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SUMMARY

Intracellular vesicular transport is important for
photoreceptor function and maintenance. However,
the mechanism underlying photoreceptor degenera-
tion in response to vesicular transport defects is
unknown. Here, we report that photoreceptors
undergo apoptosis in a zebrafish b-soluble N-ethyl-
maleimide-sensitive factor attachment protein
(b-SNAP) mutant. b-SNAP cooperates with N-ethyl-
maleimide-sensitive factor to recycle the SNAP
receptor (SNARE), a key component of the mem-
brane fusion machinery, by disassembling the cis-
SNARE complex generated in the vesicular fusion
process. We found that photoreceptor apoptosis in
the b-SNAP mutant was dependent on the BH3-
only protein BNip1. BNip1 functions as a component
of the syntaxin-18 SNARE complex and regulates
retrograde transport from the Golgi to the endo-
plasmic reticulum. Failure to disassemble the
syntaxin-18 cis-SNARE complex caused BNip1-
dependent apoptosis. These data suggest that the
syntaxin-18 cis-SNARE complex functions as an
alarm factor that monitors vesicular fusion compe-
tence and that BNip1 transforms vesicular fusion
defects into photoreceptor apoptosis.

INTRODUCTION

More than a hundred genes associated with inherited photore-

ceptor degeneration have been identified in humans (Kennan

et al., 2005; Pacione et al., 2003). The importance of protein

transport in photoreceptor maintenance has been suggested

by studies involving genetic mutations of the visual pigment

rhodopsin, which compromise its transport to photoreceptive

membranes along the secretory pathway (Deretic et al., 1998;

Mendes et al., 2005; Sung et al., 1991; Tam and Moritz, 2007),

and regulatory factors involved in intraflagellar transport through

the connecting cilium (Eley et al., 2005). However, the mecha-

nism underlying the link between defects in protein transport

and photoreceptor degeneration remains to be elucidated.
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Protein transport between membrane compartments along

the secretory pathway is primarily mediated by vesicles that

bud from donor compartments followed by targeting to, docking

onto, and fusion with acceptor membranes (Bonifacino and

Glick, 2004; Rothman, 1994). Three key factors, namely, N-ethyl-

maleimide-sensitive factor (NSF) (Wilson et al., 1989), soluble

NSF attachment protein (SNAP) (Clary et al., 1990), and SNAP

receptor (SNARE) (Söllner et al., 1993), are involved in the fusion

process. SNARE proteins form a superfamily and are classified

into two groups: vesicle-membrane SNAREs (v-SNAREs) and

target-membrane SNAREs (t-SNAREs) (Jahn and Scheller,

2006). Three t-SNAREs form the acceptor SNARE complex on

target membranes and subsequently interact with one v-SNARE

to trigger the docking and fusion process. The acceptor SNARE

complex and v-SNARE pair to form a cis-SNARE complex on

fused membranes. SNAP then binds to the cis-SNARE complex

and recruits NSF. NSF is a member of the AAA (ATPase associ-

ated with diverse cellular activity) protein family, and ATP hydro-

lysis by NSF disassembles the cis-SNARE complex for the

recycling of SNAREs. Combinatorial pairing between v-SNAREs

and t-SNAREs is thought to ensure compartmental specificity of

membrane fusion (McNew et al., 2000), but both NSF and SNAP

seem to function on all cis-SNARE complexes.

Three mammalian forms of SNAPs have been identified, and

these are referred to as a-SNAP, b-SNAP, and g-SNAP (Clary

et al., 1990). b-SNAP is brain specific and highly homologous

to a-SNAP (Whiteheart et al., 1993), whereas a-SNAP and

g-SNAP are widely distributed and exhibit 25% amino acid iden-

tity. In eukaryotes, a-SNAP is involved in diverse types of mem-

brane fusion events, such as anterograde transport from the

endoplasmic reticulum (ER) to the Golgi (Kaiser and Schekman,

1990; Peter et al., 1998), intracompartmental transport in the

Golgi complex (Clary and Rothman, 1990), and synaptic vesicle

exocytosis for neurotransmitter release (Babcock et al., 2004;

Burgalossi et al., 2010). b-SNAP has been reported to cooperate

with a-SNAP to promote the recycling of synaptic SNAREs (Bur-

galossi et al., 2010). However, the biological roles of b-SNAP are

not fully understood.

BNip1 was shown to be a protein that is capable of interacting

with theantiapoptotic adenovirusE1B19kDaprotein (Boydet al.,

1994). BNip1 has a Bcl2 homology domain 3 (BH3), and its over-

expression results in moderate proapoptotic activity (Nakajima

et al., 2004; YasudaandChinnadurai, 2000). BNip1 also functions

as a t-SNARE and a component of the syntaxin-18 complex,
c.
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Figure 1. Photoreceptors Undergo Apo-

ptosis in the Zebrafish coa Mutant

(A) Plastic sections of WT and coa mutant retinas

at 6 dpf. ONL is absent in the coa mutant.

(B) Zpr1 antibody labeling of 6 dpf WT and coa

mutant retinas. All nuclei are counterstained with

SYTOX Green (green). Arrowheads indicate zpr1

expression (magenta) in the CMZ of the coa

mutant.

(C) Plastic sections of CMZ of 6 dpf WT and coa

mutant retinas. White dots indicate morphologi-

cally distinct ONL in the coa mutant.

(D) Labeling of 6 dpf WT and coa mutant retinas

with anti-red, blue, UV opsins, or rhodopsin anti-

bodies (magenta); anti-green opsin antibody

(green); and zpr1 (green) antibody.

(E) Semithin sections ofWT and coamutant retinas

at 72 hpf and 7 dpf. At 72 hpf, pyknotic nuclei were

observed in the ONL in the coa mutant (arrow-

heads). At 7 dpf, ONL was absent in the coa

mutant.

INL, inner nuclear layer; IPL, inner plexiform layer;

OPL, outer plexiform layer; RGL, retinal ganglion

cell layer. Scale bars, 50 mm (A and B) and 20 mm

(C–E). See also Figure S1.
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which regulates retrograde vesicular transport from the Golgi to

the ER (Nakajima et al., 2004). The syntaxin-18 complex contains

three t-SNARE components, namely, syntaxin-18 (Hatsuzawa

et al., 2000), BNip1, and unconventional SNARE in the ER1

(Use1) (Hirose et al., 2004), and a v-SNARE, namely, Sec22b

(Aoki et al., 2008). A previous study using human cell cultures

showed that overexpression of a-SNAP inhibited the proapopto-

tic activity of BNip1 (Nakajima et al., 2004). However, the biolog-

ical significance of a-SNAP-mediated suppression of BNip1

proapoptotic activity remains to be elucidated.

