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The human Usher syndrome (USH) is the most frequent cause of combined hereditary deaf-blindness. USH is
genetically heterogeneous with at least 11 chromosomal loci assigned to 3 clinical types, USH1-3. We have
previously demonstrated that all USH1 and 2 proteins in the eye and the inner ear are organized into protein
networks by scaffold proteins. This has contributed essentially to our current understanding of the function of
USH proteins and explains why defects in proteins of different families cause very similar phenotypes. We
have previously shown that the USH1G protein SANS (scaffold protein containing ankyrin repeats and SAM
domain) contributes to the periciliary protein network in retinal photoreceptor cells. This study aimed to
further elucidate the role of SANS by identifying novel interaction partners. In yeast two-hybrid screens of
retinal cDNA libraries we identified 30 novel putative interacting proteins binding to the central domain of
SANS (CENT). We confirmed the direct binding of the phosphodiesterase 4D interacting protein (PDE4DIP), a
Golgi associated protein synonymously named myomegalin, to the CENT domain of SANS by independent
assays. Correlative immunohistochemical and electronmicroscopic analyses showed a co-localization of SANS
and myomegalin in mammalian photoreceptor cells in close association with microtubules. Based on the
present results we propose a role of the SANS-myomegalin complex inmicrotubule-dependent inner segment
cargo transport towards the ciliary base of photoreceptor cells.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The human Usher syndrome (USH) is the most frequent cause of
combined hereditary deaf-blindness. USH is genetically heteroge-
neous with at least 11 chromosomal loci involved [1,2]. Depending on
the degree of clinical symptoms, USH can be divided into 3 types
USH1, USH2, and USH3 [3–5]. USH1 represents the most severe form,
characterized by profound congenital deafness, vestibular dysfunction
and prepubertal-onset of retinitis pigmentosa (RP) [1,6].

The geneproducts of the 9 so far identifiedUSHgenes are assigned to
various protein classes and families [1,6,7]. TheUSH1B gene encodes the
molecular motor myosin VIIa. Harmonin (USH1C), SANS (scaffold

protein containing ankyrin repeats and SAM domain, USH1G) and
whirlin (DFNB31/USH2D) belong to the group of scaffold proteins [2,8]
and reviewed in [1,6]. Cadherin 23 (CDH23/USH1D) and protocad-
herin15 (PCDH15/USH1F) are cell–cell adhesion proteins, whereas
USH2A and GPR98 encode large transmembrane proteins, the USH2A
isoform b and the very large G protein coupled receptor 1b/G protein-
coupled receptor 98 (VLGR1b/GPR98). The four-transmembrane-
domain protein clarin-1 (USH3A) encoded by CLRN1 is so far the only
identified member of USH3 (reviewed in [1,6,7]).

Previous analyses elucidated the assembly of all USH1 and USH2
proteins into USH protein networks mediated by the USH scaffold
proteins harmonin, whirlin and SANS (reviewed in [1,6,7]). In inner
ear hair cells the USH protein network is essential for the correct
development of hair bundle stereocilia and for signal transduction
[7,9–12]. Since, in the retina, all proteins of the USH network are found
at the synapse of photoreceptor cells, a role of this network in
maintaining the synaptic integrity was proposed [1,6,7]. More
recently, we and others have demonstrated a USH protein network
organized by whirlin and SANS in the ciliary–periciliary region of
photoreceptor cells [13–17]. This region connects the biosynthetic
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active inner segment with the photosensitive outer segment and is
crucial for transport processes between these two compartments of
photoreceptor cells [18]. Our previous results indicated that the
USH1G protein SANS serves as a molecular interconnector between
themicrotubule based transport across the inner segment to the ciliary
transport in the USH protein network of photoreceptor cells [13]. We
have previously shown interactions of SANS with e.g. whirlin, myosin
VIIa and its homomerization [13,19]. In COS7 cells SANS is recruited to
the plasma membrane by USH1 cadherins, cadherin 23 and proto-
cadherin 15, indicating a physical linkage of these molecules [20].
These interactions underline the SANS scaffolding function in the USH
interactome and identified SANS as one of the key organizers of the
ciliary–periciliary USH protein network of vertebrate photoreceptor
cells [13,19]. Furthermore, we provided first evidence for an
association of SANS with microtubules linking the USH protein
networks to the microtubule cytoskeleton and hence to microtu-
bule-associated intracellular transport processes [13,19]. More re-
cently, the association of USH protein networks including SANS with
transport vesicles has been demonstrated [21] confirming the latter
hypothesis.

