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Whole-exome sequencing reveals known
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Summary
Hearing impairment (HI) is the most common neurosensory disorder globally and is reported to be more prevalent in low-income coun-

tries. In high-income countries, up to 50% of congenital childhood HI is of genetic origin. However, there are limited genetic data on HI

from sub-Saharan African populations. In this study, we investigated the genetic causes of HI in the Malian populations, using whole-

exome sequencing. Furthermore, cDNAwas transfected into HEK293T cells for localization and expression analysis in a candidate gene.

Twenty-four multiplex families were enrolled, 50% (12/24) of which are consanguineous. Clustering methods showed patterns of

admixture from non-African sources in some Malian populations. Variants were found in six known nonsyndromic HI (NSHI) genes,

four genes that can underlie either syndromic HI (SHI) or NSHI, one SHI gene, and one novel candidate HI gene. Overall, 75% of families

(18/24) were solved, and 94.4% (17/18) had variants in known HI genes including MYO15A, CDH23, MYO7A, GJB2, SLC26A4, PJVK,

OTOGL, TMC1, CIB2, GAS2, PDCH15, and EYA1. A digenic inheritance (CDH23 and PDCH15) was found in one family. Most variants

(59.1%, 13/22) in known HI genes were not previously reported or associated with HI. The UBFD1 candidate HI gene, which was iden-

tified in one consanguineous family, is expressed in human inner ear organoids. Cell-based experiments in HEK293T showed that mu-

tants UBFD1 had a lower expression, compared to wild type. We report the profile of known genes and the UBFD1 candidate gene for HI

in Mali and emphasize the potential of gene discovery in African populations.
Introduction

Congenital hearing impairment (HI) is the most common

neurosensorial disorder, affecting 1–2/1,000 living new-

borns in high-income countries and up to 6/1,000 in Af-

rica.1 Up to 30%–50% of congenital HI is associated with ge-

netic etiology, with a higher percentage in high-income

countries compared to sub-Saharan Africa (SSA), where

environmental factors such as meningitis infections remain

significant, and few genetics studies are performed.2–5 In-

herited congenital HI is a genetically heterogeneous condi-

tion, with causative variants identified in over 120 genes to

date.6 Clinically, HI can be broadly divided into nonsyn-

dromic HI (NSHI), representing about 70%, whereas 30%

are syndromic HI (SHI).7 Among populations of European

ancestry,�50% of autosomal recessive (AR) NSHI are caused

by variants in the gap junction protein beta-2 (GJB2,OMIM:

220290).8–12 However, systematic investigations of theGJB2

gene in numerous clinical settings among most of SSA has

shown these genes to be rarely associated with HI,5,8,13–15

with exceptions found in Ghana and Senegal, where vari-

ants c.427C>T:p.(Arg143Trp) and c.94C>T:p.(Arg32Cys)

in the GJB2 gene have been reported to have a high fre-

quency.5,14,16 These data stress the need for extending
1Faculté de Médecine et d’Odontostomatologie, USTTB, Bamako, Mali; 2Divisio

University of Cape Town, Cape Town, South Africa; 3McKusick-Nathans Institu

of Medicine, Baltimore, MD, USA; 4Center for Statistical Genetics, Gertrude H. S

ical Center, New York, NY, USA; 5Service de Neurologie, Centre Hospitalier Un
6Lead contact

*Correspondence: awonkam1@jhmi.edu

https://doi.org/10.1016/j.xhgg.2024.100391.

Huma

� 2024 The Author(s). Published by Elsevier Inc. on behalf of American Socie

This is an open access article under the CC BY-NC-ND license (http://creative
genetic studies of HI to many African populations,3,4,15 spe-

cifically using whole-exome sequencing (WES) or whole-

genome sequencing (WGS).17 In a recent study in schools

for the deaf in Mali, we found that 29% of prelingual HI

were assumed to be caused by genetic factors in a particular

context of high consanguinity rate.2 In this study, we used

ES to investigate multiplex HI families from Mali and

found variants in known HI genes in MYO15A, CDH23,

PCDH15, SLC26A4, OTOGL, TMC1, MYO7A, PJVK, CIB2,

GJB2, GAS2, and EYA1, and identified a candidate gene,

UBFD1.
Subjects, material, and methods

Ethics declaration

This study was conducted in full compliance with the

Declaration of Helsinki. Institutional ethical committees/

institutional review board (IRB) approvals were obtained

from the Faculty of Medicine and Dentistry of the Univer-

sity of Sciences, Techniques, and Technologies of Bamako

(Mali; no. 2020/129/CE/FMOS/FAPH), the University

of Cape Town (Cape Town, South Africa; HREC ref. 691/

2020), and Columbia University (New York, New York;
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te, and Department of Genetic Medicine, Johns Hopkins University, School

ergievsky Center, and Department of Neurology, Columbia University Med-

iversitaire du Point G, Bamako, Mali
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IRB-AAAS2343). Informed consent and assent (for minor

participants) were obtained before their enrollment in

this study.