In this study, we found that photoreceptors underwent

apoptosis prior to maturation in the zebrafish b-SNAP mutant,

suggesting that vesicular fusion defects induce photoreceptor

apoptosis. Photoreceptor apoptosis in zebrafish b-SNAP

mutants was dependent on BNip1. Failed disassembly of the

syntaxin-18 cis-SNARE complex activates BNip1-dependent

apoptosis. These data suggest that b-SNAP normally sup-

presses BNip1 proapoptotic activity by disassembling the

syntaxin-18 cis-SNARE complex. Because available b-SNAP

represents vesicular fusion competence, the syntaxin-18 cis-

SNARE complex functions as an alarm factor that senses vesic-

ular fusion competence, and BNip1 transforms vesicular fusion

defects into photoreceptor apoptosis. Our findings indicate a

role for BNip1 in linking vesicular fusion competence and photo-

receptor apoptosis.
Developmental Cell 25, 374–
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Photoreceptors Degenerate in the
Zebrafish coa Mutant
In a previous work (Nishiwaki et al., 2008),

we isolated the zebrafish corona (coa)

mutant, which exhibits photoreceptor

degeneration. In wild-type (WT) zebra-

fish, all retinal cell types differentiate by
6 days postfertilization (dpf). However, the outer nuclear layer

(ONL), which consists of photoreceptors, was exclusively absent

in the coamutant (Figure 1A). In WT fish, an early marker of dou-

ble-cone photoreceptors, zpr1 (Larison and Bremiller, 1990),

was expressed in the ONL at 6 dpf. However, zpr1 expression

was only detected in the ciliarymarginal zone (CMZ), a peripheral

part of the retina, in the coa mutant (Figure 1B). Because retinal

stem cells are located in the CMZ and generate retinal neurons,

this transient zpr1 expression in the CMZ suggests that photore-

ceptors start to differentiate but degenerate during their matura-

tion. Consistently, the ONL was morphologically distinct only

near the CMZ in the coa mutant at 6 dpf (Figure 1C). Although

theseONL cells expressed zpr1, protein expression of rhodopsin

and opsins was markedly reduced (Figure 1D). Next, we exam-

ined the coa mutant retina during developmental stages. In the

coa mutant, the ONL was formed at 60 hr postfertilization (hpf)

in the central retina (data not shown), but photoreceptors under-

went cell death at 72 hpf and the ONLwas completely eliminated

by 7 dpf (Figure 1E). Thus, retinal photoreceptors are initially

specified but undergo degeneration prior to their maturation in

the coa mutant.

Next, we carried out electronmicroscopy (EM) analyses. InWT

photoreceptors at 54 hpf, multistacked membrane discs called

the outer segment (OS) formed in the most apical region (Fig-

ure S1A available online), and tubular cisternae reminiscent of
387, May 28, 2013 ª2013 Elsevier Inc. 375



Figure 2. The coa Mutant Gene Encodes b-SNAP1

(A) A non-sense mutation occurs at 152Y in b-snap1 gene in the coa mutant.

(B) There are four zebrafish snap genes: two a-snap and two b-snap genes.

b-SNAP1 has 90.8% amino acid identity to b-SNAP2, whereas b-SNAP1 has

78% and 73% amino acid identity to a-SNAP1 and a-SNAP2, respectively. In

accordance with the evolution tree, zebrafish a-snap2 gene is positioned

outside the human a-snap gene. Zebrafish b-snap genes seem to be dupli-

cated after separation from human b-snap gene. sec17p is a yeast a-SNAP

homologous gene.

(C) Labeling of 84 hpf WT, coa mutant retinas, and coa mutant retinas

expressing b-SNAP1 with zpr1 antibody (green) and GFP-tagged peripherin

(magenta). Middle panels show higher magnification of the outer photore-

ceptor layer. Lower panels show the magenta channel. Scale bars, 50 mm

(upper panels) and 10 mm (middle panels).

See also Figure S2.
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the Golgi apparatus developed between the nucleus and the

mitochondria-rich region, which is called the ellipsoid (Fig-

ure S1B). However, in coa mutant photoreceptors, the OS was

mostly absent (Figure S1C) and tubular cisternae were not fully

developed (Figure S1D). At 72 hpf, these defects became more

evident (Figures S1E–S1K) and abnormally shaped nuclei were

also observed (Figure S1L). At 7 dpf, the ONL was completely

absent in the coa mutant (Figure S1M). To visualize the ER and

Golgi, we injected a mixture of RNAs encoding the ER-retention

peptide sequence fused to monomeric Kusabira Orange (ER-

mKO) and the N-terminal 100 amino acids of mannosidase fused
376 Developmental Cell 25, 374–387, May 28, 2013 ª2013 Elsevier In
to GFP (Golgi-GFP) (Insinna et al., 2010) into zebrafish eggs. In

WT photoreceptors at 60–76 hpf, ER-mKO was observed in

the region surrounding the nucleus, whereas Golgi-GFP was

observed in the region apical of the nucleus (Figure S1N). In

coa mutant photoreceptors, expression of both fusion proteins

was normal at 60 hpf. However, although ER-mKO was

detected, Golgi-GFP became faint in the coa mutant photore-

ceptors at 72–76 hpf (Figure S1N). These data suggest that the

Golgi was reduced in amount or dispersed in the coa mutant at

the initial stage of degeneration. These observations suggest

that the maintenance of intracellular membrane organelles

such as the Golgi apparatus and the OS are compromised in

the coa mutant.

The coa Mutant Gene Encodes b-SNAP
To elucidate whether the coa mutation behaves in a cell-auton-

omous manner, we carried out cell transplantation. When WT

donor cells were incorporated into the coa mutant recipient

retina, WT cells survived to express zpr1 and rhodopsin, sug-

gesting that the coa mutant gene is required for photoreceptor

maintenance cell autonomously (Figure S2A). Next, we mapped

the coamutation on zebrafish chromosomes using polymorphic

markers. The coa mutation was mapped to chromosome 20. A

polymorphic marker associated with the b-snap gene showed

no recombination in 1,120 meioses (see Supplemental Experi-

mental Procedures; Figure S2B). Furthermore, a non-sense

mutation occurred at the codon encoding Tyr-152 in the

b-snap gene in the coa mutant (Figure 2A). These data suggest

that the coa mutant gene encodes b-SNAP. In the zebrafish

genomic database, two a-snap genes and another b-snap

gene mapped to chromosomes 5, 18, and 17, respectively. In

this study, we designated the coa mutant gene as b-snap1,

another b-snap gene as b-snap2, and two a-snap genes, which

mapped to chromosomes 18 and 5, as a-snap1 and a-snap2,

respectively (Table S1; Figure 2B).

We examined whether overexpression of b-SNAP1 could

rescue photoreceptor survival and protein transport to the OS

in the coa mutant, using a zpr1 antibody to identify cone photo-

receptors and a zebrafish transgenic line expressing GFP-

tagged peripherin under the control of the Xenopus rhodopsin

promoter to monitor protein transport in rod photoreceptors

(Loewen et al., 2003). Peripherin is an integral membrane protein

located at the OS membrane rim in photoreceptors, and its

mutations are known to cause autosomal-dominant retinitis pig-

mentosa in humans (Kajiwara et al., 1993; Wells et al., 1993). In

WT zebrafish, GFP-tagged peripherin was localized in the most

apical region of rod photoreceptors, which corresponded to

the OS (Figure 2C). In the coa mutant, GFP-tagged peripherin

expression was not detected (Figure 2C). Overexpression of

b-SNAP1 rescued not only photoreceptor survival but also the

localization of GFP-tagged peripherin to the OS in the coa

mutant (Figure 2C), confirming that the coa mutant gene

encodes b-SNAP1. Next, we examined the redundancy of other

SNAPs in the rescue of coa mutant defects. b-SNAP2 was as

efficient as b-SNAP1 in rescuing the coa mutant defects,

whereas a-SNAP1 and a-SNAP2 were less efficient (Figures

S2C and S2D). Furthermore, the expression patterns of all four

snap genes were similar by the 18 somite stage (Figure S2E).

