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Abstract

Deafness in humans is a common neurosensory disorder and is genetically heterogeneous. Across
diverse ethnic groups, mutations of MYO15A at the DFNB3 locus appear to be the third or fourth
most common cause of autosomal recessive, nonsyndromic deafness. In 49 of the 67 exons of
MYO15A, there are currently 192 recessive mutations identified, including 14 novel mutations
reported here. These mutations are distributed uniformly across MYO15A with one enigmatic
exception; the alternatively spliced giant exon 2, encoding 1,233 residues, has 17 truncating
mutations but no convincing deafness-causing missense mutations. AMYO15A encodes three
distinct isoform classes, one of which is 395 kDa (3,530 residues), the largest member of the
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myosin superfamily of molecular motors. Studies of Myo15mouse models that recapitulate
DFNBS3 revealed two different pathogenic mechanisms of hearing loss. In the inner ear, myosin 15
is necessary both for the development and the long-term maintenance of stereocilia,
mechanosensory sound-transducing organelles that extend from the apical surface of hair cells.
The goal of this Mutation Update is to provide a comprehensive review of mutations and functions
of MYOI5A.
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Introduction

The village of Bengkala, Bali was chartered in the twelfth century. Today, two percent of
Bengkala’s population of 2,200 is profoundly deaf from childbirth. Over several generations,
the deaf people of this village developed a unique sign language, which is shared with many
hearing people in the community (Hinnant, 2000). In Bengkala, sensorineural deafness
segregates as an autosomal recessive disorder (Friedman et al., 1995; Winata et al., 1995). A
genome-wide screen for homozygosity of STR (Short Tandem Repeat) markers co-
segregating with deafness in Bengkala revealed a 3.0 centiMorgan (cM) linkage interval on
chromosome 17p11.2. This deafness locus was designated DFNB3 (OMIM #600316,
deafness neurosensory autosomal recessive 3)(Friedman et al., 1995). Many of the genes on
human chromosome 17p11.2 were not annotated in 1995, but of those that were, pathogenic
variants were not detected in the genomic DNA of affected deaf individuals from Bengkala.
In mouse, the map location of the deaf-circling shaker 2 (s42) phenotype is in a region of
conserved synteny with DFNB3 (Deol, 1956; Probst et al., 1998; Wang et al., 1998). Hence,
we sought to first identify the mutation underlying the mouse sA2 phenotype with the
expectation this would subsequently reveal the cause of human DFNB3 deafness.

In Sally Camper’s laboratory, wild type bacterial artificial chromosomes (BACs) that
spanned the sA2locus were individually introduced by pronuclear injection into
homozygous sAZ2 fertilized oocytes. One transgene (BAC425p24, derived from chromosome
11) heritably restored hearing (Probst et al., 1998; Kanzaki et al., 2006). The entire sequence
of the 140 kb insert of BAC425p24 included only two genes, Drg2and a novel member of
the myosin ATPase superfamily of molecular motors that had not previously been described.
The predicted gene on BAC425p24 had all of the consensus hallmarks of a functional
myosin molecular motor, yet the amino acid sequence was sufficiently dissimilar to other
known members of the myosin superfamily that it was assigned its own class: myosin 15. In
the sh2mouse, a transition mutation of the Myo15 gene was identified that substituted a
tyrosine for an evolutionarily conserved cysteine (p.Cys1779Tyr; NP_034992) in the motor
domain of myosin 15 (Probst et al., 1998). Similarly, homozygosity for the missense
mutation ¢.6337A>T, p.lle2113Phe in the human ortholog MYO15A (MIM# 602666)
segregated with deafness in individuals from Bengkala. This pathogenic variant was not
present in genomic DNA of 390 control chromosomes (Wang et al., 1998), and is not present
in the 120,000 chromosomes of the Exome Aggregation Consortium (EXAC).
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In addition to myosin 15, several other members of the myosin superfamily are also required
for sound transduction (Table 1). In humans, expression of wild type myosin 3a (M YO3A;
MIM# 606808), myosin 6 (MYO6, MIM# 600970), myosin 7a (MYO7A; MIM# 276903),
myosin 9 (MYHI, MIM# 160775), and myosin 14 (MYH14;, MIM# 608568) are each
necessary for normal hearing and do not compensate for a loss of myosin 15 function, at
least not in the inner ear (Liu et al., 1997a; Liu et al., 1997b; Weil et al., 1997; Lalwani et al.,
2000; Melchionda et al., 2001; Walsh et al., 2002; Ahmed et al., 2003; Donaudy et al.,
2004). Only a few mutations of these other myosin genes have been associated with human
nonsyndromic deafness. However, mutations in MYO15A are now recognized as one of the
more common causes of severe to profound autosomal recessive nonsyndromic deafness.
This Mutation Update focuses only on MYO15A and includes (1) a description of the 178
reported and 14 novel mutations of MYO15A, (2) data supporting a novel exon defining an
additional isoform class of MYO15A in human and mouse, (3) details of an emerging
genotype-phenotype relationship, (4) molecular mechanisms of inner ear pathogenesis, (5)
the wild type functions of myosin 15 gleaned from biochemical studies and animal models
of DFNB3 deafness, and (6) puzzling questions about the molecular genetics and biology of
myosin 15.

Gene Structure and Domains of MYO15A

Myosins are a superfamily of molecular motors that bind cytoskeletal actin filaments and
produce force to power motility and tension generation within the cell. All myosin
molecules share a core ATPase ‘motor’ domain, a conserved structural fold that binds
nucleotide (ATP) and actin filaments, and is the minimal structural unit required for force
production (Sweeney and Houdusse, 2010). The human genome encodes 39 different
myosin proteins that are grouped into 12 functional classes based upon amino acid
conservation within the motor domain (http://www.genenames.org/cgi-bin/genefamilies/set/
656). The human MYO15A gene was designated with a suffix “A” to distinguish it from
MYO15B, a transcribed non-processed pseudogene on human chromosome 17925 that
originated from an ancient genomic duplication that also included a few closely linked
genes. MYO15B has since accumulated a large subdomain deletion as well as mutations of
key conserved residues that are necessary for ATPase activity (Boger et al., 2001). Although
the motor domain of myosin 15B is likely non-functional, it remains possibile that this
expressed pseudogene may indeed still be functional as a decoy mRNA transcript that binds
regulatory molecules, or as a dominant negative protein to regulate endogenous myosin 15
function.

The myosin 15 polypeptide is encoded by 66 reported exons in the MYO15A gene that
spans 71 kb of genomic DNA on chromosome 17p11.2 (chr17:18,012,020-18,083,116; hg19
assembly). We further provide new data in this manuscript supporting an additional protein-
coding alternate first exon (see below). The longest human MYOI15A transcript encodes a
protein of 3,530 residues (isoform 1) that has a predicted molecular weight of 395 kDa,
making it the largest of all known myosins in the mammalian proteome. Myosin 15 protein
has four distinct structural regions: 1) a proline-rich 1,233 residue N-terminal domain (133-
kDa), 2) the ATPase motor domain, 3) a lever arm, consisting of two consensus 1Q motifs
and a predicted third highly divergent 1Q, acts to amplify conformational changes within the
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motor domain, and 4) a globular tail domain that contains myosin tail homology 4
(MyTH4), band 4.1, ezrin, radixin and moesin (FERM), Src homology 3 (SH3) domain2s in
addition to a carboxy-terminus PDZ ligand (Fig. 1).

