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Rainbow Enhancers Regulate Restrictive Transcription in
Teleost Green, Red, and Blue Cones
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Photoreceptor-specific transcription of individual genes collectively constitutes the transcriptional profile that orchestrates the struc-
tural and functional characteristics of each photoreceptor type. It is challenging, however, to study the transcriptional specificity of
individual photoreceptor genes because each gene’s distinct spatiotemporal transcription patterns are determined by the unique inter-
actions between a specific set of transcription factors and the gene’s own cis-regulatory elements (CREs), which remain unknown for most
of the genes. For example, it is unknown what CREs underlie the zebrafish mpp5b°°" (ponli) and crumbs2b (crb2b) apical polarity genes’
restrictive transcription in the red, green, and blue (RGB) cones in the retina, but not in other retinal cell types. Here we show that the
intronic enhancers of both the ponli and crb2b genes are conserved among teleost species and that they share sequence motifs that
are critical for RGB cone-specific transcription. Given their similarities in sequences and functions, we name the ponli and crb2b enhanc-
ers collectively rainbow enhancers. Rainbow enhancers may represent a cis-regulatory mechanism to turn on a group of genes that are

commonly and restrictively expressed in RGB cones, which largely define the beginning of the color vision pathway.
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ignificance Statement

Dim-light achromatic vision and bright-light color vision are initiated in rod and several types of cone photoreceptors, respec-
tively; these photoreceptors are structurally distinct from each other. In zebrafish, although quite different from rods and UV
cones, RGB cones (red, green, and blue cones) are structurally similar and unite into mirror-symmetric pentamers (G-R-B-R-G) by
adhesion. This structural commonality and unity suggest that a set of genes is commonly expressed only in RGB cones but not in
other cells. Here, we report that the rainbow enhancers activate RGB cone-specific transcription of the ponli and crb2b genes. This
study provides a starting point to study how RGB cone-specific transcription defines RGB cones’ distinct functions for color vision.

~

Introduction

Vertebrate retinal rod photoreceptors sense dim light stimuli for
achromatic scotopic vision, whereas various types of cone pho-
toreceptors sense bright light stimuli for color photopic vision.
These functional differences result from distinct subcellular
structures and molecular compositions of rods and cones, which
in turn are determined by cell type-specific transcription profiles
(Arshavsky et al., 2002; Pujic et al., 2006; Zhang et al., 2006;
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Solomon and Lennie, 2007; Jacobs and Nathans, 2009). Clearly,
understanding the regulation of photoreceptors’ transcriptional
specificity is a fundamental aspect of visual science research.

To study transcriptional specificity in photoreceptors, we fo-
cus on apical polarity genes in zebrafish. Many polarity genes are
expressed in the retina, and they play essential roles in the devel-
opment and maintenance of zebrafish’s rod photoreceptors and
four types of cone photoreceptors (UV, red, green, and blue
[RGB]) (Tsujikawa and Malicki, 2004; Gosens et al., 2008; Pocha
and Knust, 2013). Moreover, in the retina, these polarity genes
are expressed in cell type-specific manners. For example, the ze-
brafish mpp5b°°"" apical polarity gene (photoreceptor-layer-
nok-like, ponli for short) and crumbs2b (crb2b) are not expressed
inrods, UV cones, or any other retinal cells; rather, both ponliand
crb2b are restrictively expressed in RGB cones (Zou et al., 2010,
2012, 2013), which align mirror-symmetrically into the G-R-B-
R-G configuration (Robinson et al., 1993; Raymond et al., 1995)
and are further adhered together as pentameric cone units (see
Fig. 1A) (Zou et al., 2012). Conversely, the closest homologs of
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Table 1. The major constructs that were analyzed in the study”

J. Neurosci., March 15,2017 - 37(11):2834 2848 « 2835

Construct no. (Figure) ~ Candidate cis-regulatory DNAs

Corresponding fish lines

1(Fig. 24) 4 kb upstream intergenic DNA, exon 1 NA
2,4 (Figs. 24, 44) 6102 bp ponli DNA (130 bp upstream DNA, exon 1, intron 1, and the noncoding region of exon 2) Tg(ponli "% HA-mCherry)Pt "8
3 (Fig. 24) 2 kb LCR™H2-RH2-1 regulatory DNA (Tsujimura et al., 2007) Tqg(RH2-1:mCherry)P20
5-10 (Fig. 4B) Deletion variants of the 6102 bp DNA, lacking various regions of intron 1 NA
11 (Fig. 40) 1904 bp ponli DNA (130 bp upstream DNA, exon 1, 818 bp intronic DNA, 5" and 3” intron 1 Tq(ponli %% GFP)P!11#2#3 Tq(ponli %% GFp)"1465-#14#11
splicing junction regions, and noncoding region of exon 2)
12 (Fig. 5A) nok core promoter region and ponli 818 bp intronic DNA (nok’s 624 bp upstream DNA, nok's noncoding ~ NA
exon 1,1097 bp 5 part of nok intron 1, ponli's 818 bp intronic DNA, 3" splicing junction region
of ponliintron 1, and noncoding region of ponli exon 2)
13 (Fig. 5A) nok core promoter region (including the same DNA as in construct 12 but lacking ponli 818 bp NA
intronic DNA)
14 (Fig. 6D) 212 bp tilapia ponli enhancer region (the same as construct 11, except the 818 bp zebrafish poni Tg(ponl; 12Pi2;GFp)PtIS2-#14 #D
enhancer region was replaced)
15 (Fig. 9B) 882 bp medaka crb2b enhancer region (the same as construct 11, except the 818 bp zebrafish ponli NA

enhancer region was replaced)

“The structure features, corresponding fish lines, and figures showing the schematic drawings of the constructs are tabulated.

ponliand crb2b, the mpp5a™*¢* °* (nok for short), and crb2a genes
are expressed in undifferentiated retinal epithelium cells as well as
in all types of photoreceptors and Miiller glial cells (see Fig. 1A)
(Weietal.,, 2002,2006; Zou et al., 2012). Thus, ponli and crb2b are
ideal subjects to study RGB cone-specific transcription.

Like other RNA polymerase II-driven (Pol II) genes (Warner
et al., 2008; Ydnez-Cuna et al., 2013), the transcription of ponli
and crb2b should be regulated by their cis-regulatory elements
(CREs) and trans-regulatory transcription factors. Because the
two genes display identical retinal expression patterns, it is pos-
sible that they are regulated by similar CREs and transcription
factors. However, virtually nothing is known about the mecha-
nisms underlying their distinct transcription patterns.

Cis-regulation of Pol II-driven tissue-specific gene transcrip-
tion requires both core promoters and enhancers. Core promot-
ersare required for Pol II docking and transcription initiation but
not necessarily for the spatiotemporal specificity of transcription;
core promoters normally localize within 100 bp around tran-
scription start sites (Lenhard et al., 2012). By contrast, enhancers
regulate the spatiotemporal specificity of transcription, and en-
hancers can localize fairly distally from transcription start sites,
either upstream or downstream (Kulaeva et al., 2012; Rouault et
al., 2014). Thus, the unique RGB cone-specific transcription of
ponli and crb2b may be regulated by novel and similar enhancers
in conjunction with core promoters.

