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Abstract

The birth of novel genes, including their cell-specific transcriptional control, is a major source of evolutionary innovation. The
lens-preferred proteins, crystallins (vertebrates: a- and B/y-crystallins), provide a gateway to study eye evolution. Diversity of
crystallins was thought to originate from convergent evolution through multiple, independent formation of Pax6/PaxB-binding
sites within the promoters of genes able to act as crystallins. Here, we propose that oB-crystallin arose from a duplication of
small heat shock protein (Hspb1-like) gene accompanied by Pax6-site and heat shock element (HSE) formation, followed by
another duplication to generate the aA-crystallin gene in which HSE was converted into another Pax6-binding site. The
founding B/y-crystallin gene arose from the ancestral Hspb1-like gene promoter inserted into a Ca®-binding protein coding
region, early in the cephalochordate/tunicate lineage. Likewise, an ancestral aldehyde dehydrogenase (Aldh) gene, through
multiple gene duplications, expanded into a multigene family, with specific genes expressed in invertebrate lenses (Q-crystallin/
Aldh1a9) and both vertebrate lenses (y-crystallin/Aldh1a7 and Aldh3a1) and corneas (Aldh3a1). Collectively, the present data
reconstruct the evolution of diverse crystallin gene families.

Key words: aldehyde dehydrogenase, crystallin, eye evolution, heat shock responsive element, lens, Pax6, small heat shock
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Introduction

The birth of novel genes with potentially new functions is
thought to be a major contributor to evolution (Kaessmann
2010). Evolution from ancestral proteins is a process by which
mutation and selection processes generate new materials for
either improved functions and/or formation of novel biological
structures, that is, morphological evolution (Carroll 2008). It
has been shown that the total number of protein-coding
genes in genomes of diverse model metazoan organisms is
similar. However, besides differences in protein content and
sequences, the underlying functional differences of the
encoded information are determined by differences in the
wiring of the gene regulatory networks (GRNs) that control
both formation and function of individual tissues and organs
(Davidson and Erwin 2006; Wagner 2007; Carroll 2008;
Davidson, 2010). Although a number of important insights
into the molecular evolution have been achieved since the
dawn of DNA sequencing, particularly regarding coding

sequences, evolution of regulatory sequences is not well un-
derstood (Wray et al. 2003).

The key principles of metazoan evolution include gene du-
plication to generate novel genes (Conant and Wolfe 2008),
changes in gene control mechanisms (Piatigorsky and Wistow
1991; Wray et al. 2003; Wagner 2007; Carroll 2008), and
activity of mobile genetic elements (Kazazian 2004).
Simulation of processes required to establish novel cis-acting
sites through local point mutations (Stone and Wray 2001;
Wagner et al. 2007; Behrens and Vingron 2010), identifica-
tion of prospective cis-sites in DNA-repetitive sequences (Zhou
et al. 2002; Zemojtel et al. 2009), and comparisons of homol-
ogous regulatory sequences in related species (Lowe et al.
2011) indicate that new cis-sites can be generated on micro-
evolutionary timescales (Stone and Wray 2001; Stern and
Orgogozo 2008; Behrens and Vingron 2010).

Eye evolution exemplifies a multitude of challenges to test
evolutionary theories; at the same level, the eye provides a
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considerable number of molecular insights to directly link tis-
sue morphogenesis with conserved and/or novel gene func-
tions (Lamb et al. 2007; Nilsson 2009, 2013; Oakley and
Speiser 2015). Reconstruction of key processes in eye evolu-
tion has now become possible (Gehring and lkeo 1999;
Gehring 2004; Carroll 2008; Vopalensky and Kozmik 2009;
Gehring 2012; Vopalensky et al. 2012). To simplify analysis of
rapidly evolving eye complexity, four discrete stages have
been proposed (Nilsson 2009, 2013). Nondirectional photo-
reception (stage 1) requires only a few photosensitive cells.
Directional photoreception (stage 1) requires a combination
of pigmented cells that shield one or multiple photoreceptors
forming the eyespot. Low-resolution vision (stage Ill), achieved
by pit/cup eyes, does not employ any focusing optics. Finally,
high-resolution vision (stage IV) also added an ocular lens as a
focusing apparatus to generate the camera-like eye (Jonasova
and Kozmik 2008). The ocular lens is a cellular structure
mostly composed of highly elongated lens fiber cells, the
crystallin-producing  cellular factories (Piatigorsky 1981;
Bassnett et al. 2011). At present, camera-like eyes (supple-
mentary fig. S1, Supplementary Material online) are found in
some jellyfish (Cnidarians), a range of invertebrates including
scallops, squid and octopus (Mollusks), and in vertebrates
starting during the Cambrian revolution (525 Ma, e.qg., lamp-
reys, supplementary fig. S1, Supplementary Material online).
The fossil record shows that primitive eyes existed prior to this
period and were further improved to provide high-resolution
vision during the Cambrian period (Land and Nilsoon 2002).
Thus, understanding lens evolution is intimately linked with
studies of its principal structural proteins, the crystallins as well
their encoding genes (Piatigorsky and Wistow 1991;
Piatigorsky 2007).

Crystallins are water-soluble proteins that are highly
expressed in lens fiber cells (Wistow and Piatigorsky 1988);
however, there is no apparent similarity between crystallins of
vertebrates and invertebrates. In vertebrates, crystallins are
represented by over a dozen proteins that are classified by
their elution profiles in gel filtration as a-, B- and y-crystallins
(Piatigorsky 1981). It has been proposed earlier that either «B-
or BB2-crystallin could be the “original” vertebrate crystallin
as both of them are expressed outside of the eye (Wistow
1993). The pair of aA- and aB-crystallins are structurally and
functionally related to small heat shock proteins, called Hspbs
(Ingolia and Craig 1982). Accordingly, the mammalian «B-
crystallin transcriptional regulatory regions contain multiple
heat shock responsive elements (HSEs) (Klemenz et al.
1991; Somasundaram and Bhat 2000, 2004). Hspbs form a
family of ten vertebrate genes (Kappe et al. 2003; Franck et al.
2004; Wistow 2012). Vertebrate lenses also contain a variable
number of proteins from the B/y-crystallin superfamily that is
composed of at least 14 members (Kappe et al. 2010). This p/
y-crystallin superfamily also includes Ca®"-binding proteins
encoded by microbial genomes (Kappe et al. 2010;
Srivastava et al. 2014).