Several proteins have been identified that associate with these functional domains of myosin
15, although there are likely more to be discovered. The molecular chaperones UNC-45B
and HSP90AAL transiently interact with the motor domain, and are required for the
polypeptide to mature into a functionally active ATPase (Bird et al., 2014). Essential
(MYL6) and regulatory light chains (MYL12B) bind to the 1Q domains of myosin 15 and
stabilize the alpha-helical lever arm to aid force transmission from the motor domain (Bird
et al., 2014). Although the 1Q domains of myosin 15 can associate with calmodulin
(CALM), the canonical 1Q binding protein, CALM binds with a lower affinity than MYL6
and MYL12B (Bird et al., 2014). So far, only two proteins whirlin and EPS8 have been
reported to interact with the tail domain of myosin 15. Whirlin (WHRN) is a scaffold protein
with three PDZ domains and is essential in humans for normal hearing (DFNB31, OMIM
#607084) and vision (USH2D, OMIM #611383) (Mburu et al., 2003; Belyantseva et al.,
2005; Delprat et al., 2005; Ebermann et al., 2007). EPS8 is an actin-binding and capping
protein and is similarly required for human hearing (DFNB102, OMIM #615974) (Manor et
al., 2011; Behlouli et al., 2014). No proteins have yet been identified that associate with the
N-terminal domain encoded by giant exon 2.

Alternative Splice Isoforms of Human and Mouse Myosin 15

The majority of large protein-coding genes in vertebrates have multiple alternatively spliced
mRNA transcripts (Ahmed et al., 2008; Scotti and Swanson, 2016). With 67 exons,
MYO15A has the potential for extensive transcriptional diversity. Although the full scope of
this has not been explored, two isoform classes have been experimentally demonstrated and
previously reported for mouse Myo15and human MYOI15A (Liang et al., 1999; Fang et al.,
2015). For the longest transcript class, exon 1 (encoding a5 UTR) splices to giant exon 2
(3,828 nt), which contains 1203 codons including a translation start codon and splices
downstream to exon 3. This produces an 11,876 nt isoform 1 mRNA (NM_016239.3) that
encodes a 395 kDa polypeptide (NP_057323.3). Alternatively, exon 1 can be spliced to exon
3 (Fig. 2). This class of transcript is 8,048 nt long and encodes a 262 kDa polypeptide
denoted as isoform 2. The inclusion or exclusion of exon 2 encoding the 1,203 amino acid
residues of the N-terminal domain appears to be the sole difference between isoform classes
1 and 2, respectively. In mouse, these two alternatively spliced transcripts of Myo15encode
isoforms with distinct temporal patterns of expression and functions in the mouse auditory
system (Fang et al., 2015), which we presume to be also true for human MYOI5A.

A novel alternative transcription start site newly reported here begins with an unannotated
218 nt exon 1. We previously noted a conserved sequence in the second intron of MYO15A
and speculated that it might be either a c/s-acting regulatory element or an unannotated
alternatively spliced exon (Liang et al., 1999). We report here that this conserved sequence is
a second alternative transcription start site for MYO15A defining isoform class 3 (Fig. 2).
We first detected exon 1 of isoform 3 in a 5'"RACE experiment using mouse cDNA from
pituitary tissue and later independently confirmed it by PCR amplification and Sanger
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sequencing of cDNA derived from mouse and human pituitary tissues (Fig. 2). Exon 1 of
isoform 3 encodes 50 residues that have 86% amino acid sequence identity between human
and mouse and 94% identity among eight primates (Fig. 2). Functional studies of this new
isoform class of myosin 15 with its conserved 50 residue novel N-terminal domain await a
mouse model that deletes this novel exon 1 and specific antisera to examine its range of
expression and intracellular localization.

Additional transcriptional complexity arises from the alternative splicing of cassette exons 8
and 26 (Liang et al., 1999). Vertebrate MYO15A genes have a conserved six nucleotide
(ATAAAG) microexon 8, encoding isoleucine and lysine that are predicted to insert into
loop 1; a surface exposed flexible region of the motor domain that is close to the ATP
nucleotide binding pocket (Liang et al., 1999; Supp. Figure S1). Insertions into loop 1 have
been described in other myosin classes and reported to modulate activity of the ATPase
domain (Murphy and Spudich, 2000; Sellers, 2000). It is currently unknown if these two
residues alter the biochemical properties of the myosin 15 ATPase cycle directly, or whether
they might promote an interaction with a protein binding partner of the motor domain.

While the function of exon 8 sequence has yet to be determined, transcripts that include the
18 inframe codons of cassette exon 26 appear to be necessary for inner ear function of
human myosin 15, as evidenced by a homozygous mutant allele p.Trp1975* (Supp. Table
S1) that segregates with deafness in two Iranian families (Fattahi et al., 2012; Sloan-Heggen
et al., 2015). Additionally, when an upstream alternative acceptor site of exon 26 is utilized,
the additional 162 nucleotides include premature translation stop codons (PTCs) that would
result in a truncation after the 1Q motifs and thus a version of myosin 15 lacking a tail
domain, if a protein is synthesized at all (Liang et al., 1999). PTCs can activate translation-
dependent nonsense-mediated decay (NMD) of the transcript, a phenomenon referred to as
regulated unproductive splicing and translation [RUST; (Lewis et al., 2003; Drummond and
Friderici, 2013; Hug et al., 2016)]. Intermittent inclusion of PTCs-containing exon 26
sequence may be a post-transcriptional mechanism to fine-tune the optimal amount of
myosin 15 in a cell.

Pathogenic Mutations of MYO15A

The only documented phenotype associated with mutations of human MYO15A is the
combination of prelingual deafness and vestibular dysfunction (Friedman and Riazuddin,
2014). This is surprising in view of abundant M YO15A expression not only in the inner ear
but also in the pituitary and other neuroendocrine tissues (Liang et al., 1999; Lloyd et al.,
2001). If there are additional clinically relevant phenotypes associated with mutations of
MYO15A, they may have been overlooked because of the initial and continued narrow focus
on deafness (Friedman and Riazuddin, 2014). Alternatively, there may be a functional
redundancy with other myosin classes that could substitute for the loss of myosin 15 in
organs other than the inner ear. In the deaf-circling c/2rat, a missense mutation in a MyTh4
domain of myosin 15 is associated with deafness (Loscher, 2010; Held et al., 2011), and
some c/Zrats are also blind. However, the association of vision loss with a mutant myosin 15
is uncertain in these animals and a variant elsewhere in the ¢/2 genome was not conclusively
ruled out. In one human subject, compound heterozygosity for two truncating mutations of
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MYO15A was reported to be associated with deafness and loss of vision (Neveling et al.,
2013). However, recent personal communication from the senior author indicated that the
deaf patient has no loss of vision. Thus, there is no evidence to date that mutations of
MYO15A cause a syndromic form of deafness.