The USH1G gene product SANS is composed of defined domains
(Fig. 1A) supposed to mediate protein–protein interactions [8]. Three
N-terminal ankyrin repeats are followed by a central domain (CENT),
a SAM (sterile alpha motif) domain and a class I PBM (PDZ-binding
motif) at the C-terminus. The identity of the ankyrin repeats, the SAM
and PBM domain, as well as their roles in protein–protein interactions
have been previously studied [8,13,19]. Preceding work showed a
direct interaction of the SAM domain with the PDZ domains of
harmonin and whirlin in vitro [13,19]. In addition, a recent study
revealed a synergistic binding of the SAM domain and the C-terminal
PBM to the N-domain and PDZ1 of harmonin [22].

Although sequence analyses and database search described the
CENTdomain of SANS as an unknownor low complexity region (www.
smart.heidelberg.de), previous studies characterized it as a potent
scaffold domain: preceding work demonstrated interaction of the
SANS CENT domain with both MyTH4 (myosin tail homology 4) and
FERM (4.1, ezrin, radixin, moesin) tandem domain repeats of myosin
VIIa [19,23]. Moreover, the CENT domain is capable of mediating SANS
homomerization [19]. In order to identify additional putative binding
partners interacting with the CENT domain of SANS we performed

Fig. 1. Validation of the SANS-myomegalin interaction. (A) Scheme of SANS and myomegalinΔ domain structure and yeast two-hybrid assay. SANS is composed of three ankyrin
repeats (ANK) at the N-terminus, a central domain (CENT) followed by a sterile alpha motif (SAM) and a PDZ-binding motif (PBM) at the C-terminus (asterisk). MyomegalinΔ (474
aa) contains a SCOP domain: d1gw5b (box) and coiled-coil domains (circle). Yeast two-hybrid screens were performed in a bovine retina cDNA library with SANS CENT fused to the
DNA-binding domain of the GAL4 reporter. MyomegalinΔ protein was identified as one interaction candidate. (B) GST pull-down of SANS andmyomegalinΔ. FLAG-tagged SANS was
incubated with immobilized GST-myomegalinΔ, or GST alone. Anti-FLAGWestern blot revealed pull-down of SANS by GST-myomegalinΔ (lane 2) but not GST alone (lane 3). Lane 1
shows 5% input of FLAG-SANS full length. (C) Co-localization of mRFP-myomegalinΔ and CFP-SANS in HeLa cells. Upper left panel: overexpressed mRFP-myomegalinΔ (red) is
localized right around the DAPI stained nucleus in single transfected cells. Lower left panel: overexpressed CFP-SANS (green) is localized to the cytoplasm, enriched at the
membrane, and as an intense spot at the periphery of the nucleus. Right panel: in mRFP-myomegalinΔ and CFP-SANS co-transfected HeLa cells, overexpressed CFP-SANS (green)
recruits mRFP-myomegalinΔ (red) to the cytoplasm and an intense spot at the periphery of the nucleus. Scale bars: 10 μm.
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yeast two-hybrid screens of a retinal cDNA library using the CENT
domain as bait.We succeeded to identify 30 potential binding partners
to SANS including myomegalin as the major SANS CENT interacting
partner, most abundantly found in the screen (Fig. 1A). Myomegalin,
also known as PDE4DIP (phosphodiesterase 4D interacting protein),
was first identified as a novel Golgi apparatus and centrosome
associated protein termed after its large size and high abundance in
the muscle [24]. Data base analyses predict four isoforms for mouse
myomegalin ranging in their predicted molecular weight from 15 kDa
(isoform 3) to 275 kDa (isoform 1), all containing protein–protein
interaction domains.

In the present study we demonstrate that myomegalin is
integrated into the multifunctional protein interactome related to
USH via its binding to the USH scaffold protein SANS. The SANS-
myomegalin interaction was confirmed by independent assays and
partial co-localization of the interacting partners was shown in
mammalian retinas. Conclusively, the present data also provide
further insights on the role of the SANS organized protein complex
in microtubule-based inner segmental cargo transport.

2. Methods

2.1. Yeast two-hybrid screen

The yeast two-hybrid screen was performed as previously
described [13]. The CENT domain of SANS (amino acids 126–368)
was used as bait on a bovine oligo-dT primed retinal cDNA library.
Interactions were analyzed by assessment of reporter gene activation.
If yeast clones grew on selection plates and were stained in theα- and
β-galactosidase activity assays, an interaction between a protein pair
was indicated.