The purpose of this study is to address two questions: First,
what are the CREs of the teleost ponli and crb2b genes that are
critical for RGB cone-specific transcription in the retina? Second,
do ponli and crb2b enhancers bear any similarities that may imply
a common cis-regulatory mechanism? By assessing the transcrip-
tional activities of various regions of the ponli and crb2b genes and
effects of mutations with transgenic approaches, here we provide
affirmative answers to both questions.

Materials and Methods

Zebrafish and Medaka care. Tubingen wild-type zebrafish, Tg(SWS1:GFP)
(Takechi et al., 2003), Tg(LCR®FH2-RH2-2:GFP)P*''** and Tg(RH2-1:
GFP)P"12 fish lines (Fangetal., 2013), as well as medaka fish (obtained from
alocal pet store) were maintained on a 14 h light/10 h dark cycle. Zebrafish
embryos were raised at 28.5°C. Melanin pigmentation was blocked with
0.003% phenylthiourea. In this study, both male and female fish were used
for experiments. For larval fish, their sex was undetermined; for founder fish,
they were either males or females; and for F1 stable fish, one female and one
male were analyzed. Animal care and handling were in accordance with
University of Pittsburgh guidelines.

Analysis of transcriptional activities of candidate CREs by transgenesis
and mutagenesis. The RH2-1, ponli, and crb2b cis-regulatory genomic
DNAs were obtained from the following sources: The 2 kb RH2-1 green
opsin gene regulatory DNA (LCR®2-RH2-1) includes a local control
region (LCR), RH2-1 promoter, and 5'-UTR region of zebrafish RH2-1
gene (a gift from Dr. Shoji Kawamura) (Tsujimura et al., 2007); various
regions of zebrafish ponli gene, including the 818 bp ponli enhancer
(KY379333), were amplified from BAC clone CH211-105D18 (BACPAC
Resources Center); the 212 bp tilapia ponli enhancer (KY379335) was
amplified from tilapia genomic DNA, which was isolated from a frozen
tilapia fish sold in a local supermarket; and the 208 bp medaka ponli
(KY379334) and 882 bp crb2b (KY399459) enhancers were amplified
from medaka genomic DNA, which was isolated from a whole medaka
fish.

To test the transcriptional activities of various cis-regulatory DNAs, we
used the I-Sce I meganuclease-based transgenesis system (Thermes et al.,
2002) (vector provided by Dr. Michael Tsang). Specifically, each cis-
regulatory DNA was inserted between a Kpnl and an Nhel restriction site
and was followed sequentially by a Kozak sequence (GCCACC), the GFP
or HA-tagged mCherry reporter ORFs, and an sv40 polyadenylation
sequence-containing 3'-UTR (see Fig. 2A, constructs 1-3; Fig. 4A-C,
constructs 4—11; Fig. 5A, constructs 12 and 13; Fig. 6D, construct 14; Fig.
9B, construct 15; Table 1). All constructs were verified by restriction
digestion and sequencing. After the constructs were made, 20 pg of each
construct was coinjected with 0.01 U of I-Scel enzyme into embryos at
1-cell stage. Reporter expression was examined at larval or adult stages
either in founder fish or in F1 stable transgenic fish.

For the deletion analysis of the zebrafish ponli intron 1, various inter-
nal regions were deleted from construct 4 using the PCR-based Q5 Site-
Directed Mutagenesis Kit (NEB, #E0554S) (see Fig. 4B, constructs 5-10),
with inverse PCR primers matching to the sequences that flank the dele-
tion regions. Construct 11 was generated by inserting the 531 bp core
promoter region, the 818 bp ponli enhancer, and the 3’ end of intron 1,
noncoding region of exon 1 between the Kpnl and Nhel sites.

Constructs 14 and 15 were generated by replacing the 818 bp zebrafish
ponli enhancer between the Apal and Asis I sites of construct 11 with the
212 bp tilapia ponli enhancer and the 882 bp medaka crb2b enhancer,
respectively.

For substitution mutation analysis of enhancer motifs, the candidate
enhancer motifs in constructs 11 and 14 were substituted with unrelated
sequences of the same length (818 bp; see Fig. 8), with the center se-
quence as an Ascl site (GGCGCGCC) for construct selection by restric-
tion digestion. Again, these sequence substitutions were performed with
the Q5 Site-Directed Mutagenesis Kit.

Real time RT-PCR analysis. To compare the mRNA levels of the endoge-
nous ponli and RH2 green opsin genes, we performed real time RT-PCR
analysis with the 2~ (AACY method (Livak and Schmittgen, 2001), and we
used an iQ5 real-time PCR detection system and an iQ SYBR Green Super-
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mix kit (Bio-Rad). The experiments were performed with triplicate samples
and repeated three times and normalized against the mRNA of the elf2a
housekeeping gene. The following PCR primer pairs were used: ponli for-
ward (ACATCGCCTGGTTCTACACC) and ponli reverse (CCAACACGG
TACACGTTCAG); RH2-1 forward (GCCGCTCAACTACATTTTGG) and
RH2-1 reverse (TGTAGCCCACAAGTGAGCAG); Elf2a forward (TT
GAGAAGAAAATCGGTGGTGCTG) and Elf2a reverse (GGAACGGTGT
GATTGAGG GAAATTCQ).

Bioinformatics. Candidate CREs of the ponli and crb2b genes were identi-
fied by searching homologous sequences among teleost fish genomes with
the BLAT searching utility of the UCSC database (http://genome.ucsc.edu/).
At the medaka (Oryzias latipes) genome browser, enter ponli or crb2b to
locate the genes. The search also automatically align homologous genes of
the following species: zebrafish (Danio rerio), stickleback (Gasterosteus acu-
leatus), tugu (Takifugu rubripes), tetraodon ( Tetraodon nigroviridis), and nile
tilapia (Oreochromis niloticus). The sequence similarities were calculated
with Clustal Omega (http://www.ebi.ac.uk/Tools/msa/, Research resource
identifier [RRID]: SCR_001591).

Confirming the transcription and splicing of the ponli®**?:HA-
mCherry gene by RT-PCR. We performed RT-PCR analysis to confirm
that the reporter gene was properly transcribed and spliced in
Tg(ponli®®??:HA-mCherry)P*118 (pt118b for short). Briefly, we iso-
lated the total RNA from 5 dpf eyes of wild-type and pt118b fish with
Trizol (Invitrogen) and then performed reverse transcription using
SuperScript III kit (Invitrogen). We then PCR amplified the cDNAs
with the following primer pairs to confirm transcription and splicing
(see Fig. 2A, B): F1 (GGACCTGATTGGAAACATCG, in exon 1) and
R1 (GGCAAAAAGCCAACACTGTACA, in exon 2), which can detect
both the endogenous ponli gene and the reporter gene but cannot
distinguish between the two; F1 and R2 (GGATGTCGGCGGGGT
GCTTCACGTA, in the mCherry coding regions), which can only
detect the reporter gene (see Fig. 2A, B).

