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Comprehensive study of SNAREs
involved in the post-Golgi
transport in Drosophila
photoreceptors

Yuka Ochi', Hitomi Yamashita', Shogo Sasaki’, Takumi Ogawa,
Yumi Yamada, Tatsuya Tago, Takunori Satoh** and
Akiko K. Satoh**

Program of Life and Environmental Science, Graduate School of Integral Science for Life, Hiroshima
University, Hiroshima, Japan

Polarized transport is essential for the construction of multiple plasma membrane
domains within cells. Drosophila photoreceptors serve as excellent model
systems for studying the mechanisms of polarized transport. We conducted a
comprehensive soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) screening of the fly genome using RNAi knockdown and
CRISPR/Cas9 somatic knockout combined with the CoinFLP system to
identify SNAREs involved in post-Golgi trafficking. The results suggest that in
post-Golgi transport, no SNARE is exclusively responsible for transport to a single
specific plasma membrane domain. However, each SNARE shows some
preference for certain membrane domains: the loss of nSyb, Ykt6, and
Snap24/25 results in severe defects in rhabdomere transport, while the loss of
Syx1A and Snap29 leads to significant impairments in basolateral transport.
Together with the function of Syx1A, Snap25, and nSyb in the fusion of
synaptic vesicles with the synaptic plasma membrane, these results suggest
that SNAREs are not the sole determinants for vesicles to specify their target
subdomains in the plasma membrane. Furthermore, rhodopsin transport to the
rhabdomere requires two kinds of R-SNAREs, Ykt6 and nSyb, suggesting that
multiple sets of post-Golgi SNAREs contribute in tandem or in cooperation, rather
than in parallel.
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1 Introduction

Many in situ cells, such as epithelial cells and neurons, show polarity and have more
than two types of well-differentiated plasma membrane domains. Epithelial cells develop
apical membranes for absorption or secretion and basolateral membranes for cell viability.
Neurons contain dendrites for receiving signals and axons for transmitting signals to
subsequent cells. These specific plasma membrane domains are formed and maintained by
the accurate supply of specific membrane components from the trans-Golgi network (TGN)
(Levic and Bagnat, 2022; Rodriguez-Boulan et al., 2005; Rodriguez-Boulan and Macara,
2014). These membrane flows are known as polarized transport and essential for human
health because their impairment results in genetic disorders, including microvillus inclusion
disease, polycystic kidney disease, and retinal degeneration (Charron et al., 2000; Cotton
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et al., 2013; El Ghouzzi and Boncompain, 2022; Hollingsworth and
Gross, 2012; Miiller et al., 2008; Ryan et al., 2010; Schneeberger et al.,
2015; Vogel et al, 2017; Xiong and Bellen, 2013). Thus, it is
important to understand the mechanisms of polarized transport.
Highly polarized Drosophila photoreceptors serve as excellent
genetic model systems for studying the mechanisms of polarized
transport (Hebbar et al, 2020; Schopf and Huber, 2017). By
observing whole-mounted retinas using confocal microscopy,
three
hundreds of photoreceptors were visualized simultaneously
2004). The
photoreceptive membrane domain, known as the rhabdomere,

distinct plasma membrane domains encompassing

(Karagiosis and Ready, first domain is the
which forms at the center of the apical plasma membrane during
pupal development. Proteins involved in phototransduction, such as
the photosensitive molecule rhodopsinl (Rh1), the Ca**-permeable
channel transient receptor potential, and chaoptin, a protein
essential for rhabdomere architecture, localize specifically in the
rhabdomeres (Hardie and Juusola, 2015). The second domain is the
peripheral apical domain surrounding the rhabdomere, referred to
as the stalk membrane, where the apical determinant Crumbs (Crb)
is localized (Pellikka et al., 2002; Pocha et al,, 2011). The third
domain is the basolateral membrane, which is separated from the
apical membrane by an adherens junction; Na*/K*-ATPase localizes
to the basolateral membrane, similar to typical polarized epithelial
cells (Yasuhara et al., 2000).

Several screening studies to identify proteins involved in polarized
transport or recycling in fly retinas have been performed in the last
decade (Laffafian and Tepass, 2019; Pocha et al., 2011; Satoh et al.,
2013; Satoh et al.,, 2016a; Xiong et al., 2012; Yano et al,, 2012; Feizy
et al,, 2024; Wang et al., 2014; Xiong et al.,, 2012; Zeger et al., 2024).
These screenings, along with other studies, have revealed a number of
proteins involved in transport to either the rhabdomere or basolateral
membrane, as well as in recycling processes. Two sets of Rab proteins
and their guanine nucleotide exchange factors, Rab6/Rich and Rab11/
Pcs, regulate Rh1 transport to the rhabdomeres, and Rab10/Crag is
required for basolateral transport, although Crag also works as
Rab11GEF in adult photoreceptors under light conditions
(Iwanami et al.,, 2016; Nakamura et al., 2020; Otsuka et al., 2019;
Satoh et al., 2005; Tong et al., 2011; Xiong et al., 2012). The lack of
motor proteins such as kinesin (Khc and Klc), dynein (Dhc64c), and
MyoV (didum), or a subunit of tethering complex exocysts, causes
Rh1-containing vesicles to accumulate in the cytoplasm (Beronja
et al,, 2005; Laffafian and Tepass, 2019; Li et al., 2007; Pocha et al.,
2011; Wu et al., 2005; Yano et al., 2012). Conversely, the absence of
adapter protein complex-1, clathrin, or glycosylphosphatidylinositol
synthesis induces the mislocalization of the basolateral membrane
protein Na*/K*-ATPase to the apical domains (Nakamura et al., 2020;
Satoh et al., 2013). It is not known whether there is a specific transport
pathway to the stalk membrane. To date, no factor involved in such a
pathway has been identified. In addition, the stalk/rhabdomere
boundary lacks an obvious physical structure separating these
subdomains, such as an adherens junction separating the stalk and
basolateral subdomains (Schopf and Huber, 2017). These results
suggest that proteins destined for the apical plasma membrane are
transported by the same pathway and then segregate into the stalk and
rhabdomere subdomains by soluble N-ethylmaleimide-sensitive
factor  attachment (SNARE)-independent

protein  receptor

mechanisms.
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SNARE proteins are indispensable components for membrane
fusion (Grissom et al., 2020; Hong and Lev, 2014; Jahn et al., 2024;
Stanton and Hughson, 2023). They are classified as R-SNAREs and
Q-SNAREs based on the presence of conserved arginine or
glutamine in the SNARE motif. Q-SNAREs are further
subdivided into Qa-, Qb-, and Qc-SNAREs based on their
SNAP25. In  Drosophila
photoreceptors, phenotypes of loss-of-function of six SNAREs
have been reported: Sec22, an R-SNARE that is essential for
endoplasmic reticulum (ER) morphology and photoreceptor
morphogenesis; Gos28, a Qb-SNARE that mediates intra-Golgi
transport of Rh1 and is required for photoreceptor survival; Syx5,
a Qa-SNARE that regulates ER-to-Golgi transport; Syx7, a Qa-
SNARE that is required for the degradation of large amounts of
endocytosed apical components; and R-SNAREs nSyb and Syb that
are required for the post-Golgi transport of Rh1, which was recently
reported (Laffafian and Tepass, 2019; Rosenbaum et al., 2014; Satoh
et al., 2016b; Yamashita et al., 2022; Zhao et al., 2015). These studies
highlight the functions of SNAREs in photoreceptor morphogenesis

homology to syntaxin and

and survival in flies; however, SNAREs involved in polarized
transport have not been identified.

In this study, we used RNAi knockdown and a somatic knockout
(KO) approach to search for SNARE proteins involved in post-Golgi
transport to the rhabdomere, stalk, or basolateral membrane.
Surprisingly, in the post-Golgi transport, none of the SNAREs
are exclusively involved in the transport to a specific destination
on the plasma membrane domains, although each SNARE shows
some preference for certain membrane domains. In particular,
Syx1A, Snap24, and Snap25 appear to be required for all plasma
membrane domains.

2 Materials and methods

2.1 Construction of the plasmids and
transgenic flies

Details of the DNA constructs used in this paper are given in
Supplemental Materials and Methods. Molecular cloning was
performed according to standard protocols. In brief, PCRs were
performed using a KOD One PCR Master Mix (TOYOBO Osaka,
Japan), ligations were performed using Ligation high Ver.2
(TOYOBO), and Gibson assemblies were performed using a
NEBuilder HiFi DNA Assembly Master Mix (New England
Biolabs, Ipswich, MA, United States). The ligated or assembled
DNAs were chemically transformed into E. coli OmniMAX 2T1R
(Thermo Fisher Scientific, Waltham, MA, United States). Sequence
files of plasmids constructed for this paper are available in Dryad
(https://doi.org/10.5061/dryad. wwpzgmssx)  and  given  in
Supplementary Table S3. Primers used for PCR and adapters for
fill-in are given in Supplementary Table S4.

2.2 Drosophila stocks and genetics

Flies 20°C-25"C on  standard
cornmeal-glucose-agar—yeast food. The following fly stocks were

were  grown  at

used: Rh1-Gal4 (from Dr. Hama, Kyoto Sangyo University) and vas-
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Cas9 (stock number 51325, Bloomington Drosophila Stock Center,
Bloomington, IN, United States: BL51325). The SNARE RNAI lines
used in this study are given in Supplementary Table SI1. X
chromosomes of SNARE RNAIi lines obtained from the stock
centers were replaced with those carrying -eyeless-Flippase
(eyFLP) and UAS-Dicer. These lines were crossed with CoinFLP-
ActGal4 (BL58751) (Bosch et al., 2015) or CoinFLP-longGMR-Gal4,
which were prepared in this work (see below). The SNARE gRNA
lines used in this study are given in Supplementary Table S2. These
lines were crossed with CoinFLP-longGMR-FLAG::Cas9-H2B:NG
or CoinFLP-Act5C-FLAG::Cas9-H2B::GFP, which were prepared in
this work (see below). To obtain Syx7 null mosaic eyes, w*;; FRT80B,
Syx7"/TM6B (BL52000) and w*; FRT80B, Syx7*/T (2;3) TSTL, CyO;
TM6B, Tb' (BL51644) were crossed to y w ey-FLP;; PARFP FRT80B
(Satoh et al,, 2013). To obtain Syx6 null mosaic eyes, y w ey-FLP;
FRT42D Syx6"°/CyO GFP prepared in this work (see below) were
crossed to y w ey-FLP; FRT42D P3RFP (Satoh et al., 2013). To
obtain Syx13 null mosaic eyes, y w ey-FLP; Syx13*"* FRT80B/TM6B
prepared in this work (see below) were crossed to y w ey-FLPj;
P3RFP FRT80B (Satoh et al., 2013).

2.3 Generation of transgenic flies

A Phi31-based vector, pCFD4w-Syx6, was injected into the
embryo of a phi31 host line (y[1] M{vas-int Dm}ZH-2A w[*]; M
{3xP3-RFP.attP’}ZH-68E, BL24485) to obtain gRNA-Syx6.
P-element-based vectors were co-injected with a helper plasmid
pUC hsPI{delta2-3} (DGRC Stock 1001; https://dgrc.bio.indiana.
edu//stock/1001; RRID:DGRC_1001) into the embryo of a host line,
w'''®, The plasmid of pP-3xlongGMR-coinFLP-HFCas9-H2B-
2xNG was injected into the w'''® embryo by BestGene (CA,
United States).

