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THE CELLULAR FUNCTION OF THE USHER GENE PRODUCT
MYOSIN VIIA IS SPECIFIED BY ITS LIGANDS

Uwe Wolfrum'

1. Introduction

Defects in myosin VIla are responsible for Usher Syndrome 1B (Weil et al., 1995). Human Usher syndrome
(USH), named after the British ophthalmologist Charles Usher (Usher, 1914), is the most common hereditary
form of combined blind- and deafness (= 50 % of cases in the developed countries). USH designates a group of
clinically and genetically heterogeneous disorders with hearing loss and retinitis pigmentosa (RP). Three
different USH types (USHI, 2 and 3; see Table 1) can be distinguished according to the degree of clinical
symptomes. USH1 is the most severe subtype, characterized by severe to profound congenital sensorineuronal
deafness, constant vestibular dysfunction (balance deficiency) and prepubertal onset of retinitis pigmentosa.
USHI is genetically heterogeneous. Out of at least seven distinct genetic loci (USHIA4-G) four corresponding
genes have been identified, namely USHIB, C, D, and F (Mustapha et al., 2002; Petit, 2001; Table 1). USHIB
encodes for the molecular motor protein myosin VIla (Weil et al., 1995), USHIC encodes harmonin (Bitner-
Glindzicz et al., 2000; Verpy et al., 2000), a scaffold protein containing PDZ-domains, motifs which are known
to organize supramolecular protein complexes (Sheng and Sala, 2001). Mutations in the cadherin-related
proteins, cadherin 23 (Cdh23) and protocadherin 15 (PCdh15) underline USH1D and USHI1F, respectively (Bolz
etal., 2001, 2002; Bork et al., 2001; Ahmed et al., 2001; Alagramam et al., 2001a, b).

Type Gene locus Gene Protein (cellular function) Mouse model
1A 14q32
1B 11q13.5 MYO74 Myosin VIIa (molecular motor) shaker-1
1C 11q15.1 USHIC Harmonin (PDZ scaffold protein) in prep.
1D 10g21-q22 CDH23 Cadherin 23 (cell-cell adhesion) waltzer
1E 21g21
1F 10q11.2-g21 PCDHI15 | Protocadherin 15 (cell-cell adhesion) ames waltzer
1G 17q24-25
2A 1g41 USH2A4 Usherin (extracellular matrix) in prep.
2B 3p23-24.2
2C 5q14.3-21.3
3A 3q21-25 USH3A4 Clarin-1 (cell-cell adhesion) in prep.

Table 1: Usher syndrome (USH) subtypes (changed after Petit, 2001); fall 2002 update.

As in other hereditary human diseases the knowledge of the cellular function of the USH gene products is a
necessary prerequisite for the development of founded therapeutic strategies for the treatment of the disease.
Essential insights into the cellular function of the USHIB gene product myosin VIla were gathered by the
identification and characterization of ligands to myosin VIla. Recently obtained data further identify myosin
VIla as a component of a supramolecular USH1-protein complex composed of several USH gene products
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(Boéda et al., 2002; Reiners et al., 2003). The purpose of this chapter is to integrate the present knowledge on the
function of myosin VIla and its ligands in the cellular environment of the retina.

2. Myosin VIla domain structure

The myosin VIla gene (USHIB) was the first USH gene identified (Weil et al., 1995). It encodes myosin
Vlla, an unconventional myosin composed of several functional domains (Figure in Table 2): a motor domain is
linked by a neck region with the long tail. The motor or head domain bears an ATP-binding site and an actin
filament-binding site common for myosins (Sellers, 2000). Recent studies demonstrated that myosin VIla
functions indeed as an actin filament-based molecular motor protein (Udovichenko et al., 2002). The neck region
of myosin VIla contains 5 IQ (isoleucine/glutamine) motifs expected to bind myosin light-chains regulating the
motile function in other myosins. The Ca*'-binding EF-hand protein calmodulin binds to one or more IQ-motifs
and may serve as a myosin light-chain (Todorov et al., 2001; Udovichenko et al., 2002). Among the increasing
number of myosin family members, the tail region is the most variable protein region indicating that the tail may
be responsible for the specific cellular function of a particular myosin. The long myosin VIla tail contains
several domains. It begins with a short coiled-coil domain that has been shown to form homodimers (Weil et al.,
1997). The coiled-coil domain is followed by two tandem repeats, each containing a MyTH4 (myosin tail
homology 4) and a FERM (4.1 (four point one) protein, ezrin, radixin, moeosin)-like domain which are separated
by a poor conserved SH3 (src homology type 3) domain (Chen et al., 1996; Mermall et al., 1998; Oliver et al.,
1999). Since this tandem of MyTH4 and FERM domains also is present in other myosins, a functional
significance has been suggested (Mermall et al., 1998; Oliver et al., 1999). Nevertheless, isolated FERM-
domains have been shown to be responsible for protein attachment to the plasma membrane either via direct
binding to phospholipids or through the interaction with specific transmembrane adaptor proteins (Chishti et al.,
1998). This tail diversity in unconventional myosins is thought to specify their cellular function and it is
commonly accepted that proteins interacting with the tail domain can determine the target (e.g. a vesicle or an
organelle) to which the force generated by the motor domain is applied (Oliver et al., 1999). Therefore, it does
not surprise that recent identification of proteins interacting with the tail of myosin VIla provided essential
insights into the function of myosin VlIla in retinal cells.