Comparison of reporter gene expression by Western blotting. We per-
formed Western blotting to compare the protein expression levels of
reporter genes. Briefly, fish eyes were removed and homogenized on
ice in a lysis buffer (1 X PBS buffer with 0.5% Triton X-100, 1 mm
PMSEF, 1 mwm dithiothreitol, and 1 X Roach proteinase inhibitor mix-
ture). The lysates were mixed with 5 X SDS-PAGE loading buffer and
heated at 100°C for 5 min. The supernatants of the protein samples
were separated in 12% SDS-PAGE gels and transferred to PVDF
membranes for Western blotting with anti-mCherry antibody (1:
2000; BioVision, catalog #5993-100; RRID:AB_1975001), anti-GFP
antibody (1:2000; Sigma-Aldrich, catalog #G6539; RRID:AB_25
9941), and anti-y-tubulin antibody (1:3000; Sigma-Aldrich, catalog
#T3320; RRID:AB_261655).

Immunohistochemical analysis of reporter expression patterns in the retina.
We performed immunohistochemical confocal microscopy to examine the
cellular expression patterns of reporter proteins in the retina. Briefly, both
adult fish and larval eyes were fixed in 4% PFA in 1 X PBS buffer at room
temperature for 2 h, infiltrated with 40% sucrose in 1 X PBS overnight, and
embedded in tissue freezing media (Tissue-Tek; Sakura Finetek). Eye sam-
ples were cryosectioned at 30 wm thickness and immunostained as described
previously (Wei et al., 2006). We used the following primary and secondary
antibodies: rabbit polyclonal mCherry antibodies (1:300; BioVision, catalog
#5993-100; RRID:AB_1975001), mouse monoclonal Zprl antibodies
(1:300; Zebrafish International Resource Center, catalog #ab174435; RRID:
AB_10013803), Cy3-conjugated goat anti-mouse IgG (1:300; Jackson Im-
munoResearch Laboratories, catalog #115-165-166; RRID:AB_23
38692), goat anti-rabbit IgG (1:300; Jackson ImmunoResearch Laboratories,
catalog #111-165-144; RRID:AB_2338006), and Cy5-conjugated donkey
anti-rabbit IgG (1:300; Jackson ImmunoResearch Laboratories, catalog
#711-175-152; RRID:AB_2340607). AlexaFluor-647 phalloidin (1:300;
Thermo Fisher Scientific, catalog #A22287; RRID:AB_2620155) was used
for F-actin staining. Images were taken with a Fluoview FV1000 confocal
microscope (Olympus).

Results

We took a strategy to first identify ponli CREs, particularly its
enhancer; we then used the characteristics of ponli CREs to guide
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our search for the enhancer of the crb2b gene. Because enhancers
can localize distally, either upstream or downstream of transcrip-
tion sites, and because the transcribed sequence of the ponli
gene itself already extends over 75 kb, it was a challenging task to
identify the ponli’s enhancer region in this broad region and be-
yond. Therefore, for the sake of practicality and because many
enhancers often reside upstream of the transcription start site or
within the first intron, we limited our search for ponli enhancer in
the 4 kb upstream intergenic region and in the 5.7 kb downstream
intron 1 (Fig. 1B).

The 4 kb upstream intergenic DNA cannot drive RGB
cone-specific transcription

To assess the transcriptional activity of the 4 kb upstream inter-
genic DNA, we made transgenic construct 1, which contains the 4
kb intergenic DNA, ponli’s 110 bp exon 1, a Kozak sequence, and
an mCherry-coding sequence (Fig. 2A, construct 1). We included
ponli exon 1 in the construct to best ensure the intactness of the
core promoter of the ponli gene. The construct was then injected
into embryos at 1-cell stage and monitored for retinal expression
at 4 dpf (days post fertilization); we found that none of the 316
injected fish showed mCherry signals in the retina (data not
shown). Thus, the 4 kb upstream intergenic DNA does not con-
tain ponli’s enhancer and the core promoter region alone is not
sufficient to drive retinal transcription.

ponli’s first intron for RGB cone-specific transcription

We next assessed the transcriptional activity of intron 1. To do so, we
made transgenic construct 2 by fusing an mCherry reporter gene
downstream of a 6102 bp DNA, which covers a 140 bp upstream
region, exon 1, intron 1, and the 67 bp noncoding region of exon 2
(Fig. 2A, construct 2). We injected this construct into zebrafish em-
bryos and found that 19 of 208 injected embryos indeed expressed
mCherry in the retina at 4 dpf. These mCherry-expressing fish were
raised to adulthood, and from their outcross progeny, we identified
a stable fish line, which was named Tg(ponli®'*:HA-mCherry)’"!1%
(pt118b for short). Confocal immunohistochemistry of adult
pt118b retina revealed that mCherry is restrictively expressed in RGB
cones just as endogenous Ponli protein (Fig. 2C-E) (Zou et al,,
2010). In addition, RT-PCR results indicate that the intron 1 DNA of
the transgene could be transcribed and subsequently removed from
mature mRNA by splicing as the endogenous ponli transcript is pro-
cessed, although the RT-PCR analysis could not evaluate the effi-
ciency of splicing (Fig. 2B). Interestingly, the mCherry signals in
pt118b are ~10 times weaker than those driven by the RH2- Igreen
opsin cis-regulatory DNA in Tg(Rh2-1:HA-mCherry)**'?° (Fig. 24,
construct 3; Figs. 2F, 3A-C); this weaker transgenic expression
echoes the fact that ponli endogenous mRNA is much less abundant
than green opsin mRNA (Fig. 3D).

These results indicate that the 6102 bp DNA harbors sufficient
CRE:s for ponli’s RGB cone-specific transcription. Considering
that construct 2 shares ponli’s core promoter region with con-
struct 1, which lacks any transcriptional activity (Fig. 2A), we
conclude that the RGB cone-specific transcriptional activity of
the 6102 bp DNA must be determined by an enhancer located in
ponli’s 5785 bp intron 1.

An 818 bp mid-region of ponli intron 1 mediates RGB
cone-specific transcription

We next sought to narrow down the intronic DNA region that
drives RGB cone-specific transcription. To do so, we generated
deletion constructs 4—11 and analyzed the transcriptional activ-
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B vicinity of ponli transcription and translation start sites
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The ponli, crb2b, nok, and crb2a apicobasal polarity genes are differentially expressed in the zebrafish retina. 4, The regular photoreceptor mosaic patterns in adult zebrafish retina are

revealed by a transmission electron micrograph of a transverse section of the photoreceptor layer crossing the inner segments of RGB cones (left). RGB cones adhere to each other and align
mirror-symmetrically into pentameric units: G-R-B-R-G (Zou et al., 2012). Arrows indicate the electron-dense clusters of Miiller cell apical processes and rod inner segments. RGB cones that
speifically express ponli and crb2b areillustrated in green (middle) (Zou et al., 2010, 2012); by contrast, all photoreceptors and Miiller cells that express nok and crb2a are highlighted in red (right)
(Wei et al., 2006; Zou et al., 2012). UV, UV cones; G, green cones; R, red cones; B, blue cones. B, Search of ponli's enhancer was focused in the intergenic DNA upstream of the transcription start site
and in intron 1 (both highlighted in green). Arrows indicate the transcription start site in exon 1and the translation start site in exon 2. Gray rectangles represent the untranslated exonic regions.

