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Abstract

Ofd1 is a newly identified causative gene for Retinitis pigmentosa (RP), a photoreceptor
degenerative disease. This study aimed to examine Ofd1 localization in retina and further to
investigate its function in photoreceptor degeneration models. Ofd1 localization in rat retina
was examined using immunofluorescence. N-methyl-N-nitrosourea (MNU)-induced rats
and Royal College of Surgeons (RCS) rats were used as photoreceptor degeneration mod-
els. The expression pattern of Ofd1, other ciliary associated genes and Wnt signaling path-
way genes were examined in rat models. Furthermore, pEGFP-Ofd1-CDS and pSUPER-
Ofd1-shRNA were constructed to overexpress and knockdown the expression level in
661W and R28 cells. MNU was also used to induce cell death. Cilia formation was observed
using immunocytochemistry (ICC). Reactive oxygen species (ROS) were detected using
the 2', 7"-Dichlorofluorescin diacetate (DCFH-DA) assay. Apoptosis genes expression was
examined using qRT-PCR, Western blotting and fluorescence-activated cell sorting
(FACS). Ofd1 localized to outer segments of rat retina photoreceptors. Ofd1 and other cili-
ary proteins expression levels increased from the 15! and 4™ postnatal weeks and
decreased until the 6™ week in the RCS rats, while their expression consistently decreased
from the 15t and 7" day in the MNU rats. Moreover, Wnt signaling pathway proteins expres-
sion was significantly up-regulated in both rat models. Knockdown of Ofd1 expression
resulted in a smaller population, shorter length of cell cilia, and lower cell viability. Ofd1 over-
expression partially attenuated MNU toxic effects by reducing ROS levels and mitigating
apoptosis. To the best of our knowledge, this is the first study demonstrating Ofd1 localiza-
tion and its function in rat retina and in retinal degeneration rat models. Ofd1 plays a role in
controlling photoreceptor cilium length and number. Importantly, it demonstrates a neuro-
protective function by protecting the photoreceptor from oxidative stress and apoptosis.
These data have expanded our understanding of Ofd1 function beyond cilia, and we
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concluded that ofd1 neuroprotection could be a potential treatment strategy in retina degen-
eration models.

Introduction

Primary cilium, a microtubule-based structure protruding from the surface of most vertebrate
cells, has major roles during development and in postnatal life. Sensory cilia of photoreceptors
regulate the phototransduction cascade for visual processing. Cilium dysfunction is the basis
for multiple human genetic disorders known as ciliopathies, which includes Joubert, Senior-
Loken, Bardet-Biedl, and Oral-Facial-Digital 1 (OFD1) syndrome [1-4].

Ciliopathies are caused by mutations in genes encoding proteins required for cilia organiza-
tion or function, such as RPGR (retinitis pigmentosa GTPase regulator) [5], SPATA7 (sper-
matogenesis associated 7) [6], POCIB (POCI centriolar protein B) [7], FAM161A (family with
sequence similarity 161, member A) [8, 9], LCA5 (Leber congenital amaurosis 5)[10], CEP290
(centrosomal protein 290kDa) [11] and RPGRIPI (retinitis pigmentosa GTPase regulator
interacting protein 1) [12], which are a prominent cause of severe blindness disorders due to
photoreceptor degeneration.

The OFD1 (oral-facial-digital 1) gene was initially identified in oral-facial-digital syndrome
(OMIM 311200) [13] and is responsible for other ciliopathies such as Joubert syndrome [14],
Simpson-Golabi-Behmel syndrome type 2 [15], and retinitis pigmentosa (RP) [16]. Impor-
tantly, most of OFD1-deficient diseases overlap with clinical spectrums that present retina dys-
function. Recently there has been an interesting report that OFD1 insufficiency causes RP in
which only retina tissue suffers: deep intronic mutation, IVS9+706A>G (p.N313£5.X330) in
OFD1 is responsible for RP [16].

As a cilia protein, OFD1 localizes to both the centrosome and primary cilium [17], and
OFD1, as well as CEP290, PCM-1 (pericentriolar material 1) and BBS4 (Bardet-Biedl syn-
drome 4) are primarily components of centriolar satellites, the particles surrounding centro-
somes and basal bodies [2]. OFD1 is required for primary cilia formation, and a deletion in
Ofd1 results in a loss of primary cilia [18]. in addition, Ofd1 plays a crucial role in forebrain
development and in the control of dorso-ventral patterning and early corticogenesis during
mouse embryonic development [19]. Thus far, there has been no any report on OFD1 function
in the retina.

Recently, the Wnt signaling pathway was discovered to play important roles in retina devel-
opment and disease progression, such as retinal field establishment, maintenance of retinal
stem cell progenitors, retinal specification in the developing retina and homeostasis in mature
retina [20-23].

Some studies have suggested that the primary cilium has a role in restraining Wnt/f-catenin
signaling [24, 25]. In embryonic stem cell studies, Ofd1 mutant mouse embryonic bodies dis-
play exaggerated B-catenin-dependent pathway activation [26]. In mouse embryos, disruption
of ciliogenesis via Ofd1 could up-regulate Wnt responsiveness, which suggests that primary cil-
ium adjust to Wnt signaling transduction [27].

In the present study, we firstly examined Ofd1 localization in rat retina. Subsequently, we
examined its expression in two types of retinal degeneration rat models (chemically induced
and in a genetic model). The Ofd1 time course expression level with degeneration progression
was investigated. Ofd1, combined with ciliary associated and Wnt signaling pathway genes
were involved in both retinal degeneration rat models. Our data showed that with the exception

PLOS ONE | DOI:10.1371/journal.pone.0155860 May 19,2016 2/18


http://www.ncbi.nlm.nih.gov/pubmed/25398945
http://www.gzzoc.com/

@’PLOS ‘ ONE

OFD1 Is Neuroprotective in Photoreceptor Degeneration Models

of the role of Ofd1 in both regulating photoreceptor cilium length and number, a neuroprotec-
tive effect on the photoreceptor against oxidative stress and apoptosis was also observed.

Materials and Methods
Experimental Animals

The Royal College of Surgeons (RCS) rat is the first known animal with inherited retinal degen-
eration and widely used as an animal model of photoreceptor degeneration [28, 29]. RCS rats
with Mertk (MER proto-oncogene, tyrosine kinase) gene deficiency results in progressive retina
degeneration [30, 31], starting at 3 weeks of age until 12 weeks to totally disappeared retina
cells [32]. One-week-old to 6-week-old RCS rats and age-matched SD rats (Slaccas, China)
were used in this study.

To model chemical induced retina degeneration, 5-week-old SD rats were treated with
intraperitoneal injection of MNU (50mg/kg), and an equal number of age-matched SD rats
were injected with same volume of 0.9% saline as the control group. MNU is an alkylating
agent that specifically targets photoreceptor cells causing apoptosis and cell loss within approx-
imately 24 h after treatment [33-37]. It was acute photoreceptor apoptosis rat model.

All animals were maintained in a 12-hour alternating light-dark cycle, and food and water
were provided ad libitum. MNU-treated and control groups were sacrificed post-injection on
the 1%, 3" and 7™ days.

Ethics statement

All protocols and procedures involving animals were approved by the Committee on the Ethics
of Animal Experiments of Tongji University (Permit Number: TJmed-010-32). All surgical
procedures were performed under anesthesia introduced by intraperitoneal injection with Pen-
tobarbital (40 mg/kg body weight).

Electroretinogram (ERG) Examination

To confirm that the retina degeneration model was established successfully after MNU injec-
tion, b-wave amplitude by electroretinogram recording was measured on post-injection day 1,
3, and 7 using an AVES-2000 electrophysiological apparatus (Kanghuaruiming S&T, China).
The rats were placed in a dark room overnight for dark adaption before ERG test. Rats were
given intraperitoneal injection with 2% pentobarbital sodium (40mg/kg), plus intramuscular
injection of Sumianxin (0.5ml/kg), for general anesthesia, Tropicamide/Phenylephrine eye
drop for pupil dilation and Tetracaine eye drop for local anaesthesia. Modest conductive paste
was coated on the cornea of the rats. Ground electrode was implanted into the subcutaneous
part of the tail root. Positive electrode was placed in the subcutaneous position between the
two ears, while negative electrodes were contacted on the surface of corneas. The two eyes were
stimulated twice for 0.06325 (cd*s/m) bright flash intensity simultaneously, which allowed the
response of the photoreceptors to be recorded.

