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Zebrafish Crbl, Localizing Uniquely to the Cell Membranes
around Cone Photoreceptor Axonemes, Alleviates Light
Damage to Photoreceptors and Modulates Cones’ Light
Responsiveness
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The crumbs (crb) apical polarity genes are essential for the development and functions of epithelia. Adult zebrafish retinal
neuroepithelium expresses three crb genes (crbl, crb2a, and crb2b); however, it is unknown whether and how Crbl differs
from other Crb proteins in expression, localization, and functions. Here, we show that, unlike zebrafish Crb2a and Crb2b as
well as mammalian Crbl and Crb2, zebrafish Crbl does not localize to the subapical regions of photoreceptors and Miiller
glial cells; rather, it localizes to a small region of cone outer segments: the cell membranes surrounding the axonemes.
Moreover, zebrafish Crbl is not required for retinal morphogenesis and photoreceptor patterning. Interestingly, Crbl pro-
motes rod survival under strong white light irradiation in a previously unreported non-cell-autonomous fashion; in addition,
Crbl delays UV and blue cones’ chromatin condensation caused by UV light irradiation. Finally, Crbl plays a role in cones’
responsiveness to light through an arrestin-translocation-independent mechanism. The localization of Crbl and its functions
do not differ between male and female fish. We conclude that zebrafish Crbl has diverged from other vertebrate Crb pro-
teins, representing a neofunctionalization in Crb biology during evolution.
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Apicobasal polarity of epithelia is an important property that underlies the morphogenesis and functions of epithelial tissues.
Epithelial apicobasal polarity is controlled by many polarity genes, including the crb genes. In vertebrates, multiple crb genes
have been identified, but the differences in their expression patterns and functions are not fully understood. Here, we report a
novel subcellular localization of zebrafish Crbl in retinal cone photoreceptors and evidence for its new functions in photore-
ceptor maintenance and light responsiveness. This study expands our understanding of the biology of the crb genes in epithe-
lia, including retinal neuroepithelium. /
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Crumbs (Crb) apical polarity proteins are Type I single-pass
transmembrane proteins. They are essential for a variety of
epithelial tissues in both invertebrates and vertebrates. Their
extracellular domains mediate cell-cell interactions, and their
cytoplasmic C-terminal domains mediate intracellular signaling
(Pocha and Knust, 2013). The prototype Crb was first discovered
in Drosophila melanogaster (Tepass et al., 1990), in which Crb
localizes to the subapical regions (SARs) of cell membranes, api-
cal to the septate junctions in epithelial cells (Tepass et al., 1990).
Subsequently, three classes of Crb orthologs have been identified
in vertebrates: Crbl, Crb2, and Crb3, with Crb1 and Crb2 carry-
ing large extracellular domains like the fly Crb, and Crb3 missing
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most part of the extracellular domain (den Hollander et al., 1999;
Makarova et al., 2003; Lemmers et al., 2004; van den Hurk et al,,
2005; Bulgakova and Knust, 2009). For example, the zebrafish
genome contains five crb genes (crbl, crb2a, crb2b, crb3a, and
crb3b) (Omori and Malicki, 2006). In vertebrate epithelial cells,
Crb proteins normally localize to SARs, immediately apical to
the tight junctions (Mehalow et al., 2003; Roh et al., 2003; van de
Pavert et al., 2004; van den Hurk et al., 2005; Omori and Malicki,
2006; Zou et al., 2012; Pellissier et al., 2014). The multiplicity of
vertebrate crb genes and their structural variations suggest diver-
sified Crb functions.

Indeed, since the identification of Crb in the fruit fly, Crb
proteins have been found to play essential roles in many biologi-
cal properties and processes, such as apicobasal polarity and in-
tegrity of epithelia (Letizia et al., 2013), cell-cell adhesions and
cellular patterning (Grawe et al., 1996; Tepass, 1996; Lemmers et
al., 2004; Zou et al, 2012), cell proliferation and survival
(Pellikka and Tepass, 2017), Hippo signaling (Chen et al., 2010;
Pan, 2010; Parsons et al., 2010), protein trafficking (Pocha et al.,
2011a), photoreceptor morphogenesis (Izaddoost et al., 2002;
Pellikka et al., 2002; Nam and Choi, 2003), etc. Given the multi-
plicity of vertebrate crb genes, it is possible that this broad spec-
trum of Crb functions is deferentially allocated to various crb
genes.

This possibility of differential allocation of functions among
crb genes is supported by genetic evidence in humans. For exam-
ple, ~10% of Leber’s congenital amaurosis (LCA) and retinitis
pigmentosa (RP) are because of the malfunction of human CRB1
caused by >300 pathogenic mutations (den Hollander et al.,
1999; Abouzeid et al., 2006; Vallespin et al., 2007; Bujakowska et
al., 2012; Corton et al., 2013; Tiab et al., 2013). However, LCA
and RP have not been found to be associated with human CRB2
and CRB3 (Slavotinek, 2016), although some missense mutations
in CRB2 were linked to reduced visual acuity, mild optic atrophy,
and irregular retinal pigmentation (van den Hurk et al., 2005;
Lamont et al., 2016). The preferential association of CRB1 with
RP and LCA may suggest that, in humans, CRBI carries more
retinal functions than CRB2 and CRB3 do; alternatively, muta-
tions of CRB2 and CRB3 are embryonic lethal and their retinal
phenotypes are not available. Regardless, the etiology of CRBI-
related LCA or RP (Quinn et al, 2017) and how the crb genes
differ from one another in vertebrate retinal functions remain
elusive.

To understand the functional diversification of Crb proteins,
we chose to use zebrafish retina as our model because zebrafish
retina expresses three crb genes: crbl, crb2a, and crb2b (Omori
and Malicki, 2006; Zou et al., 2012). Of these three genes, the cell
type-specific gene expression patterns, subcellular localizations,
and some functions of crb2a and crb2b have been characterized
previously: Crb2a localizes to the SARs of undifferentiated retinal
epithelial cells and plays an important role in establishing and
maintaining the apicobasal polarity and integrity of the retinal
neuroepithelium (Malicki and Driever, 1999; Omori and
Malicki, 2006). In developed retina, Crb2a localizes to the SARs
of the inner segments of all photoreceptors as well as the apical
processes of Miiller glial cells (Zou et al, 2012). By contrast,
Crb2b is restrictively expressed, as Crb2b If (long isoform) and
Crb2b-sf (short isoform), in the red, green, and blue cones (RGB
cones) of developed retina and localizes to the SARs of RGB
cones (Zou et al,, 2012; Fang et al., 2017). Both Crb2a and Crb2b
are required for maintaining the mirror symmetric and pentame-
ric (R-G-B-R-G) organization of RGB cone photoreceptors by
mediating cell-cell adhesions (Zou et al., 2012). However, Crb1’s
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cell type-specific expression pattern, protein localization, and
functions in the retina remain unknown.

Thus, we here characterize zebrafish Crb1’s retinal expression
pattern, subcellular localization, and functions. We show that
zebrafish Crbl is not only different from zebrafish Crb2a and
Crb2b, but also different from human and mouse Crbl and
Crb2, suggesting that it may represent a neofunctionalization of
Crb proteins during evolution.