Black rectangle represents the protein-coding region of exon 2.

ities of the intronic DNA sequences (Fig. 4A—C). These constructs
all contain ponli’s core promoter region (including the 140 bp
upstream sequence and 110 bp exon 1), but each includes differ-
ent subregions of intron 1 (Fig. 4A-C). We injected these con-
structs into embryos at 1-cell stage and monitored their retinal
GFP expression at 4 dpf. We found that, in conjunction with the
core promoter region, an 818 bp mid-intronic DNA, but not its
flanking 4232 bp intronic DNAs, is sufficient to drive retinal
expression (Fig. 4B,C). We believe that this 818 bp intronic
DNA regulates retinal expression by promoting transcription but
not by ensuring the proper splicing between exon 1 and exon 2
through a splicing branch site. This is because, when exon 1 and
exon 2 were fused together by deleting the entire intron 1, retinal
expression was inhibited (Fig. 4B, construct 9).

To confirm that the 818 bp DNA drives GFP expression
specifically in RGB cones, we next raised two stable fish lines, Tg
(ponli®®*:GFP)P"*1#3%3 (pt151-#2 and pt151-#3 for short; Fig.
4C-@G), to reveal the cellular expression patterns of GFP in devel-
oped retina. Indeed, in Tg(ponli"***:GFP)?""**3 GFP is restric-
tively expressed in RGB cones (Fig. 4D-F); however, in
Tg(ponli®***:GEP)?"">'*?| GFP is expressed not only in RGB
cones but also in <20% of rods and very sparsely in bipolar cells
(Fig. 4G). We also used the same 1904 bp ponli cis-regulatory
DNA to drive RGB cone-specific gene expression in 13 other
unrelated stable transgenic fish lines; nine of these lines display
RGB cone-specific expression, but the remaining four fish lines
also display some ectopic GFP expression in 10%—80% of rods
and sparsely in bipolar cells, as in Tg(ponli®***:GEP)**">'*? (data
not shown). We believe that such ectopic expression in rods and
bipolar cells is due to position effects because the ectopic expres-
sion does not always happen in every stable fish line. Neverthe-
less, when ectopic expression does occur, it occurs more often in
rods than in other non—-RGB-cone cells, suggesting that some
rod-specific transcription factors may activate the 1904 bp ponli
cis-regulatory DNA under certain position effects.

In addition to the high reproducibility of RGB cone-specific
transgenic expression, the ponli”*** cis-regulatory DNA also
characteristically express GFP at modest levels: Western blott-
ing showed that the protein expression levels in Tg(ponli"***:
GEP)PHo1-#2#35wld65-#Lwl465-#11 yere 50-100 times lower than
those driven by opsin regulatory DNAs in Tg(LCR*"*-RH2-2:
GFP)P""1>"* and Tg(SWSI:GFP) (Takechi et al., 2003; Fang et al.,
2013) (Fig. 4H). We also observed modest variations in GFP
expression among Tg(ponli”***:GFP) fish (Fig. 4H).

The 818 bp intronic DNA contains the enhancer of the

ponli gene

The high reproducibility of RGB cone-specific transcription in
these transgenic fish suggests that 1904 bp DNA contains suffi-
cient basic CREs of the ponli gene for its RGB cone-specific tran-
scription: namely, ponli’s core promoter and the enhancer (or at
least one of its enhancers). We suspected that the 818 bp intronic
DNA harbored the ponli enhancer, which directs ponli’s tran-
scriptional specificity; in addition, the 140 bp upstream sequence
and exon 1 contain ponli’s core promoter, which may be replaced
with other generic core promoters without compromising ponli’s
transcriptional specificity.

To test this idea, we next engineered a chimeric cis-regulatory
DNA by combining the 818 bp ponli intronic DNA with the core
promoter region of the nok gene, which is expressed in all photo-
receptors and Miiller cells in developed retina (Wei et al., 2006)
(Fig. 1A), and then evaluated its transcriptional activity with a
transgenic reporter construct (Fig. 5A, construct 12). Embryonic
injection of this construct led to preferred retinal GFP expression
at 4 dpf (Fig. 5B,C). By contrast, injection of another construct
that only contained nok’s core promoter regions produced no
retinal expression, even though many muscle cells displayed tran-
sient GFP expression (Fig. 5A—C, construct 13).

To evaluate the transcriptional specificity of the GFP reporter in
the construct-12-injected fish, we raised these fish to adulthood and
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Fang et al. @ Rainbow Enhancers for RGB Cone Photoreceptors

J. Neurosci., March 15,2017 - 37(11):2834 2848 « 2839

A S C a ponli enhancer, which when supplied with
O . S a basic core promoter (not necessarily
@Q 5 QQ" ponli’s own core promoter), is sufficient to
N confer modest and RGB cone-specific
X X X p
Al ? < transcription.
— HA-mCherry

5 dpf

5 dpf
adult

[ — y-tubulin

e n === HA-mCherry
A

green opsin mRNA : ponli mRNA

ponli cis-regulatory elements are
conserved in teleost fish

To identify the ponli’s CREs in its core
promoter and enhancer regions, we next
aligned the DNA sequences of the 5’ ends

. y-tubulin

1 3 of ponli genes of six teleost fish (medaka,
tilapia, fugu, tetraodon, stickleback, and
D real time RT-PCR zebrafish). The alignment reveals high se-

quence conservation near the transcrip-
tion start site, the 5 splicing site of intron
1, the middle region of intron 1, and exon
2 (Fig. 6A). In the core promoter regions,
we found three conserved core promoter
motifs (CPM1-3) in all six fish species.
CPMIs locate <20 bp upstream of the
transcription start sites; CPM2s cover the
transcription start sites (Fig. 6B, arrows);
and CPM3 locates 30—70 bp downstream
of transcription start sites. The sequence
of CPM2s (CCACTTG in zebrafish and
CCACGGA in four other fish) is similar to