Plasmid Construction

Rat and mouse Ofd1 (NM_001106961.1, NM_177429.3) mRNA sequences were obtained from
NCBI Genbank. 3 pairs of Ofd1-shRNA oligos were designed by using BLOCK-iT™ RNAi
Designer, Life Technology (http://rnaidesigner.invitrogen.com/rnaiexpress), annealed, and
inserted into the pSUPER-EGFP1 vector. The oligo sequences are shown in S1 Table. Scramble
shRNA was inserted into pSUPER vector (without EGFP) as control.
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The Ofd1 coding sequence was amplified by PrimeSTAR HS DNA Polymerase (Takara),
and cloned into the pEGFP-N2 Vector, using the following PCR primers: Forward (EcoRI):
GAATTCatgaggatggctcagtccaa Reverse (BamHI): GGATCCccacatgtcatctggttctt. After
sequence confirmation, the recombinant OfdI construct was used for subsequent transfection
experiments.

Cell Lines

The R28 cell line consisted of rat retinal progenitor neuronal cells [38]. The 661W cell line was
generated from retinal tumors of a transgenic mouse line and presented characterizations of
cone photoreceptor cells [39]. Both cell lines were cultured in DMEM Low Glucose (Hyclone).
Human Retinal Pigment Epithelial immortalized cells (ARPE-19 cell line) were cultured in
DMEM/F12 (Hyclone) [40]. Immortalized Retinal Miiller Cell Line (rMC-1) was cultured in
DMEM High Glucose (Hyclone) [41]. All cell media contain 10% fetal bovine serum
(Hyclone).

Ofd1-shRNA plasmids and pEGFP-Ofd1-CDS plasmids were transfected by using Lipofec-
tamine 2000 according to the manufacturer’s instructions (Invitrogen) into R28 and 661W cell
lines, respectively. MNU was added to the medium after 36 h at a concentration of 500 ug/ml
and incubated for an additional 12 h [39]. The MTT assay was used to detect cell viability and
proliferation.

Quantitative Real-time PCR

The 5 x 10° cells were seeded in each well of 24-well culture plate. Cells were collected with
TRIzol (Takara) 48 h post-transfection. The neuroretina of RCS rat, MNU-treated rat, and
control rats were also collected with TRIzol. For detail, under a dissection microscope, the ante-
rior segments of the eye were removed. Then the eye cup was radially cut into 3 to 4 pieces
from periphery to the optic nerve head. Each piece was carefully dissected and neuroretina was
isolated [42].

Total RNA was extracted and reverse transcription was performed using Reverse Transcrip-
tase M-MLV RNase H™ (Takara). Real-time PCR was performed in a Bio-Rad CFX Connect
Real-time System by using RealMasterMix (SYBR Green) (Tiangen Biotech, China). PCR
amplification was performed in duplicate (program: denaturation at 95°C for 15 min, followed
by 40 cycles of 95°C for 10 s, 60°C for 40 s). All primer sequences are listed in S2 Table.

Western Blotting Analysis

Protein expression level was analyzed using Western blotting analysis. Total proteins from
cells of rat retina were extracted using RIPA plus 1% PMSEF, and the protein concentration was
quantified using the Pierce BCA protein assay kit (Thermo Scientific). Proteins were fraction-
ated on an 8% SDS-PAGE gel and transferred to a 0.45-um PVDF membrane. Membrane
blocking was performed using 5% non-fat milk in Tris buffered saline supplemented with 0.1%
Tween 20 (TBST). Primary antibodies were diluted in the same buffer and membrane was
incubated in diluted primary antibodies overnight at 4°C, while membrane washing steps were
performed with TBST. The secondary antibody was diluted in TBST and membrane was incu-
bated at room temperature for 1 hour, and several washing steps were also subsequently per-
formed with TBST.

The following antibodies were used in this study: B-Actin-HRP (1:5000; Proteintech), OFD1
antibody (1:200; Santa Cruz), LCA5 antibody (1:1000; Sigma Aldrich), Follistatin antibody
(1:1000; Abcam), Bax antibody (1:1000; Proteintech), Bcl-2 antibody (1:1000; Proteintech) and
Caspase 3 antibody (1:1000; Proteintech).
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Immunofluorescent Staining and Imaging

Cells grown on coverslips were fixed with methanol at 4°C for 10 minutes and blocked with
antibody blocking buffer (0.1% Triton X-100 and 3% horse serum). Acetylated-o-tubulin
(1:1,000, Abcam) was diluted in the same buffer and incubated on the cells at 4°C overnight.
After washing extensively with phosphate-buffered saline (PBS), diluted anti-mouse Cy3
(1:100; Proteintech) was incubated onto the cells for 1 h at 4°C. DNA was labeled with a 1 mg/
ml solution of 4’, 6’-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma). After sequen-
tially washing with PBS, coverslips were air-dried and mounted onto glass slides using DAKO
mounting medium.

Age-matched rat eyes were immersion-fixed for 4 hours using freshly prepared 4% PFA.
Eyes were embedded, frozen and then sectioned at thickness of 8-pm prior to incubation for
immunofluorescent staining. Ofd1 (1:50, Santa Cruz), or Tmem231 (1:200, Novus) or Rhodop-
sin (1:500, Chemicon) was applied to each group in a humidified chamber overnight at 4°C.
When dealing with fluorescein labeled Peanut Agglutinin (PNA-FITC, Sigma-Aldrich), it was
applied to each section for 1h at room temperature. After washing extensively with PBS, anti-
goat Cy3 (1:100; Proteintech) was applied to each section for 1h at room temperature. The
DNA was labeled with a 1 mg/ml solution of DAPI. After sequentially washing with PBS, the
glass slides were air-dried and mounted using DAKO mounting medium. The cells and sec-
tions were visualized using Nikon confocal Scope, which was equipped with a 60x lens.

Measurement of cilia length and ciliated cell counts

After the cells were stained with cilium marker Acetylated-a-tubulin, the cilia length was mea-
sured under 600x magnification. Ocular micrometer (which is a round slide, in the middle of
slide, a 5 mm length is equally divided into 50 parts) was used to perform the measurement.
First, the ocular micrometer is corrected with a stage micrometer, such that the cilia length
could then be measured with the corrected ocular micrometer. The unit of cilia length is pm.

All of the cell nuclei and its cilia within three 600x visual field were quantified. The percent-
age of ciliated cell number was expressed as the average percentage of ciliated cells per visual
field.

Free Radical-Scavenging Capacity Assay

Free radical production was induced by MNU in 661W cells. The cells were seeded at a density
0f 2000 cells/well into a 96-well plate, and incubated in a humidified atmosphere of 95% air
and 5% CO, at 37°C for 24 h. Next, pPEGFP-Ofd1-CDS was transfected into the 661W cell line
using Lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen). After 48
h, the cells were washed with DMEM medium and probed with DCFH-DA (Beyotime, China)
at 37°C for 20 mins. Next, MNU at 500 ug/ml was added into each well for 10 mins [39] or
Rosup 1:1000 dilution was used to treat cell for 10 mins as positive control. The intensity of the
fluorescence was measured using a fluorescence microscope (Leica, with monochromatic
CCD) and fluorometer (Bio-Rad) at the excitation/emission wavelengths of 488/525 nm.

Cells Apoptosis Analysis

Cells were seeded at a density of 0.5-2x10° cells/well into a 24-well plate and incubated in a
humidified atmosphere of 95% air and 5% CO2 at 37°C for 24 h. Next, pEGFP-Ofd1-CDS was
transfected into a 661W cell line by using Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen). After 36 h, MNU of 500 ug/ml was added to each well and incubated
for 12 h. For Bax, Caspases3 and Bcl-2 expression, mRNA level was determined using
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qRT-PCR and protein level was determined by Western blotting analysis. Primers for these
genes were in S2 Table.

Moreover, the Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich) was used to
quantify apoptosis. Following over-expression of Ofd1 and treatment with MNU 500 ug/ml for
12 h, the cells were washed twice with PBS, trypsinized and resuspended in 1xBinding Buffer
at a concentration of 1x10° cells/ml. Subsequently, 5 ul of annexin-V-PE (Phycoerythrin) and
10 pl of PI were added to 500 pl of the cell suspension, and the mixture was incubated for 10
mins in the dark. The analyses were performed using a flow cytometer (Bio-Rad).