2.4 Generation of null alleles for Syx13 and
Syx6 genes by the CRISPR/Cas9 system

The male flies carrying Syx13-gRNA on second (BL84021),y scv
sev/Y; P{TKO.GS04362}attP40, were crossed to females carrying
vas-Cas9 and FRT80B, y w M{vas-Cas9}ZH-2A;; Syx13™ FRT80B.
Each male offspring, y w M{vas-Cas9}ZH-2A/ Y; P{TKO.GS04362}
attP40/+; Syx13%° FRT80B, was individually crossed with females, y
w eyFLP;; P3RFP FRT80B. Each male offspring with RFP-mosaic
eyes, y w eyFLP/Y;; Syx13° FRT80B/P3RFP FRT80B, was crossed
with females, y w eyFLP;; Dr P{hs-hid}/TM6B GFP, to establish
stock lines, and the males were lysed for genotyping. The genomic
region, including the target site of CRISPR-Cas9, was amplified with
Syx13-GF1 and Syx13-GR1 and sequenced (Supplementary Tables
S3, §4). Syx13*"" carrying 11 base deletions (GCTTCAGTCCG) was
identified as the null allele.

The males flies carrying Syx6-gRNA on third, w/Y;; Syx6-
gRNA/TM6B, were crossed to females carrying vas-Cas9 and
FRT42D, y w M{vas-Cas9}ZH-2A; Syx6"* FRT42D. Each male
offspring, y w M{vas-Cas9}ZH-2A/Y; Syx6*°® FRT42D/+; Syx6-
gRNA/+, was individually crossed with females, y w eyFLP;
P3RFP FRT42D. Each male offspring with RFP-mosaic eyes, y
w eyFLP/Y; Syx6*° FRT42D/P3RFP FRT42D, was crossed with
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females, y w eyFLP; Sp P{hs-hid}/CyO GFP, to establish stock
lines, and the males were lysed for genotyping. The genomic
region, including the target site of CRISPR-Cas9, was amplified
with  Syx6-GF3 and Syx6-GR3 and then sequenced
(Supplementary Tables S3, S4). Syx6*° carrying five base
deletions (TGTCG) was identified as the null allele.

2.5 Immunohistochemistry

Fixation and staining methods were performed as described
previously (Otsuka et al., 2019; Satoh and Ready, 2005). The primary
antisera were as follows: rabbit anti-Rh1 (1:1,000) (Satoh et al,
2005), mouse monoclonal anti-Na*/K*-ATPase alpha subunit (a5: 1:
500 ascite; Developmental Studies Hybridoma Bank (DSHB) Iowa
City, IA, United States), mouse anti-Na*/K"-ATPase beta subunit
(Nrv) (1:10) (DSHB, IA, United States), mouse anti-Eys (1:10)
(DSHB, IA, United States), rabbit anti-Myc (1:300) (Medical and
Biological Laboratories, Nagoya, Japan; No. 562), rabbit anti-HA (1:
300; cat. no. 561, Medical and Biological Laboratories, Nagoya,
Japan), mouse anti-Syx1A (1:15) (DSHB, IA, United States),
rabbit anti-TRP (1:1000) (Dr. Montell, University of California,
Santa Barbara, United States), rat anti-Crb (1:300) (Dr. Tepass,
University of Toronto, Canada), rabbit anti-Snap29 (1:300; provided
by Dr. Paden, University of Sheffield, United Kingdom), rabbit anti-
Sec22 (1:300) (Dr. Paden, University of Sheffield, United Kingdom),
guinea pig anti-Rab6 (1:300) (Iwanami et al.,, 2016), and rat anti-
Rabl1 (1:300) (Otsuka et al., 2019). The secondary antibodies were
anti-mouse, anti-rabbit, and/or anti-rat antibodies labeled with
Alexa Fluor 488, 568, and 647, respectively (1:300; Life
Technologies, Carlsbad, CA, United States). Phalloidin-
conjugated Alexa Fluor 568 (1:100; Life Technologies, Carlsbad,
CA, United States) was used for F-actin staining. Images of samples
were recorded using a FV3000 confocal microscope
(UPLXAPO60XO 1.30 NA and UPlanSApo 60 x S2 1.42 NA
objective lens; Olympus, Tokyo, Japan). To minimize bleed-
through, each signal in double- or triple-stained samples was
imaged sequentially. The images were processed in accordance
with the Guidelines for Proper Digital Image Handling using
Image] and/or Affinity Photo (Serif Europe Ltd., West Bridgford,
Nottinghamshire, United Kingdom) (Schindelin et al., 2012). For
the quantification of the intensity of Rhl and Na'/K'-ATPase
staining in the photoreceptor cytoplasm, we used more than
three mosaic retinas with more than eight wild-type and more
For the
quantification of Rhl, the area of cytoplasm or whole cells and
their staining intensities were measured, and for the quantification

than six mutant photoreceptors in each retina.

of Na'/K*-ATPase-a and Nrv, the staining intensities of the
cytoplasm were measured using Fiji (Schindelin et al., 2012).

2.6 Electron microscopy

Electron microscopy was performed as described previously
(Satoh et al, 1997). The samples were observed under a JEM-
1400 and JEM-1400Plus electron microscope (JEOL, Tokyo,
Japan), and montages were prepared using a CCD camera system
(JEOL). The phenotypes were investigated using the section with the
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Three-step RNAi screening of SNAREs involved in polarized transport in Drosophila photoreceptors. (A) Schematic diagram of RNAI screening of
SNAREs involved in polarized transport. (B) Schematic diagram of the Gal4 expression pattern in developing eyes by eyeless—CoinFLP—-Act5C-Gal4 and
eyeless—CoinFLP-longGMR-Gal4. Alteration of the original schematic diagram in the study by Bosch et al. (2015). (C) Immunostaining of
Syx5RNA(5520-  Rab11RNAIP*7¢- or Rab10RNAI’*2%%8-expressing retina by eyeless—CoinFLP—Act5C—Gal4 and

eyeless—CoinFLP-longGMR-Gal4 using anti-Na*/K*-ATPase-a (green) and anti-Rh1 (blue) antibodies. GFP or RFP (red) and asterisks represent the cells

expressing RNAi constructs. Scale bar: 5 um (C).

depth where a couple of photoreceptor nuclei within the ommatidia
were observed.

3 Results
3.1 Three-step RNAiI mosaic eye screening

Mosaic retinas, consisting of both wild-type and mutant cells,
provide a powerful tool for assessing the phenotype of mutant
photoreceptors because they can be compared side-by-side with
wild-type cells. The previously reported CoinFLP system (Bosch
et al, 2015) enables mosaic RNAi knockdown screening by
automatically generating a reliable ratio of mutant-to-wild-type
tissues in a developmentally controlled manner. In brief, in the
CoinFLP system, strong and constitutive expression of the
Gal4 trans-activator from the Act5C promoter is blocked by the

Frontiers in Cell and Developmental Biology 04

“transcriptional stop cassette” until it is unlocked by recombination
between two canonical flippase recognition target (FRT) sites
mediated by FLP recombinase. Instead, in approximately half of
the cells, the recombination between two FRT3 sites anchors a
“transcriptional stop cassette” upstream of Gal4, resulting in the
permanent inactivation of Gal4 expression. Combining CoinFLP
with any FLP lines that are expressed in the tissues and the timing of
interest, in our case, retinas, allows the generation of mosaic tissues
consisting of mutant and wild-type cells. In this study, we used the
promoter of the eyeless gene, the master regulator of the eye,
to express the FLP recombinase at an early stage of eye
imaginal disk development. We named this configuration
eyeless—CoinFLP-Act5C-Gal4 (Bosch et al., 2015) and used it as
the first step on the screen.

The expression of 59 types of RNAi constructs driven by
eyeless—CoinFLP-Act5C-Gal4 resulted in 7 lines with well-grown
Gal4-positive clones showing obvious phenotypes, 35 lines without

frontiersin.org
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any phenotype, and 17 lines with no Gal4-positive clones or cells
with phenotypes too severe for analysis (Figure 1A). We
hypothesized that the loss of Gal4-positive cells was the result of
a lack of clonal growth or cell survival caused by the constant
expression of the RNAi construct.

To evaluate the effects of the 17 RNAI lines, we attempted to
delay the onset of Gal4 expression in the second step of screening.
Both the GMR and longGMR promoters have been used to induce
expression in all developing retinal cells, starting in the third-instar
larvae, i.e., posterior to the morphogenetic furrow (Wernet et al.,
2003). The longGMR promoter provides milder but more
than the GMR promoter
(Wernet et al., 2003). Thus, we generated a transgenic fly with
the CoinFLP-Gal4 construct under the control of the longGMR
promoter by replacing the Act5C promoter. On combining it with

photoreceptor-specific expression

an eyeless-FLP, we referred to this configuration as
eyeless—CoinFLP-longGMR-Gal4 (Figure 1B). We crossed them
with 17 lines of RNAi constructs, which failed to obtain evaluable
clones when crossed with the eyeless—CoinFLP-Act5C-Gal4 system.
Gal4-positive clones with milder and more evaluable phenotypes
were obtained from 15 of the 17 RNAI lines. However, two of these
lines exhibited phenotypes that were too severe for evaluation. As
the third step in the screen, we reared the flies at lower temperatures
to reduce the effect of RNAi because Gal4 activity is temperature-
dependent. Flies expressing these two RNAi constructs in
eyeless—-CoinFLP-longGMR-Gal4 ~ were
temperatures,

maintained at low

resulting in the eventual acquisition of

evaluable clones.

3.2 Validation of the three-step RNAi-mosaic
eye screening

To validate the results of the three-step RNAi screening, we first
examined the phenotypes induced by Syx5, Rabl0, or Rabll RNAi
constructs under the three conditions and compared them with the
phenotypes previously reported for the loss of the Syx5, Rabl10, and
Rabl1 genes (Figure 1C). Syx5 is involved in early Golgi trafficking
in fly photoreceptor cells; in homozygous clones of hypomorphic

5EP23 13

allele Syx. , ommatidia are smaller than those in wild-type
clones, and the photoreceptors have less Rhl localizing only in
the rhabdomeres (Satoh et al., 2016b). The RNAi construct targeting
Syx5, Syx5SRNAI™*, failed to produce any clones when driven by
eyeless—CoinFLP-Act5C-Gal4 but produced reasonably grown
clones when driven by eyeless—CoinFLP-longGMR-Gal4. In such
clones, the ommatidia are small, and the photoreceptors have less
Rh1, which is limited only to the rhabdomeres and replicates the
551’2313

phenotypes of the homozygous Syx. clones. We previously
reported that Rabll is involved in post-Golgi transport to the
rhabdomeres; in the photoreceptor homozygous null mutant
Rab11*7°" and photoreceptors expressing the dominant-negative
mutant Rab11™'?*, rhabdomeres are small, and Rhl is not
concentrated in the rhabdomeres but accumulates in the
cytoplasm (Satoh et al, 2005). In this study, Rabl1RNAi“>'7¢!
did not produce any clones by eyeless—CoinFLP-Act5C-Gal4 but
produced them by eyeless—CoinFLP-longGMR-Gal4. Rhabdomeres

were small, and Rhl accumulated in the cytoplasm of clones

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1442192

expressing Rabl1RNAi®P7¢!
Rab11*7°” homozygous cells and photoreceptors expressing
Rab11™? In Rabl1RNAi®>"7¢!
generated by  eyeless—CoinFLP-longGMR-Gal4  at
temperatures, the rhabdomeres grew to a normal size, and only

which perfectly phenocopied
dominant-negative clones
lower

low Rhl accumulation was detected. Thus, the strength of the
phenotypes can be manipulated by the
CoinFLP-Gal4 driver and temperature. In contrast, the
phenotype of the Rabl0RNA{"*** clone was not significantly
attenuated by the type of CoinFLP-Gal4 driver or ambient
temperature. Rabl0 is required for the basolateral transport of

type  of

Na*/K*-ATPase in fly photoreceptors, and dominant-negative
Rabl0S23N  expression or Rabl0 deficiency
mislocalization of Na*/K*-ATPase to the stalk membrane
(Nakamura et al., 2020; Ochi et al, 2022). In RablORNA{?20%#
clones generated with either eyeless—CoinFLP-Act5C-Gal4 or
eyeless—CoinFLP-longGMR-Gal4, Na'/K*-ATPase was
mislocalized to the stalk membrane, even when grown at a lower
temperature (20°C). These results indicate that the three-step RNAi
mosaic screening scheme can mitigate the difficulties arising from

induces the

the unpredictable efficacy of RNAI, thus providing a powerful
method for screening genes involved in biosynthetic transport
pathways in Drosophila photoreceptors.

