBBS3, for which a phenotype—genotype correlation has
been suggested in some pathogenic variants, no correc-
tion between phenotype and genotype has been estab-
lished for these genes [5-7].

KIF21A is located on chromosome 12ql2 and is
expressed in the brain, spinal cord, and other structures
of the nervous system. It encodes kinesin-like motor
proteins that interact directly with microtubules in the
nervous system and regulate microtubule dynamics.
Microtubules are composed of alpha and beta tubulin and
play an important role in transporting essential cellular
components along axons and dendrites [8]. The TUBB3
gene is located on chromosome 16q24.3 and is widely
expressed in neurons, the brain, the spinal cord, sensory
organs, and, to a lower extent, in the testes. This gene
encodes a Class III member of beta tubulin that heterodi-
merizes with alpha tubulin and assembles to form the
microtubules that are involved in neurogenesis and axo-
nal guidance and maintenance [7]. Mutations in KIF21A
and TUBB3 are suggested to alter microtubule dynamics
and the tubulin heterodimer angle, resulting in CFEOM
[9]. However, it is not known whether the TUBB3-asso-
ciated CFEOM and KIF21A-associated CFEOM variants
share a common pathogenic mechanism.

Based on the clinical features and inheritance pat-
tern, CFEOM is subdivided into five subtypes (1 to 5)
[3]. CFEOML1 is the most typical and common type of all
forms of CFEOM,; it is inherited in an autosomal domi-
nant manner with complete penetrance, and is caused by
mutations in KIF21A, resulting in dysgenesis of the supe-
rior division of the third cranial nerve and the motor neu-
rons, leading to atrophy of its innervated superior rectus
muscles and the levator palpebrae superioris. Patients
with CFEOM1 are unable to raise their eyes above the
midline, presenting as hypotropia and ptosis, with their
eyes fixed in an infra-ducted position [8, 10].
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CFEOM?2 is inherited in an autosomal recessive man-
ner and is caused by mutations in the PHOX2A gene,
which is prominently expressed in developing oculomo-
tor and trochlear motor neurons and is essential for their
survival. Mutations in the PHOX2A gene would result in
dysgenesis of the third and fourth cranial nerves, lead-
ing to symptoms similar to those of complete third nerve
palsy, presenting with severe ptosis and large exodevia-
tion. In addition, these patients may have small pupils
with a poor response to light [11].

CFEOMS3 is inherited in an autosomal dominant man-
ner with incomplete penetrance. Its clinical character-
istics vary and are less typical than those of CFEOM1
and CFEOM2. Patients with CFEOM3 may have uni-
lateral or bilateral ophthalmoplegia and ptosis, with a
variable degree of restriction in the different gaze direc-
tions. CFEOMS3 is subdivided into three subtypes, i.e., the
CFEOM3A-3 C forms, with CFEOM3A being caused by
mutations in the TUBB3 gene, CFEOM3B being caused
by mutations in the KIF2]A gene, and no responsible
gene having been identified for CFEOM3C [7, 12, 13].
CFEOM4, also known as Tukel syndrome, has a similar
phenotype to that of CFEOMS3 and presents with postax-
ial oligodactyly/oligosyndactyly of the hands [14]. Finally,
CFEOMS5 is inherited in an autosomal recessive manner
and is caused by mutations in the COL25A1 gene. Similar
to CFEOM3, CFEOMS5 has variable clinical characteris-
tics. Patients with CFEOMS5 may even present with bilat-
eral Duane retraction syndrome [15]. In this study, we
aimed to investigate the clinical and genetic characteris-
tics of 62 Han Chinese patients with CFEOM.

Methods

Participants

This is a retrospective study. All patients underwent
molecular and clinical diagnostics prior to enrollment.
Patient clinical data and genetic test results were used as
part of a retrospective study, subject to informed consent
from the patient and approval by the ethics committee of
Beijing Children’s Hospital.