In contrast, different abundant proteins were found in in-
vertebrate lenses, including S-crystallins (squid and octopus),
Q-crystallins (scallop and squid), and J-crystallins (jellyfish)
(supplementary fig. S1, Supplementary Material online).
These crystallins are identical to basic metabolic enzymes,
such as aldehyde dehydrogenases (Aldhs, Q-crystallins) and
glutathione-S-transferases (S-crystallins) (Piatigorsky 2007
Marchitti et al. 2008; Chen et al. 2013; Vasiliou et al.
2013). In particular, both scallop (Placopecten magellanicus)
and squid (Omnastrephes sloani pacificus) express Aldh1a9 as
their Q-crystallin (Tomarev and Piatigorsky 1996). In addition,
other crystallins were identified in jellyfish (Tripedalia cysto-
phora) with more distant similarities to known proteins, in-
cluding ADP-ribohydroxylase (J1-crystallins) and saponins (J3-
crystallin) (Piatigorsky and Kozmik 2004). In the absence of
any common denominator between vertebrate and inverte-
brate crystallins, the remarkable diversity of crystallins was
thought to originate from their ability to accumulate to high
concentrations while maintaining their solubility through the
processes of convergent evolution.

To explain the origin of crystallin genes, a concept of “gene
recruitment” was proposed (Piatigorsky and Wistow 1991).
The hallmark of this idea is that gene-duplication is not essen-
tial to establish any novel function; only the transcriptional
regulation of a gene needs to change to gain neofunction.
Thus, an acquisition of lens-preferred ("lens-specific”) mech-
anism(s) of gene expression allows quantitatively significant
increases in expression of these proteins in lens, while main-
taining appropriate levels and timing of expression in other
tissues/organs (Piatigorsky and Wistow 1991). Despite the
differences among vertebrate and invertebrate crystallins in
the origins of their protein-coding sequences, a series of stud-
ies of their transcriptional control revealed a remarkable sim-
ilarity in the use of an evolutionarily conserved DNA-binding
transcription factor Pax6 (Callaerts et al. 1997; Chow and
Lang 2001; Piatigorsky 2007). However, none of the earlier
studies have examined contribution of divergent and conver-
gent evolutionary processes to explain how the lens-specific
GRNs have evolved.

Transcriptional studies of vertebrate a-, -, and y-crystallins
have shown Pax6, c-Maf, Hsf4, Prox1, and Sox1 as their key
DNA-binding factors (supplementary fig. S2, Supplementary
Material online) (Cvekl and Duncan 2007; Cvekl et al. 2015).
Both jellyfish J2- and J3-crystallins are regulated by PaxB
(Kozmik et al. 2003), and scallop Q-crystallin/Aldh1a9 is directly
regulated by Pax6 (Carosa et al. 2002). PaxB is a Pax gene that
lost a major part of its homeodomain following gene duplica-
tions of the ancestral Pax gene formed by proto-Pax transpo-
sase inserted into a homeobox-containing genomic region
about 1 billion years ago (Breitling and Gerber 2000). Taken
together, several lines of evidence support the model of a con-
version of a preexisting gene into a crystallin-coding gene via
acquisition of Pax6/PaxB-binding sites (Cvekl and Piatigorsky
1996; Kozmik et al. 2003; Kozmik et al. 2008).
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Key questions for understanding the origins of individual
crystallin genes are 1) how lens regulatory mechanisms
evolved in specific gene(s) and 2) why proteins encoded by
these genes evolved successfully as lens crystallins. Here we
propose that Pax6-binding sites could evolve from preexisting
cis-sites governing stress-response. Multiple sequence align-
ments and phylogenetic tree analyses of Hspb/Cryab/Cryaa
genes demonstrate that an ancestral Hspb1-like gene evolved
into a pair of «A- and aB-crystallin paralogs. Our data also
show that the ancestral B/y-crystallin could have been formed
in the cephalochordate/tunicate lineage as a gene fusion in
which the Hspb1-like gene provided a promoter region
inserted 5’ to the coding region of a Ca®*-binding protein.
Finally, notable similarities between multiple invertebrate crys-
tallin promoters raise the possibility that they evolved from an
ancestral Aldh gene promoter.

Materials and Methods

Sequence Data Retrieval

The amino acid and nucleotide coding sequences were
obtained from sequenced genomes available from the
UCSC Genome Browser and from the Department of
Energy (DOE) Joint Genome Institute.

Annotation of Crystallin Promoters

The following “consensus” binding site sequences were used:
HSE, 5'-GAANNTTCNNGAA-3' (Fujimoto et al. 2008), P6CON
(Epstein et al. 1994), and Pax6 ChIP-seq (Sun et al. 2015).

Multiple Sequence Alignments

Multiple sequence alignments with DNA and protein sequen-
ces were conducted using T-coffee (Notredame et al. 2000),
MUSCLE  (http:/Avww.ebi.ac.uk/Tools/msa/muscle/)  (Edgar
2004), and MAFFT (version 7) (Katoh and Standley 2013).
The phylogenetic tree analysis was conducted with maximum
likelihood method and bootstrap with 1,000 calculations us-
ing MEGA7 (Kumar et al. 2016). All the alignments and phy-
logenetic analysis used default setting unless otherwise
stated.