3.3 Classification of SNARE proteins by
knockdown phenotypes

Through the three-step mosaic screening of 59 SNARE RNAi
lines, we identified 24 lines with meaningful phenotypes
(Supplementary Table S1). The lines were classified into three
categories (Table 1). Category I represents RNAi lines that induce
a strong reduction in Rh1 in the rhabdomeres and accumulate
Rhl in the cytoplasm. This phenotype is typically observed in
photoreceptors lacking genes involved in post-Golgi transport to
the rhabdomeres, as shown by Rab11RNA{“"*7¢! (Figure 1C) (Li
etal.,, 2007; Otsuka et al., 2019; Satoh et al., 2005; Yamashita et al.,
2022). A limited Na*/K*-ATPase signal of both alpha (a) is also
detected in the cytoplasm. Category I included three RNA| lines
against nSyb (Figures 2A, D, E) and three against Ykt6 (Figures
2B, F, G). Category II represents RNAi lines that induce not only
weak Rh1 and Na'/K*"-ATPase-a cytoplasmic accumulation but
stalk
membrane and shortened basolateral membranes. The latter is

also strong Na*/K*-ATPase mislocalization to the
a characteristic phenotype caused by the loss of genes involved in
post-Golgi trafficking to the basolateral membrane, as observed
in Rabl0RNA{"?%* (Figure 1C). Four RNAIi lines targeting
Snap29 (Figure 4) and two lines targeting SyxlA (Figure 3)
were classified as category II. Category III represents RNAi
lines that induce a large reduction in Rhl in the rhabdomeres
without the cytoplasmic accumulation of Rh1. This phenotype is
typical of photoreceptors deficient in ER-to-Golgi or intra-Golgi
trafficking, as observed in Syx5RNAi"***° (Figure 1C), but it can
also be observed in the defects of genes that regulate other
processes. At least one RNAI line for the genes Syx6, Syx7,
Syx8, Syx13, Syx18, Betl, Usel, Sec20, Sec22, and Syb was
classified as category III (Figure 5).
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Category | Category I Category lll

A SNARE RNAi screening
nSybJF023417 Syx1 A8 Syx7KK10190 Syx6RK109310
nSybGD4553 Syx1AGPe Syx7602767 SyxgKKIoter2
nSybGD17382 Snap29/F01ees Syx13KK111e%0 Bet1 M2
Ykt6HM]J21032 Snap296P7222 Syx136P244 Use] GLeot2
Ykt6GD8927 Snap29Kios0 Syx1gKKIo1s Sec22!1Ms01238
Ykt6KK101343 Snap29HiMeeie? Sec2(HMso172 SybXii1aast
B SNARE gRNA screening

- Snap24/25gRNA BetlgRNA Sec22gRNA

Snap24/25/29gRNA

(A, B) List of RNAi (A) and gRNA (B) constructs showing the eye phenotypes. Category I represents the RNAi and gRNA lines that induce a strong reduction in Rh1 in the rhabdomeres and
instead accumulate Rh1 in the cytoplasm without a significant effect on Na*/K*-ATPase. Category II represents the RNAi and gRNA lines that induce not only Rh1 cytoplasmic accumulation

but also Na*/K*-ATPase mislocalization to the stalk membrane and shortened basolateral membranes. Category III represents the RNAi and gRNA lines that induce a significant reduction in

Rhl in the rhabdomeres without the accumulation of Rh1 in the cytoplasm.

3.4 Two R-SNAREs, nSyb and Ykt6, are
strongly involved in post-Golgi transport
of Rhl

We recently reported that photoreceptor cells homozygous for
null or hypomorphic alleles of nSyb show a defect in Rh1 transport
to the rhabdomeres, accompanied by massive cytoplasmic
accumulation of Rhl (Yamashita et al., 2022). As expected, the
expression of nSybRNA{ 47, nSybRNAiP*>, or
nSybRNAi®"'7?*? reduced Rhl in the rhabdomeres and strongly
induced Rh1 accumulation in the cytoplasm (Figure 2A). In nSyb-
knockdown photoreceptors in nSybRNA{"***'7 or nSybRNAi“P!17352
mosaic retinas, 87% + 7% or 70% + 13% of Rh1 was localized to the
cytoplasm in nSyb-knockdown photoreceptors, whereas only 42% +
7% or 32% + 8% of Rh1 was localized in the cytoplasm in control
cells in the same retinas (Figure 2C). In contrast to the strong
inhibitory effect on Rh1 transport, the basolateral transport of Na*/
K*-ATPase was not severely affected by the expression of
nSybRNAV™17,  nSybRNAI{®®%,  or  nSybRNAi®>'7%%,
Mislocalization of Na'/K'-ATPase was not observed, but some
Na*/K*-ATPase a-signals were found in the cytoplasm
(Figure 2A). In nSyb-reduced photoreceptors in nSybRNA{">**!”
and nSybRNAi“"'7*%2 mosaic retinas, cytoplasmic Na*/K*-ATPase-a
was increased to 1.42 + 0.39-fold and 1.35 + 0.20-fold, respectively,
of that in wild-type cells (Figure 2D), although the significance was
achieved only in photoreceptors expressing nSybRNAi"™>*"7. We
next investigated the localization of a phototransduction channel in
the rhabdomeres, transient receptor potential (TRP), Na*/K*-
ATPase beta subunit (Nrv), inter-rhabdomeric space (IRS)-
making protein, Eys, and a stalk membrane protein, Crb. Some
TRP and Nrv are accumulated in the cytoplasm, similar to Rh1 and
Na*/K*-ATPase-a in nSyb-reduced photoreceptors (Supplementary
SIA  left). In
nSybRNAi“P'7*%* mosaic retinas, cytoplasmic Nrv was increased
to 2.00 + 1.12-fold of that in wild-type cells (Supplementary Figure
S1C), although there was no significance. However, Eys and Crb

Figure nSyb-reduced  photoreceptors  in
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were normally localized in the IRS and stalk membrane
(Supplementary Figure SIA, right). These results indicated that
nSyb mainly regulates the transport to the rhabdomeres. Na*/K*-
ATPase accumulation in cytoplasm is surprising, but a normal level
of Na*/K*-ATPase in the basolateral membrane indicates that the
role of nSyb in basolateral transport is rather limited compared to
the rhabdomere transport.

In  addition, the expression of  Ykt6RNAj™?21%2
Ykt6RNAi“P*?*,  and  Ykt6RNAi{*“'°"**  strongly
Rh1 accumulation in the cytoplasm (Figure 2B). In Ykt6-reduced
photoreceptors in  Ykt6RNAi"™?!%32 Ykt6RNAi“"*%’,  and
Ykt6RNAiK19343 mosaic retinas, 84% + 12%, 85% + 6%, and
82% + 9% of Rhl were localized in the cytoplasm, respectively,
whereas only 34% + 7%, 34% + 5%, and 30% + 5% of Rhl were
localized to the cytoplasm in control cells of the same retina,

induced

respectively (Figure 2C). These three RNAI lines also induced
some cytoplasmic accumulation and minor mislocalization of
Na*/K*-ATPasea 2B), although shrinkage of the
basolateral membrane was not prominent. In Ykt6-reduced
photoreceptors  in  Ykt6RNAi"™>'92 Ykt6RNAi°"**”’, and
Ykt6RNAi**'%*** mosaic retinas, cytoplasmic Na*/K*-ATPase-a
was increased to 1.75 + 0.57-fold, 1.79 + 0.54-fold, and 1.73 =+
0.47-fold, respectively, of that in wild-type cells (Figure 4C). Some
Nrv, TRP, Eys, and Crb were also accumulated in the cytoplasm

(Figure

(Supplementary Figures S1B, C). In Ykt6-reduced photoreceptors in
Ykt6RNAi**'%*** and Ykt6RNAi®P***” mosaic retinas, cytoplasmic
Nrv was significantly increased to 2.22 + 0.70-fold and 2.14 + 0.74-
fold, respectively, of that in wild-type cells (Supplementary Figure
S1C). Ykt6 might be involved in the post-Golgi transport toward the
rhabdomeres, stalk, and basolateral membrane, although the effects
on rhabdomere transport were quite severe compared to the other
domains. To confirm the involvement of Ykt6 in post-Golgi
transport, we attempted to observe the phenotypes of
Ykt6 homozygous null clones in the mosaic retina; however,
neither Ykt6¢ nor Ykt6°”'** homozygous clones were obtained,
indicating the strong cell lethality of Ykt6 null alleles.
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FIGURE 2

nSyb and Ykt6 are required for the post-Golgi transport toward the rhabdomeres. (A) Immunostaining of NSybRNAIP 9247~ nSybRNAISP4%5-, or
nSybRNAIPY#82-expressing retina by eyeless—CoinFLP—Act5C—Gal4 using anti-Na*/K*-ATPase-a (green) and anti-Rh1 (blue) antibodies. GFP (red) and asterisks
represent the cells expressing RNAI constructs. (B) Immunostaining of Ykt6RNA|MW21952-  YKt6RNAIPE927- or Ykt6RNAIMI54-expressing retina by
eyeless—CoinFLP-longGMR-Gal4 using anti-Na*/K*-ATPase-a (green) and anti-Rh1 (blue) antibodies. RFP (red) and asterisks represent the cells expressing

RNAi constructs. (C) The ratio of integrated fluorescence density for Rhl staining of the cytoplasm compared with that of whole cells was plotted. White bars
indicate wild-type cells (w), and gray bars indicate the cells expressing RNAi constructs (Ri). Error bars indicate the SD with five retinas. Significance according to
two-tailed unpaired Student's t-test: ***p < 0.001. (D) The ratio of integrated fluorescence density for Na*/K*-ATPase-a staining of the cytoplasm in the cells
expressing RNAi constructs compared with that in wild-type cells was plotted. White bars indicate wild-type cells (w), and gray bars indicate the cells expressing
RNAIi constructs (Ri). Error bars indicate the SD with four retinas. Significance according to two-tailed unpaired Student's t-test: *p < 0.05. (E-G) Electron
micrographs of the wild-type (D), nSybRNAP’Z%%7 (E), Ykt6RNAICP®%?7 (F), or Ykt6RNAi1035%5 (G) ommatidium (left) and photoreceptor (right). (H—K) Electron
micrographs of the vesicles accumulated in the cytoplasm of the photoreceptors expressing nSybRNAi* 247 (H), nSybRNAICPY32 (1), Ykt6RNAISP%97 (J), or
YKt6RNA(043 (K). Arrowheads indicate unusual irregular-shaped vesicles. (L) Electron micrographs of the Golgi stacks of wild-type photoreceptors. (M—P)
Electron micrographs of the Golgi stacks of the photoreceptors expressing nSybRNA(’ 247 (M), SybRNAIPY382 (L, N), Ykt6RNAICPE927 (O), or YKt6RNAiK101%45 (P).
Scale bar: 5 ym (A, B), 2 ym [(E-G) left], 1 pm [(E-G) right], and 500 nm (H-P).
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FIGURE 3
Syx1A is required for the polarized transports toward both the rhabdomeres and basolateral membrane. (A) Immunostaining of SyxIARNA’ 1829~ or
Syx1ARNAICP>*4-expressing retina by eyeless—CoinFLP—longGMR-Gal4 using anti-Na*/K*-ATPase-a (green) and anti-Rh1 (blue) antibodies. RFP (red)
and asterisks represent the cells expressing RNAi constructs. (B) The ratio of integrated fluorescence density for Rhl staining of the cytoplasm compared
with that of whole cells was plotted. White bars indicate wild-type cells (w), and gray bars indicate the cells expressing RNAi constructs (Ri). Error bars
indicate the SD with four retinas. Significance according to two-tailed unpaired Student'’s t-test: *p < 0.05. (C) The ratio of integrated fluorescence density
for Na*/K*-ATPase-a staining of the cytoplasm in the cells expressing RNAi constructs compared with that in wild-type cells was plotted. White bars
indicate wild-type cells (w), and gray bars indicate the cells expressing RNAi constructs (Ri). Error bars indicate the SD with four retinas. Significance
according to two-tailed unpaired Student's t-test: *p < 0.05. (D, E) Electron micrographs of the ommatidium expressing SyxIARNAi*"*#2° (D) or
Syx1ARNAIP*¢* (E). (F, G) Electron micrographs of the photoreceptor expressing Syx1IARNAi’ 822 (F) or Syx1ARNAi®P*¢* (G). Arrowheads and arrows
indicate unusual irregular-shaped vesicles and normal vesicles, respectively. (H) Electron micrographs of the vesicles accumulating in the cytoplasm in
(Continued)
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FIGURE 3 (Continued)

the photoreceptors expressing SyxIARNAI’™1829 (upper) and Syx1IARNAI®P*** (lower). Arrowheads and arrows indicate unusual irregular-shaped

vesicles and normal vesicles, respectively. (I) Electron micrographs of Golgi stacks in the photoreceptors expressing Syx1IARNAG*

JF01829

(upper) and

Syx1ARNAIP*%* (lower). (J) Immunostaining of EMC3** mosaic retina using anti-Syx1A antibody (green). RFP (magenta) and asterisks represent the wild-
type cells and mutant cells, respectively. Scale bar: 5 um (A), 2 um (D, E), 1 um (F, G), 500 nm (H, 1), and 5 um (J).