After 48 hpf, b-snap1 messenger RNA (mRNA) was expressed
c.
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in the retina, including photoreceptors, whereas b-snap2 mRNA

expression was very low in the retina. Although b-SNAP2 func-

tions similarly to b-SNAP1 in rescuing coa mutant defects, the

more prominent expression of b-snap1 in the retina after 48 hpf

may explain photoreceptor degeneration in the coa mutant.

Photoreceptor Degeneration in the coa Mutant
Is Dependent on BNip1
Mitochondria-dependent apoptosis is mediated by the activa-

tion of the proapoptotic Bcl2 family proteins Bak and Bax (Tait

and Green, 2010; Westphal et al., 2011). The antiapoptotic

Bcl2 family proteins Bcl2 and BclXL inhibit Bak/Bax-dependent

apoptosis. Two bax genes, bax1 and bax2 (Kratz et al., 2006),

and one bcl2 gene (Langenau et al., 2005) are annotated in the

zebrafish genomic database (Table S1). In contrast to the nega-

tive control egfp mRNA, overexpression of bcl2 mRNA inhibited

photoreceptor degeneration in the coa mutant (Figures 3A and

3B; Table S2). In zebrafish, bax2 mRNA is expressed at the

1,000 cell stage, but its expression level becomes low in later

stages, whereas bax1 mRNA is constantly expressed from the

1,000 cell stage until 72 hpf (Kratz et al., 2006). We injected

the coa mutant embryos with morpholinos against Bax1

(MO-Bax1) and Bax2 (MO-Bax2). Both MO-Bax1 and a mixture

of MO-Bax1 and MO-Bax2 inhibited photoreceptor degenera-

tion in the coamutant, whereas MO-Bax2 alone did not (Figures

3C and 3D), suggesting that mitochondria-dependent apoptosis

mediates photoreceptor degeneration in the coamutant through

Bax1.

BH3-only proteins modulate apoptosis by regulating the bal-

ance between antiapoptotic and proapoptotic Bcl2 family pro-

teins (Lomonosova and Chinnadurai, 2008; Tait and Green,

2010). BNip1 is a BH3-only protein that interacts with Bcl2

(Boyd et al., 1994) and functions as a t-SNARE component of

the syntaxin-18 complex, which regulates retrograde transport

from the Golgi to the ER (Nakajima et al., 2004). A previous study

suggested that overexpression of human a-SNAP suppresses

BNip1 proapoptotic activity (Nakajima et al., 2004). Because

human a-SNAP has 81% amino acid identity to zebrafish

b-SNAP1, we examined the possibility that photoreceptor

apoptosis in the coa mutant depends on BNip1. In the zebrafish

database, two BNip1 homologous genes, namely, bnip1a and

bnip1b, map to zebrafish chromosomes 14 and 21, respectively

(Table S1). Both bnip1a and bnip1b mRNAs were expressed

ubiquitously during the gastrulation stages, and predominantly

in the head, including the retina, after 24 hpf (Figure S3A). We

generated antibodies against zebrafish BNip1a and BNip1b,

which are applicable for western blotting (Figure S3B) and immu-

nohistochemistry (Figure S3C), and examined the subcellular

localization of BNip1 proteins in zebrafish retinal cells. The

expression patterns of both BNip1 proteins overlapped with

that observed for the ER marker ER-mKO at 24 and 48 hpf (Fig-

ures S3D and S3E). It was reported that the ER localization of

human BNip1 depends on its transmembrane (TM) domain

(Ryu et al., 2012). We found that subcellular localization of zebra-

fish BNip1 in the ER depends on its TM domain (Figure S3F).

Furthermore, using in vitro cultures of human cell lines and an

immunoprecipitation assay, we found that zebrafish BNip1a

and BNip1b interacted with zebrafish b-SNAP1 (Figure S3G)

and zebrafish Bcl2 (Figure S3H). These data suggest that the
Deve
cellular functions of BNip1 are conserved between zebrafish

and humans.

To elucidate whether photoreceptor apoptosis in the coa

mutant depends on BNip1, we injected morpholino antisense

oligonucleotides against BNip1a (MO-BNip1a) and BNip1b

(MO-BNip1b) into coa mutant embryos. We then examined

apoptosis and photoreceptor survival by terminal deoxynucleo-

tidyl transferase-mediated dUTP nick-end labeling (TUNEL)

and zpr1 antibody labeling, respectively. Either MO-BNip1a or

MO-BNip1b rescued photoreceptors in the coa mutant (Figures

S4A and S4B). Furthermore, injection of a mixture of both

MO-BNip1a and MO-BNip1b more effectively inhibited photore-

ceptor apoptosis in the coa mutant embryos (Figures 3E–3H),

although the difference between MO-BNip1b and the mixture

of MO-BNip1a and MO-BNip1b was small and not statistically

significant (Figure S4B). Because the MO-BNip1a and

MO-BNip1b sequences we designed had only seven mis-

matches out of a total of 25 nucleotides, we used two negative

control MOs. One was a special mismatch MO for both

BNip1a and BNip1b (mis-MO-BNip1a/b), whose sequence has

eight mismatches for MO-BNip1a and six mismatches for

MO-BNip1b. The other was a BNip1a-specific MO with five mis-

matches for MO-BNip1a (5mis-MO-BNip1a) and 11 mismatches

for MO-BNip1b. These two control MOs could not rescue photo-

receptors in the coa mutant (Figures 3E–3H, S4A, and S4B).

Furthermore, MO-BNip1a and MO-BNip1b specifically inhibited

protein translation of BNip1a and BNip1b, respectively, until

84 hpf (Figure S4C). Taken together, these data suggest that

photoreceptor apoptosis in the coa mutant depends on BNip1

activity.

Next, we examined whether MO-BNip1 rescues the transport

of OS-localized proteins such as peripherin and rhodopsin in the

coamutant. In contrast toWT fish and the coamutant expressing

b-SNAP1 (Figure 2C), expression of GFP-tagged peripherin and

rhodopsin was rescued, but these proteins did not fully accumu-

late in the apical region of photoreceptors of the coa mutant

injectedwith amixture of bothMO-BNip1a andMO-BNip1b (Fig-

ure 3I). EM analyses also revealed that MO-BNip1 could not

rescue the defects in subcellular morphologies in coa mutant

photoreceptors (Figures S4D–S4F). Taken together, these data

suggest that MO-BNip1 suppresses apoptosis but not the

defects in protein transport to the OS in coa mutant

photoreceptors.

