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OR I G INA L ART I C L E

Spata7 is a retinal ciliopathy gene critical for correct
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Abstract
Leber congenital amaurosis (LCA) and juvenile retinitis pigmentosa (RP) are severe hereditary diseases that causes visual
impairment in infants and children. SPATA7 has recently been identified as the LCA3 and juvenile RP gene in humans, whose
function in the retina remains elusive. Here, we show that SPATA7 localizes at the primary cilium of cells and at the connecting
cilium (CC) of photoreceptor cells, indicating that SPATA7 is a ciliary protein. In addition, SPATA7 directly interacts with the
retinitis pigmentosa GTPase regulator interacting protein 1 (RPGRIP1), a key connecting cilium protein that has also been linked
to LCA. In the retina of Spata7 null mutant mice, a substantial reduction of RPGRIP1 levels at the CC of photoreceptor cells is
observed, suggesting that SPATA7 is required for the stable assembly and localization of the ciliary RPGRIP1 protein complex.
Furthermore, our results pinpoint a role of this complex in protein trafficking across the CC to the outer segments, as we
identified that rhodopsin accumulates in the inner segments and around the nucleus of photoreceptors. This accumulation
then likely triggers the apoptosis of rod photoreceptors that was observed. Loss of Spata7 function in mice indeed results in a
juvenile RP-like phenotype, characterized by progressive degeneration of photoreceptor cells and a strongly decreased light
response. Together, these results indicate that SPATA7 functions as a key member of a retinal ciliopathy-associated protein
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complex, and that apoptosis of rod photoreceptor cells triggered by protein mislocalization is likely the mechanism of disease
progression in LCA3/ juvenile RP patients.

Introduction
Leber congenital amaurosis (LCA, MIM 204000) is the most severe
early onset inherited retinal dystrophy. Patients suffer severe vi-
sion loss or blindness within their first year of life, typically ac-
companied by sensory nystagmus, amaurotic pupils with
sluggish or no pupillary response and little or no response to
light as measured by the electroretinogram (ERG). The molecular
basis underlying LCA is highly heterogeneous; to date, 18 genes
have been associated with recessive LCA (1–23). These genes
are involved in various aspects of visual function, including the
retinoid cycle, outer segment (OS) phagocytosis, protein trans-
port and photoreceptor development. The genetic causes for
LCA can overlap with milder, progressive retinal dystrophies,
such as retinitis pigmentosa (RP). In addition, they can also
overlap with syndromic phenotypes, often but not exclusively en-
compassing additional characteristics such as nephronophthisis
(in Senior-Løken syndrome) and cerebellar vermis hypoplasia
(in Joubert syndrome), or more extensive phenotypes affecting
many additional organs as observed in Bardet-Biedl syndrome
and Meckel-Gruber syndrome. These syndromic cases are often
caused by a dysfunctional primary cilium, a microtubule-based
sensory organelle that is present in most cell types. The photo-
receptor cell also carries a sensory cilium, encompassing the high-
ly specialized outer segment (OS) that contains the Opsin-filled
membrane stacks, and the more prototypic basal body and adja-
cent transition zone. The latter is named the connecting cilium
(CC) in photoreceptor cells, as it connects the protein biosynthetic
inner segment with the phototransductive OS, acting as a convey-
or belt for intraflagellar transport particles (IFTs) that translocate
proteins and vesicles along themicrotubule tracks of the CC. Strik-
ingly, about a third of all retinal dystrophy genes encode proteins
that localize to this structure (24), pinpointing it as the Achilles’
heel of the photoreceptor cell.

Previously, we have identified SPATA7 (spermatogenesis-
associated protein 7) as the affected disease gene for the LCA3
locus (20). Follow-up studies from several groups estimate that
mutations in SPATA7 account for about 1.7 and 4.6% of LCA
patients in the British and Chinese populations, respectively
(25–27). In the mouse, Spata7 is expressed in the retina (20) as
well as in many other tissues, although it is most abundant in
the testis where it was first identified (28). The SPATA7 protein
is conserved from sea urchin to human. Sequence analysis of
SPATA7 reveals no conserved protein domain except for a pre-
dicted coiled-coil domain at amino acids 81–109 (SMART). Des-
pite its apparent importance in human eye disease, details of
the molecular function of SPATA7 remain unknown.

To decipher SPATA7 function in the retina and understand the
mechanism of disease in LCA3/ juvenile RP patients, we took an
integrated approach involving accurate SPATA7 localization in
cells andmouse retinas, protein interaction screening and scrutin-
izing the phenotype of a Spata7 knock-out model. Our data show
that SPATA7 is a ciliary protein that localizes at the connecting
cilium of photoreceptor cells. In addition, it directly interacts with
RPGRIP1 in vitro and in vivo, a known LCA disease protein that co-
localizes at the CC and facilitates protein trafficking between the
inner segment (IS) andOS, suggesting aclose functional interaction
between SPATA7 and RPGRIP1. Indeed, in the homozygous Spata7
mutant retina, the level of RPRGIP1 at the connecting cilium is

greatly reduced and the protein is mislocalized to the inner
segment. In addition, in Spata7 mutant retinas, mislocalization of
rhodopsin (RHO) is observed followed by apoptotic photoreceptor
cell death. Taken together, we propose a model where SPATA7
plays a key role in RPGRIP1-mediated protein trafficking across
the connecting cilium of photoreceptor cells and that apoptotic
degeneration of these cells triggered by protein mislocalization is
a likely mechanism of disease progression in LCA3/ juvenile RP
patients.

Results
SPATA7 is amicrotubule-associated protein and localizes
to the connecting cilium of photoreceptor cells

To establish the cellular location of SPATA7, epitope-tagged
SPATA7 was expressed in hTERT RPE-1 cells. Interestingly, over-
expressed SPATA7 decorates the cellular microtubule network
and localizes to the ciliary axoneme of ciliated cells (Fig. 1A–D,
and Supplementary Material, Fig. S1A). Expression of different
SPATA7 fragments in ciliated hTERT RPE-1 cells indicates that
this microtubule association depends on the N-terminal part
(amino acids 2–310) of SPATA7 which contains the predicted
coiled-coil domain, but not the C-terminal region (Supplemen-
tary Material, Fig. S1B and C).

Given the results from the recombinant protein expression, we
wanted to assess if SPATA7 also localizes to cilia in vivo. SPATA7
was shown previously to be expressed in the mouse retina using
commercially available anti-SPATA7 antibodies (20). However,
the sensitivity of these antibodies is low, resulting in low reso-
lution. Furthermore, without Spata7mutantmice as negative con-
trols, it is difficult to evaluate the specificity of the antibodies. To
further investigate the pattern of SPATA7 expression and gain a
more precise subcellular localization in the retina, new polyclonal
antibodies against SPATA7 were generated. Retinal sections from
different time points during development were stained using the
custom anti-SPATA7antibodies. Coinciding with developing
photoreceptors, SPATA7 is first clearly detected at P4, and the im-
munoreactivity increases as time progresses (Supplementary
Material, Fig. S2A, E and I). At P15, the strongest SPATA7 immunor-
eactivity is observed specifically in the photoreceptor cell layer
(Supplementary Material, Fig. S2M and N). Furthermore, SPATA7
specifically localizes at the region between the inner segment
(IS) and outer segment (OS), coincidingwith the connecting cilium
(Fig. 1E–L). The staining pattern is specific to SPATA7 since no sig-
nal in this region is observed in Spata7−/− mouse retinas stained
with the same antibody (Fig. 1F). To verify the connecting cilium
localization of SPATA7, double stainings with several cilium
markers and anti-SPATA7 were conducted. The basal body of the
connecting cilium can be marked by γ-tubulin (29). As shown in
Figure 1G and H, SPATA7 localizes distal to γ- tubulin with little
overlap. Consistent with this observation, SPATA7 staining over-
laps with acetylated α-tubulin (30) and pan-Centrin (31,32), two
markers of the axoneme that localizes distal to the basal body
(Fig. 1J and L), and an enrichment of endogenous SPATA7 to the
basal bodyof the cilium is also observed inhTERTRPE-1 cells (Sup-
plementary Material, Fig. S3D). Similar to rod photoreceptor cells,
SPATA7 is also found at the connecting ciliumof cone photorecep-
tor cells inmouse retinas (SupplementaryMaterial, Fig. S3B andC).
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Figure 1. SPATA7 is an MAP and localizes to connecting cilia in photoreceptors. (A–D) Localization of mRFP_SPATA7 (A, red) in hTERT RPE-1 cells, ARL13B (B, green) and

