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Abstract

Joubert syndrome (JS) is a recessive disorder that is characterized by midbrain-hindbrain mal-
formation and shows the “molar tooth sign” on magnetic resonance imaging. Mutations in 40
genes, including Abelson helper integration site | (AHII), inositol polyphosphate-5-phosphatase
(INPP5E), coiled-coil and c2 domain-containing protein 2A (CC2D2A), and ARL2-like protein |
(ARLI3B), can cause JS. Classic JS is a part of a group of diseases associated with ]S, and its
manifestations include various neurological signs such as skeletal abnormalities, ocular coloboma,
renal disease, and hepatic fibrosis. Here, we present a proband with the molar tooth sign, ataxia,
and developmental and psychomotor delays in a Dagestan family from Russia. Molecular genetic
testing revealed two novel heterozygous variants, c.2924G>A (p.Arg975His) in exon 28 and
c.1241C>G (p.Pro414Arg) in exon 12 of the transmembrane protein 67 (TMEMé7) gene. These
TMEMé67 gene variants significantly affected the development of JS type 6. This case highlights the
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importance of whole exome sequencing for a proper clinical diagnosis of children with complex
motor and psycho-language delays. This case also expands the clinical phenotype and genotype of

TMEMé67-associated diseases.
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Introduction

Joubert syndrome (JS, OMIM PS213300) is
a recessive disorder that is clinically and
genetically heterogeneous. The disorder
was first described in 1969 in a patient
with abnormal tremor, hypotonia, and
agenesis of the cerebellar vermis.' This neu-
rodevelopmental ciliopathy is accompanied
by dysregulation of breathing, hypotonia,
ataxia, abnormal eye movements, and cog-
nitive impairment.? The main radiological
feature of the disease is a “molar tooth
sign” observable by magnetic resonance
imaging (MRI).

The variety of symptoms of the syn-
drome can be partly explained by the genet-
ic basis of the disease. Mutations in
more than 35 genes, including Abelson
helper integration site 1 (4HII), inositol
polyphosphate-5-phosphatase (INPPSE),
coiled-coil and ¢2 domain-containing pro-
tein 2A (CC2D24), and ARL2-like protein
1 (ARLI3B),? are responsible for autosomal
recessive JS, and one gene causes X-linked
JS.* These genes encode primary cilia pro-
teins, and mutations in each gene cause a
different type of JS.> Classic JS belongs to a
group of Joubert syndrome-related disor-
ders (JSRDs), manifestation of which is
characterized by various neurological signs
including skeletal abnormalities, ocular
coloboma, retinal dystrophy, renal disease,
and hepatic fibrosis.® Mutations in the fol-
lowing genes are most commonly associated

with the development of pathology: INPPSE
(JBTS1, OMIM 613037), TMEM?216
(JBTS2, OMIM 613277), AHII (JBTS3,
OMIM 608894), NPHPI (JBTS4, OMIM
607100), CEP290 (JBTSS, OMIM 610142),
transmembrane protein 67 (TMEMG67)
(JBTS6, OMIM 609884), RPGRIPIL
(JBTS7, OMIM 610937), ARLI3B (JBTSS,
OMIM 608922), CC2D2A (JBTS9, OMIM
612013), and OFDI (JIBTS10, OMIM
300170). The estimated JSRD incidence
ranges from 1:80,000 to 1:100,000.7

In this report, we present a Caucasian
proband with the molar tooth sign recog-
nizable on MRI, ataxia, and speech and
developmental delays. Molecular analysis
of the parents revealed two novel heterozy-
gous variants, ¢.2924G>A (p.Arg975His) in
exon 28 and c.1241C>G (p.Pro414Arg) in
exon 12 of the TMEM67 gene. According
to the literature, mutations in CPLANEI,
CC2D2A4, AHII, CEP290, and TMEMG67
occur in 6% to 9% of JS cases.® In the
homozygous and compound heterozygous
state, TM EMG67 mutations can lead to the
development of several diseases, including
JS type 6 (OMIM 609884). This case
expands the clinical phenotype and geno-
type of TM EMG67-associated diseases.