Failed Disassembly of the Syntaxin-18 cis-SNARE
Complex Causes BNip1-Dependent Apoptosis
SNAP cooperates with NSF to catalyze disassembly of the cis-

SNARE complex in the vesicular fusion process (Jahn and Schel-

ler, 2006). BNip1 is a t-SNARE component of the syntaxin-18

complex. We hypothesized that failed disassembly of the

syntaxin-18 cis-SNARE complex increases the levels of the

complex, which subsequently activates BNip1-dependent

apoptosis. To confirm this hypothesis, we carried out three

sets of experiments. The absence of NSF inhibited the disas-

sembly of the cis-SNARE complex regardless of the presence

of b-SNAP (Figure 4A). Two NSF homologous genes, namely,

nsf-a and nsf-b, were identified in the zebrafish genome (Table

S1) (Kurrasch et al., 2009; Woods et al., 2006). First, we exam-

ined zebrafish nsf mutants. Similar to the case with the coa
lopmental Cell 25, 374–387, May 28, 2013 ª2013 Elsevier Inc. 377



Figure 3. Photoreceptor Degeneration in the coa Mutant Depends on BNip1

(A) Zpr1 labeling (green) of 84 hpf WT, coa mutants, coa mutants injected with egfp mRNA, and bcl2 mRNA. Arrowheads indicate rescued photoreceptors.

(B) Percentage of zpr1-positive areas relative to the total retinal area in the experiments shown in (A). Green and black bars indicate the mean and SD,

respectively. **p < 0.01.

(C) Zpr1 labeling (green) of 84 hpf coamutant and coamutants injected with MO-Bax1, MO-Bax2, or a mixture of MO-Bax1 and MO-Bax2. Arrowheads indicate

rescued photoreceptors.

(D) Percentage of zpr1-positive areas relative to the total retinal area in the experiments shown in (C) as well as in a coa mutant injected with the standard MO.

Green and black bars indicate the mean and SD, respectively. **p < 0.01 and *p < 0.05.

(E) TUNEL staining (green) of 84 hpf WT, coa mutant, coa mutant retinas injected with misMO-BNip1a/b, and a mixture of MO-BNip1a and MO-BNip1b.

Arrowheads indicate apoptosis in the ONL.

(F) Percentage of TUNEL-positive areas relative to the total retinal area in the experiments shown in (E). Green and black bars indicate the mean and SD,

respectively. **p < 0.01.

(G) Zpr1 labeling (green) and GFP-tagged peripherin (magenta) in 84 hpf WT, coa mutant, coa mutant retinas injected with misMO-BNip1a/b or a mixture of

MO-BNip1a and MO-BNip1b. Arrowheads indicate rescued photoreceptors. Nonspecific zpr1 signal was observed in the lens.

(H) Percentage of zpr1-positive areas relative to the total retinal area in the experiments shown in (G). Green and black bars indicate the mean and SD,

respectively. **p < 0.01.
(legend continued on next page)
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mutant, severe apoptosis was observed in photoreceptors of

zebrafish nsf-a mutants at 72 hpf (Figures 4B and 4C). On the

other hand, photoreceptors were maintained until 5 dpf in the

nsf-b mutant, although the nsf-b mutant embryos showed

abnormal morphologies at 48 hpf (data not shown). Thus, we

focused on the nsf-a mutant and examined whether photore-

ceptor apoptosis in the nsf-a mutant was dependent on BNip1.

Injection of a mixture of MO-BNip1a and MO-BNip1b inhibited

photoreceptor apoptosis in nsf-a mutants (Figures 4B–4E), sug-

gesting that the blockade of NSF induces BNip1-dependent

photoreceptor apoptosis.

Second, we examined whether the knockdown of other com-

ponents of the syntaxin-18 SNARE complex inhibits photore-

ceptor apoptosis in the coa mutant. In zebrafish, syntaxin-18

and use1 genes are annotated as t-SNAREs, and two Sec22b

homolog genes, namely, sec22ba and sec22bb, are annotated

as v-SNAREs of the sytaxin-18 complex (Table S1). Sly1 is a

Sec1/Munc18 (SM) family protein that regulates the docking

and fusion processes of transport vesicles (Carr and Rizo,

2010). Zebrafish sly1 gene was annotated in the zebrafish

genomic database (Table S1). In our model (Figure 4A), knock-

down of syntaxin-18 or Use1 inhibits the formation of the

syntaxin-18 acceptor SNARE complex, and knockdown of

Sec22b and Sly1 inhibits the docking of transport vesicles. It is

predicted, then, that both cases would compromise the forma-

tion of the syntaxin-18 cis-SNARE complex. Injection of morpho-

linos against syntaxin-18, Use1, Sec22ba, or Sly1 rescued

photoreceptors in the coa mutant (Figures 4F and 4G), whereas

these morpholinos at the same concentration did not affect

photoreceptor maintenance in WT (data not shown). Further-

more, injection of either their 5mis-MOs or morpholino against

syntaxin 5a-like (MO-Stx5al), a zebrafish homolog of syntaxin 5

that functions in anterograde transport from the ER to Golgi

(Jahn and Scheller, 2006), failed to rescue photoreceptors in

the coa mutant (Figures 4F and 4G). These data suggest that

the blockade of formation of the syntaxin-18 cis-SNARE com-

plex inhibits BNip1-mediated apoptosis even in the absence of

b-SNAP activity.

Third, we examined the level of the syntaxin-18 cis-SNARE

complex. In a previous study (Fasshauer et al., 2002), it was

reported that the cis-SNARE complex of the synapse SNARE

was stably detected by western blotting of protein extract sub-

jected to heat treatment at <85�C, but dissociated following

heat treatment at 100�C. We confirmed that this method suc-

cessfully detected the cis-SNARE complex of the synapse

SNARE in zebrafish (see Supplemental Experimental Proce-

dures; Figures S5A and S5B). This western blotting method

using the anti-BNip1a and anti-BNip1b antibodies in the long-

exposure condition revealed that two bands corresponding to

150 and 100 kDa were detected following heat treatment at

70�C, but disappeared following heat treatment at 100�C (Fig-

ure S5C; data not shown). Similar to the case with the coa

mutant, photoreceptors underwent apoptosis in the nsf-a

mutant, suggesting that the syntaxin-18 cis-SNARE complex is
(I) Zpr1 labeling (green) and GFP-tagged peripherin or rhodopsin (magenta) in the

MO-BNip1b. Lower panels show the magenta channel. Arrowheads indicate the

The numbers of retinal sections used in the experiments shown in (B), (D), (F), and

and G) and 10 mm (I). See also Figures S3 and S4.

Deve
a substrate of NSF-a. Next, we examined whether both 150

and 100 kDa bands are related to the syntaxin-18 cis-SNARE

complex, in which case their levels would increase in parallel

with the reduction in NSF-a activity. Indeed, western blotting

using anti-BNip1b antibody revealed that the levels of both

bands were increased in 2 dpf nsf-amorphant embryos (Figures

S5C–S5E). Their levels in the nsf-a morphant were decreased

by morpholino-mediated knockdown of Sec22ba (Figures

S5C–S5E), syntaxin-18 (Figures S5F and S5G), Use1 (Figures

S5H and S5I), and BNip1b (Figures S5J and S5K), suggesting

that both bands are associated with syntaxin-18, BNip1b,

Use1, and Sec22ba. Furthermore, using anti-sec22L1 antibody,

which recognizes zebrafish Sec22ba (Figure S4C), we obtained

similar results fromwestern blotting of 2 dpfWT, nsf-amorphant,

and nsf-a and sec22ba double-morphant embryos (Figures S5L

and S5M). These data indicated that both 150 and 100 kDa

bands are accumulated in association with the reduction of

NSF activity, and that this accumulation depends on syntaxin-18

SNARE component activities. Since the total molecular weight

of the syntaxin-18 SNARE complex is estimated to be

117.1 kDa (syntaxin-18, 36.3 kDa; BNip1b, 26.5 kDa; Use1,

29.9 kDa; Sec22ba, 24.4 kDa), we consider it likely that the

100-kDa band contains the syntaxin-18 cis-SNARE complex.