To understand the detailed phenotype of nSyb or Ykt6 RNAi
knockdown, thin sections of pupal photoreceptors were examined
using electron microscopy (Figures 2E-P). Photoreceptor cells
expressing nSybRNA{™*7, nSybRNAi®'7*%, Ykt6RNAi“ %%,
and  Ykt6RNAi““'"**  exhibited
accumulated cytoplasmic vesicles. These vesicles were irregularly

smaller rhabdomeres and
shaped and typically 200 nm in size, which was much larger than
normal secretory vesicles (Figures 2H-K, arrowheads). The
appearance of these vesicles was similar to that of pleomorphic
vesicles that accumulated in the cytoplasm of photoreceptors lacking
factors for post-Golgi transport to rhabdomeres, Rabll, Ripll,
didum, or exocyst complexes (Beronja et al., 2005; Li et al., 2007;
Satoh et al., 2005). Golgi stacks showed normal morphologies in
nSyb and Ykt6 knockdown photoreceptors (Figures 2L-P). nSyb
localized particularly at the base of the rhabdomeres with Rabl1
(Supplementary Figure SID, arrows) and also Golgi stacks
(Yamashita et al., 2022). These results indicate that both nSyb
and Ykt6 are required for post-Golgi transport.

3.5 Syx1A and Snap29 are involved in post-
Golgi transport for both rhabdomeres and
basolateral membranes

In addition to the nSyb and Ykt6 RNAi constructs, Syx1A and
Snap29RNAI constructs also induced the cytoplasmic accumulation of
Rh1, but their effects were rather limited (Figures 3A, 4A). In Syx1A-
knockdown photoreceptors in Syx] ARNA™'*** and Syx1 ARNAi“"***
mosaic retinas, 49% + 8% and 54% + 5% of Rh1 were localized in the
cytoplasm, respectively, whereas only 38% =+ 8% and 40% + 10% of
Rh1 were localized in the cytoplasm of control cells in the same retinas
(Figure 3B). In Snap29-reduced photoreceptors in Snap29RNA**%%
Snap29RNAIP?,  Snap29RNAI"™*  and  Snap29RNA{™'*
mosaic retinas, 46% * 16%, 54% =+ 15%, 45% =+ 20%, and 50% =+
13% of Rh1 were localized in the cytoplasm, respectively, whereas only
29% + 9%, 29% + 3%, 26% + 4%, and 29% + 7% of Rh1 were localized in
the cytoplasm of the control cells in the same retina (Figure 4B).

In addition to Rh1, Na*/K*-ATPase-a was accumulated in the
cytoplasm in Syx1A or Snap29-knockdown photoreceptor cells in
similar or severer levels than those in nSyb- or Ykt6-deficient
photoreceptors  (Figures ~ 3A,  4A). In  SyxlA-reduced
photoreceptors in Syx]IARNA{"*'*2° and Syx1ARNAi®*** mosaic
retinas, cytoplasmic Na*/K*-ATPase-a was significantly increased to
1.54 + 0.32-fold and 1.54 + 0.22-fold in wild-type cells (Figure 3C).
In  Snap29-reduced photoreceptors in  Snap29RNA;i<<1%%%*
Snap29RNAi“P7??2, Snap29RNAi™*7 and Snap29RNA{ 5
mosaic retinas, cytoplasmic Na*/K*-ATPase-a was increased to
2.37 + 0.55-fold, 1.76 + 0.55-fold, 2.59 + 1.07-fold, and 3.79 *
1.43-fold, respectively, of that in wild-type cells (Figure 4C),
although the significance was achieved only in photoreceptors
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expressing Snap29RNAi*“%** and Snap29RNAiI™'***. Moreover,
the shrinkage of the basolateral membrane was prominent in both
Syx1A and Snap29-deficient photoreceptors (Figures 3A, 4A), which
is in contrast to nSyb or Ykt6-deficient photoreceptors. Syx1A
reduction by Syx1A'™'®* expression and Snap29 reduction by
Snap29RNAI™#  or  Snap29RNA;j"™024¢7
confirmed by anti-Syx1A or anti-Snap29 antibody staining
(Figure 4F; Supplementary Figures S2A, B). Nrv, TRP, Eys, and
Crb localizations were also investigated in Snap29RNAi*'%*%** and

expression  were

Snap29RNAi“P7>* mosaic retinas. Only Nrv was accumulated in the
cytoplasm, and the localization of TRP, Eys, and Crb was not
affected (Supplementary Figures S2C, D). In Snap29-reduced
photoreceptors in  Snap29RNAi'%%* and Snap29RNAi“"722
mosaic retinas, cytoplasmic Nrv was significantly increased to
1.39 £ 0.27-fold and 1.40 + 0.25-fold, respectively, of that in
wild-type cells (Supplementary Figure S1C).

Similar to nSyb or Ykt6-knockdown photoreceptors, electron
microscopy results showed that in photoreceptors expressing either
SyxIARNA{™152 Syx]ARNAI®®,  Snap29RNAjKK105034)
Snap29RNAiP7?2, Snap29RNAi™247  or Snap29RNA{F 153,
the rhabdomeres were thinner and vesicles accumulated in the
cytoplasm (Figures 3D-H, 4D). However, these vesicles were of
two types: large pleomorphic vesicles, as observed in nSyb or
Ykt6 mutants (Figures 3F-H, 4E, arrowheads), and regularly
shaped vesicles with diameters of approximately 100 nm, which
are typical secretory vesicles (Figures 3F-H, 4E, arrows). These
regular small vesicles were likely post-Golgi vesicles destined for the
basolateral membranes. In contrast, the Golgi stacks were unaffected
by the reduction in Syx1A or Snap29 in photoreceptors (Figures 31,
4E; Supplementary Figure S2E).

Next, we examined the localization of endogenous Syx1A and
Snap29 using specific antibodies (Figures 3], 4F). Syx1A appeared to
localize exclusively to the rhabdomeres in wild-type cells (Figure 3]),
but its basolateral localization was pronounced in EMC3-deficient
cells, which have unpacked small rhabdomeres (Satoh et al., 2015).
Even if SyxIA is located on both the basolateral and rhabdomere
membranes, it may only stain the rhabdomeres because the
rhabdomere membranes are too condensed in wild-type cells.

701883 mosaic retina showed an

Immunostaining of Snap29RNA
anti-Snap29 antibody in the cytoplasm (Figure 4F) and Golgi
stacks (Figure 4F arrows) in the wild-type cells. These results are
consistent with the hypothesis that Syx1A and Snap29 are involved

in post-Golgi trafficking.

3.6 Candidate genes involved in the
transport between the ER and Golgi stacks

Category III represents RNAI lines that induce a large reduction
in Rhl in rhabdomeres without ectopic accumulation anywhere in
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FIGURE 4
Snap29 is required for the polarized transports toward both the rhabdomeres and basolateral membrane. (A) Immunostaining of

SNap29RNA|KKI08034_ Snap29RNAICP7222-, Snap29RNAIHMCO2467- or Snap29RNAITFO1883-expressing retina by eyeless—CoinFLP-longGMR-Gal4 using anti-
Na*/K*-ATPase-a (green) and anti-Rh1 (blue) antibodies. RFP (red) and asterisks represent the cells expressing RNAi constructs. (B) The ratio of integrated
fluorescence density for Rh1 staining of the cytoplasm compared with that of whole cells was plotted. White bars indicate wild-type cells (w), and

gray bars indicate the cells expressing RNAi constructs (Ri). Error bars indicate the SD with four retinas. Significance according to two-tailed unpaired
Student's t-test: *p < 0.05. (C) The ratio of integrated fluorescence density for Na*/K*-ATPase-a staining of the cytoplasm in the cells expressing RNAi
constructs compared with that in wild-type cells was plotted. White bars indicate wild-type cells (w), and gray bars indicate the cells expressing RNAI
constructs (Ri). Error bars indicate the SD with four retinas. Significance according to two-tailed unpaired Student's t-test: *p < 0.05. (D) Electron
micrographs of the ommatidia or photoreceptors expressing Snap29RNAI. Used RNAi lines are indicated. (E) Electron micrographs of the vesicles
accumulated in the cytoplasm or Golgi stacks in the cells expressing Snap29RNAI. Used RNAi lines are indicated. Arrowheads and arrows indicate unusual
irregular-shaped vesicles and normal vesicles, respectively. (F) Immunostaining of the retina expressing Snap29RNAI’F*#83 ysing anti-Snap29 (green) and
Rab6 (blue) antibodies. RFP (red) and asterisks represent the cells expressing Snap29RNAI’F1885 Arrows indicate Snap29 localization on Golgi stacks.
Scale bar: 5 um (A), 2 pm [(D) in ommatidial, 1 ym [(D) in photoreceptors], 500 nm (E), and 5 ym (F).
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FIGURE 5
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SNARE RNAi mosaic retinas showing category-Ill phenotypes (A, B). Immunostaining of Syx7RNAiK01990 (A) or Syx7RNAIP?7%7 (B)-expressing retina
by eyeless—CoinFLP-longGMR-Gal4 using anti-Na*/K*-ATPase-a (green) and anti-Rh1 (blue) antibodies. RFP (red) and asterisks represent the cells
expressing RNAi constructs. (C, D) Immunostaining of Syx7* (C) or Syx7* (D) mosaic retina using anti-Na*/K*-ATPase-a (green) and anti-Rh1 (blue)
antibodies. RFP (red) represents wild-type cells. Arrows indicate Rh1-containing large vesicles. (E—=H) Immunostaining of SNARE RNAi construct-

expressing retina by eyeless—CoinFLP-Act5C—-Gal4 (E, F) or eyeless—CoinFLP-longGMR-Gal4 (G, H) using anti-Na*/K*-ATPase-a (green) and anti-Rh1
(blue) antibodies. GFP or RFP (red) and asterisks represent the cells expressing RNAi constructs. (I, J) Immunostaining of Syx134" (I) or Syx6*° (J) mosaic
retina using anti-Na*/K*-ATPase-a (green) and anti-Rh1 (blue) antibodies. RFP (red) represents the wild-type cells. (K=P) Immunostaining of SNARE RNAI

construct-expressing retina by eyeless-CoinFLP—-Act5C-Gal4 (M, O) or eyeless—CoinFLP—longGMR-Gal4 (K, L, N, P) using anti-Na*/K*-ATPase-a
(green) and anti-Rh1 (blue) antibodies. GFP or RFP (red) and asterisks represent the cells expressing RNAi constructs. (K) SybRNAi 13351 (L)
Bet1RNA|"MI22351 (M) Sec22RNA|MMS01258 (N) Syx18RNA 101345 (O) UselRNAIC-1442 and (P) Sec20RNAIHMSO172 Scale bar: 5 um (A, B), 10 um (C, D), 5 um