3. Myosin VIla expression and subcellular localization in the mammalian retina

Myosin VII is expressed as a 230 kDa protein in a variety of tissues as an alternatively spliced truncated
variant lacking portions of the c-terminal tail (Weil et al., 1995; Hasson et al., 1995; Self et al., 1998; Wolfrum et
al., 1998). A comparative analysis of different tissues demonstrated myosin VIla as a common component of the
transition zone of motile and in-motile cilia and microvilli (Wolfrum et al., 1998).

In the retina, myosin VIla contains its tail and is expressed in the cells of the retinal pigment epithelium and
in both cone and rod photoreceptor cells (Hasson et al.,1995; El-Amraoui et al., 1996; Liu et al., 1997). In the
cells of the retinal pigment epithelium, myosin VIla is concentrated in the apical microvilli-like processes
(Hasson et al.,1995; Liu et al., 1997). Since these extensions are involved in the phagocytosis of the distal ends
of photoreceptor outer segments, it has been suggested that the retinitis pigmentosa in USH1B patients may
result from defects in the phagocytotic ability of the retinal pigment epithelium (Hasson et al., 1995).

In retinal photoreceptor cells, myosin VIla is predominantly localized at the membrane of the connecting
cilium at the joint between the inner and the outer segment. In the ciliary membrane, the actin-based and
membrane associated molecular motor myosin VIla is associated with actin filaments and co-localizes with
opsin (Wolfrum and Schmitt, 1999, 2000). Further, evidence for participation of myosin VIla in the ciliary
transport of opsin is coming from studies on myosin VIla deficient shaker-1 mice which revealed an abnormal
opsin accumulation at the membrane of the connecting cilium (Liu et al., 1998; Wolfrum and Schmitt, 1999,
2000). Beside the ciliary localization, myosin VIIa was also detected in the synaptic terminals of photoreceptor
cells (El-Amraoui et al., 1996; Reiners et al., 2003).

4. Myosin VIla cellular function is determined by interacting proteins

Unconventional myosins play critical roles in the morphogenesis and maintenance of sensory cells (Hasson
and Mooseker, 1997). A variety of publications shows that myosin VIla is expressed in different subcellular
compartments of cells (e.g. Wolfrum et al., 1998). This indicates that the motor activity of myosin VIla serves in
several distinct motile processes in the various cell types studied. As described above, in the retinal pigment
epithelium, myosin VIIa contributes to the migration of melanosomes (Liu et al., 1998; El-Amraoui et al., 2002),
whereas in the mechanosensory hair cells and photoreceptor cells it is suggested to participate in the transport of
receptors and opsin (hair cells: Richardson et al., 1997; 1999; opsin transport in photoreceptors: Liu et al., 1999;
Wolfrum and Schmitt, 1999; 2000). In Dictyostelium, myosin VII has been suggested to act as an important
mediator of cell adhesion (Tuxworth et al., 2001) which is consistent with association of myosin VIla with cell-
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cell adhesions in sensory hair cells (Kiissel-Andermann et al., 2000b). The tail domains of unconventional
myosins are believed to be largely responsible for their specific function (Oliver et al., 1999). Recent
identifications of proteins interacting with the domains encompassed in the tail of myosin VIla indicate that
these proteins specify the cellular function of myosin VIla.

Table 2: Scheme of myosin VIila domain structure and binding sites of myosin VIla binding proteins.