Expression of Cryaa, Cryab, Hspb1, Hspb2, and Hspb6 in
Mouse Heart and Lens

Mouse embryonic E16.5 lenses (n=8) and newborn and
hearts (n = 2) were obtained from CD-1 mice (Charles River
Laboratories). Dissected tissues were incubated overnight in in
35mm dishes at 37 °C in 5% CO, in 2ml of DMEM (10%
FBS). To treat the tissues with heat shock, the media was
replaced with DMEM (10%FBS) at 42 °C and the dishes in-
cubated for 1h at 42 °C in 5% CO,. The tissues were then
returned to 37 °C media and allowed to recover for 0.5, 1,
and 4h at 37 °Cin 5% CO,. Total RNAs were prepared using

the RNeasy Mini Kit (QIAGEN, Valencia, CA), followed by
guantitative RT-PCR analysis as described elsewhere (Xie
and Cvekl 2011). G values were normalized using GAPDH
and fold changes of gene expression were calculated relative
to untreated tissues. Primer sequences used for quantitative
RT-PCR were: Cryaa forward 5-GAGATTCACGGCAAAC
ACAA-3’; Cryaa reverse 5-ACATTGGAAGGCAGACGGTA-
3'; Cryab forward 5'-TCTCTCCGGAGGAACTCAAA-3;
Cryab reverse 5'-TCCGGTACTTCCTGTGGAAC-3'; Hspb1 for-
ward 5'-CCGGAAATACACGCTCCCTC-3'; Hspb1 reverse 5'-
ATGGTGATCTCCGCTGACTG-3'; Hspb2 forward 5'-CCGAG
TACGAATTTGCCAACC-3’; Hspb2 reverse 5-CCCGAGGC
CGAACATAGTAG-3"; Hspb6 forward 5-TGTCCACGG
ACTCTGGGTAT-3';  Hspb6 reverse 5-TGAATCCGTG
TTCATCCGGG-3’; GAPDH forward 5-CCAATGTGTCCG
TCGTGGATCT-3'; GAPDH reverse 5-GTTGAAGTCGCA
GGAGACAACC-3.

Transcriptional Regulation by Putative Pax6-Binding Sites
Identified in B. floridae

Six copies of candidate Pax6-binding sites (WT1 and WT2),
their mutants (M1 and M2), and “optimized” sites (O1 and
02), were synthesized by GeneScript (Piscataway, NJ) and
cloned into a E4 TATA-luc minimal promoter followed by
transient cotransfection experiments as we described earlier
(Chauhan et al. 20044, 2004b). The cells used included mouse
lens epithelial cell line «TN4-1 and embryonic carcinoma cells
P19 as used previously to evaluate transactivation by Pax6 (Xie
and Cvekl 2011; Chauhan et al. 2004a).

Results

A Pax6 Consensus-Binding Site Resembles Recognition
Motifs Recognized by Stress-Induced TFs

Pax6 binds to DNA through a combinatorial use of paired
domain (PD) and homeodomain (HD) (fig. 1A) that by foot-
printing occupies 16-20 bp long sites (Epstein et al. 1994; Xu
et al. 1999; Yang and Cvekl 2005) and contains variants of a
14bp consensus sequence, P6CON (Epstein et al. 1994),
which is highly similar to the recently established in vivo
15 bp Pax6 consensus sequence (Sun et al. 2015). Evolution
of such sequences for Pax6-binding could originate from ran-
dom mutations and/or through a smaller number of nucleo-
tide changes using preexisting cis-sites.

Here, we hypothesize that a Pax6-binding site could have
rapidly emerge from related cis-regulatory regions in various
promoters and enhancers of genes during the course of eye
evolution. Given the link between vertebrate crystallins and
stress-response, we evaluated a mutual relationship between
HSEs, antioxidant response elements (AREs), p53-binding
sites, and both the in vivo Pax6 consensus sequence and
Pax6 paired domain consensus, P6CON (fig. 1A). This
“optimal” Pax6 site could be indeed aligned with these
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A

Pax6
B PAl LRED HD PISIT

Pax6
ChiIP-seq :EIIEQAC::ICA TGa

pecon  TIGhCCC.TLA Tr

TTCNNGaANNtTC
TGACNNNGC

RrRCATGYYY

(15 bp)

(14 bp)

9 % TPS3

B Pax6-binding sites/HSE motifs

DnaseZb TTTTTGCATCACAAATGT
Ngn2(E1.1) ATTCAGCCTAGARGCAGA
Ngn2(E3.2) TTCATGCATTATTTATCT
Pdx1 CAATAARATGAAGCCTCGAGATTCC
Selex TTCACGCATCACAAAACA

Cc

HSE-ARE are Pax6-binding sites HSE-TATA box to Pax6 conversion
TTCAGGAATGACTGCGC TTCAGGAATATAATG
TTCAGGAATGACTG lA

n=2 (mismatches)

TTCAGGAATGAATG

n=2 (mismatches)

Fic. 1.—Comparison of Pax6 consensus binding site with three stress-
response sites. (A) Alignments of in vivo Pax6 consensus (Sun et al. 2015)
and P6CON (Epstein et al. 1994) with stress-response elements, including
canonical trimeric HSE, ARE, and half of p53 (1/2 TP53) sites. Five highly
interactive DNA-binding subdomains are found in Pax6: B—turn, PAI, RED,
linker (L), and HD (Xu et al. 1999). (B) Identification of optimal HSEs (under-
lined, conserved nucleotide, and purple) in a set of four validated Pax6-
binding sites, and in multiple “optimal” Pax6-binding sites generated by
Selex (Xie and Cvekl 2011). () A model for the immediate utilization and
simple conversion of a HSE-ARE and HSE-TATA box into a Pax6-binding
site without any nucleotide change (left panel) or via a single nucleotide
substitutions (arrow) coupled with a single nucleotide deletion (A) (right
panel), respectively.

