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Abstract

Mutations in the TBC1D24 gene are responsible for four neurological presentations: infan-
tile epileptic encephalopathy, infantile myoclonic epilepsy, DOORS (deafness, onychody-
strophy, osteodystrophy, mental retardation and seizures) and NSHL (non-syndromic
hearing loss). For the latter, two recessive (DFNB86) and one dominant (DFNA65) muta-
tions have so far been identified in consanguineous Pakistani and European/Chinese fami-
lies, respectively. Here we report the results of a genetic study performed on a large
Moroccan cohort of deaf patients that identified three families with compound heterozygote
mutations in TBC1D24. Four novel mutations were identified, among which, one ¢.641G>A
(p.Arg214His) was present in the three families, and has a frequency of 2% in control
Moroccan population with normal hearing, suggesting that it acts as an hypomorphic variant
leading to restricted deafness when combined with another recessive severe mutation. Alto-
gether, our results show that mutations in TBC1D24 gene are a frequent cause (>2%) of
NSHL in Morocco, and that due to its possible compound heterozygote recessive transmis-
sion, this gene should be further considered and screened in other deaf cohorts.

Introduction

The TBC1D24 gene (OMIM #613577) encodes a family of Tre2-Bub2-Cdc16 (TBC) domain
containing RAB-specific GTPase-activating proteins, which are thought to be involved in exo-
and endo-cytosis of vesicles [1, 2]. TBC1D24 includes 8 exons, among which three: exons 3, 4
and 5 are alternatively spliced and exclusively present or absent in the mature messenger
RNAs, thus leading to 4 isoforms [3, 4]. Expression of TBC1D24 appears ubiquitous, with the
exception of spleen, and is predominant in the developing brain, in chondrocytes from the
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distal phalanges, and in the scull [2, 3], thus explaining why TBC1D24 mutations can induce
epilepsies, mental retardation, onychodystrophies and osteodystrophies, as reported in the
DOORS syndrome (OMIM #220500), or infantile myoclonic epilepsies (OMIM #605021) and
epileptic encephalopathies (OMIM #615338). In addition, TBC1D24 expression is also present
in the cochlea in the inner and outer hair cells and in the spiral ganglion neurons [5, 6], sub-
stantiating also why TBC1D24 mutations can induce hearing loss. In the last years, three publi-
cations reported mutations in TBC1D24 associated to non-syndromic hearing loss (NSHL).
Two recessive mutations, ¢.208G>T (p.Asp70Tyr) and c.878G>C (p.Arg293Pro) were identi-
fied in 4 consanguineous Pakistani families [5] (DFNB86; # 614617), and the ¢.533C>T (p.
Ser178Leu) dominant mutation was simultaneously identified in a European family [7] and a
Chinese family [6] (DFNAG65; #616044).

We have recruited 136 Moroccan families with hearing impairment and performed genetic
studies to identify the molecular determinants responsible for their disease [8-13].

Using whole exome sequencing (WES) on probands from recessive families without genetic
diagnosis, we identified two pedigrees with compound heterozygote mutations in TBC1D24,
which prompted further sequencing of all TBC1D24 exons in the 62 families devoid of molecu-
lar genetic diagnosis. This led to the identification of an additional simplex case, again with
compound heterozygote mutations.

Patients and Methods
Patients

Two unrelated Moroccan families were studied because of its parental consanguinity and the
existence of two siblings with hearing loss. (Fig 1A) Audiological evaluation disclosed severe to
profound congenital bilateral sensorineural hearing loss in all the affected members from these
two families and in the simplex case from the third pedigree. Further clinical examination of
the subjects disqualified any symptom or malformation that could be suggestive of a syndromic
form of hearing loss. Before using WES, patient DNA were tested negative for G/B2 mutation,
mitochondrial (12sRNA) mutation and the 242G>A mutation in LRTOMT.

Ethics statements

Written informed consent was obtained from all patients, and the genetic study was approved
by the committee on research ethics of the Pasteur Institute of Morocco. This work was con-
ducted according to the principles of the declaration of Helsinki.