Participants and clinical assessments

Participants in this study were recruited mainly from the

schools of the deaf in three different regions: the capital,

Bamako, and Sikasso and Ségou. Only families that had

at least two members affected with HI were included. All

patients were carefully evaluated by medical geneticists,

neurologists, and ear, nose, and throat specialists. Pure

tone audiometry for air and bone conduction was per-

formed. HI was classified according to the International

Bureau for Audiophonology classification number 2/1

(BIAP; www.biap.org).

WES

DNA was extracted from peripheral blood using QIAGEN

Blood DNA Kits, following the manufacturer’s instructions

(QIAGEN, Germantown, MD). ES was performed following

the previously published protocol.18,19 Briefly, DNA sam-

ples of probands and selected relatives of the families

were sent for WES. Library and hybridization were done

with an Illumina Nextera Rapid Capture Exome Kit (Illu-

mina, San Diego, CA). Sequencing was performed on an

Illumina HiSeq 2500 sequencer using the pair-end

150-bp run format. Sequencing data were processed using

the Illumina DRAGEN Germline Pipeline version 3.2.8.

High-quality reads were aligned to the human reference

genome GRCh37/hg19 using DRAGEN software version

05.021.408.3.4.12, and after sorting and duplicate

marking, variants were called, and individual genomic

variant call format (GVCF) files were generated. Joint

SNV and insertion or deletion (indel) variant calling were

performed using Genome Analysis Toolkit (GATK) version

4.0.6.0.20 We used single sample variant calling with the

GATK HaplotypeCaller module, which generated GVCFs

per sample. The CombineGVCFs module was then used

to merge the GVCF files into a multi-sample GVCF file.

Lastly, the GenotypeGVCF module was used to jointly

call variants.

Annotation and filtering strategy

Variants were annotated and filtered using ANNOVAR and

custom scripts following a previously reported strategy.19

Briefly, variants were first prioritized based on the inheri-

tance pattern following pedigree analysis, autosomal

dominant (AD), and AR. Subsequently, rare variants with

minor allele frequencies (MAF) <0.005 (for AR) and

<0.0005 (for AD) in each population of the genome aggre-

gation database (gnomAD, version 4.1.0) were retained.

Known pathogenic (P) or likely pathogenic (LP) HI variants

listed in ClinVar were also retained, regardless of their fre-

quencies. dbNSFP version 3.0 was used to annotate, with

several bioinformatic tools predicting the deleterious ef-

fects of the identified variants.21 In addition, the American

College of Medical Genetics (ACMG) criteria were used to
2 Human Genetics and Genomics Advances 6, 100391, January 9, 20
further classify variants.22 Lastly, for candidate variants,

we considered whether (1) they occurred in known HI

genes, (2) they had a predicted effect on protein function

or pre-mRNA splicing (nonsense, missense, start-loss,

frameshift, splicing, start-loss), and (3) they co-segregated

with the HI phenotype within the family as previously

described.19

Population’s structure

Principal-component analysis

Biallelic SNVs that passed all filters were extracted from the

multi-sample VCF file into single-chromosome VCF files.

Per sample, chromosome VCF files were then merged

with the 1000 Genomes Project samples23 to produce a

merged superset that was converted into PLINK binary

format using PLINK2.24 The following filters were applied

in the conversion: SNVs with MAF <0.05, missing >0.05

of their genotypes, or failed the Hardy-Weinberg equilib-

rium p < 0.001 were excluded. In addition, samples

missing >0.10 of their genotypes were excluded. Next,

SNVs obtained from the Mende population from Sierra

Leone (MSL) that has been shown to harbor a large propor-

tion of basal West African ancestry was used.25 This was

achieved through the –keep command of PLINK2 while

pruning to obtain only SNVs that were not in strong link-

age disequilibrium using the following pruning parame-

ters: r2 < 0.1, window size of 50 bp, and step size of

10 bp. The remaining 53,972 SNPs were then extracted

from the merged superset, and 5 principal components

(PCs) were computed using PLINK2. First- and second-de-

gree relatives were excluded from PC calculations using

the –king-cutoff 0.1875 parameter in PLINK2. PC plots

were generated using a custom R script.

Additionally, in comparison to the present study, we

examined common pathogenic variants in the top 10

recessive hearing impairment (HI) genes and the most

frequently identified recessive genes in this cohort. We

then profiled the allele frequencies (AF) across different ge-

netic ancestry groups using gnomAD version 4.1.0.