2.2. GST pull-down assays

Bovine myomegalinΔ clone, found in the yeast two-hybrid, was
subcloned in the pGEX4T3 vector, expressed in E. coli BL21 and bound
to beads as described in [25]. FLAG-tagged human SANS full length
(amino acids 1–461) was produced by transfection of COS-7 cells with
the appropriate vector, using LipofectamineTM LTX and Plus Reagent
as transfection reagent (Invitrogen, Karlsruhe, Germany) according to
manufacturer's instructions. 24 h post-transfection cells were washed
with PBS and subsequently lysed on ice in lysis buffer (50 mM Tris–
HCL pH 7.5, 150 mM NaCl, and 0.5% Triton-X-100). The cell
supernatant was incubated 2 h at 4 °C with equal amounts of beads
pre-incubated either with GST or with GST-fusion proteins. Beads
were washed with lysis buffer and precipitated protein complexes
were eluted with SDS sample buffer and subjected to SDS-PAGE and
Western blot.

2.3. Antibodies

Polyclonal SANS antibodies generated against a murine fragment
(amino acids 1–46) and raised in rabbit were previously characterized
[14]. Anti-Myomegalin polyclonal mouse antibody (H00009659-B01)
and anti-FLAG-tag antibodies were acquired from Abnova (Taiwan) or
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA), respectively.
Monoclonal antibodies against centrin 3 were previously reported
[26]. Secondary antibodies were purchased from Invitrogen or
Rockland.

2.4. Animals and tissue preparation

All experiments described herein conform to the statement by the
Association for Research in Vision and Ophthalmology (ARVO) as to
care and use of animals in research. Adult C57BL/6J mice were
maintained under a 12 h light–dark cycle, with food and water ad

libitum. After sacrifice of the animals in CO2 (rodents) and decapita-
tion, subsequently entire eyeballs, and appropriate tissues were
dissected, or retinaswere removed through a slit in the cornea prior to
further analysis. Eyes of macaca mulatta were obtained from the
German Primate Center (DPZ, Göttingen, Germany). Human eyes
were obtained from the Dept. of Ophthalmology, Mainz, Germany and
guidelines to the declaration of Helsinki were followed.

2.5. Fluoresencence microscopical analysis of transfected HeLa cells

Human full-length SANS was cloned in pPalm-Myr-CFP vector
resulting in an N-terminal CFP-fusion protein. Bovine myomegalinΔ
was cloned in pDest-733 (Invitrogen) resulting in N-terminal fused
mRFP. Both constructs were transfected individually or in combina-
tion using LipofectamineTM LTX and Plus Reagent transfection reagent
(Invitrogen) according to the manufacturer's instructions. After 24 h
cells were fixed with methanol+0.05% EGTA and air-dried. Subse-
quently, the samples were incubated with 0.01% Tween 20 in PBS for
20 min. After washing once with PBS, the samples were incubated in
PBS with DAPI (4′,6-Diamidin-2′-phenylindoldihydrochlorid)
(Sigma-Aldrich) for 1 h at room temperature in the dark. After
washing with PBS sections were mounted in Mowiol 4.88 (Hoechst,
Frankfurt, Germany). Samples were analyzed with a Leica DM 6000 B
microscope (Leica microsystems, Bensheim, Germany) and images
were processed with Adobe Photoshop CS (Adobe Systems, San Jose,
CA, USA).

2.6. Western blot analyses

For Western blot analyses, the appropriate tissue samples were
prepared in RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 0.1% SDS,
2 mM EDTA, 1% NP-40, 0.5% sodium-deoxycholate, 1 mM sodiumva-
nadate, 30 mM sodium-pyrophosphate, pH 7.4) containing a protease
inhibitor cocktail (RocheDiagnostics, Risch, Suisse). For denaturing gel
electrophoresis, samples were mixed with SDS-PAGE loading buffer
(10% glycerine, 250 mM Tris-base, 2% SDS, 0.5 mM EDTA, 0,001%
bromophenol blue, HCL pH 8.5). For myomegalin expression analyses
75 μg of each protein extract were separated onMini-Protean® TGXTM

4–20% gels (Bio-Rad, Hercules, California, USA). For GST pull-down the
samples were separated on a 12% polyacrylamide gel. Proteins were
transferred to polyvinylidene difluoride membranes (Millipore,
Schwalbach, Germany). After blocking themembranewith Applichem
blocking reagent (Applichem, Darmstadt, Germany) for 2 h at room
temperature, immunoreactivities were detected by applying primary
and appropriate secondary antibodies Alexa Flour 680 (Invitrogen) or
IR Dye 800 (Rockland, Gilbertsville, USA) employing the Odyssey infra
red imaging system (LI-COR Biosciences, Lincoln, NE, USA).