Sixty-two Han Chinese patients with CFEOM were
enrolled in this study and underwent careful examina-
tions, including slit lamp for the anterior segment, reti-
noscopy for fundus, refractive status, ocular alignment
and motility, and levator palpebrae superior function
assessments. The binocular sensory status was evalu-
ated using the Worth 4 dot test or the Bagolini striated
glasses at near and distance. The diagnosis of CFEOM is
based on the following criteria: (1) onset of nonprogres-
sive restrictive ophthalmoplegia in one eye or both eyes
within 6 months of birth and (2) involvement of more
than two extraocular muscles in one eye. Magnetic res-
onance imaging (MRI) was performed using a 3.0-T GE
DISCOVERY MR750 scanner with an 8-channel head
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coil. Genetic testing was performed on all patients and
their affected family members under their informed con-
sent, which was obtained from the parents/legal guard-
ians of participants who were younger than 18 years.
The study was approved by the ethics committee of Bei-
jing Children’s Hospital and was in accordance with the
tenets of the Declaration of Helsinki.

Genetic testing

Three microliters of peripheral blood samples were col-
lected from all participants and available nuclear fam-
ily members, and genomic DNA was extracted using a
Blood DNA Kit (Roche Biochemical, Inc). Panel-based
next-generation sequencing (NGS) was commercially
performed by the Mygenomic Biochemical Company
(Beijing, China). A DNA library was constructed and
sequenced on an Illumina HiSeq X Ten platform (Illu-
mina, San Diego, USA). The amplified DNA was captured
using the self-designed GenCap Capture Kit (MyGenos-
tics Inc, Beijing, China), which consists of 235 eye-dis-
ease-causing genes selected from the Orphanet (https://
www.orpha.net) and OMIM databases (https://www.
omim.org/), in which the probe is designed to capture
the whole coding and non-coding regions known to be
involved in pathogenic variants associated with eye dis-
eases, including CFEOM. The 235 genes included in the
GenCap Capture Kit are listed in Supplementary Table 2.
Based on methods reported previously, the quality of the
reads was controlled by a serious of procedures [16—19].
First, the low-quality (<80 bp) and duplicated reads were
removed from the raw data using the Cutadapt (https://
cutadapt.readthedocs.io/en/stable/) and Sentieon
(https://www.sentieon.com/) software, respectively. The
clean reads (<150 bp) were aligned to the UCSC hgl9
human reference genome and then analyzed using the
Genome Analysis Toolkit (GATK) program, to identify
single-nucleotide variants (SN'Vs) and small insertions or
deletions (indels). Only variants with a GATK-assigned
quality criterion score>50.0 and a minor allele fre-
quence<0.01 were considered for downstream analysis.
Variants were further annotated using the ANNOVAR
software (http://annovar.openbioinformatics.org/en/lat-
est/), which combines multiple public databases, includ-
ing 1000 Genomes, ESP6500, dbSNP, genomAD, ClinVar,
HGMD, and the commercial MyGenostics database.
Copy number variants were detected using the CNV kit
based on the read-depth algorithm [20]. The pathoge-
nicity of missense mutations was predicted using Poly-
Phen 2 (http://genetics.bwh.harvard.edu/pph2/), Sorting
Intolerant from Tolerant (SIFT, https://sift.bii.a-star.edu.
sg/), and Combined Annotation Dependent Depletion
(CADD) (https://cadd.gs.washington.edu/). The splic-
ing effects of the variants were assessed using the Spl-
iceAl program [21] and CADD. All potential pathogenic
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variants identified by NGS were further validated using
the Sanger sequencing method. A co-segregation analy-
sis of variants in the family was performed using Sanger
sequencing. The primer pairs used in the Sanger method
are listed in Supplementary Table 3. The pathogenicity of
the variant was interpreted according to the guidelines of
the American College of Medical Genetics and Genomics
(ACMG) [22]. A 3-dimension (3D) model of the non-syn-
onymous mutant protein was generated and visualized
using the PyMOL program (https://pymol.org/) [23].

