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Abstract

Congenital hearing loss is an important clinical problem because, without early intervention,
affected children do not properly acquire language and consequently have difficulties developing
social skills. Although most newborns in the US are screened for hearing deficits, even earlier
diagnosis can be made with prenatal genetic screening. Genetic screening that identifies the
relevant mutated gene can also warn about potential congenital defects in organs not related to
hearing. We will discuss efforts to identify new candidate genes that underlie the Branchiootorenal
spectrum disorders in which affected children have hearing deficits and are also at risk for kidney
defects. Mutations in two genes, S X1 and EYAL, have been identified in about half of the patients
tested. To uncover new candidate genes, we have used the aquatic animal model, Xenopus laevis,
to identify genes that are part of the developmental genetic pathway of Six1 during otic and
kidney development. We have already identified a large number of potential Six1 transcriptional
targets and candidate co-factor proteins that are expressed at the right time and in the correct
tissues to interact with Six1 during development. We discuss the advantages of using this system
for gene discovery in a human congenital hearing loss syndrome.
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Introduction

A very important use of animal models in biomedical research is to discover new genes
involved in human diseases and characterize the functions of the proteins that they encode in
normal and disease states. Xenopus laevis, the South African clawed frog, has been a leading
model for uncovering the molecules that control normal embryonic development in
vertebrates because the embryos are large, produced in abundance, and highly accessible for
experimental manipulations, which facilitates their use in biochemical and molecular
analyses (Gilchrist, 2012; Harland and Grainger, 2011; Khokha, 2012). Now that the
Xenopus genome has been sequenced, shown to have high synteny with human, and can be
genetically modified (Blitz et al., 2013; Hellsten et al., 2010; Nakayama et al., 2013;
Nakayama et al., 2014), they also are ideal for modeling human developmental defects and
congenital syndromes. In this review, we will discuss a hearing loss syndrome in which we
have exploited the experimental resources of Xenopus and of Drosophila to discover new
genes that may underlie human congenital disorders that affect ear development.

Branchiootorenal Spectrum Disorders

Hearing loss is the most prevalent birth defect in developed countries (Hilgert et al., 2009);
it occurs in 1/500 newborns and increases to 3.5/100 by adolescence (Morton and Nance,
2006; Smith et al., 2014). Half of the cases are due to genetic causes, and over 400 genetic
syndromes that include hearing loss have been described (Toriello et al., 2004). It is very
important to diagnose congenital hearing loss as early as possible because without
intervention these children have difficulty acquiring language skills. As a consequence of
their impaired communication, they also often suffer from social isolation. According to the
National Institutes of Health, about 98% of infants born in hospitals in the United States are
now functionally screened for hearing loss before being discharged because early
interventions, including cochlear implants, otologic surgery and intensive speech therapy,
have proven successful in ameliorating the language and social problems that these children
face.

Branchiootorenal spectrum disorders are the second most common type of autosomal
dominant syndromic hearing loss (Smith, 2014). Affected individuals have a 50% chance of
transmitting the disorder to each of their children, penetrance is estimated to be 100%, and
prevalence is estimated to be about 1:40,000 (Chang et al., 2004; Fraser et al., 1980). Two
syndromes, Branchiootic syndrome (BOS) and Branchiootorenal (BOR) syndrome,
comprise this spectrum. Both are characterized by: second branchial arch malformations
including fistulas and cysts; external ear malformations including preauricular pits, lop-ear
deformities, cup-ear deformities, preauricular tags, and atresia or stenosis of the external
auditory canal; middle ear malformations including ossicle deformities, ossicle fixation and
malformed middle ear space; and inner ear malformations including cochlear hypoplasia,
enlarged cochlear and vestibular ducts, and semicircular canal hypoplasia (Fig. 1). BOR is
diagnosed when kidney malformations are additionally detected. Although this is a fully
penetrant, autosomal dominant syndrome, patients present with highly variable degrees of
malformations, even when comparing right and left sides of the same individual (Fig. 1).
Hearing loss is a hallmark, but its extent is highly variable and can be conductive, sensori-
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neural or mixed in type. Many of the craniofacial abnormalities can be surgically corrected,
but patients need interventions for their hearing impairments as early as possible to promote
language acquisition. BOR patients additionally require close monitoring for renal function
because they may eventually require kidney transplantation or dialysis.

