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Abstract

Mutations in the CDC14A (Cell Division-Cycle 14A) gene, which encodes a conserved dual-
specificity protein tyrosine phosphatase, have been identified as a cause of autosomal recessive
non-syndromic hearing loss (DFNB32) and hearing impairment infertility male syndrome
(HIIMS).

We used next-generation sequencing to screen six deaf probands from six families segregating
sensorineural moderate to profound hearing loss. Data analysis and variant prioritization were
completed using a custom bioinformatics pipeline.

We identified three homozygous loss of function variants (p.Arg345Ter, p.Arg376Ter, and
p.Alad51Thrfs*43) in the CDC14A gene, segregating with deafness in each family. Of the six
families, four segregated the p.Arg376Ter mutation, one family segregated the p.Arg345Ter
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mutation and one family segregated a novel frameshift (p.Ala451Thrfs*43) mutation. In-depth
phenotyping of affected individuals ruled out secondary syndromic findings.

This study implicates the p.Arg376Ter mutation might be as a founder mutation in the Iranian
population. It also provides the first semen analysis for deaf males carrying mutations in exon 11
of CDCI14A and reveals a genotype-phenotype correlation that delineates between DFNB32 and
HIIMS. The clinical results from affected males suggest the NM_033313.2 transcript alone is
sufficient for proper male fertility, but not for proper auditory function. We conclude that DFNB32
is a distinct phenotypic entity in males.
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Introduction

Many molecules are fundamental for the development, function, and maintenance of the
auditory and reproductive systems. Although these systems differ in their structure, cellular
components, and physiological processes, they share many molecular components. Defects
in these shared components may impair both hearing and fertility.

Dual-specificity phosphatases (DUSPs) are a large group of phosphatases that are
indispensable regulators of a large host of functions in many tissues, including the inner ear
and the testis. They are classified broadly by their ability to dephosphorylate tyrosine and
serine/threonine residues and subgrouped based on their targets (1). One such DUSP,
CDC14A, belongs to a family of proteins that function in various pathways including
centrosome duplication cycle and cytokinesis, DNA damage response, Cdk1 activity control,
cell adhesion, and migration, transcription regulation, and primary cilia dynamics (2-13).
CDC14A has also been shown as an integral protein required in the mammalian auditory
system for proper hearing and in the testes for spermatogenesis (14, 15).

Mutations in the CDC14A gene (OMIM #603504) are responsible for autosomal recessive
non-syndromic hearing loss (ARNSHL) at the DFNB32 locus and hearing impairment
infertile male syndrome (HIIMS) (OMIM #608653)(14, 15). To date, 11 mutations have
been identified; six are linked to HIIMS, and 5 are linked to DFNB32. The phenotypic
spectrum seen in CDC14A patients in these reports suggested a sex and genotype-phenotype
correlation. Females with bi-allelic mutations exhibit only NSHL. Males with bi-allelic
mutations that result in complete loss of CDC14A phosphatase function exhibit sperm
abnormalities and infertility. In contrast males with residual CDC14A function exhibit
hearing loss without infertility (14-16).

In this study, we characterize the phenotypic spectrum in an Iranian cohort with autosomal
recessive non-syndromic hearing loss (ARNSHL) due to loss of function variants in the
CDC14A gene. Here we report six Iranian families segregating deafness due to mutations in
CDC14A. In-depth phenotyping of affected males in these families pinpoints a clear
genotype-phenotype correlation between DFNB32 and HIIMS. We also report a novel
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variant p.Ala451Thrfs*43 further confirm the pathogenicity of both the p.Arg345Ter and
p.Arg376Ter.

Materials and Methods

Subjects

Six Iranian families (L1096, L692, GL10179, GL9988, L1347, and GL9307100) segregating
apparent ARNSHL were ascertained for this study. Affected individuals underwent clinical
examination and pure tone audiometry to determine air conduction thresholds at 0.125, 0.25,
0.5,1,15, 2,3, 4,6, and 8 kHz. After obtaining written informed consent whole blood
samples were collected from all family members and genomic DNA was extracted. This
protocol has been approved by the ethics committee of the University of Social Welfare and
Rehabilitation Sciences for Medical Research, Tehran, Iran.

Next-generation sequencing (NGS)

Exome sequencing (ES) for families L1096, L692, L1347, and GL 9307100 was performed
in the GRC NGS core facility, using the SureSelect XT V6 Human All Exon kit (Agilent
Technologies, Santa Clara, CA, USA) following the manufacturer’s protocol. After library
quantification and pooling, samples were sequenced on an Illumina NextSeq 500 System
(IMlumina, San Diego, CA, USA) using the Illumina V3 High Throughput kit.

