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Previous studies have reported that the developmental processes of vertebrate eyes are controlled by four
Pax-6 splicing variants, each modulating different downstream genes, whereas those of insect eyes are
controlled by duplicated Pax-6 genes. Cephalopods belong to the Protostomes but possess a camera-type eye
similar to those in vertebrates. We examined Pax-6 variations in the squid and found five types of Pax-6
splicing variants but no duplication of the Pax-6 gene. In the five splicing variants, the splicing patterns were
produced by the combination of two additional exons to the ortholog and one jettisoned exon containing most
of the Homeobox domain (HD). These five variants show spatio-temporal patterns of gene expression during
development in the squid. Our study suggests that cephalopods acquired Pax-6 splicing variants independent
of those in vertebrates and that these variants were similarly utilized in the development of the squid eye.

n bilaterian animals, the presence of splicing variants or duplicated loci of the Pax-6 gene is known to be

important for eye formation' . In vertebrates, Pax-6(5a), an alternative splicing variant, has a distinct role in

postnatal iris formation and is indispensable for the structural integrity of the cornea, lens and retina®. Pax-
6(5a) has an additional exon to the authentic form, and this additional exon encodes an insertion fragment of 14
amino acids in the Paired domain (PD). This insertion acts as “a molecular toggle” and provides a unique target
recognition property that differs from that of authentic Pax-6'. In the mouse brain, alternative Pax-6(5a) mRNAs
are expressed at higher levels than authentic Pax-6 mRNAs, but Pax-6(5a) mRNAs are absent from the mouse
lens®. It has also been reported that the ratio of the Pax-6 spliced variants varies in accordance with the devel-
opmental stage in the embryonic chick retina®.

In Drosophila, two Pax-6 homologues, namely the eyeless (ey) and twin of eyeless (foy) genes, exist as a result of
gene duplication®. From exhaustive studies of the eye determination network, the two Drosophila Pax-6 proteins
encoded in the genes demonstrate unique properties, and phenotypic dissimilarity has been observed in forced
expression assays’. In the Drosophila genome, there are two more Pax-6-like genes, eyegone (eyg) and twin of
eyegone (foe), although the evolutionary relationship between these genes and ey and toy is unclear®. Although ey
and foy act primarily in retinal specification, the primary function of eyg is to promote cell proliferation and,
subsequently, to determine the appropriate size of the eye imaginal disc'®"'. Each variant exerts its influence on
development through different transcriptional mechanisms: ey acts as an activator, whereas eyg possesses a
unique property as a dedicated repressor'>™**. Drosophila eyg has a corrupted PD and a distinct function in eye
development similar to vertebrate Pax-6(5a), but eyg is encoded as a separate gene and is not the result of
alternative splicing of the ey gene.

Thus, it appears that different types of Pax-6 transcripts are required for the development of eyes in vertebrates
and in invertebrates, and the strategies for gaining diversity among Pax-6 transcripts appear to differ in different
species. Accordingly, we addressed the diversity of strategies for gaining differences in Pax-6 transcripts, with
particular emphasis on the analysis of the various Pax-6 genes/transcripts in coleoid cephalopods, which have
camera eyes similar to those of vertebrates.

Results
Five Pax-6 variants and their expression patterns in squid embryos and adult eye tissues. We performed a
single 3'-RACE PCR for the pygmy squid Pax-6 gene (designated as IpPax-6) to investigate the splicing variants
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and multiple loci of Pax-6 in coleoid cephalopods. We found that
there were no multiple loci in the pygmy squid, but we identified
three Pax-6 variants of discrete lengths. Differences in the amino
acid sequences among these Pax-6 variants were confined to
limited regions. Hence, they were hypothesized to be the result of
alternative splicing events of a single locus. We next validated the
presence of splicing variants using RT-PCR, and we finally obtained
five types of splicing variants, including an apparent ortholog of
authentic Pax-6 (Figure 1). The length and structure of authentic
IpPax-6 were similar to those of the Pax-6 genes found in other
squid species, Euprymna scolopes and Loligo pealei*>'°. Authentic
IpPax-6 (authentic form, 499 aa) comprises two independent DNA-
binding domains, the PD and HD domains, and a C-terminal P/S/T-
rich domain (PST), which is the dedicated activator with a partner
trans-activator protein, as shown in many animals (Figure 1). Both
protein sequence similarity and the phylogenetic tree confirmed
that IpPax-6 was an ortholog of fly ey and vertebrate Pax-4/6
(Supplementary figure 1). The four identified variants produced
proteins with lengths differing from that of authentic IpPax-6
(Figure 1).