stress-response elements (fig. 14). Among a group of ~60
validated Pax6-binding sites (Xie and Cvekl 2011), an appre-
ciable number of them indeed preserve high sequence simi-
larity to HSE motifs (fig. 1B). To illustrate minimal nucleotide
changes required to generate a Pax6-binding site, we show
two plausible model “seed” sequences. First, a HSE-ARE tan-
dem is already a Pax6-binding site with two nucleotide mis-
matches (fig. 10). Second, a region comprised of a single HSE
and a canonical TATA-box would require only one nucleotide
substitution (A to G) and a single nucleotide deletion (AT) to
convert this array of cis-elements into a Pax6-binding site
(fig. 10). This scenario of Pax6 site emergence is conceivably
more parsimonious than the alternative that a random 14-bp
seguence was converted to Pax6 site. In addition, a consensus
ARE, identified in promoters of squid crystallins (Tomarev et al.
1994) partially overlaps with the “optimal” Pax6-binding site

(fig. 14). Considering stress regulation at the level of transcrip-
tion by p53 (Lohrum and Vousden 1999; Danilova et al.
2008), coupled with recent identification of p53-binding sites
in distal regions of mouse Cryaa and Crybal genes (Ji et al.
2013), we also noticed similarities between a Pax6-binding
site and a half of the p53-decameric sequence (fig. 1A).
These sequence comparisons suggest that an individual
gene can be recruited into a Pax6-dependent gene regulation
through a small number of nucleotide changes within the
preexisting cis-elements, in agreement with a recent system-
atic analysis reporting that binding sites of a number of tran-
scription factors differ indeed by a few nucleotides (Payne and
Wagner 2014).

Gene Duplication and Transcriptional Regulation of Hspb 1,
Hspb2, Hspb6, and Cryab/Hspb5

To reconstruct molecular evolution underlying the birth of
crystallin genes in vertebrate genomes, it is necessary to iden-
tify an ancestral gene to track changes in transcriptional
mechanisms that proceeded towards the evolution of high
lens-preferred gene expression. A group of three mammalian
proteins, including Hspb1, Hspb6, and Hspb2, is highly related
to both a-crystallins (Kappe et al. 2003; Franck et al. 2004,
Basha et al. 2012). However, a precise evolutionary history of
this group of genes is still not clear from the protein analysis,
even if exon/intron boundaries and other features are consid-
ered (Franck et al. 2004).

To resolve this issue, we hypothesized that the analysis of
transcriptional regulatory sequences of Hspb1, Hspb2, Hspb6,
and Cryab could provide valuable clues to explain the process
that led to the evolution of lens-preferred expression of an
ancestral Cryab gene. Previous studies identified multiple
HSEs in human and mouse HSPB1/Hspb1 promoters
(Gaestel et al. 1993; Oesterreich et al. 1996). In contrast,
gene regulation of Hspb6 and Hspb2 genes is poorly under-
stood (Hough et al. 2002; Li et al. 2007; Swamynathan and
Piatigorsky 2007). Initial studies of aB-crystallin gene regula-
tion identified distal HSE in the muscle-lung-heart (MLH)
enhancer (—427/—-254) and proximal HSE adjacent to the
TATA-box (fig. 2A; Klemenz et al. 1991; Somasundaram
and Bhat 2004, Jing et al. 2013). To align regulatory sites of
Hspb1, Hspb2, Hspb6, and Cryab, we first identified HSEs
(fig. 2A). These HSEs were classified as “optimal” (at least
two perfect consensus trinucleotides; fig. 24, solid circles)
and “imperfect” (a sequence with only one consensus trinu-
cleotide and/or with at least three scattered “core” nucleo-
tides (Fujimoto et al. 2008; fig. 24, dashed circles). All four
genes examined showed comparable arrangements of multi-
ple HSEs in their 5'-flanking regions (fig. 2A). At the nucleo-
tide level, these promoter regions show notable similarities
(fig. 2B and Q), including the 5'-distal 81 bp region (fig. 2B),
a central 78 bp region with two perfect HSE trinucleotides in
Hspb1, Hspb6, and Cryab genes (fig. 2B), and a 194 bp long
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A 5'.distal
Hspb1

Hspb2

Hspb6 _. . '

11

B -

5’-distal (81 bp)
Hspbl  CCGCCCTTCAGCC--AGC_AGTGTCCTAAA--CCCGAC————-, AGTGG-GAATCGCTCCAGC-TACCGGTATTACGCC--GT-CAT
Hspb2  AGTCCT-AGAGGA-GAG-CAGA-ACTAGGT-GTCTGACTGGAACCCT--GAGCTGATCTAGG-TTC-AGAA-GACACTG-AC-CTT
Hspbé CCCCTT=ACAGAAATGGAARRAGGC TTAATGACATTTC -~~~ CCTGETETCCTTITCCGGGCATCCAGCA-GGCGTTTARTARCT

Cryab  CAGCTC-AGGCTTCCAGTCAGACACCTAGT--TCTGCT-CTCCTCTA--CGACTCCACARAG-AGT-TAAT-GTCCCTG-GG-GCT

Central (78 bp)

Hspbl CTTC-AACAAGAGAAGTTTCCAG-AT-~-GGGGG~~~C~AG-A~-ACCTTC~~~CTGG~~CCC~C~GCCTG~~~CCCGCCCCCTTTG
Hspb2 CABA-GACAGAABATCITTCTTGCAT--TGTGGATGC-TA-TGTGGCIC---ATAGAACATTAAGTCTTTTTTTTTTTTTTTAAG
Hspbé CAAGTAATTATTGAAGTTTCTAA-AT--AAGGAATAC-TA-A-TGCCTGAGTTTGG—-CCTCA-ATCCC—--AGT-GTCCCTGAG
Cryab CTAA-GCCTA-GGAAGATTCCAG-TCCCTGCCCAGGCCCAAGATAGTTG-~-~CTGG=--CTCA-ATTCC~-~-~-CCTGGCATGCGAG

