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Abstract

The genome of many organisms contains several loci consisting of duplicated
genes that are arrayed in tandem. The daughter genes produced by duplication
typically exhibit differential expression patterns with each other or otherwise
experience pseudogenization. Remarkably, opsin genes in fish are preserved after
many duplications in different lineages. This fact indicates that fish opsin genes are
characterized by a regulatory mechanism that could intrinsically facilitate the
differentiation of the expression patterns. However, little is known about the
mechanisms that underlie the differential expression patterns or how they were
established during evolution. The loci of green (RH2) and red (LWS) sensitive cone
opsin genes in zebrafish have been used as model systems to study the differential
regulation of tandemly arrayed opsin genes. Over a decade of studies have
uncovered several mechanistic features that might have assisted the differentiation
and preservation of duplicated genes. Furthermore, recent progress in the
understanding of the transcriptional process in general has added essential insights.
In this article, | summarize the current understanding of the transcriptional
regulation of differentially expressed tandemly arrayed cone opsin genes in
zebrafish and discuss a possible evolutionary scenario that could achieve this

differentiation.
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Expression differentiation of duplicated genes as a course of
subfunctionalization

Duplication is a critical source for the emergence of novel genes during
genome evolution. When daughter genes after duplication are equivalent to each
other, one of them often becomes useless and enters the process of
pseudogenization (Zhang, 2003). Thus, for both daughter genes to be stably
preserved, with rare exceptions of evolutionary equilibrium (Nowak et al., 1997),
they need to functionally diverge. It has been proposed that differentiation of the
expression pattern into sub-domains of the original expression area of the ancestral
gene should be a major course for the duplicated genes to be fixed (Zhang, 2003). It
is nonetheless unclear how the expression differentiation is achieved among
seemingly equivalent pairs of duplicated genes. Gene expressions are under the
regulation of complex systems, and researchers have scrutinized how evolution has
modulated these systems to have duplicated genes expressed differentially.

Most notably, the duplication-degeneration-complementation (DDC) model
was proposed as a theoretical framework to explain this process (Force et al., 1999).
This model supposes that the daughter genes are equipped modularly with the same
repertoire of cis-elements right after the duplication. Since the two genes are
redundant with the same expression pattern, one of them may accommodate
mutations. If the mutations are introduced to the coding region, the gene will soon
be pseudogenized. However, if the mutations are introduced in the cis-elements, the
two genes may eventually complement each other in their expression patterns,
while keeping the functionality as a whole in the entire expression domain. This
scenario leads to the preservation of both duplicates as essential genes, resulting in
subfunctionalization (Force et al., 1999). This assumption may explain whole-
genome duplication and the duplication of a large genomic segment. For example,
the regulation of pax6a and pax6b in zebrafish represents the model well (Kleinjan
et al,, 2008). However, in cases of duplications of short segmented regions,
particularly tandem duplications, the copied intervals do not necessarily contain the
entire repertoire of the cis-regulatory elements. Therefore, understanding the

evolutionary scenario for those duplication events requires another conceptual
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framework. Lan and Pritchard recently proposed that the down-regulation of gene
expressions as an immediate outcome of co-regulation for shared regulatory
elements may invoke evolutionary constraints to sustain the survival of the genes
for dosage balancing (Lan & Pritchard, 2016). However, to understand the extent
this theory applies to individual cases requires studying the regulatory mechanisms
in detail.

[t is well known that visual opsin genes in fish have experienced extensive
rounds of duplication in different lineages (Lin et al., 2017), many of which have
resulted in subfunctionalization, as explained below. The high incidence of
subfunctionalization events may indicate that the regulation of fish opsin genes
holds a mechanistic feature that could facilitate the differential expression of
duplicates. Indeed, taking zebrafish as a model organism, critical mechanisms
behind the differential expression have been uncovered, providing clues to
understanding the evolutionary scenario for subfunctionalization. In this review, |
summarize the accumulated knowledge regarding the regulatory mechanism for
tandemly arrayed opsin genes in zebrafish and discuss implications of the

mechanism in the process of subfunctionalization.

Duplications of opsin genes in fish

Visual opsin genes encode the protein moiety of the visual pigments in the
photoreceptor cells in the retina. The sequences of the amino acids largely
determine the absorption spectra of the pigments. The chromophore of the visual
pigments are either retinal (A1) or 3,4-dehydroretinal (A2), which also affects the
sensitivity to light (Allison et al., 2004; Enright et al., 2015; Shichida & Matsuyama,
2009). In vertebrates, visual opsins are phylogenetically classified into five classes,
or types (Yokoyama, 2000): rod opsin (rhodopsin, RH1), which is expressed in rod
photoreceptor cells and responsible for vision in dim light, and four others that
represent cone opsin genes expressed in cone photoreceptor cells for the color
vision. The four cone opsin types are called SWS1, SWS2, RH2, and LWS and are
sensitive to ultraviolet, blue, green, and red light, respectively. The discrimination of