Whole Exome sequencing

Using the phenol chloroform method, genomic DNA was extracted from blood from affected
and unaffected family members. Whole Exome Sequencing (WES) on the probands from fam-
ily I and II was used to screen disease-causing variants, and performed at Otogenetics Corpora-
tion (Norcross, GA, USA). In brief, exome capture involved the use of the Agilent Human
exome V5 (51Mb) capture kit, followed by paired end sequencing on a Hiseq2000 platform
(Illumina, San Diego, USA). Reads were aligned against the human genome reference sequence
hg19 (GRCh37), exome coverage obtained was higher than 47X, which provided sufficient
depth to analyze variants. Candidate pathogenic variants were defined as missense, nonsense,
splice-site and frameshift mutations with a minor allele frequency lower than 0.01, using the
1000 Genomes Project database and the Exome Variant Server (EVS).
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Fig 1. Mutations in TBC1D24 segregate with non-syndromic hearing loss. (A) Pedigrees of the two families are shown with the segregation of the
mutations identified in TBC1D24. (B) Electrophoregrams showing the 4 heterozygote mutations identified in this work. C) Alignments of TBC1D24 sequences
around the 4 mutated amino acids highlighted by red rectangles (H.s.: Homo sapiens; M.m.: Mus musculus; G.g.: Gallus gallus; X.l.: Xenopus laevis; D.r.:

Danio rerio).

doi:10.1371/journal.pone.0138072.g001

To ascertain the segregation with the disease phenotype in these families, Sanger sequencing
was performed to validate mutations in the candidate gene. Specific primers were designed
using Primer3 (http://primer3.ut.ce/) (sequences are available upon request).

Results and Discussion

Four novel variants in TBC1D24 were identified and confirmed by Sanger sequencing. Segrega-
tion studies showed that all affected patients in family I and II were compound heterozygote
for two distinct mutations, whereas unaffected ones were carrying one mutated allele or none
(Fig 1A & 1B). Mutations were predicted to be pathogenic by SIFT, PolyPhen-2 and Mutation
Taster softwares (Table 1). A common heterozygous variant, c.641G>A, p.Arg214His was
present in the index patient from the two families and the simplex case. This mutation is refer-
enced in NCBI database as rs200324356 and has a frequency of 0,2% in NCBI, 14/12736 in the
Exome Variant Server database and 0.124% in ExAC browser. In addition, in family I (Fig 1A,
top), we identified a heterozygous insertion ¢.1316insG leading to a frameshift (p.Val439Val.
fs*32) truncating 120 amino acids of the protein. The two other affected members of this family
were compound heterozygous for these mutations, whereas the unaffected brother and mother
were heterozygote for the c.641G>A and the c.1316insG, respectively. In family IT (Fig 1A,
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Table 1. Characteristics of the novel mutations identified in TBC1D24 gene.

cDNA mutation protein change rs ID NCBI EVS Sift Polyphen2 Mutation Taster
c.457G>A p.Glu153Lys rs376712059 1/12875 0.29 1.0 56

c.641G>A p.Arg214His rs200324356 0.002 14/12736 0.4 0.997 29

c.798G>T p.Lys266Asn unknown 0.62 0.722 94

c.1316delT p.Val439Val.fs32 unknown

For each mutation, its position in the cDNA is given, as well as the amino-acid change, its reference number in NCBI database (rs ID), its frequency in
NCBI and Exome Variant Server (EVS) database, and the predicted Sift, Polyphen-2 and Mutation Taster scores.

doi:10.1371/journal.pone.0138072.1001

bottom), we identified another heterozygous mutation c.457G>A, leading to the p.Glul153Lys
amino acid change. This mutation is referenced in NCBI database as rs376712059 and has a
frequency of 1/12875 in the Exome Variant Server database. Sanger sequencing confirmed that
the affected brother was compound heterozygous for the ¢.641G>A and c.457G>A mutations.
In the simplex case, we identified another novel variant ¢.798G>T, leading to the p.Lys266Asn
amino acid change, which is not referenced in any database. Segregation of this mutation was
not achievable, because no other DNA sample from the family was available.

Thus, we have identified compound heterozygote mutations in TBC1D24 in 3 Moroccan
pedigrees with NSHL. All 4 mutations are proposed to be damaging by the Polyphen2 and
Mutation taster prediction programs (Table 1), changing 3 amino-acids conserved among ver-
tebrates, or introducing a frame shift deleting one fifth of the protein sequence (Fig 1C).

The distribution of these mutations in TBC1D24 protein sequence (Fig 2), affects the TBC,
the middle and the TLDc domains, thus suggesting that the integrity of these domains is crucial
for TBC1D24 functions in the cochlea.