Case report

The proband was a 5-year-old Kumyk girl from
the Republic of Dagestan, Russian Federation.
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She was born from the second pregnancy
(first pregnancy — miscarriage at 7-8 weeks)
of healthy parents who denied consanguinity.
The family history was unremarkable. An
acute respiratory viral infection with elevated
body temperature occurred during the early
stages of the pregnancy. The proband was
born at 40 weeks via an urgent vaginal deliv-
ery. She had a birth weight of 3500 g, head
circumference of 35cm, height of 51 cm, and
Apgar score of 7/8. A developmental delay
had been noted since birth. At the age of
3 months, she would not fix her eyes on her
toys, had no facial expressions, and lacked
emotions. The proband was able to sit inde-
pendently and walk with support from

17 months of age. A physical evaluation at
the age of 24 months showed motor and
psycho-language delays and tremor of the
upper limbs. By 36 months, the proband
could walk independently for a short dis-
tance. An MRI examination performed at
27 months showed the molar tooth sign
(Figure 1).

According to the clinical examination
conducted at 4 years of age, the proband
could stand and walk independently and
speak several words. She had a height of
103 cm (50th—75th centile), weight of 17 kg
(50th—75th centile), head circumference of
49 cm (10th—-25th centile), and chest circum-
ference of 55cm (50th-75th centile).

Figure 1. (a) The phenotype of a 5-year-old girl with Joubert syndrome and divergent strabismus and (b)
Magnetic resonance imaging of the cerebellum and brain stem revealed the “molar tooth sign” (red arrow).
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Low-set large outer ears were noted as a
minor developmental anomality. Regarding
the skull shape, the patient had distinctive
parietal tubercles and a sloping occiput.
She was determined to have intermittent
divergent strabismus of the left eye,
chorioretinitis, and retinal angiopathy.
Electroencephalography data were normal,
and foci of epileptic activity were absent.
Ultrasound examination of the abdominal
cavity, liver, kidney, and heart did not
show any significant abnormalities.
Electromyoneurography revealed impaired
suprasegmental control of motor activity in
the lower limb muscles and an increased
phasic component of gastrocnemius muscle
tone on both sides. Amplitudes of proximal
and distal motor responses were normal.
After consultation with a geneticist, she
was referred for whole exome sequencing
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(WES), which revealed two heterozygous var-
iants in TMEMG67 that have not been identi-
fied previously: NM_153704.6, ¢.1241C>G
(GRCh38.p13 —  Chr8:93785331) and
€.2924G>A (GRCh38.p13 — Chr8:93816388)
(Figure 2).

According to the clinical evaluation con-
ducted at the age of 5, the patient had a
height of 105cm (25th—50th centile), weight
of 18 kg (50th centile), head circumference of
51 cm (50th—75th centile), and chest circum-
ference of 55cm (50th—75th centile). Other
evaluations performed on the 5-year-old
proband included abdominal ultrasonogra-
phy and ophthalmologic, neurological, and
neuropsychological evaluations. The inter-
mittent divergent strabismus of the left eye,
chorioretinitis, and retinal angiopathy
showed no dynamic changes. The neurolog-
ical examination revealed dynamic ataxia.
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Figure 2. (a) Pedigree of the 5-year-old female proband’s family with two heterozygous variants in
TMEMé67: c.2924G>A (p.Arg975His) and c.1241C>G (p.Pro414Arg). (b) Sequencing chromatogram of the
proband’s father and sister showing the heterozygous missense mutation ¢.2924G>A (p.Arg975His) in
TMEM67. (c) Sequencing chromatogram of the proband’s mother showing the heterozygous missense
mutation c.1241C>G (p.Pro414Arg) in TMEMé7. (b, c) Alignment of next-generation sequencing reads
against a reference genome (GRCh37.p13) was performed for the proband. The proband was heterozygous
for both the c.2924G>A and c.1241C>G pathogenic variants. Circle — female, square — male, open symbols
— unaffected, filled symbols — affected, arrow — proband. The bases in the grey frame are mutational sites.
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She walked independently and spread her
legs wide during walking. The muscle tone
of the proband was evaluated using the orig-
inal Medical Research Council scale. She
had a slight reduction in muscle tone in her
upper and lower limbs. Her muscle strength
was rated at 4.5 points. The proband had
symmetrical reduction of tendon and perios-
teal reflexes, but pathological reflexes were
not detected. Underdevelopment of pelvic
function was noted. Assessment of psycho-
speech development indicated a lack of
speech. The child selectively followed simple
instructions. The lack of speech was compen-
sated for by facial expressions and gestures.
She was not interested in playing together or
communicating with peers. When examining
and addressing the child, a specific reaction
was noted: stereotypy in the muscles of the
face in the form of “grimacing” (snarling and
closing her eyes) accompanied by clenching
and unclenching the fists.