Materials and Methods

Zebrafish strains and animal care. Tubingen WT, Tg(—5.50pnlswsl:
EGFP)¥ transgenic (Takechi et al., 2003), Tg (LCR*"2-RH2-1:GFP)"*!?
transgenic (Fang et al, 2013), Tg(—3.7tho:EGFP)¥ transgenic
(Hamaoka et al., 2002), and crbI**’?*>® mutant (simplified as crbI mu-
tant hereafter; Zebrafish International Resource Center, catalog
#71.9088.07; Busch-Nentwich et al., 2012) zebrafish were maintained on
a 14 h light/10 h dark cycle at 28.5°C. Zebrafish embryos were raised in
an incubator at 28.5°C. Animal care and handling were in accordance
with the guidelines of the University of Pittsburgh.

Phylogenetic analysis of Crb amino acid sequences. The phylogenetic
relationships of the extracellular domain, intracellular domain, and full-
length sequences of Crb proteins of 14 species were analyzed with the
MEGA X program (http://www.megasoftware.net/). We use the neigh-
bor-joining method to generate the unrooted phylogenetic trees. In addi-
tion, Crb amino acid sequences were compared pairwise with
VectorNTI and Genedoc (Nicholas et al., 1997). The animal species
and the GenBank accession numbers of these Crb proteins are as
follows: fruit fly (Drosophila busckii; Crb, ALC47276.1); nematode
(Caenorhabditis elegans; Crbl, CCD66913.1; Crb2a, BAA92157.1;
Crb2b, BAA92158.1; Crb3, NP_001041224.1); human (Homo sapiens;
Crbl, NP_957705.1; Crb2, NP_775960.4; Crb3, AAQ89047.1); rhesus
monkey (Macaca mulatta; Crbl, XP_014976303.1; Crb2, XP_001083811.3;
Crb3, NP_001253010.1); chimpanzee (Pan troglodytes; Crbl, XP_
009438564.1; Crb2, XP_528426.4; Crb3, XP_016790312.2); house mouse
(Mus musculus; Crbl, AAL65131.1; Crb2, NP_001157038.1; Crb3,
AAH24462.1); Norway rat (Rattus norvegicus; Crbl, NP_001100652.1;
Crb2, NP_001129233.1; Crb3, NP_001020832.1); white-footed mouse
(Peromyscus leucopus; Crbl, XP_028745692.1; Crb2, XP_028743732.1;
Crb3, XP_028718368.1); Chinese alligator (Alligator sinensis; Crbl,
XP_006036765.1; Crb2, XP_014382035.2; Crb3, XP_025059628.1); main-
land tiger snake (Notechis scutatus; Crbl, XP_026527503.1; Crb2,
XP_026546320.1; Crb3, XP_026537729.1); green sea turtle (Chelonia mydas;
Crbl, XP_007063718.1; Crb2, XP_007061020.1; Crb3, XP_027676516.1);
fugu (Takifugu rubripes; Crbl, ENSTRUT00000002807.2; Crb2, XP_
029685596.1; Crb3, XP_029692235.1); medaka (Oryzias latipes; Crbl,
XP_011472343.1; Crb2, XP_023814513.1; Crb3, XP_011476413.2); and
zebrafish (Danio rerio; Crbl, NP_001038408.1; Crb2a, NP_001038764.1;
Crb2b-If, DQ314737; Crb3a, AAI33838.1; Crb3b, AAI33972.1).

Immunohistochemistry. Zebrafish larvae and adult eyes were fixed
with 4% PFA at room temperature for 30 min and 2 h, respectively.
After washes with PBS, the fixed samples were stored in 40% sucrose (in
PBS) at 4°C before immunohistochemistry using the procedure
described previously (Zou et al., 2012).

Antibodies used for this study were either purchased from compa-
nies or made by the X.W. laboratory; they are listed as follows. Rabbit
polyclonal antibodies: anti-Crb13°%1%%8  anti-Crb2a***” %7, and anti-
Crb2b-1f***%¢773 (1:300) (Zou et al., 2012, 2013). Mouse monoclonal
antibodies: anti-ZO-1 (1:300; Invitrogen, catalog #339100; RRID:AB_
87181), anti-y-tubulin (1:3000; Sigma Millipore, catalog #13320; RRID:
AB_261655), anti-acetylated tubulin (1:3000; Sigma Millipore, catalog
#17451; RRID:AB_609894), and Zpr1 anti-arrestin3a (1:300; ZIRC, cata-
log #AB_174435 RRID:AB_10013803). Secondary antibodies: Cy3-
conjugated goat anti-rabbit IgG (1:300; Jackson ImmunoResearch
Laboratories, catalog #111-165-144; RRID:AB_2338006), Cy3-conju-
gated goat anti-mouse IgG (1:300; Jackson ImmunoResearch Labora-
tories, catalog #115-165-166; RRID:AB_2338692), and Cy5-conjugated
donkey anti-rabbit IgG (1:300; Jackson ImmunoResearch Laboratories,
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catalog #711-175-152; RRID:AB_2340607). In addition, Cy3-conjugated
peanut agglutinin (PNA) (1:100; Vector Laboratories, catalog #CL-1073;
RRID:AB_2313597) was used to stain red cone outer segments.
AlexaFluor-488-conjugated phalloidin (1:300; Thermo Fisher Scientific,
catalog #A12379; RRID:AB_2759222) and AlexaFluor-647-conjugated
phalloidin (1:300; Thermo Fisher Scientific, catalog #A22287; RRID:AB_
2620155) were used to stain F-actin. DAPI (1:1000; Thermo Fisher
Scientific, catalog #D1306, RRID:AB_2629482) was used to stain the
nuclei. Images were taken with a Fluoview FV1000 confocal microscope
(Olympus).

Genotyping crbl mutant embryos. crbl mutants were genotyped
with the Cleaved Amplified Polymorphic Sequence method (Konieczny
and Ausubel, 1993). Specifically, a forward primer (5'-GGTCACGAG
TGCCAGAA-3') and a reverse primer (5'-TGCCATTCACCATC
AGATACA-3") were used to amplify a 375 bp DNA fragment that con-
tains the crbI°*****® mutation site. The PCR products amplified from
either embryonic or adult tail fin DNA were then digested with PstI,
which cuts the PCR products of WT but not mutant DNA into two frag-
ments of 154 and 221 bp.

Electroretinography (ERG). To evaluate the physiological function of
Crbl, the ERG of WT and c¢rbl mutant larvae was measured at 6 dpf

using the method described previously (Nelson et al., 2019). Briefly, the
isolated larval eyes were placed in an inverted lid of a 35 mm culture
dish in the recording chamber and were perfused with MEM (Thermo
Fisher Scientific, catalog #11090-099) at 0.07 ml/min. The MEM, equili-
brated with 95% O, and 5% CO,, contained 20 mm L-aspartate (Sigma
Millipore) to block postsynaptic glutamatergic photoreceptor mecha-
nisms. The eyes were exposed to 10 successive 7 step white light irradi-
ance-response sequences at 0.5 log unit increments. The white light was
obtained from a 150 W Xenon arc through UV compliant optics (maxi-
mal irradiance of 0.15 uW/cm®). All four zebrafish cone types, including
UV cones, are stimulated to saturation by this source (Nelson and
Singla, 2009). Brightness levels were preadjusted to cover the anticipated
response range between the threshold and saturation. The total time
from the start of the first flash to the end of the protocol was 23 min 40 s.
Each intensity-response sequence required ~2 min 22 s.