Cc Promoter (194 bp) TATA
Hspbl ATAGAGACC--TGARGCA=CCGCCTGCTARA=AA = =====TACCCG==GCTG===GGCACA=-C=AT. G
Hspb2 CTCTAGACT-=-TAGGCTCCCAGC==CCTCCCCCA=====CCCCCAGAGGLTC===TG==CA=C==TATTTT
Hspb6 AGTTTGGCC--TCAATCC-CAGTGTCCCTG-AGAGGCCCGCCGUAGGGGCGGCACAGGGCA-CAGTATAAR
Cryab  AGCTGGGATAATAAAACCCCTGA--CCTCA-CCA------ITCCAGAAGCTTCAGAAGACTGC-ATATATA

Hspbl CACG-CTGGGGCTCCAGT===m=m== CCG---L‘CACTTC{CGGA'[‘-—-CCEAG

Hspb2 GGGTGGTGTAGACCCCG CCCCCACTCTGACTGAGC--C(!TGGC'F

Hspb6 TC————- GGAG--CCAGC——————~ GT--—--GCET--TTGGG—————— CACTG
Cryab  AG----- GG-G--CClGG———————— CTG---GAGC--T---G--————CTGAA
Hspbl CCCAGTG===C=TTCTAG===ATC= == == u CTCAGC==CTT=GlA=m == m == CCAGCC==AAGA====ACATG
Hspb2 GCCGETGGGETCGCC TTG——-ATCTTGTTCGEGCAGTACT TGGGATCAGGGCTACTAGTCGCAACAGCAGTCATG
Hspb6 CGGGEG-————— C——-CCAG-——GGT-————--GGCAGC--GT-———————————em AGG-—-RAACA—---GGATG
Cryab GGAGTTG===A===CCAGCCAACC=====CACTCTGC==ATT=CA===a===x TCTAGCC===AC=m===x AATG
D - Cryab T Hspb2
i 87
B .08
Hspb&
(5] = o v Cryab
e 6L Hsﬂbz
e Hspb1
= Hspb1
100 i .36 Llstﬁ

010

Fic. 2—Sequence similarities in noncoding regions of mouse Hspb1, Hspb2, Hspb6, and Cryab genes. (A) Diagrammatic representation of promoter
regions of mouse Hspb1, Hspb2, Hspb6, and Cryab genes. Optimal” (“imperfect”) HSEs are indicated by full (dashed) circles, respectively (see text for
details). The regions are partitioned into the 5'-distal, central, and promoter. (B) Sequence alignment of “distal” (81bp) and “central” (78 bp) regions
containing multiple HSEs using T-coffee. Conserved nucleotides in the 5'-GAANNTTC-3" motifs (horizontal bars) are shown in bold. 100%-conserved
nucleotides are shown in red. “Imperfect” HSEs are underlined. (C) Sequence alignment of the “proximal” promoter region (194 bps), including the TATA-
box (horizontal bracket) and start site of transcription (41, hooked arrows) using T-coffee. A “weak” trimeric HSE is in both Hspb1 and Hspb2 promoters,
though at different locations. (D) Phylogenetic analysis of the protein sequences (MAFFT for alignment with E-INS-i for multiple conserved regions and long
gaps and leave gappy regions, others as default) and regulatory regions (T-coffee for alignment) of the mouse Hspb1, Hspb2, Hspb6, and Cryab. Drosophila
melanogaster small heat shock protein 22 (dmHsp22) was also included in the protein analysis as the outgroup. The clustering was carried out in the software
MEGAY7 using Maximum likelihood method and bootstrap with 1,000 calculations (Kumar et al. 2016). Additional alignments including human, mouse, and
naked mole rat sequences are shown in supplementary figure S3, Supplementary Material online.

promoter region (fig. 2C). The central region (fig. 2B) harbors suggests that Hspb6 and Cryab could be derived from a pu-
a characteristic HSE motif, 5-GAAGTTTC-3'. Phylogenetic tative Hspb1-like ancestor gene, which could also give rise to
analysis of Hspb1, Hspb2, Hspb6, and aB-crystallin proteins the Hspb2 gene as supported by reasonably good
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bootstrapping values (fig. 2D). Since both HSE and Pax6-site
evolved from the proximal promoter region (fig. 2C), we call
this region the “HSE/Pax6 precursor binding region.”
Additional comparison of their regulatory DNA sequences
provided further support to the putative evolutionary events.
A duplication of an ancestral Hspb produced two pairs,
Hspb2/Cryab (two genes in head-to-tail orientation) and
Hspb1/Hspb6 (currently on two different chromosomes;
figs. 2D and 3A). Note that similar a conclusion can be drawn
if additional protein and DNA sequences, including human,
mouse, and naked mole rat Hspbs, are analyzed (supplemen-
tary fig. S3, Supplementary Material online). Although some
degree of uncertainty remains in the sequential evolutionary
events, taken together, these analyses uncover both evolu-
tionary conserved and seed sequences for novel transcrip-
tional control elements in the 5'-flanking promoter regions
among this family of vertebrate Hspb genes.

Comparative Analysis of Mouse aA- and aB-Crystallin
Promoters

Duplication of the ancestral aB-crystallin into the aA-crystallin-
like gene (supplementary fig. S3, Supplementary Material on-
line) most likely occurred in the early vertebrates as Cryaa
homologues are not found in the sea urchin, amphioxus,
sea squirt, and lamprey genomes (data not shown); however,
it is not known how long of the Cryab-containing sequence
was duplicated to generate the earliest precursor of Cryaa
gene. Using the VISTA alignment, we found sequence simi-
larities over 9kb of 5-sequences of mouse Cryab/Cryaa loci
that include the Hspb2-Cryab loci (fig. 3A and supplementary
fig. S4A, Supplementary Material online) as well as the distal
lens-specific enhancer (DCR1) (Yang et al. 2006a) in the Cryaa
locus (fig. 3A and supplementary fig. S4A, Supplementary
Material online). Importantly, similar findings are obtained
from analysis of evolutionary lower elephant shark and zebra-
fish genomes (supplementary fig. S4B and C, Supplementary
Material online). In summary, these studies show that the
Cryaa gene originated from a duplication of over 9kb of ge-
nomic DNA (5'-sequences and coding regions) including the
Hspb2-Cryab head-to-tail paired genes that occurred in the
early fish ancestor.