The first few mutations of MYO15A that cause DFNB3 deafness were identified 20 years
ago in deaf individuals from Bengkala, Bali and in two consanguineous families from India
(Wang et al., 1998). At that time, screening for variants in the reported 66 exons was a
daunting and expensive task. As a result, MYO15A was rarely sequenced in families
segregating deafness, unless there was significant genetic linkage data implicating the
DFNB3locus. Rather, effort was focused on screening for variants of smaller genes that
were already established as significant contributors to human hereditary deafness such as
GJBZ2, which has only a single protein coding exon (DFNB1, OMIM #121011) or SLC26A4
(DFNB4, OMIM #600791; Pendred syndrome, OMIM #274600). The extensive global
contribution of MYO15A to human deafness went unrecognized until massively parallel
sequencing became economical and widely adopted.

Mutations of MYO15A are now a well-known cause of recessively inherited nonsyndromic
deafness globally. Such mutations are perhaps the third most common cause of deafness, and
have been identified in sequence encoding all of the domains and motifs of this protein (Fig.
1). A total of 192 recessive variants of MYO15A are associated with hearing loss including
14 novel variants presented in this review (Supp. Table S1). Of the 192 reported and novel
variants, we have categorized 82 as pathogenic, 73 as likely pathogenic (Fig. 1) and the
remaining 37 variants as having unknown significance (Table 2). We used the following
criteria for this assignment; frameshift, nonsense, and +1 or 2 splice site variants are
categorized as pathogenic if (a) they have an allele frequency <0.5% in controls (except for
p.Trpl975*, discussed later in this review) and (b) deaf individuals are homozygous for the
variant, or if in compound heterozygosity, both likely pathogenic alleles have been
described. We did not include in Fig. 1 or in Supp. Table S1 heterozygous variants of
MYO15A when a second mutation was not identified that could explain recessively
inherited deafness (Woo et al., 2013; Yang et al., 2013; Besnard et al., 2014; Park et al.,
2014), except for heterozygous missense mutations of giant exon 2 for reasons discussed
later in this review. Inframe insertions/deletions were categorized as “likely pathogenic”.
Missense and splice site variants, other than canonical +1 or 2, were also categorized as
likely pathogenic only if, in addition to satisfying the aforementioned two criteria, they were
predicted as damaging by the four /n silico programs for evaluating missense variants and
the two /n silico programs for splice site variants that we used. Missense and splice site
variants that did not meet these criteria, and for which there is no other experimental data to
support pathogenicity, were considered to be of “unknown significance” (Supp. Table S1).

Overall, the most common type of mutation of MYO15A are missense alleles (67/155,
43.2%, variants of unknown significance not included in the denominator), followed by
frameshift (36/155, 23.2%,), nonsense (24/155, 15.5%), splice site (23/155,14.9), and in-
frame indels (5/155, 3.2%). These mutations are located in 49 of the 66 protein coding exons
of the three isoforms of MYO15A. The 17 exons of MYO15A in which no mutations have
yet been found are randomly distributed and have an average size of 94 nucleotides as
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compared to 116 nucleotides for exons that have at least one mutation (calculated excluding
giant ~ 4 kb exon 2). No pathogenic mutations have been reported in either the newly
discovered exon 1 of isoform 3 or in mini-exon 8 possibly because of the small target size
for mutagenic events. Given that the pathogenic mutations of MYO15A appear to occur
randomly, with further study deafness-associated mutations maybe discovered in all exons of
MYOI5A.

The nomenclature of the mutations described in Supp. Table S1 is based on accession
numbers NM_016239.3 and NP_057323.3 for MYO15A cDNA and protein, respectively.
The genomic coordinates we used are from human genome build GRCh37/hg19. Mutation
nomenclature in this update adheres to the recommendations of the Human Genome
Variation Society (HGVS) and was double-checked for accuracy using Mutalyzer (http://
lovd.nl/mutalyzer/). In order to conform to the guidelines of HGVS, we standardized the
nomenclature for 37 published mutations of MYO15A that are noted in Supp. Table S1.

We report 14 novel mutations of MYO15A that co-segregate with deafness in 13
consanguineous families (Fig. 1 bold font; Supp. Figure S2; Table 2). These 14 additional
variants include six missense, five protein-truncating, and three splice site mutations, none
of which are found in 114 to 352 population-matched control chromosomes and are also not
present in the EXAC database as of December 1, 2015. The 14 novel mutations and
corresponding pedigrees are described in Supp. Table S1 and Supp. Figure S2. All novel
variants identified in this study were submitted to ClinVar (http://www.ncbi.nlm.nih.gov/
clinvar/). The study was approved by the Internal Review Boards, the National Institutes of
Health, Bethesda (Combined Neurosciences Blue Panel), the Baylor College of Medicing,
Houston, the University of Maryland, Baltimore, the Quaid-i- Azam University, Islamabad,
Pakistan, the Centre of Excellence in Molecular Biology, University of the Punjab, Lahore,
Pakistan and the Allama Igbal Medical College in Lahore, Pakistan.

Table 3 lists 40 mutations of MYO15A identified more than once in unrelated deaf
individuals and therefore are either founder or recurrent mutations. Five of these mutations
have a conserved haplotype of closely linked markers suggesting a founder origin. The
p.1le2113Phe is responsible for deafness in Bengkala, Bali. The p.Arg1937Thrfs*10 and
p.Ser3335Alafs*121 are likely to be founder alleles in the Turkish population (Cengiz et al.,
2010; Bademci et al., 2015). A missense mutation p.Asp2720His occurs on a conserved
haplotype segregating in four Pakistani families while the p.Tyr1392* is an apparent founder
allele in the Iranian population and also reported in a family living in Pakistan (Nal et al.,
2007; Sloan-Heggen et al., 2015). Another likely founder allele of MYO15A in the South
Asian population is p.Trp1975*. This variant is located in the fifth of the 18 codons of
cassette exon 26 and is associated with deafness in two Iranian families (Fattahi et al., 2012;
Sloan-Heggen et al., 2015). The p.Trp1975* has an allele frequency of 1.7% (138/8086
chromosomes, 2 homozygotes) in the EXAC database for South Asians, suggesting that this
mutation may be a common cause of DFNB3 deafness in this population but the certitude of
its pathogenicity awaits direct experimental confirmation. A high allele frequency for a
variant doesn’t necessarily indicate that it is benign. For example, the carrier frequency of
the nonsyndromic deafness-causing 167delT allele of GJB2 (DFNB1) among Ashkenazi
Jews is approximately 4% (Morell et al., 1998). Therefore, screening for ¢.5925G>A

Hum Mutat. Author manuscript; available in PMC 2017 October 01.


http://lovd.nl/mutalyzer/
http://lovd.nl/mutalyzer/
http://www.ncbi.nlm.nih.gov/clinvar/
http://www.ncbi.nlm.nih.gov/clinvar/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rehman et al. Page 8

(p.Trp1975*) of MYO15A may be a consideration for sporadic deaf South Asians and South
Asian families segregating hearing loss linked to genetic markers of DFNB3.