6000
B i
5000
s
° 2000
(2]
1000
5dpf adult
Figure 3. The 6102 bp ponli cis-regulatory DNA drives modest transgenic expression. A, As revealed by stereo-fluorescence

microscopy, the retinal mCherry signals in 5 dpf Tg(ponli®"%*:HA-mCherry)""""® (pt118b for short) were much weaker than that in
Tg(RH2-1:HA-mCherry)P"™° (pt120 for short). B, At 5 dpf, the weak mCherry signals in pt118b and strong mCherry signalsin pt120
all localized to the photoreceptor layer (arrows), as shown by confocal immunohistochemistry. White dashed lines encircle retinal
profiles. ¢, mCherry protein levels in pt118b were ~1 order of magnitude less than in pt120, as suggested by Western blotting of
ten 5 dpfand eyes or one-tenth of adult eyes. To ensure that the same amount of mCherry-expressing cells was compared between
pt118b and pt120 (lanes 1and 2), the pt118b samples were diluted with the wild-type retinal lysates by a ratio of 2:3 (lane 1); this
dilution was chosen because mCherry is expressed in all five members of pentameric cone units in pt118b but only in two green
cone members of cone pentamersin pt120. In lane 3, pt120 lysates were diluted with wild-type lysates at a ratio of 1:9 to facilitate
signal comparison. The y-tubulin blotting served as loading controls. D, Real time RT-PCR analysis suggested that the endogenous
ponli gene is >5000 and 400 times less active than the green opsin genes in 5 dpf and adult fish, respectively.

then performed confocal microscopy to examine the expression pat-
terns of transgenic clones. We found that GFP was only expressed in
the RGB cones in 49 of the 60 transgenic cell clones examined in
adult retina (Fig. 5D, E); in the remaining 11 clones, in addition to
GFP expression in RGB cones, we also observed ectopic GFP expres-
sion in <20% of rods (Fig. 5F,G). These expression patterns are
similar to those observed in Tg(ponli"***:GFP)"""*'** and Tg-
(ponli®***:GFP)P"">""*? (Fig, 4E-G), suggesting that the 818 bp in-
tronic DNA underlies the transgenic expression pattern that is
characteristic of the ponli gene but not that of the nok gene. Although
we cannot exclude the possibility that there is more than one ponli
enhancer, our results suggest that the 818 bp intronic DNA contains

<«

(Figure legend continued.) ~ HA-mCherry)?* 120) The locations and directions of RT-PCR primers
(B) for construct 2 are indicated with arrows. e1, Exon 1; 2, exon 2. B, The endogenous ponli
gene’s transcription and subsequent splicing between exon 1and exon 2 was verified by RT-PCR
using primer pair F1and R1 (bottom arrowhead), and mCherry’s transcription and subsequent
splicing was confirmed by RT-PCR with primer pair F1 and R2 (top arrowhead). (—E, In adult
Tg(ponli®"2:HA-mCherry)P""® retina, mCherry is expressed in the photoreceptor layer (PRL)
but not in the inner nuclear layer (INL) or ganglion cell layer (GCL) (C, lower magnification); in
the PRL, mCherry is expressed in green (arrows G), red (arrows R), and blue (arrows B) cones but
not in UV cones (arrows U) or rods (D, vertical sections; E, transverse sections). F, By contrast,
mCherry is almost exclusively expressed in green cones in Tg(RH2-1:HA-mCherry)"""%’. Green/
red double cones were visualized by Zpr1 antibody. The cell nuclei were stained with DAPI
(blue).

the consensus sequence of human tran-
scription initiators (YYANWYY) (Juven-
Gershon et al., 2010), suggesting that
CPM2s are the initiator motifs of the te-
leost ponli genes (Fig. 6B). We could not
identify a TATA box, which normally re-
sides between positions —33 and —28 bp
upstream of the transcription start site
(Carninci et al., 2006; Cooper et al., 2006).
Because core promoters normally reside
within 50 bp 5" and 3’ of the transcription
start sites (Juven-Gershon et al., 2010; Yanez-Cuna et al., 2013),
these conserved sequence motifs likely constitute the ponli core
promoters, which belong to the TATA-less core promoters cate-
gory (Carninci et al., 2006).

The conserved mid-intronic region overlaps with the 3’ half of
the 818 bp zebrafish enhancer-containing intronic DNA (Fig. 6A).
Sequence comparison revealed that these mid intronic regions con-
tain five highly conserved DNA sequence motifs, named, enhancer
motifs 1-5 (EM1-5). EM1-5s are aligned sequentially and compactly
in all teleost fish, except that in zebrafish, they are aligned in the order
of EM1, first EM2, second EM2, EM4, EM3, and EM5. Interestingly,
zebrafish EM5 and the second EM2 are in reverse orientation com-
pared with EM2 and EM5 in other teleost fish (Fig. 6A, C). Finally,
zebrafish EM5 is more separated from the rest of the EMs, being 50
bp downstream of the nearest EM3; by contrast, in other teleost fish,
EMS5 is only 3 bp downstream of the nearest EM4.

To determine whether the conserved intronic regions of other
teleost fish also drive RGB cone-specific transcription, we re-
placed the zebrafish 818 bp enhancer region in construct 11 with
the 212 bp conserved tilapia intronic DNA and analyzed, in ze-
brafish, the GFP expression patterns of the resulting chimeric
transgenic construct 14 (Fig. 6D). As expected, the 212 bp tilapia
intronic DNAs indeed drove GFP expression in zebrafish RGB
cones in two stable fish lines Tg(ponli™P™.GFP)P"152#14#D (Fig.
6E). These results suggest that the mid intronic regions of the
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Figure4. The818bp ponliintronic DNA s sufficient to mediate RGB cone-specific transcription. A, Construct 4 contains a GFP reporter thatis driven by pon/i's 6102 bp cis-regulatory DNA (between
— 140 bp upstream of the transcription start site and the translation start site of exon 2). Open and gray triangles represent two types of tandem short repeats inintron 1. B, Constructs 5-10 contain
regional deletion of ponliintron 1. C, The engineered 1904 bp ponli cis-regulatory DNA, which contains the 818 bp intronic region (hatched), drove retinal expression in ~30% of injected embryos.
D, Retinal GFP expression, revealed by stereo-immunofluorescence microscopy, is weaker in Tg(ponli™**:GFP)P'">"#3 (pt151-#3 for short) than in Tg(LCR™*2-RH2-2:GFP)P'" "™ (pt115-k for short)
(Fang etal., 2013) and Tg(SWS1:GFP) (Takechi et al., 2003). E, F, In Tg(ponli"***:GFP)P""*™#3 , GFP is restrictively expressed in RGB cones, as revealed by confocal immunohistology of photoreceptors
at transverse sections (E) and vertical sections (F). G, In Tg(ponli"”“:GFP)’”””“ (pt151-#2 for short), in addition to primary expression in RGB cones, GFP is also sparsely expressed in bipolar cells
and rods. H, Western blotting reveals that GFP levels in Tg(ponli™***:GFP)P""*"*2, Tg(ponli"***:GFP)"""*"*3, and two other unrelated stable transgenic lines that carry a ponli”***:GFP transgenic
reporter gene (w1465-#1 and w1465-#11 for short) are 50 —100 times less than those in Tg(LCR™-RH2-2:GFP)P""™>* and Tg (SWS1:GFP). To make Western blotting signals visually comparable,
samples with strong signals were diluted with wild-type eye lysates. The dilution ratios with wild-type retinal lysates are marked in parentheses (transgenic eyes: wild-type eyes). X, Unidentified
number of GFP positive cones from w1465-#1, w1465-#11, pt151-#2, or pt151-#3; X/20, X/30, and X/50, 1/20th, 1/30th, and 1/50th of X amount of GFP positive cones, respectively. y-Tubulin
blotting serves as loading controls; each lane was loaded with retinal lysates from ten 7 dpf eyes.
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Figure5.

teleost ponli genes are conserved not only in sequences but also in
RGB cone-specific transcriptional activity.