To explore the stage-specific expression of the squid Pax-6 var-
iants, we performed Q-PCR for various tissues and at various embry-
onic stages using primers designed to target the additional exons of
IpPax-6 (Figure 2 & Figure S2). Squid eggs show epibolic gastrulation
and direct development without typical molluscan larval stages'.
Embryonic eyes appear from the external epiderm of the blastodisc
and are differentiable after stage 18, with retinal pigmentation start-
ing at stage 20. The lens appears as a transparent stick-like structure
visible to the unaided eye at stage 25. We first performed Q-PCR
utilizing primers targeting exon 2, which covers all five variants. The
Q-PCR analysis showed that IpPax-6 was expressed at stage 16 prior
to eye vesicle formation (Figure 2A). The expression intensity of
IpPax-6 was gradually upregulated with the development of the
squid embryo (Figure 2A), with the eyeball showing the highest
expression intensities among the tissues tested. As observed in the
other bilaterian animals, the authentic and variant forms of IpPax-6
were expressed at markedly depressed levels in the muscle tissue. We
then utilized primers targeting variants lacking exon 4 (variants 1
and 3, Figure 2B). The primers detected variants 1 and 3 at low levels
in the embryos at stage 16 and in the eyeball tissue. We also used
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Figure 1 | Diagrams of splicing variants found in the pygmy squid. The
upper row shows an estimated exon-intron structure of the squid Pax-6
gene. The arrowhead shows an intron confirmed in squid species by
genomic PCR analysis and in a previous study. The authentic form (499 aa)
is the most abundant and is similar to the Pax-6 gene of other squid species.
Variants 1 and 3 lack the exon 4-encoding the N-terminal half of the HD.
Variants 2 and 3 have an additional exon, exon 6, in the PST domain.
Variant 4 also shows an additional exon 3 encoding 20 amino acids in the
linker region between the PD and HD domains.

variant form 4 PD

primers targeting variants including exon 6 (variants 2 and 3,
Figure 2C). The Q-PCR analysis showed that variants 2 and 3 were
expressed in the eyeballs and optic lobes as well as in embryos at
stages 16 and 25. As the formation of photoreceptor cells and the lens
begins in embryos at stage 25, the variants including exon 6 may
contribute to eye development. The results demonstrate that the
expression patterns of the IpPax-6 variants differed significantly
from that of authentic IpPax-6.

To distinguish which variants are present in each stage, we per-
formed RT-PCR utilizing primer sets across exon boundaries.
Variant 1 was considered to be expressed in all/some embryonic
stages but not in the adult eyes (Supplementary figure 2). RT-PCR
analysis also showed that variant 4 was strongly expressed in the
adult eyes, particularly in the retina, but not in the lenses
(Supplementary figure 2A). Variants 2 and 3 were expressed across
all embryonic stages and also in adult tissues (Supplementary figure
2B).

To identify the tissue-specific expression of IpPax-6 variants, we
performed in situ hybridization using RNA probes designed to bind
specifically to each variant (Figure 2D-G). The RNA probe designed
from exon 2 targets all five variants identified in this study. The RNA
probe designed from exon 4 bound to the authentic form and to
variants 2 and 4. IpPax-6 was found to be localized in the brain area,
including the dorsal basal lobe, superior frontal lobe, peduncle/
olfactory lobes and optic lobes (Figure 2D-G), as described in
Hartmann et al.'® The tissue outside the retina (perhaps correspond-
ing to the future iridophore layer) also clearly expressed IpPax-6 at
stage 22 (Figures 2D and 2D’). IpPax-6 expression was observed in
this layer until stage 25. The in situ hybridization utilizing the probe
targeting exon 4 suggested that variants 2 and 4 had similar express-
ion patterns in the brain but not in the eyes (Figure 2E). This finding
suggests that variants 1 and 3 (lacking exon 4) are upregulated in the
outer layer of the eyes. These consequences imply that each IpPax-6
variant is regulated independently across the processes of eye
formation.