RPGRIP1L (C, magenta) are used as markers for ciliary axonemes and basal bodies respectively. Scale bar: 10 µm. (E–L) SPATA7 localizes to connecting cilia in mouse

photoreceptors. Immunofluorescence staining of SPATA7 (red) at P29 in wild-type (E) and Spata7 mutant (F) retinas; scale bar is 10 µm. Double labeling experiments

were conducted to determine the subcellular localization of SPATA7 in photoreceptor cells. SPATA7 (green) co-stained with the basal body marker γ-tubulin (red) (G
and H), the axonemal marker acetylated-α-tubulin (red) (I and J) and Centrin (red) (K and L). Topro3 (purple) is used to label nuclei, scale bar is 10 µm. Paraffin

embedded mouse retinal sections were used for these immunofluorescence staining.
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SPATA7/LCA3 interacts with RPGRIP1/LCA6

Given the predominant localization of SPATA7 at the connecting
cilium of photoreceptor cells, where proteins often function in
multi-subunit complexes, a GAL4-based yeast two hybrid system
was used to screen a human retinal cDNA library to identify po-
tential SPATA7 protein–protein interactions. Using anN-terminal
fragment (amino acids 2–309) that contains the predicted coiled-
coil region of SPATA7 as the bait, we identified one clone expres-
sing RPGRIP1 (clone 49) as a potential binding partner from this
screen (Fig. 2A and B). RPGRIP1 is known to be involved in estab-
lishing a retinal degeneration-associated protein complex in the
connecting cilium, and the cognate gene is mutated in LCA6 (7).
The specificity of this interaction was further confirmed using
several complementary in vitro and in vivo methods (Fig. 2 and
Fig. 3). First, while no fluorescent signals are detected in cells
expressing either SPATA7 or RPGRIP1 alone, expression of both
proteins induces fluorescence using the bimolecular fluores-
cence complementation (BiFC) assay, indicating that they are
localizing in very close proximity of each other (Fig. 2C). Secondly,
we validated the presence of SPATA7 and RPGRIP1 in vivo in
the same retinal protein complex by co-immunoprecipitation
(co-IP) from mouse retinal tissue. To improve efficiency of
SPATA7 immunoprecipitation, we generated transgenic mice
carrying a Flag-tagged Spata7 genomic construct (Spata7-Flag).
As shown in Figure 2D, the fusion protein is located at the con-
necting cilium, comparable to the wild-type protein. Indeed,
the genomic construct completely rescues the known mutant
phenotypes of Spata7−/− mice (Fig. 2E). Using anti-Flag antibodies
(Fig. 3C), a substantial amount of RPGRIP1 is pulled down by Flag-
tagged SPATA7 (Fig. 3D), confirming the in vivo interaction of
these two proteins in the retina.

Thirdly, we performed a GST pull-down assay from retinal ex-
tracts. From bovine retinal extracts, four annotated isoforms of
bovine RPGRIP1 are detected specifically at the approximate
sizes of 150, 120 and 37 kDa using previously described anti-
RPGRIP1 antibodies (Fig. 3A, lane 1, arrows) (33,34) (Uniprot). As
shown in Figure 3A, GST-SPATA7 is able to pull down endogenous
RPGRIP1. However, the smallest RPGRIP1 isoform,which lacks the
predicted coiled-coil domain at amino acid 267–533 (Uniprot), is
not detected in the pull-down fraction. Unfused GST shows no
capacity to pull down endogenous RPGRIP1. Similarly, in a pull-
down assay of GST-SPATA7 from mouse retinal extracts, en-
dogenous RPGRIP1 was detected specifically at ∼155 kDa using
mouse anti-RPGRIP1 antibodies (35), but not when using unfused
GST (Fig. 3B, lanes 1–3).

SPATA7 binds to the coiled-coil domain of RPGRIP1

Previously, it has been shown that the C-terminal region of
RPGRIP1 binds to RPGR, which is associated with X-linked RP
(33), and the central C2 domain-containing region of RPGRIP1
binds specifically to NPHP4 (36), which is associated with the ret-
inal renal ciliopathy Senior-Løken syndrome as well as isolated
nephronophthisis (NPHP). To evaluatewhether SPATA7 competes
for any of these binding epitopes, the binding capacity of
SPATA7 for different fragments of RPGRIP1 was assessed using
co-immunoprecipitation and GST pull-down analyses. SPATA7
co-precipitated with full-length RPGRIP1, and the coiled-coil
fragment of RPGRIP1 (Fig. 3E, lanes 1 and 2). However, the absence
of this coiled-coil domain in RPGRIP1 (C2), RPGRIP1 (RID) and
RPGRIP1 (C2-end) fragments resulted in a less efficient co-
precipitation of RPGRIP1 (Figs. 2A and 3E, lanes 3–5). In addition,
SPATA7 did not co-precipitate with two other coiled-coil domain

containing proteins IQCB1 (IQ-calmodulin-binding motif-
containing protein 1) and lebercilin (Fig. 3E, lanes 6 and 7, res-
pectively), indicating that the SPATA7-RPGRIP1 interaction is spe-
cific. Consistent with co-immunoprecipitation data, GST-fused
SPATA7 co-purified all different fragments of RPGRIP1. Also here,
the strongest affinity in this assay was observed with full-length
RPGRIP1, the RPGRIP1 clone 49 identified from the Y2H assay,
and the coiled-coil domain containing fragment of RPGRIP1 (CC)
(Fig. 3F, lanes 1–3) but not with RPGRIP1 fragments lacking the
N-terminal coiled-coil domain (Fig. 3F, lanes 4–6). Taken together,
these data indicate that although SPATA7 can interact with differ-
ent domains of RPGRIP1, the vastmajorityof the affinity is contrib-
uted by the region containing the predicted coiled-coil domain of
RPGRIP1.

To further delineate the interacting domains, different epi-
tope-tagged fragments of RPGRIP1 and SPATA7 were expressed
in ciliatedhTERTRPE-1 cells. As previously shown (36), full-length
RPGRIP1 diffusely localizes to the cytoplasm (SupplementaryMa-
terial, Fig. S4A). Coexpression of full-length RPGRIP1 and SPATA7
yields a near complete recruitment of RPGRIP1 to themicrotubule
cytoskeleton, which is also decorated by and thus colocalizing
with SPATA7 (Supplementary Material, Fig. S4B). Absence of the
coiled-coil domain in both RPGRIP1(C2-end) and SPATA7 (frag-
ment amino acids 311–568) results in two distinct localization
patterns of these proteins upon expression in ciliated cells (data
not shown). These data indicate that not only the coiled-coil do-
main of RPGRIP1 but also the N-terminal part of SPATA7, which
contains a predicted coiled-coil domain, contributes to the full af-
finity and colocalization of SPATA7 and RPGRIP1.