Anti-oxidative stress elements detection

The neuroretina tissue of rat was isolated and lysed according to the manufacturer’s instruc-
tions. The activities of antioxidant enzymes scavenging ROS were detected in this study. Gluta-
thione (GSH) was detected using the GSH and GSSG (Glutathione, Oxidized) Assay kits
(Beyotime, China). The enzyme activities of catalase (CAT) and superoxide dismutase (SOD)
were detected independently using the Catalase Assay kit (Beyotime, China) and Total Super-
oxide Dismutase Assay kit with WST-8 (Beyotime, China), according to the manufacturer’s
instructions.

Statistics

Data were presented as the mean + SEMs as indicated. The data were analyzed using SigmaPlot
12.0 software. A P-value of less than 0.05 was considered statistically significant.

Results
Ofd1 Localization in Rat Retina

To examine Ofd1 localization in rat retina, we used 2-week SD rat retina frozen sections and
co-stained Ofd1 with Rhodopsin which is rod photoreceptor-specific protein in retina and
PNA which labeled the cone photoreceptor outer segment, inner segment and pedicles [39].
We found that Ofd1 showed disperse localization in the neuroretina, and mostly in photore-
ceptor outer segment. Ofd1 colocalized to Rhodopsin, and partially overlapped with PNA in
photoreceptor cone inner and outer segments (Fig 1A). Besides, cilium transition zone marker
Tmem?231 was used to co-stain with Ofd1 and Ofd1 presented colocalized to Tmem231. Next,
we examined Ofd1 expression in different retina-origin cell lines which included ARPE-19,
R28, and rMC-1 cell lines using RT-PCR and Western blotting analysis. These results con-
firmed that Ofd1 was expressed in these cell lines (Fig 1B and 1C). However, in this study, we
focused on photoreceptor cells, which are closely related with retina degeneration.

Ofd1 and Related Ciliary Associated Genes Expression in Retinal
Degeneration Animal Models

To detect Ofd1 involvement in retinal degeneration progression, MNU-induced rat and RCS
rat were used in this study in two different types of animal models. The RCS rat is genetically
deficient and causes progressive retina degeneration. Our results showed that Ofd1 expression
increased between the 1°* and 4™ weeks in the RCS rat retina, and decreased after the 4™ week,
both at the mRNA and protein levels (Fig 2A and 2B).

Another model is the chemically induced acute photoreceptor apoptosis rat model. Electro-
retinogram was performed in this model after 1 day, 3 days and 7 days of treatment. The b-
wave amplitude decreased at 1° day post-injection stage and faded on the 7" day indicating
that MNU caused a loss in photoreceptor function and the success of model establishment
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Fig 1. Ofd1 localization in rat retina and expression in retinal cell lines. (A) Representative confocal images of endogenous OFD1 with rod
photoreceptor marker Rhodopsin, cone photoreceptor marker PNA (Peanut Agglutinin), and cilium transition zone marker Tmem231, respectively.
Ofd1 immunostaining partially overlapped with photoreceptor outer segments of the retina in 2-week postnatal SD rat. Negative control:
immunostaining without primary antibody incubation. Magnification 600x under confocal microscopy. Scale bar: 50uym. (B) Ofd1 mRNA expression
level in retina cell lines: ARPE-19, R28 and rMC-1detected by qRT-PCR. (C) Ofd1 protein expression level rMC-1 examined using Western blotting
analysis. These results confirmed that Ofd1 was expressed in these cell lines. ARPE-19: human retinal pigment epithelial immortalized cell. R28: rat
retinal progenitor neuronal cell. rMC-1: immortalized retinal Mller cell. For quantification results, three replicates were performed but only one band for
three representative samples per group was shown.

doi:10.1371/journal.pone.0155860.g001

(Fig 3A). In MNU-treated rat retina, Ofd1 expression decreased since the 1** day after injection
and continuously decreased with time until the 7 day (Fig 3B and 3C).

In addition to Ofd1, other ciliary associated genes, Lca5, Faml161a, Cep290, and Rpgripl
expression were also detected. These genes were reported to interact with OfdI [8, 14, 27, 39].
In RCS rats, the expression of these genes presented the same pattern as Ofd1: increased from
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Fig 2. Ofd1, ciliary associated genes and Wnt signaling pathway genes expression in RCS rat retina.
RCS rats were sacrificed between 1 and 6 postnatal weeks. One-week-old (1w) RCS rats were used as the
control. (A) Ofd7 mRNA expression level increased between the 1st and 4th weeks, and decreased after the
4th week, as determined by gRT-PCR. N = 4. (B) Expression level of Ofd1, Lca5 and Follistatin in RCS rat
retina determined using Western blotting analysis. (C) Quantified results of Ofd1, Lca5 and Follistatin protein
levels in RCS rats by QuantityOne software. Ofd1 showed the same expression pattern at the mRNA level.
Lca5 and Follistatin expression presented the same pattern as Ofd1. (D) Expression level as determined by
gRT-PCR of ciliary associated genes Lca5, Fam161a, Rpgrip1, Cep290 and Wnt signaling pathway genes:
Axin2 and Follistatin. N = 4. *P<0.05, **P<0.01. For quantification results, three replicates were performed
but only one band for three representative samples per group was shown.

doi:10.1371/journal.pone.0155860.g002
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Fig 3. Ofd1, ciliary associated genes and Wnt signaling pathway genes expression in MNU induced
retinal degeneration rat model retina. Five-week-old SD rats were injected with 50mg/kg body weight of
MNU and saline, and then sacrificed on the 1 day, 3 days and 7 days post injection stages (N = 6). (A) MNU
rat model was established as the ERG amplitude decreased after injection on day 1, day 3 and became flat
after 7days, compared to normal SD rats. Single stimulus intense: 0.06325 (cdxs/m2); stimulus frequency:
0.5Hz. (B) Ofd1 mRNA expression in the MNU rat model was detected using gRT-PCR. Ofd1 expression
decreased since the 1st day after injection and continuously decreased with time until the 7th day. (C) Protein
level of Ofd1, Lca5 and Follistatin was determined using Western blotting analysis. (D) Quantified results of
the protein levels of Ofd1, Lca5 and Follistatin in the MNU rat model using QuantityOne software. (E) mRNA
level of ciliary associated genes and Wnt signaling pathway genes was determined using gRT-PCR. N = 6.
*P<0.05, **P<0.01. For quantification results, three replicates were performed but only one band for three
representative samples per group was shown.

doi:10.1371/journal.pone.0155860.g003

the 1% to 4™ postnatal week, and decreased after the 4™ postnatal week in general (Fig 2B and
2C). In the MNU-induced model, the mRNA and protein level (Fig 3B, 3C, 3D and 3E) of cili-
ary associated genes expression decreased on the 1%, 3°@ and 7" day time point compared to
SD normal rats.

This result suggested that Ofd1 together with Lca5, Fam161a, Cep290, and Rpgrip1 in the
photoreceptor cilium complex, showed time-course-dependent changes in retinal degeneration
progression in the rat models.
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Wnt Signaling Pathway Gene Expression in Retinal Degeneration
Animal Models

The Wnt signaling pathway plays important roles in retina development [21, 22] and is usually
activated by retinal injury [43]. Dose insufficient of Ofd1 could up-regulate B-catenin-depen-
dent Wnt pathway activation [18, 27]. Axin2 presumably plays an important role in the regula-
tion of the stability of B-catenin in the Wnt signaling pathway. Wnt/B-catenin positively
controls follistatin expression [44].

In RCS rats, the Wnt signaling pathway gene Axin2 was up-regulated from the 2™ week,
and showed a nearly 2-fold higher level of expression compared to the 1** week. Axin2 pre-
sented constant high expression until the 5™ week, and dramatically decreased its expression in
the 6™ week. Follistatin expression at the mRNA level was consistent with that of Ofd1 expres-
sion, but at the protein level, it was strongly decreased since the 2" week (Fig 2B, 2C and 2D).

In the MNU-induced model, the Wnt signaling pathway genes, Follistatin and Axin2,
increased with time (1%, 3! and 7™ day time point) and was higher compared to control SD
rats at each time point (Fig 3C, 3D and 3E).

This result suggested that in the genetic and chemically induced retinal degeneration animal
models, the Wnt signaling pathway was associated with degeneration progression [45].