Polymorphisms of MYO15A and Variants of Unknown Significance

As of January 2016, the EXAC database of ~120,000 chromosomes contains 2,087 DNA
variants in exons and splice regions of MYO15A. Seventy-one of these variants have an
allele frequency of = 0.5% (based on at least 200 chromosomes) in one or more of the seven
populations in the EXAC database. The 71 variants include 34 missense, 32 synonymous,
four splice regions, and one nonsense allele (p.Trp1975* described above). Four of the 34
missense variants (p.Thr2205lle, p.Val2266Met, p.Leu3160Phe and p.Pro1009His) have
been associated with hearing loss. The p.Thr2205Ile was detected in the hemizygous state in
combination with a Smith-Magenis Syndrome deletion of chromosome 17p11.2 in a North
American patient who has a moderately severe high-frequency hearing loss (SMS OMIM
#182290) (Liburd et al., 2001; Nal et al., 2007). The pathogenicity of p.Thr2205lle is open
to question. Its allele frequency in the EXAC database is 0.42% [(504/119760 chromosomes,
five homozygotes of unknown phenotype; 2.1% in the Finnish population (141/6604
chromosomes)]. This allele frequency suggests that p.Thr2205lle is a polymorphism but
predicted to be deleterious by Polyphen-2, SIFT, MutationTaster, fathmm, and
Mutationassessor. Two variants, p.Val2266Met and p.Leu3160Phe were reported as
pathogenic but were re-categorized as benign based on both their elevated allele frequency in
normal populations (>0.5%) and /n silico predictions suggesting non-pathogenicity (Nal et
al., 2007; Shearer et al., 2014). Using the same criteria, Shearer and co-authors annotated
p.-Met463Val and p.Alal551Asp as benign variants of MYO15A (Shearer et al., 2014).

A p.Pro1009His mutation is located in giant exon 2, encoding the N-terminal domain of
myosin 15 and was reported as pathogenic in a single individual from East Asia (Yang et al.,
2013). The allele frequency for p.Pro1009His is = 0.5% in the EXAC database and 4.6% in
East Asians including 14 homozygotes of unknown hearing phenotype. There are four
additional missense variants in giant exon 2 that co-segregate with recessive deafness and
their pathogenicity is questionable under a similar rationale. The p.Ala408Val was identified
in compound heterozygous state in a Palestinian Arab family with two deaf siblings
(Brownstein et al., 2014), but is now predicted to be benign by MutationTaster, PolyPhen2,
PROVEAN and SIFT. The p.Arg248Gly observed in family 4524 (Supp. Figure S2), is
predicted to be benign by MutationTaster and PROVEAN, and the arginine 248 residue is
not fully conserved among mammals. We note that affected individuals from family 4524
are also homozygous for p.Asp1594His of MYO15A, which is predicted to be deleterious by
four different programs (Supp. Table S1). Additionally, c.4780G>C (p.Asp1594His) changes
the first nucleotide of exon 16, affecting the consensus splice acceptor site (agG to agC), is
predicted by Human Splicing Finder to affect the normal splicing of exon 15 to exon 16,
hence, homozygosity for p.Asp1594His is a likely cause of deafness DFNB3. A
homozygous p.Met463Val allele in giant exon 2 was reported and predicted (Table S1) to be
benign notwithstanding co-segregation with deafness in an Iranian family. However,
p-Met463Val is in disequilibrium with the likely causative mutation of MYO15A. Affected
individuals of this family are also homozygous for a truncating mutation of MYO15A
(p.Phe1807Leufs*6), which the authors conclude is the likely cause of deafness (Fattahi et
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al., 2012). Another missense variant (p.Val485Ala) in giant exon 2 reported in a family
segregating deafness was designated as an allele of unknown significance in the
supplemental information (Sloan-Heggen et al., 2015). There are another four heterozygous
missense variants reported for giant exon 2 (Miyagawa et al., 2013a), each of which were
only found once in 216 deaf patients from Japan, and there is no mention of a second
pathogenic variant of MYO15A that would explain recessively inherited deafness.
Therefore, we have categorized these as variants of unknown significance.

Forty-four percent of pathogenic DFNB3 mutations in MYO15A are missense alleles
overall. However, we conclude that there are no convincing reports of pathogenic missense
mutations in giant exon 2. However, there are 17 truncating mutations in this giant exon 2
that are associated with deafness segregating in DFNB3 families from 9 different ethnicities
(Fig. 1). This demonstrates that myosin 15 isoform 1 is critical for normal hearing in humans
(Fig. 1). Moreover, a mouse model of the human p.Glu1105* DFNB3 allele in giant exon 2
causes deafness (Nal et al., 2007; Fang et al., 2015).

Given an equal distribution of mutations across the genomic interval, we expect pathogenic
missense alleles in giant exon 2, since it comprises one third of the entire myosin 15 isoform
1 protein. The absence of missense mutations in giant exon 2 is not explained by skewed
codon usage. For example, four of the six codons for arginine have a CpG dinucleotide that
is more prone to mutation and has the potential for nonsynonymous substitutions (Cooper
and Krawczak, 1990; Vitkup et al., 2003). There is no underrepresentation of arginine in the
N-terminal domain of myosin 15. Indeed, arginine is the second most frequently observed
residue encoded by giant exon 2. Therefore, we considered other explanations for the
absence of pathogenic missense mutations in giant exon 2. One possibility is that pathogenic
missense variants are unreported because giant exon 2 encodes no consensus protein
domains and consequently missense variants are predicted to be benign or tolerated by
algorithms such as Mutation Taster, SIFT, or Polyphen-2. However, we also considered this
to be an unlikely explanation because there are missense mutations in the tail of myosin 15
that are located outside of reported domains (Fig. 1) and predicted to be “deleterious” by /n
silicotools. Another possibility is that there is ascertainment bias in studies of hereditary
deafness. If missense mutations in giant exon 2 are associated only with a mild hearing loss
or a late onset hearing loss, these phenotypes would have been ignored when only severely
to profoundly deaf probands are specifically sought, often through schools for the deaf.
There are clinical and experimental data in human subjects and mouse models that support
ascertainment bias explanation for the dearth of missense mutations in giant exon 2. Five
homozygous protein truncating mutations in this exon (p.Tyr289*, p.Glu396Argfs*36,
p.Glul105*, p.Arg1113Valfs*12, and Ser1176Valfs*14), which entirely ablate the function
of MYO15A isoform 1, are associated with less than severe to profound hearing loss in
many family members (Nal et al., 2007; Cengiz et al., 2010; Bashir et al., 2012; Li et al.,
2016). In addition, a recently reported Myo15a mouse model homozygous for an engineered
nonsense mutation in exon 2, referred to as AN (equivalent to human mutation p.Glu1105*
in exon 2, Fig. 1), does have some minimal hearing initially, unlike the sh2allele that results
in profound deafness at the earliest time after birth that auditory function can be
quantitatively measured by auditory brain stem analyses (Fang et al., 2015). With these
observations in mind, we hypothesize that amino acid substitutions of the predicted
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intrinsically disordered N-terminal domain are structurally less menacing, causing a more
subtle hearing loss. To test this idea, subjects with mild to moderate hearing loss could be
ascertained in collaboration with professionals who prescribe and fit hearing aids.