Generation of Spata7 null mice

To further evaluate the role of SPATA7 at the CC and to elucidate
mechanisms of LCA3/ juvenile RP pathogenesis, we set out to
generate a targeted knock-out mouse model of Spata7. Mouse
Spata7 contains 12 exons and encodes a protein of 582 amino
acids, sharing 67% identity with its human ortholog. As shown
in Figure 4A, the genomic region containing exons 1 through 10
of Spata7 was replaced by a Neo cassette. As a result, most of
the coding region of Spata7 including the translation start site
was removed, resulting in a null allele. Mice carrying the Spata7
null allele were confirmed by genomic Southern blot analysis
(Fig. 4B). Homozygous mutant mice (Spata7−/−) are obtained at
the expected frequency (25%) from mating of heterozygous mu-
tant mice. Spata7−/− mice are viable, fertile and without gross
morphological defects.

To confirm the null allele, several methods, including RT–PCR
and western blotting, were used to detect the Spata7 transcript
and protein. As shown in Figure 4C, using three primer pairs cov-
ering the coding region of Spata7, positive bands can be amplified
by RT–PCR fromwild-type retinalmRNA. In contrast, correspond-
ing bands are not detected from mRNA extracted from the adult
Spata7−/− retina. Similarly, a protein of ∼64 kDa corresponding to
the predicted size of SPATA7 is detected in the wild-type retina
(Fig. 4D), while no corresponding band is detected in Spata7−/−

retinas by western blotting (Fig. 4D). These data indicate that
the mutant allele we constructed is indeed a molecular null.

Progressive degeneration of photoreceptors in the Spata7
mutant retina

Consistent with the human phenotype, severe early-onset
retinal defects are observed in Spata7 mutant mice. As shown
in Figure 5, a marked reduction in the thickness of the outer
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Figure 2. SPATA7 physically interacts with RPGRIP1 (A) RPGRIP1 fragments, identified in the Y2H screen (RPGRIP1 cl.49) and those used in downstream validation

experiments. (B) Validation of interaction of SPATA7 N-terminal fragment and RPGRIP1 in Y2H assays. Protein–protein interactions induced yeast growth on selective

media (−LWH+ 3-AT), a positive (green) α-galactosidase assay (top panel) and a positive (blue) β-galactosidase assay (bottom panel). pBD depicts DNA binding domain

fusions; pAD depicts transcription activation domain fusions. (C) The interaction between SPATA7 and RPGRIP1 was confirmed in cellulo by the BiFC assay. HEK293T

cells were transfected with either RPGRIP1 alone or together with SPATA7 constructs. Strong fluorescence signals (green) were observed in cells expressing both

SPATA7 and RPGRIP1, but not in cells that express only one protein. Bar = 50 µm. The percentage of BiFC positive cells was quantified by FACS (*P<0.001). (D) Paraffin-

embedded retinal sections at P26 were co-stained for SPATA7 (green) and Flag (red) in the connecting cilium of photoreceptors of transgenic mice and show complete

co-localization of SPATA7 with Flag at physiological levels of the proteins, scale bar is 10 um. (E) Hematoxylin and eosin (H and E) staining of paraffin-embedded

retinal sections at P35. The Spata7-Flag transgene has fully rescued retinal phenotype of Spata7 knockout mouse. Scale bar is 50 um.
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Figure 3. Interaction of SPATA7 andRPGRIP1 validated byGSTpull-down andCo-IP in bovine andmouse retinas. GST-SPATA7pulls down endogenous RPGRIP1 isoforms of

approximately 150 and 120 kDa, but not the smallest isoformof 37 kDa, fromabovine retinal lysate (A, lanes 1–2, arrows). The arrowheadpoints to a presumeddegradation

product of one of the larger isoforms as this was not detected in the input extract (lane 1). Two non-specific immunoreactive bands, whichwere also not recognized in the

input (lane 1), migrated at 75 and 25 kDa in lanes 2 and 3, and are thus not relevant for this assay. (B) An endogenous murine RPGRIP1 isoform of 155 kDa can be pulled

down from mouse retinal lysates by GST-SPATA7, but not by unfused GST. (C,D) Co-immunoprecipitation of RPGRIP1 with SPATA7 from mouse retinal extracts. Retinas

from Spata7-Flag transgenic andwild-typemicewereused for IP. RPGRIP1 is co-immunoprecipitatedwith SPATA7 from Spata7-Flag transgenicmouse retinas. *Non-specific

bands. (E) 3xHA-SPATA7 co-precipitates efficiently with full-length RPGRIP1, as well as with the coiled-coil fragment of RPGRIP1 (2.5% input, panels 1, 2; co-IP assay in

panels 3–4, lanes 1–2). In a weaker manner, 3xHA-SPATA7 co-precipitates with other RPGRIP1 fragments (panels 3–4, lanes 3–5). 3xHA-SPATA7 is unable to co-

precipitate two other coiled-coil containing protein IQCB1 and lebercilin. RPGR-RPGRIP1 binding is used as a positive control (lane 9), a very weak binding of 3xHA-

SPATA7 to 3xFlag-p63 (a negative control) is also observed (lane 8), at similar levels compared with the RPGRIP1 fragments not containing the CC domain, reiterating

the weak affinity of these fragments to SPATA7 in this assay. (F) GST- SPATA7 (10% input, panel 2) pulls down all tested fragments of RPGRIP1 (10% input, panel 1;

pull-down assay in panel 3, lanes 1–6), while unfused GST does not (panel 5, 10% input in panel 4). IQCB1, lebercilin and p63 are included as negative controls.
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nuclear layer (ONL) is observed in Spata7 mutant retinas com-
pared with those of wild-type mice. Although no obvious differ-
ences are observed between wild-type and mutant retinas at P7
(Fig. 5A–C), by P15, a decrease in the thickness of the ONL is de-
tected in Spata7 mutant retinas (Fig. 5D–F). A further reduction
in the ONL, to about 50% of wild-type, is observed by P29
(Fig. 5G–I). At 6 months, the ONL is just 30–40% of wild-type
(Fig. 5J). After 6 months, only the ONL still slowly continues to
become thinner. These results suggest that photoreceptor cells
degenerate in the absence of Spata7 function.

To determine if other cell types are affected in Spata7 mutant
retinas, we performed immunolabeling with a panel of cell type-
specific markers, including BRN3B, CHX10, PAX6 and Calbindin
thatmark ganglion cells, bipolar cells, amacrine cells andhorizon-
tal cells, respectively (37–40). As shown in Supplementary Mater-
ial, Fig. S5, the staining patterns for all four antibodies appear
normal in the Spata7 mutant retina, indicating that there are no
gross defects in these cell types. In contrast, abnormal staining
for photoreceptor cellmarkers is observed (SupplementaryMater-
ial, Fig. S5B). As shown in Figure 6A and B, rods and cones,marked
by RHO and Peanut agglutinin (PNA) staining, respectively (41), are
disorganized and abnormal in Spata7 mutant retinas at Day P40.