Light damage treatments. To determine whether crb genes are
required for maintaining photoreceptors under damaging light irradia-
tion, adult fish were exposed to either strong white light or UV light irra-
diation. For white light irradiation, 3 mpf (months post fertilization)
WT fish and crbl mutants were treated as described previously (Thomas
and Thummel, 2013). Specifically, 24 c¢rbl mutants and 24 WT fish (12
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A Pairwise comparisons of zebrafish Crb1 with human, mouse, and zebrafish Crb proteins
Compared with Human Crb1 Mouse Crb1 Zebrafish Crb2a  Zebrafish Crb2b-If Human Crb2 Mouse Crb2
Identity 44% 42% 36% 34% 33% 3%
Similarity 60% 57% 51% 49% 47% 47%
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Figure 2.

FERM-binding

PDZ-binding

Amino acid sequence comparisons of zebrafish Crb1 with human, mouse, and zebrafish Crb proteins. A, Pairwise comparisons of the sequence identities and similarities between

zebrafish Crb1 and other Crb proteins. B, Alignments of the amino acid sequences of zebrafish Crb1, Crb2a, and Crb2b-If. The last 37 amino acids in a red rectangle are the intracellular domains.
C, The PDZ-binding motif and FERM-binding motif of the intracellular domains of Crb1, Crb2a, and Crb2b are underlined. Asterisks indicate the major variations of amino acids in the interval

region between the PDZ-binding and FERM-binding motifs.

females and 12 males for each group) were kept in two tanks (positioned
side by side at a distance of 29 cm) in a dark chamber for 2 d. Then, fish
were irradiated for up to 3d with two 250 W halogen utility lamps
(Designers Edge L860 Portable, 4000 Lumen output), with two lamps on
each side of the two-tank unit at a distance of 37 cm. To reduce the over-
heating stress, fish were kept in circulating aquatic system water during
the treatment. Fish were killed at 0 and 3 dpl (days post the start of light
treatment) and evaluated for the effects of the loss of Crbl on photore-
ceptor survival. To quantify photoreceptors, we took confocal images of
DAPI-stained retinal sections under a 60x objective lens and counted all
photoreceptor nuclei in radial retinal sections that span a width of
210 um. In addition, the thicknesses of inner nuclear layer (INL) were
measured with Fiji software (Schindelin et al., 2012).

For UV light irradiation, 8 mpf-old fish were first transferred toa 1 L
glass beaker containing 450 ml aquatic system water and then adapted in
darkness for 1.5 h. The adapted fish were then exposed to UV light for 2
h in the irradiation chamber of a Gel Doc XR+ Imaging System (Bio-
Rad, catalog #1708195, equipped with Ushio G8T5E Mercury-Arc UV-B
light bulbs, 7.2 W, 306 nm UV output). The treated fish were then main-
tained in the aquatic system water for 12, 24, and 36 h before being
killed. Then their eyes were enucleated, fixed with 4% PFA, and proc-
essed for histochemistry.

The measurements of the length of cone outer segments. To determine
whether the loss of Crb1 affects the length of cone outer segments, the
eyes from dark-adapted 6 dpf and 3 mpf WT and crbl mutant fish were
fixed with 4% PFA for 1 h at room temperature, cryo-sectioned, and im-
munostained with Cy3-conjugated PNA. The lengths of cone outer seg-
ments, revealed by the PNA staining, were measured with Fiji software
(Schindelin et al., 2012).

Arrestin3a translocation analysis. Melanin pigmentation of zebrafish
larvae was blocked by adding 0.003% phenylthiourea starting at 24 hpf.
Fish larvae were dark-adapted starting at 5 dpf, then fixed at 6 dpf with
4% PFA for 1 h or, alternatively, exposed to ambient light for either
30min or 4 h after the dark adaptation before fixation. Each sample
group contained 30 larvae. These larvae were analyzed by confocal
immunohistochemistry to evaluate the effects of the loss of Crbl on
the translocation of arrestin3a during the dark-to-light transition.
Specifically, confocal images of arrestin3a were collected under nonsatu-
rating laser powers. With Fiji software (Schindelin et al., 2012), we meas-
ured and calculated the average arrestin3a intensities of a circular area of
1 um in diameter both at the inner segments, 2-3 um below the ellipsoid,
and at the outer segments, 1-2 um above the ellipsoid (see Fig. 10A4). Then
the ratios of arrestin3a signal intensities in the outer segments to that in the
inner segments were calculated.
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Figure 3.  Distinct localizations of Crb1, Crb2a, and Crb2b in adult zebrafish retina. In all panels, the retinal tissues were sectioned radially, except for the transverse sections in H and K. e,
Ellipsoids; OS, outer segment; IS, inner segment; UV, UV cones; g, green cones; r, red cones; b, blue cones. Scale bars, 5 um. 4, B, Crb2a and Crb2b (red, arrows) localized to the SARs of photo-
receptors or Miiller glial cells, abutting the OLM and away from the axonemes. Arrowheads indicate anti-acetylated tubulin staining. C, D, Apical of and not abutting the OLM, Crb1 localized in
three bands to the outer segment regions of UV cones (bracket 1), blue cones (bracket 2), and green/red cones (bracket 3). ¢, Magnified region boxed in D. E, (b1 localized apical to the basal
body (BB, blue, by anti--y-tubulin staining) and the connecting cilium (CC) in a UV one, which was visualized by the GFP expression in the background of Tg(—5. 50pn75w57 EGFP)Y (UV:GFP)
(Takechi et al., 2003). F, Crb1 (red) localized to the vicinity of the axonemal microtubules (MT, blue, by anti-acetylated tubulin staining) in a Tg(—5.50pnTswsT: EGFP)Y UV cone (green). G,
(Crb1 signals (red) in RGB cones in the background of Tg (LCR™-RH2-1:GFPP'""(green + blue cones: GFP), which expresses GFP (green) in green and blue cones (Fang et al., 2013). Green and
red cones were labeled with Zpr1 antibody (blue). H, At the transverse section of a UV cone, confirmed by its Tg(— 55opnlsW57EGFP)k’ GFP expression (GFP signals not shown), Crb1 signals
(red) surrounded the axoneme (green, by anti-acetylated-tubulin staining). I, J, Crb1 (red) distribution in the adult retina of Tg(—3.7rho:EGFP)* fish (Rho:GFP), which expresses GFP (green) in
rods (Hamaoka et al., 2002). J, Magnified region boxed in /. Note the lack of Crb1 signals in GFP-positive rods, whose ellipsoids (e) marked the vicinity of the basal ends of rod axonemes (arrow-
heads, blue, by anti-acetylated tubulin staining). Brackets 1-3 indicate the bands of Crb1 staining. K, A transverse retinal section through the region of UV cone ellipsoids showed the lack of Crb1 sig-
nals (red) in the apical processes of Miller glial cells, which were revealed by their strong actin staining (green, arrows) (Zou et al., 2012). DAPI staining (blue) showed the nuclei of RGB cones (r, g,
b). L, The distinct cellular expression and subcellular localization patterns of zebrafish Crb1, Crb2a, and Crb2b in the retina are summarized with a table and depicted with a diagram.
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The loss of Crb1 does not compromise fish survival and development. 4, The genotyping method to identify crb7 mutants: PCR amplification followed by Pstl restriction