2.7. RT-PCR analyses

Total RNA was isolated from mouse tissues by Macherey-Nagel
RNA isolation kit (Macherey-Nagel, Düren, Germany). Reverse
transcription was performed with 5 μg of RNA with the SuperScript
III First Strand kit (Invitrogen) following manufacturer's instructions
with a mixture of random hexamers and oligo-dT primers. PCR was
performed in a volume of 50 μl using 2 μl of prepared cDNA according
to directions and 10 nmol of each primer/reaction. Cycling conditions
were 40 cycles at 94 °C for 1 min, 50 °C for 40 s, and 72 °C for 90 s
followed by a 7 min 72 °C extension. The length of PCR products was
determined on 1% agarose gels. As DNA marker, a 1-kb DNA ladder
(GeneCraft, Lüdinghausen, Germany) was used. Primers, specific
for mouse myomegalin isoforms used for RT-PCR: Isoform 1; forward
(5′-TG GAGAAGTGCTGAGAGGGTTC-3′) and reverse primer (5′-CTCTGAGC-
CAGTGCCTCAGAAT-3′). Isoform 2; forward (5′-AGGCAAAGATGTCTCTCGTG-3′)
and reverse primer (5′-GCATCCAGAGACTCCACGGA-3′). Isoform 3; forward
(5 ′- ATGGAGCAGACCTGGGCCAG-3 ′) and reverse primer (5 ′-
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CAGGCGCGCTGGACTCACT-3′). Isoform 4; forward (5′-TG GATATCGCACTCTGTCC-

CAG-3′) the reverse primer is the same as for isoform 1 reverse.

2.8. Immunofluorescence microscopy of retina cryosections

Eyes of adult wild-type mice or retinas of monkey or human were
cryofixed in melting isopentane and cryosectioned as described
elsewhere [27]. Cryosections were placed on poly-L-lysine-precoated
coverslips and incubated with 0.01% Tween 20 in PBS for 20 min. After
several PBS washing steps sections were covered with blocking
solution (0.5% cold-water fish gelatin plus 0.1% ovalbumin in PBS) and
incubated for a minimum of 30 min followed by an overnight
incubation with primary antibodies, diluted in blocking solution at
4 °C. Washed cryosections were incubated with secondary antibodies
conjugated to Alexa 488 or Alexa 568 (Invitrogen) in PBS with DAPI
(Sigma-Aldrich) to stain the DNA of the cell nuclei, for 1.5 h at room
temperature in the dark. After repeated washing with PBS sections
were mounted in Mowiol 4.88 (Hoechst). Light microscopy analyses
of immunofluorescence samples were performed with a Leica TCS SP5
or a Leica TCS STED confocal microscope (Leica microsystems)
and images were processed with Adobe Photoshop CS (Adobe
Systems).

2.9. Immunoelectron microscopy

For immunoelectron microscopy, the recently introduced protocol
for pre-embedding labeling was applied [13,28]. Ultrathin sections
were analyzed in a transmission electron microscope (Tecnai 12
BioTwin; FEI, Eindhoven, The Netherlands). Images were obtained
with a charge-coupled device camera (SIS Megaview3; Surface
Imaging Systems) acquired by analySIS (Soft Imaging System) and
processed with Photoshop CS.

3. Results

3.1. Identification of myomegalin as a novel interaction partner of SANS
CENT by yeast two-hybrid screen

Previous data have indicated that the CENT domain of SANS is an
important target domain for direct protein binding to the SANS
scaffold protein [19,23]. We performed yeast two-hybrid (Y2H)
screens to identify novel interacting partners of SANS. For this, the
CENT domain (amino acids 126–368) of human SANS (Fig. 1A) was
fused to the DNA-binding domain (pBD) of the GAL4 reporter to
screen a bovine retinal cDNA library. The positive cloneswere retested
in reciprocal Y2H assays to verify the specificities of the interactions.