In the mouse retina, over 90% of photoreceptor cells are rods
(42). The extensive degeneration observed in the photoreceptor
layer of Spata7 mutants must therefore involve rods. To assess
if cone photoreceptors also degenerate in the Spata7 mutant ret-
ina, the number of cone cells in a unit area was counted in whole
mount retinas. At the age of 7 months, only a small reduction in
cone photoreceptor cells is observed across the Spata7 mutant
retina compared with wild-type (data not shown), suggesting
that cone photoreceptor degeneration proceeds at a substantially
lower rate compared with rods in Spata7 mutant retinas.

The fine structure of photoreceptorswas also examined using
transmission electron microscopy (TEM). In wild-type retinas,
membrane discs in OSs are well-organized into stacks (Fig. 6C).
In contrast, in Spata7 mutant retinas, OSs are shortened and
the disc membranes are disorganized (Fig. 6D). However, the
ultrastructure of inner segments (IS) and the connecting cilium
(CC) seem largely unaffected in Spata7−/− photoreceptors, with
basal bodies and axonemes still present (Fig. 6E and F).

Defects in response to light in Spata7 mutants

One of the hallmarks of LCA and juvenile RP is a dramatic reduc-
tion in response to light as determined by ERG measurements
(20,43). To test whether a similar functional defect is observed in
Spata7−/− retinas, both rod and cone ERGs were recorded. As
shown in Figure 7, a decline in the scotopic (rod-mediated)
A-wave amplitude is observed in Spata7 mutant mice by P15
and becomes more pronounced with age (Fig. 7A). By P60, the
A-wave amplitude is further reduced to only 20% of that of wild-
type retinas. In contrast, a substantial decline in the scotopic
B-wave amplitude appears later in life and is first detected in
Spata7−/− retinas at about 2months of age (Fig. 7B). These data sug-
gest that the primary defect in Spata7−/−mice is in rodphotorecep-
tors. Consistent with the mild decrease in the number of cone
cells, the double-flash B-wave, which measures cone photorecep-
tor response, shows only a slight age-dependent decline in
Spata7−/− mutant mice. Specifically, the cone cell response is re-
duced by only 20 and 30% compared with wild-type retinas by 2
and 6 months, respectively (Fig. 7C). Retinal degeneration con-
tinues to progress as the A-wave amplitude is further reduced
and is almost undetectable by the age of 12 months (Supplemen-
tary Material, Fig. S6).

Figure 4.Generation of Spata7nullmutantmice. (A) Spata7 targeting strategy. Numbered rectangles represent Spata7 exons. (B) Genomic Southern of Spata7 targeted allele.

Fragments of 5.8 kb and 6.3 kb are detected in a heterozygous mouse using 5′ and 3′ probes, respectively. (C) No transcript is detected from retinas of Spata7 homozygous

knockout mice. RT–PCR of wild-type and Spata7 knockout retinas was carried out using three different primer pairs spanning exons 1–5, 6–10 and 11–12, respectively.

Gapdh was used as a positive control. (D) No SPATA7 protein is detected in mutant retina extracts by western blot.
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Figure 5. Progressive photoreceptor degeneration in the Spata7 mutant retina. Hematoxylin and eosin (H&E) staining of paraffin-embedded retinal sections and retinal

morphometry at P7 (A–C), P15 (D–F) and P29 (G–I). Retinal morphometry was also conducted at 6 months of age for wild-type and Spata7 mutants (J). For retinal

morphometry, ONL thickness was measured at 20 equally spaced positions along the vertical meridian of the retina for three retinas of the same genotype. Three

measurements were taken for each position, and an average value was calculated. Each point represents the mean ± SEM obtained for each group (n = 3). Position 0

corresponds to the optic nerve head. RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar: 50 µm.
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Mislocalization of RPGRIP1 in the connecting cilia
of Spata7 mutant mice

Given the interaction of SPATA7 and RPGRIP1 and photoreceptor
cell defects observed in the absence of Spata7 function, the local-
ization of RPGRIP1 in Spata7 mutant photoreceptor cells was ex-
amined. Normally, RPGRIP1 localizes to the connecting cilium
(CC) of the photoreceptor cell and functions as a protein scaffold
that is important for proper assembly and localization of several
retinal ciliopathy-associated proteins, including RPGR and
NPHP4 (44,45). Strikingly, a substantial reduction of RPGRIP1 pro-
tein levels at the CC and its mislocalization to the inner segment
are observed in Spata7−/− mutant mice (Fig. 8B). In contrast, the
ciliarymarker centrin (Fig. 8A and B) as well as the photoreceptor
basal body maker RPGRIP1L (data not shown) localize normally,
suggesting that the RPGRIP1mislocalization in the Spata7mutant
retina is specific. Taken together, our results strongly support a
model for SPATA7 as a newmember of a group of ciliary proteins
that are essential for proper localization and/or assembly of CC
protein complexes, which are important for proper protein traf-
ficking in photoreceptor cells.

Mislocalization of RHO in Spata7 mutant mice

One of themost actively transported proteins between the IS and
OS is RHO. Consistent with the model that SPATA7 is involved in

protein trafficking, striking mislocalization of RHO in photo-
receptor cells is observed in the Spata7−/− mutant retina. RHO is
normally detected only in the OS due to active transport of the
protein from the IS where it is synthesized (46). In contrast, in
Spata7−/− retinas, substantial RHO immunoreactivity is detected
in the inner segment (IS) as well as in the ONL at P15 (Fig. 9A
and B). To pinpoint the location of mislocalized RHO in photo-
receptor cells, immunogold labeling of RHO followed by electron
microscopy was performed. Quantification of the RHO immuno-
gold label revealed an 8-fold and 5-fold increase in the plasma
membrane (Fig. 9C) and IS (Fig. 9D), respectively, of P11 Spata7−/−

mutants compared with P11 wild-type. As shown in Figure 9E,
F’ and F’’, mislocalized RHO is detected in the cytoplasm and plas-
ma membrane throughout the IS.

To determine if the protein mislocalization phenotype ob-
served is a general phenomenon in the Spata7−/− mutant retina,
the subcellular localizations of two other OS proteins, Peripher-
in(PRPH2) (also known as RDS) and ROM-1, were examined
(47,48). Strong immunofluorescence staining for PRPH2 is de-
tected exclusively in the OS in the Spata7−/− retina, indicating
that PRPH2 localization is not substantially affected (Supplemen-
tary Material, Fig. S7A–G). Similarly, ROM-1 is properly restricted
to the OS (Supplementary Material, Fig. S7I–O). It is well known
that some of the proteins involved in the phototransduction
pathway shuttle between the OS and IS depending on light con-
ditions. One such protein is Transducin. Under normal light

Figure 6. Photoreceptor cell defects in the Spata7 mutant retina. (A and B) Cones and rods were labeled with Peanut agglutinin lectin (PNA) (red) and rod Opsin (green),

respectively, in paraffin sections ofwild-type (A) and Spata7mutant retinas (B) (scale bar is 10 µm). (C andD) Transmission electronmicroscopywas used to reveal detailed

structure of photoreceptors at P15. The OSs of Spata7mutant retinas (D) are disorganized compared with wild-type (C). Despite the defect in the OSs, the connecting cilia