light of different wavelengths requires a comparison of activity between distinct
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photoreceptor cells of different spectral sensitivities (Rister & Desplan, 2011).
Typically, for spectral distinction at the cellular level, organisms express different
types of cone opsin genes in distinct photoreceptor cells arranged in a mosaic
manner in the retina (Rister & Desplan, 2011). Comparative genomic studies
indicate that the five visual opsin types were generated with two rounds of whole-
genome duplication, which most likely occurred before the split of cyclostomes and
gnathostomes (Kuraku et al.,, 2009; Lagman et al,, 2013). The system to allocate
expression of different opsin genes in distinct photoreceptor types might have
emerged in this ancestor (Baden et al., 2020; Lamb et al.,, 2007). However, the
mechanism underlying the differential expression remains unknown, leaving many
questions about how the system for expressing one visual pigment in one
photoreceptor cell was established. Addressing this question should consider the
evolutionary and developmental origin of the four types of cone photoreceptor cells.
Interestingly, some vertebrates possess subtype genes within the opsin types
that were evolutionarily produced by gene duplication. Most notably, fish have an
extensive repertoire of subtype opsin genes thanks to duplication and preservation
events that repeatedly occurred in different lineages (Lin et al., 2017). For example,
zebrafish have four green-sensitive RH2 opsin genes, RH2-1, RH2-2, RH2-3, and RH2-
4, and two red-sensitive LWS opsin genes, LWS-1 and LWS-2 (Chinen et al., 2003)
(Figure 1). Similarly, medaka fish have two SWS2, three RH2, and two LWS genes
(Matsumoto et al., 2006). Importantly, the subtypes of these opsin genes are
functionally differentiated in several ways. First, the absorption spectra are
different. For example, the reconstituted photopigments from zebrafish RHZ2-1, -2, -
3, and -4 genes exhibit peak absorption spectra (Amax) of 467 nm, 476 nm, 488 nm,
and 505 nm, respectively, and the Amax of zebrafish LWS-1 and LWS-2 are 558 nm
and 548 nm, respectively (Chinen et al., 2003). The expression patterns are also
differentiated in time and space. The subtypes of zebrafish RH2 and LWS genes are
all expressed in specific cone photoreceptor types, i.e., the short members of double
cones (SDCs) for RH2 and the long members of double cones (LDCs) for LWS
(Robinson et al., 1993; Takechi & Kawamura, 2005; Vihtelic et al., 1999). The
expression of SWS1 and SWS2 is also specific in short single cones (SSCs) and long
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single cones (LSCs), respectively. Thus, the developmental rule for only one type of
opsin gene being expressed in one photoreceptor cell is always maintained in
zebrafish (Figure 1A). However, along the ontogeny of zebrafish development, RH2-
1 and RH2-2 are expressed earlier than RH2-3 and RH2-4 (Takechi & Kawamura,
2005). Spatially, the former are expressed in the central-to-dorsal area in the retina.
In contrast, RH2-3 is expressed in the narrow banded region surrounding the RH2-
1/-2 area. RH2-4 is expressed in the most dorsal part of the retina, further
circumscribing the RH2-3 area (Takechi & Kawamura, 2005; Tsujimura et al.,
2015b) (Figure 1B). Similarly, the expression of LWS-Z2 starts earlier and then
becomes restricted to the central-to-dorsal area, while that of LWS-1 starts later and
is confined to the ventral part of the juvenile and adult retina (Takechi & Kawamura,
2005; Tsujimura et al.,, 2010) (Figure 1B). Interestingly, for both RH2 and LWS
groups, the early genes expressed in the central-to-dorsal area encode visual
pigments sensitive to light of shorter wavelengths. The others are expressed in the
ventral retina and show sensitivity to longer wavelength light (Figure 1B). Thus,
zebrafish have different spectral sensitivity depending on the visual space. The
considerable difference in the light environment of the different depths in shallow
water where they live might demand this visual system to be ecologically adaptive.
Similarly, the subfunctionalization of opsin genes was described in many other fish
species such as medaka, cichlid, guppy, and others (Carleton et al., 2008; Hoffmann
etal.,, 2007; Hofmann & Carleton, 2009; Matsumoto et al., 2006; Owens et al., 2012;
Rennison et al., 2011). Such differentiations have presumably occurred
independently in different fish lineages (Lin et al., 2017). Probably, the demand for
adaptation to the environment in water, which has variable light conditions, might
have forced such evolutionary differentiation (Temple, 2011). Still, it is remarkable
that the evolutionary reorganization of the complex regulatory mechanism for the

differential expression has been achieved in multiple fish species.

Cis-regulation of zebrafish opsin genes
In order to understand gene regulation for tissue- or cell type-specific

expression, it is essential to identify the source of the specificity of both the genes
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and cell types. While the surrounding cis-regulatory contexts in the genome
determine the specificity of the genes, the trans-regulatory factors define the
specificity of the cell types in the regulation. Accordingly, the regulation of zebrafish
opsin genes has been studied from these two aspects.

Transgenic reporter assays have been employed to understand the cis-
regulation of opsin genes in zebrafish. The surrounding genomic regions linked with
fluorescent reporter genes such as GFP (green fluorescent protein) and RFP (red
fluorescent protein) were introduced into zebrafish to test the regulatory activities
that induce gene expressions in the retina.