Ofd1 Expression Level Affected Cilia Number and Length in R28 Cells

To determine Ofdlinvolvement in ciliary length regulation, retinal progenitor neuronal R28 cell
were investigated. Ofd1 expression was up and down regulated in R28 cell respectively. We
selected pSUPER-EGFP-shRNA-Ofd1 plasmid with the highest knockdown efficiency in subse-
quent experiments (data not shown). After Ofd1 expression was decreased in R28 cells (52%
knockdown efficiency, Fig 4A), the cilia number was also decreased and cilia length was shorter
as shown using Acetylated-o.-tubulin immunocytochemistry (ICC) staining, which is a marker of
the cilia axoneme (Fig 4D). Control was set up using pSUPER-scramble shRNA (without EGFP)
transfected R28 cells. To quantify this finding, the ciliated cell percentage decreased to approxi-
mately 50%, compared to control R28 cell (Fig 4B). The cilia length shortened to approximately
50% compared to control cells (Fig 4C). These findings indicated that the Ofd1 expression level
caused direct cilia malformation, which might result in defects in photoreceptor cell.

Ofd1 Protection on Photoreceptor from Oxidative Stress via Decreasing
ROS Production

To examine the potential mechanism of Ofd1 involvement in retinal degeneration, the 661W
cell line with characterizations of cone photoreceptors was used. To mimic MNU-induced pho-
toreceptor cell death in vitro, MNU was directly added to the 661W cell medium, and we
found that MNU 500 ug/ml treatment caused a toxic effect in 661W cells using the MTT assay
(Fig 5B). Knockdown of Ofd1 expression in 661W cells caused lower cell viability, while over-
expression of Ofd1 had no effect. However, after MNU treatment, overexpression of Ofd1
could partly attenuate the MNU toxic effect in 661W cells.

We hypothesized that photoreceptors were protected by Ofd1 from oxidative stress via
decreasing ROS production. First, we detected the ROS levels in MNU-treated 661W cells
using the DCFH-DA probing method. Intracellular DCFH (non-fluorescent) was oxidized to
2’, 7-dichlorfluorescein (DCF, fluorescent) by intracellular ROS. Compared with 661W trans-
fected with empty vector, the fluorescence levels were significantly decreased in 661W cells
with exogenous Ofd1 over-expression (Fig 5A), which indicated overexpression of Ofd1 could
decrease ROS production in 661W cells.

PLOS ONE | DOI:10.1371/journal.pone.0155860 May 19,2016 10/18



el e
@ ) PLOS ‘ ONE OFD1 Is Neuroprotective in Photoreceptor Degeneration Models

>

Ofd1 Percentage of
ciliated cell

Cilia length

control shRNA

60
304
12 50
1 | 25
40
o8 Ofd1 | wm— -
30 %
06 154
TR AN R 20 -
04 . 104
0.2 10 054
0 R — = o 00

shRNA control shRNA control shRNA

Rrelative Expression Level

control

Acetylated-a-tubulin DAPI Merged Enlarged

- ---E
o ---1

Fig 4. Ofd1 expression levels in cells affect cilia number and length. (A) shRNA-mediated (pSUPER-EGFP1-shRNA-Ofd1) down-regulation of Ofd1 in
R28 cells determined using qRT-PCR and Western blotting analysis. Knockdown efficiency was 52%. *P<0.05. (B—C) Ciliated cell number and cilia length
decreased after shRNA mediated down-regulation of Ofd1 in R28 cells (shRNA), compared with pPSUPER-scramble shRNA (without EGFP) treated cells
(control). ¥P<0.05. Unit: um. For quantification results, three replicates were performed but only one band for three representative samples per group was
shown. (D) Representative image of Acetylated-a-tubulin immunostaining results. Acetylated-a-tubulin-cy3, marker of cilia axoneme, was used to
demonstrate cilia in R28 cells. Cells were transfected with pPSUPER-EGFP1-shRNA-Ofd1 for 48 h (shRNA), or pPSUPER-scramble shRNA construct
(without EGFP) as control. Magnification 600x under microscopy. Scale bar: 50um. Enlarged: the magnified image of representative part in white box.
White arrow: Acetylated-a-tubulin-cy3 staining presented cilia.

doi:10.1371/journal.pone.0155860.g004

To determine if Ofd1 is involved in oxidative stress in 661W cell, antioxidant enzymes activ-
ities were analyzed in the cell pellet after Ofd1-CDS transfection to overexpress Ofd1 and/or
MNU treatment, compared to no-treated 661W cells (NC). These results showed that the SOD
and CAT activities had decreased by 40% and 30%, respectively, in MNU-treated cells (MNU),
but was partially attenuated by Ofd1 overexpression (Ofd1-CDS+MNU). The difference
between the MNU group and Ofd1-CDS+MNU group was significant (p < 0.05) (Fig 5C).
Total GSSG was too low following Beyotime kit detection, such that the GSH content could not
be calculated (data not shown). These results demonstrated that Ofd1 overexpression could
increase the amount/activity of reactive oxygen scavenging enzymes (SOD, CAT), to alleviate
MNU-induced ROS production in 661W cell.

Further, to determine if oxidative stress is involved in two types of retinal degeneration rat
models, the GSH level and activities of CAT and SOD in neural retinas were analyzed, includ-
ing the retina sample obtained from RCS rat at 6 weeks (RCS) compared to an age-matched
normal SD rat as the control (NC), and MNU-induced rat at 7 days (MNU) compared to a
sample obtained from an age-matched no-treated rat as control (NC). These results demon-
strated a reduction in 16-33% of GSH, SOD activity and CAT activity in the RCS group, and a
reduction in 53-62% of GSH, SOD and CAT activity by 40% in the MNU group (Fig 5D).
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Fig 5. Ofd1 protection of photoreceptors from oxidative stress via decreasing ROS production. (A) The intracellular
oxidant DCFH of MNU-induced ROS in 661W cells observed by green fluorescence using Leica fluorescence microscope
(with monochromatic CCD), and measured using fluorometer at wavelength of 488/525 nm. ROS production was
stimulated 10 mins by 500 ug/ml MNU or ROSup as positive control. N: non-treated cells. MNU: MNU 500 ug/ml treated
661W for 10 mins. MNU+Empty Vector: after 661W transfected with pEGFP vector for 48h, MNU 500 ug/ml treated for 10
mins. MNU+Ofd1 CDS: after 661W transfected with pEGFP-Ofd1-CDS for 48h, MNU 500 ug/ml treated for 10 mins. Scale
bar: 50um. (B) Cell viability and proliferation detection in 661W cell using the MTT assay. Ofd1 expression was up- or
down-regulated by plasmid transfection by Lipofectamine 2000. Ofd1-CDS was used to overexpress Ofd1, and
Ofd1-shRNA was used to inhibit expression. After transfection for 36 h, 500 ug/ml MNU was added and incubated for
additional 12 h. NC: normal control. * p<0.05. n = 6. (C) These results showed that the SOD and CAT activities decreased
by 40% and 30% in MNU-treated cells (MNU), but was partially attenuated by Ofd1 overexpression (Ofd1-CDS+MNU).
The difference between the MNU group and Ofd1-CDS+MNU group was significant. *: p < 0.05. n = 4. (D) Antioxidant
enzymes amount or activity detection in RCS rat at 6 weeks (RCS) compared to age-matched normal SD rat as the control
(NC), MNU-induced rat at 7 days (MNU) compared to samples obtained from age-matched no- treated rats as the control
(NC). The two NC are the same, 6-week normal SD rat. * p<0.05.n =4.

doi:10.1371/journal.pone.0155860.g005
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As previously reported, oxidative stress plays an important role in the pathogenesis of reti-
nal degeneration diseases, such as diabetic retinopathy (DR) [46]. In MNU-induced photore-
ceptor degeneration model, MNU-induced apoptosis may result from oxidative stress [47].

Ofd1 Protection on Photoreceptor from Decreasing Apoptosis

With the exception of a decrease in ROS production, the protective effect of Ofd1 on the photo-
receptor could be various and complicated. Based on MNU-specifically induced photoreceptor
apoptosis and cells death [39, 48], a second potential mechanism might be Ofd1 alleviated apo-
ptosis. Cell apoptosis was analyzed using QRT-PCR and Western blotting analysis to detect the
mRNA levels and protein levels of apoptotic genes (Bax, Caspase3 and Bcl-2) (Fig 6A and 6B).
661W cells overexpressed with Ofd1 had lower expression of Bax (nearly half), lower Capsase3
expression (approximately 20% lower), and higher Bcl-2 expression (2-fold).

To confirm this result, Annexin V-FITC was used to mark apoptotic cells and quantitative
determination by flow cytometry was performed. Quantitatively, the percentage of cells under-
going apoptosis would significantly increased after MNU treatment (approximately 35%
increase), but returned back to normal levels after Ofd1 overexpression (Fig 6C and 6D).