(CC) and basal bodies (BB) of Spata7 mutants (F) appear normal compared with wild-type (E). OLM-outer limiting membrane. Scale bar is 1 µm in C (D is the same

magnification) and 0.5 µm in E (F is the same magnification).
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conditions, most Transducin is observed in the inner segment of
photoreceptor cells while it is translocated to the outer segment
in the dark adapted condition (49). As shown in Supplementary
Material, Fig. S8, in the wild-type retina, Transducin is detected
in the proper subcellular compartments of photoreceptors in
light and dark conditions as expected; similarly, in Spata7−/− mu-
tant retinas at P25, most Transducin is located in inner segments

in light. In contrast, the vast majority of Transducin is properly
translocated to the outer segments in dark adapted conditions,
suggesting that Transducin trafficking is not substantially af-
fected by the loss of Spata7 function. The small fraction of mislo-
calized Transducin observed is likely secondary to the ongoing
photoreceptor cell degeneration at P25. Taken together, these re-
sults indicate that SPATA7 is required for the proper localization
of only a subset of proteins in photoreceptor cells, such as RHO.
To further testwhether the photoreceptor degeneration observed
in Spata7−/− mice is effected by light, retinas from mice raised in
constant dark were examined by immunohistochemistry. These
results show that photoreceptor degeneration in the Spata7−/−

mutant retina is light independent (data not shown).
To assess if mislocalized RHO accumulates in the ER or Golgi,

we stained Spata7−/− retinas using Concanavalin A (ConA), which
detectsmannose residues inN-glycans added toproteins in the ER
and Golgi. In Spata7−/− mutant retinas, a substantial increase in
ConA staining is observed in the inner segment (IS), coinciding
with mislocalized RHO. This suggests that mislocalized RHO has
processed through the ER and Golgi apparatus (Supplementary
Material, Fig. S9E and G). Consistently, no obvious accumulation
of RHO is observed in the ER or Golgi in the immunogold labeling
experiment (data not shown), suggesting thatmislocalized RHO is
likely to be properly processed and folded.

RHO mislocalization precedes programmed cell death
in Spata7−/− mutant retinas

RHOmislocalization has been a prevalent phenotype in both syn-
dromic and nonsyndromic retinal degeneration (50,51). Studies
of several mouse models, such as Bbs2, Ahi1, Rp1, Rpgrip1 and
Cep290, have shown thatmislocalization of RHO to the inner seg-
ment precedes photoreceptor cell degeneration (52–56). RHO
mislocalization is also observed in mutations affecting protein
transport components, such as Kinesin-2 and IFTs (46,57–61).
It has been proposed thatmislocalization of RHO itself can trigger
cell death as opposed to being a secondary consequence of
photoreceptor cell death (59).

To test if RHO mislocalization in Spata7−/− retinas is a likely
cause for photoreceptor degeneration, the time course of RHO
mislocalization and cell apoptosis was examined. RHO protein
can be first detected around P2 before the initiation of outer seg-
ment morphogenesis and is localized to the OS by P7 (Supple-
mentary Material, Fig. S10A, B, E and F). Interestingly,
mislocalization of RHO in mutant retina is detected as early as
P7 (SupplementaryMaterial, Fig. S10C, D, G and H). Cell apoptosis
in bothwild-type and Spata7−/− retinas at these same time points
was also examined. Previous work has indicated that there are
many apoptotic nuclei in the wild-type mouse retina at early
stages (P5), and then the number of apoptotic cells decreases
markedly by P13 (62). Consistent with this report, using Caspase3
as a marker for cell apoptosis, apoptotic cells are observed in
wild-type retinas at P7 and P11, but not at P15 (Fig. 9G and H
and Supplementary Material, Fig. S10I, J, M and N). Moreover,
most apoptotic cells observed at P7 and P11 are in the INL with
few Caspase3 positive cells found in the ONL (Supplementary
Material, Fig. S10I, J, M and N). In Spata7−/− retinas, substantially
more Caspase3 positive cells are observed at P15 compared with
wild-type (Fig. 9I and J). However, at Day P7 and P11, no substan-
tial difference between wild-type andmutant retinas is observed
and all apoptotic cells are found in the INL, but not in the ONL
(Supplementary Material, Fig. S10I–P). These results indicate
that photoreceptor apoptosis occurs later than RHO mislocaliza-
tion. Similar results are obtained using the TUNEL assay.

Figure 7. Spata7mice exhibit defects in response to light. ERGswere performed on

Spata7 mutant mice at different ages. Fractional scotopic a-wave (A) and b-wave

amplitudes (B) of ERG recordings as a function of increasing light intensities at

P15, 1 month and 2 months are shown. (C) Fractional b-wave amplitudes of

double-flash cone b-waves for 2- and 6-month-old mice. n = 5 or more for each

group. Each point represents the mean ± SEM obtained for each group.
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Specifically, more TUNEL positive cells are observed in Spata7−/−

retinas compared with wild-type retinas by P15 but not at earlier
time points (Fig. 9K and M).

Complete loss of Rho partially rescues photoreceptor
degeneration in Spata7 mutants

Given that RHO mislocalization precedes photoreceptor cell
apoptosis, we hypothesized that mislocalization of RHO is one
of themajor defects in Spata7−/− retinas that triggers photorecep-
tor degeneration. If this is the case, we expect that reducing the
dose of Rhomight partially suppress the photoreceptor cell degen-
erationphenotype inSpata7−/−mutants.Mice that arehomozygous
mutant for both Spata7 and Rho were generated and their retinas
were examined at 4weeks of age. Retinas frommice that carry dou-
ble heterozygous mutations for Spata7 and Rho (Spata7+/−/ Rho+/−)
are histologically normal (Fig. 10A, Supplementary Material,

Fig. S11A and B). Although Rho is required for the development
andmaintenance of proper OS structure and survival of photore-
ceptors, a relatively mild photoreceptor degeneration phenotype
is observed in Rho−/− mice at 4 weeks of age (Fig. 10B and E and
Supplementary Material, Fig. S11C) (63). In contrast, photorecep-
tors in Spata7−/− mutant retinas already show severe degener-
ation by P29, with only 4–5 rows of nuclei in the ONL at this age
(Fig. 10C and Supplementary Material, Fig. S11D). Although
no obvious rescue is observed by removing one copy of Rho in
the Spata7−/− homozygous mutant background, when both cop-
ies of Rho are removed, the number of rows in the ONL in
Spata7−/−/Rho−/− double mutants is comparable to that of the
Rho−/−mutant alone (Fig. 10D and E and Supplementary Material,
Fig. S11E). Consistent with this observation, substantially fewer
TUNEL positive cells (P= 0.021) are observed in the Spata7−/−/Rho−/−

doublemutant ONL layer comparedwith Spata7−/−mutants, indi-
cating rescue of the photoreceptor cell death phenotype by loss of

Figure 8. RPGRIP1 is mislocalized in Spata7 mutant mouse photoreceptor cells. Compared with wild-type (A), partial mislocalization of RPGRIP1 (green) is detected in

unfixed Spata7 mutant retina cryosections at P14 by IHC (B). In Spata7 mutants, RPGRIP1 (green) is detected in the ONL and its levels are significantly decreased in the

CC while Centrin(red) showed almost no change . The surface plots (middle and bottom panels) quantitatively show the distribution of the RPGRIP1 and Centrin

fluorescent signal in the corresponding images above. Scale bar is 10 µm.
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Rho (Fig. 10F). Similarly, ER stressmarked by CHOP staining is also
suppressed in Spata7−/−/Rho−/− double mutant retinas (Supple-
mentary Material, Fig. S9A–D). Together, these results support a

model where mislocalization of RHO in Spata7−/− mutants is
one of the major causes of photoreceptor degeneration. Indeed,
no obvious increase in ConA staining is observed in the inner

Figure 9.Rhodopsin ismislocalized in Spata7mutantmousephotoreceptor cells.Mislocalized Rhodopsin is detected in paraffin-embedded Spata7mutant retinas at P15 by

IHC. Compared with wild-type (A), RHO is detected in the IS and ONL (B), scale bar is 20 µm. (C and D) Quantification of the density of RHO immunogold particles in the

inner segment plasma membrane (PM) and IS. Two independent P11 retinas were labeled and gold particles of 20 inner segments from each genotype were counted.