Results
Demographics and clinical features
Of the 62 affected individuals, 33 patients were recruited
from 12 pedigrees with an autosomal dominant inheri-
tance pattern (Fig. 1; Table 1), whereas 29 patients were
sporadic cases (Table 1). Based on their clinical charac-
teristics, 39 patients (62.90%, 39/62) were identified as
having CFEOM1 and 23 (37.10%, 23/62) were diagnosed
as having CFEOM3. Nine of the 12 pedigrees were iden-
tified as being CFEOM1 and three as CFEOM3. Twelve
patients with sporadic disease (41.38%, 12/29) were
diagnosed with CFEOM1 and 17 (58.62%, 17/29) with
CFEOMS3. Their anterior and fundus were normal under
slit-lamp and retinoscopy examinations. None of the
cooperative patients had binocular vision, as evaluated
by the Worth 4 dot test or the Bagolini striated glasses.
Thirty-two patients (51.61%, 32/62) with CFEOM had a
sluggish pupillary response to light, even among patients
with CFEOM1. Among the 53 patients who cooper-
ated with undergoing refractive examination, 95 eyes
had astigmatism over 0.25D, 50 eyes (52.63%) had rule
astigmatism, 29 eyes (30.52%) and against-the-rule astig-
matism, and 16 eyes (16.84%) had oblique astigmatism.
All patients with CFEOM1 had bilateral blepharoptosis,
ophthalmoplegia with both eyes fixed in an infra-ducted
position, an inability to move the eyes above the horizon-
tal midline, and a compensatory head position of chin-
up. Among the patients with CFEOM1, 30 presented
(76.92%, 30/39) with exotropia, four (10.26%, 4/39) with
esotropia, and five (12.82%, 4/39) with orthophoria in the
horizontal direction. Patients with CFEOM3 had restric-
tive strabismus in one or both eyes. Six out of 23 patients
(26.09%, 6/23) with CFEOM3 presented with monocular
ophthalmoplegia, and 17 (73.91%, 17/23) of them exhib-
ited binocular ophthalmoplegia. Their strabismus may
appear as a combination of deviations in the horizontal
and vertical directions, either exotropia, esotropia, or
orthophoria in the horizontal direction, with or without
vertical deviations. Seventeen (73.91%, 17/23) of the 23
patients with CFEOM3 had variable degrees of ptosis,
and six (26.09%, 6/23) did not exhibit ptosis.

Nystagmus was detected in only 12 patients. Hori-
zontal jerk nystagmus was found in six patients with
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Fig. 1 Pedigrees of CFEOM families carrying variants. (A) Pedigrees of CFEOM1 families carrying KIF21A variants. (B) Pedigrees of CFEOM3 families carrying
KIF21A and TUBB3 variants
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CFEOM1 and four patients with CFEOM3 (S17, S19,
S27, S28). Upbeat and multidirectional nystagmus was
respectively identified from each of two patients with
CFEOMS3 (S21, and S16). In addition, other symptoms
were observed in patients with CFEOM3, including facial
weakness in three patients (516, S17, S27), developmental
delay in four patients (S16, S17, S26, S27), Kallmann syn-
drome (hypogonadotropic hypogonadism with anosmia)
in four patients (S16, S17, S26, S27), vocal cord paraly-
sis in two patients (S16, S17), and scoliosis in one patient
(S22) (Table 1; Fig. 2).

Twenty-nine patients underwent MRI. The MRI find-
ings included attenuation of the extraocular muscles in all
patients, hypoplasia of oculomotor nerve in 24 (82.76%,
24/29) patients (15 CFEOM1, 9 CFEOM3), dysgenesis
or agenesis of the sixth cranial nerve in five patients (S2,
S16, S20, S24, and P12-II11), dysgenesis of the seventh
cranial nerve in a patient with CFEOM3 (516), hypopla-
sia of the corpus callosum in four patients with CFEOM3
(S16, S17, S21 and S26), aplasia of the olfactory bulb and
sulcus in a patient with CFEOM3 (S17), and temporal
horn enlargement of the lateral ventricle in a patient with
CFEOMS3 (S16). The demographics and detailed clinical
characteristics of the patients with CFEOM are listed in
Table 2 (additional information is provided in Supple-
mentary Table 1).

