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Abstract. Usher syndrome is the most common condition of 
combined blindness and deafness and is classified into three 
types (USH1‑USH3). USH2 is the most commonly diagnosed 
of all Usher syndrome cases. There are three identified proteins 
(usherin, GPR98 and whirlin) that form the USH2 complex. 
Defects in any of these proteins may cause failure in the forma-
tion of the USH2 complex, which is the primary cause of USH2. 
Whirlin is a scaffold protein and is essential for the assembly 
of the USH2 protein complex. It has been reported that espin 
is an interacting partner protein for whirlin. However, which 
fragment of whirlin interacts with espin remains unclear. In 
the present study, whirlin N‑ and C‑terminal fragments in 
the pEGFP‑C2 vectors were constructed. The recombinant 
plasmids were transfected into COS‑7 cells to observe the 
co‑localization by confocal laser scanning microscopy. The 
interactions between whirlin and espin were investigated by 
co‑immunoprecipitation using the 293 cell line. It was demon-
stated that only the whirlin N‑terminal fragment was able to 
interact with espin and the PR (proline‑rich) region in whirlin 

may be important for the interaction. However, the present 
study did not investigate the interaction between whirlin and 
espin without the PR domain which warrants future research. 
Our findings elucidated a primary mechanism of interaction 
between whirlin and espin, which are crucial for further study 
on the USH2 complex and USH2 pathogenesis.

Introduction

Usher syndrome is a disease affecting both vision and hearing, 
occurring in about 1 in 23,000 individuals worldwide (1‑3). 
Usher syndrome has three clinical types. Type I (USH1) is mani-
fested as congenital profound deafness as well as vestibular 
dysfunction; USH2 presents as congenital moderate hearing 
loss and normal vestibular function; and USH3 is characterized 
by progressive hearing impairment and occasional vestibular 
dysfunction. USH2 is the most common form accounting 
for approximately 70% of all cases. Genetic defects in three 
genes [USH2A (4), USH2C (5), and USH2D (6)] are known to 
underlie this type of Usher syndrome. There are three identi-
fied proteins (usherin, GPR98 and whirlin) that co‑localize 
and form a complex (USH2 complex) in vivo (7‑10). Whirlin 
is the key protein in the USH2 complex, which recruits other 
USH2 causative proteins at the periciliary membrane in photo-
receptors and the ankle link of the stereocilia in hair cells. It 
has been reported that defects in any of the three proteins may 
cause mislocalization of the other two proteins and defects in 
the USH2 complex, which are the primary cause for USH2 
pathogenesis (8‑13). However, the biological function of the 
USH2 complex is largely unknown.

Studies suggest that whirlin is a scaffold protein and may 
be essential for the assembly of the USH2 complex (6,14). 

Therefore, it is critical to identify proteins that interact with 
whirlin and that are part of the USH2 complex  (15‑18). 
Reports indicate that whirlin interacts with several proteins 
other than usherin and GPR98, such as myosin XVa, Eps8 and 
SANS (19‑23). However, evidence to support that any of these 
proteins are a component of the USH2 complex is still lacking. 
There are three PDZ (postsynaptic density‑95/discs large/zona 
occludens‑1) domains and a proline‑rich (PR) region in whirlin 
(Fig. 1). PDZ domains are distributed throughout the protein 
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from the N‑terminal to C‑terminal. The USH2 complex 
proteins are known to bind to each other in vitro through PDZ 
domain‑mediated interactions (7,8,10).

Espin is a component protein of the USH2 complex and is a 
candidate gene for Usher syndrome (24‑28). Mutations in espin 
have been shown to cause deafness in humans (24‑26). Espin 
is expressed in vivo in four isoforms resulting from alternative 
transcription start site and gene splicing (29). Wang et al previ-
ously demonstrated that espin is a protein that interacts with 
whirlin and that espin expression in photoreceptors is altered 
in whirlin‑knockout mice (28). However, which domain of 
whirlin interacts with espin remains unclear.