Significantly (t-test, P< = 0.0001) more particles are observed in both the PM and IS of Spata7 mutants compared with wild-type at P11. (E and F) Representative electron

micrographs of photoreceptors in P11 wild-type andmutant (F’, F’’) retinal sections, immunogold labeled with RHO antibodies. Arrows in F’ and F’’ indicate immunogold

labeling of mislocalized RHO. IS, rod inner segment; OS, rod outer segment; CC, connecting cilium. Scale bar = 500 nm (E, F’ and F’’ are the same magnification). (G–N)

Several Caspase3 positive cells (green) are observed in P15 frozen sections (yellow arrows, J), and an increased number of TUNEL positive cells (green) are detected in

P15 paraffin-embedded sections (N). The yellow arrow indicates a double-labeled nucleus in (N). Scale bar is 20 µm.
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segment of photoreceptors in Spata7−/−/Rho−/− double knockout
retinas, indicating that there is no substantial accumulation of
glycosylated proteins in the inner segment (Supplementary Ma-
terial, Fig. S9F).

Discussion
In this study,wehave combined both in vitro and in vivomolecular
approaches to understand the molecular pathogenesis of LCA3
and juvenile RP, which is caused by mutations in SPATA7. We

observe that the SPATA7 protein localizes to the connecting cil-
ium of mouse photoreceptors. The connecting cilium is import-
ant in photoreceptor cells since it provides a structure through
which proteins are transported from the site of protein biosyn-
thesis (the inner segments) to the phototransductive outer seg-
ments and back (64,65). The OS contains large numbers of RHO
molecules, efficiently stored in membrane stacks that continu-
ously undergo photo-oxidative damage during the day. There-
fore, the OS requires highly active renewal of about 10% each
day, which is achieved through shedding at their proximal tips
and subsequent phagocytosis by adjacent RPE cells. The same
numbers of OS proteins therefore need to be replenished through
the CC, thus requiring equally highly active and accurately orga-
nized mechanisms of ciliary protein transport. We here show
that SPATA7 interacts with RPGRIP1, a protein encoded by an-
other LCA associated gene (LCA6), pointing towards a specific
LCA-associated ciliary proteinmodule. Although an extensive ef-
fort has been invested in studying RPGRIP1 in the last decade, a
mechanistic understanding of its function has remained elusive.
RPGRIP1 can act as a protein scaffold that may assemble a CC-
localized module of retinal ciliopathy-associated proteins,
which was previously shown to also include RPGR, NPHP4,
SSCCAG8, IQCB1 and CEP290 (66). SPATA7 predominantly binds
to the N-terminal coiled-coil domain of RPGRIP1, potentially
allowing a multimeric complex that includes binding of RPGR
to the C-terminal RPGR interacting domain (RID) of RPGRIP1,
and the binding of NPHP4 to the central C2 domains. Mousemod-
els that lack RPGRIP1 or NPHP4 have suggested that this scaffold
plays an important role in protein transport across the CC (45).
The role of SPATA7 at the CC was investigated using a mouse
model that mimics human juvenile RP disease by knocking out
the Spata7 gene. Consistent with the clinical presentation of
human patients, Spata7−/−mutantmice display progressive thin-
ning of the photoreceptor cell layer and a dramatic reduction in
response to light. Therefore, as amodel system, Spata7−/−mutant
mice provide us with an ideal opportunity for detailed character-
ization and analysis of LCA3/ juvenile RP pathogenesis.

Retinal defects in Spata7−/− mutant mice become obvious
shortly after birth. Specifically, photoreceptor cell degeneration
becomes evident at P15 as the thickness of the ONL begins to de-
crease. In addition, RHO staining and electron microscopy both
show shortened and disorganized outer segments (OS) in photo-
receptor cells. Although both rod and cone cells are affected,
given that the majority of rod cells die by 6 months of age while
84% of cone cells still remain at this stage, cone cell loss may be
secondary to defects in rod photoreceptor cells. Consistent with
this idea, a dramatic reduction of the a-wave for scotopic ERGs
is observed. In contrast, only a relatively mild reduction is ob-
served in the double-flash cone b-wave, an assay that specifically
tests cone cell function. Other than photoreceptor cell defects, all
other cell layers in the retina appear normal based on both hist-
ology and staining for cell type-specific markers. Therefore, the
primary defect in the Spata7 mutant retina appears to be specific
to rod photoreceptor cells.

The reduction of photoreceptor cells in the Spata7mutant ret-
ina is likely due to degeneration rather than developmental de-
fects. First, at P0, before layer formation, the number of cells in
the retina appears normal. Secondly, differentiation of photore-
ceptors and other retinal cell types appears to be normal as all
layers are formed properly at P7. High magnification TEM
shows that a substantial number of photoreceptor cells indeed
develop with proper structure, including the inner segment (IS),
OS and the connecting cilium (CC). Thirdly, photoreceptor degen-
eration progresses over time with an initial rapid drop of cell

Figure 10. Loss of both copies of rod Opsin partially rescues the Spata7 mutant

phenotype. H&E staining of paraffin embedded P29 retinal sections of Spata7+/−/

Rho+/− (A), Spata7+/+/Rho−/− (B), Spata7−/−/Rho+/+ (C) and Spata7−/−/Rho−/− (D)

mutant mice. Rescue of the Spata7 mutant phenotype is observed when both

copies of Rho are removed as measured by retinal morphometry (E) and the

number of apoptotic cells using the TUNEL assay (n = 3, Student’s t-test,

P = 0.021) (F). Each point represents the mean ± SEM obtained for each group in

panel E (n = 3). Mice used in this experiment are littermates. Scale bar: 50 µm.
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number between 2 and 4 weeks after birth, followed by a lower
rate of degeneration between 4 weeks and 6 months. By the age
of 6 months, only about 40% of cells in the ONL remain. There-
fore, it is likely that Spata7 is not required for early cell differenti-
ation but is required for the proper function and maintenance of
photoreceptors.

Mislocalization of RHO in photoreceptor cells is likely to be the
main defect that triggers degeneration in the Spata7−/− mutant
retina. Importantly, accumulation of RHO within the IS precedes
apoptosis. RHO accumulation in the inner segment can be
detected as early as P7 while increased apoptosis is first observed
at P15. These results raise the idea that the mechanism of
photoreceptor cell degeneration in the Spata7−/− mutant retina
is likely caused by RHO mislocalization. This hypothesis is fur-
ther supported by the observation that photoreceptor degener-
ation in Spata7 mutants can be substantially rescued by loss of
Rho function. In particular, Spata7−/−/Rho−/− double mutant ret-
inas show much less cell apoptosis and a reduced rate of photo-
receptor degeneration compared with loss of Spata7 function
alone.