Mutations in two genes have been identified in about half of patients with BOS/BOR
(reviewed in Moody and Saint-Jeannet, 2014; Smith, 2014). The gene encoding SIX1, a
homeodomain transcription factor, is mutated in about 4% of patients diagnosed as BOS3
(Online Mendelian Inheritance in Man [OMIM] #608389) or BOR3 (Smith, 2014). The gene
encoding EYAL, a co-factor protein that binds to SIX1 and modifies its transcriptional
activity, is mutated in about 40% of patients diagnosed as BOS1 (OMIM #602588) or BOR1
(OMIM #113650). There is a report that the related SIX5 protein is causative for BOR2
(Hoskins et al., 2007), but Six5 is not normally expressed in otic precursors (reviewed in
Brugmann and Moody, 2005) and a recent study disputes the reported mutation (Krug et al.,
2011). Identifying gene mutations in BOS/BOR patients is of diagnostic importance because
their variable hearing losses can be difficult to detect by the standard methods used in
newborns and potential kidney defects can be life threatening. For these reasons, screening
for mutations in 9 X1 and EYA1 are often included in genetic screens (e.g., the OtoSCOPE
panel, University of lowa; the Branchiootorenal Spectrum panel at Cincinnati Children’s
Hospital Medical Center). Yet current prenatal/perinatal testing cannot detect the mutated
gene in over half of BOS/BOR cases. Since genetic screening is considered a best practice to
identify at-risk BOS/BOR children and begin early treatment (Smith, 2014), we initiated
screens in Xenopus to identify potential candidate genes that are genetically and functionally
related to Six1 during ear (otic) development. One approach has been to identify genes that
are regulated by Six1, and therefore are part of a gene regulatory network that controls ear
and kidney development. A second approach has been to identify novel cofactor proteins
that modify Six1 activity. The rationale is that new genes discovered in the Six1-regulated
pathway controlling ear and kidney development are high priority candidates for functional
characterization and ultimate inclusion in BOS/BOR genetic screening.

Why use Xenopus?

Xenopus has been a preferred vertebrate model for discovering new genes that control
developmental processes and for elucidating their cellular and protein functions (Gilchrist,
2012; Harland and Grainger, 2011; Khokha, 2012; Wheeler and Brandli, 2009; see also
http://www.xenbase.org/anatomy/intro.do). A female can lay up to a few thousand eggs at
one time, and they develop externally and are very large (~1400um in diameter compared to
~700um for zebrafish and ~100um for mouse). These attributes mean that it is possible to
easily collect enough material at specific developmental times or from specific regions of
the embryo to perform high-throughput, in vivo biochemical analyses of gene regulation and
protein function. In addition, embryonic manipulations, such as single cell or tissue
isolation, culture, and transplantation, are quite feasible. The individual cells of the early
embryo (up 2- through 32-cells) can be identified and their fates have been mapped by
lineage tracing techniques. These maps are used to target manipulations to the progenitors of
specific tissues, such as the neural crest that becomes the middle ear, the placodes that
become the inner ear and the mesoderm that becomes the kidney. These identified
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progenitors can be microinjected with a variety of molecules, including proteins and nucleic
acids. Targeted microinjection of mMRNAS can be used for gain-of-function of the encoded
protein or expression of the protein in an ectopic location. Microinjection of dominant-
negative constructs or antisense morpholino oligonucleotides (MOs) that block RNA
splicing or protein translation allows one to perform loss-of-function experiments in specific
lineages. In addition, transgenesis techniques for testing the regulations of gene expression
are well worked out. A drawback of Xenopus laevis, the most commonly used species, has
been its lack of easy genomic mutation due to the genome being allotetraploid. However, the
introduction of Xenopus tropicalis into the laboratory has overcome this problem, as this
species is diploid and has a generation time similar to mouse. For both species, genome
editing techniques to make customized gene mutations is being very successfully applied.
Thus, Xenopusis a versatile and powerful animal model in which one can rapidly test the
function of genes and proteins (wild-type or mutant from frog or any other species) in anin
Vivo system.

Furthermore, because Xenopus is a tetrapod, it shares a close evolutionary history with
mammals. The Xenopus and human genomes are highly syntenic (Hellsten et al., 2010;
http://www.xenbase.org/entry/doNewsRead.do?id=136) and many proteins, including Six1
and Eyal, are highly conserved at the amino acid level. Transcriptome comparisons show
that the mature inner ear of human and Xenopus express many of the same genes (Powers et
al., 2012). In addition, as a tetrapod the otic anatomy of Xenopus evolved for land-based
hearing. While frogs do not have external ears, the mechanics of sound transmission is very
similar to that in humans (Mason et al., 2009; Van Dijk et al., 2011). They detect sound by
deflections of a tympanic membrane, and these are transmitted through an air-filled middle
ear by two ossicles (derived from the cranial neural crest; Sandell, 2014) to the inner ear
sensory epithelium (derived from the otic placode/otocyst). The amphibian inner ear is
comprised of 5 vestibular end-organs, two auditory end organs and one acoustico-vestibular
sacculus that function similarly to the mammalian inner ear. In fact, the auditory organs
detect frequencies in the same range as the mammalian cochlea (Elepfandt et al., 2000;
Schoffelen et al., 2008; Van Dijk et al., 2011). Thus, novel genes in the Xenopus Six1
pathway are likely to be highly relevant to human ear development and related congenital
disorders.