In the present study, it was determined that the interac-
tion between whirlin and espin locates at the N‑terminal of 
whirlin. It was shown that a whirlin fragment with the first two 
PDZ domains and the PR region is sufficient for its interaction 
with espin. Our findings suggest that the PDZ domain alone is 
not sufficient for USH2 complex proteins to interact with each 
other and the PR region might be required for protein stability.

Materials and methods

DNA plasmids. Whirlin N‑ and C‑terminal fragments (3‑693 
amino acids and 693‑907 amino acids, NP_082916) in the 
pEGFP‑C2 vectors were constructed as described previ-
ously (30,31). All DNA plasmids constructed in this study 
were confirmed by DNA sequencing. Whirlin full‑length 
cDNA (3‑907 amino acids, NP_082916), which was originally 
cloned from the mouse retina into pEGFP‑C2 vectors, was 
obtained from Dr Jun Yang (University of Utah, Salt Lake 
City, UT, USA).

Antibodies. A polyclonal rabbit‑espin antibody (K‑14; 
sc‑133324) was purchased from Santa Cruz Biotechnology, 
Inc. A rabbit polyclonal‑whirlin antibody (25881‑1‑AP) was 
obtained from Invitrogen/Thermo Fisher Scientific, Inc. and 
was biotin‑labeled prepared according to the manufacturer's 
instructions (Invitrogen™ FluoReporter™ Mini‑Biotin‑XX 
protein Labeling kit; Thermo Fisher Scientific, Inc.). The 
rabbit and mouse antibodies against GFP (ab6556 and 
ab1218) were from Abcam. Hoechst dye 33342 (4082) and 
secondary antibodies (8889) were obtained from Cell 
Signaling Technology.

Cell culture and cytochalasin D treatment. Cell culture 
preparation and treatment were performed as described previ-
ously by Wang et al with minor modification as follows (28). 
COS‑7 and 293 cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 5% fetal 
bovine serum (FBS; Invitrogen/Thermo Fisher Scientific, 
Inc.). Transient transfection was carried out using TurboFect 
in  vitro Transfection Reagent (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. Briefly, 
cells were cultured to ~70% confluency. One microgram of 
plasmids was diluted in 100 µl of serum‑free DMEM. Then 
2 µl of transfection reagent was added to the diluted DNA and 
mixed by vortexing. One hundred milliliters of transfection 
reagent/DNA mixture was added to each well (24‑well plate) 
drop‑wise. Cells were collected after incubating at 37˚C in a 
CO2 incubator for 36 h.

Before being fixed for confocal microscopy analysis, the cells 
were treated with cytochalasin D. Cytochalasin D treatment 
was performed by incubating cells at room temperature for 
2  h in 4  µM cytochalasin D/DMEM/5% FBS, which was 
freshly prepared from 2 mM cytochalasin D/DMSO (dimethyl 
sulfoxide) stock solution. Cells treated with DMSO (1:1,000) 
in DMEM/5% FBS under the same condition were used as a 
negative control for cytochalasin D treatment.

Immunoprecipitation and western blotting. Transfected 293 
cells were grown as described above and collected from 
the culture medium. Cells were lysed by homogenization in 
lysis buffer [50 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.5% 
Triton X‑100, 5 mM ethylene diamine triacetic acid (EDTA), 
0.5 mM phenylmethanesulfonyl fluoride, 1X protease inhibitor 
and 1 mM DTT] and sonication on ice briefly. The cells were 
centrifuged at 18,000 x g for 10 min, and the supernatant 
(Input) was precleared by incubation with protein G sepharose 
(Amersham Biosciences) for 1 h. The precleared supernatant 
was then incubated with a primary antibody for 3.5 h and 
centrifuged at 18,000 x g for 10 min. The resulting superna-
tant was incubated with protein G sepharose for 1 h. After 
centrifugation at 2,000 x g for 10 min, the pellet was washed 
with lysis buffer for three times and then boiled in Laemmli 
sample buffer. All the procedures were performed at 4˚C. 
A non‑immune rabbit immunoglobulin served as a negative 
control. Cells without the immunoprecipitation were included 
as a second negative control.