Exon-intron structure of Pax-6 in other cephalopods/molluscs.
We investigated whether this type of alternative splicing was acquired
only in coleoid cephalopods. Applying RT-PCR analysis to Japanese
spear squid (Loligo bleekeri) embryonic RNAs, we found three types of
mRNAs possibly derived from alternative splicing (exon 4 skipping,
exon 3 insertion, and exon 6 insertion) in the eyes (Figure 3A, B).
The inserted exons 3 and 6 encoded 20 and 40 amino acids,
respectively, whereas the skipped exon 4 encoded 51 amino acids. To
survey the presence of similar alternative splicing in other molluscan
genomes, we examined the exon-intron structures of Pax-6 in the owl
limpet and pearl oyster. The complete genome sequence of the owl
limpet (Lottia gigantea, obtained from JGI genome portal Lotgi v1.0,
e_gwl.86.103.1)" and of the pearl oyster (Pinctada fucata, obtained
from the OIST Marine Genomics Unit genome browser P. fucata_
verl.0, transcript: pfu_augl.0_8418.1_67856.t1, scaffold8418.1)*
showed that molluscan Pax-6 has five exons. Exon 4 in the squid
was conserved across the molluscan species tested. However, exons 3
and 5 were not found in the pearl oyster Pax-6 gene. Thus, we found
that variant forms 2 and 4 have been acquired in the coleoid
cephalopod lineage (Figure 1).

To the best of our knowledge, our study is the first to report in-
frame splicing variants of squid Pax-6 that were expressed differently
according to the embryonic stage. Previous studies isolated discrete
types of splicing variants that had lost the N-terminal half of the PD
domain in other squid species'>'?, but these variants did not show
spatio-temporal differences in expression. Our study also suggested
that the mechanisms underlying the acquisition of variations in Pax-6
transcripts by alternative splicing have been uniquely acquired in the
coleoid cephalopod lineage, as the lower molluscs, such as bivalves, do
not possess a corresponding exon-like fragment in their genomes.
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Figure 2 | Expression of the pygmy squid Pax-6 variants. Expression levels of all IpPax-6 variants (A), variants without exon 4 (variants 1 and 3) (B), and
variants including exon 6 (variants 2 and 3) (C) were quantified by real-time RT-PCR analysis. The expression level in each body part relative to stagel6
(1.0) was calculated and subsequently normalized to the expression level of alpha-tubulin. The quantifications were performed twice on different cDNAs
generated independently, and geometric means were calculated. The y-axis is arbitrary. Error bars represent standard deviations. (D-G) Whole-mount in
situ hybridization analyses with anti-sense RNA probes for IpPax-6 exon 2 (D, F) and IpPax-6 exon 4 (E, G). An RNA probe designed from exon 2
targeting all five variants showed the Pax-6 expression across the brain area of embryos at stage 22 (D) and at stage 25 (F). The RNA probe designed from
exon 2 also indicates Pax-6 expression around the eyes (D’, side view). An RNA probe designed from exon 4 targeting variants intrinsically as well as

variant forms 2 and 4 showed similar expression patterns (E, G) to that of the

probe targeting exon 2, except in the tissue around the eyes (E). This result

suggests that the variants with an exon 4 deletion (variants 1 and 3) show specific localization in the tissue around the eyes compared with the other

variants (arrowhead). Scale bars, 10 pm.