Importantly, the c.641G>A mutation was recurrently found, suggesting that it is a rather
frequent polymorphism in the Moroccan population. This hypothesis is supported by a
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Fig 2. Schematic representation of the mutations responsible for non-syndromic hearing loss, in the TBC1D24 protein. The TDC and TLBc
functional domains are represented on the TBC1D24 protein structure. The amino-acid changes identified in this work (in bold) and the published recessive
and dominant mutations responsible for NHSL are shown on the top, while mutations responsible for DOORS syndrome, familial infantile myoclonic epilepsy,
progressive myoclonus epilepsy and early-infantile epileptic encephalopathy-16 are shown below the protein structure.

doi:10.1371/journal.pone.0138072.9002
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frequency of 1/1000 in the Exome Server Variant database and of 2/1000 in the NCBI database.
Our analysis of a control Moroccan population showed that indeed this mutation can be con-
sidered as a frequent polymorphism, as we found it 4 times among 200 control DNA samples,
thus with an allele frequency around 2%. In addition, we have not found a patient homozygous
for this c.641G>A mutation, a situation that should be more frequent than the cases we
reported here, associating the c.641G>A mutation (frequency: 0.02) to very rare mutations.
Thus, although not biologically demonstrated, these observations suggest that the p.Arg214His
mutation, by itself, has a mild deleterious effect on TBC1D24 functions, but leads to deafness
when associated to another severe pathogenic mutation. In this respect, but without concrete
evidence, we can hypothesize that this variant acts as a hypomorphic mutation, with probably
no significant pathological consequence on hearing when homozygote. Our data also explain
why, conversely to what we initially expected, we found compound heterozygote mutations in
the 2 consanguineous families that we reported here.

The fact that we identified three families with TBC1D24 compound heterozygote mutations
is also an important finding of this work, as to date only consanguineous recessive pedigrees
were identified, in addition to a single dominant mutation, thus suggesting that the association
of two mutated TBC1D24 alleles can induce NSHL. Furthermore the fact that mutations in
TBC1D24 have been found in 3 NSHL pedigrees out of 136 recruited in Morocco (2% of our
index patients), promotes this gene as potentially crucial amongst other NSHL cohorts. Conse-
quently, we much recommend that TBC1D24 sequence is screened in other regions of the
world, where causative mutations leading to inherited deafness have not been fully identified.

Acknowledgments

Authors are indebted to the families that contributed to this study. This work was supported by
Pasteur Institute of Morocco (IPM) and a collaborative project between the French National
Institute of Health and Medical Research (INSERM) and the Moroccan National Centre for
Scientific and Technical Research (CNRST). GL acknowledges the support from the Région
Pays de la Loire, Angers Loire Métropole, Angers University and Hospital.

Author Contributions

Conceived and designed the experiments: A. Barakat GL. Performed the experiments: A.
Bakhahchane MC. Analyzed the data: RR MC RB. Contributed reagents/materials/analysis
tools: SS HN RR. Wrote the paper: A. Bakhchane GL A. Barakat.

References

1. Falace A, Filipello F, La Padula V, Vanni N, Madia F, De Pietri Tonelli D, et al. TBC1D24, an ARF6-
interacting protein, is mutated in familial infantile myoclonic epilepsy. American journal of human genet-
ics. 2010; 87(3):365—70. doi: 10.1016/j.ajhg.2010.07.020 PMID: 20727515; PubMed Central PMCID:
PMC2933335.

2. Campeau PM, Kasperaviciute D, Lu JT, Burrage LC, Kim C, Hori M, et al. The genetic basis of DOORS
syndrome: an exome-sequencing study. The Lancet Neurology. 2014; 13(1):44-58. doi: 10.1016/
S1474-4422(13)70265-5 PMID: 24291220; PubMed Central PMCID: PMC3895324.

3. Corbett MA, Bahlo M, Jolly L, Afawi Z, Gardner AE, Oliver KL, et al. A focal epilepsy and intellectual dis-
ability syndrome is due to a mutation in TBC1D24. American journal of human genetics. 2010; 87
(3):371-5. doi: 10.1016/j.ajhg.2010.08.001 PMID: 20797691; PubMed Central PMCID: PMC2933342.

4. Guven A, Tolun A. TBC1D24 truncating mutation resulting in severe neurodegeneration. Journal of
medical genetics. 2013; 50(3):199-202. doi: 10.1136/jmedgenet-2012-101313 PMID: 23343562.

5. Rehman AU, Santos-Cortez RL, Morell RJ, Drummond MC, Ito T, Lee K, et al. Mutations in TBC1D24,
a gene associated with epilepsy, also cause nonsyndromic deafness DFNB86. American journal of
human genetics. 2014; 94(1):144-52. doi: 10.1016/j.ajhg.2013.12.004 PMID: 24387994; PubMed Cen-
tral PMCID: PMC3882911.