Defined by transgenic studies, the shortest lens-specific aA-
crystallin promoter (fig. 3A) resides within the region of —88/
+46 (Wawrousek et al. 1990). Similarly, the minimal «B-crys-
tallin  promoter resides within an —115/+44 fragment
(fig. 3A) (Gopal-Srivastava et al. 1996). Lens-specific expres-
sion of both oA- and aB-crystallin promoters is driven by Pax6
and c-Maf (fig. 3A and supplementary fig. S2, Supplementary
Material online) (Yang et al. 2004; Yang and Cvekl 2005) and
Hsf4 binding to the Cryab promoter (Somasundaram and
Bhat 2004). A comparison of the two promoters indicates
HSE to Pax6 replacement in the oA-crystallin promoter sup-
ported by a pair-wise alignment of mouse Cryab and Cryaa

promoters (fig. 3B). The alignment between these regulatory
elements remains nearly intact even if corresponding Hspb1,
Hspb2, and Hspb6 sequences are added (compare fig. 3Cand
supplementary fig. S5, Supplementary Material online).
However, subtle nuances in the Cryab x Cryaa pair-wise
alignment exist, depending on method used and gap penalty
values (fig. 3C and supplementary fig. S5, Supplementary
Material online), as alignments of short DNA regulatory
regions remain challenging (Wray et al. 2003; Meireles-Filho
and Stark 2009). Nevertheless, all these alignments support
the idea that the evolution of the TATA-proximal Pax6-bind-
ing site in the aA-crystallin promoter was aided by the
“preexisting” HSE region.

The differences such as the number, structure and location
of HSEs among the Hspb/crystallin promoters could elicit dif-
ferent regulation of these genes under heat shock conditions
(Jing et al. 2013). For example, the cell-specific environment
of the lens provides Pax6 and Hsf4; whereas these proteins
are not significantly expressed in the heart (Walther and Gruss
1991, Fujimoto et al. 2004), and heat inducible Hsf1 and Hsf2
might show different levels of expression in these tissues es-
pecially in early development (Somasundaram and Bhat
2004). We evaluated response of Cryab, Cryaa, HspbT,
Hspb2, and Hspb6 following the 42 °C/1 h heat shock treat-
ments in isolated mouse embryonic lens and heart. In E16.5
lens, expression of Hspb1 and Hspb6 was induced during the
entire time window examined (0.5-4 h). In contrast, no induc-
tion of expression of Cryaa, Cryab, or Hspb2 was found (fig.
4A). In newborn heart, Hspb6 and Hspb2 transcripts were
most abundant 1 h following the stress treatment and expres-
sion of Cryab was also increased following the heat shock
(fig. 4B). Expression of Cryaa was so low in heart that it was
not possible to accurately observe the effect of heat shock on
expression. Thus, although the HSE-like sequences exist in the
Cryaa promoter (fig. 3B), they are not functional. While no
heat induction of Cryab in lens may look surprising in light of
Cryab heat-inducibility in the heart, expression of Hsf1 and
Hsf2 may be too low at this stage of lens morphogenesis
(Somasundaram and Bhat 2000, 2004). We conclude that
unique tissue-specific heat shock responses of individual
Cryab, Cryaa, Hspb1, Hspb2, and Hspb6 genes reflect pres-
sure on DNA to retain the HSEs while lens environment
evolved mechanisms utilizing lens-specific factors, such as
Hsf4 and Pax6 (Cvekl and Ashery-Padan 2014).

A Possible Origin of the Ciona intestinalis p/y-Crystallin
Gene from an Hspb1 Fragment Inserted 5'-of the B/y-
Coding Sequences

Multiple microbial genomes encode proteins that can serve as
the founding members of the B/y-crystallin superfamily
(Mishra et al. 2014). Two precursors of vertebrate p/y-crystal-
lin genes have been identified previously in lower inverte-
brates: geodin and pB/y-crystallin-like gene. In sea sponge
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Fic. 3.—Evolution of a«A-crystallin via gene duplication of the inverted tandem Hspb2/uB-crystallin and nucleotide changes in its 5’-proximal promoter
region. (A) Schematic representation of mouse Hspb2/Cryab and Cryaa loci including their promoter regions. The HSE and Pax6-binding sites are shown as
circles and ovals, respectively. (B) Pair-wise alignment of mouse lens-specific Cryab and Cryaa promoters using T-coffee. Both «B-crystallin promoter
fragments (—162/+45) and (—115/+45) shown here are lens-specific (Gopal-Srivastava et al. 1996). The aA-crystallin promoter (—88/+46) is also lens-
specific (Wawrousek et al. 1990). Conserved nucleotides in the 5-GAANNTTC-3" HSE motifs are shown in bold. Pax6-binding sites, blue; first ATG codon,
green; "imperfect” HSE in the Cryaa promoter, HSE-like. C) Five alignments (Alt I-V) of the 5'-promoter proximal regions of mouse Cryab x Cryaa. Alt|, see
alignment in supplementary figure S5, Supplementary Material online; Alt Il, see alignment in panel B; Alt Il and IV, manually adjusted/gaps changed; AltV, a
result of 9kb pair-wise alignment of mouse, elephant shark, and zebrafish Cryab x Cryaa loci (supplementary fig. S4A-C, Supplementary Material online,
respectively).