Genotype array data and admixture mapping

We collected DNA samples from 50 participants who be-

longed to nine ethnic groups in Mali (Bambara, Bobo, Dia-

wando, Malinke, Minianka, Peulh, Senoufo, Soninke,

and Songhai). The DNA samples were genotyped on the Il-

lumina Infinium H3Africa Consortium array (using

BeadChip type H3Africa_2019_20037295_B1), designed

for genotyping 2,271,503 genetic variants. The detailed

protocol for the quality control, dataset information, and

the genetic diversity and the admixture analysis is pro-

vided in the supplemental information.

Sanger sequencing

Sanger sequencing for available family members was per-

formed for the segregation analysis of variants in selected

families. Primer pairs covering the variants of interest

were designed on the free access Integrated DNA Technol-

ogies (Coralville, IA) platform in our laboratory.
25
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PCR-amplified DNA products were Sanger sequenced using

a BigDye Terminator version 3.1 Cycle Sequencing Kit and

an ABI 3130XL Genetic Analyzer (Applied Biosystems, Fos-

ter City, CA) in the Division of Human Genetics, Univer-

sity of Cape Town.

Evolution of amino acid conservation

We aligned the sequences spanning the variants of candi-

date genes found here with non-human similar proteins

to further support evidence of the amino acid residue con-

servation. A PSI-BLAST search against the non-redundant

protein database was performed. Multiple sequence align-

ment was performed using MEGA X software.

In silico predictions of synonymous and splicing variants

The splicing variants in TMC1: c.2003 þ 2T>C, OTOGL:

c.209-9C>G, andMYO15A: c.5361-1G>A and the synony-

mous variant in SLC26A4: c.471C>T:p.(Pro157Pro) found

in this study were assessed using different in silico predic-

tors Human Splicing Finder (HSF)26 and SpliceAI.27

Secondary structural changes of the novel candidate

gene

The isoform and protein sequences of UBFD1 (NM_

019116.3; NP_061989.2) were obtained from the NCBI

gene database in FASTA format, and secondary structures

were predicted using the PSIPRED workbench.28 Three-

dimensional (3D) structures of the proteins were modeled

on the Swiss model using AlphaFold structures as the tem-

plate with sequences retrieved from NCBI.29,30 Newly pre-

dicted protein structures were refined on the GalaxyWeb

server,31 and Pymol software was used for visualization

and structural analysis.32

In vitro functional HEK293T assay of the candidate genes

Site-directed mutagenesis

Mammalian expression plasmids expressing GFP-tagged

UBFD1 (no. CW310112) were obtained from OriGene

(Rockville, MD) and was used as template for site-directed

mutagenesis (SDM) using custom primers acquired from

Integrated DNA Technologies (Table S1). SDM was per-

formed in our laboratory at the Department of Genetic

Medicine, Johns Hopkins University (Baltimore, MD),

using a protocol available upon request. Long-read

sequencing of the plasmids was performed at Plasmidsau-

rus (Eugene, OR).

Cell culture, transfections, and visualization using confocal

microscopy

HEK293T cells were cultured in complete DMEM (Thermo

Fisher Scientific, Waltham, MA) supplemented with 10%

fetal bovine serum (Thermo Fisher Scientific). Cells were

cultured in a humidified incubator at 37�C with 5% CO2.

The HEK293T cells were plated in 4-chamber dishes (den-

sity 4 3 105 cells/mL) 18 h before transfection. Cells were

transiently transfected using TurboFect transfection re-

agent (Thermo Fisher Scientific) according to the manufac-

turer’s instructions, with 250 ng UBFD1 plasmid (empty,
Huma
GFP-only, GFP-tagged wild type [WT], and mutant). Cells

were stained with Hoechst dye for co-visualization of

nuclear material (dilution 1:1,000). Live viewing was

performed 48 h after transfection using an Olympus

FV3000RS Confocal Microscope (Olympus, Center Valley,

PA). Images were visualized and processed using the

FV31S-W viewer software.

Western blots

HEK293T cells were plated (density 6 3 105 cells/mL) in

6-well plates 18 h before transfection. Cells were trans-

fected using TurboFect transfection reagent according to

the manufacturer’s instructions, with 2,000 ng of the

WT- or mutant (MT)-UBFD1 plasmid containing the GFP

tag and non-transfected cells with no plasmid DNA. Total

protein lysates were collected at 48 h using radioimmuno-

precipitation assay buffer and stored at �20�C. Proteins
were briefly sonicated and concentrations were checked

using a Qubit5 fluorometer. Then, 30 mg total protein

was denatured (70�C, over 10 min) and loaded onto Novex

WedgeWell 4%–20% Tris-glycine gel. The gel electropho-

resis was run at 100 V over 90 min. Proteins were trans-

ferred onto iBlot 2 regular stacks, nitrocellulose, regular

size (Invitrogen, Thermo Fisher, Scientific). Membranes

were stained with Revert 700 Total Protein Stain (LI-COR

Biosciences, Lincoln, NE).