For probands in families GL10179 and GL9988 library preparation, sequencing and
bioinformatics analysis were performed using the OtoSCOPE® V8 platform (152 genes)
(Agilent Technologies, Santa Clara, CA, USA) in the Molecular Otolaryngology and Renal
Research Laboratories (MORL; University of lowa, lowa City, A, USA), as described (17—
19).

Bioinformatics Analysis

Raw sequence files were aligned to the reference human genome (UCSC hg19) using the
Burrows-Wheeler Aligner (BWA)(20). Variant detection and functional annotation of
genetic variants from high-throughput sequencing data were performed with the Genome
Analysis Toolkit (GATK)(21) and ANNOVAR(22) software, respectively. Additionally,
variants were annotated with minor allele frequencies (MAF) from the 1000 Genomes (23),
EXAC (24) gnomAD (25), and the Iranome (26). Variants were first filtered for quality
(depth >10 and quality score >30) followed by minor allele frequency (MAF) (<2%).
Variants were then prioritized based on variant-type (missense, nonsense, indel or splice-
site), followed by /n-silico prediction for conservation (GERP and PhyloP), and predicted
deleteriousness (SIFT, PolyPhen2, and the (CADD) (27-30).

Segregation Analysis

Segregation analysis of candidate variants was completed by Sanger sequencing on an ABI
3130 Sequencer (Foster City, CA, USA). All sequencing chromatograms were compared to
published cDNA sequences for CDC14A (NM_033313.2), and nucleotide changes were
detected using CodonCode Aligner.
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Subjects and Clinical Evaluations

Families L1096, L692, and GL9307100, are three families that originate from the Lorestan
Province in Southwest Iran. In each family, affected and unaffected individuals were born at
term with unremarkable pregnancies and neonatal periods. Family GL10179 originates from
Hamadan Province (central Iran). All four families report consanguinity (Figure 1A-D). In
each family hearing impairment was reported to have occurred between ages 1 and 3 years.
Affected individuals in each family underwent a comprehensive clinical evaluation and pure
tone audiometry.

In family L1096, affected individual 11.2 showed slightly asymmetric hearing loss (Figure
1E), with a moderate-to-severe downsloping audioprofile in the left ear, and a less severe
loss in the mid-frequencies in the right. He and his brother (11.3) both opted to perform a
sperm analysis at ages 30 and 31 years old, respectively (Table 1). Individual 11.2 results
showed: a sperm count of 20x106/mL, 96% abnormal morphology, 87% amorphous head
shape, and 40% immotile sperm. Individual 11.3 analysis revealed a sperm count:
13x108/mL, 97% abnormal morphology, 78% amorphous head shape, and 38% immotile
sperm (Table 1).

Atage 16, 17, and 31 years, the three affected individuals in family L692 had bi-lateral
profound hearing loss (Figure 1E). The male proband (11.1) opted not to perform a sperm
analysis. Affected individuals in family GL9307100 have severe to profound hearing loss.
Affected male 1.4 underwent a semen analysis which showed normal sperm count
(69x108/mL) with 32% abnormal morphology and 26% immotile sperm (Table 1). Affected
individuals in family GL10179 are reported to have moderate to severe non-progressive
sensorineural hearing loss. A semen analysis could not be performed on individual 111.1 due
to his age during the time of the study.

The first cousin, healthy parents of two affected and three unaffected individuals in family
GL9988 (Figure 2A), originate from the Qazvin Province (central Iran). Affected individuals
report postlingual and progressive hearing loss that was first noticed when they started
school. At age 24 years, sperm analysis from proband 11.2 revealed a normal sperm count
(111x105/mL) with 40% abnormal morphology and 40% immotile sperm (Table 1).

Family L1347 is from the Semnan Province (north-central Iran) and reports consanguinity.
The two affected females (I1.1 and 11.3) reported prelingual severe-to-profound hearing loss
(Figure 2B).

Variant Identification and Segregation Analysis

Probands from families L1096, L692, GL9307100 all underwent Exome Sequencing.
Applying the filtering strategy applied described above, and further filtering based on
recessive inheritance identified each proband was homozygous for the previously reported
mutation ¢.1126C>T (p.Arg376Ter) in CDC14A. The proband from family GL10179
underwent OtoSCOPE® testing, which showed the proband was homozygous for
€.1126C>T (p.Arg376Ter) mutation (Table 2). Segregation analysis showed that this variant
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also segregated with the hearing-loss phenotype in each family (Figure 1A-D). The
frequency of this variant is 0.0004% on gnomAD and 0.06 % on Iranome (Table 2). The
proband from GL9988 was also screened using OtoSCOPE®. In this case, the previously
reported pathogenic variant ¢.1033C>T (p.Arg345Ter) was identified in CDC14A. The
frequency of this variant is 0.0004% on gnomAD and is absent on Iranome (Table 2).
Segregation analysis revealed that the affected sister was also homozygous for this mutation
(Figure 2A). Finally, the proband from family L1347 underwent Exome Sequencing, which
identified a novel homozygous frameshift ¢.1351 1352del (p.Ala451Thrfs*43) in CDCI4A
(Figure 2B). This variant is absent from gnomAD and from 800 healthy Iranian samples
(Table 2).