PLOS ONE | DOI:10.1371/journal.pone.0138072 September 15,2015 5/6


http://dx.doi.org/10.1016/j.ajhg.2010.07.020
http://www.ncbi.nlm.nih.gov/pubmed/20727515
http://dx.doi.org/10.1016/S1474-4422(13)70265-5
http://dx.doi.org/10.1016/S1474-4422(13)70265-5
http://www.ncbi.nlm.nih.gov/pubmed/24291220
http://dx.doi.org/10.1016/j.ajhg.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20797691
http://dx.doi.org/10.1136/jmedgenet-2012-101313
http://www.ncbi.nlm.nih.gov/pubmed/23343562
http://dx.doi.org/10.1016/j.ajhg.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24387994

@’PLOS ‘ ONE

TBC1D24 and Hearing Loss

10.

11.

12

13.

Zhang L, HuL, Chai Y, Pang X, Yang T, Wu H. A dominant mutation in the stereocilia-expressing gene
TBC1D24 is a probable cause for nonsyndromic hearing impairment. Human mutation. 2014; 35
(7):814-8. doi: 10.1002/humu.22558 PMID: 24729547 .

Azaiez H, Booth KT, Bu F, Huygen P, Shibata SB, Shearer AE, et al. TBC1D24 mutation causes auto-
somal-dominant nonsyndromic hearing loss. Human mutation. 2014; 35(7):819-23. doi: 10.1002/
humu.22557 PMID: 24729539; PubMed Central PMCID: PMC4267685.

Abidi O, Boulouiz R, Nahili H, Ridal M, Alami MN, Tlili A, et al. GJB2 (connexin 26) gene mutations in
Moroccan patients with autosomal recessive non-syndromic hearing loss and carrier frequency of the
common GJB2-35delG mutation. International journal of pediatric otorhinolaryngology. 2007; 71
(8):1239-45. doi: 10.1016/j.ijporl.2007.04.019 PMID: 17553572.

Boulouiz R, Li Y, Soualhine H, Abidi O, Chafik A, Nurnberg G, et al. A novel mutation in the Espin gene
causes autosomal recessive nonsyndromic hearing loss but no apparent vestibular dysfunctionin a
Moroccan family. American journal of medical genetics Part A. 2008; 146A(23):3086-9. doi: 10.1002/
ajmg.a.32525 PMID: 18973245.

Nahili H, Charif M, Boulouiz R, Bounaceur S, Benrahma H, Abidi O, et al. Prevalence of the mitochon-
drial A 1555G mutation in Moroccan patients with non-syndromic hearing loss. International journal of
pediatric otorhinolaryngology. 2010; 74(9):1071—4. doi: 10.1016/j.ijporl.2010.06.008 PMID: 20637512.

Li Y, Pohl E, Boulouiz R, Schraders M, Nurnberg G, Charif M, et al. Mutations in TPRN cause a progres-
sive form of autosomal-recessive nonsyndromic hearing loss. American journal of human genetics.
2010; 86(3):479-84. doi: 10.1016/j.ajhg.2010.02.003 PMID: 20170898; PubMed Central PMCID:
PMC2833376.

Charif M, Abidi O, Boulouiz R, Nahili H, Rouba H, Kandil M, et al. Molecular analysis of the TMPRSS3
gene in Moroccan families with non-syndromic hearing loss. Biochemical and biophysical research
communications. 2012; 419(4):643-7. doi: 10.1016/j.bbrc.2012.02.066 PMID: 22382023.

Charif M, Bakhchane A, Abidi O, Boulouiz R, Eloualid A, Roky R, et al. Analysis of CLDN14 gene in

deaf Moroccan patients with non-syndromic hearing loss. Gene. 2013; 523(1):103-5. doi: 10.1016/j.
gene.2013.03.123 PMID: 23590985.

PLOS ONE | DOI:10.1371/journal.pone.0138072 September 15,2015 6/6


http://dx.doi.org/10.1002/humu.22558
http://www.ncbi.nlm.nih.gov/pubmed/24729547
http://dx.doi.org/10.1002/humu.22557
http://dx.doi.org/10.1002/humu.22557
http://www.ncbi.nlm.nih.gov/pubmed/24729539
http://dx.doi.org/10.1016/j.ijporl.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17553572
http://dx.doi.org/10.1002/ajmg.a.32525
http://dx.doi.org/10.1002/ajmg.a.32525
http://www.ncbi.nlm.nih.gov/pubmed/18973245
http://dx.doi.org/10.1016/j.ijporl.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20637512
http://dx.doi.org/10.1016/j.ajhg.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20170898
http://dx.doi.org/10.1016/j.bbrc.2012.02.066
http://www.ncbi.nlm.nih.gov/pubmed/22382023
http://dx.doi.org/10.1016/j.gene.2013.03.123
http://dx.doi.org/10.1016/j.gene.2013.03.123
http://www.ncbi.nlm.nih.gov/pubmed/23590985