The membranes were incubated with primary rabbit

anti-UBFD1 antibody (Abcam, catalog no. ab240696, Wal-

tham, MA) diluted at 3:10,000. Secondary antibody anti-

rabbit (Thermo Fisher, catalog no. A11374) was diluted at

1:1,000 for UBFD1.
Results

Patients’ sociodemographic and phenotypic data

A total of 24 families with 63 affected individuals were

enrolled (Figure 1A). The sex ratio favored males, repre-

senting 52.3% (n ¼ 33), while females represented 47.7%

(n ¼ 30) of the participants. The onset of the disease was

congenital or prelingual in 87.5% (n ¼ 21) and postlingual

in 12.5% (n ¼ 3) of the families. The median age at molec-

ular diagnosis was 15.9 years (range: 2–71 years). Parental

consanguinity was reported in 50% (n¼ 12/24) of the fam-

ilies. HI was classified as being from severe to profound,

and the sensorineural was the common mechanism

involved (n ¼ 17/24; 71%). In two families (9 and 18), HI

was mixed moderate to severe. Following pedigree analysis

and history of the disease, the inheritance pattern was

consistent with AR in 87.5% cases (n ¼ 21/24) and AD in

12.5% of cases (n ¼ 3/24) (Figure S1). The sociodemo-

graphic and clinical characteristics are provided in

Table S2.
WES analysis

The average target region coverage was about 2003, with

96.30% of targeted regions covered at 103 or more.

After applying various filtering criteria described in the
n Genetics and Genomics Advances 6, 100391, January 9, 2025 3



Figure 1. Recruitment of participants, population structure, and variants information
(A) Flow diagram of the study.
(B) Genes identified in this study.
(C) Proportion of novel variants.
(D) Type of variants identified in this study.
(E and F) Principal-component analysis (PCA) showing that samples cluster within African genomic data when compared to other non-
African populations and populations from Gambia (GWD) and Sierra Leone (MSL) as geographically expected (red circle).
subjects, material, and methods section, P and LP variants

were found in 13 genes (Figures 1B–1D).
Population structure and admixture pattern

PCs constructed using genotype data obtained from fam-

ilies in this study were projected against data extracted

from participants of continental ancestries in the 1000 Ge-

nomes reference panel (phase 3 version 5) and showed, as

expected, that our samples clustered with other African

populations (Figure 1E). When projected only against Afri-

can populations, our samples clustered with populations

from Gambia (GWD) and MSL as geographically expected

(Figure 1F).

Furthermore, PC analysis (PCA) from the SNP-array

data found a pattern of genetic diversity consistent

with geographical differentiation on PC2 coordinates

(Figure 2A), showing a west-east gradient among the stud-

ied populations with western and eastern African popula-

tions. On PC1 coordinates, there is a genetic differentia-

tion between recent migrants in Sudan with non-African

ancestry (negative values on PC1) and other African popu-

lations (positive values on PCA). Also, Fulani populations

fromMali, Guinea, and Senegal (gray markers) have a cline
4 Human Genetics and Genomics Advances 6, 100391, January 9, 20
of genetic diversity between western African populations

and the recent migrants in Sudan and have gene flow

from non-SSA sources. Between PC7 and PC8 coordinates

(Figure 2B), Fulani individuals from different countries

have their own clump due to their genetic affinities, while

other studied populations fromMali have their own clump

at the other side of the PCA space with Bono, Bambara, and

Songhai individuals at the edges of this group. Further-

more, clustering methods showed patterns of admixture

from non-SSA sources among the Fulani populations

(Figure 2C).
Variants in known genes associated with HI

Among the 24 families, 75% (18/24) were successfully

solved or potentially solved (Figures 1A and 1B). Variants

were identified in known HI genes in 94.4% of families

(17/18; Figures 1C and 1D). In addition, variants in a novel

candidate gene accounted for 5.6% of the solved families

(1/18).