Function of squid Pax-6 variants and their putative role in eye
development. The addition and deletion of an amino acid fragment
encoded in the alternatively used exons is expected to cause
structural changes in the IpPax-6 protein variants, which may alter
their function in the developmental process. Two of its variants
(variants 1 and 3) lack a 153mer in the middle of authentic Pax-6
and half of the HD (Figure 1). To explore whether the deletion
influences their functional properties, we performed three-
dimensional (3D) structural predictions of the proteins based on
comparative modeling. The putative 3D structures of the HDs of
authentic IpPax-6 and the variant lacking the segment coded by
exon 3 were constructed. The template structure was identified by
DNA-bound form so that we could predict the structure of IpPax-6
and the variant in DNA-bound form. The putative 3D structure of
the authentic form was reasonably well modeled; the core residues,
namely, Phe on the loop before the first helix of the HD, Leu on the
first helix, Leu on the second helix, and Trp and Phe on the third helix
of the model structure, were conserved, and the three helices of the
HD were apparently tightly packed into one another (Figure 3C).
The residues important for DNA binding, namely, two Arg residues
at the N-terminal arm and polar residues on the surface of the third
helix, were located reasonably close to the DNA interface (Figure 3C,
D). However, the putative 3D structure of the variant presented a
number of problematic issues. In the modeled structure, the loss of
the region encoded by exon 3, which encodes the N-terminal part of
the first helix, was compensated by 15 residues encoded in exon 2.
Thus, the amino acid sequences of the authentic and variant forms
differed only in the region containing the 15 residues of the N-
terminal side. This difference, however, significantly increased the
structural energy of the variant and apparently destabilized the
overall structure. This instability may result from a lack of the Phe
on the loop before the first helix and of the Leu on the first helix.
These components are evidently important for packing the three

helices. In addition, two Arg residues at the N-terminal loop that
bind to the DNA bases in the minor groove in the authentic form
were missing in the variant. These problems in stability and DNA
binding in the variant strongly suggest that the HD of the variant is
unstable and that the domain has little binding affinity for DNA
(Figures 3D and 3D’). The lack of a stable HD further suggests that
variants 1 and 3 have different DNA target sites from that of
authentic IpPax-6 in squid species.

Two variants (variants 2 and 3) also exhibited a 120 mer insertion
within the PST domain (Figure 1). The inserted sequence was found
to be specific to squid (Figure 2). This insertion might change the
trans-activation activities of the PST domain. Variant 4 showed a
unique insertion (57 mer) between the PD and HD. The Motif
program (http://www.genome.jp/tools/motif/) found no known
domains or signatures in the inserted sequence. This insertion elon-
gates a linker between the PD and HD domains.

Discussion

Role of the IpPax-6 variants in squid eye development. In this
study, we found four alternative splicing variants of IpPax-6 in the
pygmy squid. To examine the role of the IpPax-6 in squid eye
development, we first confirmed the expression of splicing variants
in four developmental stages of the pygmy squid embryo and four
distinct tissues. We then predicted the 3D structure of the splicing
variants to test the functionality of the DNA-binding domain. The
3D structure prediction suggests that two of the squid Pax-6 variants
with a deletion in the HD (variants 1 and 3) have distinct DNA-
binding activities from that of authentic IpPax-6 due to the probable
loss of HD stability. The variants with a deletion in the HD domain
were expressed at the early stage of squid embryonic development
and in the eyeball of adult squids. The variants were also specifically
localized in the membrane surrounding the eyes, which corresponds
to the future eye reflector at the middle stage of eye development.
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Figure 3 | Indels found in IpPax-6 variants and predicted 3D structures of the HD. Aligned nucleotide sequences of (A) exon 3 and (B) exon 6 of the

pygmy squid and the Japanese spear squid, respectively. Alignment of translated amino acid sequences of the HD used in comparative modeling (C).
Variants 1 and 3 of IpPax-6 lack a part of helix 1. The three-dimensional structure of the spliced HD obtained by homology modeling (D, D’).
Green sticks indicate proteins of IpPax-6, and gray balls represent target DNA molecules. The dotted circle indicates the part of helix 1 lost by the deletion

of exon 4.