Myosin 15 is a Master Regulator of Stereocilia Development and
Conservation

Humans can hear sound with extraordinary sensitivity and frequency selectivity. At the heart
of this remarkable system are hair cells, the primary sensory receptors within the cochlea
that detect sound using mechano-sensitive protrusions; called stereocilia. Each hair cell
typically has > 50 individual stereocilia, arranged into ranks of increasing height that are
cross-linked with extracellular filaments that create a cohesive bundle (Frolenkov et al.,
2004). Deflection of the hair bundle by sound waves leads to opening of mechano-electric
transduction (MET) channels that reside at the tips of individual stereocilia (Fig. 3). This
ultimately depolarizes the hair cell receptor potential and is the beginning of afferent
neurotransmission to the brainstem via the 8™ cranial nerve (Schwander et al., 2010). Given
the overall complexity of the auditory system, it is not surprising that human deafness is a
highly genetically heterogeneous neurosensory disorder (Dror and Avraham, 2010;
Drummond et al., 2012; Griffith and Friedman, 2016).

In general, molecular and cellular studies of the human cochlea are not feasible, since this
organ is encased in bone, severely limiting non-invasive experimental access. The potential
to directly differentiate hair cells /n vitro from patient-derived pluripotent stem cells is an
exciting new approach to this longstanding problem; though extremely promising, these
systems have yet to replicate the full architectural complexity of the cochlea (Oshima et al.,
2010; Ronaghi et al., 2014). Animal models recapitulating human deafness have thus
provided the critical biological material to study ultrastructure, cell biology and physiology
of hair cells (Frolenkov et al., 2004), and more recently to test potential therapies for
auditory system pathology (Askew et al., 2015; Chien et al., 2015; Muller and Barr-
Gillespie, 2015). Using animal models, the majority of genes mutated in hereditary deafness
have been shown to encode proteins involved in development, maintenance and normal
physiology of stereocilia (Frolenkov et al., 2004; Petit and Richardson, 2009; Schwander et
al., 2010; Barr-Gillespie, 2015; Drummond et al., 2015; Griffith and Friedman, 2016).
Stereocilia develop from microvilli that undergo a complex program of lengthening and
thickening as they metamorphose into the mature mechanosensitive organelles (Tilney et al.,
1992; Barr-Gillespie, 2015; Drummond et al., 2015). The final geometry of the hair bundle
is critical for mechanotransduction and, remarkably, this is reliably reproduced with
nanometer tolerances from hair cell to hair cell. The molecular mechanisms that specify,
assemble and maintain this architecture are poorly understood, but are central to the
acquisition and continued operation of these delicate mechanosensors.

Myosin 15 was the first protein found to control stereocilia development as they transform
from microvilli and start to grow. Stereocilia bundles are short and fail to elongate in mice
homozygous for the s42 (Myo15572) or shaker 2J (Myo01552-) allele, resulting in profound
deafness and vestibular dysfunction (Probst et al., 1998; Anderson et al., 2000; Belyantseva
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et al., 2003; Stepanyan et al., 2006). The sA2allele is a substitution of cysteine for tyrosine
p.Cys1779Tyr within the motor domain, whilst the shaker 2Jallele contains a genomic
deletion that removes 6 exons and truncates the last FERM domain from the myosin 15
molecule. Exactly how these mutations alter the molecular properties of myosin 15 is
unknown. However, they functionally prevent myosin 15 from trafficking to its normal
location at the tips of stereacilia; the major site of actin polymerization during stereocilia
elongation (Drummond et al., 2015; Narayanan et al., 2015). Myosin 15 must interact with
at least two other proteins, Eps8 and whirlin, in order to drive stereocilia growth
(Belyantseva et al., 2005; Manor et al., 2011; Zampini et al., 2011). Both proteins localize
with myosin 15 at the tips of elongating stereocilia. Individual mouse mutants of Eps8 or
whirlin have short stereocilia similar to the phenotype of the sA2mouse, despite the fact that
myosin 15 trafficks normally to stereocilia tips. In sA2mice, Eps8 and whirlin are absent
from stereocilia, demonstrating that they are dependent upon myosin 15 for their trafficking
to the tip compartment. Critically, reintroduction of wild-type EGFP-myosin 15 isoform 2
into sh2hair cells in culture can restore the normal localization of whirlin and Eps8
(Belyantseva et al., 2005; Manor et al., 2011) and rescue stereocilia elongation /n vitro
(Belyantseva et al., 2005). These data show that myosin 15 traffics Eps8 and whirlin within
hair cells, and that the overall macromolecular complex drives the critical transformation of
microvilli into mature stereocilia.

Recently, a new role for myosin 15 was discovered that is independent of its function in
stereocilia development (Fang et al., 2015). This new function emerged from the finding that
hair cells express both isoforms 1 and 2 of myosin 15, and that the sA2and shaker 2Jalleles
were simultaneously ablating both isoforms (Fang et al., 2015). To examine how loss of one
isoform might impact hearing function, a humanized mouse allele was engineered with a
nonsense p.Glu1086* mutation in giant exon 2 (Myo01551086X: abbreviated to AN) to model
the equivalent p.Glu1105* DFNB3 allele in humans (Nal et al., 2007; Fang et al., 2015).
Since giant exon 2 is only included in isoform 1 transcripts (Fig. 2), the AN allele
specifically eliminates isoform 1 without perturbing the expression of isoform 2.
Homozygous AN/AN mice are profoundly deaf at six weeks of age, similar to s42 mutants
(Fang et al., 2015). Remarkably, despite the profound deafness in isoform 1-null AN/AN
mice, stereocilia still initially develop normally (Fig. 3) in striking contrast to those in sh2
hair cells (Fang et al., 2015). Isoform 2 is still produced in AN/AN hair cells and is detected
at the tips of stereocilia, suggesting this is sufficient to drive stereocilia elongation in the
absence of isoform 1. Consistent with this interpretation, isoform 2 is able to traffic Eps8
and whirlin to their wild-type locations in AN/AN hair cell stereocilia (Fang et al., 2015).