Geodlia cydonium, geodin is an intron-less gene encoding a (Di Maro et al. 2002; Giancola et al. 2005; Srivastava et al.
163 amino acid protein  (supplementary fig. S6, 2014). The tunicate Ciona intestinalis genome harbors an an-
Supplementary  Material online), the most ancient cient B/y-crystallin-like gene with multiple exons (Shimeld
member of the PB/y-crystallin superfamily in metazoans et al. 2005). Its current open reading frame (ORF) lacks as
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A 2 * figure 54, a separation of the B- and y-crystallin subfamily
is clear, whereas both invertebrate Crybg and geodin were
% placed into a separate clade. Although these alignments sup-
£ port common evolutionary origin of coding sequences among
= the B/y-crystallins as proposed earlier (Kappe et al. 2010), it
E remains possible that their promoters and regulatory elements
Fi formed separately. We thus examined their 5'-regions prior
% and including the first ATG codon (Cryba1, Crybb1, Crybb2,
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Fic. 4.—Regulation of Cryaa, Cryab, Hspb1, Hspb2, and Hspb6 by
heat shock is tissue-specific. (4) E16.5 lenses and (B) P1 hearts were sub-
jected to heat shock treatment at 42 °C for 1h. Dissected tissues were
allowed to recover at 37°C for 0.5, 1, and 4 h. RT-PCR analysis of the
genes was performed using total RNAs isolated from the tissues and fold
changes of expression were calculated relative to untreated controls (grey
bars). Expression of Cryaa in heart tissues was at too low levels to measure
accurately and was therefore omitted. Biological repeats were performed
and similar trends observed. P values were calculated using the Student's t
test (* ~P<0.05, **~P<0.001).

much as 108 amino acid residues from the putative N-termi-
nal region compared with the mouse BB2- and yA-crystallins
(supplementary fig. S6, Supplementary Material online).
Analysis of sea urchin (Strongylocentrotus purpuratus) and
amphioxus (Branchyostoma floridae) genomes revealed a
novel B/y-crystallin-like ORF in the amphioxus (Bf Crybg) (sup-
plementary fig. S6, Supplementary Material online). These
analyses led us to hypothesize that the amphioxus Bf Crybg
gene (see fig. 6B) is an ancestor form of the sea squirt B/y-
crystallin-like gene and that the vertebrate B/y-crystallins
evolved from this precursor via gene duplication including
their 5'-regulatory regions.

To test this hypothesis, we aligned 16 proteins, including all
13 mouse P/y-crystallins, plus amphioxus Crybg (BfCrybg), sea
squirt Crybg (Cionabg), and geodin as an obvious “outlier.”
The alignments were conducted by T-coffee. As shown in

Crygd, Crygf, Crygs, and Crygn lengths between 414 to
504 bp; Ciona Crybg, 537bp). Notably, the phylogenetic
tree (fig. 5B) generated with DNA regulatory regions—ATG,
differed from the tree based on protein sequences since Ciona
Crybg was placed in a clade with Crygs. Nevertheless; at the
nucleotide level, multiple sequence alignment of eight pro-
moter regions, including seven B/y-crystallins and Ciona
Crybg, revealed a number of conserved blocks as well as
gaps (supplementary fig. S7, Supplementary Material online).
Taken together, the current data support the idea that the
ancestor of the sea squirt Crybg likely represents the founding
member of the B/y-crystallin family, including their promoters.

A series of Ciona Crybg promoter fragments (-1, 122/
+110 to —275/+110) have been studied in sea squirt larvaes
and transgenic frogs (Shimeld et al. 2005; Chen et al. 2014);
however, the origin of this promoter and its possible regula-
tion by Pax6 and HSEs identified here (fig. 64) was not
discussed. The transition from amphioxus into sea squirt
B/y-crystallin-like gene could happen by various mechanisms
such as trans-insertion of a novel genomic fragment 5'-of the
B/y-like ORF, or cis-deletion of an internal genomic fragment,
a combination of these processes, and by cumulative nucleo-
tide modifications of the promoter region. We first considered
an “insertional” model from “scratch” as proposed else-
where (Kaessmann 2010) and searched for the possible
“donor” sequence. As the putative inserted sequence has a
conserved 8bp HSE (5GAAGTTTC-3') similar to what is
found in mouse Hspb1 and Hspb6 promoters (fig. 2B), an
intriguing possibility arose that evolution of both o- and B/y-
crystallin promoters could be linked together. The amphioxus
B/y-crystallin and Hspb1-like genes are shown in figure 68
and C, respectively. We found that amphioxus Hspb1-like
gene promoter also harbors a conserved 8bp HSE,
(5GAAGTTTC-3') (fig. 6C and D). A conservation of this
HSE across evolutionary diverse genomes is evident from mul-
tiple sequence alignments of five Hspb7-related genes, includ-
ing D. melanogaster Hsp23, mouse Hspb1, mouse Hspb6, C.
intestinalis Crybg, and B. floridae Hspb1-like gene, demon-
strating conservation of this sequence over a region of
~150 bps (supplementary fig. S8, Supplementary Material
online). Importantly, the “conserved” 5'-GAAGTTTC-3" HSE
in the sea squirt Crybg and amphioxus Hspb1 genomic frag-
ments were precisely aligned if five Hspb1 genomic fragments
were used (see supplementary fig. S8, Supplementary
Material online). Likewise, their pair-wise alignment, including
146 and 149bp with centrally positioned HSEs, matched
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Fic. 5.—Phylograms of crystallin proteins and their 5'-promoter regions. (A) Tree constructed from protein coding sequences without the distance
correction. (B) Tree constructed from promoter sequences up to the starting ATG codon. Both phylogenetic trees are constructed using T-coffee for
alignment and maximum likelihood method with 1,000 bootstrap calculations with MEGA7.

these HSEs (fig. 6D). Finally, a pair-wise alignment between
functionally defined C. intestinalis PB/y-crystallin promoter
(Shimeld et al. 2005) and the 5'-flanking region of the B.
floridae Hspb1-like gene confirmed similarities between these
sequences over a span of 2 kb (fig. 6F). These findings indicate
that a common cephalochordate/tunicate ancestor Hspb1-
like gene provided a genomic fragment that was inserted
5'- of the B/y-crystallin-like ORF to produce the ancestral B/
y-crystallin gene.