The various cell lysates or the above immunoprecipitate was 
separated on a 10% SDS polyacrylamide gel and transferred 
to a polyvinylidene fluoride (PVDF) membrane. The resulting 
PVDF membrane was sequentially subjected to blocking with 
Tris‑buffered saline and Tween 20 (TBST, pH 7.5, 20 mM Tris, 
150 mM NaCl, 0.1% Tween 20) containing 1% BSA (A7906, 
Sigma‑Aldrich; Merck KGaA) for 1 h at room temperature, 
and then incubated with the anti‑GFP antibody at a 1:1,000 
dilution (ab6556, Abcam) overnight at 4˚C and the anti‑rabbit 
IgG at a 1:5,000 dilution (#8889, Cell Signaling Technology) 
for 2 h at 37˚C. The protein bands were detected using the 
chemiluminescent substrate with Alpha Innotech Alpha View 
software on a FluorChem Q machine (Cell Biosciences, Inc.). 
The intensities of the protein bands were determined by Image 
J Software (National Institutes of Health, Bethesda, MD, USA) 
and normalized using sample loading control bands.

Immunofluorescence staining and co‑localization analysis. 
Cultured cells were fixed in a mixture of methanol and acetone 
(1:1) at ‑20˚C for 10 min and rinsed with PBS for 5 min three 
times. The fixed cells were then blocked in 5% goat serum/PBS 
for 1 h, incubated with a rabbit polyclonal‑whirlin antibody 
(25881‑1‑AP, Invitrogen/Thermo Fisher Scientific) in 5% goat 
serum/PBS at 1:100 dilution at 4˚C overnight, washed three 
times with PBS and then incubated with the anti‑rabbit IgG 
(8889, Cell Signaling Technology) at a 1:5,000 dilution and 
Hoechst 33342 (4082, Cell Signaling Technology) in 5% goat 
serum/PBS for 1 h. For staining of espin in cultured cells, A 
polyclonal rabbit‑espin antibody with a 1:100 dilution (K‑14; 
sc‑133324, Santa Cruz Biotechnology) was used. The stained 
cells were viewed and photographed on a confocal laser scan-
ning microscope (Model FV1000; Olympus, Tokyo, Japan).
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Ethics statement. This is a basic research study. There were no 
animals or patients involved in this study. The cell lines used 
in the in vitro experiments are commercial products, obtained 
from American Type Culture Collection (ATCC). Moreover, 
other materials used were normal reagents. There were no 
ethical issues involved in the study.

Results

Construction of GFP‑tagged whirlin fragment expression 
plasmids. To identify parts of the whirlin protein required for 
interaction with espin, two pEGFP‑C2 vector derivative plas-
mids expressing the N‑terminal fragment and the C‑terminal 
fragment of the whirlin protein, respectively, were constructed 
(Fig. 1). The N‑terminal fragment contains the first two PDZ 
domains and the PR region. The C‑terminal fragment includes 
the third PDZ domain. Both plasmids stably expressed whirlin 
fragments.

Whirlin N‑terminal fragment co‑localizes with espin. 
Yang et al and Wang et al reported partial co‑localization 
of whirlin and espin in the retina and the inner ear (27,28). 
To further elucidate the interaction between whirlin and 
espin, two whirlin fragments were tested for their abilities to 
colocalize with full‑length espin (Fig. 2). Plasmids expressing 
GFP‑tagged whirlin fragments were cotransfected with 
mCherry‑tagged espin in COS‑7 cells. The reason why we 
used COS‑7 cells to study the interaction between whirlin and 
espin is that the size of COS‑7 cells is larger than the majority 
of other cells, including photoreceptors; thereby, it is more 
convenient and precise to observe the colocalization of the 
proteins of interest by confocal laser scanning microscopy. As 
known to date, whirlin is highly expressed in photoreceptors, 

while there is little whirlin in the COS‑7 cell line. These are 
the reasons why we chose COS‑7 cells as a material to carry 
out immunofluorescent analysis in vitro and used photorecep-
tors to perform other functional studies in vivo. In the present 
study, the whirlin N‑terminal fragment was shown to partially 
co‑localize with espin in COS‑7 cells. In comparison, the 
whirlin C‑terminal fragment did not appear to colocalize 
with espin. This suggests that PDZ domains in the whirlin 
N‑terminal fragment may be responsible for whirlin‑espin 
interaction.