SWS1 and SWS2 genes exist as single genes without tandem copies (Chinen et
al,, 2003) (Figure 1B). The proximal upstream regions of the coding sequences of
SWS1 and SWS2 are sufficient to define the specific expression in SSCs and LSCs,
respectively (Takechi etal., 2003; 2008). Similarly, the rod photoreceptor-specific
expression of RH1 could be recapitulated only with the proximal upstream
sequences (Hamaoka et al., 2002; Kennedy et al., 2001). Of note, the cell type-
specific expression of the reporters under these proximal regions covered the entire
retina in the established transgenic lines, just as the expression of the endogenous
genes does (Hamaoka et al.,, 2002; Takechi et al., 2003; 2008).

By contrast, the expression of RH2 and LWS could not be reproduced only by
the upstream sequences; instead, the entire locus with the intact context is required
to fully recapitulate the differential expression of the genes (Tsujimura et al., 2010;
2007). Those studies utilized large genomic P1-artificial chromosome (PAC) clones
encompassing the whole locus, in which fluorescent reporter genes were integrated
into the places of the opsin genes. Transgenic zebrafish with the large constructs
showed the reporter expression that recapitulated not only the cell-type specificity
but also the temporal and spatial expression patterns (Tsujimura et al., 2007; 2010;
2015b). Importantly, the results solidly underlie the idea that the genomic
sequences surrounding the opsin genes in cis are the determinant of the regulatory
identity of the genes. Based on this finding, different configurations of reporter

constructs were further tested to investigate how the collective action of genomic
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regions specifies the expression patterns, as explained below first for RH2 and then

for LWS.

Cis-regulation for RH2

Among the RH2 subtypes, RH2-1 is the first gene to be expressed in the retina
during embryogenesis (Takechi & Kawamura, 2005). However, the 1.5-kb promoter
region of RH2-1 failed to drive reporter expression in the retina when tested in
zebrafish larvae via transgenesis (Tsujimura et al., 2007). The co-injection of
genomic fragments around RH2 together with the RH2-1 reporter construct
functionally identified a single enhancer located 15-kb upstream of RHZ2-1 as a
region capable of inducing the SDC-specific expression (Tsujimura et al., 2007). On
the other hand, a PAC clone that had the enhancer deleted could not induce the
expression of the reporters for all the RH2 subtype genes in SDCs (Tsujimura et al.,
2007). Thus, the identified enhancer regulates all RH2 genes and was named RH2-
locus control region (RH2-LCR) (Figure 2). The sharing of the single enhancer by the
subtypes critically underlies the differential expression, as it allows coordinated
control of the expression from the cluster.

Importantly, RH2-LCR does not have a spatial or temporal preference for
gene induction in the retina (Tsujimura et al., 2007; 2015b). It can even induce gene
expression heterologously with the promoter of keratin-8 predominantly in the
SDCs in the entire area of the retina (Tsujimura et al., 2007; 2015b). Along with the
sequence conservation of RH2-LCR with counterparts in the medaka and pufferfish
genomes, experimental evidence strongly suggests that RH2-LCR is a functionally
conserved descendant of the ancestral enhancer of RH2 (Tsujimura et al., 2015b)
(see Figure 3).

On the other hand, the tandemly copied genes have acquired their own
identity when determining the expression specificity during evolution. First, the
proximal promoter sequences functionally differ among the quadruplicates. When
linked with RH2-LCR, the upstream sequences of RHZ2-1 and RH2-2 induced gene
expression in the central-to-dorsal area of the retina, while that of RH2-4 confined

the expression to the ventral area (Tsujimura et al., 2015b). On the other hand, the



224  upstream region of RH2-3 induced gene expression throughout the retina with the
225 aid of RH2-LCR (Tsujimura et al., 2015b). These results show that RH2-1, -2, and -4
226  have adopted cis-regulatory elements in the immediate upstream regions to roughly
227  specify their differentiated expression patterns, while RH2-3 has not (Figure 2).
228  Given that ancestral RH2 before the duplications should have been expressed in the
229  entire area of the retina, the RH2-3 upstream region might represent ancestral

230  regulatory function.

231 Also, upon the duplication events, the subtype genes obtained their own

232  intrinsic identity, namely, genomic locations, particularly relative to RH2-LCR.

233  Indeed, experiments have shown the importance of the relative positions in the
234  differential expression. Most notably, translocation of RH2-LCR from the original
235  position to immediately downstream of RH2-3 on the PAC clone drastically altered
236  the gene expression pattern: the expressions of RH2-1 and RH2-2 were mostly

237  diminished; the expression of RH2-3 was increased and extended broadly to the
238  central-to-dorsal area; and the expression of RH2-4 remained relatively unchanged
239  inthe ventral area of the retina (Tsujimura et al., 2007; 2015b). The observed

240 positional effects should be primarily attributable to the position-dependent

241  competition among the subtype genes for the enhancer activity (Figure 2).