(E-H), 10 um (I, J), and 5 ym (K=P).

the cell (Figure 5). Two Syx7RNAi constructs, Syx7RNAi**'**** and
Syx7RNAi“P?%, showed a mild reduction in Rh1 expression and
disorganization of rhabdomeres (Figures 5A, B). It is reported that
Syx7 is involved in protein degradation in the stalk, rhabdomeres,
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and basolateral membrane, as well as in the secretion of proteins
(Laffafian and Tepass, 2019). As Syx7 null alleles, Syx7' and Syx7* are
available from stock centers but are lethal; we examined the
phenotypes retinas and

of FRT mosaic with  wild-type
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homozygous photoreceptors of these null mutants. Clones
homozygous for Syx7" or Syx7* were small, and the ommatidia
often contained fewer photoreceptors, indicating that Syx7’ or Syx7*
alleles were cell-lethal (Figures 5C, D). However, photoreceptors
homozygous for either Syx7' or Syx7* were not severely malformed,
although the rhabdomeres of Syx7' but not Syx7* homozygous
photoreceptors were thinner or more disorganized (Figures 5C,
D). In contrast, Rh1-containing large vesicles (Figure 5C arrows),
supposed to be multivesicular bodies (Satoh et al., 2005; Satoh and
Ready, 2005), were not found in Syx7' homozygous photoreceptors
(Figure 5C), suggesting impaired endocytosis in Syx7 null cells,
which is consistent with the results of previous studies (Laffafian and
Tepass, 2019). Thus, we excluded the possibility that Syx7 is
involved in ER-Golgi trafficking or polarized transport.
Two  SyxI3RNAi  constructs,  SyxI3RNAj<<!1e%
Syx13RNAi®P**  (Figures 5E, F); one Syx6RNAi construct,
Syx6RNAi{€9%4 (Figure 5G); and one construct Syx8RNAi*<'*''>
(Figure 5H) showed a strong reduction in Rhl. Since null alleles for

and

Syx13, Syx6, and Syx8 were not available, we attempted to generate
them using the CRISPR/Cas9 system. Null alleles of Syx13 and
Syx6 were successfully generated; however, we failed to obtain a null
allele of Syx8. We examined the phenotypes of photoreceptors
homozygous for these null alleles in FRT mosaic retinas. The clones
homozygous for either Syx13*"" or Syx6** were large but did not show
an obvious phenotype (Figures 51, ]). Similarly, one SypRNAIi construct,
SybRNA{'***! " showed a severe reduction in Rhl (Figure 5K);
however, we previously showed that there is no phenotype for Syb*"
© or Syb™” (Yamashita et al, 2022). Thus, the RNAi constructs for
Syx13, Syx6, and Syb were mistargeted to other genes, and Syx13, Syx6,
and Syb were not required for transport between the ER and Golgi
stacks or for polarized transport.

Betl, Syx5, and Sec22 were involved in anterograde trafficking
between the ER and Golgi stacks via COPII vesicles. As expected, a
strong reduction in Rh1 was observed upon expressing the RNAi
construct BetlIRNAi"™22%*! or Sec22RNAi"™0123 (Figures 51, M).
Sec22 reduction by Sec22RNAi"™5%12* expression was confirmed by
anti-Sec22 antibody staining (Supplementary Figure S2F). Syx18,
Usel, Sec20, and Sec22 are SNAREs of Golgi-derived COPI vesicles
that fuse with the ER membrane. The expression of RNAi constructs
of Syx18KKI0134 Jge] FL0M42 | or Sec20MM501172 showed strong effects
on Rhl levels (Figures 5N-P). The detailed phenotypes of these
SNAREs, which are involved in anterograde and retrograde
transport between the ER and Golgi, are described elsewhere
(Tago et al., 2024).

3.7 CRISPR/Cas9—mosaic eye screening

To expand and complement the mosaic RNAi screening described
above, we attempted to utilize the growing resources of transgenic gRNA
lines in a scheme involving the instant somatic KO of target genes in the
mosaic retina. A project to generate gRNA lines covering every gene in
the fly genome is underway using DRSC/TRiP functional genomics
resources. In their in vivo CRISPR project, fly lines with gRNA designed
to knockout genes were called TKO lines. We obtained TKO lines for
15 SNARE genes. Other gRNA lines for Snap24/Snap25/Snap29 were
also used in a previous study (Poe et al,, 2019). The gRNA lines we used
in this study are given in Supplementary Table S2. To generate a mosaic
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of Cas9 expression in the retina, we generated fly lines carrying
constructs of CoinFLP-longGMR-FLAG::Cas9-T2A-Histone2B:2x
NeonGreen (H2B:NG) and CoinFLP-Act5C-FLAG:
Cas9-T2A-Histone2B:GFP (H2B:GFP). These lines were combined
with eyeless-FLP to induce the mosaic expression of FLAG::Cas9 and
H2B:NG/GFP. We named them eyeless-CoinFLP-longGMR-FLAG::
Cas9-H2B:NG or eyeless—CoinFLP-Act5C-FLAG::Cas9-H2B:GFP,
which can generate the somatic mosaic of CRISPR knockout by a
single cross with gRNA lines.

Somatic mosaic retinas were generated to test this scheme. We
used eyeless-CoinFLP-longGMR-FLAG::Cas9-H2B:NG, which
was designed to perform somatic CRISPR KOs in third-instar
larvae. Unfortunately, none of the SNARE TKO lines showed any
phenotype; however, a previously reported gRNA line expressing
both Snap24gRNA and Snap25gRNA (Poe et al.,, 2019) showed a
category-1I phenotype: Rh1 accumulation in the cytoplasm and Na*/
K*-ATPase mislocalization to the stalk membrane when these two
gRNAs were co-activated by eyeless—CoinFLP-longGMR-FLAG::
Cas9-H2B:NG. In contrast, when Snap24gRNA and Snap25gRNA
were activated independently, no phenotype was observed in the
Cas9-positive clones (Figures 6A-C). In triple-KO photoreceptors of
Snap24, Snap25, and Snap29, mosaic retinas contained many Cas9-
positive photoreceptors, but none of them showed a category-II
phenotype. Instead, the mosaic retinas often contained patches
lacking photoreceptors, indicating cell death before the late pupal
stage (Supplementary Figure S3A). These results collectively indicate
that when CRISPR/Cas9 generates alleles with sufficiently reduced
all Snap24/Snap25  double-KO
photoreceptors are viable, and Snap24/Snap25/Snap29 triple-KO

function in targeted loci,
photoreceptors are lethal; however, when one or more of the
targeted genes received no or insufficient change by CRISPR/
Cas9, the cells could generate photoreceptors in good shape.

Because somatic CRISPR KOs using the longGMR promoter rarely
result in phenotypes, we next used the Act5C promoter to perform
somatic KOs. The eyeless—CoinFLP-Act5C-FLAG::Cas9-H2B::GFP,
in combination with TKO lines, Bet1gRNA, and Sec22gRNA, showed
some abnormalities (Supplementary Figures S3B, C). In the Cas9-
mosaic retina expressing BetlgRNA, there were many ommatidia
lacking some photoreceptors in the Cas9-positive area, suggesting
that some photoreceptor cells died by the late pupal stages, but the
surviving cells in this area appeared completely normal (Supplementary
Figure S3B). This can be explained if Betl is only required at earlier
stages of eye development or if CRISPR/Cas9 has created hypomorphic
alleles of Betl in surviving cells. Similarly, in the Cas9-mosaic retina
expressing Sec22gRNA, two types of Cas9-positive cells were found: one
showed a severe reduction in Rh1 and the other appeared completely
normal (Supplementary Figure S3C). We confirmed the presence of
endogenous Sec22 in these retinas by immunostaining with an anti-
Sec22 antibody and found that the former cell type lost the
Sec22 protein, whereas the latter retained normal levels of the
Sec22 protein (Supplementary Figure S3C). Thus, at least in the case
of Sec22gRNA, even in Cas9-expressing photoreceptors, some can still
express the Sec22 protein at normal levels. In the case of Poe’s gRNA
construct, the Act5C-driven Cas9-mosaic retina expressing both
Snap24gRNA and Snap25gRNA showed the same abnormality as
the longGMR-driven Cas9-mosaic retina; Cas9-expressing cells
accumulated Rhl in the cytoplasm (Supplementary Figure S3D),
although the obtained KO clones were small.
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FIGURE 6
Snap24 and Snap25 are required for the polarized transport toward both the rhabdomeres and basolateral membrane. (A—C) Immunostaining of

Snap24gRNA (A), Snap25gRNA (B), or Snap24/Snap25gRNA (C)-expressing retina combined with eyeless—CoinFLP—longGMR-FLAG::Cas9-H2B::NG
using anti-Na*/K*-ATPase-a (red) and anti-Rh1 (blue) antibodies. H2B::NG (green) and asterisks represents the cells expressing FLAG::Cas9. (D) The ratio
of integrated fluorescence density for Rhl staining of the cytoplasm compared with that of whole cells was plotted. White bars indicate wild-type
cells (w), and gray bars indicate the cells expressing FLAG::Cas9 (m). Error bars indicate the SD with four retinas. Significance according to two-tailed
unpaired Student’s t-test: *p < 0.05. (E) The ratio of integrated fluorescence density for Na*/K*-ATPase-a staining of the cytoplasm in the cells expressing
FLAG::Cas9 compared with that in wild-type cells was plotted. White bars indicate wild-type cells (w), and gray bars indicate the cells expressing FLAG::
Cas9 (m). Error bars indicate the SD with four retinas. Significance according to two-tailed unpaired Student's t-test: *p < 0.05. (F, G). Electron
micrographs of the ommatidia (F) or the photoreceptor (G) expressing Poe's Snap24, Snap25gRNA, and FLAG::Cas9 by
eyeless—CoinFLP-longGMR-FLAG::Cas9-H2B::NG. All photoreceptor cells are Snap24/Snap25 double-KO cells. Arrowheads in (G) indicate unusual
(Continued)
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FIGURE 6 (Continued)

irregular-shaped vesicles. (H, 1) Electron micrographs of the vesicles accumulated in the cytoplasm (H) or Golgi stack (I) in the cells expressing Poe's
Snap24, Snap25gRNA, and FLAG::Cas9 by eyeless—CoinFLP—longGMR—-FLAG::Cas9-H2B::NG. Arrows in (H) indicate normal transport vesicles. (J)
Immunostaining of the retina expressing HA::Snap24 or HA::Snap25 using anti-HA (green), anti-Rab6 (red), and anti-Rab11 (blue) antibodies. Arrows
indicate the dots with both HA and Rab6 staining, and arrowheads indicate the dots with both HA and Rab11 staining. (K) Models for SNARE functions

on polarized transport. The post-Golgi vesicles for the rhabdomeres and basolateral membrane are shown in blue and green, respectively. F-actin in the
retinal terminal web (RTW) and the adherens junction is shown in red. For the post-Golgi transport to the rhabdomere, two R-SNAREs, nSyb and Ykt6, and
two Qbc-SNAREs, Snap24/25, are strongly required, and a Qa-SNARE, Syx1A, and a Qbc-SNARE, Snap29, also have some contribution. For the post-Golgi
transport to the basolateral membrane, a Qa-SNARE, Syx1A, and a Qbc-SNARE, Snap29, are strongly required, but two R-SNAREs, nSyb and Ykt6, and two
Qbc-SNAREs, Snap24/25, also play some roles. An R-SNARE, nSyb, a Qa-SNARE, Syx1A, and a Qbc-SNARE, Snap25, are also involved in the fusion of
synaptic vesicles with the synaptic plasma membrane. Scale bar: 5 pm (A-C), 2 um (F), 1 um (G), 500 nm (H, 1), and 2 upm (J).