Genetic analysis

Forty-nine of the 62 patients carried variants in the
KIF21A and TUBB3 genes, with 41 patients carrying a
missense variant of the KIF21A gene and eight patients
carrying a missense variant of the TUBB3 gene. Only
three types of missense variants, i.e., ¢.3906T > A(p.Asp-
1302Glu), ¢.2860 C>T(p.Arg954Trp), and ¢.2861G> A(p.
Arg954Gln), were identified in the KIF2IA gene, and
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four types of variants, ie., c.784 C>T(p.Arg262Cys),
€.904G > A(p.Ala302Thr), ¢.1249G > A(p.Asp417Asn),
and ¢.1228G>A(p.Glu410Lys), were detected in the
TUBB3 gene. With the exception of c.3906T >A(p.Asp-
1302Glu) in KIF21A, the remaining variants in KIF21A
and TUBB3 had been reported previously and were
present in more than one affected individual, especially
for ¢.2860 C>T(p.Arg954Trp) and c.2861G>A(p.Arg-
954Gln) in KIF2IA (Fig. 3). The c.3906T >A(p.Asp-
1302Glu) variant of KIF21A is regarded as a pathogenic
variant because the wild-type aspartic acid (Asp or D)
amino acid at codon 1302 is highly conserved among
Homo sapiens, Pan troglodytes, Macaca mulatta, Canis
lupus familiaris, Bos taurus, and Gallus gallus (Fig. 4).
Substitution of aspartic acid (D) with glutamic acid (Glu
or E) would destroy the stability of the protein, as pre-
dicted by the online SIFT, Polyphen-2, MutationTaster,
and CADD programs (Table 3) and further confirmed
by the 3-D model that was constructed using Dynamut2
(http://biosig.unimelb.edu.au/dynamut2/), in which the
mutant type gained an extra hydrogen bond with the ser-
ine (S) amino acid at codon 1304 and resulted in a change
in the free energy of the structure (Fig. 4; Table 4).

Genotype-phenotype correlations
Nine pedigrees (P1-9) with CFEOML1 carried either the
¢.2860 C>T(p.Arg954Trp) or ¢.2861G>A(p.Arg954Gln)
variant of KIF21A, and two pedigrees (P11-12) with
CFEOMS3 carried the ¢.2860 C>T(p.Arg954Trp) vari-
ant of KIF21A. One pedigree (P10) with CFEOM3 car-
ried the ¢.784 C>T(p.Arg262Cys) pathogenic variant of
TUBB3 (Fig. 1).

Eleven out of the 12 sporadic patients with CFEOM1
carried either the ¢.2860 C>T(p.Arg954Trp) or
¢.2861G > A(p.Arg954GlIn) variant of KIF21A, with one of

Fig. 2 Clinical spectrum and spine X-ray of patient S22 with CFEOM3. (a) Facial photograph showing the normal bilateral palpebral fissure widths and
orthophoria on the primary eye position. (b) Body photograph indicating scoliosis. (c) Thoracic X-ray film of scoliosis. (d) Nine gaze photographs showing
limited eye movements in both the horizontal and vertical directions, which differentiates the condition of the patient from horizontal gaze palsy with

progressive scoliosis
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Table 2 Demographics and clinical features of CFEOM patients

CFEOM1 CFEOM3
Unilateral Bilateral

No. of patients 39 6 17
sex

Male 21 3 8

Female 18 3 9
Pedigrees 9 0 3
Sporadic cases 12 6 11
BCVA (mean+SD) 0.29+0.21 0.55+0.64 0.37+022
SE (mean+SD) 092+261 220+2.58 235+1.89
Primary horizontal position
of eyes

Orthophoria 5 0 2

Exotropia 30

Esotropia 4 2 6
Primary vertical position
of eyes

Orthophoria 0 0 3

hypotropia 37 6 14
Restriction of eye
movements

Vertical 37 6 17

Horizontal 37 6 15
Blepharoptosis 37 4 13
Nystagmus 6 1 5
SPLR 22 1 9
MRI (performed) 17 2 10
Abnormalities in MRI