Discussion

We used targeted genomic enrichment and massively parallel sequencing to implicate
CDC14A as the causal gene underlying the ARSNHL in six families. We identified two
previously reported nonsense mutations (p.Arg345Ter and Arg376Ter) and a novel
frameshift mutation p.Ala451Thrfs*43. All affected individuals in each family are
homozygous for the variants (Figure 1A-D and Figure 2A-B). In two families, the variants
segregated in multiple generations (Figure 1A and Figure 1D). The identification of the
p.Ala451Thrfs*43 mutation brings the total number of CDCI14A reported mutations to
twelve (Table 2).

The CDC14A gene encodes a dual-specificity phosphatase (31, 32). In humans, CDCI14A
has six alternatively spliced transcripts encoding six isoforms ranging in size from 330-623
amino acids (Figure 2C). Currently, the expression pattern of each transcript has yet to be
elucidated. Although widely expressed in many tissues, CDC14A is essential for the proper
function of the auditory and reproductive systems (14, 15). Extensive phenotyping studies of
the patho-consequences of loss of CDC14A and its phosphatase activity have been
performed in several murine mutant models (15).

In the murine auditory system, CDC14A localizes to the microtubule networks of the hair
cells (the kinocilia and basal bodies) but also concentrated at the tips of the stereocilia(15).
Loss of CDC14A and its phosphatase activity resulted in profound deafness with an age-
related cochlear deterioration. Male mice homozygous or compound heterozygous for two
defective alleles of CDC14A displayed infertility. In contrast to the auditory system,
CDC14A seems to play a critical role in developing and maintaining the structural and
morphological integrity of the seminiferous tubules. Consequently, these mice also had
abnormal sperm and were not fertile. Female mice with loss of CDC14A activity displayed
only hearing loss (15). These phenotypes mimic the phenotypes seen in male and female
patients with the loss of CDC14A.

In families L1096, L692, GL9307100, and GL10179, we identified the previously reported
p.Arg376Ter mutation, which segregated as homozygous in all affected individuals. This
mutation is expected to cause five out of the six transcripts of CDC14A to undergo nonsense
MRNA decay (NMD)(33). Transcript NM_033313.2 is expected to translate a shortened
CDC14A peptide (Figure 2C). Deaf males due to the p.Arg376Ter mutation are reported to
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be fertile (14, 15); however, until now; no semen analysis has been available for males with
this mutation. Three affected male individuals from two families opted to perform a semen
analysis (Table 1). In each instance, there were no abnormalities in the cell count or the
motility, and these values fell well within reference ranges (34). The two brothers of L1096
however, had a borderline percentage of healthy morphological sperm, with only 3-4% of
overall sperm exhibiting normal morphology. Affected individual 11.4 from family
GL9307100 has a total percentage of sperm with normal morphology that falls within
normal limits. Confirming his fertility is his son that is reported to be conceived naturally
(Figure 1C).

Interestingly, the p.Arg376Ter mutation has only been reported in the Iranian population.
These four new reports bring the total number of families reported to six with this mutation.
The detection of p.Arg376Ter mutation only in Iranian families suggests this mutation is a
founder mutation in the Iranian population. To further explore this possibility, we exploited
the large amount of data generated by ES and compared the haplotypes between affected
individuals from families L1096, L692, GL9307100 and MORLZ2 Iranian family published
in Imtiaz et al (15). We identified these four families share a common haplotype in and
around CDCI14A (Table 3), which supports this as a founder mutation.

In family GL9988, we identified a previously reported termination mutation p.Arg345Ter in
CDC14A that segregated with the deafness in the family. Affected individuals in this family
were reported to have postlingual and progressive hearing loss. This clinical presentation
differs from the typical congenital onset reported in other families and suggests a potential
unrecognized less severe auditory phenotype associated with CDC14A-related deafness.
Like the p.Arg376Ter, the p.Arg345Ter mutation also occurs in exon 11 and is expected to
oblate the expression of five out of the six transcripts of CDC14A. While previously, this
mutation was described in a Pakistani male with children, a semen analysis for individuals
homozygous for this mutation has not been available. Individual 11.2 of family GL9988
opted to perform a semen analysis. Results showed cell count, motility, and morphology all
within normal ranges (34)(Table 1).

The clinical results from males in these five families suggest the NM_033313.2 transcript
alone is sufficient for proper male fertility, but not for proper auditory function. This hints to
one of the other five transcripts, or a combination of them as critical for the proper function
of the auditory system.