Finally, we categorized families into solved cases: P or LP

variants in knownHI genes, and potentially solved: variant

of unknown significance (VUS) in known HI genes

(Tables S3 and S4).
25



Figure 2. Population structure and
admixture pattern
(A) PCA showing a pattern of genetic di-
versity consistent with geographical differ-
entiation on PC2 coordinates.
(B) PCA7 and PCA8 showing that Fulani
individuals from different countries have
their own clump due to their genetic affin-
ities, while other studied populations from
Mali have their own clump at the other
side of the PCA space with Bono, Bambara,
and Songhai individuals at the edges of
this group.
(C) Clustering methods showing patterns
of admixture from non-sub-Saharan Afri-
can sources (blue component) among the
studied Fulani populations.
P and LP variants

PLP variants in known deafness genes included MYO15A

(OMIM: 602666) observed in three families, CDH23

(OMIM: 605516) in two families, and GJB2 (OMIM:

220290) in two families. In addition, variants in TCM1

(OMIM: 606706), CIB2 (OMIM: 605564), SLC26A4

(OMIM: 605646), GAS2 (OMIM: 602835), MYO7A (OMIM:

276903), EYA1 (OMIM: 601653), and PJVK (OMIM:

610219) genes were each identified in a single family.

Furthermore, a missense variant in the PCDH15 (OMIM:

605514) gene was found in one family with a CDH23

gene variant, suggesting a possible digenic associated HI

(Figure 1B; Table 1). Among the known genes, 39.1% (n ¼
9) were previously reported to be associated with HI

(Figure 1C).

Regarding the types of variants, missense variants were

the most often detected (n ¼ 17; 74%) followed by splice

site variants (n ¼ 3; 13%; Figure 1D), nonsense variants

(n ¼ 1; 4.3%; Table 1), frameshift variants (n ¼ 1; 4.3%),

and synonymous (n ¼ 1; 4.3%). Homozygous variants

were the most commonly identified (n ¼ 12; 66.7%),

which is consistent with the relatively high rate of consan-

guinity, followed by compound heterozygote and hetero-

zygote (n ¼ 4, 22.2%; n ¼ 2, 11.1%), each. Several in silico

predictions showed that these variants were deleterious

(Table S3). According to ACMG criteria, 50% (n ¼ 11/22)

of variants in known HI genes were classified as P and

31.8% (n¼ 7/22) as LP (Table S4). Other variants in known

HI genes that did not segregate with the phenotype within

the families were found in five families (Table 1).

Commonly known P variants in gnomAD associated

with recessive HI were not found in our cohort

(Figure 3A). Similarly, variants identified in the most com-

mon recessive HI genes in this study had largely not been

reported in the gnomAD database (Figure 3B).
Human Genetics and Genom
VUS

Families with VUS in known HI genes

were retained as potentially solved

cases. In fact, VUS were identified

in CDH23, MYO7A, and OTOGL
(OMIM: 614925), representing 18.2% (n ¼ 4/22; Table 1)

in three different families.

Synonymous and splicing variant predictions

HSF predictions showed that the variant c.2003 þ 2T>C

in TMC1 affects the WT donor site. For variant c.5361-

1G>A in MYO15A, two signals were identified, a broken

WT acceptor site and a new acceptor splice site, both pre-

dicted to affect splicing. In addition, SpliceAI predictions

showed that splice site variants in TMC1 affect the donor

site, with a delta score of 0.13, and in MYO15A, the

acceptor loss has a score of 0.98 and new acceptor gain

has a score of 0.55. Furthermore, SpliceAI predicts two

splicing site events for the synonymous variant in

SLC26A4, including an acceptor gain with a delta score

of 0.59 and an acceptor loss with a delta score of 0.29.

However, HSF and SpliceAI predictions of the splicing

variant in OTOGL (c.209-9C>G) do not reveal significant

impacts on the splicing sites. The details are summarized

in Tables S5–S7.

Candidate gene for HI

A novel candidate gene was identified in one family,

UBFD1 (Figures 4A–4C; Table 1). A homozygous missense

variant, c.58G>A:p.(Glu20Lys), was identified in the

UBFD1 in family 1. This gene has not previously been

associated with HI. UBFD1 is highly expressed in the

structure and substructure of the inner ear in embryonic

and adult mice and in human inner ear organoids

(Figure 4D).

Sanger sequencing and in silico predictions of variants in

candidate genes

Variants identified in ES data were confirmed to segregate

with HI using Sanger sequencing in family members with

available DNA samples (Figures 4B and S1).
ics Advances 6, 100391, January 9, 2025 5



Table 1. Known and candidate genes associated with HI in Mali

Gene Family ID Variants Protein change RS no. RefSeq Inheritance Genotype
ACMG
classification

gnomAD allele
frequencya Additional variants

Known SHI or NSHI genes

CDH23 6 c.646C>G p.(Leu216Val) novel NM_001171930 AR Hom P 0 –

CDH23 13 c.4445dupC
c.4783G>A

p.(Arg1483Glnfsa19)
p.(Glu1595Lys)

novel
(rs778204574)