Roles of ponli EM1-5 and nearby sequences in RGB
cone-specific transcription

To determine whether or not ponli EM1-5 and their nearby se-
quences are required for RGB cone-specific transcription, we mu-

merged

Aponlienhancer resides in the 818 bp intronic DNA. 4, Chimeric construct 12 contains nok’s core promoter region, the
818 bp ponli intronic DNA, 3" portion of ponli’s intron 1, noncoding region of ponli's exon 2, and a GFP reporter. Construct 13 is
the same as construct 12 but lacks the 818 bp ponli intronic DNA. Pink boxes represent the first noncoding exon of the nok gene.
Blue boxes represent the 624 bp region upstream of nok’s transcription start site. B, €, Statistics show that construct 12 drove
retinal expression (arrows) in 25% of injected embryos, whereas construct 13 drove nonretinal expression, mainly ectopically in
muscle cells (arrowheads). DG, Restrictive GFP expression in RGB cones was observed in 49 of 60 transgenic cell clones that carried
construct 12 (D, E), whereas in the remaining 11 clones, asmall number of rods express GPF (F, G; asterisk). E, G, Enlarged areas that
are boxed in D and F, respectively. PRL, Photoreceptor layer; INL, inner nuclear layer; GCL, ganglion cell layer.

a total of 14 substitution mutations for
tilapia ponli enhancer and 18 substitution
mutations for zebrafish ponli enhancer
(Fig. 8A-C).

These substitution mutation analyses
revealed that mutation of EM2 (GAACA
GATGG), which is conserved in all six fish
species, abolished retinal expression, sug-
gesting that EM2 plays an activation role
in RGB cone-specific transcription (Fig.
8B, (). In addition, the sequences around
EM2 also appear to be essential, even
though there is no clear similarity conser-
vation between zebrafish and the other
five fish species in these nearby sequences

PRL (Fig. 6C). However, mutation of the sec-
ond zebrafish EM2, which is in reverse

‘INL orientation and 10 bp downstream of the
first EM2, did not affect retinal expression
(Fig. 8C).

|ceL Surprisingly, unlike EM2, loss of

EM1, EM3, EM4, and EM5 did not ap-
pear to affect retinal expression, except
when EM1 was next to EM2 in tilapia
(Fig. 8 B,C). Nevertheless, the cell type-
specific transcription can be slightly
compromised. For example, mutation
of tilapia motif 13 resulted in more ec-
topic expression in non—RGB-cone cells
that form vertical clones, suggesting
that ectopic expression might be acti-
vated in retinal progenitors; this ectopic
expression might be augmented by po-
sition effect because different transgenic
clones in the same retina displayed a dif-
ferent level of specificity (Fig. 8D). In-
terestingly, even though these mutant constructs resulted in
ectopic expression in rods, bipolar cells, amacrine cells, and
ganglion cells, we very rarely observed any expression in UV
cones. And the ratio of GFP expression in RGB cones remains
at an ~2:2:1 ratio (Fig. 8 B,C). Together, the mutation analy-
ses suggest that EM2 and its close neighboring sequences are
essential for retinal expression in an all-or-none fashion and
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Figure 6.  Functional and sequence conservation of the CREs of the teleost ponli genes. A, Alignment of the genomic DNA sequences of six teleost ponli genes (tilapia, medaka, tetraodon, fugu,
stickleback, and zebrafish) revealed high conservation at the following noncoding regions: a short region upstream of the transcription start sites, 5"-UTR (exon 1and part of exon 2), and intron 1.
TcSS, Transcription start site; TISS, translation start site. B, Within ~50 bp upstream and 50 bp downstream of the transcription start site, the conserved sequences (Figure legend continues.)
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that other conserved motifs may collectively influence cell
type specificity.

crb2b enhancers share ponli enhancer motifs

The RGB cones are very similar in their morphologies and func-
tions; such structural and functional similarities must be based
on the similarity in their gene expression profiling. This made us
wonder whether similar enhancers are used to govern other RGB
cone-specific genes, such as crumbs2b (crb2b), which is expressed
with the same spatiotemporal patterns as the ponli gene in the
retina, and whose protein product colocalizes with Ponli (Zou et
al,, 2010, 2012).

To explore this possibility, we next compared the first intron
of the crb2b genes among the five fish species (medaka, fugu,
tetraodon, stickleback, and zebrafish) and found four stretches of
sequence that are conserved in the first introns (C1-C4; Fig. 9A).
Strikingly, the conserved stretch C3 also contains three motifs
thatare identical or very similar to the EM2, EM3, and EM4 of the
medaka ponli enhancer (Fig. 9A), implying that this stretch of
DNA might function as a crb2b enhancer. To test this hypothesis,
we replaced the ponli enhancer of the transgenic reporter assay
construct 11 with an 882 bp C3-containing DNA fragment (Fig.
9B); the resulting construct 15 was injected into zebrafish em-
bryos, and the transcriptional activity in larvae was examined. We
found that this 882 bp DNA indeed induced specific RGB cone
expression (Fig. 9C,E). As for ponli enhancers, loss of EM2 com-
pletely abolished the 882 bp DNA’s retinal transcriptional activity
(Fig. 9D). However, mutations of EM3 and EM4 did not abolish
retinal expression; rather, they slightly increased nonphotorecep-
tor expression and also slightly altered RGB cone ratios (Fig.
9D,E). These results suggest that the 882 bp DNA fragment of
crb2b intron 1 contains a crb2b enhancer that is sufficient to drive
RGB cone-specific transcription in conjunction with a core
promoter.

The functional and sequence similarities between ponli and
crb2b enhancers suggest that they constitute a conserved cis-
regulatory mechanism that governs RGB cone-specific trans-
cription of ponli and crb2b. We thus name these enhancers
collectively rainbow enhancers to honor their transcriptional ac-
tivity in RGB cones, which largely constitute the beginning of the
color vision pathway.