3.8 Snap24 and Snap25 are involved in post-
Golgi transport toward both rhabdomeres
and basolateral membranes

We focused on the details of the category-II phenotypes of
photoreceptors probable  Snap24/Snap25  double-KO
photoreceptors. When double-KO was attempted in third-instar
larvae using eyeless—CoinFLP-longGMR-FLAG::Cas9-H2B:NG,
virtually all Cas9-positive photoreceptors consistently showed
Rh1 Na'/K"-ATPase-a
mislocalization. In Cas9-positive photoreceptors, 68% + 14% of
Rh1 was localized in the cytoplasm, whereas only 39% + 8% was

for

cytoplasmic accumulation  and

localized in the cytoplasm of the control cells within the same retinas
(Figure 6D). These Snap24/Snap25 double-KO photoreceptors
accumulated Na*/K*-ATPase-a in the cytoplasm: the signal
intensity of Na*/K*-ATPase-a in the cytoplasm was significantly
increased to 3.1 + 1.2-fold that of wild-type cells (Figure 6FE;
Supplementary Figure S4B). Similar to Na*/K*-ATPase-a, Nrv
was accumulated in the cytoplasm; the signal intensity of Nrv in
the cytoplasm was significantly increased to 1.9 + 0.4-fold that of
wild-type cells (Supplementary Figures S4A, B, upper panel).
Snap24/Snap25 double-KO photoreceptors also accumulated TRP
but not Eys or Crb in the cytoplasm (Supplementary Figure S4A,
lower panel).

Furthermore, thin-section electron micrographs revealed that
Snap24/Snap25 double-KO photoreceptors had rhabdomeres with
shorter microvilli and cytoplasmic vesicle accumulation (Figure 6F).
Similar to SyxlA and Snap29, Snap24/Snap25 double-KO
photoreceptors accumulated larger irregularly shaped vesicles
(Figure 6G, arrowheads) and typical secretory vesicles with a
diameter of approximately 100 nm (Figure 6H, arrows). Golgi
stacks were not affected by the Snap24/Snap25 double-KO
photoreceptors (Figure 6I).

To investigate the localization of Snap24 and Snap25, we
generated transgenic flies expressing HA::Snap24 or HA:Snap25.
Anti-HA antibody staining of HA::Snap24-expressing ommatidia
showed the enrichment of the HA signal in the rhabdomeres and
punctate staining in the cytoplasm or at the base of the rhabdomeres
(Figure 6], top panel). Anti-HA antibody staining of HA::Snap25-
expressing ommatidia also showed punctate staining in the
cytoplasm or at the base of the rhabdomeres but did not show
strong signals in the rhabdomeres (Figure 6], bottom panel). In both
HA::Snap24- and HA::Snap25-expressing ommatidia, cytoplasmic
dots were colocalized with Rab6 (Figure 6], arrows), and the dots at
the base of the rhabdomeres were colocalized with Rab11 (Figure 6],
arrowheads), indicating that both Snap24 and Snap25 were localized
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to trans-Golgi/TGN and post-Golgi vesicles. It is reasonable to
interpret the localization of Snap24 and Snap25 as being involved
in post-Golgi trafficking.

4 Discussion

In this study, we performed RNAi and somatic CRISPR
screening using mosaic eyes to identify SNAREs that regulate the
fusion of post-Golgi vesicles to specific membrane domains,
rhabdomeres, and basolateral membranes. In addition to nSyb,
which we previously reported (Yamashita et al., 2022), we found
that the loss of either Ykt6 or Snap24/Snap25 strongly impairs
transport to the rhabdomeres. Loss of Syx1A or Snap29 resulted in
mild defects in post-Golgi transport toward the rhabdomeres but
strong defects in post-Golgi transport toward the basolateral
membrane (Figure 6K). Surprisingly, despite extensive screening,
no SNARE specifically involved in transport solely to the
rhabdomere or the basolateral membrane was identified. SyxI1A,
Snap25, and nSyb constitute a well-known set of SNAREs that are
involved in the fusion of synaptic vesicles to the synaptic plasma
membrane (Jahn and Fasshauer, 2012; Kidokoro, 2003; Rao et al.,
2001; Schulze et al, 1995; Yoshihara et 1999). When
overexpressed, Snap24 and nSyb compensate for the synaptic
functions of Snap25 and nSyb, respectively (Bhattacharya et al,
2002; Vilinsky et 2002). Thus, SyxlA, Snap24,
Snap25 appear to be involved in the fusion of post-Golgi vesicles
with all the plasma membrane domains.

Our results are largely consistent with those of a previous RNAi
screening of SNAREs performed in non-polarized Drosophila
S2 cells (Gordon et al, 2017). They identified three sets of
SNARE complexes involved in post-Golgi transport (SyxlA,
Snap24/Snap29, and Syb; Syx1A, Snap24/Snap29, and Ykt6; and
Syx4, Snap24, and Syb) as SNAREs required for the fusion of
constitutive secretory carriers with the plasma membrane. The
biggest difference the
identification of neuron-specific SNAREs, nSyb and Snap25, as
SNAREs
Snap25 are expressed in photoreceptor cells but not in S2 cells.

al.,

al., and

and achievement of our work is

post-Golgi in photoreceptors, because nSyb and
Another difference between photoreceptor screening and S2 cell
screening is the failure to observe the Syb and Syx4 phenotypes. The
former could be explained by the compensation of Syb loss by nSyb,
which is expressed only in neurons. The reason for the failure to
detect the Syx4 phenotype is not clear; all four Syx4 RNAI lines used
in this study might not be strong enough to reduce Syx4, or there
might be another SNARE protein that can compensate for Syx4 in
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photoreceptors but not in S2 cells. Double knockdown of Syx1 and
Syx4, but not single knockdown, inhibits collagen secretion in fat
cells (Zhou et al., 2023). Thus, the redundancy of SNAREs depends
on the tissue or cell. Future studies using Syx4 null alleles or
combinatorial RNAi will determine the role of Syx4 in
photoreceptors.

The specificity of fusion between transport vesicles and the target
membrane is at least partly regulated by the pairing of SNAREs on
vesicles (v-SNAREs) and those on the target membrane (t-SNAREs)
(Chen and Scheller, 2001; Hong and Lev, 2014). However,
surprisingly, we found that none of the SNAREs are solely
involved in the post-Golgi transport to the specific plasma
membrane domains. However, there seems to be some preferences
for each SNARE in regulating the target membrane; nSyb, Ykt6,
Snap24, and Snap25 have more functions on the rhabdomeres than on
the basolateral membrane, whereas Syx1A and Snap29 seem to have
more influence on the basolateral membrane than on the
rhabdomeres. Moreover, Syx1A, the only Qa-SNARE identified on
the plasma membrane, distributes ubiquitously, and it is also required
for post-Golgi transport destined to all plasma membrane
The fact that both basolateral and
transport pathways require the same sets of Qa- and Qbc-
SNAREs—Syx1A and Snap24/Snap25/Snap29—suggests that target
specificity is determined by factors other than these SNARESs, rather
than solely by the combination of R- and Qabc-SNAREs. Although
identifying the precise combinations of SNARE complexes required

subdomains. rhabdomere

for the specification of membrane subdomains is necessary, our
results suggest that in post-Golgi transport to the plasma
membrane, SNAREs may not be the sole determinants for vesicles
to specify their target subdomains. In fly photoreceptors, the
specificity between transport vesicles and target membranes can be
controlled by other sets of proteins, such as Rab proteins and tethering
factors, rather than SNAREs. Rabll and Rab35 are required for
rhabdomere transport, whereas Rabl0 is required for basolateral
transport. Such ambiguous situations around the determinant of
targeting specificity in fly photoreceptors are consistent with the
recent work using proteoliposome microinjection to mammalian
cells; liposomes loaded with early or late endosomal SNAREs
could be largely targeted to the corresponding endogenous
compartments, but their specificity is refined by phosphoinositides
and Rab proteins (Koike and Jahn, 2019; Koike and Jahn, 2022; Koike
and Jahn, 2024). With the sharp contrast to the post-Golgi SNAREs,
the phenotypes observed for ER-Golgi and post-Golgi SNAREs were
completely distinct, suggesting that these two groups of SNAREs are
not interchangeable. It is possible that the membrane properties
between the ER-Golgi and TGN-endosomes are more critically
different as they utilize separate ARFGEFs: GBF1 versus BIG1/2 in
mammalian cells and Garz versus Sec71 in Drosophila.

In this study, we expanded the use of the previously reported
CoinFLP. The CoinFLP system, which produces mosaic tissues, is
advantageous because it not only overcomes the lethality of
mutant flies but also allows for the sophisticated analysis of
mutant phenotypes by a side-by-side comparison of wild-type
and mutant cells. We added a new promoter system to delay the
induction of the phenotype and a somatic CRISPR/Cas9 system
using two types of promoters to drive RNAi or Cas9 expression in
CoinFLP. The Act5C promoter induces ubiquitous expression,
causing Gal4 or Cas9 expression to begin immediately after the
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CoinFLP system determines whether the cells induce its
the
Gal4 and Cas9 expression until the morphogenetic furrow is

expression. In contrast, longGMR promoter delays
reached. This difference in timing allows for cell survival or
induction of cell phenotypes. Although the CoinFLP system
offers significant advantages for RNAi or gene expression
studies, caution should be exercised when wused in
combination with the somatic CRISPR/Cas9 system. CRISPR/
Cas9 induces double-stranded breaks in the target gene; however,
the strength of the generated alleles depends on how the
chromosomes were repaired in each cell. In case the target
gene is essential to survive and grow, the mutant clones in the
mosaic retina can be dominated by the escapers carrying weak
hypomorphic alleles of the target gene. Consequently, gene
functions occasionally appear to be maintained even in Cas9-
expressing cells, especially in cases where the loss of function of
the gene is highly lethal.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary Material; further inquiries can be directed
to the corresponding authors.

Ethics statement

The manuscript presents research on animals that do not require
ethical approval for their study.

Author contributions

YO:
writing-review and editing. HY: investigation and writing-review

conceptualization, investigation, methodology, and
and editing. SS: investigation and writing-review and editing. TO:
methodology and writing-review and editing. YY: investigation and
writing-review and editing. TT: methodology, writing-review and
TS:

methodology, supervision, writing-original draft, and funding

editing, and funding acquisition. conceptualization,
acquisition. AS: conceptualization, supervision, writing-original

draft, funding acquisition, and project administration.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
work was supported by grants from the Japan Society for the
Promotion of Science (JSPS) (KAKENHI grant nos.
19K06663 and 22H02617) to AS (KAKENHI grant no.
19K06566) and TS; the Japan Science and Technology (JST)
Agency (PRESTO grant no. 25-J-J4215 and CREST grant no.
JPMJCR22E2) to AS and (SPRING grant no. JPMJSP2132) TT;
and the Core Research for Organelle Diseases funding from
Takeda
Ohsumi Frontier Science Foundation to AS.

Hiroshima University, Science Foundation, and

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1442192

Ochi et al.

Acknowledgments

The authors thank Dr. A. Paden for kindly providing the
antibodies. The authors also thank the Bloomington Drosophila
Stock Center, Vienna Drosophila Resource Center, and Drosophila
Genetic Resource Center (Kyoto Institute of Technology) for providing
the fly stocks. The authors acknowledge Editage (http://www.editage.
com) for editing and reviewing this manuscript for English language.

Conflict of interest

The authors declare that this study was conducted in the absence
of any commercial or financial relationships that could be construed
as potential conflicts of interest.