ATP- actin- coiled FERM (1) SH3 FERM (2)
binding sites MMy TH4 (1) MyTH4 (2)
Interacting protein Myosin VIla target domain | Reference

1Q-motifs Todorov et al., 2001
Udovichenko et al., 2002

Todorov et al., 2001

Calmodulin (Ca2+—binding protein)

MAP2B (microtubule association) | SH3, MyTH4 (2), FERM (2)

Rla of PKA (regulation) MyTH4 (2), FERM (2) Kiissel-A. et al., 2000a
Keap1 (actin-associated protein) SH3 Velichkova et al., 2002
Vezatin (transmembrane protein) | FERM (2) Kiissel-A. et al., 2000b
MyRIP (Rap-interacting protein) | MyTH4 (2), FERM (2) El-Amraoui et al., 2002
Harmonin (scaffold protein) FERM (2) Boéda et al., 2002

The proteins identified as ligands to myosin VIla are summarized in Table 2. As mentioned above,
calmodulin binds to one or more 1Q-motifs in the neck region of myosin VIla and probably regulates the motor
function of myosin VIla (Todorov et al., 2001; Udovichenko et al., 2002). In biochemical approaches, Todorov
et al. (2001) also found the microtubuli associated protein 2 (MAP2) to interact with the C-terminus portion of
the tail domain of myosin VIla. In neurons, MAP2 plays an important role in the integrative signaling between
the actin and the microtubule cytoskeleton anchoring protein kinase A (PKA) in subcellular compartments
(Harada et al., 2002). Interestingly, the regulatory subunit of the PKA, Rlo, was identified as a ligand to the
myosin VIla-tail in yeast two hybrid screens (Kiissel-Andermann et al. 2000a). It is worth to speculate that
myosin VIIa brings the MAP2-PKA complex and the Rla in spatial vicinity at the myosin VlIla tail for the
regulation of kinase activity.

In yeast two hybrid screens, further molecules were identified as myosin VIla binding proteins: i) the actin-
associated protein Keapl specifically interacts with the SH3-domain in the myosin VIIa tail which was used as
the bait in the screen (Velichkova et al., 2002). Keap1 is the human ortholog to Drosophila kelch-protein which
is associated with filamentous actin at ring channels of fruit fly larvae. Mammalian Keap1 has been localized at
the endoplasmic junctions which are complex cell-cell adhesion specializations at the contacts between Sertoli
cells and the differentiating sperm heads in testes. Keapl is also expressed in the retina. However, neither the
subcellular distribution nor the cellular function of Keap! in the retina has yet been studied. ii.) Vezatin (derived
from Slowenian vezati = bind, connect) was identified as a myosin Vlla ligand by yeast two hybrid screens using
the C-terminal region of myosin Vlla, corresponding to the second tandem of MyTH4 and FERM domains as
bait (Kiissel-Andermann et al., 2000b). Vezatin is an ubiquitous transmembrane protein of adherens cell-cell
junctions, where it interacts with myosin VIla and the cadherin/catenin complex. #ii.) Applying the same bait for
screening a human retinal cDNA library, an additional myosin VIla-interacting protein MyRIP, named after its
ability to interact with myosin VIIa and small Rab GTPases, was identified (EI-Amraoui et al., 2002). iv.) More
recently, we demonstrated that myosin VIla specifically interacts via its second FERM domain with harmonin
(Boéda et al., 2002). Harmonin is a scaffold protein previously identified as the USHIC gene product (Verpy et
al., 2000). It contains three PDZ-domains (derived from the first described proteins containing this domain: post
synaptic density protein PSD-95, Drosophila septated junction protein Disc large, and tight junction protein ZO-
1) known to interact with other proteins (Fanning and Anderson, 1996; Sheng and Sala, 2001). Our studies
revealed that harmonin PDZ1 binds to myosin VIla (USH1B) whereas the PDZ2 specifically interacts with the
cell-cell adhesion protein cadherin 23 (USHID) (Boéda et al., 2002). In photoreceptors, the USHI1 protein
complex may contribute to specialized cortical cytoskeletal matrices of these synapses which are thought to play
a fundamental role in the organization, structure and function of the synaptic junction (Garner et al., 2000).
Vezatin recruits myosin VIla to specific sites of the plasma membrane - Vezatin is a transmembrane protein
ubiquitously localized at cell-cell adhesion junctions associated with the cadherin/catenin complex (Kiissel-
Andermann et al., 2000b). Vezatin may anchor myosin VIla to the adhesion junction and is a component of
fibrillar ankle links that interconnect stereovilli (= stereocilia) of mechanosensitive hair cells (Kiissel-
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Andermann et al., 2000b). In the retina, vezatin is expressed in the cells of the retinal pigment epithelium and the
photoreceptor cells at sites where it co-localizes with myosin VIla (Schéfer et al., in prep.). Its localization
indicates that vezatin recruits myosin VIla to the microvilli-like extensions of the retinal pigment cells and to the
complex membrane contacts at the ribbon synapses of the photoreceptor cells. In addition, vezatin may anchor
myosin VIla at the membrane of the connecting cilium of photoreceptor cells supporting the transport of opsin
through the cilium (Wolfrum et al., 2001).