Six family genes

SIX1 is one of 6 vertebrate transcription factors highly related to Drosophila Sine oculis
(SO). SO has been studied in great detail because it is a major player in the formation of the
Drosophila visual system. In fact, SO contributes to the development of every visual
component, including the photosensitive organs of the larva (Bolwig’s organ), the fly
(compound eyes and ocelli) and the processing centers in the brain (optic lobes) (Cheyette et
al., 1994; Blanco et al., 2010a; Pifieiro et al., 2014; Serikaku and O’Tousa, 1994). In the
developing compound eye, where its function is best understood, SO controls the expression
of critical factors at every step of organ formation, thereby contributing from the
specification of retinal progenitors to the differentiation of the photoreceptor neurons and
their accessory cells (Hayashi et al., 2008; Pauli et al., 2005; Pignoni et al., 1997; Yan et al.,
2003; Zhang et al., 2006; Zhou et al., 2014).
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All SO/Six proteins contain a highly conserved Six-type homeodomain, which binds DNA,
and an N-terminal domain, called the Six domain (SD), that interacts with co-factor proteins
(Kawakami et al., 2000; Kobayashi et al., 2001; Pignoni et al., 1997). The Sx genes from fly
and vertebrates are highly conserved and have been grouped into three subfamilies (Sx1/
Sx2; Sx4/9x5; Sx3/Sx6) on the basis of sequence variation in both homeodomain and SD
(Kawakami et al., 2000; Seo et al., 1999). The presence of Drosophila representatives in
each class (SO=Six1/2; Six4; Optix=Six3/6) shows that their origin predates the last
common ancestor of bilaterians. Interestingly, all three fly genes are located on the same
chromosome arm, and in humans, mouse, Xenopus, chicken and zebrafish, one member of
each class (Sx1, Sx4 and Sx6) are also clustered on the same chromosome. Other
vertebrate family members map to different sites. In humans, mouse and Xenopus, Sx2 and
Sx3 are clustered on another chromosome, and S5, in contrast, is located on a separate
chromosome. It has been proposed that the differences in their arrangements on the
chromosomes may account for minor expression and functional differences during
development (Moody and Saint-Jeannet, 2014).

Three of the Sx genes (Sx1, Sx2, Sx4) have overlapping expression patterns in the cranial
placodes that give rise to the sensory organs of the vertebrate head, including the otic
placode that gives rise to the inner ear and to the auditory-vestibular sensory ganglion; they
also are expressed in the developing kidney (reviewed by Brugmann and Moody, 2005;
Saint-Jeannet and Moody, 2014). There is very little information on the function of Six2 or
Six4 in otic development (Ozaki et al., 2001; Self et al., 2006), although a role for Six4 is
suggested because Sx1/Sx4-double null mutant mice have more severe defects than either
single mutant (Chen et al., 2009; Grifone et al., 2005; Zou et al., 2006a). To our knowledge,
no human syndromes have been assigned to mutations in X2 or SX4. In contrast, several
studies in frog, fish, chicken and mouse demonstrate that Six1 has a central role in cranial
placode development. Six1 loss-of-function in Xenopus and chick results in reduced
expression of several placode genes and defects in otic development (Brugmann et al., 2004;
Christophorou et al., 2009; Schlosser et al., 2008). In zebrafish, Six1 knock-down results in
loss of inner ear hair cells (Bricaud and Collazo, 2006; Bricaud and Collazo, 2011). Sx1-
null mice show defects in the olfactory placode, inner ear and cranial sensory ganglia (Chen
et al., 2009; Ikeda et al., 2007; Ikeda et al., 2010; Konishi et al., 2006; Laclef et al., 2003;
Ozaki et al., 2004; Zheng et al., 2003; Zou et al., 2004); whereas Sx1-heterozygous mice
have hearing loss due to cochlear defects (Zheng et al., 2003). Six1 gain-of-function studies
in Xenopus and chick further show that this factor expands placode domains at the expense
of the adjacent epidermal, neural crest and neural plate regions (Brugmann et al., 2004;
Christophorou et al., 2009).

Mutations in S X1 have been identified in about 4% of BOS/BOR patients. Nine mutations
in BOS3 patients from 16 unrelated families have been reported to date. Seven are missense
mutations in the SD and two are missense or deletion mutations in the homeodomain (Fig.
2) (Ito et al., 2006; Kochhar et al., 2008; Noguchi et al., 2011; Ruf et al., 2004; Sanggaard et
al., 2007). The mutations either disrupt the interaction with Eyal or the ability to bind to
DNA (Patrick et al., 2009; Ruf et al., 2004). In zebrafish, expression of mutant Sx1 mRNA
that carries a BOS patient mutation (R110W) interferes with the Six1-Eyal interaction that

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moody et al.

Page 6

promotes cell proliferation and hair cell formation (Bricaud and Collazo, 2011). The
Catweasel (Cwe) mouse mutant harbors a missense mutation in the SD (Fig. 2; Bosman et
al., 2009) that is similar to a mutation in a BOR family whose only reported defects are
auditory (Mosrati et al., 2011). Heterozygous-Cwe mice have an ectopic row of hair cells in
the cochlea and homozygous-Cwe mice have fewer hair cells in the cochlea, semicircular
canals and utricle.

Although Six1 is a key regulator of placode, and therefore ear, development, mutations in
Six1 only account for a small number of BOS/BOR patients. Therefore, it is important to
identify additional components of the Six1 genetic network linked to ear formation.
Interestingly, mutations in the cofactor Eya account for a much larger fraction of cases than
Six1 (Smith, 2014). It is possible that the lower representation of Six1 mutations in
BOS/BOR patients reflects the pleiotropic role of the DNA-binding factor, whose loss
would present with more complex phenotypes or lead to catastrophic outcomes. In this
context, loss-of-function of single targets or partners of Six1 would impair some but not all
Six1 functions and result in viable but affected individuals. For this reason, we decided to
focus on identifying the factors that either carry out the Six1 program (i.e., transcriptional
targets) or modify its activity (i.e., co-factors). Eyal is an excellent example of both: it is up-
regulated by Six1 (Brugmann et al., 2004) and it modifies the transcriptional activity of Six1
(Ikeda et al., 2002; Li et al., 2003; Silver et al., 2003). We review here current knowledge on
both Six and Eya genes, and describe how we are using Xenopus and Drosophila to identify
new candidates for BOS/BOR causative genes.