Finally, in family L1347, we identified a novel frameshift mutation p.Ala451Thrfs*43 in
CDC14A that segregated as homozygous in two deaf siblings. To date, this is the most 3’
exonic mutation described and is in the second to last exon in three of the transcripts (Figure
2C). The frameshift causes a newly created termination codon in the last exon of these
transcripts and is not expected to undergo NMD. Therefore, individuals homozygous for this
mutation have a fully functional NM_033313.2 transcript and truncated transcripts of
NM_001319211.1, NM_001319212.1, and NM_033312.2, which are predicted to produce
truncated protein products (Figure 2C). This suggests that in the inner ear the C-terminal of
CDC14A is critical for proper auditory function and/or transcripts NM_003672.3 and
NM_001319210.1 are transcripts required for proper auditory function (Figure 2C). In any
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case, males homozygous for this mutation are expected to be fertile as transcript
NM_033313.2 is not affected.

Genes that give rise to multiple phenotypes is not new for the deafness-related genes. Indeed
this pleiotropy is evident in the group of genes that cause Usher Syndrome and NSHL (35—
37), Stickler Syndrome (38, 39) and NSHL, and Waarensburg Syndrome and NSHL (40). In
the era of precision medicine, delineating between syndromic forms and non-syndromic
forms of deafness is critical for patient care and counseling. The semen analysis results in
this study help provide a road map for counseling and caring for individuals with CDC14A-
related deafness. Regardless of gender, the loss of CDC14A and its phosphatase activity
results in hearing loss. Females, irrespective of mutation type or location do not experience
infertility. For males, fertility is directly linked to the mutation and its location. Mutations
that preserve the function of the NM_033313.2 transcripts are expected to result in DFNB32
deafness rather than HIIMS, whereas mutations that oblate this transcript are expected to
result in HIIMS.

In summary, we identified mutations in CDC14A as the cause of ARNSHL in six Iranian
families. In doing so, we identified a novel frameshift mutation in the 3’end of the gene and
highlighted the p.Arg376Ter mutation might be a founder mutation in the Iranian population.
We also report the first clinical results of a semen test from patients carrying nonsense
mutations in exon 11 of CDCI4A, illustrating males can have the DFNB32 phenotype. In
doing so, we have shed further light on the importance of transcript NM_033313.2 in
fertility and have highlighted the importance of the coding sequence at the 3’ end of
CDC14A for hearing. Finally, we established a roadmap for the clinical interpretation of
variants in CDC14A, which will help with the care of patients with mutations in CDC14A.
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Figurel.
Pedigrees and audiometric data from four families segregating the p.Arg376Ter mutation. A-

D) Filled symbols denote affected individuals and double lines indicate consanguinity. Red
and bold represents the ¢.1126C>T (p.Arg376Ter) mutant allele segregating with the
ARNSHL. An “*” denotes the individual that underwent exome sequencing and an “**”
indicates the individual that underwent OtoSCOPE testing. (E) Audiograms were obtained
using pure tone audiometry with air conduction from frequencies from 250 Hz to 8,000 Hz.
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Figure2.
Pedigrees, audiometric data and gene schematic. A-B) Filled symbols denote affected

individuals and double lines indicate consanguinity. Red and bold represents the mutant
allele segregating with the DFNB32 hearing loss in each family. An “*” denotes the
individual that underwent exome sequencing. Audiograms were obtained using pure tone
audiometry with air conduction from frequencies from 250 Hz to 8,000 Hz. (C) Gene
schematic of CDC14A denoting pathogenic variants and their associated phenotypes. The
grey box show non-coding exons whereas black denote protein-coding exons. Text colored
blue and green indicates the phenotypes associated with pathogenic variants in CDC14A:
HIIMS and DFNB32, respectively. Italics denotes the novel frameshift ¢.1351_1352del
(p-Alad51Thrfs*43). Nucleotide numbering: the A of the ATG translation initiation site is
noted as +1 using transcript NM_033312.2.
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Table 3

Haplotype analysis in and around CDC14A for p.Arg376Ter mutation in five Iranian families

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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L692 | L9307100 | L1096 |\ oo 52 | control® | 9NOMAD MAF (global)

1s35121076 | AlA AJA AlA AlA GlA 5.40%
rs41285734 | cic clc cc clc GIC 4.20%
1511166393 | G|G Gle c]le] Gle AlG 5%

1s644835 e]le] Gle e]le] Gle AlG 11.40%
rs115696850 [ AJA AlA AlA AlA cA 3.10%
rs876661408 | T|T TIT T TIT [T 0.00043%
rs35904273 | DelDel | Delpel | Delpel | Delpel | AG|Del 31%

Bold indicates the nonreference allele. Red represents the p.Arg376Ter. SNPs are a ~2.5 Mb window around CDCI4A

MORL2 family published in [15]

bControI is an unaffected sibling carrier of the p.Arg376Ter in the pedigree MORL2
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