Whirlin N‑terminal f ragment interacts with espin. 
Co‑localization does not necessarily mean interaction between 
two proteins. In order to confirm that the whirlin N‑terminal 
fragment indeed interacts with espin, we examined the two 
whirlin fragments for their abilities to interact with full‑length 
espin using a co‑immunoprecipitation (CoIP) assay as 
described in Materials and methods. In our previous study, we 
tested two different whirlin fragments, where the N‑terminal 
fragment lacked the PR region and the C‑terminal fragment 
contained the PR region, and could not co‑immunoprecipitate 
either whirlin fragment with espin (data not shown). In addi-
tion to construct two different fragments, we also modified the 
CoIP procedure slightly by adding cytochalasin D treatment 
after co‑transfection of whirlin and espin expression plasmids. 
Cytochalasin D inhibits actin polymerization and induces 
depolymerization of actin filaments. Although Wang et al (28) 
found that whirlin exhibited effects on actin bundle network in 
photoreceptors and hair cells, cytochalasin D treatment here 
promoted whirlin N‑terminal fragment CoIP with espin, but 
not the whirlin C‑terminal fragment (Fig. 3). It appears that 
with the actin network disrupted, the whirlin N‑terminus is 
able to interact with espin. The results also showed two strong 

Figure 1. Schematic diagrams of espin and whirlin domain structure and whirlin fragment constructs. Whirlin has three PDZ domains and a PR region. 
Whirlin N‑terminal fragment (PEGFP‑c1‑whirlin‑n) has PDZ1, PDZ2 and PR, and whirlin C‑terminal fragment (PEGFP‑c1‑whirlin‑c) has PDZ3. These 
fragments were labeled with sequence in the entire gene. Label unit is amino acid. PDZ, postsynaptic density‑95/discs large/zona occludens‑1; PR, proline‑rich.
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bands with an approximate molecular weight 50 kilodalton 
(KDa) in both lanes of IP‑GFP whirlin and IP‑GFP‑whirlin‑n. 
In fact, those strong bands represent the heavy chain of the 
antibody. The molecular weight of whirlin‑c is a little higher 
than that of the heavy chain. Therefore, whirlin‑c only exists 
in the sample of IP‑GFP‑whirlin‑c.

Discussion

Whirlin mutations cause retinal degeneration and hearing loss 
in Usher syndrome type II (USH2) and nonsyndromic deaf-
ness (1‑3,6,27). It has been shown that whirlin is critical for 
recruiting other USH2 causative proteins to form a complex at 

the periciliary membrane complex in photoreceptors and the 
ankle link of the stereocilia in hair cells (6,8‑12,28). However, 
the biological function and mechanism of the USH2 protein 
complex are largely unknown. Espin is a component of the 
USH2 protein complex and is a candidate gene for Usher 
syndrome. Espin is an actin‑binding/bundling protein and may 
cause human deafness when it is defective (24‑26). Wang et al 
identified that espin interacts with whirlin and crosslinks 
actin filaments (28). It induces the formation of actin bundles, 
which are presumed to be stabilized and elongated through 
prevention from disassembly of these bundles and from depo-
lymerization of actin filaments. The interaction of whirlin with 
a pool of espin does not bind to actin monomers or filaments, 