If isoform 1 is dispensable for stereocilia development, then what role does it have in
DFNB3 pathology? Although isoform 1-null AN/AN hair cell stereocilia are initially
indistinguishable from wild-type hair cells, degenerative changes are detected from postnatal
day 6 (P6) onwards. These changes are specifically observed on the shorter stereocilia ranks
that house active mechano-electric transduction (MET) channels (Beurg et al., 2009). The
actin cytoskeleton becomes dysregulated in these shorter rows and stereocilia decrease in
both length and diameter, eventually being completely resorbed into the hair cell (Fig. 3).
The onset of degeneration coincides with a switch in cochlear mRNA splicing, a pivot from
producing mainly isoform 2 at P1 when stereocilia are actively elongating, to predominantly
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isoform 1 by P7 (Fang et al., 2015). As isoform 1 protein is synthesized in auditory hair
cells, it accumulates at the tips of shorter-row mechano-transducing stereocilia, where it
functions to prevent disassembly of core actin cytoskeleton. In contrast, for inner hair cells,
isoform 2 traffics predominantly to the tips of stereocilia in the tallest row (Fang et al.,
2015). Extrapolating from these My015DFNB3 mouse models, human DFNB3 deafness
presumably develops from at least two fundamentally different pathologies. Mutations
affecting isoform 2 block stereocilia development, while mutations in giant exon 2 (affecting
solely isoform 1) interfere with stereocilia maintenance.

How does isoform 1 regulate the actin cytoskeleton in shorter-row mechanosensitive
stereocilia? Unlike actin filaments in filopodia and microvilli, which continuously treadmill,
the mature actin cores of stereocilia are not continuously renewed on a daily basis
(Schneider et al., 2002; Rzadzinska et al., 2004). Rather, the stereocilia actin core appears to
be remarkably stable with localized zones of turnover, and has an overall half-life on the
order of months, if not longer (Zhang et al., 2012; Drummond et al., 2015; Narayanan et al.,
2015). Identification of the isoform 1 protein interactome is now critical to understand how
this molecule potentially interacts with other actin-regulatory proteins to set the rate of actin
filament turnover in stereocilia. Progress towards this goal will be boosted by a recent
advance in purifying recombinant myosin 15 molecules, which will allow for detailed
biochemical and biophysical analyses of its properties (Bird et al., 2014). Combined with
whole animal physiology and cell biology approaches, these biochemical studies will
provide unprecedented insight into the mechanisms that control development and
maintenance of hair cell stereocilia, both of which are central to healthy human hearing.

Conclusions

Variants of MYO15A are now documented to be one of the leading causes of human
hereditary hearing loss worldwide. Of the nearly two hundred mutations in MYO15A
identified, we preliminarily categorized some as being of unknown significance. These
variants may yet be reassigned as likely benign or pathogenic once their effect upon myosin
15 has been experimentally determined. Several roles for myosin 15 are now emerging in the
auditory system, where it is responsible for both the development, as well separately for the
maintenance of sensory hair cell stereocilia. The presence of two protein splice isoforms
precisely correlates with these activities, establishing a clear genotype-phenotype
relationship. Isoform 2 traffics molecular cargo to the tips of differentiating hair cell
stereocilia and drives elongation of the core actin cytoskeleton. Isoform 1 is dispensable for
initial development, but is then critical to stabilize the actin cytoskeleton and prevent
disassembly of mature mechano-transducing stereocilia. We speculate that myosin 15 may
have additional functions, given the number of different, but currently unstudied alternative
splice isoforms of this gene. In conclusion, human DFNB3 deafness results from a spectrum
of sensory hair cell pathologies. This complex disease etiology necessitates detailed
understanding of how myosin 15 normally functions, so that restorative small molecules or
gene-editing therapies can be targeted to the appropriate isoform, at the appropriate time.
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MYO15A gene structure

exons 1 2 10 20 30 40 50 60

3756+1G>T |4142+1G>T 5133+1G>A 6178-2A>G 7966+2T>C 8601+2T>G Q3316Q
3756+1G>C 4320+1G>A |4655+1G>A  5650-1G>A 6764+2T>A 7787+4A>G 8968-1G>C 9690+1G>A
3866+1G>A 4596+2dupT 5910+1G>T 7395+3G>C 9229+1G>A| 9517+2T>C
7395+1G>A 9229+2T>C

splice site mutations

B A1548V
A1548T

$1481P | A1551D
R1457W | | K1557E
myosin 15 D1451N E1593K
G1441V D1594H
L1438P 11633T P2073L
Y1437C E1637del P2049H
G1418R G1706V R1993Q | [N2111Y
E1414K K1714M —12113F
V1400M L1728P —V2114G
missense mutations R1370C L1730P [—V2114M
andinframeindels G13585S R1763W R2124Q F2741S
G1315E T1769A R2146Q E2733A| E2770del
113117, L1806P E2212K R2728H| [R2775H
A1298T G1831V G2231A D2720H|| | v2792A Q3403delinsPTRPVQL
L1291F R1937C] G2244E Q2716H || [|L2799H  G3173R R3401H
R1282W R1937H G2263S  V2697A D2823N L3138Q |C3178W [S3417del
T1253[|‘ R19561 ’ D2403Y W2689RI‘ G20095 ’53191H “F3420del
n-terminus motor MyTH4 FERM SH3 MyTH4 FERM
K96Efs‘132]‘ “ES%Rfs‘% 577‘9V~‘W9‘20' 1Y1392" vmo‘r‘ Q'2197* K2601* ’é3492*
R125Vfs*102 Y380Mfs*64  P839Rfs*24 [| | q1220 Eicien P2409Qfs*8 VEASATTE
K1405fs*304 V349" S Q1425* |[P1697Afs*2 D2375Vfs*41 $3335Afs*121
E152Gfs*82 Y289* R1113Vfs*12
Eiadl| EAGEEReTa fathied NP R1763Afs*45 2350Tfs*67 D3320Tfs*2
E209* L1779Wfs*18 Q2336Pfs*11 13174Dfs*48
Q1510%  F1807Lfs*6 G2315Efs*102  52661* R3134%  $3525Qfs*79
tain t ti tati R1937Tfs*10 C2163Afs*90  K2701Rfs*37 H3106Pfs*2 $3525Afs*29
preteinirunsating mutatons Y1945 A2153Pfs*100 G2811Vfs*11 G2941Vfs*94
W1975% | A2104Cfs*19 Y2819%| |W2931Gfs*103
Q2021* P288ORfs*19 R2923*