EOMs 17 2 10

CN3 15 1 8

CN6 1 0 4

CN7 0 0 1

cC 0 0 4

OBS 0 0 1

LV 0 0 1
Non-ocular findings

facial weakness 0 0 3

developmental delay 0 0 4

Kallmann syndrome 0 0 4

vocal cord paralysis 0 0 2

scoliosis 0 0 1

Abbreviation: BCVA: Best corrected visual acuity; SE: Spherical equivalent; SPLR:
Sluggish pupillary light reflex; EOMs: Extraocular muscles; CN3: oculomotor
nerve; CN6: abducens nerve; CN7: facial nerve; CC: Corpus callosum; OBS:
Olfactory bulbs and sulci; LV: lateral ventricle

them (S4) carrying the novel ¢.3906T > A(p.Asp1302Glu)
missense variant of KIF2IA. Six of the 11 sporadic
patients with bilateral ophthalmoplegia who were diag-
nosed as having CFEOM3 carried the TUBB3 variants
of ¢.904G>A(p.Ala302Thr), c.1249G>A(p.Asp417Asn),
and ¢.1228G> A(p.Glu410Lys), whereas five of them did
not carry either KIF21A or TUBB3 mutations.(Table 1).
Patients with the ¢.3906T>A(p.Asp1302Glu) and
€.2861G > A(p.Arg954Gln) variants in KIF2IA presented
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with a typical feature of CFEOM1, whereas patients with
the ¢.2860 C>T(p.Arg954Trp) variant presented with
either CFEOM1 or CFEOMS3. The clinical characteristics
varied among patients with TUBB3 mutations. CFEOM
without systemic disorders was present in patients with
the ¢.784 C>T(p.Arg262Cys), ¢.904G>A(p.Ala302Thr),
and ¢.1249G>A(p.Asp417Asn) variants of TUBBS3,
whereas a complicated systemic disorder was observed
in patients with the ¢.1228G> A(p.Glu410Lys) variant of
TUBB3, including developmental delay and Kallmann
syndrome in all four patients (S16, S17, S26, and S27),
facial weakness in three patients (S16, S17, and S27),
and vocal cord paralysis in two patients (516 and S17)
(Table 1).

Horizontal jerk nystagmus was present in six patients
with CFEOM1 carrying the ¢.2860 C>T(p.Arg954Trp)
variant of KIF21A, and four patients with CFEOM3 had
the ¢.904G>A(p.Ala302Thr) and ¢.1228G>A(p.Glu-
410Lys) variants of TUBB3. Upbeat nystagmus was found
in a patient (S21) with the c.904G > A(p.Ala302Thr) vari-
ant of TUBB3, and multidirectional nystagmus was iden-
tified only in one patient (S16) with the c.1228G>A(p.
Glu410Lys) variant of TUBB3.

The S2 and P12-III1 patients, who carried with the
same variant of ¢.2860 C>T(p.Arg954Trp), were found to
have aplasia of the sixth cranial nerve on MRI, although
they had different types of CFEOM (S2, CFEOM]I; and
P12-1111, CFEOM3) (Fig. 5; Table 1). Unlike patients
with the KIF21A mutation, those with the TUBB3 muta-
tion exhibited more complex and varied findings on MRI
(Fig. 6), even though they carried the same variant. Three
patients with the Glu410Lys variant had hypoplasia of
the corpus callosum and one had an enlarged temporal
horn of the lateral ventricle (Fig. 7). Moreover, among
the patients carrying the Glu410Lys variant, patient S16
exhibited hypoplasia of the third, six, and seventh cranial
nerves and corpus callosum, whereas patient S35 only
had hypoplasia of the third cranial nerve (Fig. 7). Because
of the complex clinical findings observed in our patients,
no correlations between genotype and phenotype were
established.

Discussion

In this study, we evaluated the clinical characteristics of
62 patients with CFEOM and identified six previously
reported missense variants in the KIF21A and TUBB3
genes and a novel variant in the KIF21A gene in a patient
with sporadic CFEOM1. We also found that patients with
TUBB3 variants had more complex and variable clini-
cal features that may be involved in multiple systemic
disorders, in contrast to patients with KIF21A variants,
who had few systemic disorders and only restrictive
strabismus.
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Fig. 3 Genomic sequence chromatograms of patients with CFEOM carrying KIF21A and TUBB3 variants. (A) Three heterozygous variants of the KIF21A
gene (red arrows). (B) Four heterozygous variants of the TUBB3 gene (red arrows)
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Fig. 4 Genetic feature of variant ¢.3906T > A(p.Asp1302Glu) of KIF21A. (A) Domain structure of the KIF21A protein. (B) The D1302 residue is located in the
low-complexity region of KIF21A. (C) Multiple sequence alignment demonstrates high conservation of the p.Asp1302 residue (marked with black arrows).
(D) Genomic sequence chromatograms of the ¢.3906T > A(p.Asp1302Glu) variant. E, F. Schematic representation of the structure and spatial distribution
of the D1302 residue of the KIF21A protein. G. Interaction force of the Asp1302Glu substitution with the surrounding amino acid residues