Figure 2. Co‑localization of whirlin fragments with espin. Multiple whirlin fragments co‑localized with espin in cells as shown by confocal laser scanning 
microscopy. (A) Distribution of recombinant whirlin N‑terminal fragment (whirlin‑n) (left), whirlin C‑terminal fragment (whirlin‑c) (middle) and espin (right) 
in their respective single‑transfected COS‑7 cells. (B) GFP‑tagged whirlin‑n fragment was co‑transfected with un‑tagged espin in COS‑7 cells. The images 
with un‑tagged espin were detected with an anti‑rabbit IgG (H+L), F(ab')2 fragment (Alexa Fluor® 594 conjugate) (Cat. no. #8889, Cell Signaling Technology) 
(red). The results showed that the whirlin‑n fragment was able to co‑localize with espin. Co‑localization of GFP‑tagged whirlin‑n and espin is marked using 
a white box. (C) No obvious co‑localization was observed between GFP‑tagged whirlin‑c fragment and espin in the double‑transfected COS‑7 cells, as shown 
by confocal laser scanning microscopy. The images with un‑tagged espin were detected using an anti‑rabbit IgG (H+L), F(ab')2 fragment (Alexa Fluor® 594 
conjugate) (cat. #8889, Cell Signaling Technology) (red). The data represent the consistent results obtained from at least three independent experiments. Scale 
bars, 10 µm.
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but activates the exchange rate of espin between the pools of 
actin‑free and actin‑bound, with the destabilization and short-
ening of the espin cross‑linked actin bundles. In the present 
study, it was demonstrated that only the whirlin N‑terminal 
fragment was able to interact with espin and that the PR 
regions in both whirlin and espin proteins are important for 
their interaction. This finding lays a foundation for further 
research on the dynamic equilibrium between espin and actin.

The PR regions of whirlin are involved in its interaction 
with espin. To learn more about the interaction between 
whirlin and espin, two whirlin fragments were tested for 
their abilities to interact with full‑length espin (Figs.  2 
and  3). Previously, we tested two whirlin fragments and 
did not observe any interaction with espin. We constructed 
a new set of whirlin fragments to identify their interaction 
with espin. One distinct difference in the construction is 
that we moved the PR region into the N‑terminal fragment 
and left the C‑terminal fragment with only the third PDZ 
domain. The interaction between the whirlin N‑terminal and 
espin suggests that the PR region is required for the PDZ 
domains to interact with espin. PR regions of proteins occur 
widely in both prokaryotes and eukaryotes. Their functions 

have been found to be important for protein conformation 
and sometimes involved in direct binding (32). It is not clear 
which function the PR regions in whirlin and espin play in 
whirlin‑espin interaction. However, studies have shown that 
the USH2 complex proteins can interact with each other 
through PDZ domains, at least in vitro (7,8,10). The require-
ment of the PR region demonstrated here suggests that the 
PR region may be important to enable the truncated whirlin 
protein to form a conformation that is accessible to espin.

In conclusion, whirlin‑espin interaction is important for 
the architecture of the USH2 complex and actin bundles 
cross‑linked by espin. Our demonstration of whirlin 
N‑terminal fragment interaction with espin, is significantly 
novel, providing insight into how these two proteins interact 
to form the USH2 complex. Our findings suggest that although 
whirlin and espin probably interact through PDZ domains, the 
PR regions are important for the folding of these proteins into 
functional conformations. It is crucial to understand the USH2 
complex and USH2 pathogenesis. However, the present study 
did not investigate the interaction between whirlin and espin 
without the PR domain which warrants further research by our 
group.

Figure 3. Co‑immunoprecipitation of whirlin fragments and espin. Espin was precipitated by whirlin and whirlin N‑terminal fragment (whirlin‑n) but not 
the whirlin C‑terminal fragment (whirlin‑c) after cytochalasin D treatment (upper panels). GFP‑tagged whirlin domains (full length, 123.47 kDa; whirlin‑n, 
100.73 kDa; and whirlin‑c, 49.75 kDa) are present in the GFP immunoprecipitation from 293T cells double‑transfected with GFP‑whirlin/whirlin‑n/whirlin‑c 
and espin (bottom panels). The western blot of GFP shows the success of the immunoprecipitation procedure, suggesting that whirlin can interact with espin 
through whirlin‑n. The data represent consistent results obtained from at least three independent experiments.
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