Six1 transcriptional targets

Six1 and Eyal are expressed in the developing placodes, including the otic placode, and the
developing kidney (Neilson et al., 2010; Ohto et al., 1998; Pandur and Moody, 2000; Xu et
al., 1999; Xu et al., 2003). Genes that act downstream of Six1 in the ear and kidney
precursors are high priority candidates for novel BOS/BOR-causing mutations because they
carry out the Six1 developmental program. Originally linked in the regulation of eye
development in Drosophila, Pax, Sx and Eya genes, as well as Fox genes, are all involved
in kidney and placode development in vertebrates (Fig. 3; reviewed in Bhattacharyya and
Bronner-Fraser, 2004; Brodbeck and Englert, 2004; Grocott et al., 2012; Moody and
LaMantia, 2015). Experimental studies indeed show that Pax and Fox genes play several
roles in placode development. For example, Pax2 and Pax8 are expressed in the otocyst and
kidney as well as other organs, and Pax2 can interact with Eya in ear development (Zou et
al., 2006b). Knock down of Pax2 in several animal models have ear defects, and while
patients with PAX2 mutations present primarily with eye and renal defects (OMIM 167409),
some also have sensorineural deafness (reviewed in Grocott et al., 2012). Patients with
PAX8 mutations and Pax8-null mice present primarily with hypothyroidism and kidney
defects (OMIM 167415), whereas evidence from mouse, chick and zebrafish suggest that
Pax2 and Pax8 cooperate in ear development (reviewed in Grocott et al., 2012). Although all
placodes are initially specified to express Pax6 (Bailey et al., 2006), patients with PAX6
mutations present primarily with ocular and brain defects. While Foxil and Foxi3 are
important for otic placode development in animal models (Khatri and Groves, 2013; Nissen
et al., 2003; Ohyama and Groves, 2004; Solomon et al., 2003), only patients with FOXI1
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mutations present with deafness and vestibular defects (OMIM 601093). In mouse, Foxgl is
expressed in all placodes and plays a role in auditory and cerebral cortex development
(Duggan et al., 2008; Hatini et al., 1999; Hwang et al., 2009; Kawauchi et al., 2009; Pauley
et al., 2006). However, patients with FOXG1 mutations present with Rett Syndrome and
severe intellectual disability (OMIM 164874). Thus, while mutations in some of these genes
are associated with syndromes affecting the ear or the kidney, none of them affect both or
phenocopy BOS/BOR. Similarly, other studies have experimentally placed SoxB1 members
(e.g., Sox2), Irx1, Thx1, and Thx5 downstream of Six1 in placode development (Brugmann
et al., 2004; Schlosser and Ahrens, 2004; Schlosser et al., 2008; reviewed in Grocott et al.,
2012; Streit, 2004). However, the transcriptional relationships of these genes to Six1 have
not yet been clearly delineated, and human mutations in these genes are associated with
tissues other than ear and kidney. Therefore, a search for additional transcriptional targets is
warranted.

The extensive studies of eye development in Drosophila have been a rich source of factors
associated with SO/Six function; however, very little is known about any potential role in
the auditory or renal systems of the fly. Nonetheless, SO directly regulates several genes
(reviewed in Jusiak et al., 2014a, b) whose vertebrate homologues are involved in placode
development: eyeless (vertebrate Pax6, mentioned above), dachshund (vertebrate Dach1/2,
which binds Eya), atonal (vertebrate Atoh family, members of which are involved in placode
neurogenesis), prospero (vertebrate Prox1/2 are involved in lens placode development), and
hedgehog (vertebrate Shh is involved in adenohypophyseal placode development) (reviewed
in Saint-Jeannet and Moody, 2014). Ear defects have not been identified in mouse null
mutants of Dach, Prox or Shh genes. Although Atohl is required for ear development in
animal models, no human mutations have yet been described (OMIM 601461). A ChIP-Seq
analysis of SO binding to DNA isolated from developing fly eye-antennal imaginal discs
identified nearly 6,000 putative SO target genes, over half of which do not have a described
function in eye development (Jusiak et al., 2014b). Perhaps some of these genes may be
relevant to the transcriptional regulation of vertebrate placode development, based on the
sometimes surprisingly robust conservation of regulatory networks between flies and
vertebrates. With the similar goal of screening for novel Six1 targets, we performed a
microarray expression assay on Xenopus Six1-expressing ectodermal explants, and
identified 72 genes that were significantly up-regulated and 58 genes that were significantly
down-regulated (Yan et al., 2015). As in the fly ChlP-Seq study, most candidates are of
unknown function, but over 30 of these genes are expressed in placodes (including otic) and
in kidney precursors. We are currently performing loss-of-function and gain-of-function
assays to investigate their potential involvement in BOS/BOR pathologies.