MpyRIP bridges myosin VIla to its cargo, namely RPE melanosomes and synaptic vesicles - Myosin Vlla also
specifically binds MyRIP (MyosinVIla- and Rab-Interacting Protein), a novel Rab effector protein that directly
interacts with the small GTPase Rab27 in a GTP dependent manner (El-Amraoui et al., 2002). In cells of the
retinal pigment epithelium, Rab27A, MyRIP, and myosin VIla are found to be associated with melanosomes.
This molecular motor complex bridges the melanosomes to actin filaments and thereby mediates the trafficking
of these organelles. Defects in this complex are likely to account for the melanosome mislocalization in the
retinal pigment epithelium of myosin VIla defective shaker-1 mice previously described by Liu et al. (1998).
However, we also identified the molecular complex of MyRIP-myosin VIla at the synapses of photoreceptor
cells. It is well known that the targeting of synaptic vesicles is controlled by Rab proteins (e.g. Rab3) in crosstalk
with Rab effectors (Rabphilin or RIM) (e.g. Wang et al., 1997). Although MyRIP does not interact with Rab3
nor with Rab5, our data suggested that the MyRIP-myosin VIla complex is associated with the membrane of
vesicles at the synapse of photoreceptor cells.
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Figure 1: Scheme of the supramolecular USHI protein complex at cell-cell adhesions.
Description see text.

Mpyosin VIla is a component of a supramolecular USHI complex integrated via harmonin — Recently, two
independent studies showed that USH1-proteins can interact with each other. Siemens et al. (2002) demonstrated
that the USH1C protein harmonin binds cadherin 23 (USH1D). Moreover, our investigations provided striking
evidence that harmonin interacts also with myosin VIla (USH1B) (Boéda et al., 2002). In the USH1 complex,
the scaffold protein harmonin binds the myosin VlIla tail via PDZ-domain 1 and cadherin 23 via PDZ-domain 2.
In the mechanosensitive hair cells, this supramolecular USH1 complex is necessary for the proper differentiation
of their stereovilli (Boé€da et al., 2002). In our studies on the retina, all three components of the USH1 complex
were found to be co-localized at the ribbon synapse of mature photoreceptor cells (Reiners et al., 2003).
However, single components of the supramolecular USH1 protein complex are also localized in compartments of
the retina separate from the other components (Reiners et al., 2003). Biochemical experiments with fractionated
photoreceptor compartments in combination with cytochemical analysis strongly indicate that harmonin isoforms
serve as scaffold proteins in the light sensitive outer segment. Nevertheless, at the photoreceptor synapse the
USHI1 protein complex may contribute to specialized cortical cytoskeletal matrices of the pre- and postsynaptic
regions which are thought to play a fundamental role in the organization, structure and function of the synaptic
junction (Garner et al., 2000). As other PDZ-domain proteins, based on its modular character and its ability to
form multivalent interactions, harmonin is ideally suited to act as a potent organizer for a specialized protein
complex at ribbon synapses of sensory cells. It physically and functionally bridges the motor activity of myosin
Vlla probably involved in endo- or exocytotic processes with the cell-cell adhesion complex. The identified
adhesion complex The transmembrane proteins of this complex, cadherin 23 and vezatin, may contribute to
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holding the synaptic cleft in close register. The theoretical characteristics of the cadherin-like protocadherin 15
and the 4-tansmembrane protein clarin-1, the gene products of two additional USH genes, namely USHIF and
USH3A (Alagramam et al., 2001a, b; Ahmed et al., 2001; Adato et al., 2002), respectively, indicate that both
proteins may also be present in a membrane associated protein complex.

Although the defects in USH1 complex components should lead to abnormalities in retina function in USH1
animal models, all available USH1-mouse models (see Table 1) do not show progressive retinal degeneration.
However, the minor reduction of a and b waves in electroretinograms (ERG) of mice with mutations in Myo7a
(shaker-1 mice) may reflect defects at photoreceptor synapses introduced by the absence or dysfunction of the
USH1 complex component, myosin VIla (Libby and Steel, 2001). In patients, dysfunction of one USH1 complex
partner protein may cause retinal dysfunction and the clinical Usher syndrome type 1 phenotype found in
patients with USH1.
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