digestion. B, Immunohistochemistry with anti-Crb1 antibodies revealed Crb1 signals (arrowheads) in WT (w#) but not in arb7"**® (arb7) mutants at 5 dpf, counterstained for Z01
(green) of the OLM (arrows) and retinal nuclei (by DAPI, blue). Scale bar, 20 um. C, D, The external appearances of WT fish and crb7 mutant fish at 5 dpf (€) and 12 mpf (D). E, Quantification of the
body lengths of 12 mpf WT and crb7 mutant fish (6 males and 6 females). Data are mean == SEM. p values were generated by Student's ¢ test, two-tailed hypothesis.

Experimental design and statistical analysis. This study was aimed at
revealing the cellular expression pattern and subcellular localization of
Crbl in zebrafish retina by immunohistochemistry and at uncovering the
functions of Crbl by comparing phenotypic differences between WT and
crbl null mutant fish. When adult fish were analyzed, 3-6 males and
females were used for each experimental condition. When larval zebrafish
were analyzed, sex was not considered as a biological variable because sex
is undifferentiated in zebrafish at larval stages. For confocal microscopy,
image stacks were collected at an interval of 0.3 um. The numbers of ani-
mals, cells, and tissue sections used in each experiment were specified in
corresponding figure legends. All experiments were not preregistered.

In addition to the above general parameters, the following considera-
tions were applied to specific experiments: To measure the length of red
cone outer segments, only confocal images that displayed perfect radial
sections of cones were used. Because the outer segments of cones are
cone-shaped, the longest PNA-stained outer segment section from a se-
ries of optical sections of a red cone was regarded as the length of its
outer segment. To quantify photoreceptors after light damage, the
DAPI-stained cell nuclei were categorized and counted according to the
photoreceptor type-specific nuclear morphologies and locations as
detailed in Results. To quantify the rounding process of cone nuclei after

UV light damage, perfect radial retinal sections were used to measure
the radial and transverse diameters of condensed/condensing nuclei
with Fiji software (Schindelin et al., 2012).

Statistical analysis was performed with GraphPad software.
Student’s ¢ test with two-tailed hypothesis was used to compare the
differences between WT and crbl mutant fish (see Figs. 4, 5, 8-10).
One-way ANOVA followed by Tukey’s post hoc test was used to eval-
uate the variation of a quantitative dependent variable, such as the
ratios of nuclear diameters, among three or more groups of a categor-
ical independent variable, such as time points (see Figs. 7-9).
Quantitative dependent variables are reported as mean * SEM. A p
value < 0.05 was considered statistically significant. Test statistics and
p values are presented in corresponding results, figures, or figure
legends. Detailed statistical data are available on request.

Results

Phylogenetic relationships among vertebrate Crb proteins
Generally speaking, proteins that are closer in phylogenetic rela-
tionships are more similar not only in structure but also in
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The loss of Crb1 did not compromise photoreceptor morphologies at larval and adult stages. A, B, Morphologies of WT (wt) and crb1 mutant double cones, revealed by immuno-

staining of arrrestin3a with the Zpr1 antibody, and red cone outer segments, stained with PNA, at 6 dpf (4, scale bar, 20 .em) and 3 mpf (B, scale bar, 50 wem). DIC, Differential interference
contrast. €, PNA-stained red cone outer segments. Cone types were determined by immunostaining of arrestin3a in double cones in the Tg (LCR¥2-RH2-1:GFPP"? transgenic background
(pt112), which expresses GFP in green and blue cones (Fang et al., 2013). The following staining and morphologic features were used to distinguish four cone types: G, green cones, positive
for both GFP and arrestin3a; R, red cones, negative for GFP but positive for arrestin3a; B, blue cones, positive for GFP positive but negative for arrestin3a; UV, UV cones, shortest cones with their
outer segments closest to the OLM and negative for both GFP and arrestin3a. Scale bar, 10 wm. D, Quantification of PNA staining of four cone types. E, Quantification of the lengths of red
cone outer segments of dark-adapted fish at 6 dpf (phenylthiourea-treated). Thirty cones from 6 WT and 41 cones from 6 crb7 mutant were quantified. Data are mean = SEM. p value was
generated by Student’s t test, two-tailed hypothesis. F, Quantification of the lengths of red cone outer segments at the central retinal region of dark-adapted 3 mpf adult fish. Eighteen cones
from 3 WT and 18 cones from 3 b7 mutants were quantified. Data are mean = SEM. p value was generated by Student's ¢ test, two-tailed hypothesis.

function. To gain insights into the functions of zebrafish Crbl,
we evaluated its phylogenetic relationships with other Crb pro-
teins from 14 species, including 3 teleost fish, 3 rodents, 3 prima-
tes, 3 reptiles, and 2 invertebrates. Because Crb3 proteins lack the
conventional large extracellular domains (Fig. 14), the phyloge-
netic analyses of Crb proteins were performed in three different
ways, each using their full-length sequences (Fig. 1B), extracellu-
lar domains (Fig. 1C), or intracellular domains (Fig. 1D). All
three comparisons suggest that zebrafish Crbl is structurally