Six1 co-factors

An important aspect of regulation of gene expression by SO/Six proteins involves their
association with co-factors that do not bind DNA themselves but influence the
transcriptional activity of the complex (reviewed in Saint-Jeannet and Moody, 2014).
Experiments with fly and vertebrate SO/Six proteins show that an association with Eya co-
factors promotes transcriptional activation, whereas recruitment of Groucho (Gro)/Groucho-
related (Grg) co-factors results in transcriptional repression (lkeda et al., 2002; Li et al.,

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moody et al.

Page 8

2003; Silver et al., 2003; Zhu et al., 2002). In the frog embryo, expressing an activating Six1
protein (SD and homeodomain fused to the viral VP16 activation domain) induced the same
phenotypes as co-expression of wild-type Six1 with Eyal. In contrast, expressing a
repressive Six1 protein (SD and homeodomain fused to the fly Engrailed repressive domain)
induced the same phenotypes as co-expression of wild-type Six1 with Gro (Brugmann et al.,
2004). Similarly, co-expression of Six1 and Eya2 in chick embryos up-regulates placode
genes (Christophorou et al., 2009). Interestingly, in the zebrafish otocyst, combined Six1/
Eyal activation of target genes is required for hair cell formation, whereas combined
Six1/Gro repression of target genes is required for auditory-vestibular ganglion neuron
formation (Bricaud and Collazo, 2011).

Eya and other co-factors bind to the N-terminal Six domain (SD) of SO/Six proteins
(Kawakami et al., 2000; Kobayashi, et al., 2001; Pignoni et al., 1997) (Fig. 2). The crystal
structure of the human SIX1 SD bound to the EYA2-Eya domain (ED) shows that the SD is
folded into six a-helices and it predominantly interacts with the EYA2-ED via the first a-
helix (Patrick et al., 2013). Strikingly, the amino acid sequence of the first a-helix (Fig. 2) is
100% identical in fly, frog, mouse and human. One of the known BOR mutations occurs in
the first a-helix (V17E) and this single amino acid substitution inhibits Eya binding (Patrick
et al., 2009; Ruf et al., 2004). The majority of the other known BOS/BOR mutations occur
in the sixth a-helix of the SD or just C-terminal to it in the homeodomain (HD) (Patrick et
al., 2009; Ruf et al., 2004; Sanggaard et al., 2007). The SIX1/EYA2-ED crystal structure
predicts that the sixth a-helix could contact the major groove of DNAand suggests that
mutations in the sixth a-helix might interfere with DNA binding (Patrick et al., 2013).
However, conflicting biochemical data have been reported, showing sixth a-helix mutations
to result in impaired (Ruf et al., 2004) or normal (Patrick et al., 2009) DNA binding. Since
mutations in the sixth a-helix also alter the specificity of co-factor binding in fly (Kenyon et
al., 2005b) and disrupt Eya binding in yeast (Ruf et al., 2004), this a-helix also is likely to
have a role in SO/Six association with co-factors. Another mutation, W122R, lies between
the sixth a-helix and the homeodomain (Fig. 2). The functional consequence of this mutant
has yet to be determined, however since tryptophan (W) is found at this position in all
species and all Six proteins (Six1-Six6) studied to date it is likely to have an important
functional role. We predict that since W122 is in the unstructured flexible linker region
between the SD and HD, it is likely to be an exposed residue. If this is the case, it may bind
to other hydrophobic residues mediating protein-protein interactions. The nearby Y129C
mutation has been predicted to interfere with EY A1 binding and with binding to target genes
(Patrick et al., 2009 Ruf et al., 2004), but it had no discernable effect when expressed in
wild-type zebrafish (Bricaud and Collazo, 2011). Clearly, our understanding of the
consequences of the BOS/BOR mutations in SIX1 is rudimentary. It will be important to
carry out a more nuanced analysis of the interactions between cofactor proteins and SIX1
disease variants, in order to understand the contributions of SIX1-based complexes to ear
development and pathology. For example, mutations that cause disruption of fewer
interactions or more subtle changes in binding affinities may be associated with the milder
congenital defects of the ear that present in some BOR/BOS patients.

The focus of SO/Six co-factor research has been primarily on Eya and Gro/Grg family
members because they are known to bind to Six proteins, affect their activity and are
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expressed in the same tissues, the ear and kidney being of particular relevance to BOS/BOR
(Bajoghli et al., 2005; Bane et al., 2005; Brugmann and Moody, 2005; Brugmann et al.,
2004; Kobayashi et al., 2001; Li et al., 2010; Neilson et al., 2010; Ohto et al., 1999; Ozaki et
al., 2002; Zhu et al., 2002). But, SO/Six1 proteins also can interact with other proteins.
Extensive yeast two-hybrid assays in fly identified more than 25 proteins that interact with
SO (Anderson et al., 2014; Giot et al., 2003; Kenyon et al., 2005a; Pignoni et al., 1997). As
expected, Eya and Gro have the highest interaction scores, but several other proteins are
likely to also act as co-factors. We took advantage of this data set to screen for potential
vertebrate Six1 co-factors using Xenopus. Because the amino acid sequence of the SD of fly
SO is highly conserved in vertebrate Six1 and the frog SD amino acid sequence is identical
to human (Fig. 2), we predicted that proteins that bind to fly SO are likely to bind to
vertebrate Six1, and thereby be relevant to BOS/BOR. Our approach was to first perform
BLAST analyses to identify genes in the known Xenopus transcriptome (this was done
before the Xenopus genome sequence was available) that are likely homologues of the fly
co-factors. We identified 33 genes with high sequence similarity to 20/25 fly SO-interactors.
We next performed in situ hybridization (ISH) analyses for 20 of those genes (representing
11 of the fly factors), and found that 16 are expressed in the otic placode/otocyst and 11 in
the nephric mesoderm (Neilson et al., 2010). We then considered several criteria to
nominate a gene as a potential candidate for BOS/BOR: 1) high similarity in protein
structure to the human proteins; 2) expression in the developmental rudiment of the inner ear
(otic placode/otocyst) and/or middle ear (neural crest-derived branchial arches); 3)
requirement for normal ear development; 4) binding to the Six1 protein; and 5) ability to
affect Six1 transcriptional activity. We are using these criteria to begin a molecular and
functional characterization of five novel candidate co-factors: Sobp (Sine oculis binding
protein); Zmym2/Zfp198; Zmym4/MGC132098; 2G4/Ebpl; and Mcrs1/LOC100049093
(Microspherule-1 protein).