NM_022124 AR Comp Het P
LP

0
0

–

CDH23
PCDH15

17 c.1353G>T
c.4377C>A

p.(Leu451Phe)
p.(Asp1459Glu)

novel
novel

NM_001171933
NM_001142767

AR Hom VUS
LP

0
0

–

CIB2 10 c.409C>T p.(Arg137Trp) novel NM_001271889 AR Hom LP 0

MYO7A 4 c.3978C>A p.(Cys1326a) known NM_000260 AR Hom P 0.000001239 –

12 c.6042C>G p.(His2014Gln) novel NM_000260.4 AR Hom VUS 0 CPLX2 c.37A>T:p.(Thr13Ser)

SLC26A4 15 c.2170G>A
c.471C>T

p.(Asp724Asn)
p.(Pro157Pro)

known
known

NM_000441.2 AR Comp Het P
LP

0.000004350
0.00001673

CPA1 c.79C>T:p.(Arg27a)

Known SHI gene

EYA1 18b c.1286A>G p.(Asp429Gly) known NM_001370335.1 AD Het LP 0 –

Known NSHI genes

GAS2 9 c.533C>T p.(Thr178Ile) novel NM_005256.4 AD Het LP 0 TXNDC11
c.697delC:p.(Leu233Cysfsa21)
RPS6KA3 c.1246A>G:p.(Iso416Val)
ABCC1 c.3505G>A:p.(Glu1169Lys)

GJB2 14 c.427C>T p.(Arg143Trp) known (rs80338948) NM_004004.6 AR Hom P 0.0001035 –

16 c.427C>T p.(Arg143Trp) known (rs80338948) NM_004004.6 AR Hom P 0.0001035 –

MYO15A 2 c.6331A>T p.(Asn2111Tyr) known NM_016239 AR Hom P 0 –

3 c.8158G>A p.(Asp2720Asn) known NM_016239 AR Hom P 0.000005578 –

11 c.4347G>C
c.5361-1G>A

p.(Lys1449Asn)
–

known
novel

NM_016239 AR Comp Het P
P

0.0000006196 –

OTOGL 5 c.209-9C>G c.5685C>A -p.(Asp1895Glu) known (rs768749743) NM_173591 AR Comp Het VUS
VUS

0.0000006637 PCDH15 c.3005A>G:p.(Glu1002Gly)
CDH23 c.7793T>C:p.(Leu2598Pro)

(Continued on next page)
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Evolutionary conservation of amino acids of novel candidate

gene UBFD1

The NCBI PSI-BLAST search of the candidate gene UBFD1

against the non-redundant protein database found all res-

idues to be highly conserved across a wide range of species

retrieved from BLAST hits (Figures 4C and S1). As expected,

there was substantial conservation across a wide range of

species, consistent with the GERP and PhyloP scores for

conservation, indicating a strong evolutionary and func-

tional constraint on the region of the protein.

Secondary structures and 3D prediction of the novel candi-

date gene

Several major structural changes involving the alpha

helices located at 18EAETVAT24, 66AAQ68, and beta

sheets 161VLAV164, 173DAKAEE178, and 273MAFQ276 were

observed in the mutant protein UBFD1. In addition, other

changes were observed, including gain of new helical

structures in the mutant protein located at 170AQ171

(Figures 4E and S3). These perturbations are expected to

disrupt the normal function of UBFD1.

Expression of candidate genes in human inner ear organoids

and mouse cochlear tissue

To investigate the expression pattern of the candidate gene

(Ubfd1) identified in this study, we accessed human inner

ear organoids single-cell RNA sequencing (RNA-seq) and

small nuclear RNA-seq, and single-cell mouse RNA-seq

data accessible from gEAR (http://umgear.org) at different

ages (embryonic day 16, postnatal days [P] 1, P7, P15,

and P30). The candidate gene had moderate expression

in human inner ear organoids hair cells (HCs) and otic

epithelial cells (Figure 4D).

Cochlear tissue and age-specific expression showed that

Ubfd1 has strong expression profiles in different cell types

of the cochlea and ages from embryonic age to P30. Inter-

estingly, these Ubfd1s are similarly or more expressed in

HCs when compared to the specific gene markers

(Myo7a, Fgf8, and Slc26a5 for HCs, inner HCs, and outer

HCs, respectively) for different cell types of the inner ear.

Moreover, these genes were shown to be highly expressed

in supporting and lateral wall cells (Figures S2A and S2B).

In vitro functional HEK293T assay of the candidate gene

UBFD1

Live co-localization analysis with confocal microscopy

showed that WT UBFD1 andMT UBFD1 reach normal sub-

cellular cytoplasmic and nuclear localization. However, the

expression was lower in MT compared to WT (Figures 5A–

5D), 48 h after transfection. This was consistent with the

western blot findings, with the specific band at the ex-

pected size of �60 kDa (Figure 5E).