References

Beronja, S., Laprise, P., Papoulas, O., Pellikka, M., Sisson, J., and Tepass, U.
(2005). Essential function of Drosophila Sec6 in apical exocytosis of
epithelial photoreceptor cells. J. Cell Biol. 169 (4), 635-646. doi:10.1083/jcb.
200410081

Bhattacharya, S., Stewart, B. A, Niemeyer, B. A., Burgess, R. W., McCabe, B. D, Lin,
P., et al. (2002). Members of the synaptobrevin/vesicle-associated membrane protein
(VAMP) family in Drosophila are functionally interchangeable in vivo for
neurotransmitter release and cell viability. Proc. Natl. Acad. Sci. U. S. A. 99 (21),
13867-13872. doi:10.1073/pnas.202335999

Bosch, J. A., Tran, N. H., and Hariharan, I. K. (2015). CoinFLP: a system for efficient
mosaic screening and for visualizing clonal boundaries in Drosophila. Development 142
(3), 597-606. doi:10.1242/dev.114603

Charron, A. ], Bacallao, R. L., and Wandinger-Ness, A. (2000). ADPKD: a human
disease altering Golgi function and basolateral exocytosis in renal epithelia. Traffic 1,
675-686. doi:10.1034/j.1600-0854.2000.010811.x

Chen, Y. A., and Scheller, R. H. (2001). SNARE-mediated membrane fusion. Nat. Rev.
Mol. Cell Biol. 2, 98-106. doi:10.1038/35052017

Cotton, C. U, Hobert, M. E,, Ryan, S., and Carlin, C. R. (2013). Basolateral EGF
receptor sorting regulated by functionally distinct mechanisms in renal epithelial cells.
Traffic 14 (3), 337-354. doi:10.1111/tra.12032

El Ghouzzi, V., and Boncompain, G. (2022). Golgipathies reveal the critical role of the
sorting machinery in brain and skeletal development. Nat. Commun. 13, 7397. doi:10.
1038/s41467-022-35101-y

Feizy, N., Leuchtenberg, S. F., Steiner, C., Wiirtz, B., Fliegner, L., and Huber, A. (2024).
In vivo identification of Drosophila rhodopsin interaction partners by biotin proximity
labeling. Sci. Rep. 14, 1986. doi:10.1038/s41598-024-52041-3

Gordon, D. E,, Chia, J., Jayawardena, K., Antrobus, R., Bard, F., and Peden, A. A.
(2017). VAMP3/Syb and YKT6 are required for the fusion of constitutive secretory
carriers with the plasma membrane. PLoS Genet. 13 (4), e1006698. doi:10.1371/journal.
pgen.1006698

Grissom, J. H., Segarra, V. A, and Chi, R. J. (2020). New perspectives on SNARE
function in the yeast minimal endomembrane system. Genes (Basel) 11 (8), 899. doi:10.
3390/genes11080899

Hardie, R. C., and Juusola, M. (2015). Phototransduction in Drosophila. Curr. Opin.
Neurobiol. 34, 37-45. doi:10.1016/j.conb.2015.01.008

Hebbar, S., Schuhmann, K., Shevchenko, A., and Knust, E. (2020). Hydroxylated
sphingolipid biosynthesis regulates photoreceptor apical domain morphogenesis. J. Cell
Biol. 219 (12), €201911100. doi:10.1083/jcb.201911100

Hollingsworth, T. J., and Gross, A. K. (2012). Defective trafficking of rhodopsin and
its role in retinal degenerations. Int. Rev. Cell Mol. Biol. 293, 1-44. doi:10.1016/B978-0-
12-394304-0.00006-3

Hong, W, and Lev, S. (2014). Tethering the assembly of SNARE complexes. Trends
Cell Biol. 24 (1), 35-43. doi:10.1016/j.tcb.2013.09.006

Iwanami, N., Nakamura, Y., Satoh, T., Liu, Z., and Satoh, A. K. (2016). Rabé6 is
required for multiple apical transport pathways but not the basolateral transport
pathway in Drosophila photoreceptors. PLoS Genet. 12 (2), €1005828. doi:10.1371/
journal.pgen.1005828

Jahn, R,, Cafiso, D. C,, and Tamm, L. K. (2024). Mechanisms of SNARE proteins in
membrane fusion. Nat. Rev. Mol. Cell Biol. 25, 101-118. doi:10.1038/s41580-023-
00668-x

Frontiers in Cell and Developmental Biology

10.3389/fcell.2024.1442192

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1442192/
full#supplementary-material

Jahn, R, and Fasshauer, D. (2012). Molecular machines governing exocytosis of
synaptic vesicles. Nature 490, 201-207. doi:10.1038/nature11320

Karagiosis, S. A., and Ready, D. F. (2004). Moesin contributes an essential structural
role in Drosophila photoreceptor morphogenesis. Development 131 (4), 725-732.
doi:10.1242/dev.00976

Kidokoro, Y. (2003). Roles of SNARE proteins and synaptotagmin I in synaptic
transmission: studies at the Drosophila neuromuscular synapse. Neurosignals 12 (1),
13-30. doi:10.1159/000068912

Koike, S., and Jahn, R. (2019). SNAREs define targeting specificity of trafficking
vesicles by combinatorial interaction with tethering factors. Nat. Commun. 10, 1608.
doi:10.1038/5s41467-019-09617-9

Koike, S., and Jahn, R. (2022). SNARE proteins: zip codes in vesicle targeting?
Biochem. J. 479 (3), 273-288. doi:10.1042/BCJ20210719

Koike, S., and Jahn, R. (2024). Rab GTPases and phosphoinositides fine-tune SNAREs
dependent targeting specificity of intracellular vesicle traffic. Nat. Commun. 15, 2508.
doi:10.1038/s41467-024-46678-x

Laffafian, A., and Tepass, U. (2019). Identification of genes required for apical protein
trafficking in Drosophila photoreceptor cells. G3 (Bethesda) 9 (12), 4007-4017. doi:10.
1534/g3.119.400635

Levic, D. S., and Bagnat, M. (2022). Self-organization of apical membrane protein
sorting in epithelial cells. FEBS J. 289 (3), 659-670. doi:10.1111/febs.15882

Li, B. X,, Satoh, A. K., and Ready, D. F. (2007). Myosin V, Rab11, and dRip11 direct
apical secretion and cellular morphogenesis in developing Drosophila photoreceptors.
J. Cell Biol. 177 (4), 659-669. doi:10.1083/jcb.200610157

Miiller, T., Hess, M. W., Schiefermeier, N., Pfaller, K., Ebner, H. L., Heinz-Erian, P.,
et al. (2008). MYO5B mutations cause microvillus inclusion disease and disrupt
epithelial cell polarity. Nat. Genet. 40 (10), 1163-1165. doi:10.1038/ng.225

Nakamura, Y., Ochi, Y., Satoh, T., and Satoh, A. K. (2020). Rab10, Crag and
Ehbpl regulate the basolateral transport of Na'K'*ATPase in Drosophila
photoreceptors. J. Cell Sci. 133 (7), jcs238790. doi:10.1242/jcs.238790

Ochi, Y., Yamashita, H., Yamada, Y., Satoh, T., and Satoh, A. K. (2022). Stratum is
required for both apical and basolateral transport through stable expression of
Rabl0 and Rab35 in Drosophila photoreceptors. Mol. Biol. Cell 33 (10), brl7.
doi:10.1091/mbc.E21-12-0596

Otsuka, Y., Satoh, T., Nakayama, N, Inaba, R., Yamashita, H., and Satoh, A. K. (2019).
Parcas is the predominant Rabl1-GEF for rhodopsin transport in Drosophila
photoreceptors. J. Cell Sci. 132 (15), jcs231431. doi:10.1242/jcs.231431

Pellikka, M., Tanentzapf, G., Pinto, M., Smith, C., McGlade, C. J., Ready, D. F,, et al.
(2002). Crumbs, the Drosophila homologue of human CRBI1/RP12, is essential for
photoreceptor morphogenesis. Nature 416 (6877), 143-149. doi:10.1038/nature721

Pocha, S. M., Shevchenko, A., and Knust, E. (2011). Crumbs regulates rhodopsin
transport by interacting with and stabilizing myosin V. J. Cell Biol. 195 (5), 827-838.
doi:10.1083/jcb.201105144

Poe, A. R, Wang, B, Sapar, M. L, Ji, H,, Li, K., Onabajo, T., et al. (2019). Robust
CRISPR/Cas9-Mediated tissue-specific mutagenesis reveals gene redundancy and
perdurance in Drosophila. Genetics 211 (2), 459-472. doi:10.1534/genetics.118.301736

Rao, S. S, Stewart, B. A, Rivlin, P. K,, Vilinsky, L, Watson, B. O., Lang, C., et al. (2001).
Two distinct effects on neurotransmission in a temperature-sensitive SNAP-25 mutant.
EMBO J. 20 (23), 6761-6771. doi:10.1093/emb0j/20.23.6761

frontiersin.org


http://www.editage.com/
http://www.editage.com/
https://www.frontiersin.org/articles/10.3389/fcell.2024.1442192/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2024.1442192/full#supplementary-material
https://doi.org/10.1083/jcb.200410081
https://doi.org/10.1083/jcb.200410081
https://doi.org/10.1073/pnas.202335999
https://doi.org/10.1242/dev.114603
https://doi.org/10.1034/j.1600-0854.2000.010811.x
https://doi.org/10.1038/35052017
https://doi.org/10.1111/tra.12032
https://doi.org/10.1038/s41467-022-35101-y
https://doi.org/10.1038/s41467-022-35101-y
https://doi.org/10.1038/s41598-024-52041-3
https://doi.org/10.1371/journal.pgen.1006698
https://doi.org/10.1371/journal.pgen.1006698
https://doi.org/10.3390/genes11080899
https://doi.org/10.3390/genes11080899
https://doi.org/10.1016/j.conb.2015.01.008
https://doi.org/10.1083/jcb.201911100
https://doi.org/10.1016/B978-0-12-394304-0.00006-3
https://doi.org/10.1016/B978-0-12-394304-0.00006-3
https://doi.org/10.1016/j.tcb.2013.09.006
https://doi.org/10.1371/journal.pgen.1005828
https://doi.org/10.1371/journal.pgen.1005828
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/nature11320
https://doi.org/10.1242/dev.00976
https://doi.org/10.1159/000068912
https://doi.org/10.1038/s41467-019-09617-9
https://doi.org/10.1042/BCJ20210719
https://doi.org/10.1038/s41467-024-46678-x
https://doi.org/10.1534/g3.119.400635
https://doi.org/10.1534/g3.119.400635
https://doi.org/10.1111/febs.15882
https://doi.org/10.1083/jcb.200610157
https://doi.org/10.1038/ng.225
https://doi.org/10.1242/jcs.238790
https://doi.org/10.1091/mbc.E21-12-0596
https://doi.org/10.1242/jcs.231431
https://doi.org/10.1038/nature721
https://doi.org/10.1083/jcb.201105144
https://doi.org/10.1534/genetics.118.301736
https://doi.org/10.1093/emboj/20.23.6761
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1442192

Ochi et al.