more closely related to Crbl of other vertebrate species; interest-
ingly, the comparison of the intracellular domains suggests that
zebrafish Crbl is more closely related to reptile Crbl proteins
than to those of other 2 teleost fish. By contrast, the compari-
son with invertebrate Crb proteins suggests something differ-
ent: While the intracellular domain of zebrafish Crbl is more
closely related to fly Crb, the extracellular domain of zebrafish
Crbl is less closely related to fly Crb and C. elegans Crbl than
zebrafish Crb2a and Crb2b are. These phylogenetic rela-
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tionships are also reflected by pair- A
wise sequence comparisons and
alignments between zebrafish Crbl
and other Crb proteins (Fig. 2A,B)
as well as by protein motif struc-
tures as predicted by SMART
(http://smart.embl-heidelberg.de/), (INL)
which revealed that zebrafish Crbl
contains 18 EGF-like motifs, com-
pared with 19 and 21 EGF-like
motifs in Crb2a and Crb2b,
respectively (Fig. 1A) (Omori and
Malicki, 2006). The intracellular
domains of the three zebrafish Crb
proteins have an identical PDZ-
binding motif at the very C-termi-
nus and similar FERM-binding
motifs near the trans-membrane
motif (Fig. 2C). However, the
amino acids between the PDZ-
binding and FERM-binding motifs
of Crbl differ significantly from
those of Crb2a and Crb2b in
hydrophobicity, polarity, and elec-
tric charge (Fig. 2C, asterisks).
Together, zebrafish Crb1 is gen-
erally more like other vertebrate
Crbl proteins than Crb2 proteins,
but its lesser similarity to fly Crb
and C. elegans Crbl in the extracel-
lular domains and its more similar-
ity to reptile Crbl proteins than to
other fish Crbl proteins in the in-
tracellular domains may suggest a
functional diversification.
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Zebrafish Crb1 localizes to the
cell membranes that encircle the
axonemes of cone photoreceptors
Previously, we showed that Crbl1 is
expressed in the neuroepithelium of
the neural tube but not in the optic
vesicles (Zou et al., 2013). However,
Crb1’s expression pattern in the
adult retina was not known.
Therefore, we next examined its
expression in adult retina by immu-
nohistochemistry. We found that
Crbl was expressed in the photore-
ceptor layer like Crb2a and Crb2b (Fig. 3A,B) (Zou et al,, 2012;
Fang et al., 2017). However, unlike Crb2a and Crb2b, which
localized to the SARs of photoreceptors and/or the apical proc-
esses of Miiller glial cells (Fig. 3A,B), at the subcellular level,
Crb1 localized to a small region in the outer segments of all four
types of cones (red, green, blue, and UV) (Fig. 3C-G). As a result,
Crb1 signals in the photoreceptor layer were distributed in three
bands (Fig. 3C,D) because the outer segments of cone subtypes
are at different distances from the outer limiting membrane
(OLM, which is a collection of adherens junctions and tight junc-
tions between photoreceptors and Miiller glial cells). Transverse
imaging further revealed that Crbl localized to the cell mem-
branes that encircle the axonemes of cones (Fig. 3H).
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The loss of Crb1 made rod photoreceptors prone to damage by strong white light irradiation. 4, An example DAPI image
of a radial section of adult zebrafish retina, showing the outer nuclear layer (ONL) and the inner nuclear layer (INL). Arrows indicate
the nuclei of RGB cones, UV cones, and rods. Red dashed lines indicate the position of the OLM. Left, Boxed region is magnified as
the right panel. B, C, Typical images of radial retinal sections show the nuclear morphologies (by DAPI staining) of the ONL and INL
of strong white light-treated fish at 0 dpl (B) and 3 dpl (C). B, C, Bottom right, Enlarged central retinal regions boxed in red. Green
arrow indicates a highly condensed nuclear residue, possibly from a dead or dying rod. Scale bars, 50 .em or 15 um.

Interestingly, Crbl is not expressed in rod photoreceptors (Fig.
3LJ), nor in Miiller glial cells’ apical processes, which are
enriched with actin and Crb2a (Fig. 3K) (Zou et al., 2012). Thus,
zebrafish Crbl differs from Crb2a and Crb2b in both cell type-
specific expression pattern and subcellular localization (Fig. 3L),
suggesting that Crbl should differ from Crb2a and Crb2b in
function.

Loss of Crb1 does not affect zebrafish survival and body
development

To investigate the functions of Crbl in zebrafish, we examined
the effects of the crbI**'**® nonsense mutation, which causes a
C1525T nucleotide exchange in exon 6 and can be genotyped by
a Cleaved Amplified Polymorphic Sequence analysis (Konieczny
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Quantification of the densities of cones and rods as well as the thicknesses of the INL in the centers of five local retinal
regions (dorsal, ventral, central, nasal, and temporal) in WT and crb7 mutant fish. A, Average numbers of cones (RGB and UV cones)

Temporal mutants (Fig. 5E,F). Thus, we con-
clude that that Crbl is unlikely
required for the overall morphogen-

esis of cone photoreceptors.

per 210 um interval across retinal sections. B, Average thicknesses of the INL. C, Average numbers of rods per 210 .m interval

across retinal sections. Data are mean = SEM; 9 sections from 3 individuals were quantified for each group. Statistical significance
was evaluated with one-way ANOVA and Tukey's post hoc analyses: dorsal, f(37)=107.2; ventral, 315 =2558; nasal,

Fi314)=33.85; temporal, f3 13) = 63.86; central, F3 59 =77.27.

and Ausubel, 1993) (Fig. 4A). The crb1°*'***® mutation truncates
Crbl in the middle of the extracellular domain and abolishes
Crbl immunostaining with the anti-Crb1***°*>"'**® antibodies at
both larval stage (Fig. 4B) and adult stage (data not shown). It is
reasonable to believe that any Crbl functions that need its full-
length extracellular domain, cell membrane attachment, and in-
tracellular signaling are abolished by this mutation. Surprisingly,
the development of crbl mutants was not affected, and fish can
survive to adulthood. Their external body shapes and lengths are
not distinguishable from those of WT fish at both larval and
adult stages (Fig. 4C-E). In addition, crbl mutants can breed
normally. These observations suggest that Crbl is not essential
for the general development and maintenance of zebrafish in

captivity.

Effects of the loss of Crb1 on cone photoreceptors

Although the loss of Crbl does not affect the overall develop-
ment of zebrafish, Crbl may still play important roles in cone
maintenance because of its restrictive cone expression in the ret-
ina. Supporting this notion, Crb proteins have been shown to
be required for photoreceptor morphogenesis in both inverte-
brates and vertebrates (Izaddoost et al., 2002; Pellikka et al.,
2002; Mehalow et al.,, 2003; Nam and Choi, 2003; Lemmers et
al., 2004). We thus next examined whether cone photoreceptors

Roles of zebrafish Crb1 in
photoreceptor maintenance under
damaging light irradiation
Photoreceptors are prone to damage
by strong light irradiation. It has
been shown that Crb proteins protect photoreceptors from light
irradiation in both vertebrates and invertebrates (Johnson et al.,
2002; Chartier et al., 2012; Mishra et al,, 2012). Thus, we next
examined whether zebrafish Crbl protects photoreceptors in
damaging light irradiation. To do so, we examined how photore-
ceptors in WT and crbl mutant fish were affected by irradiation
with either strong white light or UV light, which preferentially
damage rods and cones, respectively (Thomas et al, 2012;
Thomas and Thummel, 2013). Rods and cones were categorized
according to their nuclear morphologies and locations revealed
by DAPI staining: Rod nuclei are round, most intensely stained
by DAPI, and reside at the basal half of the outer nuclear layer,
basal to the OLM. The cone category encompasses RGB cones
and UV cones. RGB cone nuclei are elongated and reside mostly
apical to the OLM; and UV cones are round, less condensed than
rod nuclei, and localize basal to and abutting the OLM (Fig. 6A)
(Zou et al., 2012; Fang et al., 2017, 2020; Fu et al., 2018).

After strong white light irradiation, we found no differences in
the densities of cones between 3 mpf WT and crbl mutant fish at
either 0 or 3 dpl (days post the start of light treatment) (Figs. 6B,C,
7A). In addition, INL and ganglion cell layers were not affected ei-
ther, as exemplified by the similar thicknesses of the INL between
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WT and crbl mutants (Figs. 6B,C, 7B).
Conversely, the densities of rods
decreased surprisingly more in crbl
mutants than in WT fish across the ret-
ina, except for the ventral and temporal
retinal regions (Figs. 6B,C, 7C). Con-
sidering that Crbl is not expressed in
rods, these findings suggest that Crbl
protects rods under strong white light
irradiation in a non-cell-autonomous
fashion, a new mechanism that has not
been observed previously in the fruit fly
and mouse (Johnson et al., 2002; van de
Pavert et al.,, 2004; Mishra et al., 2012);

gy
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(Johnson et al., 2002).