Unsolved families through WES

In six families (25%), ES did not identify putative variants

underlying HI (Figures 1A and S1). In family 22, compound

heterozygote variants in ATP6V0A4 c.2155G>A:p.

(Val719Ile) and c.1316A>T:p.(Asn439Ile) were identified,

but they were not segregating with HI in the family. In

family 24, two compound heterozygote variants were
n Genetics and Genomics Advances 6, 100391, January 9, 2025 7
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Figure 3. Comparative allele fre-
quencies of common HI variants across
global ancestries
(A) Allele frequency of the common vari-
ants in the top 10 recessive HI genes,
showing variability across populations
and not found in our cohort.
(B) Allele frequency of variants in the most
common recessive genes identified in
this study across different genetic ethnic
groups, showing that these variants were
mostly not reported in gnomAD.
identified in known HI genes, one in USH2A c.1409_

1419del:p.(Phe470Serf*24) and c.1387_1405del:p.(Tyr463

Thrfs*12) and another in MYO15A c.5168T>G:p.

(Val1723Gly) and c.386_387del:p.(Cys131Profs*23). In

Family 23, a segregating heterozygous pathogenic variant

(c.2T>C:p.(Met1?)) was identified in the BLM gene.

Although BLM has not been previously associated with

HI, it is well-known for its association with Bloom syn-

drome (OMIM: 210900). This suggests that the finding is

likely incidental. Lastly, no candidate gene variants were

identified in three families, 19, 20, and 21.
Discussion

Exome sequencing (ES) has been widely used both in clin-

ical and research settings in the past few decades to iden-

tify variants underlying human diseases.33 With about

1% of all human genes involved in the process of hearing

and hundreds of HI patients with the Mendelian pattern,

there are still many HI genes to discover.7,34 Despite the

context of high consanguinity rate and interethnic mar-

riages, genetic studies of HI have not been extensively per-

formed in Mali.35–37 Sensorineural HI was the common

mechanism of the disease found in this study, supporting

previous findings.38 In addition, we took advantage of

the WES data to provide a comprehensive admixture

pattern of some ethnic groups from Mali, likely the first

from that country. Interestingly, clustering methods

showed patterns of admixture from non-SSA sources

(blue component) among the studied Fulani populations

as anticipated and surprisingly with other non-Fulani pop-

ulations probably due to local admixture (Figure 2C). In

Mali, the Fulani population, known as Peulh, have individ-
8 Human Genetics and Genomics Advances 6, 100391, January 9, 2025
uals with different degrees of admix-

ture and without gene flow in con-

tract with other non-Fulani

populations. Their genetic diversity

is similar to that of other western Af-

rican populations (green component

at K ¼ 3 and K ¼ 4), which is different

than the components inferred for

central and eastern Sahelian

populations.
We successfully identified several variants associated

with HI (Figure 1). Interestingly, we identified a novel

candidate gene in this study, UBFD1. UBFD1 encodes for

Ubiquitin Family Domain Containing 1 protein and is

located at 16p12.2, an intracellular protein.39 UBFD1 is a

ubiquitous gene that is expressed in mouse cochlear-spe-

cific tissue and human inner ear organoids. Molecularly,

UBFD1 plays a role in RNA and cadherin binding func-

tion40,41 and was reported as having a direct interaction

with the TMEM248 protein, a structural cell transmem-

brane protein that apparently plays a critical role in cell

membrane integrity in humans.42 Using HEK293T exper-

iments, we showed that the variant p.(Glu20Lys) de-

creases the expression of UBFD1 protein (Figure 5). These

findings could suggest that in humans, the low expression

of UBFD1 could lead to decreased TMEM248 expression,

thus disrupting the cell membrane integrity. These cell ex-

periments provided data to support the pathogenicity of

the variant.

Of the known deafness genes, P or LP variants were

found in MYO15A and CDH23, representing one-third

of the cohort (Table 1), similar to the recent study from

Ghana, when excluding families with GJB2-associated

genes.15,17 In fact, several cohort studies reported these

commonly HI-associated genes.43,44 CDH23 is associated

with NSHI and Usher syndrome.45 In our cohort, CDH23

was associated with NSHI in three different families.