Discussion

The present study is the first study to examine Ofd1 localization and its cilia associated func-
tion in retina tissue, and it also further investigates the potential mechanism underlying retina
degeneration in animal model. We demonstrated that Ofd1 exerted its neuroprotective effects
via both anti-oxidative stress and anti-apoptotic mechanisms.

As a known cilia protein [49] but no report in retina tissue, our results showed that Ofd1
was localized to the photoreceptor outer segments as shown by immunostaining in rat retina.
Retina connecting cilium connects the inner and outer segments of the photoreceptor, mediat-
ing bi-directional transport of phototransducing proteins required for vision. The photorecep-
tor outer segments are considered to be specialized sensory cilia [50]. Our results of Ofd1
localize to photoreceptor outer segment are in accordance with Ofd1 as a cilia protein. Further,
in retina cells, Ofd1 knocked down in photoreceptor progenitor R28 cells affected cilia number
and length. In this case, the cilium is the primary functional site for Ofd1 and disruption of
Ofd1 protein would affect the ciliary structure in retina. OFD1 is required for primary cilia for-
mation, which has been proved by previous literatures. Tang et al. (2013) [51] demonstrated
that autophagic degradation of Ofd1 at centriolar satellites promotes primary cilium biogenesis
suggesting that Ofd1 negatively regulate cilia formation, but Hunkapiller J et al (2010) stated a
deletion in Ofd1 results in a loss of primary cilia in embryonic stem cell, which was consistent
with the finding reported here. We speculated that in different cell lines, in different stimula-
tion, the role of Ofd1 in ciliogenesis may be different.

To mimic retina degeneration progression, genetic and chemically induced rat models were
applied in this study: RCS rats and MNU-induced retinal degeneration rats. RCS rats harbors a
mutant in Mertk gene, which plays an essential role in phagocytosis and ingestion of outer seg-
ments by RPE cells and subsequently results in progressive photoreceptor degeneration begin-
ning at 21 days postnatally and deteriorates gradually [30, 31]. MNU-induced acute
photoreceptor degeneration is caused by apoptosis and cell loss within approximately 24 hours
after treatment [33-37]. These two retinal degeneration models are completely different, and
thus it was reasonable to propose that Ofd1, other cilia-related genes, and Wnt signaling path-
way genes are differentially expressed. Because the primary diseased cells in the RCS rats are
RPE instead of the photoreceptor, altered expression of Ofd1 may be compensatory and sec-
ondary to an RPE defect. The altered expression level of Ofd1 with disease progression in both

PLOS ONE | DOI:10.1371/journal.pone.0155860 May 19,2016 13/18



o ®
@ : PLOS | ONE OFD1 Is Neuroprotective in Photoreceptor Degeneration Models

& & & &
@6\ o 406\ P AQ'C} oo% \\0\ <
& S & & 7
S o*e’&oxox S e o*e’&o*d\ & O
N
NSRS NENEIRN NI RS RSN

>
S
=

kk
! — L_IN . Apoptosis

[ IMNU 7
= I MNU + Empty Vector 70 %
% 40 B MNU + Ofd1 CDS _ i
= 60 -
i
E§ T 50 4
= ]
3 40 -
2
€ 5. 30
)
~ 20 -

jolol
10
0 , oA . . .
Ofd1 Bax Caspase3 Bcl-2 N MNU MNU+ MNU+
Empty Vec  Ofd1-CDS
N MNU MNU + Empty Vector MNU + Ofd1 CDS
104 jo Q2 10‘ jo | Q2 4301 a2 4 301 Q2
0.070% 7.32% 0110% | 5.49% 19" Joio6% e 10" 30.120% 577%

Propidium Iodide &

Annexin V-FITC

Fig 6. Ofd1 protection on photoreceptor via decreasing apoptosis. (A) Western blotting analysis to detect protein levels of Bax, Caspase3 and Bcl-2 in
661W cell. 661W cells with Ofd1 over-expression had lower expression of Bax (nearly half), lower Capsase3 expression (approximately 20% lower), and
higher Bcl-2 expression (2-fold). (B) gRT-PCR to detect mRNA levels of apoptotic genes (Bax, Caspase3 and Bcl-2) in 661W cell. (C-D) Cells apoptosis
was analyzed flow cytometer in 661W cell. Q3: the percentage of early apoptotic cells. Q1: the percentage of late apoptotic cells. N: non-treated cells.
MNU: MNU 500 ug/ml treated 661W for 10 mins. MNU+Empty Vector: after 661W transfected with pEGFP vector for 48h, MNU 500 ug/ml treated for 10
mins. MNU+Ofd1 CDS: after 661W transfected with pEGFP-Ofd1-CDS for 48h, MNU 500 ug/ml treated for 10 mins. (C) is the statistical result of (D), which
shows percentage of apoptotic cells in 661W. Cell percentage undergoing apoptosis significantly increased after MNU treatment (approximately 35%
increase), but returned back to normal levels after Ofd1 overexpression. For quantification results, three replicates were performed but only one band for
three representative samples per group was shown.
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models indicated that Ofd1 was closely linked to retinal degeneration [5]. Notablely, Ofd1
expression in RCS rat reached the highest level at the 4™ week postnatal stage and then
decreased at both mRNA and protein levels. This is consistent with the apoptosis peak at the
4" week in RCS rats [52], which connect Ofd1 protection effect with decreasing apoptosis.

It is reported that Ofd1 interacted with other ciliary associated protein components (Lca5,
Fam161a, Cep290, and Rpgripl) [8, 14, 27, 39, 53]. Mutations in these ciliary genes are impli-
cated in photoreceptor degeneration related ciliopathies [16, 54], such as RPGRIPI in cone dys-
trophy (CD)/cone-rod dystrophy (CRD), LCA5 and CEP290 in Leber congenital amaurosis
(LCA), Fam161A and OFDI in RP. This finding also provided a evidence that OFDI mutation
can be a cause of retina degeneration disease in human, although there is only one paper
reported that deep intronic mutation in OFDI responsible for RP patient [16].

From our results Axin2 and follistatin expression, Ofd1 and B-catenin-dependent Wnt sig-
naling pathway both involved in two retina degenerative models. Axin2 and Follistatin expres-
sion were up-regulated while Ofd1 expression was down-regulated in the MNU-induced
animal model in this study. However, in the RCS rats, Follistatin expression was not consistent
with the Axin2 pattern. Moreover, the Follistatin expression pattern was not consistent at the
mRNA and protein levels. Thus, the association between Ofd1, Axin2 and Follistatin in RCS
rats requires further investigation.

To examine the function of Ofd1 in photoreceptors beyond a single ciliary protein, we specu-
late that it may be closely related to oxidative stress. MNU-induced photoreceptor cell death is
associated with oxidative stress and apoptotic mechanisms [39, 48, 55], which involves up-regu-
lation of Bax and Caspase3 and down-regulation of Bcl-2. Over-expression of Ofdl in 661W cells
could reduce intracellular ROS production and the number of Annexin V-positive apoptotic
cells, indicating that Ofd1 is resistant to oxidative stress and decreasing apoptosis in photorecep-
tors. In this study, Ofd1 treatment exhibited neuroprotective effects on the apoptosis of photore-
ceptor cells 661W, but its mechanism remains unclear and further investigations are needed.

For human ciliopathy, such as some photoreceptor degenerative disease, a large number of
causative genes have been identified using the wide application of next generation sequencing
technologies. These technologies will provide insight into the mechanism of ciliopathy. Our
work has greatly expanded our understanding of the function of ciliary proteins in the specific
ciliopathic context beyond its cilia structure and mechanistic analysis in retina degeneration.
These findings will greatly help to develop novel therapeutic strategies for retinal degeneration.

Supporting Information

S1 Table. The oligo sequences of rat Ofd1-shRNA.
(DOC)

S2 Table. qQRT-PCR Primers of Ofd1, Ciliary Associated Genes and Wnt Signaling Pathway
Genes and Apoptosis Related Genes.
(DOC)

Acknowledgments

We are grateful to everyone in the Lab of Clinic Vision Science for their support.

Author Contributions

Conceived and designed the experiments: LL G-TX. Performed the experiments: JW XC J-PZ
PL ZL. Analyzed the data: JW XC. Contributed reagents/materials/analysis tools: FW J-PZ JX
FG CJ HT J-FZ WL. Wrote the paper: JW XC LL G-TX.