The clinical severity of the proband was
quantified using two clinical scales: the
Luria—Nebraska Neuropsychological Battery
adapted by Glozman J.M.® and the Gross
Motor Function Classification Scale. Lurian
analysis helps to differentiate learning and
behavior difficulties in accordance with the
individual characteristics of brain structure
functioning. The proband’s attention score
was low (1-2 points) compared with that of
individuals with normal function (5-7
points). The patient had unstable attention,
a low psychomotor score (3 points compared
with a normal level of 12-15 points), fixed
attention, and slow switchover between
objects. Direct mechanical visual memory
was reduced to three objects (compared
with a normal score of seven to eight objects).
The coefficient of mediated memorization
was 37%, which is lower than the normal
rate (73%). Speech was absent. The patient’s
drawings were sloppy and chaotic. Her
dynamic and motivational-personal aspects
of reasoning were not affected. The proband

could partially classify objects, recognize
some animals, and make their sounds.

Whole exome sequencing

WES was performed to identify the genetic
cause of the patient’s disease, and Sanger
sequencing was performed on her mother,
father, and youngest sister, who had no
manifestations of the disease. Genomic
DNA from peripheral blood samples was
isolated using a QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany). DNA libraries
were prepared using a QIAseq FX DNA
Library Combinatorial Dual-Index Kit
(Qiagen). The samples were enriched using
a SureSelect XT2 kit (Agilent Technologies,
Santa Clara, CA, USA) and sequenced
using a HiSeq 2500 sequencer (Illumina,
San Diego, CA, USA), generating
2 x 100 base pair reads (see Supplementary
materials, Supplementary methods). After
sequencing, 3’-nucleotides with a read qual-
ity less than 10 were trimmed using
Cutadapt.’ Illumina raw reads were aligned
to reference genome hgl9 (GRCh37.pl13)
using the Burrows—Wheeler  Aligner
Maximum Entropy method. The aligned
file was used for variant calling with the
Genome Analysis Toolkit according to
Genome Analysis Toolkit best practices.'®
FastQC was used for data quality control."!