However, considering the possible late onset of the

retinal symptoms in Usher syndrome, these families

with CDH23 variants could be either syndromic or non-

syndromic. In addition, in one family, a variant in

PCDH15 was found in addition to CDH23, suggesting a

digenic condition, as in previous studies.46 Moreover,

variants in other known HI genes, including MYO7A,
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A Figure 4. Pedigree, genetic and expres-
sion data, and three-dimensional (3D)
structure of candidate genes
(A) The pedigree of family 1 demonstrates
an autosomal recessive inheritance pattern
with consanguinity, indicated by double
horizontal lines between the parents. The
affected male is represented by a filled
black square, and the affected female is
represented by a filled black circle. Unaf-
fected males and females are shown as un-
filled squares and circles, respectively. An
episode of miscarriage is represented with
black dot symbols, asterisks indicate indi-
viduals genotyped in this study, and black
arrows indicate the probands and capital
letters are genotype information.
(B) Electropherograms showing the nucle-
otide change in family 1, indicated by as-
terisks.
(C) Portion of amino acids sequence
showing the conservation of the amino
acids of interest (red box) across a wide
range of species.
(D) Uniform manifold approximation and
projection 1 plots of UBFD1 gene expres-
sion profile in human inner ear organoids.
(E) The 3D structures of wild-type (WT)
UBFD1 in green and mutant in light
blue, showing major structural changes
in mutant, including loss of helix and b
sheets (red arrow).
SLC26A4, PJVK, TMC1, CIB2, GAS2, and GJB2, were

identified in our study. Importantly, most variants

found in the most common HI genes in this study

had not been previously reported in the gnomAD data-

base, except for the GJB2 variant (p.Arg143Trp) among

African and African American populations, which will

contribute greatly to improving curation of global HI-

gene pairs.

Notably, the compound heterozygote variants identified

in SLC26A4 in family 11 included a synonymous variant

c.471C>T:p.(Pro157Pro), which was reported in patients

with NSHI.47 Furthermore, in a previous in vitro assay,

this variant was shown to lead to the partial deletion of

exon 5 and produce a truncated protein p.(Gly139Alafs*6),

which is classified as P, according to ACMG criteria.47 A

segregating nonsense variant c.79C>T:p.(Arg27*) in the

CPA1 gene (not known to cause HI),48 was also identified

in family 11, which was harboring the compound hetero-

zygote variants in SLC26A4.48 The LP start loss variant

c.2T>C:p.(Met1?) in BLM identified in family 23, has not

been reported to be associated with HI. However, this

variant was recently reported in ClinVar as LP for Bloom

syndrome and hereditary cancer predisposition syndrome.
Human Genetics and Genom
It is more likely an incidental finding

in this family, further supported by

the fact that the proband has a medi-

cal history of surgery for an unspeci-

fied brain tumor. Therefore, more
family members will need to be screened for this variant

and be provided surveillance and anticipatory guidance

for possible tumor development.

GJB2 variants have not been commonly reported to be

associated with HI in most SSA populations, except for

those in Ghana and Senegal.5,8,14,16 The Ghanaian

founder variant p.(Arg143Trp), observed in families 14

and16, was recently reported in the Senegalese popula-

tion, although these two countries do not share bor-

ders.16 The authors argued that this variant may have

not been introduced in Senegal through regional migra-

tion, but rather the forced movement of people during

the transatlantic slave trade.16 Further studies will pro-

vide more insights into the origin and migration pattern

of this variant.

Although there is no approved treatment for HI to date, a

recent study showed that a single dose of gene therapy has

resulted in a robust recovery among Chinese and US chil-

dren with recessive severe to profound HI caused by vari-

ants in OTOF gene.49–51 With gene therapy technology

becoming increasingly promising, identifying the underly-

ing genetic causes of HI is an imperative to better antici-

pate the therapeutic perspectives.
ics Advances 6, 100391, January 9, 2025 9
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Figure 5. Confocal microscopy images and western blot data
(A–D) Co-visualization at 103 of the nuclear material (blue) with the GFP (green) signal inWT UBFD1 (A) and mutant (B), and at 403 of
WT (C) and mutant (D) showing cytoplasmic localization, with decreased expression in mutant.
(E) Western blot analysis showing that both WT and mutant UBFD1 were at the expected size, with lower expression in the mutant.
Conclusion

We report here the most comprehensive genetic study

of HI in Mali to date, using WES, which displays a rela-

tively high solved rate, of genetic causes among multi-

plex families. The study emphasizes the high level of

genetic and allelic heterogeneity for HI genes, while

revealing a high rate of homozygous variants in fam-

ilies, due to the high consanguinity rate in Mali.

Most families had unique variants in known HI

genes, with MYO15A and CDH23 being the most com-

mon, suggesting that future clinical diagnostic ap-

proaches should ideally use next-generation sequencing

techniques, including the HI gene panel, exome

sequencing, or genome sequencing. The UBFD1 gene

had not previously been reported to be associated

with HI. Further studies using a mouse model could

reveal the mechanism by which UBFD1 leads to HI.

The data emphasize the potential to discover genes in

understudied African populations, which harbors the

highest human genetic diversity. The data will improve

the disease-gene pairs curation and advance the under-

standing of HI pathobiology globally.
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O., Bocoum, A., Yalcouyé, A., Traoré, M., Fischbeck, K.H.,
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