To evaluate whether Crbl protects
cone photoreceptors from light damage,
we treated fish with UV light irradia-
tion. Immediately after the treatment
(0 hpl, hour post UV light treatment),
in both WT and c¢rbI mutant fish, nuclei
with unusual condensing chromatin
were observed in radial retinal sections
in the places where UV cone and RGB
cone nuclei normally reside (Fig. 84,
green arrows and arrowheads). The
degree of chromatin condensation
became more extensive over time for
both WT and c¢rbl mutant fish, as
reflected by the decreases in the ratios of
radial to transverse diameters of dam-
aged cone nuclei for both WT and crbI
over time, particularly between 0 and 12
hpl (Fig. 8B; determined by one-way
ANOVA; WT: Fusrs) = 7932, p <
0.0001; crbl: Fisgs = 32.58, p
< 0.0001). This trend suggests an elongated-elliptic-round
morphologic transition for those damaged cones in the RGB
cone layer (Fig. 8C). At 24 and 36 hpl, many condensed nuclei
localized apical to the bulk of normally looking RGB cone
nuclei, suggesting that they might be translocating toward the
retinal pigment epithelium over time (Fig. 8A, blue arrow-
heads; Fig. 8C). This elongated-elliptic-round morphologic
transition may not apply to UV cones because UV cone nuclei
are round in the first place. In addition, damaged UV cones
may go through a faster condensing process, judging by their
stronger DAPI staining at 0 hpl (Fig. 84, wt, green arrowhead
vs green arrows). By 36 hpl, no apparent UV cone nuclei were
observed basal to the OLM where they normally reside (Fig.
8A). Although the damaging effects were observed in both
WT and mutant fish (Fig. 8A), chromatin condensation
progressed faster in ¢rbI mutants than in WT fish (Fig. 8B;
0 hpl, p=4.75739E-08).

At 0 hpl and in radial sections, the apparent elongated-ellip-
tic-round nuclear morphologic transition occurred in the place
where RGB cones reside (Fig. 8A4). However, not all RGB cone
nuclei displayed such transition after UV light irradiation, sug-
gesting that not all RGB cones were damaged. To determine

Figure 8.

15 pm.

The retina of UV light-treated WT and crb7 adult fish displayed condensing/condensed chromatin in UV and blue
cone nuclei. A, DAPI staining of radial sections of dorsal retina. Green arrowheads and green arrows indicate condensing UV
and RGB cone nuclei, respectively. Yellow arrowheads indicate condensed elliptic nuclei. Red arrowheads indicate more con-
densed round nuclei. hpl, hours post a 2 h UV light irradiation. Scale bar, 15 em. B, Comparisons between the ratios of radial
to transverse diameters of condensed/condensing cone nuclei in WT and crb7 mutant fish after UV light irradiation. Data are
mean = SEM; 9 sections from 6 individuals were quantified for each group. More than 100 light-damaged cells were quanti-
fied at each time point in each group. Data are mean == SEM. p values were generated by Student’s ¢ test, two-tailed hypothe-
sis. C, The inferred morphologic changes and translocation of damaged cone nuclei in the RGB cone layer after UV light
irradiation. The top side of images faces the retinal pigment epithelium. The bottom side of images faces the OLM. D, DAPI
staining of transverse sections of the dorsal retina of UV light-treated fish. White arrows G, R, and B indicate green, red, and
blue cone nuclei, respectively. Green arrows indicate condensing nuclei. Red arrowheads indicate condensed nuclei. Scale bar,

whether a particular type of RGB cones were damaged by the
UV light irradiation, we analyzed the retina at transverse sec-
tions, which allowed us to distinguish RGB cone types by their
positions in the mirror-symmetric and pentameric alignment
of RGB cones (Fig. 8D). It turned out that only blue cones of
RGB cones underwent condensation (Fig. 8D). Again, the
chromatin of blue cone nuclei in ¢rbl mutant retina appeared
more condensed than that in WT, suggesting faster deteriora-
tion (Fig. 8D, 0 hpl, red arrowheads vs green arrows).

These results suggest that Crbl plays a role in slowing
down the deterioration of the blue and UV cones caused by
the UV light irradiation. However, this protecting role did not
last long because when examined at 12 hpl and later, the
degree of damage appeared similar between WT and mutant
fish (Fig. 8B).

Role of Crb1 in light responses of cones

The outer segments are the subcellular structures where photore-
ceptors receive light stimuli. The unique localization of zebrafish
Crbl at the outer segments made us wonder whether it plays a
role in cones’ responsiveness to light stimuli. We investigated the
effects of Crb1 loss on cones’ responsiveness to white light stimu-
lation by recording isolated cone PIII ERG signals. Cone PIII
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segment translocation of many photo-
transduction molecules, such as transdu-
cin, arrestin, and recoverin (Calvert et al.,
2006). For example, the loss of arrestin3a
caused a severe delay in photoresponse
recovery in zebrafish (Renninger et al.,
2011). To determine whether the loss of
Crb1 affects arrestin translocation, which
could consequently cause the increased
vitreal negativity during white light stim-
ulation, we investigated the distribution
of arrestin3a during the dark/light transi-
tion by quantifying the ratios of arrest-
in3a intensities in the outer segments to

1 wt B 4 crb1 mutant
60 60 —— photocell
40_E —— photocell 40_5
20 20
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those in the inner segments (Fig. 10A).
We found that arrestin3a was similarly
enriched in the inner segments of double
cones in both WT and crbl mutants in
the dark. And 30 min after light exposure,
arrestin3a signals translocated to the
outer segments at the similar level in
WT fish and ¢rbl mutants, although the

] I p=06350 majority of the signals still remained in

el e == Wh/Gpf the inner segments (Fig. 10B-D). As

e P=°'°°5;=0'.01’:=40'0384 = orb1, & dpf expected, loss of Crbl did not affect the
-80- numbers of arrestin3a-positive cones

Figure 9.

of light stimulation with Student’s ¢ test, two-tailed hypothesis: *p << 0.05; **p << 0.01.

signals were extracted from the ERG response by adding 20 mm
L-aspartate to the perfusion media to block signals downstream
of the cones. Cone PIII signals contain two parts, namely, tran-
sient-sustained vitreal negativity, a hyperpolarization during
stimulation and vitreal positivity, a rebound depolarization after
light offset. The properties of the cone responsiveness were mod-
eled by the peak-to-peak amplitudes of both negative and posi-
tive waveforms (Nelson et al., 2019). At 6 dpf, WT and crbl
mutant larvae were stimulated with flashes of white light and
their response amplitudes were recorded. We found that the
vitreal negativity response amplitudes were largely not affected
in WT over time (Fig. 9A4,C; determined by one-way ANOVA,
Fo,70) = 0.9437, p = 0.4936). By contrast, in ¢rbl mutants, the
vitreal negativity response amplitudes increased significantly
from the second round of light stimulus and reached to a peak at
the fourth round (Fig. 9B,C; determined by one-way ANOVA,
F9,100) = 7.593, p <0.0001). Then starting at the seventh round
of treatment, the response amplitudes in crbl mutants decreased
to the level of WT and subsequently maintained largely steady as
in WT (Fig. 9B,C). The effects of crbI**’***® mutation on
response amplitudes were significant at cycles 3-5, as revealed by
the differences between the averaged responses of WT and crbl
mutant fish (Fig. 9C). Thus, these results suggest that Crbl plays
a role in modulating cones’ responsiveness to bright white light
over time.