Taken together, these data suggest that failed disassembly of

the syntaxin-18 cis-SNARE complex causes BNip1-mediated

apoptosis in zebrafish photoreceptors.

Concurrent Expression of Syntaxin-18 SNARE
Components Induces Bax-Dependent Apoptosis
in a BNip1-BH3-Domain-Dependent Manner
Previous studies have demonstrated that overexpression of

BNip1 results in moderate proapoptotic activity that is less effi-

cient than other proapoptotic Bcl2 proteins (Nakajima et al.,

2004; Yasuda and Chinnadurai, 2000). This is consistent with

the idea that BNip1 proapoptotic activity is activated through

the formation of the syntaxin-18 cis-SNARE complex. To confirm

this, we examined whether concurrent expression of other syn-

taxin-18 SNARE components facilitates BNip1 proapoptotic

activity. We injected an mRNA mixture of all four syntaxin-18

SNARE components into zebrafish eggs and examined their

effects on apoptosis during the early stages of development.

Embryos injected with an mRNA mixture of all four syntaxin-18

SNARE components showed an increase in the number of

apoptotic cells positive for activated caspase 3 (Figure 5A) and

TUNEL (data not shown) at 7 hpf, resulting in embryonic death

and morphological defects at 8 hpf (Figures 5B–5D). In contrast,

apoptosis and morphological abnormalities decreased in

embryos injected with an mRNA mixture of three syntaxin-18

SNARE components lacking bnip1b (Figures 5A–5D),

syntaxin-18, use1, or sec22ba (Figures S6A–S6C), or two

mRNA combinations of bnip1b with syntaxin18, use1, or

sec22ba (Figures S6B and S6C; data not shown). We also

examined whether coexpression of b-SNAP1 could prevent

syntaxin-18 SNARE-induced apoptosis. In contrast to the
photoreceptor cell layer in WT and coamutants injected with MO-BNip1a and

failure of transport to the OS.

(H) and p values for the t test are shown in Table S2. Scale bars, 50 mm (A, C, E,
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Figure 4. The Syntaxin-18 cis-SNARE Complex Is Required for BNip1-Dependent Apoptosis

(A) Molecular mechanism underlying vesicular fusion to the ER. Interactions among syntaxin-18 (green), BNip1 (blue), Use1 (yellow), and Sec22b (red) initiate the

fusion of transport vesicles to the ER membrane. Three accessory proteins, Zw10, NAG, and RINT1, play a role in the tethering of transport vesicles. After

membrane fusion occurs, b-SNAP binds to the cis-SNARE complex and recruits NSF. NSF promotes disassembly of the cis-SNARE complex. In the absence of

b-SNAP or NSF activity, the syntaxin-18 cis-SNARE complex accumulates. MOs against syntaxin-18, Use1, Sec22b, and Sly1 inhibit the formation of the

syntaxin-18 cis-SNARE complex, even in the absence of b-SNAP or NSF activity.

(B) TUNEL staining (magenta) of 72 hpfWT, nsf-amutant, and nsf-amutant retinas injected with misMO-BNip1a/b, and amixture of MO-BNip1a andMO-BNip1b.

Nuclei were counterstained with SYTOX Green (green). Arrowheads indicate apoptosis in the ONL.

(C) Zpr1 labeling (green) of 84 hpf WT, nsf-a mutant, nsf-a mutant retinas injected with misMO-BNip1a/b, and a mixture of MO-BNip1a and MO-BNip1b.

Arrowheads indicate rescued photoreceptors.

(D and E) Percentage of TUNEL-positive (D) and zpr1-positive areas (E) relative to the total retinal area in the experiments shown in (B) and (C), respectively. Green

and black bars indicate the means and SDs, respectively. **p < 0.01.

(F) Zpr1 labeling (green) of coamutant and coamutants injected with MO-syntaxin-18, MO-Use1, MO-Sec22ba, MO-Sly1, their 5misMOs, and MO-syntaxin 5al.

Arrowheads indicate rescued photoreceptors.
(legend continued on next page)
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negative control (egfp mRNA), coexpression of b-snap1 mRNA

inhibited syntaxin-18 SNARE-induced apoptosis (Figures

S6D–S6F). Thus, these data indicate that the concurrent expres-

sion of all four syntaxin-18 SNARE components induces

apoptosis in conflict with b-SNAP1 activity.

Next, we examined whether syntaxin-18 SNARE-induced

apoptosis is dependent on BNip1 proapoptotic activity. It was

previously reported that BNip1 binds to Bcl2 and Bcl-XL through

its BH3 domain, which may liberate Bax (Yasuda and Chinna-

durai, 2000; Zhang et al., 1999). Leu-114 of the BNip1-BH3

domain corresponds to the most conserved residue in the core

BH3 domain, which is important for the interaction of the BH3

domain with Bcl2 family proteins (Lomonosova and Chinnadurai,

2008). Indeed, the missense mutation of Leu-114 to Ala reduces

the proapoptotic activity of BNip1 in humans (Nakajima et al.,

2004). The replacement of WT BNip1b with BNip1b carrying

the L114A mutation (BNip1b(L114A)) did not affect the protein

expression level (Figure S6G), but it did reduce syntaxin-18

SNARE-mediated apoptosis (Figures 5A–5D). Furthermore, a

mixture of MO-Bax1 and MO-Bax2 inhibited syntaxin-18

SNARE-mediated apoptosis (Figures 5A–5D). MO-Bax2

inhibited apoptosis to a level similar to what was observed with

a mixture of MO-Bax1 and MO-Bax2, whereas MO-Bax1

inhibited it less efficiently. Because bax2 mRNA is expressed

mainly in the early stage (Kratz et al., 2006), Bax2 predominantly

mediates apoptosis at 7 hpf. Taken together, these data suggest

that concurrent expression of all syntaxin-18 SNARE compo-

nents induces Bax-dependent apoptosis in a BNip1-BH3

domain-dependent manner.

Next, we examined whether concurrent expression of the syn-

taxin-18 SNARE components would induce apoptosis in zebra-

fish retinal neurons. We injected WT eggs with a mixture

of five DNA constructs, encoding syntaxin-18, BNip1b, Use1,

Sec22ba, and EGFP, under the control of the retinal enhancer

of the atoh7 gene (Masai et al., 2003). This atoh7 enhancer drives

expression in all differentiating retinal neurons (Poggi et al., 2005)

as well as anterior commissural (AC) and olfactory neurons. We

selected embryos that highly expressed GFP in the retina, and

performed TUNEL staining in 48 and 72 hpf retinas. Apoptosis

occurred specifically in GFP-labeled retinal neurons as well as

in AC and olfactory neurons (Figure 5E). Their apoptotic levels

were consistent with our estimation of concurrent expression

(see Supplemental Experimental Procedures; Figures S6H and

S6I; Table S3). On the other hand, such apoptosis was not

observed in retinal neurons expressing only EGFP (Figures 5E

and 5F). These data suggest that concurrent expression of all

syntaxin-18 SNARE components induces apoptosis in differen-

tiating retinal neurons in zebrafish.