PLOS ONE | DOI:10.1371/journal.pone.0155860 May 19,2016 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155860.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155860.s002

@’PLOS ‘ ONE

OFD1 Is Neuroprotective in Photoreceptor Degeneration Models

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Adams NA, Awadein A, Toma HS. The retinal ciliopathies. Ophthalmic Genet. 2007; 28(3):113-25.
Epub 2007/09/27. doi: 10.1080/13816810701537424 PMID: 17896309.

Lopes CA, Prosser SL, Romio L, Hirst RA, O'Callaghan C, Woolf AS, et al. Centriolar satellites are
assembly points for proteins implicated in human ciliopathies, including oral-facial-digital syndrome 1. J
Cell Sci. 2011; 124(Pt 4):600—12. Epub 2011/01/27. doi: 10.1242/jcs.077156 PMID: 21266464.

Novas R, Cardenas-Rodriguez M, Irigoin F, Badano JL. Bardet-Biedl syndrome: Is it only cilia dysfunc-
tion? FEBS Lett. 2015. Epub 2015/08/02. doi: 10.1016/j.febslet.2015.07.031 PMID: 26231314.

R H. Senior- loken syndrome—a ciliopathy. J Clin Diagn Res. 2014; 8(11):MD04-5. Epub 2014/11/20.
doi: 10.7860/JCDR/2014/9688.5120 PMID: 25584255.

Rao KN, Li L, Anand M, Khanna H. Ablation of retinal ciliopathy protein RPGR results in altered photo-
receptor ciliary composition. Sci Rep. 2015; 5:11137. Epub 2015/06/13. doi: 10.1038/srep11137 PMID:
26068394.

Eblimit A, Nguyen TM, Chen Y, Esteve-Rudd J, Zhong H, Letteboer S, et al. Spata7 is a retinal ciliopa-
thy gene critical for correct RPGRIP1 localization and protein trafficking in the retina. Hum Mol Genet.
2014; 24(6):1584-601. Epub 2014/11/16. doi: 10.1093/hmg/ddu573 PMID: 25398945.

Roosing S, Lamers IJ, de Vrieze E, van den Born LI, Lambertus S, Arts HH, et al. Disruption of the
basal body protein POC1B results in autosomal-recessive cone-rod dystrophy. Am J Hum Genet.
2014; 95(2):131-42. Epub 2014/07/16. doi: 10.1016/j.ajhg.2014.06.012 PMID: 25018096.

Di Gioia SA, Letteboer SJ, Kostic C, Bandah-Rozenfeld D, Hetterschijt L, Sharon D, et al. FAM161A,
associated with retinitis pigmentosa, is a component of the cilia-basal body complex and interacts with
proteins involved in ciliopathies. Hum Mol Genet. 2012; 21(23):5174-84. Epub 2012/09/04. doi: 10.
1093/hmg/dds368 PMID: 22940612.

Zach F, Stohr H. FAM161A, a novel centrosomal-ciliary protein implicated in autosomal recessive reti-
nitis pigmentosa. Adv Exp Med Biol. 2014; 801:185-90. Epub 2014/03/26. doi: 10.1007/978-1-4614-
3209-8_24 PMID: 24664697.

Ramprasad VL, Soumittra N, Nancarrow D, Sen P, McKibbin M, Williams GA, et al. Identification of a
novel splice-site mutation in the Lebercilin (LCA5) gene causing Leber congenital amaurosis. Mol Vis.
2008; 14:481-6. Epub 2008/03/13. PMID: 18334959.

Gorden NT, Arts HH, Parisi MA, Coene KL, Letteboer SJ, van Beersum SE, et al. CC2D2A is mutated
in Joubert syndrome and interacts with the ciliopathy-associated basal body protein CEP290. Am J
Hum Genet. 2008; 83(5):559—71. Epub 2008/10/28. doi: 10.1016/j.ajhg.2008.10.002 PMID: 18950740.

Coene KL, Mans DA, Boldt K, Gloeckner CJ, van Reeuwijk J, Bolat E, et al. The ciliopathy-associated
protein homologs RPGRIP1 and RPGRIP1L are linked to cilium integrity through interaction with Nek4
serine/threonine kinase. Hum Mol Genet. 2011; 20(18):3592—605. Epub 2011/06/21. doi: 10.1093/
hmg/ddr280 PMID: 21685204.

Ferrante MI, Giorgio G, Feather SA, Bulfone A, Wright V, Ghiani M, et al. Identification of the gene for
oral-facial-digital type | syndrome. Am J Hum Genet. 2001; 68(3):569—-76. Epub 2001/02/17. PMID:
11179005.

Coene KL, Roepman R, Doherty D, Afroze B, Kroes HY, Letteboer SJ, et al. OFD1 is mutated in X-
linked Joubert syndrome and interacts with LCA5-encoded lebercilin. American journal of human
genetics. 2009; 85(4):465-81. doi: 10.1016/j.ajhg.2009.09.002 PMID: 19800048; PubMed Central
PMCID: PMC2756557.

Budny B, Chen W, Omran H, Fliegauf M, Tzschach A, Wisniewska M, et al. A novel X-linked recessive
mental retardation syndrome comprising macrocephaly and ciliary dysfunction is allelic to oral-facial-
digital type | syndrome. Hum Genet. 2006; 120(2):171-8. Epub 2006/06/20. doi: 10.1007/s00439-006-
0210-5 PMID: 16783569.

Webb TR, Parfitt DA, Gardner JC, Martinez A, Bevilacqua D, Davidson AE, et al. Deep intronic mutation
in OFD1, identified by targeted genomic next-generation sequencing, causes a severe form of X-linked
retinitis pigmentosa (RP23). Human molecular genetics. 2012; 21(16):3647-54. doi: 10.1093/hmg/
dds194 PMID: 22619378; PubMed Central PMCID: PMC3406759.

Giorgio G, Alfieri M, Prattichizzo C, Zullo A, Cairo S, Franco B. Functional characterization of the OFD1
protein reveals a nuclear localization and physical interaction with subunits of a chromatin remodeling

complex. Molecular biology of the cell. 2007; 18(11):4397-404. doi: 10.1091/mbc.E07-03-0198 PMID:
17761535; PubMed Central PMCID: PMC2043566.

Hunkapiller J, Singla V, Seol A, Reiter JF. The ciliogenic protein Oral-Facial-Digital 1 regulates the neu-
ronal differentiation of embryonic stem cells. Stem Cells Dev. 2010; 20(5):831-41. Epub 2010/09/30.
doi: 10.1089/scd.2010.0362 PMID: 20873986.

PLOS ONE | DOI:10.1371/journal.pone.0155860 May 19,2016 16/18


http://dx.doi.org/10.1080/13816810701537424
http://www.ncbi.nlm.nih.gov/pubmed/17896309
http://dx.doi.org/10.1242/jcs.077156
http://www.ncbi.nlm.nih.gov/pubmed/21266464
http://dx.doi.org/10.1016/j.febslet.2015.07.031
http://www.ncbi.nlm.nih.gov/pubmed/26231314
http://dx.doi.org/10.7860/JCDR/2014/9688.5120
http://www.ncbi.nlm.nih.gov/pubmed/25584255
http://dx.doi.org/10.1038/srep11137
http://www.ncbi.nlm.nih.gov/pubmed/26068394
http://dx.doi.org/10.1093/hmg/ddu573
http://www.ncbi.nlm.nih.gov/pubmed/25398945
http://dx.doi.org/10.1016/j.ajhg.2014.06.012
http://www.ncbi.nlm.nih.gov/pubmed/25018096
http://dx.doi.org/10.1093/hmg/dds368
http://dx.doi.org/10.1093/hmg/dds368
http://www.ncbi.nlm.nih.gov/pubmed/22940612
http://dx.doi.org/10.1007/978-1-4614-3209-8_24
http://dx.doi.org/10.1007/978-1-4614-3209-8_24
http://www.ncbi.nlm.nih.gov/pubmed/24664697
http://www.ncbi.nlm.nih.gov/pubmed/18334959
http://dx.doi.org/10.1016/j.ajhg.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18950740
http://dx.doi.org/10.1093/hmg/ddr280
http://dx.doi.org/10.1093/hmg/ddr280
http://www.ncbi.nlm.nih.gov/pubmed/21685204
http://www.ncbi.nlm.nih.gov/pubmed/11179005
http://dx.doi.org/10.1016/j.ajhg.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19800048
http://dx.doi.org/10.1007/s00439-006-0210-5
http://dx.doi.org/10.1007/s00439-006-0210-5
http://www.ncbi.nlm.nih.gov/pubmed/16783569
http://dx.doi.org/10.1093/hmg/dds194
http://dx.doi.org/10.1093/hmg/dds194
http://www.ncbi.nlm.nih.gov/pubmed/22619378
http://dx.doi.org/10.1091/mbc.E07-03-0198
http://www.ncbi.nlm.nih.gov/pubmed/17761535
http://dx.doi.org/10.1089/scd.2010.0362
http://www.ncbi.nlm.nih.gov/pubmed/20873986

@’PLOS ‘ ONE

OFD1 Is Neuroprotective in Photoreceptor Degeneration Models

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

D'Angelo A, De Angelis A, Avallone B, Piscopo |, Tammaro R, Studer M, et al. Ofd1 controls dorso-ven-
tral patterning and axoneme elongation during embryonic brain development. PLoS One. 2012; 7(12):
€52937. Epub 2013/01/10. doi: 10.1371/journal.pone.0052937 PMID: 23300826.