Fig. 2. Domain structure and expression profile of myomegalin isoforms in different mouse tissues. (A) Scheme of mouse myomegalin isoforms. Pfam family microtubule-associated
domains (hexagon) in isoforms 1, 3 and 4, Pfam DUF1220 family domain (triangle) in isoforms 1 and 4. Pfam zf-AD domain, also known as ZAD (pentagon) and SCOP (structural
classification of proteins) domain d1gw5b_ (rectangle) in isoform 2. Coiled-coil domains are present in all isoforms except for isoform 3. Arrows indicate primer binding sites for RT-
PCR analyses. (B) RT-PCR analyses of myomegalin isoforms in murine tissues. RNA extract of different mouse tissues was used for RT-PCR. Isoform 1 can be detected in retina, brain,
kidney, heart and lung. Isoform 2 is expressed in retina, olfactory epithelium (olfact.), brain, kidney and lung. Primers specific for Isoform 3 produce bands of the expected size in
cochlea and lung. Amplification of isoform 4 mRNA is possible in retina, cochlea, kidney, heart and muscle. GAPDH is amplified as an internal control. (C) Western blot analyses of
total protein extracts of adult murine retina and muscle with anti-myomegalin antibodies. The three larger isoforms can be detected in varying amounts in the different tissues at
their estimated size (Iso1 ~275 kDa; Iso2 ~126 kDa; Iso4 ~262 kDa). In the retina all isoforms can be detected.
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Sequence analyses of the 123 positive clones obtained in the Y2H
assay revealed that 47 of these clones encoded for myomegalin. The
identified clones contained overlapping sequences of myomegalin
cDNA spanning the amino acids 577–1050 of the bovine sequence
(myomegalinΔ, Fig. 1A). The interacting part of the bovine myome-
galin displays 89% similarity to human and 85% similarity to mouse
myomegalin. Database analysis of the myomegalinΔ interaction
domain found in the Y2H screen predicted a SCOP family d1gw5b_do-
main (ARM repeat superfamily) and a coiled-coil domain (www.
smart.heidelberg.de) (Fig. 1A).

3.2. Confirmation of direct interaction of SANS and myomegalin by GST
pull-down and in cell culture

We performed GST pull-down assays and cell culture transfection
assays to further validate the interaction between SANS and
myomegalin in vitro and in cultured cells (Fig. 1B, C). Recombinant
GST-myomegalinΔ fusion protein and GST alone were immobilized
onto glutathione sepharose beads and incubated with FLAG-SANS full
length protein. Subsequently, recovered proteins were analyzed by
Western blot using anti-FLAG antibodies. GST-myomegalinΔwas able
to pull-down FLAG-SANS full length (Fig. 1B), whereas GST alone was
not. These data confirmed the direct interaction between SANS and
myomegalin in vitro.

Next we analyzed whether myomegalin and SANS also interact in
the cellular context. For this, we co-transfected HeLa cells with
myomegalinΔ and SANS fluorescent fusion constructs. Cells expressing
themRFP-myomegalinΔ fusion proteins showed a peri-nuclear staining
(Fig. 1C, upper left panel). Single transfection of HeLa cells with CFP-
SANS resulted in CFP fluorescence in the cytoplasm and as a bright spot
at the nucleus (Fig. 1C). Co-transfection of mRFP-myomegalinΔ and
CFP-SANS induced the redistribution of mRFP-myomegalinΔ to the
cytoplasm, enriched at the plasma membrane and the nuclear
membrane, co-localizing with CFP-SANS (Fig. 1C). In conclusion, the in
vitro GST pull-down and the analysis of co-transfected HeLa cells
confirmed the direct binding of SANS and myomegalin.

3.3. Expression profile of myomegalin isoforms in different mouse tissues

PubMed database searches predicted four isoforms of myomegalin
in themouse (Fig. 2A). Isoform 1 represents the longest transcript and
encodes a protein of an estimatedmolecularmass of 275 kDa. Isoforms
2 and 3 are much shorter, with estimated molecular weights of
126 kDa and 15 kDa, respectively. Isoform 4 also encodes for a relative
large 262 kDa protein but in comparison to isoform 1 it contains a
different 5′ untranslated segment and lacks 5′ coding sequence
segments. It is of note that, isoform 4 was recently withdrawn from
the PubMed database.

We analyzed the expression of myomegalin isoforms on the
transcriptional level in diverse mouse tissues by RT-PCR using isoform
specific primer combinations (Fig. 2B). The expression of the
myomegalin isoforms varied in the different tissues tested. For
example isoform2was detected in the retina, the olfactory epithelium,
the brain, the kidney, and the lung. The long isoform 4 was expressed
in the retina, the cochlea, the kidney, the heart and the muscle and
thereby showed a different tissue expression profile than the similar
other long isoform, isoform 1. Next we evaluated the protein
expression profile of myomegalin in mouse retina and muscle. Our
Western blots with antibodies against myomegalin revealed the three
larger isoforms in varying amounts in the tissues analyzed. In the
retina these isoforms were detected at their estimated sizes (Iso1
~275 kDa; Iso2 ~126 kDa; Iso4 ~262 kDa) (Fig. 2C).