Effects of the loss of Crb1 on arrestin3a translocation
Light responsiveness is related to phototransduction, which is
modulated during the dark-light transition by the inner-outer-

The effects of the loss of (rbT on the ERG of cones. A, B, Representative ERG measurements of cone light
responses in WT (A) and crb7 mutant larvae (B) at 6 dpf. Lines 1-10 indicate the successive cycle numbers of white light stim-
ulation. Rectangular steps (red) represent the duration of light exposure as monitored by a photocell in the light beam. C,
The average changes in the amplitudes of vitreal negativity during light stimulation over time (V=28 eyes for wt; N=11
eyes for crb7). Data are mean == SEM. Statistical differences between WT and crb7 mutant fish were evaluated for each cycle

(Fig. 10E). These results suggest that
Crbl is unlikely required for arrestin3a’s
translocation responding to dark-light
transition in red and green cones. Thus,
the increased vitreal negativity in crbl
mutants may be caused by a mecha-
nism that is independent of arrestin
translocation.

Discussion

In this study, we addressed the question whether zebrafish Crbl
differs from other vertebrate Crbl and Crb2 in their expression
patterns, subcellular localization, and functions in the retina.
Our results suggest that zebrafish Crbl is distinct from zebrafish
Crb2a and Crb2b as well as from human and mouse Crbl and
Crb2, suggesting that zebrafish Crbl may represent a neofunc-
tionalization of Crb proteins during evolution.

Zebrafish Crb1’s retinal expression and subcellular
localization are unique

Here, we revealed the expression patterns and subcellular local-
ization of Crbl in the zebrafish retina. Together with the previ-
ous findings on the expression and localization patterns of
Crb2a, Crb2b, Crb3a, and Crb3b (Omori and Malicki, 2006; Zou
et al., 2012, 2013; Fang et al., 2017), the expression patterns of
Crb proteins in the zebrafish retina have now been fully
revealed: Crb1 is expressed in all types of cones but not in rods
(Fig. 3); Crb2a is expressed in all photoreceptors and Miiller
glial cells in developed retina as well as in neuroepithelial cells
in undifferentiated retina; Crb2b is restrictively expressed in
RGB cones; Crb3a and Crb3b are not expressed in the retina. In
other words, rods and Miiller glia express only Crb2a; all cones
express both Crbl and Crb2a; RGB cones also express Crb2b,
in addition to Crbl and Crb2a; and other retinal cell types do
not express any Crb proteins. The cone-specific expression pat-
tern of zebrafish Crbl is distinct from the expression patterns
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of mammalian Crbl because, in mouse A
and human retina, Crb1 is also expressed
in rod photoreceptors and Miiller glial
cells in addition to cones (Tepass et al.,
1990; Pellikka et al., 2002; Mehalow et al.,
2003; van de Pavert et al., 2004; Pellissier
et al.,, 2014). Thus, the cellular expression
patterns of mammalian Crbl are similar
most to zebrafish Crb2a, suggesting that
the retinal functions of mammalian Crbl
are likely conducted by Crb2a rather than
Crbl in zebrafish retina.

Zebrafish Crbl is not only distinct in
its cellular expression pattern, but also in
its subcellular localization because of its
unique localization to the cell membranes
surrounding the axonemes in cone outer
segments (Fig. 3). Conventionally, Crb pro-
teins localize to the SARs in a variety of epi-
thelia (Tepass et al., 1990; Knust and
Bossinger, 2002). For example, in mamma-
lian retina, both Crb1 and Crb2 localize to
the SARs of photoreceptors and/or Miiller
glia cells, immediately apical to the OLM
(Mehalow et al., 2003; van de Pavert et al.,
2004; van den Hurk et al, 2005; van
Rossum et al., 2006; Pellissier et al., 2014).
Similarly, zebrafish Crb2a and Crb2b also
localize to the SARs of photoreceptor inner
segments or the apical processes of Miiller
glial cells (Omori and Malicki, 2006; Zou et
al., 2012). The non-SAR localization of
zebrafish Crbl appears to be specific for
developed cone photoreceptors because we
previously showed that, in the neural tube
during early development, zebrafish Crbl
also localizes to the SARs, just as Crb2a
does (Zou et al, 2013; Guo et al, 2018).
Thus, the unique localization of Crb1 to the
outer segment cell membranes that encircle
the axonemes of cone photoreceptors sets
itself apart from other Crb proteins.

The molecular mechanisms that under-
lie zebrafish Crb1’s unique localization to
the axonemal region of cone outer seg-
ments are yet to be determined. It is possi-
ble that Crbl interacts with a different set
of cytoplasmic partners for its outer seg-
ment localization. Supporting this hypothe-
sis, MPP5a and MPP5b (also known as
Nok and Ponli, respectively) (Wei and
Malicki, 2002; Zou et al., 2010), the conven-
tional cytoplasmic partners of Crb proteins, do not colocalize
with zebrafish Crbl, but rather colocalize with Crb2a and Crb2b
to the SARs (Wei et al., 2006; Zou et al., 2010). The unique axo-
nemal cell membrane localization of Crb1 is likely not related to
its PDZ-binding and FERM-binding motifs because they are
identical or very similar to those of Crb2a and Crb2b, respec-
tively. However, given the significant variations in the interval
region between the FERM-binding and PDZ-binding motifs
(Fig. 2C), it would be interesting to determine whether this
interval region is responsible for Crb1’s axonemal cell mem-
brane localization in cones.
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The effect of the loss of CrbT on the translocation of arrestin3a. A, Diagram represents the method of
using the ratios of arrestin3a immunostaining intensities to evaluate the translocation of arrestin3a between the inner
segments (IS) and the outer segments (0S). Green dots and blue dots represent the locations used to measure arrest-
in3a intensities, namely, at the centers of the IS and OS, respectively. B, C, Examples of arrestin3a distribution patterns
between the IS and the 0S of double cones in 6 dpf WT (B) and crb7 mutant retina (€) in dark, 30 min of light expo-
sure, and 4 h of light exposure. Arrestin3a (red) was visualized with the Zpr1 antibodies, with counterstaining of actin
(green) and DAPI (blue) as well as DIC images. Arrows indicate ellipsoids. Scale bar, 20 um. D, Quantifications and
comparison of arrestin3a intensity ratios between WT and «b7 mutant fish; 28 cells from 3 fish were quantified for
each group. p values were generated by Student’s t test, two-tailed hypothesis. E, Densities of arrestin3a-positive cones
in WT and crb7 mutant retina at 6 dpf. Eighteen sections from 9WT fish and 11 sections from 9 ¢rb7 mutant fish
were used for quantification. p values were generated by Student’s ¢ test, two-tailed hypothesis.