The mechanism of RHO mislocalization in Spata7−/− mutant
mice is likely due to defects in protein trafficking through the
connecting cilium mediated by CC complexes, such as the
RPGRIP1 complex. First, RHO seems to be properly folded as mis-
localized protein appears to be inserted into the plasma mem-
brane. Secondly, the overall structure of photoreceptor cells is
intact. Unlike many other known mutations that affect cilium
formation in the retina, intact cilia are observed in Spata7−/− mu-
tant photoreceptors. Thirdly, SPATA7 is observed to specifically
localize to the connecting cilium of photoreceptor cells, consist-
ent with amodel where SPATA7 is involved in protein trafficking.
This model is further strengthened by the direct interaction
between SPATA7 and RPGRIP1. As SPATA7was shown to decorate
microtubules upon recombinant expression, it may be regarded
as a novel microtubule-associated protein (MAP), although a
direct interaction with microtubules has not been established.
None of the other RPGRIP1 binding partners show microtubule
binding capacity; therefore, SPATA7 may be required to firmly
fix the scaffold tomicrotubules of the axoneme of the connecting
cilium. Recruitment of full length RPGRIP1 by SPATA7 to coloca-
lize to microtubules is consistent with this model. This could
also be required to optimally align and thus structurally organize
the scaffold at the CC, disruption of which could have major
implications for CC function of all of the proteins connected to
the RPGRIP1 scaffold. This is further supported by the partial
mislocalization of RPGRIP1 to the IS and ONL of photoreceptors
and decreased levels of RPGRIP1 at the CC in Spata7−/− mutant
retinas. Therefore, we propose that SPATA7 mediates RHO
transport as a member of the critical RPGRIP1-directed protein
scaffold at the connecting cilium of photoreceptors. As no direct
interaction between SPATA7 and RHO has been detected so far,
the involvement of SPATA7 in RHO transportation might be
indirect.

In summary, we propose that SPATA7 is a novel member of
the retinal ciliopathy-associated RPGRIP1 scaffold at the connect-
ing cilium of photoreceptors. Although not absolutely required, it
plays a crucial role in protein trafficking across this cellular com-
partment. In the absence of SPATA7 in the connecting cilium,
protein transport from the inner segment to the outer segment
is defective, trigging photoreceptor apoptosis. Considering the
high degree of conservation between humans and mice and the
similar phenotypes observed in humans and mice carrying
SPATA7 mutations, it is likely that a similar mechanism drives
disease pathology in human LCA3/ juvenile RP patients.

Materials and Methods
Genotyping of Spata7 mutant mice

To genotype subsequent F2 and F3 generations of Spata7 knock-
out mice, we used a genomic PCR assay with a pair of primers
from the deleted region. These primers are: P1 (5′-GTGGCAAG
TACCTTTACTTGGTG-3), P2 (5′-TTCCACACCAGAATCAGTTCTTT-3′),
P3 (5′-CTGACTAGGGGAGGAGTAGAAGG-3′) and P4 (5′-CCTCGACTG
TGCCTTCTAGTTG-3′).

Immunoelectron microscopic analysis

For immunoelectronmicroscopy, eyecups were fixed in 0.2% glu-
taraldehyde, 4% paraformaldehyde in 0.1 M cacodylate buffer, pH
7.4. Theywere then processed for embedment in LRWhite. Ultra-
thin sections (70 nm) were etched with saturated sodium period-
ate for 15 min, blocked with 4% BSA in PBS for 1 h at room
temperature and incubated with monoclonal rod Opsin antibody
(1D4) in buffer overnight at 4°C. Sections were then washed and
incubated with goat anti-mouse IgG conjugated to 12 nm gold
(Jackson Lab) and stained with uranyl acetate. Immunolabeling
density was determined by counting gold particles over the
inner segment plasma membrane (defined as within 30 nm ei-
ther side of the center of the membrane), and over the area en-
closed by this membrane (designated as within the inner
segment).

Dilutions and sources of antibodies used for
immunohistochemistry

Rabbit anti-SPATA7 polyclonal antibody against the C-terminal
15 amino acids (1:2000, custom antibody made by Bethyl Labora-
tories), mouse anti γ-tubulin antibody (1:200, Sigma T6557),
mouse anti-acetylated α-tubulin antibody (1:200, Sigma), mouse
anti-pan Centrin (Millipore, 20H-5, 1:1000), mouse anti-rhodop-
sin (B6-30N) (1:200, a generous gift from W. Clay Smith), mouse
anti-PRPH2 and mouse anti-ROM-1 (1:10, a generous gift from
Dr R.S. Molday), mouse anti-PAX6 antibody (1:200, DSHB), goat
anti-BRN3B (1:200, Santa Cruz), Sheep-CHX10 (1:200, Exalpha),
mouse anti Calbindin (1:2000, Sigma), rabbit anti-Opsin R/G
(1:500, Chemicon), Rabbit-Opsin blue (1:500, Chemicon), rabbit
polyclonal anti-RPGRIP1 (1:2500, kindly provided by Dr Tiansen
Li), Rod Transducin-α anti rabbit polyclonal (Santa-Cruz, 1:100),
Fluorescence Concanavalin A (1:2000, Vector Laboratories, Burlin-
game, CA, USA). Cy3 anti-rabbit (1:500, Jackson Immunochem-
icals), Biotinylated Peanut Agglutinin (PNA,1:200, Vector
Laboratories), Fluorescein Lectin Concanavalin A (1:2000, Vector
Laboratories), rabbit polyclonal anti-GADD153 (F-168) (CHOP)
(1:10, Santa-Cruz), mouse monoclonal anti-Flag (1:200, F3165,
Sigma), Topro3 (dilution 1:2000), secondaryantibodieswere conju-
gated with Alexa fluor 488, 568 (1:500, Molecular Probes) and DAPI
staining reagent (dilution 1:8000).

DNA constructs

The entry clone encoding full-length human SPATA7 isoform 2
with 568 amino acids [NCBI Reference Sequence: NM_001040428.3
(gene); NP_001035518.1 (protein) was kindly donated by Prof.
N. Katsanis (center for Human Disease Modeling, Duke university,
Durham, NC, USA)]. For SPATA7 fragment constructs, clones encod-
ing the N-terminal amino acids 2–310 and the C-terminal amino
acids 311–568 were generated by PCR using the SPATA7 full-length
entry clone as a template. The entry clone encoding RPGRIP1 full
length was kindly provided by Prof. Gerd Walz (University of
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Freiburg, Freiburg, Germany). Different RPGRIP1 fragments were
generated by PCR using the RPGRIP1 full-length entry clone as a
template. The RPGRIP1 C2-end constructs encoding a fragment
spanning from the first C2 domain to the C-terminus of the protein
(amino acids 611–1286) were generated as previously described (36),
as was the RPGR-expressing construct containing exons 1–19 (33).
Expression constructs were created from the entry clones using
Gateway cloning procedures (Life Technologies) according to the
manufacturer’s instructions. Primers are available upon request.
The sequence of all entry clones was verified by nucleotide
sequencing.

Yeast two-hybrid assays

A GAL4-based yeast two-hybrid systemwas used for the identifi-
cation of protein interactors of SPATA7 as previously described
(67). Constructs encoding full-length or fragments of SPATA7
fused to a DNA-binding domain (GAL4-BD) were used as baits
to screen a human oligo-dT primed retinal cDNA library, contain-
ing 4.5 × 106 independent recombinant clones (1.5 × 106 inde-
pendent translated proteins) to saturation (68). The yeast strain
PJ96-4A, which carries the HIS3 (histidine), ADE2 (adenine),
MELI (α-galactosidase) and LacZ (β-galactosidase) reporter genes,
was used as a host. Interactions were analyzed by assessment of
reporter gene activation based on growth on selective media
(HIS3 and ADE2 reporter genes), α-galactosidase colorimetric
plate assays (MELI reporter gene) and β-galactosidase colorimet-
ric filter lift assays (LacZ reporter gene).