3.4. Spatial distribution of myomegalin expression in the
mammalian retina

The eye is one of the main organs affected by the human Usher
syndrome (USH). Previous studies indicated that the USH1G scaffold
protein SANS contributes to USH protein networks and to transport
processes in photoreceptor cells [13,14]. To elucidate the spatial
distribution of myomegalin expression in the mammalian retina we
subjected longitudinal cryosections of mouse, non-human primate
(macaque), and human retinas to indirect immunofluorescence using
antibodies against myomegalin (Fig. 3). Microscopic analyses

Fig. 3. Myomegalin expression in the retina of mouse, macaque and human. (A–C) Indirect immunofluorescence analyses of myomegalin (red) in longitudinal retina sections.
Nuclear DAPI staining reveals the different layers of the retina. (A) In mouse retina myomegalin is localized in a fibrous pattern in the inner segment (IS) and is also found in the
outer plexiform layer (OPL). (B) In macaque retina myomegalin is found in a fibrous pattern in the IS, where it is located around the nuclei in the outer nuclear layer (ONL) and in
the OPL. (C) In human retina myomegalin is localized in a fibrous pattern in the IS, and is found around the nuclei in the outer nuclear layer (ONL). OS; outer segment. Scale bars:
15 μm.
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revealed myomegalin staining in different layers of the mammalian
retina; the outer plexiform layer, the outer nuclear layer, the outer
limiting membrane, and the photoreceptor layer where it was present
in the inner segment and the region of the connecting cilium (Fig. 3A,
B). The myomegalin staining of the perinuclear cytoplasm was more
prominent in the outer nuclear layer of macaque and human retinas
(Fig. 3B, C) in comparison to the mouse retina (Fig. 3A). The
unconventional localization of myomegalin in the perinuclear
cytoplasm was confirmed in higher resolution immunofluorescence
analysis and immunoelectron microscopy of human photoreceptor
cells (Fig. 4). It is notable that the synapses in the outer plexiform
layer were barely stained by anti-myomegalin in the analyzed human
retina specimens (Fig. 3C). This is most probably due to post-mortem
proteolytic degradation of the synaptic regions in the human donor
eyes frequently observed by electron microscopic analysis (data not
shown).

Since in previous studies a ciliary-periciliary USH protein network
was demonstrated in photoreceptor cells [13,15–17] we next focused
on a putative ciliary association of myomegalin. For this we double
labeled retinal sections with antibodies against myomegalin and

centrin, a validated marker for the connecting cilium, its basal body
and the adjacent centriole of photoreceptor cells (Fig. 5). Myomegalin
was stained in a punctuated pattern throughout the entire inner
segment. Merged images revealed that the myomegalin staining
overlaps with the anti-centrin immunofluorescence in the apical
inner segment tips at the base of the connecting cilium, indicating the
localization of myomegalin in the basal body and the adjacent
centriole (Fig. 5).

3.5. Co-localization of myomegalin and SANS in retinal
photoreceptor cells

A prerequisite for functional interactions of two proteins in
vivo is that both are co-expressed in the same cell of a tissue and
are co-localized in same subcellular compartment of this cell type.
Previously published data [13,14] and present results on the spatial
distribution of the interacting partners SANS and myomegalin
indicated co-expression in retinal photoreceptor cells. To evaluate
potential co-localization of the interacting partners we performed
double immunofluorescence analyses on longitudinal sections

Fig. 4. Localization of myomegalin around the nucleus of photoreceptor cells by indirect immunofluorescence and immunoelectron microscopy. (A, B) Anti-myomegalin labeling
(red) demonstrates localization of myomegalin around the nuclei (blue) of human photoreceptor cells. (C) Labeling of anti-myomegalin antibodies is detected around the nucleus of
a human photoreceptor cell by immunoelectron microscopy. Scale bars: A, B: 7.5 μm; C: 250 nm.
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through mouse, macaque, and human retinas (Fig. 6). As already
shown by single labeling of myomegalin in Fig. 3, myomegalin
staining was present in the inner segment and in the peri-nuclear
cytoplasm of photoreceptor cells as well as in the outer limiting
membrane and at the synapses in the outer plexiform layer (Fig. 6A).
Double immunofluorescence analyses revealed that myomegalin and
SANS were partially co-localized in the inner segment, at the outer
limitingmembrane and in the periciliary region of photoreceptor cells
(Fig. 6A–D). In addition, we found partial co-localization of both
proteins in the outer plexiform layer of mouse retina (Fig. 6A).