242 Indeed, there is a highly context-dependent interference between the

243  tandemly arrayed genes for the expression induction (Figure 2). For example,

244  placing the upstream region of RHZ2-3 between RH2-LCR and the RH2-4 promoter in
245  areporter construct completely repressed the gene induction from the RH2-4

246  promoter (Tsujimura et al., 2015b). Nonetheless, in the endogenous locus, RH2-4 is
247  located downstream of RHZ2-3. These facts indicate that the presence of RH2-1 and
248  RH2-2 somehow suppresses the activity of the RH2-3 promoter in the ventral retina
249  (Figure 2). Supporting this idea, insertion of the RHZ-1 promoter between RH2-LCR
250 and the RH2-3 upstream region in a reporter construct repressed the gene induction
251  from the RH2-3 promoter in the ventral retina (Tsujimura et al., 2015b). Possibly,
252  this ventral suppression by the presence of RH2-1 and RH2-2 helps release RH2-4
253  from the blocking effect of RH2-3.
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Importantly, when only the promoters/genes of RH2-1 and RH2-4 were
arrayed in this order with RH2-LCR being present at the head, the expression of the
two reporters from the promoters of RH2-1 and RH2-4 did not cover the entire area
of the retina, leaving a void where no gene is expressed from the construct
(Tsujimura et al., 2015b). The presence of RHZ2-3, the expression of which is flexibly
adjustable depending on the surrounding contexts, might be essential to fill this
void. To more profoundly and precisely understand the influence of one gene on the
expression of other genes, the deletion and translocation of each gene should be

carried out in future experiments.

Cis-regulation for LWS

Similarly, the LWS-activating region (LAR) was identified as a single
enhancer that is required to fully activate the expression of both LWS-1 and LWS-2
(Tsujimura et al., 2010) (Figure 2). LAR is located upstream of LWS-1, and its
deletion drastically reduces the expression of both LWS-1 and LWS-2 (Tsujimura et
al., 2010). Since the deletion of LAR maintained a faint expression of LWS genes
specifically in the LDCs, there should be other cis-regulatory regions that specify the
cell type-specific expression of LWS outside of LAR (Tsujimura et al.,, 2010). The
spatially differential expression is determined by the proximal cis-elements
associated with the subtypes as well as by the competitive regulation for the shared
enhancer, as is the case in RH2. While the LWS-1 upstream sequence specifies the
ventral expression, that of LWS-2 does not have any areal specificity. Instead, it
induces expression in the whole area when linked with LAR. However, when LWS-1
is present between LAR and LWS-2, the gene expression from the LWS-2 promoter is
confined to the dorsal-to-central area where LWS-1 is not expressed (Tsujimura et
al., 2010) (Figure 2).

Thus, the cis-regulation of LWS is quite analogous to that of RH2. The shared
features of the two systems provide comprehensive insights into the process of the
differentiation (Figure 3). First, the sharing of the enhancer, which did not duplicate
after the duplication events, triggers the subfunctionalization. The sharing of the

enhancer intrinsically generates an asymmetric identity among the tandemly

10
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arrayed genes in terms of the relative positions. Also, the co-regulation may
immediately lead to a decrease in the expression levels of the duplicated genes. This
down-regulation can help preserve both daughter genes for the dosage balance, as
demonstrated by a recent study (Lan & Pritchard, 2016) (Figure 3B). Later during
the evolutionary course, the DNA sequences associated with the different subtype
genes should have accumulated mutations to enhance further the differentiation of
the expression patterns (Figure 3C). One of the subtypes, i.e,, RH2-3 and LWS-2 in
RH2 and LWS, respectively, keeps the cis-elements for the induction in the whole
part of the retina. The presence of these genes prevents the tandem array as a whole

from leaving gaps where no genes are expressed.

The regulation of red and green opsin genes in humans and primates

The investigation into the cis-regulation of RH2 and LWS still leaves essential
questions such as the following. How is the collective and competitive regulation for
shared enhancers achieved in the opsin regulation? And, how are the cis-elements
modified for the expression differentiation? In order to address these questions, it is
critical to understand the enhancer regulation in general as well as the
characteristics in the regulation for fish opsin genes. From this perspective, the
regulation of human red and green opsin genes should serve as a valuable
comparison with that in zebrafish.

Mammals are considered to have a less elaborate system of color vision than
many other vertebrates. The ancestor of placental mammals and marsupials lost
SWS2 and RH2, perhaps reflecting their nocturnal life (Ahnelt & Kolb, 2000).
However, humans and other catarrhines have the LWS opsin gene duplicated
(Ibbotson et al., 1992; Nathans et al., 1986). The duplicated LWS genes have
undergone subfunctionalization and now encode genes for red- and green-sensitive
visual pigments. As a result, catarrhines have trichromatic color vision, which
should be beneficial to some aspects of their lives such as foraging for fruits (Melin
etal,, 2017) and social communications (Hiramatsu et al., 2017). Importantly, to
acquire the trichromatic color vision, primates express red and green opsin genes in

distinct sets of photoreceptor cells in a mosaic manner (Nathans, 1999). Had

11
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photoreceptor cells co-expressed MWS and LWS, the distinction between red and
green would not have been achieved at the cellular level.