Sobp is a FCS-type zinc finger protein that contains two proline-rich domains (including
Box 3) and two nuclear localization signals (NLS) that are highly conserved from fly to
human (Fig. 4). Sobp also contains a cluster of SUMO-interacting motifs of unknown
function (Sun and Hunter, 2012). Fly Sobp is comprised of 813 amino acids, Xenopus of 871
and human of 873; human and Xenopus Sobp are 82.5% identical at the amino acid level. In
the fly eye field, Sobp expression is restricted to the developing neuronal region where cells
acquire their specific fate and differentiate accordingly (Kenyon et al., 2005a). In frog, Sobp
is expressed in the neural tube, and several placodes including the otic placode. It is not
expressed in the neural crest derived branchial arch mesoderm that gives rise to the middle
ear, and thus cannot contribute to BOS/BOR middle ear defects. It also is not expressed in
the Kidneys, and therefore cannot contribute to BOR renal dysfunction (Neilson et al., 2010).
It has a similar expression pattern in mouse (Chen et al., 2008). Ectopic expression of Sobp
in fly retina progenitors maintains them in an undifferentiated, proliferative state (Kenyon et
al., 2005b), but it is unknown how this gain-of-function phenotype relates to Sobp’s
physiological role since the effect of loss-of-function is still unknown. Important insights,
instead, have come from two naturally occurring mutations in mouse Sobp that result in
inner ear deformities affecting auditory and vestibular functions (Chen et al., 2008). In
humans, a mutation in SOBP caused craniofacial abnormalities in a family with hearing loss
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in one member (Birk et al., 2010). Both the mouse and human mutations result in truncated
proteins that are missing the C-terminal NLS; in addition, part of the proline-rich domain
and Box 3 are deleted by the mouse mutation that causes the more severe phenotype (Fig.
4). The function of the proline-rich domain is not yet known. However, proline-rich regions
mediate protein/protein interactions and are often found in zinc finger proteins (Gerber et al.,
1994; Kay et al., 2000; Morgan and Rubenstein, 2013; Williamson, 1994). Some studies
show that these domains participate in transcriptional regulation (Han and Maney, 1993).
We have knocked-down Sobp translation in wild-type Xenopus embryos using targeted
microinjections of MOs, and find that gene expression in the otic placode is severely
disrupted and the otocyst is smaller or malformed, indicating an early role in ear
development. Ectopic expression of Sobp by targeted mMRNA microinjection down-regulates
neural crest genes, suggesting that gain-of-function may antagonize middle ear formation. In
fly, Sobp has been shown to directly bind to SO (Giot et al., 2003; Kenyon et al., 2005b) and
alter its activity (Kenyon et al., 2005a, and unpublished). However, similar data for
vertebrate Sobp have yet to be published.

Zmym?2 and Zmym4 were identified in our screen by their sequence similarity in the Box 2
and Box 3 regions present in the yeast 2-hybrid fly Sobp construct used to demonstrate SO/
Sobp binding (Kenyon et al., 2005a). Zmym2 and Zmym4 have several FCS-type zinc
fingers, a proline-rich Box 3-like domain, and a C-terminal NLS. They are vertebrate-
specific proteins ranging from ~1200 amino acids to ~1500 amino acids. Xenopus Zymy2 is
71.3% identical and Zymy4 is 76.6% identical to their human homologues at the amino acid
level. In both Xenopus (Neilson et al., 2010) and mouse (Gray et al., 2004), Zmym2 and
Zmym4 are expressed in the otic placode, otocyst and branchial arches, and thus could
contribute to both inner and middle ear development. Zmym4 is also expressed in the
kidneys. Little is known about the function of these proteins during development. However,
Zmym?2 is part of a transcriptional co-repressor complex that down-regulates E-cadherin
(Gocke and Yu, 2008). Our preliminary data show that both Zmymz2 and Zmym4 are
required for proper formation of the otocyst; their phenotypes after MO-mediated knock-
down are similar to those of Xenopus Sobp. Increased expression of Zmym2 in the otic
precursor region by targeted mMRNA injection expands neural crest and neural plate genes
and reduces placode genes. Whether Zmym2 or Zmym4 directly bind to Six1 or alter its
activity has yet to be determined.