Although, the analysis of higher magnifications further elucidated
co-localization of SANS and myomegalin in the inner segment and at
the base of the connecting cilium (Fig. 6) amore precise detection was
reserved to the high resolution of electron microscopy. For the precise
localization of SANS and myomegalin in photoreceptor cells we
performed pre-embedding immunoelectron microscopy of human
retinas (Fig. 7). The parallel analyses of ultra thin sections revealed
SANS and myomegalin antibody labeling in the apical inner segment
extension and in the apical part of the connecting cilium (Fig. 7A, C).
On the electronmicrographs SANS andmyomegalin were additionally

localized along longitudinally orientated tracks spanning the inner
segment (Fig. 7B, D). Post-embedding immunogold labeling of human
retina ultra thin sections with anti-tubulin antibodies enabled us to
identify these tracks as microtubules (Fig. 7E, F). As shown in Fig. 7E
and F tubulin was also decorated in the microtubule cytoskeleton of
the connecting cilium and in the apical inner segment.

4. Discussion

In this study, we demonstrate that myomegalin (phosphodiester-
ase 4D interacting protein, PDE4DIP) directly interacts with the
USH1G protein SANS and that these proteins co-localize at distinct
sites in mammalian photoreceptor cells. Three independent lines of
evidence show that SANS andmyomegalin can form a complex in vivo.
First, among all 30 different clones identified in the yeast two-hybrid
assay as putative binding partners to SANS, clones encoding for
myomegalin were the most abundant. Second, GST pull-downs
confirmed the direct interaction of myomegalin with SANS in vitro.
Third, co-transfection of mRPF-myomegalin and CFP-SANS resulted in
redistribution of mRPF-myomegalin and its co-localization with CFP-
SANS. In addition, in situ expression analyses by indirect immunoflu-
orescence and immunoelectron microscopy localization studies of
SANS and myomegalin demonstrate the co-localization of both
proteins in retinal photoreceptor cells providing evidence for the
assembly of SANS-myomegalin interactions/complexes in vivo.

The direct binding of myomegalin to SANS is most probably
mediated by the interaction of the SANS CENT domain with the
myomegalin ARM domain composed of Armadillo repeats (Fig. 1A). In
other proteins ARM domains are potent target sites mediating the
binding to diverse interacting partners [29]. Sequence analysis of the
myomegalin clone gained in our present yeast two-hybrid screen
predicts a SCOP family d1gw5b ARM domain as well as a coiled-coil
domain (see Fig. 1A). Latter coiled-coil motifs in proteins commonly
interact with coiled-coil domains of the binding partner [30,31].
However, SANS does not possess any coiled-coil domain and the
interaction of the SANS CENT domain with the tail of myosin VIIa does
not occur through its coiled-coil domain but is mediated by FERM
domains [19,23]. This line of evidence indicates that the interaction
between SANS CENT and myomegalin also does not occur through
coiled-coil domains but is based on the ARM repeat domain of
myomegalin which is restricted to the isoform 2 of myomegalin.

In addition to the direct binding of myosin VIIa we have previously
shown that the SANS CENT domain mediates SANS homomerization
[19]. Our present yeast two-hybrid screen revealed additional 30
potential binding partners of the SANS CENT domain. Myomegalin
may compete with these interaction partners in binding to the SANS
CENT domain in the cell.

Previous studies have indicated that myomegalin (PDE4DIP) acts
as a scaffolding protein found to be associated with centrosomes and
the Golgi apparatus [24]. In muscle cells a protein complex containing
myomegalin regulates intracellular signaling and trafficking [32]. As
known for other proteins interaction of distinct cellular binding
partners to the Armadillo repeats may specify the function of
myomegalin in various cellular contexts [29]. At the Z-disk of muscle
and at the Golgi myomegalin function is closely related to its interplay
with PDED4 and the PKA anchoring protein AKAP450 [32–34], which
recently has been shown to be required for microtubule nucleation at
the Golgi [35]. Interestingly AKAP450 was also identified in our
present yeast two-hybrid screen of a retinal library as a putative
interacting partner of SANS (Märker et al. unpublished). Thus, SANS
may also function in concert with a myomegalin-PDED4-AKAP450
complex in retinal cells.