Fuhrmann S, Stark MR, Heller S. Expression of Frizzled genes in the developing chick eye. Gene
expression patterns: GEP. 2003; 3(5):659-62. Epub 2003/09/16. PMID: 12972002.

Jin EJ, Burrus LW, Erickson CA. The expression patterns of Wnts and their antagonists during avian
eye development. Mechanisms of development. 2002; 116(1-2):173-6. Epub 2002/07/20. PMID:
12128219.

Liu H, Mohamed O, Dufort D, Wallace VA. Characterization of Wnt signaling components and activation
of the Wnt canonical pathway in the murine retina. Developmental dynamics: an official publication of
the American Association of Anatomists. 2003; 227(3):323-34. Epub 2003/06/20. doi: 10.1002/dvdy.
10315 PMID: 12815618.

Van Raay TJ, Moore KB, lordanova I, Steele M, Jamrich M, Harris WA, et al. Frizzled 5 signaling gov-
erns the neural potential of progenitors in the developing Xenopus retina. Neuron. 2005; 46(1):23-36.
Epub 2005/04/12. doi: 10.1016/j.neuron.2005.02.023 PMID: 15820691.

He X. Cilia put a brake on Wnt signalling. Nat Cell Biol. 2008; 10(1):11-3. Epub 2008/01/04. doi: 10.
1038/ncb0108-11 PMID: 18172427.

Manli Z, Yanping L, Yali L. [Correlation between primary cilium and Wnt signaling pathway]. Yi Chuan.
2015; 37(3):233-9. Epub 2015/03/20. doi: 10.16288/j.yczz.14-252 PMID: 25786997.

Hunkapiller J, Singla V, Seol A, Reiter JF. The ciliogenic protein Oral-Facial-Digital 1 regulates the neu-
ronal differentiation of embryonic stem cells. Stem cells and development. 2011; 20(5):831-41. Epub
2010/09/30. doi: 10.1089/scd.2010.0362 PMID: 20873986; PubMed Central PMCID:
PMCPMC3128778.

Corbit KC, Shyer AE, Dowdle WE, Gaulden J, Singla V, Chen MH, et al. Kif3a constrains beta-catenin-
dependent Wnt signalling through dual ciliary and non-ciliary mechanisms. Nat Cell Biol. 2008; 10
(1):70-6. Epub 2007/12/18. doi: 10.1038/ncb1670 PMID: 18084282.

LaVail MM. Photoreceptor characteristics in congenic strains of RCS rats. Invest Ophthalmol Vis Sci.
1981; 20(5):671-5. Epub 1981/05/01. PMID: 7216680.

Strauss O, Stumpff F, Mergler S, Wienrich M, Wiederholt M. The Royal College of Surgeons rat: an ani-
mal model for inherited retinal degeneration with a still unknown genetic defect. Acta Anat (Basel).
1998; 162(2-3):101-11. Epub 1998/12/01. PMID: 9831756.

D'Cruz PM, Yasumura D, Weir J, Matthes MT, Abderrahim H, LaVail MM, et al. Mutation of the receptor
tyrosine kinase gene Mertk in the retinal dystrophic RCS rat. Human molecular genetics. 2000; 9
(4):645-51. Epub 2000/03/04. PMID: 10699188.

Gal A, Li Y, Thompson DA, Weir J, Orth U, Jacobson SG, et al. Mutations in MERTK, the human ortho-
logue of the RCS rat retinal dystrophy gene, cause retinitis pigmentosa. Nature genetics. 2000; 26
(3):270—1. Epub 2000/11/04. doi: 10.1038/81555 PMID: 11062461.

LaVail MM, Battelle BA. Influence of eye pigmentation and light deprivation on inherited retinal dystro-
phy in the rat. Exp Eye Res. 1975; 21(2):167-92. Epub 1975/08/01. PMID: 1164921.

Nakajima M, Nambu H, Shikata N, Senzaki H, Miki H, Tsubura A. Pigmentary degeneration induced by
N-methyl-N-nitrosourea and the fate of pigment epithelial cells in the rat retina. Pathology international.
1996; 46(11):874-82. Epub 1996/11/01. PMID: 8970197.

Jeong E, Paik SS, Jung SW, Chun MH, Kim IB. Morphological and functional evaluation of an animal
model for the retinal degeneration induced by N-methyl-N-nitrosourea. Anatomy & cell biology. 2011;
44(4):314-23. doi: 10.5115/acbh.2011.44.4.314 PMID: 22254160; PubMed Central PMCID:
PMC3254885.

Petrin D. Structural and Functional Protection of Photoreceptors from MNU-Induced Retinal Degenera-
tion by the X-Linked Inhibitor of Apoptosis. Investigative ophthalmology & visual science. 2003; 44
(6):2757-63. doi: 10.1167/iovs.02-0729 PMID: 12766084.

Taomoto M, Nambu H, Senzaki H, Shikata N, Oishi Y, Fujii T, et al. Retinal degeneration induced by N-
methyl-N-nitrosourea in Syrian golden hamsters. Graefe's archive for clinical and experimental ophthal-
mology = Albrecht von Graefes Archiv fur klinische und experimentelle Ophthalmologie. 1998; 236
(9):688-95. Epub 1998/10/23. PMID: 9782430.

Yuge K, Nambu H, Senzaki H, Nakao I, Miki H, Uyama M, et al. N-methyl-N-nitrosourea-induced photo-
receptor apoptosis in the mouse retina. In vivo (Athens, Greece). 1996; 10(5):483-8. Epub 1996/09/01.
PMID: 8899426.

Knels L, Valtink M, Roehlecke C, Lupp A, de la Vega J, Mehner M, et al. Blue light stress in retinal neu-
ronal (R28) cells is dependent on wavelength range and irradiance. The European journal of

PLOS ONE | DOI:10.1371/journal.pone.0155860 May 19,2016 17/18


http://dx.doi.org/10.1371/journal.pone.0052937
http://www.ncbi.nlm.nih.gov/pubmed/23300826
http://www.ncbi.nlm.nih.gov/pubmed/12972002
http://www.ncbi.nlm.nih.gov/pubmed/12128219
http://dx.doi.org/10.1002/dvdy.10315
http://dx.doi.org/10.1002/dvdy.10315
http://www.ncbi.nlm.nih.gov/pubmed/12815618
http://dx.doi.org/10.1016/j.neuron.2005.02.023
http://www.ncbi.nlm.nih.gov/pubmed/15820691
http://dx.doi.org/10.1038/ncb0108-11
http://dx.doi.org/10.1038/ncb0108-11
http://www.ncbi.nlm.nih.gov/pubmed/18172427
http://dx.doi.org/10.16288/j.yczz.14-252
http://www.ncbi.nlm.nih.gov/pubmed/25786997
http://dx.doi.org/10.1089/scd.2010.0362
http://www.ncbi.nlm.nih.gov/pubmed/20873986
http://dx.doi.org/10.1038/ncb1670
http://www.ncbi.nlm.nih.gov/pubmed/18084282
http://www.ncbi.nlm.nih.gov/pubmed/7216680
http://www.ncbi.nlm.nih.gov/pubmed/9831756
http://www.ncbi.nlm.nih.gov/pubmed/10699188
http://dx.doi.org/10.1038/81555
http://www.ncbi.nlm.nih.gov/pubmed/11062461
http://www.ncbi.nlm.nih.gov/pubmed/1164921
http://www.ncbi.nlm.nih.gov/pubmed/8970197
http://dx.doi.org/10.5115/acb.2011.44.4.314
http://www.ncbi.nlm.nih.gov/pubmed/22254160
http://dx.doi.org/10.1167/iovs.02-0729
http://www.ncbi.nlm.nih.gov/pubmed/12766084
http://www.ncbi.nlm.nih.gov/pubmed/9782430
http://www.ncbi.nlm.nih.gov/pubmed/8899426

@’PLOS ‘ ONE

OFD1 Is Neuroprotective in Photoreceptor Degeneration Models

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

neuroscience. 2011; 34(4):548-58. Epub 2011/07/26. doi: 10.1111/].1460-9568.2011.07790.x PMID:
21781192.