Figure 1.
Human MYO15A gene structure, the location of mutations associated with nonsyndromic

deafness DFNB3 and the domains of myosin 15. Only pathogenic or likely pathogenic
mutations are shown here while the variants of unknown significance are listed in Table 2.
The ¢.6487delG (p.Ala2153fs) allele is not included in this figure (see Supp. Table S1). New
mutations reported in this study are in bold font (pedigrees in Supp. Figure S2). A: Each
rectangle represents one of the 66 reported exons of MYO15A while the horizontal black
line represents intronic sequence. The 5" and 3" untranslated regions (UTRs) are denoted
by light grey rectangles (exon 1 and part of exon 66). Exons and the encoded protein
domains of myosin 15 in panel B have the same color. B: Missense mutations and inframe
indels are shown on top of the drawing whereas protein truncating mutations are shown
below. The three vertical green disks represent two consensus 1Q motifs and a third 1Q-like
motif. Black colored rectangles denote regions of myosin 15 with no predicted domains. The
small red square at the C-terminus represents a class 1 PDZ binding motif that interacts with
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whirlin. MyTh4, myosin tail homology 4 domain; FERM (band 4.1, ezrin, radixin, moesin)
domain; SH3, Src homology 3 domain.
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A

human MYO15A / mouse Myo15

Isoform 2
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Gorilla MATGAAWLLRGPWPRRRVPRAVWAAALRERGAGRLGVRGKDAWVLLTLEY
Orangutan MATGAAWLLGGPWPRRRVPRAVWAAALRERGAGRLGVRGKDAWALLTLEY
Gibbon MATGAAWLLGGPWPRRRVPCAVWAAALRERGAGRLGVRGKDAWALLTLEY
Rhesus MATGAAWLLGGPWPRRRVPRAVWAAALRERGAGRLGVRGKDAWALLTLEY
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Figure 2.

Tvso alternative transcription start sites of MYOI15A, three isoform classes and data
supporting a novel exon 1 of isoform 3 identified in both human and mouse. A:
Transcription for isoforms 1 and 2 starts from exon 1, whereas isoform 3 uses an alternate
transcription start site of a second exon 1 located in intron 2. We identified this novel exon 1
of isoform 3 through 5"RACE from mouse pituitary cDNA and later confirmed it by PCR
amplification and Sanger sequencing. Location of primers used to amplify and sequence
novel exon 1 from mouse and human pituitary tissue cDNA are shown by arrows above and
below exons, respectively. Lines indicate splicing of the primary transcript. Coloring of
exons is the same as in Fig. 1A, except for the novel exon 1 (purple) of isoform 3 not
illustrated in Fig 1. B: Images of 2% agarose gels used to size-separate amplicons. Each
primer pair used to amplify cDNA was also used to amplify genomic DNA as a control
template. Bands in lanes 4, 8 (upper band) and 13 show that the commercial cDNA libraries
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also contained some genomic DNA. C: Clustal Omega alignments of the 50 amino acid
residues encoded by exon 1 of isoform 3. Non-identical amino acids are highlighted in red
font whereas identical amino acids for all species examined are noted with a star. gDNA,
genomic DNA,; cDNA, complementary DNA, nt, nucleotide.

Hum Mutat. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rehman et al.

Page 24

A
lnnerear 4T WTTTTTTTTI T
' :/ais;ir?rw:r .‘u Stereocilia
cachlon D 3
artition , 3: ’ ;
75 A\ AR
2 @ ,,,,, Basilar membrane
B
0]
I
kol
25
v
ey o
C Myo1 5sh2/sh2
isoform 1 no
isoform 2 no
Figure 3.

A: The cochlea is the sensory organ that detects sound within the inner ear. Sound waves
enter the external auditory canal and are transmitted to the inner ear via the tympanic
membrane and ossicles. Sound energy sets up oscillations within the fluid-filled ducts of the
cochlea that displaces the cochlea partition and organ of Corti. Mechanosensory hair cells
within the organ of Corti detect these displacements and release neurotransmitters to trigger
afferent neural signaling. This panel reproduced from Frolenkov et al., (2004) with
permission from Gregory Frolenkov and the publisher. B: Scanning electron microscopy
(SEM) showing that mutations in mouse myosin 15 (My015) can have different effects upon
development and maintenance of mechanosensory stereocilia. The missense (s/2) mutation
in exon 20 blocks stereocilia elongation, while conversely, the nonsense (4N) mutation in
exon 2 does not. Both mouse models exhibit profound deafness. Figure modified with
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permission from the publisher of Fang et a/., (2015). C: Summary of myosin 15 isoform
localization and their functions within stereocilia. In maturing stereocilia (P7 and older),
isoforms 1 and 2 are concentrated at the tips of different stereocilia rows in inner hair cells.
Isoform 2 is required to drive the developmental elongation of stereocilia, whilst isoform 1 is
essential postnatally to stabilize shorter stereocilia rows that elicit mechano-electric
transduction (MET) currents when the stereocilia bundle is defelected.

Hum Mutat. Author manuscript; available in PMC 2017 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rehman et al.

Table 1

Myosin superfamily members necessary for human hearing
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Gene Myosin Locust MIM Reference

MYO3A myosin3a  DFNB30 607101 Walsh et al., 2002

MYO6 myosin 6 DFNB37/DFNA22 607821/606346 Melchionda et al., 2001; Ahmed et al., 2003
MYO7A myosin 7a  DFNBZ/DFNA11/USHIB 600060/601317/276900 Liuetal., 1997a; Liu et al., 1997b; Weil et al., 1997
MYH9 myosin 9 DFNA17 603622 Lalwani et al., 2000

MYH14 myosin 14  DFNA4 600652 Donaudy et al., 2004

MYO15A myosin15 DFNB3 600316 Friedman et al., 1995; Wang et al., 1998

JD/—'NA locus mapped in a family segregating nonsyndromic deafness as a dominant trait. A DFNB locus mapped in a family segregating
nonsyndromic deafness as a recessive trait. USHIB s a locus for Usher syndrome type 1 (OMIM# 276900). Mutations of MYO7A are associated

with DFNA, DFNB or USH.
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MYO15A variants of unknown significance