We identified two novel (p.Pro414Arg
and p.Arg975His) heterozygous substitu-
tions within the TMEMG67 protein, and
these variants had not been previously iden-
tified in the ExAC and 1000 Genomes
browsers. The heterozygous variant
¢.2924G>A was previously found in one
Genotek Ltd. patient from the Russian
population among our 3000 in-house
exomes. The combination of the two novel
compound heterozygous variants was
found only in the proband. These variants
were inherited by the patient from her
parents, which was confirmed by Sanger
sequencing  (Figure 2a). The first
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TMEMG67 variant (c.2924G>A, GRCh38.
p13 — Chr8:93816388, NM_153704.6) was
classified as having “uncertain significance”
according to the variant interpretation
guidelines of the American College of
Medical Genetics (PM2, PP3).'? The variant
was classified as “pathogenic” according to
the predictive programs SIFT, PolyPhen2,
and Mutation Taster (PolyPhen2 HumDiv
converted rank score 0.91; PolyPhen2 Hum
Var converted rank score 0.81; SIFT con-
verted rank score 0.68; Mutation Taster con-
verted rank score 0.81). The father and sister
of the proband were healthy and carried this
variant in the TMEM67 gene (Figure 2b).
The second TMEMG67 variant (c.1241C>G,
GRCh38.p13 — Chr8:93785331) was classi-
fied as having “uncertain significance”
according to the variant interpretation
guidelines of the American College of
Medical Genetics (PM2, PP3). The variant
was classified as “pathogenic” according to
the predictive programs SIFT, PolyPhen2,
and Mutation Taster (PolyPhen2 HumDiv
converted rank score 0.91; PolyPhen2 Hum
Var converted rank score 0.97; SIFT con-
verted rank score 0.91; Mutation Taster con-
verted rank score 0.81). The mother of the
proband was healthy and carried this variant
in the TMEM67 gene (Figure 2c). The list of
variant effect predictor results from the
in silico analysis of the pathogenicity of
the identified mutations is presented in
Supplementary Table 1.

This case report conforms to the CARE
guidelines."”

Discussion

We present a case report of a proband with
compound heterozygous mutations in the
TMEMG67 gene identified in a WES study.
According to the literature, JS, similar to
other ciliopathies, is highly heterogeneous
in its molecular basis and clinical manifes-
tations. Dysfunctions of several organ sys-
tems, such as renal disease and hepatic

fibrosis, may develop with a delay.'
TMEMG67 is one of the five main genes
(CPLANEI, CC2D2A4, AHIlI, CEP290,
and TMEMG67) in which mutations lead
to the development of JS (6%-9% of
cases). In most cases, pathogenic variants
in TMEMG67 are associated with JSRD
with liver involvement and/or coloboma."”
The severity of symptoms varies from mild
to severe, such as hepatic fibrosis.

The TMEMG67 gene plays a role in cilio-
genesis'® and encodes the transmembrane
protein TMEMG67/meckelin. Primary cilia
regulate chemo-, mechano-, and photorecep-
tion'” signaling pathways during embryo-
genesis and postnatal tissue homeostasis.'®
Primary cilia have complex structures, and
their components are responsible for their
formation and function. Mutations in
genes encoding proteins that are structural
or functional components of cilia lead to
the development of ciliopathies of various
origins.'”” TMEMG67 is one of the proteins
in the transition zone that forms a diffusion
barrier at the base of the cilium that restricts
entrance and exit of both membrane and sol-
uble proteins.”>*' TMEMG67 consists of 995
amino acids and includes an N-terminal
cysteine-rich domain with a highly conserved
cysteine-rich repeat domain, seven trans-
membrane domains, and a predicted B
sheet-rich region.”

Two novel compound heterozygous
TMEMG67 gene variants, p.Arg975His in
exon 28 and p.Pro414Arg in exon 12, were
identified. The heterozygous variant p.
Arg975His was also found in a 9-year-old
girl from the same region. The proband was
a Dargin girl from the Republic of
Dagestan, Russian Federation. WES was
performed because of suspected growth
retardation. The girl did not have a devel-
opmental delay, and her MRI findings were
normal. Thus, this child was a heterozygous
carrier of the identified variant, ¢.2924G>A
(p.Arg975His), in the TMEMG67 gene.
Usually, variants and their combinations
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are unique for each family. Considering the
ethnic characteristics of the children from
the described region, the detected variant,
c.2924G>A (p.Arg975His), in exon 28 may
have a similar origin and be a founder muta-
tion. However, the lack of sufficient molec-
ular data does not allow determination of
the age of the mutation and the time of
divergence of these peoples.