Discussion

In this study, we set out to identify CREs of the ponli and crb2b
genes that regulate RGB cone-specific transcription and to deter-
mine whether or not their cis-regulatory mechanisms are con-
served. By assessing the transcriptional activities of various DNA

<«

(Figure legend continued.) ~ presumably constitute the pon/i minimal core promoter motifs:
(PM1, CPM2, and CPM3 (also marked with consensus sequences). €, The candidate enhancer
motifs (EM1-5) and nearby conserved sequences in the mid-intron 1 region of the six teleost
species are labeled with numbers and alphabets (also see Fig. 8). B, C, Red represents sequences
that display the highest conservations in all six teleost species. Black and gray represent com-
plete and partial nucleotide conservations among five nonzebrafish species, respectively. Hy-
phens indicate sequence gaps. Numbers and green lines indicate the motifs in the tilapia pon/i
enhancer. Letters and blue lines indicate motifs in the zebrafish ponli enhancer. The motifs that
are conserved among all six teleost fish are marked with numbers (4, 5, 7, 9, and 10) (also
marked with EM1-5 and consensus sequences), and superscripts t and z are added to indicate
their being tilapia motifs and zebrafish motifs, respectively. Black lines indicate the candidate
CRX binding sites within EM1s. D, To assess the transcriptional activity of tilapia ponli intronic
DNA, the 818 bp zebrafish mid-intronic DNAin construct 11 was replaced with the 212 bp tilapia
ponliintronic DNA (construct 14). E, Tilapia 212 bp intronic DNA drove RGB cone-specific GFP
expression in Tg(ponli™@ie:GFp)PtI52#14,
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regions of teleost ponli and crb2b genes with homology compar-
ison and transgenic reporter assays, we found that the ponli
core promoter is TATA-less and contains three conserved core
promoter motifs (CPM1-3); in addition, the intronic ponli en-
hancers, containing five conserved enhancer motifs (EM1-5), de-
termine RGB cone-specific transcription. We further showed
that crb2b enhancers are also intronic and that they share EMs
with ponli enhancers, suggesting that crb2b and ponli enhancers,
collectively called rainbow enhancers, underlie a conserved cis-
regulatory mechanism.

Organization of rainbow enhancer motifs

The sequence and functional conservation among ponli and crb2b
enhancers suggest that rainbow enhancers are constructed ac-
cording to a common “code.” Indeed, the concept of “enhancer
cis-regulatory codes” is gaining support from growing evidence.
According to this concept, a specific code governs how and what
enhancer motifs are organized in an enhancer to confer its tissue-
specific transcriptional activity (Yanez-Cuna et al., 2013). How-
ever, it remains challenging to interpret cis-regulatory codes
because enhancer motifs are often short and degenerate; in addi-
tion, enhancers are often studied individually, making it more
difficult to reveal the underlying general principles. Thus, the
identification of rainbow enhancers for two different genes offers
a good opportunity to use homology and functional conservation
to crack the cis-regulatory code that governs RGB cone-specific
transcription. Although a complete understanding of rainbow
enhancer code has yet to be reached, our current study revealed
two prominent features of the rainbow enhancers.

First, the transcriptional activity of rainbow enhancers de-
pends on EM2 in an all-or-none fashion because mutation of the
EM2s in the zebrafish ponli enhancer, tilapia ponli enhancer, and
medaka ¢rb2b enhancer completely abolished their transcrip-
tional activities (Figs. 8 B,C, 9D,E). The consensus sequence of
EM2 (GAACAGATGG) and its surrounding sequences do not
resemble the consensus sequences of the U2 and U12 splicing
branch sites TTCTCATTC and TTTTCCTTAACTTTT, which
localize most commonly 20—40 bp upstream of the 3’ splicing
sites (Yeo etal., 2004; Turunen etal., 2013), suggesting that loss of
EM2 is unlikely to block splicing; rather, the transcriptional de-
pendency on EM2 would suggest that EM2 plays an essential role
in promoting transcription, possibly by recruiting a transcription
factor that has yet to be identified. Supporting this notion, elim-
inating the need for splicing by fusing exon 1 and exon 2 blocked
retinal expression completely (Fig. 4B, construct 9). The EM2-
binding transcription factor may itself be expressed in an RGB
cone-specific manor. In such a case, the enhancer of an EM-2-
binding transcription factor gene may also be a rainbow enhancer, and
it may augment its own transcription in a positive-feedback loop
to increase the robustness of RGB cone-specific transcription.
Alternatively, the EM2-binding transcription factor may not be
restrictively expressed in RGB cones; instead, it may promote
nonspecific transcription. In such a case, other enhancer motifs
may restrict rainbow enhancers’ transcriptional activity to RGB
cones. Interestingly, the sequences immediately next to EM2
are also important for transcriptional activity, even though
they do not have to be as highly conserved as EM2 itself (Figs.
6, Fig. 8). Such sequence divergence of essential motifs is not
unique; another example is the critical cis-regulatory elements
of the fly sparkling enhancer, which has rapidly changed over a
short period of time during evolution (Swanson et al., 2011).
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Figure 7. A larval immunohistological microscopic method was used to assess the transcriptional activity of cis-requlatory DNAs in 9 dpf Tg(RH2-1:mCherry)’""%° larvae. A, B, By analyzing
photoreceptor characteristics in Tg(-3.7rho:eGFP)¥?, Tg(SWST:GFP), and Tg(RH2-1:GFP)"""*? fish lines (A), a set of criteria were established to distinguish each of five photoreceptor types in the
Tg(RH2-1:mCherry)P"™ background (B) at 9 dpf, when stereotypical mosaic alignment of cones has not yet developed in larvae: immunoreactivity to the Zpr1 antibody, nuclear and ellipsoid
positions relative to the outer limiting membrane (OLM), cross section cell diameter at the OLM, and mCherry expression in green cones. (, D, In agreement with the expression pattern in stable fish
lines Tg(ponli™*%*:GFPYP""™# and Tg(ponli™®:GFP)P52#14  the larval immunohistological microscopic method confirmed that zebrafish or tilapia ponli enhancer drove specific GFP expression in
RGB cones in transient analysis (C, example images; quantifications are summarized in the table in D).

Second, in addition to EM2, rainbow enhancers also contain sev-
eral other highly conserved motifs, which are concentrated around
EM2 in a range of ~200 bp (Figs. 6C, 9A), a typical size for many
known enhancers (Yanez-Cuna et al., 2013). However, these con-
served motifs are not absolutely required because some of them,
such as EM5, are even absent or highly degenerated and could not be
identified in medaka crb2b enhancer (Fig. 9A); in addition, muta-
tions of these motifs did not abolish retinal expression as EM2 mu-
tations, even though these mutations slightly compromised cell type
specificity of transgenic expression. In addition to sequence

variations, the distance between highly conserved motifs can
vary between species and between genes (Fig. 8 B,C and Fig. 94,
respectively). Moreover, the orientation of zebrafish ponli enhanc-
er’s EM5 and the second duplicated EM2 are even in a reverse ori-
entation compared with the same motifs in tilapia ponli enhancer
(Fig. 6C). Despite these variations among rainbow enhancers, both
tilapia ponli enhancer and medaka crb2b enhancer can still activate
RGB cone-specific transcription in zebrafish, suggesting that the
transcription factors are not required to bind to rainbow enhancers
in a strict spatial order in order for them to restrict transcriptional
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activation in RGB cones. This functional
conservation is surprising because it is
thought that the composition, orientation,
spacing, and alignment of enhancer motifs
play critical roles in transcriptional specific-
ity by creating unique and continuous
recognition surfaces for transcription factor
binding and activation in a distinct combi-
natory fashion, as exemplified by the
paradigmatic interferon-B enhanceosome
(Panne et al., 2007; Panne, 2008; Levine,
2010; Swanson et al., 2010). The coexistence
of both organizational variations of rainbow
enhancer motifs and functional conserva-
tion of rainbow enhancers raises an interest-
ing question: How can enhancers be
structurally varied on the one hand and still
maintain their strict transcriptional specific-
ity on the other hand? Perhaps loose cis-
regulatory codes confer the freedom that
transcription factors need to assemble in
distinct configurations and to paradoxically
enforce strict transcriptional specificity.