The N-Terminal Coiled-Coil Domain Suppresses BNip1
Proapoptotic Activity
Although concurrent expression of all syntaxin-18 SNARE com-

ponents effectively induces apoptosis, expression of bnip1b

mRNA alone did not induce apoptosis (Figure 6). This suggests
(G) Percentage of zpr1-positive area relative to the total retinal area in the exp

respectively (**p < 0.01).

The numbers of retinal sections used in the experiments shown in (D), (E), and (G

Figure S5.
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that BNip1’s proapoptotic activity is absent when BNip1 does

not form the cis-SNARE complex. BNip1 consists of a coiled-

coil domain, the BH3 domain, a SNARE domain, and a TM

domain (Figure 6A). To examine whether BNip1 proapoptotic

activity is modulated by these domains, we focused on BNip1b

and made expression DNA constructs of three deletion mutants:

BNip1b-DTM, BNip1b-DSNARE, and BNip1b-Dcc. These

mutants lack the TM domain, both the SNARE and TM domains,

and both the coiled-coil and TM domains, respectively (Fig-

ure 6A). Because the BNip1 TM domain is required for ER local-

ization (Figure S3F), deletion of the TM domain is thought to

minimize the interaction between modified BNip1 proteins and

other syntaxin-18 SNARE components in the ER. All of these

deletion proteins were expressed at 7 hpf (Figure S7A), and their

subcellular localizations were ubiquitous (Figure S7B). Injection

of mRNA encoding BNip1b-DTM into zebrafish eggs induced

apoptosis and morphological defects very mildly (Figures

6B–6D). Injection of mRNA encoding BNip1b-DSNARE did not

induce apoptosis or morphological defects (Figures 6B–6D).

On the other hand, injection of mRNA encoding BNip1b-Dcc

induced apoptosis and embryonic death much more severely

compared with BNip1b-DTM (Figures 6B–6D), suggesting that

deletion of the coiled-coil domain enhanced apoptosis caused

by BNip1bDTM.

Next, we examined whether BNip1b-Dcc-mediated apoptosis

depends on Bax and the BNip1-BH3 domain. Coinjection of

MO-Bax2 inhibited BNip1-Dcc-mediated apoptosis, whereas

MO-Bax1 inhibited it less effectively (Figures S7C–S7E). Further-

more, the amino acid substitution L114A in the BH3 domain or

deletion of the BH3 domain reduced BNip1b-Dcc-mediated

apoptosis, although the difference between BNip1b-Dcc and

BNip1b-Dcc(L114A) was not statistically significant (Figures

6B–6D). These data suggest that, similarly to syntaxin-18

SNARE-mediated apoptosis, BNip1b-Dcc induces Bax2-de-

pendent apoptosis in a BNip1-BH3-dependent manner. Taken

together, these data suggest that deletion of the coiled-coil

domain of BNip1b induces Bax-dependent apoptosis in a BH3

domain-dependent manner.

DISCUSSION

In this study, we showed that b-snap1 mutation causes BNip1-

dependent apoptosis in zebrafish coa mutant photoreceptors.

BNip1 is a t-SNARE component of the syntaxin-18 complex.

We showed that the failed disassembly of the syntaxin-18 cis-

SNARE complex is responsible for BNip1-dependent apoptosis.

In this context, the syntaxin-18 cis-SNARE complex is an indica-

tor of vesicular fusion defects, and BNip1 transforms vesicular

fusion defects into apoptosis. It is likely that vesicular fusion

defects caused by b-snap1 mutation compromise the recycling

of SNAREs and eventually arrest intracellular vesicular transport.

It was previously reported that a failure in the transport of

rhodopsin to the OS is associated with photoreceptor degener-

ation (Mendes et al., 2005). In coa mutant photoreceptors, the
eriments shown in (F). Green and black bars indicate the means and SDs,

) and p values for the t test are shown in Table S2. Scale bars, 50 mm. See also
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Figure 5. Concurrent Expression of Syntaxin-18 SNARE Components Induces Bax-Dependent Apoptosis in a BNip1-BH3 Domain-

Dependent Manner

(A) Antiactivated caspase 3 antibody labeling of 7 hpf embryos injected with different RNA combinations of syntaxin-18 SNARE components: noninjection,

syntaxin-18 SNARE mixture, syntaxin-18 SNARE mixture lacking BNip1b, syntaxin-18 SNARE mixture replaced with BNip1b (L114A), and syntaxin-18 SNARE

(legend continued on next page)
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knockdown of BNip1 rescued photoreceptors but failed to

recover transport of rhodopsin to the OS. These data suggest

that rhodopsin transport defects are not a primary cause of the

photoreceptor degeneration in the coa mutant, and that a

BNip1-dependent apoptotic pathway is activated in response

to vesicular fusion defects prior to the photoreceptor degenera-

tion caused by rhodopsin transport defects.

Our findings suggest that the level of syntaxin-18 cis-SNARE

complex on the ER is critical for the decision as to whether pho-

toreceptors will survive or undergo apoptosis. Defects in

budding of transport vesicles or their docking to target mem-

branes lead to a failure to initiate vesicular fusion, resulting in

reduced cis-SNARE complex formation. Thus, it appears that

cis-SNARE complexes are not accumulated when vesicular

fusion fails to be initiated. Rather, cis-SNARE complexes are

accumulated only when vesicular-fusion-mediated SNARE

assembly is higher than SNAP/NSF-mediated SNARE disas-

sembly. However, it is expected that the defects in SNAP/

NSF-mediated SNARE disassembly reduce the recycling of

SNAREs, which in turn inhibits new vesicular fusion and subse-

quent cis-SNARE complex formation. Thus, the balance

between assembly and disassembly of SNAREs may be auto-

matically maintained by this SNARE recycling system. Why is

the syntaxin-18-mediated apoptotic pathway necessary, espe-

cially in photoreceptors? In the coa mutant, photoreceptor

apoptosis occurredmostly in the period from 48 to 84 hpf. During

this period, large amounts of photoreceptive proteins and mem-

brane components are transported from the ER to theOS, result-

ing in very active vesicular transport. Because SNAP functions

as a noncatalytic adaptor between all cis-SNARE complexes

and NSF, excessive activation of vesicular transport is likely to

increase the frequency of vesicular fusion events, resulting in

the consumption of all available SNAP. It is possible that the con-

ventional SNARE recycling system is unable to ensure such

active vesicular transport, and that the syntaxin-18 cis-SNARE

complex is necessary as an additional vesicular transport qual-

ity-control step for monitoring the availability of SNAP during

photoreceptor differentiation. Because the available amounts

of SNAP represent vesicular fusion competence, the syntaxin-18

cis-SNARE complex may sense vesicular fusion competence on

the ER membrane during photoreceptor differentiation.

Among all the members of the diverse SNARE protein family,

BNip1 is the only SNARE that harbors the BH3 domain. Why is

the syntaxin-18 cis-SNARE complex selected as the sensor of
mixture plus a mixture of MO-Bax1 and MO-Bax2. Cells with active caspase 3

syntaxin-18 SNARE components.

(B) Top panels indicate 8 hpf embryos injected with the same RNA combination

defects of 8-hpf-injected embryos as embryonic cell death (class I), blown-up bla

(class III), and normal morphology (class IV).