Previous data demonstrated the association of the USH1G protein
SANS with the microtubule cytoskeleton, the centrosome and
transport vesicles [13,14,19,21]. Furthermore, there is evidence for a
role of SANS in microtubule-based transport of post-Golgi vesicles in

Fig. 5. Localization of myomegalin and centrin in mouse and human photoreceptor
cells. (A) Indirect immunofluorescence of myomegalin and centrin as a marker for the
connecting cilium and adjacent centriole on longitudinal sections through mouse
retina. Confocal image shows myomegalin (red) localization as fibrous pattern in the
inner segment. Overlay with centrin (green) shows partial co-localization of
myomegalin with centrin in the region of the basal body and centriole. (B) Indirect
immunofluorescence of myomegalin and centrin as a marker for the connecting cilium
and adjacent centriole on longitudinal sections through human retina. Confocal image
shows myomegalin (red) localization as fibrous pattern in the inner segment. Overlay
with centrin (green) shows partial co-localization of myomegalin with centrin in the
region of the basal body and centriole. Scale bars: 5 μm.
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retinal photoreceptor cells [13,14,18]. Here, we show by correlative
light and electron microscopy the co-localization of the interacting
partners SANS and myomegalin at the microtubule tracks across the
photoreceptor inner segment. The inner segmental microtubules are

thought to provide the transport routes for the cytoplasmic dynein
mediated vesicle transport [36]. Based on these data we propose a
cooperation of the binding partners myomegalin and SANS in vesicle
transport along microtubule tracks towards the base of the

Fig. 6. Partial co-localization of myomegalin and SANS in mouse, macaque and human retina. (A–D) Indirect immunofluorescence labeling of myomegalin (red) and SANS (green) in
longitudinal cryosections through mouse, macaque and human retina. Nuclear DAPI staining (blue) reveals the different layers of the retina. (A) In mouse retina myomegalin is
localized in a fibrous pattern in the inner segment (IS) and detected in the outer plexiform layer (OPL). SANS is localized in the IS and at the OPL. Myomegalin and SANS are partially
co-localized in the IS and OPL. (B) In macaque retina myomegalin is localized in a fibrous pattern in the IS, and detected around the nuclei in the outer nuclear layer (ONL). SANS is
localized in the IS. Myomegalin and SANS are partially co-localized in the IS and OPL. (C) In human retina myomegalin is localized in a fibrous pattern in the IS, and detected around
the nuclei in the outer nuclear layer (ONL). SANS is localized in the IS. Myomegalin and SANS are partially co-localized in the IS. (D) Zoom of the region of IS and outer segment (OS)
by STEDmicroscopical analysis showsmyomegalin (red) localization as fibrous pattern in the inner segment. Overlaywith SANS (green) shows partial co-localization ofmyomegalin
with SANS punctuate localization. (E) Schematic of the ciliary region of a photoreceptor cell. Localization of myomegalin (red) and SANS (green) is indicated. Scale bars: A–C 15 μm,
D 5 μm.
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photoreceptor cilium. This target compartment is characterized by the
periciliary complex suitable for the cargo transfer between the inner
segmental transport and the ciliary delivery to the photoreceptor
outer segment [13,37] (Fig. 8). We and others have previously shown
that the physical interaction of USH proteins assemble the core
complex of this dynamic periciliary protein network [13,16,17]. In this
USH protein network we have identified SANS as one of the major
scaffolding proteins.

In conclusion, we identified myomegalin as a novel interaction
partner of SANS and member of the USH protein interactome [7]. We
propose that this interaction may play a role in mediating the
microtubule-dependent inner segmental transport of cargo towards
the connecting cilium. Here, other members of the USH interactome
work together to maintain the efficient cargo transport between the
inner segment and outer segment of photoreceptor cells (Fig. 8). Any
defect in the interaction of proteins may lead to the disruption of the
whole USH network and may result in retinitis pigmentosa, the clinical
phenotype in the retina of USH1 patients.
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Fig. 8. Hypothesis of myomegalin participation in inner segmental transport processes
in photoreceptor cells. Due to its direct interaction with SANS myomegalin can be
integrated into the USH network. Therefore, putative functions of the myomegalin-
SANS partnership in photoreceptor transport processes can be assumed. Vesicles from
the Golgi, destined to the outer segment can either be transported by myomegalin and
SANS up to the cargo reloading point at the basal body. On the other hand, SANS and
myomegalin mediated transport of cargo from the Golgi network can be directed to the
periciliary target membrane (red line) where vesicles dock and fuse to the apical inner
segment membrane.
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