Human red- and green-sensitive cone opsin genes are arrayed in tandem on
the X chromosome. A genetic study for the monochromacy condition identified an
LCR as an essential enhancer for both opsin genes (Nathans et al., 1989). Other
functional genetic studies in mice elegantly showed that the competition for the
shared enhancer accounts for the mutually exclusive expression of the two subtype
opsin genes in the retina (Smallwood et al., 2002; Wang et al., 1999). Smallwood et
al. also showed that the modest mutual expression is only possible by the balanced
tension between the LCR activity, the promoter strength of the two genes, and their
positional relationship (Smallwood et al., 2002). Intriguingly, the promoter of the
green opsin, which is located further away from the LCR, has more potent activity
than the red opsin promoter. When the order of the two genes was switched, and
the green opsin was placed closer to the LCR, the red opsin gene was almost
completely shut down (Smallwood et al.,, 2002). This regulatory relationship
between the green and red opsin promoters is analogous to the RH2 regulation in
zebrafish, where the promoter of RHZ2-3 has vigorous activity and can block the
action of RH2-LCR for other genes when located closest to it (Tsujimura et al., 2007;
2015b). Thus, both human and zebrafish systems are characterized by a competitive
regulation for shared enhancers, which could have facilitated the preservation and
differentiation of the duplicated genes (Figure 3).

On the other hand, the way of choosing subtypes for expression is differently
organized in zebrafish and primates. While zebrafish have a regional differentiation
pattern, primates choose the red or green opsins more or less randomly in the
retina to have the mosaic arrangement of the two as a prerequisite for trichromatic
vision. This difference should reflect the uniqueness of the cis-elements that
zebrafish and primates have accumulated through evolution. Also, physiological
demand should have contributed to shaping the ways of the differentiation.
Moreover, the difference might be attributable to the uniqueness of the trans-

regulatory mechanisms in the different species. In this sense, it is essential to
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understand the trans-regulation for the differential expression of RH2 and LWS in

zebrafish.

Trans-regulation for RH2 and LWS expression in zebrafish

One of the most important trans-regulators in photoreceptor cells in
vertebrates is cone-rod homeobox (CRX) (Chen et al., 1997; Furukawa et al., 1997).
CRX is essential for the expression of not only opsin genes but also many other
photoreceptor-specific genes (Furukawa et al., 1997; 1999; Livesey et al., 2000;
Shen & Raymond, 2004; Yamamoto et al., 2020). In zebrafish, knockdown of one of
the Crx orthologues resulted in nearly complete loss of the expression of all four
cone opsin types as well as rhodopsin in photoreceptor cells (Shen & Raymond,
2004). Consistently, the binding motifs of CRX are found in the SWS2 promoter
(Takechi et al., 2008), RH2-LCR (Tsujimura et al., 2007), and LAR (Tsujimura et al.,
2010). However, since Crx is expressed in all photoreceptor types and activates all
cone and rod opsin genes, Crx alone does not account for photoreceptor type-
specific regulation.

Several trans-regulatory factors have been identified as critical regulators for
the cell type-specific expression of opsin genes in zebrafish. Thyroid hormone (TH)
receptor B (thrb) is required for LWS expression (DuVal & Allison, 2018; Suzuki et
al,, 2013; Volkov et al., 2020), and the transcription factor Tbx2b is essential for
SWS1 expression (Alvarez-Delfin et al., 2009). Also, it was shown that six6 and six7
regulate the expression of SWS2 and RH2 genes (Ogawa et al.,, 2019; 2015). It is
notable that SWS2 and RH2 are regulated at least partially by the same sets of
transcription factors since it was reported that RH2-LCR sometimes induces weak
gene expression ectopically in LSCs where SWSZ is normally expressed (Fang et al,,
2013; Tsujimura et al., 2007). Chromatin immunoprecipitation assays followed by
high-throughput sequencing (ChIP-seq) showed that six6 and six7 bind to RH2-LCR
and the SWS2 promoter (Ogawa et al., 2019), which were functionally validated as
important cis-regulators (Takechi et al.,, 2008; Tsujimura et al., 2007), linking the
cis- and trans-regulation. Interestingly, six6 and six7 bind not only to RH2-LCR but

also to other regions around the RH2 locus, including the promoter regions of RHZ-1

13
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and RH2-2 (Ogawa et al., 2019). It is possible that these regions collectively function
to establish the robust expression of RH2 genes.

These transcription factors might also be involved in the differential
expression of the subtype choice for the RH2 and LWS expression. Because
knockout experiments led to the almost complete loss of the expression of all
subtype genes, it is impossible to conclude the role of six6 and six7 in the differential
expression of RH2 (Ogawa et al., 2015; 2019). In this respect, experiments forcing a
more moderate manipulation of the function of these transcription factors are
required. Intriguingly, it was shown that the knockout of six7 upregulated and
down-regulated the expression of LWS-1 and LWS-2, respectively, suggesting its role
in the differential expression of LWS, but not of RH2 (Ogawa et al., 2015). The ChIP-
seq data for six6 and six7 showed a broad but weak binding of the transcription
factors around the LWS locus, though no single prominent binding site seems to
exist with the exception of the promoter of adjacent SWS2 (Ogawa et al., 2019).
Since the differential expression could be recapitulated without the SWS2 region
(Tsujimura et al., 2010), it is not likely that six6 and six7 binding at the SWS2
promoter has a significant role in the differential expression of LWS.