(C) Percentages of 8 hpf embryos classified as classes I–IV in the injection expe

SNARE mixture plus either MO-Bax1 or MO-Bax2.

(D) Percentage of class I/II embryos. Green and black bars indicate the mean and

shown in Table S2. *p < 0.05, **p < 0.01.

(E) TUNEL staining of WT embryos expressing a mixture of all syntaxin-18 SNAR

enhancer. In embryos expressing a mixture of all syntaxin-18 SNARE component

(green) retinal region, especially retinal ganglion cells (RGC; arrowheads), and an

(F) The density of apoptotic cells (number/100 mm2) in retinas injected with DNA c

only EGFP. The number of examined retinas was n = 4 for each. Green and blac

Scale bars, 200 mm (A), 600 mm (B), and 50 mm (E). See also Figure S6.
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vesicular fusion competence? The syntaxin-18 SNARE complex

regulates retrograde transport from the Golgi to the ER. Because

retrograde transport retrieves ER-resident proteins that have

escaped the ER by anterograde transport, the level of retrograde

transport may be in proportion to that of anterograde transport. If

this is the case, the amount of the syntaxin-18 cis-SNARE com-

plex on the ER membrane could be an indicator of excessive

activation of anterograde transport. The blockade of antero-

grade transport from the ER to the Golgi causes abnormal

accumulation of newly synthesized proteins in the ER, which

subsequently activates the ER-stress response. In this context,

the syntaxin-18 cis-SNARE complex and the ER-stress

response cooperatively determine the upper and lower limits of

the adequate range of vesicular fusion frequency.

The next important question is, how does formation of the

syntaxin-18 cis-SNARE complex activate BNip1 proapoptotic

activity? In this study, we showed that concurrent expression

of all syntaxin-18 SNARE components induced Bax-dependent

apoptosis in a BNip1-BH3 domain-dependent manner. Interest-

ingly, expression of BNip1 alone did not induce apoptosis,

suggesting that BNip1 proapoptotic activity is absent in the

non-cis-SNARE state. We found that deletion of the coiled-coil

domain enhanced BNip1 proapoptotic activity. It has consis-

tently been reported that deletion of the N-terminal coiled-coil

domain increases the binding between BNip1 and BclXL in

humans (Yasuda and Chinnadurai, 2000). BNip1 interacts with

Bcl2 and BclXL through its BH3 domain (Yasuda and Chinna-

durai, 2000; Zhang et al., 1999), which may liberate Bak/Bax.

Alternatively, BNip1 may directly activate Bax through its BH3

domain, although the binding affinity of BNip1 for Bax is much

lower than that of BNip1 for Bcl2/Bcl-XL (Zhang et al., 1999).

We showed that zebrafish BNip1a/b interact physically with

zebrafish Bcl2, and that BNip1b-Dcc-mediated apoptosis

depends on Bax and the BNip1 BH3 domain. One possible

model is that the coiled-coil domain directly or indirectly reduces

the affinity between the BH3 domain and Bcl2, and that

syntaxin-18 cis-SNARE complex formation triggers a conforma-

tional change in BNip1, which enables the BH3 domain to

interact with Bcl2 (Figure 7). In this context, BNip1 proapoptotic

activity is inhibited by two distinctmechanisms depending on the

BNip1 state. In the monomer state or the SNARE acceptor

complex state, the coiled-coil domain suppresses BNip1 proap-

optotic activity. In the cis-SNARE complex state, SNAP/NSF-

mediated disassembly of the cis-SNARE complex suppresses
were increased only in embryos injected with a mixture of mRNAs for all four

s shown in (A). The bottom panel shows a classification of the morphological

stoderm during gastrulation (class II), nonuniform thickness of the blastoderm

riments shown in (B) as well as the injection experiments for the syntaxin-18

SD, respectively. The numbers of injection experiments and t test p values are

E components and EGFP or only EGFP under the control of the atoh7 retinal

s and EGFP, TUNEL-positive cells (magenta) are observed in the GFP-positive

terior commissural (AC, arrowheads) and olfactory (olf, arrow) neurons.

onstructs encoding a mixture of syntaxin-18 SNARE components and EGFP or

k bars indicate the mean and SD; **p < 0.01.
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Figure 6. The N-Terminal Coiled-Coil Domain Suppresses BNip1 Proapoptotic Activity

(A) BNip1b has four distinct domains: a coiled-coil domain, a BH3 domain, a SNARE domain, and a TM domain. Configuration of deletion constructs

(BNip1b-DTM, BNip1b-DSNARE, BNip1b-Dcc, BNip1b-Dcc-BH3(L114A), and BNip1b-Dcc-DBH3).

(B) Activation of caspase 3 at 7 hpf (upper rows) and morphologies at 8 hpf (lower rows) in embryos injected with mRNA encoding BNip1b, BNip1b-DTM,

BNip1b-DSNARE, BNip1b-Dcc, and BNip1b-Dcc-DBH3. Severe embryonic death and morphological defects are observed only in BNip1Dcc-expressing

embryos.

(C) Percentages of 8 hpf embryos classified as classes I–IV in the injection experiments shown in (B) (lower panels), as well as BNip1b-Dcc-BH3(L114A).

(D) Percentage of class I/II embryos. Green and black bars indicate themeans and SDs, respectively. The numbers of injection experiments and t test p values are

shown in Table S2. **p < 0.01.

Scale bars, 200 mm (B, upper panels) and 600 mm (B, lower panels). See also Figure S7.
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BNip1 proapoptotic activity. The latter mechanism is linked to

sensing of vesicular fusion competence.

In summary, we have identified a surveillance mechanism for

monitoring vesicular fusion competence in photoreceptors. In
384 Developmental Cell 25, 374–387, May 28, 2013 ª2013 Elsevier In
the future, it will be important to elucidate signaling pathways

downstream of BNip1 activation on the ER, for example, to

determine whether BNip1 interacts with Bcl2/BclXL on the ER

membrane, and how sequestering of Bcl2/BclXL by BNip1 on
c.



Figure 7. Possible Mechanism Underlying

BNip1-Dependent Apoptosis

BNip1 proapoptotic activity depends on the BH3

domain, but is normally inactivated by the

N-terminal coiled-coil domain. Fusion of retro-

grade transport vesicles to the ER membrane

results in the formation of the syntaxin-18 cis-

SNARE complex, which enables the BH3 domain

to interact with Bcl2. The interaction of BNip1 with

Bcl2 may release Bax, or BNip1 may directly

activate Bax to promote apoptosis. b-SNAP1

inhibits BNip1-dependent apoptosis by dis-

assembling the syntaxin-18 cis-SNARE complex.

Developmental Cell

Roles of BNip1 in Photoreceptor Apoptosis
the ER promotes apoptosis. Furthermore, many hereditary

retinal diseases that cause photoreceptor degeneration have

been identified in humans. It will be interesting to examine which

hereditary retinal diseases are linked to dysfunction of SNAP/

NSF and BNip1-dependent photoreceptor degeneration. In

such cases, the development of innovative drugs that can inhibit

BNip1 may contribute to the establishment of therapies for

human patients.

EXPERIMENTAL PROCEDURES

Fish Strain

Zebrafish (Danio rerio) were maintained according to standard procedures

(Westerfield, 1995). The WT and mutant strains used in this study are

described in the Supplemental Experimental Procedures.