This localization of the variants strongly implies that the alternatively
spliced variants play a role in the trans-activation of eye structural
proteins. The target of the activation remains unknown, but the eye
reflector protein, reflectin®, is one of a number of candidates. It has
been reported that the ectopic expression of ey AHD was able to
induce the formation of a compound eye in Drosophila®. The
DNA-binding activity of the PD domain is sufficient to induce
ectopic eyes in Drosophila through activation of the retinal
determination gene network. The tissue specificity of AHD
variants in the squid and the role of the PD domain shown in
Drosophila strongly suggest that the Pax-6 variants play a part in
the placement of the eyes. In addition to its influence on DNA-
binding activity, protein-protein interaction between Pax-6 and
other proteins is clearly important for changing gene regulatory
networks in eye development. In fact, after the formation of the

optic disc controlled by Pax-6, cell lineages in the eye will be
determined by co-localization of Pax-6 and its partner
transcription factors; Sox/Six/Rx. However, there is no existing
three-dimensional structure of proteins that interact with Pax-6,
and it is difficult to estimate a protein-protein interaction between
Pax-6 splicing variants and other proteins.

We also found that the squid Pax-6 gene uniquely acquired an
additional exon in the PST domain. Previous reports have suggested
that vertebrate Pax-6 is a dedicated transcriptional activator>>>>,
and several reports have proposed the PST domain as a trans-activa-
tion domain. Weasner et al” demonstrated that the expression of
mutant Ey and Toy proteins lacking the non-conserved PST seg-
ments failed to induce ectopic eye formation in flies. One of the
differences between ey and toy has been attributed to the PST
domain, which interacts with disparate binding partners”. Thus,
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Figure 4 | Schematic views of Pax-6 variants from metazoan animals. Squid was shown to have Pax-6 splicing variants involved in the eye formation
processes. Three Pax6 genes are known to be involved in insect compound eye development. Although it is difficult to determine ey, toy and eyg
duplication events precisely, toy and eyg are known to play roles independent to ey in compound eye formation in flies. In mammals, it has been
demonstrated that at least four forms of Pax-6 are generated by alternative splicing and sumoylation. UBA, urbilaterian ancestor.

the insertion of the polypeptide encoded by exon 6 into the PST
domain in the IpPax-6 variants is likely to change the transactivation
activity of that domain.

The linker between the PD and HD domains in the variant protein
encoded by the transcript with exon 3 was longer than that in authen-
tic Pax-6. The length of this linker is well known to vary among
vertebrates and invertebrates. This linker region and almost one-half
of the following PST domain are contained in an intrinsically dis-
ordered region, which is a frequent feature of most transcription
factors®. This variant was specifically found in the adult eyeballs.
These two results suggest the conjecture that the insertion into the
linker region changes the transcriptional activity through disruption
of the interactions between Pax-6 and other molecules and that the
target DN A sequence may also be changed by elongation of the linker
between the PD and HD domains. This speculation is corroborated
by our findings showing that the IpPax-6 variants had significant
tissue- and embryonic stage-specificities.

Acquisition of the Pax-6 variants in eye formation. As found in
several bilaterian species, the basic function of animal Pax-6 appears to
involve the regulation of the anterior part of the head and the initiation
of photoreceptor formation, regardless of the photoreceptor cell type. In
insect Pax-6, ey has at least three additional variants generated through
gene duplication. The duplicates are thought to have originated in a
pancrustacean ancestor (insect + crustacea), although the exact origin
remains uncertain’. The roles of two of these duplicates, foy and eyg,
have diverged in the compound eye formation processes of the fly and
beetle”*, and functional changes in foy and eyg have significantly
contributed to the evolution of the size and shape of the eyes in the
beetle”. These results indicate that the diversification of the Pax6
isoforms by duplication is required for eye development in insects.
Diversification of Pax-6 variants is also found in vertebrates.
However, the acquisition of variations in Pax-6 is completely distinct
between these two taxa; vertebrate Pax-6(5a) originated from the
alternative splicing of the locus, whereas insect eyg originated from
gene duplication®. Pax-6(5a) shows functional similarity to the
Drosophila eyg, which also lacks the PD required for HD function™.
In mice, another type of protein variation, protein sumoylation onto
the Pax-6 splicing variants, is expressed in the embryonic optic and lens
vesicles and shows different DNA-binding and transcriptional activities
from the authentic protein®. The bilaterian common ancestor (UBA) is
considered to have had a Pax-6 gene for the development of
photoreceptors (Figure 4). Thus, eye development has been achieved

by alternative splicing or gene duplication, either of which leads to
variations in the protein isoforms.