Roles of zebrafish Crb1 in the apicobasal polarity of the
neuroepithelium

Crb proteins are normally required for the establishment and
maintenance of the apicobasal polarity of a variety of epithelia
(Nam and Choi, 2003; Richard et al., 2006; Pocha et al., 2011b;
Letizia et al., 2013; Zou et al., 2013). However, zebrafish Crbl is
not expressed in the undifferentiated retinal neuroepithelium. In
addition, the loss of Crbl does not disrupt the apicobasal
polarity of cone photoreceptors in developed retina. These
observations suggest that zebrafish Crb1 is not required for
the apicobasal polarity of the zebrafish retina and cone
photoreceptors.



Guoetal. o Crumbs at the Outer Segments of Cone Photoreceptors

However, the nonrequirement of Crb1 for apicobasal polarity
is likely because of it is functional redundancy with Crb2a in
zebrafish retina, as suggested by the following two observations:
First, the loss of Crb2a did not affect the epithelial apicobasal po-
larity of the neural tube (Malicki and Driever, 1999), where Crb1
is coexpressed with Crb2a (Zou et al., 2013). Second, the loss of
Crb2a disrupted the apicobasal polarity of the undifferentiated
retinal neuroepithelium, where Crb1 is not expressed (Zou et al.,
2013). These observations suggest that zebrafish Crb1 still pos-
sesses the capability for regulating the apicobasal polarity of un-
differentiated neuroepithelium, but this function of Crbl is
normally not necessary in the adult zebrafish retina because of
the earlier, broader, and redundant expression of Crb2a.

Roles of zebrafish Crb1 in retinal and photoreceptor
morphogenesis

The fact that the loss of zebrafish Crbl did not change the gen-
eral retinal patterning and cone morphology (Figs. 4, 5) is sur-
prising because such defects were observed in other species. For
example, in Drosophila, the loss of Crb reduced the length of
rhabdomeres, disrupted the integrity of zonula adherens, affected
the localization of adherens junctions, and interfered with the
formation of the stalk membrane (Izaddoost et al., 2002; Pellikka
et al,, 2002). Similarly, in mice, the loss of function or malfunc-
tion of Crbl caused displacement of photoreceptors that often
formed rosettes, interruption of the OLM, upregulation of
GFAP, and retinopathies, such as RP (Jacobson et al.,, 2003;
Mehalow et al., 2003; van de Pavert et al., 2004, 2007; Aleman
et al, 2011; Alves et al., 2014; Zhao et al, 2015). And in
humans, the loss of CRB1 caused RP and LCA (den Hollander
et al, 1999; Abouzeid et al, 2006; Vallespin et al, 2007;
Bujakowska et al., 2012; Corton et al., 2013).

The noninvolvement of Crbl in retinal development and
photoreceptor morphogenesis in zebrafish may be directly
related to Crbl’s unique localization to cone outer segments
because this localization physically segregates Crbl from inter-
acting with the adherens junctions and tight junctions at the
OLM, which are required for the morphogenesis of photorecep-
tors by establishing and maintaining their apicobasal polarity. In
addition, the outer segment localization also makes it unlikely
for Crbl to mediate photoreceptor patterning through trans
homophilic or heterophilic physical adhesion as Crb2a and
Crb2b mediate cone-cone adhesion in the formation of cone
pentamers at the SARs of cone inner segments (Zou et al., 2012)
because the Crbl-bearing axonemal cell membranes of cones
do not cluster together in close juxtaposition, excluding the
possibility of any Crb-Crb-based physical adhesion among
photoreceptors. Despite Crb1’s localization to cone outer seg-
ments, the length of red cones, as revealed by PNA staining
(Fig. 5), was not affected by the loss of Crbl. Thus, the nonin-
volvement of Crbl in retinal development and photoreceptor
morphogenesis also sets it apart from other retinal Crb pro-
teins in vertebrates.

The protecting roles of zebrafish Crb1 in cone and rod
maintenance in damaging light irradiation

Previous studies showed that both Crb in Drosophila and Crbl
in mouse play a role in protecting photoreceptors from light
damage (Johnson et al, 2002; van de Pavert et al, 2004;
Organisciak and Vaughan, 2010; Chartier et al., 2012; Mishra et
al., 2012). And a cell-autonomous mechanism was suggested for
such a function of Crb in the fly (Johnson et al., 2002). Our study
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suggests that zebrafish Crbl also plays protecting roles in photo-
receptor maintenance under damaging light irradiation, but by
different mechanisms.

For rods, we initially speculated that Crb1 should not protect
rods from strong rod-damaging white light irradiation (Thomas
and Thummel, 2013) because Crbl is not expressed in rods.
Surprisingly, we found that strong white light irradiation caused
more reduction in rod densities in crbl mutant fish, whereas
cone survival was not affected (Figs. 6, 7). Our findings suggest
that, under strong white light irradiation, Crbl expressed in
cones somehow promotes rod survival in a surprisingly non-
cell-autonomous fashion.

For cones, Crbl may play a role in cones’ resistance to UV
light irradiation, likely through a cell-autonomous fashion,
because UV light irradiation caused faster death to blue and UV
cones in ¢rbl mutants than in WT fish. However, this protecting
role is minimal at the beginning stage after UV light irradiation
because the deteriorating effects eventually become very similar
between WT and mutant fish (Fig. 8).

Roles of zebrafish Crb1 in light responses

The localization of Crbl at the outer segment cell membranes
surrounding the axonemes makes it tempting to hypothesize that
Crbl regulates the trafficking of proteins that are required for
phototransduction. Such function was reported in Drosophila,
where Crb regulates rhodopsin transportation (Pocha et al.,
2011a,b). This hypothesis is also consistent with the finding that
the response amplitudes of vitreal negativity in crbl mutants
increased in the first four rounds of white light flash stimuli (Fig.
9). Such changes in light responsiveness suggest a loss of ability
to appropriately adjust to light stimulation. However, these
changes in light responsiveness were likely not based on arrest-
in3a-translocation-mediated modulation because we did not
observe that the loss of Crbl caused any change in arrestin3a
translocation during dark-light transition compared with WT
larvae (Fig. 10), although arrestin3a morphants displayed
delayed cone response recovery (Renninger et al., 2011). Thus,
how Crbl modulates phototransduction at the outer segments
remains to be discovered.

In conclusion, although the phylogenetic relationships among
Crb proteins suggest that zebrafish Crb1 is more closely related
to Crbl proteins of other vertebrate species, its unique cell
type-specific expression pattern, subcellular localization, and
functions distinguish it from other vertebrate Crbl and Crb2
homologs. This distinction may suggest that zebrafish Crb1 rep-
resents a neofunctionalization of Crb proteins during evolution.
Our study also demonstrates the importance of considering the
cell type-specific expression, subcellular localization, and animal
models for a deeper understanding of the complex biology of
Crb proteins.
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