Histology

Antibody labeling, in situ hybridization, cryosectioning, plastic sectioning, and

cell transplantation were performed as described previously (Masai et al.,

2003). The antibodies we used in this study were zpr1 (1:100; Oregon Mono-

clonal Bank) and anti-zebrafish rhodopsin, red opsin, green opsin, blue opsin,

and UV opsin (1:50–500; Vihtelic et al., 1999). Labeling with SYTOX Green

(Molecular Probes; 50–100 nM)was carried out as previously described (Masai

et al., 2003). TUNEL and EM analyses were carried out as previously described

(Nishiwaki et al., 2008).

Microinjection of DNA, RNA, and Morpholinos into Zebrafish

Embryos

Details regarding the procedures used for DNA construction and microin-

jection are described in the Supplemental Experimental Procedures. Microin-

jection of morpholino antisense oligos was carried out as described in the

Supplemental Experimental Procedures.

Selection of coa and nsf Mutant Embryos

Although nsf-a homozygousmutants showed excessive expansion of melano-

phore pigmentation at 4 dpf, both coa and nsf-a homozygousmutant embryos

were indistinguishable from their WT siblings in terms of external morphology

until 3 dpf. Thus, in all of the experiments in this study, both coa and nsf-a

homozygous mutant embryos were selected by genotyping. Because nsf-b

homozygous mutants display defects in external morphology and less-devel-

oped melanophores after 2 dpf, nsf-b homozygous mutant embryos were

selected based on thesemorphological defects. To select transgenic embryos
Developmental Cell 25, 374–
carrying GFP-tagged peripherin under the control

of the Xenopus rhodopsin promoter, embryos

were incubated with phenylthiourea at a final con-

centration of 0.003% (w/v) to prevent retinal

pigmentation. For genotyping, embryos were

generated by pairwise crosses of heterozygous

mutant fish and fixed in 4% (w/v) paraformalde-

hyde (PFA) at the appropriate stages. Heads and
bodies were separated. Genomic DNA was prepared from individual bodies

and their genotypes were determined by PCR using specific polymorphic

markers. Heads of WT and homozygous mutants were used for further histo-

logical, western blotting, and biochemical experiments.

Expression of Syntaxin-18 SNARE Components

Full-length syntaxin-18, bnip1b, use1, and sec22ba complementary DNAs

(cDNAs) were subcloned into the pCS2 vector and used to generate mRNAs

by in vitro transcription reactions. An mRNA mixture of different SNARE com-

binations (50 mg/mL each) was injected into zebrafish eggs. b-snap1 and egfp

mRNAs were used at 200 mg/mL for coinjection with syntaxin-18 SNARE

mRNAs. cDNAs for the BNip1b deletion mutants BNip1b-DTM, BNip1b-

DSNARE, BNip1b-Dcc, and BNip1b-Dcc-DBH3 were amplified by PCR using

specific primers and subcloned into the pCS2 vector. mRNAs for these

BNip1b deletion mutants (800 mg/mL) were injected into zebrafish eggs.

Embryos injected at 7 hpf were fixed with 4% (w/v) PFA and used for labeling

with antiactivated caspase 3 antibody as previously described (Kratz et al.,

2006). For expression of syntaxin-18 SNARE components in retinal cells, we

made five DNA constructs encoding syntaxin-18, BNip1b, Use1, Sec22ba,

and EGFP under the control of the atoh7 retinal enhancer. A mixture of these

five DNA constructs (final concentrations: 15 mg/mL for egfp, and 2.5 mg/mL

each for syntaxin-18, bnip1b, use1, and sec22ba) was injected into zebrafish

WT eggs, and embryos that showed a high level of GFP expression in the retina

were fixed with PFA at 48 and 72 hpf and used for TUNEL staining. As a nega-

tive control, the DNA construct encoding EGFP under the control of the atoh7

enhancer was used at 15 mg/mL. Estimation of concurrent expression of the

five DNA constructs is described in the Supplemental Experimental

Procedures.

Expression of Golgi-GFP, ER-mKO, and GFP-Tagged BNip1b

Deletion Mutant Proteins

For construction of Golgi-GFP, the DNA fragment encoding the N-terminal 100

amino acids of mannosidase2A was amplified by PCR and fused to GFP.

ER-mKO was originally derived from the ER-targeted peptide sequence

from calreticulin. A DNA fragment encoding ER-mKO was taken from the

plasmid pER-mKO1 (Medical & Biological Laboratories) and subcloned into

the pCS2 expression vector. DNA fragments encoding zebrafish BNip1b,

BNip1b-DTM, BNip1b-Dcc, and BNip1b-DSNARE were fused to the 30 end
of a DNA encoding EGFP in flame, and subcloned into the pCS2 expression

vector. The mRNAs encoding Golgi-GFP, ER-mKO, and GFP-tagged deletion

mutant BNip1b were synthesized in vitro using the mMESSAGE mMACHINE

kit (Ambion). Golgi-GFP and ER-mKO mRNAs were injected into zebrafish

eggs at 100 and 200 mg/mL, respectively. At 60 and 72 hpf, the retinas of these
387, May 28, 2013 ª2013 Elsevier Inc. 385
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injected embryos were scanned using an LSM510 confocal microscope (Carl

Zeiss). GFP-tagged deletion mutant BNip1b mRNAs were injected into zebra-

fish eggs at 200 mg/mL, and scanned at 7 and 24 hpf using an LSM510

confocal microscope.

Western Blotting

Embryonic heads or adult brain tissues were dissected and used for

western blotting as described previously (Tolar and Pallanck, 1998).

Antibodies against the peptide sequence of zebrafish BNip1a (amino

acids 111–125: KEDLLNSEDMSVRHR) and BNip1b (amino acids 111–124:

KDELLQGGDAVRQR) were generated using synthetic peptides and used for

western blotting at 1:500–1:1,000. Anti-GFP antibody (MBL), anti-syntaxin 1

antibody (ab39986; Abcam), anti-SNAP25 (ab41455; Abcam), and anti-

Sec22L1 antibody (ab68835; Abcam) were used at 1:5,000, 1:20,000, 1:770,

and 1:500, respectively. Signals were developed using ImmunoStar LD

(Wako). Luminescence was quantified using a Fuji LAS-4000mini image

analyzer (Fuji Film). The syntaxin-18 cis-SNARE complex was detected as

described in the Supplemental Experimental Procedures.

Calculation of the Percentage of TUNEL- and zpr1-Positive Areas

Relative to the Total Retinal Area

Cryosections labeled with TUNEL or zpr1 antibody were scanned under a

laser-scanning microscope (LSM510; Carl Zeiss). The percentage of TUNEL-

or zpr1-positive areas relative to the total retinal area was determined using a

one-section image containing the central retina per eye. The means and

standard deviations were calculated from data obtained for two to ten

sections from more than two embryos. The numbers of sections used and

the results of a Student’s t test are shown in Table S2. Using ImageJ

software (NIH), we converted TUNEL- or zpr1-positive and -negative areas

to a binary scale with two digits (1 and 0, respectively). The number of pixels

corresponding to 1 or 0 within the neural retina was determined. The

percentage of TUNEL- or zpr1-positive areas relative to the total retinal

area was calculated as the percentage of 1 pixels relative to the number of

0+1 pixels.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.devcel.2013.04.015.
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