The proliferation-associated 2G4/Ebp1 protein emerged as a potential BOS/BOR candidate
based on its high similarity to Drosophila CG10576, an SO-binding partner in flies (Giot et
al., 2003). Structural studies indicate that 2G4/Ebp1 proteins are homologous to type Il
methionine aminopeptidases based on their “pita bread” fold structure, yet lack the
associated enzymatic activity (Kowalinski et al., 2007; Monie et al., 2007). Instead, its fold
is thought to interact with other proteins enabling its ability to regulate cell proliferation and
differentiation (Figeac et al., 2014). In addition to the fold, 2G4/Ebp1 proteins possess an
extended C-terminus containing distinct motifs involved in RNA and protein binding
(Kowalinski et al., 2007, Monie et al., 2007; Squatrito et al., 2004). In mammals, 2G4/Ebp1
can interact with a diverse range of proteins including the epidermal grown factor receptor
Erb3, the androgen receptor (AR), Sin3A (involved with histone deacetylation), protein
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kinase R, the serine/threonine kinase AKT and the cell cycle regulator Rb (Xia et al., 2001
Yoo et al., 2000; Zhang et al., 2008). 2G4/Ebp1 can also interact with rRNA, influencing
ribosome assembly in the nucleolus (Squatrito et al., 2004), as well as mRNAs, including
those encoding AR (Zhou et al., 2011). In mammalian cell culture, it associates with the
inactive form of ErbB-3 and translocates to the nucleus following receptor activation (Yoo
et al., 2000). The multiplicity of 2G4/Ebp1 functions in controlling cell growth depends
upon isoform expression. Mammalian 2G4/Ebpl genes code for two major isoforms: p42
and p48 (Liu et al., 2006). The longer p48 is more abundantly expressed and can localize
either to the nucleus or the cytoplasm; the shorter isoform remains mostly in the cytoplasm
(Liu et al., 2006). The two isoforms can be functionally distinct; p48 has been shown to
inhibit apoptosis and promote cell survival whereas the shorter isoform inhibits cell
proliferation (Liu et al., 2006). Several types of cancers demonstrate atypical expression
and/or activity of 2GF/Ebpl (Kim et al., 2011; Lu et al., 2011; Zhou et al., 2010). In frog
embryos, 2G4/Ebpl is expressed in the otic placode/otocyst, neural crest/branchial arches
and kidney (Neilson et al., 2010). In mouse it is expressed in the branchial arches and the
otocyst (Gray et al., 2004). Most importantly, loss of 2G4/Ebpl in frog (by targeted MO
microinjection) interferes with otocyst formation, and increased 2G4/Ebp1 (by targeted
mRNA microinjection) has effects similar to those described above for the Zmym proteins.
Ebp1-deficient mice are 30% smaller compared to wild type littermates and show cellular
hallmarks associated with growth retardation, but specific effects on the ear were not
reported (Zhang et al., 2008). In fly, CG10576 was identified in a few genome-wide studies
(Bidet et al., 2003; Blanco et al., 2010b), and when over-expressed in embryos it causes
neurogenic patches to form within developing muscle (Bidet et al., 2003). We are currently
determining whether 2G4 binds directly to Six1 and/or affects Six1 transcription.

Mecrs1 contains a forkhead-associated domain, which is a phosphopeptide binding domain
found in some forkhead transcription factors (Li et al., 2000). This domain forms a sandwich
of two anti-parallel B-sheets that binds phosphorylated serine, threonine and tyrosine
residues to mediate protein-protein interactions. In frog, Mcrs1 is expressed in the otic
placode, otocyst, neural crest/branchial arches and kidney. In mouse, Mcrs1 also is
expressed in the branchial arches and the otocyst (Gray et al., 2004). In mammalian cancer
cells Mcrs1 has been implicated in proliferation (Shi et al., 2009; Wu et al., 2012; Zhong et
al., 2013), and shown to function as a transcriptional repressor (Hsu et al, 2014). Mcrs1 also
associates with the Fragile X mental retardation protein (FMRP) and may be involved in
escorting silent ribonucleoparticles from the cell body of neurons to their distant synapses
for translation (Davidovic et al., 2006). The fly homologue (dMcrs2/Rcd5/CG1135) codes
for a multifunctional protein implicated in centrosome function, transcriptional regulation
and cell cycle control. It is part of a transcriptional complex that recruits RNA polymerase |1
to gene promoters (Andersen et al., 2010). Loss-of-function phenotypes generated by P-
element insertion demonstrate early larval lethality (http://flybase.org/reports/
FBgn0263832.html). Raja and colleagues (2010) determined that AMCRS?2 is a direct
binding partner of several other proteins comprising the non-specific lethal (NSL) complex
that positively influences transcription. Mutations in mammalian Mcrs1 have yet to be
reported, but MO-mediated knock-down in frog results in significant otocyst defects. We are
currently determining whether Mcrs1 binds directly to Six1 and/or affects Six1 transcription.
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These data encourage us to continue the functional characterization of these five proteins
because they are normally expressed in ear and kidney progenitor tissues, their loss affects
otic development, and they are highly similar to the human proteins. However, importantly,
their interactions with Six1 still need to be elucidated. Further, the effects of both loss- and
gain-of-function on the neural crest progenitors of the middle ear and on the developing
kidney need to be detailed to determine if they phenocopy any of BOS/BOR malformations.