Table 3 Pathogenicity prediction scores for the c3906T > A(p.Asp1302Glu) substitution
Gene variant SIFT Poly-phen2 MutationTaster CADD

KIF21A c.3906T>A 0.882 0.99 0.989 16.59
p.Asp1302Glu Tolerable Probably damaging Disease causing Tolerable
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Table 4 Stability analysis of ¢3906T > A(p.Asp1302Glu) using different servers and software

DynaMut ENCoM mCSM SDM DUET
AAG -0.118 -0.019 -0.435 0.7 0.037
(kcal/mol)
Outcome Destabilizing Destabilizing Destabilizing Stabilizing Stabilizing

R954W D1302E

R954Q R954W

Fig. 5 Ocular and MRI findings of patients with CFEOM1 (a1-c2) and CFEOM3 (d1-d2) carrying KIF21A variants. a1, a2. Patient S2, harboring the Arg-
954Trp variant, displayed bilateral ptosis and absence of CN6 on MRI. b1,b2. Patient S4, harboring the Asp1302Glu variant, showed bilateral ptosis and
hypoplasia of the bilateral CN3 on MRI. c1,c2. Patient S6, harboring the Arg954GlIn variant, exhibited bilateral ptosis and hypoplasia of the bilateral leva-
tor palpebrae superioris-superior rectus on MRI. d1, d2. Patient P12-l11, with CFEOM3, harbored the Arg954Trp variant and showed bilateral ptosis and
absence of left CN6 on MRI

The KIF21A-encoded protein consists of an amino
terminal motor domain, three central coiled-coil stalk
domains, and a carboxy-terminal tail domain containing
seven WDA40 repeats. As a member of the motor kinesin
family, KIF21A plays an important role in microtubule-
dependent transport from the cell body to the develop-
ing growth cone and acts as an inhibitor of microtubule
dynamics through interactions with microtubule-associ-
ated proteins [8, 24]. To date, at least 15 mutations have
been identified in the KIF21A gene, most of which are
missense mutations and cluster in the second coiled-coil
and the motor domains, thus interfering with the func-
tion of the protein [12, 25-31]. The novel ¢.3906T > A(p.
Asp1302Glu) variant identified here was located in the
low-complexity regions (LCRs), downstream of the third
coiled-coil domain. LCRs have been regarded as being

involved in numerous aspects of cell biology, including
transcriptional regulation, replication, genome stabil-
ity, and protein—protein interactions [32]. Mutations in
LCRs can lead to various human neurological disorders,
such as frontotemporal dementia and Alzheimer’s dis-
ease [32, 33]. Because aspartate (Asp, D) has a shorter
side chain compared with glutamate (Glu, E), it may
establish a more stable connection with amino acids
other than glutamate when constituting an activity cen-
ter in the protein. A well-known example of this feature
is that aspartate is commonly involved in the formation
of protein activation centers via the Asp-His-Ser catalytic
triad. Substitution of aspartate (Asp, D) at codon 1304
with glutamate (Glu, E) would destroy the stability of the
protein and reduce its activity, which would be predicted
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Fig. 6 Ocular and MRI findings of patients with CFEOM3 carrying TUBB3 variants. a1, a2 Patient P10-lll1, harboring the Arg262Cys variant, displayed
bilateral ptosis and hypoplasia of CN3 on MRI. b1, b2 Patient S21, harboring the Ala302Thr variant, showed bilateral ptosis and hypoplasia of the corpus
callosum on MRI. c1, €2 Patient S24, harboring the Asp417Asn variant, exhibited left ptosis and absence of bilateral CN6 on MRI