A series of recent studies showed that retinoic acid (RA) and TH signaling are
critically involved in controlling the choice of the subtypes for RHZ and LWS
expression in the retina (Mackin et al., 2019; Mitchell et al., 2015). Both RA
(Prabhudesai et al., 2005; Wagner et al., 2000) and TH (Roberts et al., 2006)
signaling are known to show a gradient in retinas in several species. These gradients
seem to be generated mainly by gradients of catalytic enzymes, transporters, and
other binding proteins for the molecules. There is also an accumulation of
experimental evidence showing that RA and TH are critical in determining the
dorsal-ventral patterning of the retina. For example, in the zebrafish retina, high-
dose RA signaling is more associated with the ventral than dorsal identity (Hyatt et
al., 1996; Marsh-Armstrong et al., 1994). Similarly, TH is involved in establishing the
ventral identity in the mouse retina (Roberts et al., 2006). RH2 and LWS exhibit a
similar differential expression pattern while expressed in distinct cone

photoreceptor types. Therefore, it makes sense that the determinants for the axial
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patterning of the whole retina are involved in the regulation (Figure 3C). Below, I
briefly summarize the current knowledge of how LWS and RH2 are regulated by

these signaling molecules.

Control of LWS expression by RA and TH

The roles of RA and TH in the differential expression were revealed by both
gain- and loss-of-function experiments. As a gain-of-function experiment, exogenous
administration to zebrafish was carried out to show that both RA and TH increased
and expanded the expression of LWS-1 while reducing the expression of LWS-2
(Mackin et al., 2019; Mitchell et al., 2015). Remarkably, upon treatment, the
expression area of LWS-1 invades the central-to-dorsal area of the retina, where
LWS-2 is usually expressed. These results are consistent with previous findings that
both RA and TH induce ventralization of the retina (Hyatt et al., 1996; Marsh-
Armstrong et al., 1994; Roberts et al., 2006). Thus, it is plausible that the LWS-1
promoter carrying the cis-elements to specify the ventral expression responded to
these stimulations.

[t should also be noted that the expression change of LWS-2 does not seem to
precede that of LWS-1 after the stimulations. For example, detecting the decrease of
LWS-2 upon RA administration takes longer than detecting the LWS-1 upregulation
(Mitchell et al., 2015). Also, the induction of a dominant-negative form of the RA
receptor RARa did not result in a significant upregulation of LWS-2 but did repress
LWS-1 (Mitchell et al., 2015). Similarly, upon TH treatment, live imaging
experiments revealed that LWS-2 persists after the expression onset of LWS-1
(Mackin et al., 2019). Although these experiments could not fully describe the
precise order of the expression switch, the results seem very consistent with the fact
that LWS-2 expression is determined secondarily and exclusively from the area of
LWS-1 expression (Tsujimura et al., 2010).

The transcription factors that mediate the action of RA and TH to bind to and
regulate LWS directly are mostly unknown. Studies have indicated that the LWS
array carries several RA response elements (RAREs) and TH response elements

(TREs) (Mackin et al., 2019; Mitchell et al., 2015), some of which are also located
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within LAR. Yet the roles of these elements have not been tested. It is also possible
that other transcription factors induced by RA and TH affect LWS expression. A
recent transcriptomic analysis in zebrafish retinas upon the knockout of thrb found
only five genes are down-regulated, among which three (LWS-1, LWS-2, and miR-
726, a conserved microRNA gene located between SWS2 and LAR) are from the LWS
locus (Volkov et al., 2020). These results may indicate that the TH receptor directly
regulates LWS expression. However, it should be noted that knockout and
knockdown of thrb result in nearly complete loss of the red cones, LDCs (DuVal &
Allison, 2018; Suzuki et al., 2013; Volkov et al., 2020). Therefore, it remains elusive
how the receptor controls LWS expression in LDCs.

Upon the loss-of-function of endogenous TH, the expression area of LWS-1
was markedly reduced but still remained in the ventral retina, and strong RA
signaling was observed (Mackin et al., 2019; Mitchell et al., 2015). This result
suggests that RA can induce the ventral expression of LWS-1 independently of TH
signaling. On the other hand, the administration of RA increased the expression of
dio2, a gene encoding a catalytic enzyme that converts T4 into T3, the active form of
TH (Mitchell et al.,, 2015). Thus, it seems RA and TH impinge on opsin expression
through both shared and distinct pathways.