Summary and future directions

BOS/BOR patients present with variable defects in inner and middle ear, which are derived
from the otic placode and neural crest, respectively; a subset also have kidney defects. While
genetic screening is considered the best approach to identify newborns at risk for hearing
loss and kidney dysfunction, only two causative genes (SIX1, EYAZL) have been identified
and they only account for about half of the patients. Therefore, identifying additional genes
that interact with Six1/Eyal during normal development may uncover new causative genes
that can be added to genetic screenings for at-risk newborns. We used the powerful
Drosophila model to identify putative BOS/BOR candidate genes, and are now harnessing
the biochemical and embryological advantages of Xenopus to determine whether these
candidates are functionally required for Six1 activity during otic development. Functional
testing of these candidates in an aquatic animal model with high genetic, protein and
functional similarity to human is likely to rapidly uncover high priority candidates for
patient genome sequencing. With this approach we hope to uncover additional genes that are
diagnostic for Branchiootorenal spectrum disorders.
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Figure 1.
External phenotypes of BOS/BOR patients. (A) The shapes of the two external ears of a

patient are asymmetric. The right ear shows an affected phenotype whereas the left ear
appears normal. (B) A patient showing a preauricular tag (blue arrow) and a second
branchial arch fistula (red arrow). (Images downloaded from: http://pl.wikipedia.org/wiki/
Zespot skrzelowo-uszno-nerkowy and used under the terms of the Creative Commons
Attribution-Share Alike 3.0 Unported license).
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Page 21

The amino acid sequence of the Six domain (SD) and the homeodomain (HD) in human and
Xenopus laevis Six1 are identical. The amino acids comprising the SD are blue and those
comprising the N-terminus of the HD are black and are underlined in black. The 15t and 6"
of the six a-helices in the SD are underlined in blue. The known human mutations are noted
in magenta using the human Six1 amino acid numbers; seven are in the SD and three are in
the HD. The Cwe mutation is marked in green. Most of the known human mutations occur
in the 15t a-helix, 6™ a-helix or the N-terminal region of the HD. The red box in the HD
denotes the tetrapeptide used to discriminate the three Six subfamilies (Seo et al., 1999).

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Moody et al.

Page 22

A B C D

Toy Foupl Pax6 Pax3 Pax6

l EyaI( \ \’/ '”-
Foxil = Six1
Ey / Bmp/Fgf  Six3 Eyal
N, Six1/Six2 /
Pax6

Eya, SO ! Foxil
1 Pax2/8 \%2/ Pax8 \y ez
[0) 4
R \ Foxe3 |

eye genes Gdnf crystallin ‘ hair cells

Drosophila eye Mouse kidney Vertebrate lens Vertebrate ear placode

Figure 3.
Four different tissues use a combination of Pax, Six, Eya and Fox transcription factors

during development. Note that the epistatic relationships between these genes are specific to
the tissue. (A) In Drosophila eye, a combination of SO, Eya and Dac is required to initiate
expression of eye-specific genes. Toy and Ey, which are homologues of vertebrate Pax6, act
upstream. (Based on Brodbeck and Englert, 2004) (B) In developing mouse kidney, a
combination of Six, Eya and Pax up-regulate an important kidney signaling factor, Gdnf.
Foxel inhibits kidney differentiation. (Based on Brodbeck and Englert, 2004) (C) In
developing vertebrate lens, Pax6 up-regulates Sx3, which is required for lens formation but
inhibits terminal differentiation. Bmp and Fgf signaling are required to maintain Pax6
expression and initiate Sox2 expression, which in combination up-regulate crystalline genes.
Pax6 acts upstream of Foxe3, which maintains lens cells in an undifferentiated state. (Based
on Kenyon et al., 1999; Bhattacharyya and Bronner-Fraser, 2004) (D) In vertebrate placode
development, Pax6 is expressed in pre-placodal ectoderm upstream of Sx1 and Eyal, but
must be down-regulated in the ear placode. Pax3 expression in the neural border zone
promotes neural crest formation and represses placode formation. Early Foxil expression
promotes placodes, and later Foxil expression, along with Pax2 and Pax8 promotes otic
placode formation. A combination of Pax2 and Sox2 promotes hair cell genes. (Based on
Grocott et al., 2012; Moody and LaMantia, 2015).
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Figure 4.
Schematic of the domains present in Sobp. Sobp has N-terminal and C-terminal nuclear

localization signals (NLS) indicated by orange lines. Box 1 includes 20 amino acids that are
identical in Xenopus tropicalisand human SOBP proteins. Sobp has 2 FCS-type Zinc finger
domains (ZF1 and ZF2), a proline-rich region of 245 amino acids and Box 3 (a 25 amino
acid domain identical in Xenopustropicalis and human Sobp that contains multiple
prolines). The amino acid location of the known mouse and human Sobp mutations are
indicated by red arrows. Each mutation introduces a stop codon that truncates the protein
(Chen et al., 2008; Birk et al., 2010). The black line represents the portion of the Drosophila
Sobp protein used in Y2H assays to demonstrate SO/Sobp binding (Kenyon et al., 2005a).
Box 2 includes one of the FCS-type ZF domains in fly and sequence similarities to Box 2
and Box 3 were used to identify Zmym2 and Zmym4 (Neilson et al., 2010).
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