The affected parts of the gene are highly
conserved across species, confirming the
pathogenicity of these variants (Figure 3a).
The proline at position 414 of the protein is
located in the extracellular B sheet-rich
domain, which connects the N-terminal
cysteine-rich domain and transmembrane
domain of the protein and could mediate
signal transduction. Mutations in this

domain can destabilize the protein structure
and lead to conformational changes.>® The
arginine at position 975 of the protein is

located in the transmembrane domain of
).23

meckelin (Figure 3b

(@) s

p.Pro414Arg

p.Arg975His

(b)

()

Mutations in the TMEMG67 gene can
lead to the development of several diseases
including RHYNS syndrome (OMIM
602152), COACH syndrome 1 (OMIM
216360), JS type 6 (OMIM 610688), and
Meckel syndrome 3 (OMIM 607361).
Based on the clinical examination and
genetic analysis, the proband was diag-
nosed with JS type 6. This subtype is a
genetically distinct form of JS and is char-
acterized by hypotonia, mental retardation,
ataxia, oculomotor apraxia, retinal, renal,
or hepatic degeneration, and vermis hypo-
plasia or aplasia.”** 1In contrast, our
patient had poor language ability and
developmental delay but no kidney or
liver damage as assessed by an ultrasound
examination. Further continuous monitor-
ing of the proband is needed, but the dis-
ease exhibits a less severe form because the
identified variants in exons 12 and 28 are
not the most common gene hotspots.
Among the 28 exons that make up the

p.Prod14Arg

Human YLEYTDENQHQYILAVPVLNLNLQHNKIFVN
Chimpanzee YLEYTDENQHQYILAVPVLNLNLQHNKIFVN
Cow f IWAVPVLNLNLQHKKMFVN
Dog E =NQDQYIWAVPVLNLNLQYNKIFVN
Mouse YLEYTDEEQHRYLWPIPVLNLNLQHNKLFVN

p.Arg975His
Human LASFLTYLQQEIFRYIRNTVGQKNLASKTL
Chimpanzee |LASFLTYLQQEIFRYIRNTVGQKNLASKTL
Cow ILAAFLTYLQQEIFRFIRNAVGQKNLASKTL
Dog VLAAFLTYLQQEIFRFIRNTVGQKNLASKTL
Mouse VLASFLTYLQQEIFRFIRNTVGQKNLATKTL

Figure 3. (a) Structural mapping of the two novel pathogenic mutations onto the structure of meckelin.
The protein is a homodimer, and protomers A and B are shown in green and orange, respectively.
Carbohydrates are shown with blue cubes and green beads (the structure is from the Protein Data Bank,
https://www.rcsb.org/3d-view/7FH1/1) and (b, c) Conservation of Pro414 and Arg975 in different species of
mammals. The arrows and red letters indicate the affected site.
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TMEMG67 gene, up to 60% of mutations
occur in exons 2, 6, 8, 11, 13, 15, 18, and 24.
All previously identified variants in the
TMEM gene are presented in Supplementary
Table 2. According to the literature, several
lethal phenotypes tend to be observed in pro-
bands with combinations of nonsense/mis-
sense variants. Additionally, the prevalence
of missense mutations in the gene depends
on the disease (JS or Meckel syndrome).
Thus, in Meckel syndrome, most missense
mutations are located in exons 8 to 15, where-
as in JS, only one-third are found in these
exons. To date, only mutation of the stop
codon of exon 12 has been described.”® Two
stop codon and missense mutations were
found in exon 28.>” Thus, these novel com-
pound heterozygous variants have never
been documented in the literature.

This case highlights the importance of
exome sequencing for proper clinical diag-
nosis of children with psycho-motor delay
and JS associated with mutations in the
TMEMG67 gene. Usually, most TMEMG67
gene variant combinations are unique in the
development of ciliopathy.”® Considering the
ethnicity of the proband’s family and
the characteristics of the culture and planning
for childbearing, which is typical for this
region, early diagnostics will allow for preg-
nancy planning to take into account the high
genetic risk associated with the diagnosis.
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