Similarities and differences between
rainbow enhancers and other
cone-specific CREs

Compared with other cone-specific CREs,
rainbow enhancers display three promi-
nent features. First, rainbow enhancers
differ from others in the cellular patterns
of transcriptional activities. To date, a
limited number of cone-specific CREs
have been identified; they are either active
in one distinct type of cone photoreceptor
or active in all types of cone photorecep-
tor. Examples of the former are the CREs
of various cone opsin genes (Takechi et
al., 2003, 2008; Luo et al., 2004; Tsujimura
et al., 2010, 2015); examples of the latter
are the CREs of cone arrestin and cone
transducin « subunit (Pickrell et al., 2004;
Smyth et al., 2008). Unlike these two
classes of cone-specific CREs, rainbow en-
hancers’ unique RGB cone-specific ex-
pression implies that the underlying
mechanism of rainbow enhancers is dis-
tinct from others. Moreover, because the

<«

expression of GFP in nonphotoreceptor retinal cells. Motif se-
quences that were substituted are shown in parentheses. Red
boxes represent the highly conserved enhancer motifs (EM1-
5). Gray boxes represent less-conserved sequences. N ™, To-
tal number of embryos that survived at 9 dpf after injection;
N @ total number of GFP-positive retinal cells that were iden-
tified across all retinal GFP-positive embryos. The motifs are
labeled with numbers and letters in the same way as in Figure
6. D, In an embryo injected with the tilapia substitution A13
construct, two clones of transgenic cells displayed different
expression patterns: one showed GFP expression in photore-
ceptors as well as in bipolar and amacrine cells; the other
showed exclusive photoreceptor expression.
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Figure9.

Medaka crb2b intronic enhancer drives RGB cone-specific transcription. 4, Sequence alignment of teleost crb2b genes revealed conserved regions around the transcription start site and

intron 1. The middle conserved intronic region (C3) contains EM2, EM3, and EM4, which are also present in the medaka pon/i enhancers. A candidate CRX binding site is present 12 bp upstream of
EM2. B, A scheme illustrates the structure of chimeric construct 15, in which the ponli enhancer of construct 11was replaced with the 882 bp medaka crb2b intronic DNA. €, Injection of construct 15
led to GFP expression in the photoreceptor cell layer in 5 dpf retina. D, Mutation of EM2 of medaka crb2b enhancer abolished retinal expression; however, mutations of EM3 and EM4 did not affect
retinal expression. E, Larval immunohistological microscopy of 9 dpf larvae revealed that crb2b enhancer specifically drove RGB cone-specific expression (compared with the restrictive RGB cone
ratios of 2.25:2.07:1in pt120 wild-type fish; Fig. 7D), and mutation of EM3 and EM4 only slightly affected transcriptional specificity.

ponli and crb2b genes are unlikely to be the only genes that define
RGB cones’ structural and functional characteristics, it is tempt-
ing to speculate that other RGB cone-specific genes exist and that
their transcription is regulated by a family of rainbow enhancers.

Second, like most other identified cone-specific CREs, all
rainbow enhancers contain a sequence motif that is either identi-
cal or very similar to CRX’s (cone rod homeobox) consensus
target sequence TTAATCC (Chen et al., 1997). These CRX sites
localize 5-12 bp upstream of EM2 and constitute 70% of the EM 1
motifs (Figs. 6C, 9A). Because retinal expression was abolished by
substitution mutations 4 and d, which removed the tilapia ponli
CRX site entirely and three sevenths of the zebrafish CRX site,
respectively, it is tempting to speculate that CRX recognizes EM1.

However, it is puzzling that the removal of the 5’ four-sevenths of
the zebrafish CRX site or 60% of EM1 (substitution mutation 4*)
did not affect retinal expression (Figs. 6C, 8C). Regardless, be-
cause CRX is also expressed in rods and regulates rod opsin by
interacting with rod-specific Nrl (neural retina-specific leucine
zipper protein) (Rehemtulla et al., 1996; Babu et al., 2006; Peng
and Chen, 2007; Reks et al., 2014), it is unlikely that CRX itself
determines rainbow enhancers’ RGB cone-specific transcription.

Finally, rainbow enhancers’ most critical and conserved motif,
EM2 (GAACAGATGG), does not appear to show significant sim-
ilarity to other cone CRE motifs, including the CPRE-1 motif
(cone photoreceptor regulatory element 1) of the a subunit of
cone transducin, which is expressed in all four zebrafish cone
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types (Smyth et al., 2008). This uniqueness of EM2 highlights the
importance of identifying an EM2 transcription factor for under-
standing rainbow enhancer activation. Perhaps as Nrl drives pho-
toreceptors to become rods (Oh et al., 2007), the yet to be
identified EM2-binding transcription factor may drive photore-
ceptor to become RGB cones.

Rainbow enhancers as a tool for transgenic research

Two useful expression features of rainbow enhancers make them
excellent tools for transgenic research of teleost photoreceptors.
First, unlike opsin cis-regulatory DNAs (Hamaoka et al., 2002;
Takechi et al., 2003; Tsujimura et al., 2007), rainbow enhancers
can be used to drive simultaneous transcription in zebrafish RGB
cones; this expression pattern is particularly desirable either for
studying cell-nonautonomous gene functions because transgenic
manipulation of such genes in one member of the RGB cones
may not result in apparent phenotypes due to rescuing effects
by neighboring cells or for therapeutic gene expression in multi-
ple types of cones. Second, to avoid potential adverse conse-
quences of transgenic overexpression by opsin cis-regulatory
DNAs, rainbow enhancers can be used to drive much more mod-
est transcription (Figs. 3, 4D, H).

Conclusion

In conclusion, we have identified two teleost rainbow enhancers,
the ponli and crb2b enhancers; to our knowledge, this is the first
report of such enhancers with RGB cone-specific transcriptional
activity in teleost retina. Our work provides a starting point from
which to study rainbow enhancer-mediated transcription of ponli
and ¢rb2b and possibly other RGB cone-specific genes; these
genes may collectively define RGB cones’ distinct transcriptional
profile and consequently their functions in initiating color vision.
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