Rodriguez-Boulan, E., Kreitzer, G., and Miisch, A. (2005). Organization of vesicular
trafficking in epithelia. Nat. Rev. Mol. Cell Biol. 6 (3), 233-247. doi:10.1038/nrm1593

Rodriguez-Boulan, E., and Macara, I. G. (2014). Organization and execution of the
epithelial polarity programme. Nat. Rev. Mol. Cell Biol. 15 (4), 225-242. doi:10.1038/
nrm3775

Rosenbaum, E. E., Vasiljevic, E., Cleland, S. C., Flores, C., and Colley, N.J. (2014). The
Gos28 SNARE protein mediates intra-Golgi transport of rhodopsin and is required for
photoreceptor survival. J. Biol. Chem. 289 (47), 32392-32409. doi:10.1074/jbc.M114.
585166

Ryan, S., Verghese, S., Cianciola, N. L., Cotton, C. U., and Carlin, C. R. (2010).
Autosomal recessive polycystic kidney disease epithelial cell model reveals multiple
basolateral epidermal growth factor receptor sorting pathways. Mol. Biol. Cell 21 (15),
2732-2745. doi:10.1091/mbc.e09-12-1059

Satoh, A., Tokunaga, F., Kawamura, S., and Ozaki, K. (1997). In situ inhibition of
vesicle transport and protein processing in the dominant negative Rabl mutant of
Drosophila. J. Cell Sci. 110 (Pt 23), 2943-2953. do0i:10.1242/jcs.110.23.2943

Satoh, A. K., O’'Tousa, J. E., Ozaki, K., and Ready, D. F. (2005). Rab11 mediates post-
Golgi trafficking of rhodopsin to the photosensitive apical membrane of Drosophila
photoreceptors. Development 132 (7), 1487-1497. doi:10.1242/dev.01704

Satoh, A. K., and Ready, D. F. (2005). Arrestinl mediates light-dependent rhodopsin
endocytosis and cell survival. Curr. Biol. 15 (19), 1722-1733. d0i:10.1016/j.cub.2005.
08.064

Satoh, T., Inagaki, T., Liu, Z., Watanabe, R., and Satoh, A. K. (2013). GPI biosynthesis
is essential for rhodopsin sorting at the trans-Golgi network in Drosophila
photoreceptors. Development 140 (2), 385-394. doi:10.1242/dev.083683

Satoh, T., Nakamura, Y., and Satoh, A. K. (2016a). Rab6 functions in polarized
transport in Drosophila photoreceptors. Fly. (Austin) 10 (3), 123-127. doi:10.1080/
19336934.2016.1182273

Satoh, T., Nakamura, Y., and Satoh, A. K. (2016b). The roles of Syx5 in Golgi
morphology and Rhodopsin transport in Drosophila photoreceptors. Biol. Open 5 (10),
1420-1430. doi:10.1242/bi0.020958

Satoh, T., Ohba, A, Liu, Z., Inagaki, T., and Satoh, A. K. (2015). dPob/EMC is
essential for biosynthesis of rhodopsin and other multi-pass membrane proteins in
Drosophila photoreceptors. Elife 4, €06306. doi:10.7554/eLife.06306

Schindelin, J., Arganda-Carreras, I, Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
etal. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9,
676-682. doi:10.1038/nmeth.2019

Schneeberger, K., Vogel, G. F., Teunissen, H., van Ommen, D. D., Begthel, H., El
Bouazzaoui, L., et al. (2015). An inducible mouse model for microvillus inclusion
disease reveals a role for myosin Vb in apical and basolateral trafficking. Proc. Natl.
Acad. Sci. U. S. A. 112 (40), 12408-12413. doi:10.1073/pnas.1516672112

Schopf, K., and Huber, A. (2017). Membrane protein trafficking in Drosophila
photoreceptor cells. Eur. J. Cell Biol. 96 (5), 391-401. doi:10.1016/j.¢jcb.2016.11.002

Schulze, K. L., Broadie, K., Perin, M. S., and Bellen, H. J. (1995). Genetic and
electrophysiological studies of Drosophila syntaxin-1A demonstrate its role in
nonneuronal secretion and neurotransmission. Cell 80 (2), 311-320. doi:10.1016/
0092-8674(95)90414-x

Stanton, A. E., and Hughson, F. M. (2023). The machinery of vesicle fusion. Curr.
Opin. Cell Biol. 83, 102191. doi:10.1016/j.ceb.2023.102191

Tago, T., Yamada, Y., Goto, Y., Toyooka, K., Ochi, Y., Satoh, T., et al. (2024). Golgi
clustering by the deficiency of COPI-SNARE in Drosophila photoreceptors. Front. Cell
Dev. Biol. 12, 1442198. doi:10.3389/fcell.2024.1442198

Frontiers in Cell and Developmental Biology

17

10.3389/fcell.2024.1442192

Tong, C., Ohyama, T., Tien, A. C,, Rajan, A., Haueter, C. M., and Bellen, H. J. (2011).
Rich regulates target specificity of photoreceptor cells and N-cadherin trafficking in the
Drosophila visual system via Rab6. Neuron 71 (3), 447-459. doi:10.1016/j.neuron.2011.
06.040

Vilinsky, L, Stewart, B. A., Drummond, J., Robinson, I, and Deitcher, D. L. (2002). A
Drosophila SNAP-25 null mutant reveals context-dependent redundancy with SNAP-
24 in neurotransmission. Genetics 162 (1), 259-271. doi:10.1093/genetics/162.1.259

Vogel, G. F,, Janecke, A. R,, Krainer, I. M., Gutleben, K., Witting, B., Mitton, S. G.,
et al. (2017). Abnormal Rabl1-Rab8-vesicles cluster in enterocytes of patients with
microvillus inclusion disease. Traffic 18 (7), 453-464. doi:10.1111/tra.12486

Wang, S., Tan, K. L., Agosto, M. A,, Xiong, B., Yamamoto, S., Sandoval, H., et al.
(2014). The retromer complex is required for rhodopsin recycling and its loss leads to
photoreceptor degeneration. PLoS Biol. 12 (4), €1001847. doi:10.1371/journal.pbio.
1001847

Wernet, M. F., Labhart, T., Baumann, F., Mazzoni, E. O., Pichaud, F., and
Desplan, C. (2003). Homothorax switches function of Drosophila photoreceptors
from color to polarized light sensors. Cell 115 (3), 267-279. d0i:10.1016/s0092-
8674(03)00848-1

Wu, S., Mehta, S. Q., Pichaud, F., Bellen, H. J., and Quiocho, F. A. (2005).
Secl5 interacts with Rabll via a novel domain and affects Rabll localization in
vivo. Nat. Struct. Mol. Biol. 12 (10), 879-885. doi:10.1038/nsmb987

Xiong, B., Bayat, V., Jaiswal, M., Zhang, K., Sandoval, H., Charng, W. L., et al.
(2012). Crag is a GEF for Rabll required for rhodopsin trafficking and
maintenance of adult photoreceptor cells. PLoS Biol. 10 (12), e1001438. doi:10.
1371/journal.pbio.1001438

Xiong, B., and Bellen, H. J. (2013). Rhodopsin homeostasis and retinal
degeneration: lessons from the fly. Trends Neurosci. 36 (11), 652-660. doi:10.
1016/j.tins.2013.08.003

Yamashita, H., Ochi, Y., Yamada, Y., Sasaki, S., Tago, T., Satoh, T, et al. (2022).
Functions of neuronal Synaptobrevin in the post-Golgi transport of Rhodopsin in
Drosophila photoreceptors. J. Cell Sci. 135 (24), jcs260196. doi:10.1242/jcs.260196

Yano, H., Yamamoto-Hino, M., Awano, W., Aoki-Kinoshita, K. F., Tsuda-Sakurai, K.,
Okano, H,, et al. (2012). Identification of proteasome components required for apical
localization of Chaoptin using functional genomics. J. Neurogenet. 26, 53-63. doi:10.
3109/01677063.2012.661497

Yasuhara, J. C., Baumann, O., and Takeyasu, K. (2000). Localization of Na/K-ATPase
in developing and adult Drosophila melanogaster photoreceptors. Cell Tissue Res. 300
(2), 239-249. doi:10.1007/s004410000195

Yoshihara, M., Ueda, A., Zhang, D., Deitcher, D. L., Schwarz, T. L., and Kidokoro, Y.
(1999). Selective effects of neuronal-synaptobrevin mutations on transmitter release
evoked by sustained versus transient Ca2+ increases and by cAMP. J. Neurosci. 19,
2432-2441. doi:10.1523/]NEUROSCI.19-07-02432.1999

Zeger, M., Stanistawczyk, L. S., Buli¢, M., Binder, A. M., and Huber, A. (2024).
tsCRISPR based identification of Rab proteins required for the recycling of
Drosophila TRPL ion channel. Front. Cell Dev. Biol. 12, 1444953. doi:10.3389/
fcell.2024.1444953

Zhao, X, Yang, H., Liu, W., Duan, X,, Shang, W., Xia, D, et al. (2015). Sec22 regulates
endoplasmic reticulum morphology but not autophagy and is required for eye
development in Drosophila. J. Biol. Chem. 290, 7943-7951. doi:10.1074/jbc.M115.
640920

Zhou, L., Xue, X,, Yang, K, Feng, Z, Liu, M., and Pastor-Pareja, J. C. (2023).
Convergence of secretory, endosomal, and autophagic routes in trans-Golgi-associated
lysosomes. J. Cell Biol. 222 (1), €202203045. doi:10.1083/jcb.202203045

frontiersin.org


https://doi.org/10.1038/nrm1593
https://doi.org/10.1038/nrm3775
https://doi.org/10.1038/nrm3775
https://doi.org/10.1074/jbc.M114.585166
https://doi.org/10.1074/jbc.M114.585166
https://doi.org/10.1091/mbc.e09-12-1059
https://doi.org/10.1242/jcs.110.23.2943
https://doi.org/10.1242/dev.01704
https://doi.org/10.1016/j.cub.2005.08.064
https://doi.org/10.1016/j.cub.2005.08.064
https://doi.org/10.1242/dev.083683
https://doi.org/10.1080/19336934.2016.1182273
https://doi.org/10.1080/19336934.2016.1182273
https://doi.org/10.1242/bio.020958
https://doi.org/10.7554/eLife.06306
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1073/pnas.1516672112
https://doi.org/10.1016/j.ejcb.2016.11.002
https://doi.org/10.1016/0092-8674(95)90414-x
https://doi.org/10.1016/0092-8674(95)90414-x
https://doi.org/10.1016/j.ceb.2023.102191
https://doi.org/10.3389/fcell.2024.1442198
https://doi.org/10.1016/j.neuron.2011.06.040
https://doi.org/10.1016/j.neuron.2011.06.040
https://doi.org/10.1093/genetics/162.1.259
https://doi.org/10.1111/tra.12486
https://doi.org/10.1371/journal.pbio.1001847
https://doi.org/10.1371/journal.pbio.1001847
https://doi.org/10.1016/s0092-8674(03)00848-1
https://doi.org/10.1016/s0092-8674(03)00848-1
https://doi.org/10.1038/nsmb987
https://doi.org/10.1371/journal.pbio.1001438
https://doi.org/10.1371/journal.pbio.1001438
https://doi.org/10.1016/j.tins.2013.08.003
https://doi.org/10.1016/j.tins.2013.08.003
https://doi.org/10.1242/jcs.260196
https://doi.org/10.3109/01677063.2012.661497
https://doi.org/10.3109/01677063.2012.661497
https://doi.org/10.1007/s004410000195
https://doi.org/10.1523/JNEUROSCI.19-07-02432.1999
https://doi.org/10.3389/fcell.2024.1444953
https://doi.org/10.3389/fcell.2024.1444953
https://doi.org/10.1074/jbc.M115.640920
https://doi.org/10.1074/jbc.M115.640920
https://doi.org/10.1083/jcb.202203045
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1442192

	Comprehensive study of SNAREs involved in the post-Golgi transport in Drosophila photoreceptors
	1 Introduction
	2 Materials and methods
	2.1 Construction of the plasmids and transgenic flies
	2.2 Drosophila stocks and genetics
	2.3 Generation of transgenic flies
	2.4 Generation of null alleles for Syx13 and Syx6 genes by the CRISPR/Cas9 system
	2.5 Immunohistochemistry
	2.6 Electron microscopy

	3 Results
	3.1 Three-step RNAi mosaic eye screening
	3.2 Validation of the three-step RNAi-mosaic eye screening
	3.3 Classification of SNARE proteins by knockdown phenotypes
	3.4 Two R-SNAREs, nSyb and Ykt6, are strongly involved in post-Golgi transport of Rh1
	3.5 Syx1A and Snap29 are involved in post-Golgi transport for both rhabdomeres and basolateral membranes
	3.6 Candidate genes involved in the transport between the ER and Golgi stacks
	3.7 CRISPR/Cas9–mosaic eye screening
	3.8 Snap24 and Snap25 are involved in post-Golgi transport toward both rhabdomeres and basolateral membranes

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