Authentic IpPax-6 is the major form in terms of expression intens-
ity and ubiquity in tissues, whereas the variants 1 and 3, which lack
exon 4, were exclusively expressed in the eye reflector. Based on gene
expression studies, an authentic transcript tends to be maintained the
major function, whereas a minor transcript tends to be free from
selective pressure and ready to acquire a novel function®. Therefore,
these minor variants might be responsible for the acquisition of novel
tissue specificity and target protein. A similar case can be observed in
the lineage-specific alternative splicing events of vertebrate Pax-
6(5a), which plays a conspicuous role in postnatal iris formation
and the structural integrity of the cornea, lens and retina.

In summary, we identified the acquisition of splicing variations of
Pax-6 in cephalopod eyes (Figure 4) and found that the acquisition
occurred independently in vertebrates and cephalopods. These Pax-6
splicing variations in cephalopods were controlled spatio-temporally
during eye formation. Although the acquisition of camera eyes in the
cephalopods is yet a problem, Pax-6 variants in cephalopods have
been acquired in a lineage-specific manner.

Methods

Sample Collection and RNA Extraction. Specimens of the pygmy squid, Idiosepius
paradoxus, were collected from Chita Peninsula, Nagoya, Japan and kept in a
laboratory, as previously described*?, where the embryos were staged'’. Eggs of Loligo
bleekeri were obtained from Shimoda Bay, Kanagawa, Japan and kept in a laboratory
until hatching. Total RNA was extracted from RNA later-fixed tissue using a
Molluscan RNA kit (Omega bio-tech) with on-column DNase digestion. Tissue
collection was performed using seawater containing 2% ethanol.

Gene Cloning. Pygmy squid Pax-6 cDNAs were obtained by 5'- and 3'-RACE PCR
using a SMARTer RACE kit (Takara) and then sub-cloned into a T-vector (Promega).
RT-PCRs were performed using squid embryonic and adult RNAs to confirm the
alternative splicing forms. The RNAs were reverse transcribed into cDNA using
PrimeScript® RT Reagent (Takara) and amplified using Advantage2 PCR (Takara)
kits. The primers used in the cloning steps are listed in Table S1. The nucleotide
sequences obtained in this study are available under the following accession numbers:
[DDBJ: AB716343-AB716348].

Comparative Modeling for Authentic Pax-6 and its Variant Lacking Exon 3.
Three-dimensional structures of the HD of the authentic Pax-6 gene of I. paradoxus
and its variant lacking the segment coded by exon 3 were modeled based on the
structure of the Drosophila melanogaster Aristaless HD (PDB ID: 3Inq)*. The
template structure had 58 residues, and the alignments were built without gaps. The
sequence identity between the authentic form and the template was 74%, and that
between the variant and the template was 59%. Three-dimensional structures of each
of the sequences were built using MODELLER** with five different random number
seeds, and the structure with the lowest DOPE energy was chosen as the best model.
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Real-Time PCR. Real-time RT-PCR expression analysis was carried out using iQ5
(Bio-Rad) and THUNDERBIRD™ SYBR® qPCR Mix (Toyobo). Template cDNAs
were obtained using a PrimeScript® RT reagent kit (Takara). Primers are listed in
Table S2. A control gene (alpha-tubulin) was selected according to the method of
Sirakov et al.*®.

In Situ Hybridization. DIG-labeled RNA probes targeting exons 2 and 4 were made
using an in vitro transcription kit. The primer pairs used to generate exon 2- and 4-
targeted probes are listed in Table S3. RT-PCR fragments obtained from previous
primers were sub-cloned into a T-vector (Promega) and used as templates for in vitro
transcription. Whole-mount in situ hybridization was performed according to the
protocol published previously™.

Molecular Phylogenetic Tree Analysis. The multiple alignment of the Pax gene
family of metazoan animals was built based on the full-length amino acid sequences
of the proteins using the clustal W2 program®. We inferred the molecular
phylogenetic trees of the Pax gene family by the maximum likelihood (ML) method
using the RAXML program®” with the WAG model of amino acid substitutions and
the discrete I" distribution of heterogeneity of evolutionary rates among sites.
Topology searches were performed using the fast bootstrap version of the RAXML
program, which analyzes 200 bootstrap replicates.
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