to decrease its role as an inhibitor of microtubule dynam-
ics and lead to the stalling of axon guidance [34, 35].
Interestingly, we also found that two patients with the
Arg954Trp variant exhibited hypoplasia not only in the
third, but also in the six cranial nerve on MRI. Previous
studies have shown that hypoplasia of the third and sixth
cranial nerves can occur simultaneously in patients with
CFEOM [10]. However, specific CFEOM types and their
associated genotypes were not mentioned. Definitely, we
lack sufficient evidence to support the contention that
the hotspot mutation of Arg954Trp is responsible for
the hypoplasia of abducens. However, in a recent case
report, the syndromic CFEOM phenotype caused by the
¢.2015T >C(p.Leu672Pro) variant of the KIF2IA gene
illustrates that KIF2IA mutation may result in multiple

damage to the nerve system, rather than only involve-
ment in the ocular motor nerve [12].

The TUBB3 gene encodes a neuron-specific Class III
B-tubulin isotype, which plays a critical role in neuronal
migration and axonal guidance [36, 37]. Heterozygous
missense mutations in TUBB3 may cause two distinct
phenotypes, isolated or syndromic CFEOM3 or malfor-
mations of cortical development, and occasionally both
of these conditions [5, 7, 38]. The possible underlying
mechanism is that amino acid substitutions in TUBB3
may disturb the equilibrium of microtubule dynamics
and the interaction of microtubules with kinesin motors
[7, 39, 40]. In our cohort, patients with the Arg262Cys,
Ala302Thr, and Asp417Asn variants of TUBB3 exhib-
ited isolated CFEOM3 phenotypes. Unlike that reported
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Fig. 7 Ocular and MRI findings of four patients with the TUBB3 Glu410Lys variant. a-d. Facial photographs of patients S16 (a), S17 (b), 526 (c), and S27 (d),
showing bilateral blepharoptosis and facial weakness in patients S16, S17, and S27 (patient $S26 had undergone correction of blepharoptosis). e. Enlarge-
ment of the lateral ventricle on its temporal horn in patient S16. f, g. Absence of the right CN7 in patient S16. h.i. Hypoplasia of the corpus callosum and
the bilateral olfactory bulbs and sulci in patient S17. j. Hypoplasia of the bilateral CN6 in patient S26. k. Hypoplasia of the bilateral CN3 in patient 527

previously, our patient with the Asp417Asn variant did
not have atrophy of the intrinsic foot muscles and an
elevated arch [7]. In agreement with the previous reports
of the severe clinical findings commonly detected in iso-
lated patients with CFEOM3 with Arg262Cys, one of
our patients (P10-II11) with the Arg262Cys variant had a
large exodeviation angle of more than 90 PD at the hori-
zontal direction and extremely tight extraocular muscles.
Although she has undergone three operations to correct
her large exodeviation, she still exhibits recurrent exo-
tropia. Instead of a de novo mutation, she inherited the
Arg262Cys variant from her affected father. In addition,
all four patients with sporadic CFEOM3 carrying the
Glu410Lys variant displayed complex clinical manifesta-
tions, including facial weakness, developmental delays,
and additional systemic disorders, such as microphallus
and cryptorchidism. In addition, two patients with the
Glu410Lys and Asp417Asn variants had hypoplasia of
the third and sixth cranial nerves. In a previous report,
nystagmus was present in patients with TUBB3 muta-
tions [5]; however, in our patients, nystagmus was pres-
ent not only in patients with T{/BB3 mutations, but also
in patients with KIF21A mutations. At one point, it was
suggested that nystagmus might be related to reduced
visual acuity or sensory deficits. However, we suggest
that nystagmus would be associated with dysgenesis of
the ocular motor control system caused by underdevel-
opment of the central nervous system.

Conclusions

We have identified a novel variant in the KIF21A gene
that will extend the mutation spectrum of KIF21IA and
supply some of the novel phenotypes induced by the
KIF21A and TUBB3 mutations. In addition, we described
a large cohort of Chinese patients with CFEOM with
detailed phenotypes and genotypes.
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