For validation of yeast two hybrid assays, plasmids encoding
DNA-binding domain (pBD vector, Gateway cloning, Life
Technologies) fused SPATA7 N-terminal fragment was co-
transformed with plasmids encoding GAL4-activation domain
(pAD vector, Gateway) fused RPGRIP1 clone 49 (identified in the
screen with retina library), in the PJ69-4 alpha yeast strain.
GAL4-AD expressing plasmid was co-transformed with either
GAL4-BD or Lamin C expressing plasmids as positive and
negative controls, respectively. Co-transformed yeast was se-
lected on media lacking leucine (-L) and tryptophan (-W) for the
presence of both pAD and pBD. Activation of reporter genes was
further detected on selection plates lacking histidine (-LWH)
and adenine (-LWHA), as well as by α-galactosidase assays and
β-galactosidase filter lift assays.

Co-immunoprecipitation

Plasmids expressing 3xHA-SPATA7was co-transfectedwith plas-
mids expressing 3xFlag-RPGRIP1 full length, 3xFlag-RPGRIP (CC),
3xFlag-RPGRIP1 (C2), 3xFlag-RPGRIP1 (RID), 3xFlag-RPGRIP1 (C2-
end), 3xFlag-lebercilin and Ntap-IQCB1 (IQ calmodulin-binding
motif-containing protein1)in HEK293T cells using Effectene (Qia-
gen), respectively. As a positive control, the previously described
interaction between RPGR and RPGRIP1 was used (33). Plasmid
expressing functionally unrelated 3xFlag-p63 (Tumor protein
63) protein was used as a negative control. Forty-eight hours
post-transfection, cells were lysed on ice in lysis buffer [50 m

Tris–HCl (pH7.5), 150 m NaCl, 1% NP-40] supplemented with
complete protease inhibitor cocktail (Roche Diagnostics). Lysates
were incubatedwith anti-HA affinitymatrix (Roche) for 2–3 h at 4°
C. After incubation, beads with bound protein complexes were
washed in ice-cold lysis buffer. Subsequently, 4xNuPAGE Sample
Buffer was added to the beads and heated for 10 min at 70°C.
Beads were precipitated by centrifugation, and supernatant was
run on NuPAGE Novex 4–12% Bis–Tris SDS–PAGE gels. The inter-
action of target proteins was assessed by immunoblotting,

followed by staining with either rabbit polyclonal α-Flag or rabbit
polyclonal α-HA as primary antibodies and goat anti-rabbit
IRDye800 as a secondary antibody. Fluorescence was analyzed
on a Li-Cor Odyssey 2.1 infrared Scanner.

GST-pull down assays

Human SPATA7 was cloned into the pDEST15 vector (Gateway
cloning system, Life Technologies). To generate GST-fusion pro-
teins, BL21-DE3 bacteria were transformed with pDEST15 con-
structs. Cells were induced with 0.5 m IPTG at 30°C for about
3 h until the culture OD600 reached 0.6–0.8 and harvested by cen-
trifugation. Subsequently, cells were lysed in STE buffer [10 m

Tris–HCl (pH8.0), 1 m EDTA, 150 m NaCl] supplemented with
10 mg/ml Lysozyme, 0.5% Sarkosyl, 1% Triton X-100 and com-
plete protease inhibitor cocktail (Roche Diagnostics). Lysates
were incubated with Glutathione Sepharose 4B beads (Amer-
sham Bioscience). After incubation, beads were washed with
STE and TBSTD (TBS with 1% Triton X-100 and 2 m DTT). The
amount of GST-fusion proteins bound to beads was verified on
a NuPAGE Novex 4%–12% Bis–Tris SDS–PAGE gel by staining
with Simply Blue Safe stain (Life Technologies). Beads with
bound GST-fusion proteins were incubated for 2 h at 4°C with ly-
sates of HEK293T cells expressing different fragments of RPGRIP1,
N-terminal tagged with 3xFlag epitope. After incubation, beads
with bound protein complexes were washed in lysis buffer
[50 m Tris–HCl (pH7.5), 150 mNaCl, 0.5% Triton X-100, freshly
supplemented with complete protease inhibitor tablet (Roche)].
Beads were then taken up in 4X NuPAGE sample buffer and
heated for 10 min at 70°C. Beads were precipitated afterward by
centrifugation. The supernatants were run on NuPAGE Novex
4%–12% Bis–Tris SDS–PAGE gels, followed by immunoblotting
and staining withmousemonoclonal α-Flag as primary antibody
(Sigma-Aldrich) and goat anti-mouse IRDye800 as a secondary
antibody. Recombinant proteins: 3xFlag-RPGRIP1 FL, 3xFlag-
PGRIP1cl.49, 3xFlag-RPGRIP1 CC, 3xFlag-RPGRIP1 C2, 3xFlag-
RPGRIP1RID, 3xFlag-RPGRIP1C2-end,Ntap-IQCB1, 3xFlag-lebercilin
and 3xFlag-p63 are detected as bands of approximately 148, 114, 75,
45, 50, 80, 56, 83 and 75 kDa, respectively, on the immunoblot. Un-
fused GST is used as negative control. Fluorescence was analyzed
on a Li-Cor Odyssey 2.1 infrared Scanner.

GST pull-down and co-immunoprecipitation from retinal
extract

For GST pull-down experiments, retinas were dissected from
fresh bovine eyes obtained from the local slaughter house or
from wild-type mice at 8 months of age. Retinas were homoge-
nated by sonication on ice for two times 30 s in extraction buffer
[10 m HEPES (pH 7.9), 10 m NaCl, 3 m MgCl2, freshly added
1 mDTT, 1 mNa3VO4], supplemented with complete protease
inhibitor cocktail (Roche Diagnostic). Retinal extracts were incu-
bated overnight at 4°C with the GST fusion proteins immobilized
on glutathione sepharose 4B beads (previously described). Sam-
ples were washed three times with extraction buffer after over-
night incubation. The beads with associated protein complexes
were processed as described earlier. Immunoblotting with
α-RPGRIP1 antibody (at 66 ng/ml, a gift from Paulo Ferrera;
panel 3, 1:5000, a gift fromTiansen Li) was performed by standard
western blotting procedures.

For co-immunoprecipitation experiments, retinas from adult
Spata7-Flag transgenic and wild-type mice were lysed in the im-
munoprecipitation buffer [20 m Tris, pH 7.5, 1 m EDTA,
150 m NaCl, 0.5% NP-40, protease inhibitor cocktail tablets
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(Roche, #11836170007)], pre-clearedwith the Protein A/G-Sephar-
ose (GEHealthcare, #17-5280-01,17-0618-01) and immunoprecipi-
tated with anti-Flag M2 affinity gel (Sigma Aldrich, #A2220). After
washes, the IP samples were eluted in Laemmli sample buffer
and subjected to SDS–PAGE. Anti-SPATA7 antibodies (Protein-
tech, #12020-1-AP) and anti-RPGRIP1 antibodies (a gift from Tian-
sen Li) were used for western blotting.

Bimolecular fluorescence complementation assay

The BiFC assaywas performed as previously described (69). Brief-
ly, constructs expressing SPATA7-CVN (the N-terminus of Venus
YFP) and RPGRIP1-CC (the C-terminus of Venus YFP) were trans-
fected into 293T cells. After 48 h, fluorescence signals generated
by the complementation between N- and C-terminal YFP as
a result of SPATA7 and RPGRIP1 interaction was visualized
using fluorescence microscopy and quantified by Fluorescence
Activated Cell Sorting (FACS). Cells expressing only SPATA7-
CVN, RPGRIP1-CC, or empty vectors were used as controls.

Additional details are provided in Supplementary material,
Materials and Methods.

Supplementary Material
Supplementary Material is available at HMG online.
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