Tsuruma K, Yamauchi M, Inokuchi Y, Sugitani S, Shimazawa M, Hara H. Role of oxidative stress in reti-
nal photoreceptor cell death in N-methyl-N-nitrosourea-treated mice. J Pharmacol Sci. 2012; 118
(3):351-62. Epub 2012/03/01. PMID: 22362184.

Dunn KC, Aotaki-Keen AE, Putkey FR, Hjelmeland LM. ARPE-19, a human retinal pigment epithelial
cell line with differentiated properties. Exp Eye Res. 1996; 62(2):155—-69. Epub 1996/02/01. doi: 10.
1006/exer.1996.0020 PMID: 8698076.

Sarthy VP, Brodjian SJ, Dutt K, Kennedy BN, French RP, Crabb JW. Establishment and characteriza-
tion of a retinal Muller cell line. Invest Ophthalmol Vis Sci. 1998; 39(1):212—6. Epub 1998/01/16. PMID:
9430566.

Zhang J, Xu G, Zhang L, Gu L, Xu H, Lu L, et al. A modified histoimmunochemistry-assisted method for
in situ RPE evaluation. Front Biosci (Elite Ed). 2012; 4:1571-81. Epub 2011/12/29. PMID: 22201976.

Liu B, Hunter DJ, Rooker S, Chan A, Paulus YM, Leucht P, et al. Wnt signaling promotes Muller cell pro-
liferation and survival after injury. Invest Ophthalmol Vis Sci. 2012; 54(1):444-53. Epub 2012/11/17.
doi: 10.1167/iovs.12-10774 PMID: 23154457

Jones AE, Price FD, Le Grand F, Soleimani VD, Dick SA, Megeney LA, et al. Wnt/beta-catenin controls
follistatin signalling to regulate satellite cell myogenic potential. Skelet Muscle. 2015; 5:14. Epub 2015/
05/08. doi: 10.1186/513395-015-0038-6 PMID: 25949788.

Lad EM, Cheshier SH, Kalani MY. Wnt-signaling in retinal development and disease. Stem cells and
development. 2009; 18(1):7—16. doi: 10.1089/scd.2008.0169 PMID: 18690791.

Baynes JW, Thorpe SR. Role of oxidative stress in diabetic complications: a new perspective on an old
paradigm. Diabetes. 1999; 48(1):1-9. Epub 1999/01/19. PMID: 9892215.

Chen YY, Liu SL, Hu DP, Xing YQ, Shen Y. N -methyl- N -nitrosourea-induced retinal degeneration in
mice. Exp Eye Res. 2014; 121:102-13. Epub 2014/02/11. doi: 10.1016/j.exer.2013.12.019 PMID:
24509257.

Wang D, Wang Z, Li Y, Chen X, Sun GY. Nimodipine inhibits N-methyl-N-nitrosourea-induced retinal
photoreceptor apoptosis in vivo. Indian J Pharmacol. 2013; 45(2):149-54. Epub 2013/05/30. doi: 10.
4103/0253-7613.108297 PMID: 23716891.

Jerman S, Ward HH, Lee R, Lopes CA, Fry AM, MacDougall M, et al. OFD1 and flotillins are integral
components of a ciliary signaling protein complex organized by polycystins in renal epithelia and odon-
toblasts. PLoS One. 2014; 9(9):e106330. Epub 2014/09/03. doi: 10.1371/journal.pone.0106330 PMID:
25180832.

Liu Q, Zhang Q, Pierce EA. Photoreceptor sensory cilia and inherited retinal degeneration. Advances in
experimental medicine and biology. 2010; 664:223-32. doi: 10.1007/978-1-4419-1399-9_26 PMID:
20238021; PubMed Central PMCID: PMC2888132.

Tang Z, Lin MG, Stowe TR, Chen S, Zhu M, Stearns T, et al. Autophagy promotes primary ciliogenesis
by removing OFD1 from centriolar satellites. Nature. 2013; 502(7470):254—7. Epub 2013/10/04. doi:
10.1038/nature12606 PMID: 24089205.

Katai N, Kikuchi T, Shibuki H, Kuroiwa S, Arai J, Kurokawa T, et al. Caspaselike proteases activated in
apoptotic photoreceptors of Royal College of Surgeons rats. Investigative ophthalmology & visual sci-
ence. 1999; 40(8):1802—7. Epub 1999/07/07. PMID: 10393051.

Patil H, Tserentsoodol N, Saha A, Hao Y, Webb M, Ferreira PA. Selective loss of RPGRIP1-dependent
ciliary targeting of NPHP4, RPGR and SDCCAGS8 underlies the degeneration of photoreceptor neu-
rons. Cell death & disease. 2012; 3:e355. doi: 10.1038/cddis.2012.96 PMID: 22825473; PubMed Cen-
tral PMCID: PMC3406595.

den Hollander Al, Koenekoop RK, Mohamed MD, Arts HH, Boldt K, Towns KV, et al. Mutations in
LCADS, encoding the ciliary protein lebercilin, cause Leber congenital amaurosis. Nature genetics. 2007;
39(7):889-95. Epub 2007/06/05. doi: 10.1038/ng2066 PMID: 17546029.

Nagar S, Krishnamoorthy V, Cherukuri P, Jain V, Dhingra NK. Early remodeling in an inducible animal
model of retinal degeneration. Neuroscience. 2009; 160(2):517—29. Epub 2009/03/11. doi: 10.1016/j.
neuroscience.2009.02.056 PMID: 19272416.

PLOS ONE | DOI:10.1371/journal.pone.0155860 May 19,2016 18/18


http://dx.doi.org/10.1111/j.1460-9568.2011.07790.x
http://www.ncbi.nlm.nih.gov/pubmed/21781192
http://www.ncbi.nlm.nih.gov/pubmed/22362184
http://dx.doi.org/10.1006/exer.1996.0020
http://dx.doi.org/10.1006/exer.1996.0020
http://www.ncbi.nlm.nih.gov/pubmed/8698076
http://www.ncbi.nlm.nih.gov/pubmed/9430566
http://www.ncbi.nlm.nih.gov/pubmed/22201976
http://dx.doi.org/10.1167/iovs.12-10774
http://www.ncbi.nlm.nih.gov/pubmed/23154457
http://dx.doi.org/10.1186/s13395-015-0038-6
http://www.ncbi.nlm.nih.gov/pubmed/25949788
http://dx.doi.org/10.1089/scd.2008.0169
http://www.ncbi.nlm.nih.gov/pubmed/18690791
http://www.ncbi.nlm.nih.gov/pubmed/9892215
http://dx.doi.org/10.1016/j.exer.2013.12.019
http://www.ncbi.nlm.nih.gov/pubmed/24509257
http://dx.doi.org/10.4103/0253-7613.108297
http://dx.doi.org/10.4103/0253-7613.108297
http://www.ncbi.nlm.nih.gov/pubmed/23716891
http://dx.doi.org/10.1371/journal.pone.0106330
http://www.ncbi.nlm.nih.gov/pubmed/25180832
http://dx.doi.org/10.1007/978-1-4419-1399-9_26
http://www.ncbi.nlm.nih.gov/pubmed/20238021
http://dx.doi.org/10.1038/nature12606
http://www.ncbi.nlm.nih.gov/pubmed/24089205
http://www.ncbi.nlm.nih.gov/pubmed/10393051
http://dx.doi.org/10.1038/cddis.2012.96
http://www.ncbi.nlm.nih.gov/pubmed/22825473
http://dx.doi.org/10.1038/ng2066
http://www.ncbi.nlm.nih.gov/pubmed/17546029
http://dx.doi.org/10.1016/j.neuroscience.2009.02.056
http://dx.doi.org/10.1016/j.neuroscience.2009.02.056
http://www.ncbi.nlm.nih.gov/pubmed/19272416