Control of RH2 by TH

Regarding RH2 differential expression, only the effects of TH signaling have
been studied so far as trans-regulators (Mackin et al., 2019). Given that the ventral
induction by TH administration is key for the activation of LWS-1 (Mackin et al.,
2019), it is expected that the same induction would activate RH2-4, which has cis-
elements for the ventral expression, while repressing RH2-1 and RHZ2-2, which have
cis-elements that repress ventral expression (Figure 2). However, this was not
exactly the case. The expression change of RH2-2 is different from that of RH2-1
upon the manipulation of TH signaling. In larvae, the administration of exogenous
TH reduced the expression of RH2-1, but upregulated RH2-2, and the expressions of
RH2-3 and RH2-4 were slightly upregulated (Mackin et al., 2019). The same study

found that in juveniles, RH2-1 was strongly down-regulated and RHZ2-2 was only
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slightly down-regulated by the TH induction. Further, when the loss of TH function
was forced, RH2-2 was down-regulated, but RH2-1 was not. Moreover, administering
TH to rescue the loss-of-function resulted in a significant upregulation of RH2-1, but
not of RH2-2. As for the responses of RH2-3 and RH2-4, the inhibition of TH
significantly down-regulated RH2-3 and RH2-4, and TH administration either kept or
upregulated the two genes.

Thus, the pattern of the expression change of RH2-2 does not seem to be
directly determined by the upstream sequence. Instead, the Mackin study might
suggest that together with RHZ2-3, RH2-2 acts as an intermediate between the
expression change of RH2-1 and RH2-4. As described above, one study investigating
the cis-regulation of the RH2 locus indicated that the regulatory elements embedded
throughout the locus interact and interfere with each other to finally establish the
regulatory potential for the subtype genes (Tsujimura et al., 2015b) (Figure 2).
Along this line, the observed responses to the TH manipulations could also be an
outcome of such collective regulation. Analogously to the responses to TH, the RH2-
3 expression area is between the RH2-1/RH2-2 expression and RH2-4 expression
areas at the normal state. The trends commonly seen in both normal and TH
challenged states may indicate that interactions among the cis-elements at the locus
inevitably create a graded regulatory potential along the locus from RH2-1 to RH2-4.

Intriguingly, a similar gradation of the regulatory potential is seen at the
beta-globin locus in humans. This locus consists of the €, Gy, Ay, 9, and 3 types of
globin genes arranged in this order. At the head of the cluster and upstream of ¢, is
located the LCR, which controls the collective regulation of the globin genes. The
expressed genes switch along the ontogeny of the erythroid cells. In the embryonic
yolk sac, € is expressed. Then in the fetus liver, y are expressed. In the adult bone
marrow, 3 and & are strongly and weakly expressed, respectively (Noordermeer &
de Laat, 2008).

As with the RH2 and LWS cases, the temporal specificity of the expression is
partly encoded in the promoter sequences. The promoter of € can drive gene
expression specifically in yolk-sac-derived erythroid cells, but not later in the fetal

liver or adult erythroid cells, when linked with the LCR (Raich et al., 1990). The
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promoter of y linked with the LCR could induce embryonic and fetal expression, but
not adult expression (Dillon & Grosveld, 1991). On the other hand, the 8 globin
promoter can induce gene expression throughout all stages (Behringer et al., 1990).
The functional importance of the genomic arrangement of the globin genes
with respect to the LCR was investigated by several studies, which altogether
showed that reciprocal competition for the LCR activity in a gene-order-dependent
manner also underlies the differential expression (Behringer et al., 1990;
Hanscombe et al.,, 1991; Okamura et al., 2009; Tanimoto et al., 1999). The
competition and interaction among promoters provide the beta-globin locus with
the temporally graded regulatory potential along the genomic coordinate (Foley &
Engel, 1992). Thus, the establishment of a graded regulatory potential as the
outcome of the collective ensemble of effectively arranged cis-elements might be a
common phenomenon to achieve gradually differentiated expression patterns of

tandemly arrayed genes.

Enigmas in cis-interactions

Above, I explain that the competitive regulation and collective ensemble of
cis-elements specifying regional identities are key to the differential expression of
RH2 and LWS genes (Figures 2 and 3). However, the underlying mechanism for the
cis-interactions is elusive.

Competitive regulation among tandemly copied genes has also been seen in
other loci including olfactory receptor genes (Fuss et al., 2007; Nishizumi et al.,
2007; Serizawa et al., 2003). Also, a synthetic configuration with two genes
sandwiching a shared enhancer exhibited competitive regulation in Drosophila
melanogaster (Fukaya et al., 2016). Interestingly, the mutually exclusive regulation
in this synthetic system was only observed when the two genes were together
asymmetrically placed with the enhancer (Fukaya et al., 2016). When placed at the
same distance from the enhancer, the two genes were synchronously activated
(Fukaya et al., 2016). Of note, the simultaneous activation led to the idea that
transcriptional bursting induced by an enhancer could involve phase separation

(Hnisz et al,, 2017). In this sense, the competitive regulation might be a result of the

18



532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562

exclusion of one gene from the active transcriptional spot that is preferentially
formed with the other genes.

Interestingly, such repulsive regulation was observed even between two
genes belonging to different families at the locus of Tfap2c and Bmp7, where the two
genes are located in cis but regulated by distinct enhancers in the mouse forebrain
(Tsujimura et al., 2015a). The observed mutual exclusion between Tfap2c and Bmp7
in the forebrain might also be explained by the exclusion of one gene from the
neighboring transcriptionally active spot. However, it remains unclear how the
competitive regulation emerges.