Table 2

Page 27

L ocation on
chromosome 17
Exon/intron  (GRCh37/hg19) Nucleotide change (NM_016239.3)  Protein change (NP_057323.3)  References
2 18022628C>T ¢.514C>T p.(Leul72Phe) Miyagawa et al., 2013
2 18022668G>A ¢.554G>A p.(Gly185Asp) Miyagawa et al., 2013
2 18022727T>C €.613T>C p.(Phe205Leu) Miyagawa et al., 2013
2 18022785A>G c.671A>G p.(Tyr224Cys) Miyagawa et al., 2013
2 18022856C>G €.742C>G p.(Arg248Gly) this study
2 18023337C>T €.1223C>T p.(Ala408Val) Brownstein et al., 2014
2 18023501A>G c.1387A>G p.(Met463Val) Fattahi et al., 2012
2 18023568T>C €.1454T>C p.(Val485Ala) Sloan-Heggen et al., 2015
2 18023748C>T €.1634C>T p.(Ala545Val) Sloan-Heggen et al., 2016
2 18025140C>A ¢.3026C>A p.(Pro1009His) Yang et al., 2013
11 18035776G>A C.4216G>A p.(Glu1406Lys) Miyagawa et al., 2013
16 18040946G>A c.4828G>A p.(Glu1610Lys) Miyagawa et al., 2013
17 18041441C>G €.4888C>G p.(Arg1630Gly) Miyagawa et al., 2013
17 18041505C>T €.4952C>T p.(Serl651Leu) Sloan-Heggen et al., 2015
19 18043829A>G ¢.5212-2A>G splice site Atik et al., 2015
20 18043955T>C ¢.5336T>C p.(Leul779Pro) Ammar-Khodja et al., 2015
26 18046936G>A €.5964+3G>A splice site Gaoetal., 2013
29 18047850C>T €.6217C>T p.(Pro2073Ser) Shearer et al., 2009
31 18051447C>T €.6614C>T p.(Thr2205lle) Liburd et al., 2001
32 18051821T>C €.6703T>C p.(Ser2235Pro) Miyagawa et al., 2015
33 18052106G>A €.6796G>A p.(Val2266Met) Nal et al., 2007
33 18052203G>A €.6893G>A p.(Arg2298GIn) Sloan-Heggen et al., 2015
33 18052275C>G €.6956+9C>G splice site Yang et al., 2013
37 18054082G>A €.7395+3G>A splice site Riahi et al., 2014
39 18054500C>G €.7550C>G p.(Thr2517Ser) Sloan-Heggen et al., 2016
40 18054733G>A C.7679G>A p.(Arg2560GIn) Sloan-Heggen et al., 2016
42 18055426G>T C.7894G>T p.(Val2632Leu) Bademci et al., 2015
45 18058072A>G €.8224+3A>G splice site this study
47 18058737G>A €.8450G>A p.(Arg2817His) Guetal., 2015
51 18061059G>A c.8812G>A p.(Gly2938Arg) Sloan-Heggen et al., 2016
57 18064722C>T €.9478C>T p.(Leu3160Phe) Nal et al., 2007; Miyagawa
etal., 2013; Miyagawa et al.,
2015
59 18066565G>A €.9620G>A p.(Arg3207His) Bademci et al., 2015
60 18067146A>T Cc.9781A>T p.(Asn3261Tyr) Miyagawa et al., 2013
61 18069795A>G €.9908A>G p.(Lys3303Arg) Sloan-Heggen et al., 2016
63 18075050C>T ¢.10181C>T p.(Ala3394Val) Sloan-Heggen et al., 2016
64 18075517C>G €.10263C>G p.(lle3421Met) Miyagawa et al., 2015
65 18077138G>A ¢.10394G>A p.(Arg3465GIn) Sloan-Heggen et al., 2016
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See Supp. Table S1 for more details.
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Pathogenic and likely pathogenic variants of MYO15A detected in multiple unrelated deaf individuals

Table 3

Mutation (NP_057323.3)

Country of origin

References

p.(Glul79*)
p.(Tyr349%)
p.(Glu396Argfs*36)
p.(Pro839Argfs*24)
€.3866+1G>A
p.(GIn1229%)
p.(Tyrl392*)4
p.(Val1400Met)
p.(Glul414Lys)
p.(GIn1425%)
€.4320+1G>A
p.(Glyl441Val)
p.(Ser1481Pro)
p.(GIn1510%)
€.4655+1G>A
p.(Glu1593Lys)
p.(11e1633Thr)
p.(Glu1637del)

p.(Arg1937Thrfs*10)42
p.(Arg1937Cys)
p.(Arg1937His)
p.(Trpl975%)
p.(Arg1993GIn)
€.6178-2A>G

p.(1le2113Phe)?
p.(Arg2146Gin)
p.(Ala2153Profs*100)
p.(GIn2197%)
p.(Gly2244Glu)
€.6764+2T>A
p.(Asp2375Valfs*41)
p.(Asp2403Tyr)4¢
p.(Pro2409GInfs*8)
p.(Asp2720His)?
p.(Arg2728His)
p.(Glu2770del)
p.(Asp2823Asn)
p.(Arg2923*)

Korea, Japan
Saudi Arabia, N/A
Pakistan, Japan
Iran

Pakistan

Pakistan

Iran, Pakistan

Turkey, N/A
Palestinian Arab
Turkey

Korea

China, Japan
Turkey

N/A, Pakistan
Iran; N/A

N/A

China, Pakistan
Iran

Turkey

Iran, Pakistan
Iran, N/A
Iran

Japan
Pakistan

Indonesia

Korea; Iran
Japan

Pakistan
Pakistan, Japan
N/A

Germany, N/A

Palestinian Territories
Puerto Rico, N/A
Pakistan

Askenazi Jewish, China
Turkey, Iran

Iran

China; Pakistan
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Park et al., 2014; Miyagawa et al., 2015
Imtiaz et al., 2011; Sloan-Heggen et al., 2016
Bashir et al., 2012; Miyagawa et al., 2013; Miyagawa et al., 2015

Sloan-Heggen et al., 2015

Nal et al., 2007; Shafique et al., 2014
Liburd et al., 2001; this study
Nal et al., 2007; Sloan-Heggen et al., 2015

Cengiz et al., 2010; Sloan-Heggen et al., 2016

Brownstein et al., 2011; Brownstein et al., 2014

Diaz-Horta et al., 2012; Bademci et al., 2015

Woo et al., 2013; Park et al., 2014

Gu et al., 2015; Moteki et al., 2015

Cengiz et al., 2010; Diaz-Horta et al., 2012; Bademci et al., 2015
Sloan-Heggen et al., 2016; This study

Sloan-Heggen et al., 2015; Sloan-Heggen et al., 2016

Sloan-Heggen et al., 2016
Gu et al., 2015; this study
Sloan-Heggen et al., 2015

Cengiz et al., 2010; Bademci et al., 2015

Sloan-Heggen et al., 2015; this study
Fattahi et al., 2012; Sloan-Heggen et al., 2016
Fattahi et al., 2012; Sloan-Heggen et al., 2015; Sloan-Heggen et al., 2016

Miyagawa et al., 2015
this study
Wang et al., 1998

Woo et al., 2013; Sloan-Heggen et al., 2015

Moteki et al., 2015
this study

Nal et al., 2007; Miyagawa et al., 2015
Neveling et al., 2013; Sloan-Heggen et al., 2016
Vona et al., 2014; Sloan-Heggen et al., 2016

Shahin et al., 2010

Bademci et al., 2015; Sloan-Heggen et al., 2016

Nal et al., 2007

Brownstein et al., 2011; Yang et al., 2013
Bademci et al., 2015; Sloan-Heggen et al., 2015
Fattahi et al., 2012; Brownstein et al., 2014
Yang et al., 2013; Shafique et al., 2014
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Mutation (NP_057323.3) Country of origin References
p.(Leu3138GIn) Japan Yano et al., 2013; Moteki et al., 2015
p.(Ser3335Alafs*121)4 Turkey Cengiz et al., 2010

aAffected individuals were reported to share the same haplotype.

bSame allele in three families described in Cengiz et al., 2010 who share a haplotype and two families reported in Bademci et al., 2015 who share a
haplotype. Whether or not there is one or two haplotypes is unresolved.

Cp.(Asp2403Tyr) results from a nucleotide change of the second to last codon of exon 35 and was experimentally demonstrated to affect normal
splicing of MYO15A.

N/A, not available.
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