Also, while a collection of multiple cis-elements such as enhancers seemingly
cooperate with each other to make robust and stereotypic expression patterns of
genes (Marini¢ et al.,, 2013; Montavon et al., 2011), the mechanics underlying the
interaction between cis-regulatory elements are missing. Therefore, it is currently
impossible to explain how multiple elements in cis interact with each other to
produce the differential expression at the RH2 and LWS loci.

To elucidate the regulatory effects of cis-interactions, it is essential to
simultaneously capture the epigenetic states of the cis-regulatory regions, the
interaction patterns among them, and the transcriptional states of the genes in
individual cells. Improving and combining different techniques to study single-cell
genomics would be one approach. Imaging-based assays should also be pursued to
follow the dynamics of the players in the gene regulations. Further, the roles of cis-
regulatory elements should be functionally and comprehensively tested via genome
engineering. Applying these diverse and cutting-edge techniques should reveal how
multiple cis-regulatory elements interact with each other to establish coordinated
gene expressions at various genomic loci, including the RH2 and LWS loci in

zebrafish.

Conclusions and outlook
The subfunctionalization of RH2 and LWS has arisen from complex
transcriptional regulation (Figures 2 and 3). Notably, the two loci have adopted

competitive regulation by a shared enhancer (Figure 3B). This system should have
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assisted in preserving the duplicated genes for dosage balancing at the early stage
and facilitated differentiation among daughters at the later stage (Figure 3B).
Further, the proximal sequences around the individual genes acquired cis-elements
that collectively produce the differential expression among subtypes (Figure 3C).
Importantly, the differentiation seems to involve a pre-existing mechanism that
specifies spatial identity across the retina, such as the dorsal-ventral patterning
caused by RA and TH (Figure 3C).

However, there remain many open questions. First of all, it is uncertain how
competition emerges among tandemly arrayed genes for a shared enhancer. Though
such regulation is seen at many loci, the mechanism is totally elusive. Therefore, it is
difficult to determine whether RH2 and LWS required special conditions to achieve
such regulation. Also, the underlying mechanism for the multiple elements in cis to
interact with each other for the robustly determined expression patterns is
unknown. Since the shuffling of gene orders at the RH2 locus disrupted the current
regulation pattern, the arrangement and repertoire of the cis-elements should be a
result of evolutionary optimization. However, the grammar behind the cis-
interaction needs to be clarified further.

Therefore, future studies should take two approaches. On the one hand, it is
crucial to further analyze the regulation of RH2 and LWS. So far, only a few players,
including RA and TH, have been shown to regulate the differential expression as
trans-regulators. Trans-species transgenic assays, in which the genomic clones of
zebrafish RH2 and LWS loci are introduced into other fish species such as medaka,
would help address how conserved the trans-regulatory mechanism is for the
differential expression. Further, cis-elements at both RH2 and LWS loci that directly
or indirectly respond to these trans-regulators need to be precisely identified. In
this sense, dissecting further the genomic regions around RH2 and LWS is critical
for pinpointing the essential sequences that respond to RA and TH. Identifying the
cis-elements will help clarify the transcription factors that bind to them.

Insights into transcriptional regulation in general are also needed. Recent
progress in the field of gene-enhancer interactions has contributed significantly to

our understanding of how these interactions are regulated in terms of the 3D
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genome (Dekker et al., 2017). However, interactions involving multiple genomic
regions are not well understood. Overall, accumulating more knowledge about cis-
interactions in the genome should contribute to our understanding of the
differential regulation of zebrafish cone opsin genes as well as the evolution of

duplicated genes in general.

Figure legends

Figure 1

The repertoire of cone opsin genes in zebrafish.

(A) The four types of cone opsin genes are specifically expressed in distinct types of
photoreceptor cells in the retina. (B) The genomic arrangement of the cone opsin
genes in zebrafish, together with the Amax and the spatial expression pattern along
the dorsal-ventral axis in the adult retina. Note that zebrafish have two and four
subtypes of LWS and RH2, respectively. The subtypes are differentiated in both

absorption spectra and expression patterns.

Figure 2

A schematic illustration of the cis-regulation for the differential expression of
RH2 and LWS.

In both the dorsal and ventral retina, the activity of promoters (halved-ellipses) and
the expression states (boxes with arrows) are shown for each gene of RH2 and LWS,

as indicated in the bottom table.

Figure 3

A proposed scenario for the subfunctionalization of the duplicated opsin
genes.

(A) Before the duplications, the expression of a single ancestral gene was regulated
by an ancestral enhancer. (B) Gene duplication outside of the enhancer region
resulted in competitive regulation. Although the expression differentiation should
not be necessarily prominent at this point, the expression level could be down-

regulated due to competition for the shared enhancer. This down-regulation may
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favor the preservation of both daughter genes (Lan & Pritchard, 2016). (C) Later

during the evolutionary course, some of the subtype genes acquired cis-elements to
differentiate the expression pattern. The system may have co-opted the pre-existing
mechanism for the dorsal-ventral patterning involving the RA and TH signaling. As a

result, the duplicated genes accomplished subfunctionalization.
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