The possible origin of Pax6-binding sites from HSE-rich
sequences described above was experimentally tested using
a specific region of the B. floridae Hspb1-like gene. Using a
14bp Pax6 consensus binding site (P6CON), we identified
two putative Pax6-like sequences, Bf-WT1 and Bf WT2, sep-
arated by the 5’-GAAGTTTC-3’ HSE (fig. 7A). Six copies of
wild type (Bf-WT1 and Bf WT2), their point mutants (Bf-M1
and Bf-M2), and optimized Pax6-binding sites (Bf-O1 and
Bf-02), were inserted 5’-of the E4 TATA-box in a luciferase
reporter gene pGL3 as we described elsewhere (Chauhan
et al. 2004a). Transient cotransfections with Pax6 cDNA
were conducted in both lens (expressing Pax6) and nonlens
(no Pax6 expression) cultured cells (fig. 7B). The results
showed that reporter genes driven by putative and mu-
tated Pax6-binding sites were not activated by Pax6. In
contrast, four individual nucleotide changes towards the
“optimal’ Pax6-binding sites, Bf-O1 and Bf-O2, produced
a pair of reporters activated by Pax6 in both cell culture
systems. Taken together, these experiments showed that a

small number of nucleotide changes is sufficient to pro-
duce functional Pax6-binding sites from regions rich in
HSE-like motifs.

Invertebrate Crystallin Promoters: Connections to Aldhs?

Camera-like eyes are also found in multiple evolutionarily dis-
tant invertebrates and Q-, S-, and J-crystallins have been iden-
tified in their lenses (Tomarev and Piatigorsky 1996;
Piatigorsky and Kozmik 2004; Jonasova and Kozmik 2008).
The overarching hypothesis is that invertebrate Q-crystallin
genes evolved by gene duplication from an ancestral Aldh
gene. Aldh genes encode enzymes critical for retinoic acid
biosynthesis, a key ligand employed by retinoic acid activated
nuclear receptors (Cvekl and Wang 2009; Kumar et al. 2012).
Importantly, these proteins protect cells from UV light dam-
age and oxidative stress (Chen et al. 2013; Lassen et al. 2008).
In scallop, the lens-cornea form continuous tissues and both
highly express Q-crystallin/Aldh1a9 (Piatigorsky et al. 2000). In
addition to the major S-crystallins, the Q-crystallin is also
expressed in squid lenses (Tomarev and Piatigorsky 1996).
Aldh1a1/Raldh1, Aldh1a2/Raldh2, and Aldh1a3/Raldh3 are
expressed in the mammalian lens, neuroretina, and retinal
pigmented epithelium (RPE) (Cvekl and Wang 2009; Kumar
et al. 2012) and Aldh1a3 is a Pax6-regulated gene (Suzuki
et al. 2000). Furthermore, Aldh3a1 is a major component of
the mouse cornea with a low lens expression (Lassen et al.
2007; Chen et al. 2013, 2016), and is also directly regulated
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A Sea squirt B/y-crystallin: promoter and first coding exon
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Amphioxus B/y-crystallin (~2,8 kb): promoter and two coding exons
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Fic. 6.—Origin of p/y-crystallin gene family. (A) Genomic organization of Giona B/y-crystallin-like gene and its 1.2 kb promoter (the numbering of
nucleotides is from Shimeld et al. 2005). The TATA-box (blue rectangle), start sites of transcription (+1, hooked arrows), putative HSE (beige circles) and Pax6-
binding (blue ovals) sites, downstream HSE and Pax6 sites, horizontal lines (beige, and blue, respectively), six short repetitive sequences (horizontal arrows,
consensus 5'-GGGGTT-3') are shown. (B) Genomic organization of B. floridae p/y-crystallin-like gene and its putative promoter. The 16 bp and 4 bp repetitive
sequences are shown by purple and blue arrows. (C) Genomic organization of B. floridae Hspb1-like gene and its putative promoter. Four repetitive
sequences (each ~ 200 bp) are shown as green arrows. (D) The pair-wise alignment centered around the conserved HSEs by T-coffee. (E) The alignment
between a Ciona f/y-crystallin promoter and an upstream region of the B. floridae Hspb1-like gene by LAGAN (Berezikov et al. 2004).

by Pax6 (Davis et al. 2008). In elephant shrew (a small mam-
mal), n-crystallin is encoded by an Aldh1a7 gene (Graham
et al. 1996). Multiple sequence alignments of Q-crystallin/
Aldh1a9, n-crystallin/Aldh1a7, Aldh3a1, Aldh1a1, Aldh1a2,
and Aldh1a3 proteins (supplementary fig. S9A,
Supplementary Material online) reveal extensive amino acid
similarities supporting their common evolutionary origin. We
next aligned their promoters, experimentally defined for

mouse Aldh3al (Davis et al. 2008) and scallop
Q-crystallin/Aldh1a9 (Carosa et al. 2002), and deduced
from genome annotation for mouse Aldh1al, Aldhla2,
Aldh1a3, and Aldh1a7. Many blocks of conservation were
identified in the alignment of two evolutionarily distant
genomes (mouse and scallop) whose common ancestor is at
least 650 million years old (supplementary fig. S9B,
Supplementary Material online). We therefore wondered
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Fic. 7.—Functional evaluation of the HSE to Pax6-binding site conversion model within the B. floridae Hspb1-like gene. (A) Identification of HSEs and
two putative Pax6-binding sites. The binding sites were found on the reverse complement (RC) strand. (B) Relative luciferase expression driven by six copies of
the wild type (Bf-WT1 and Bf WT2), their mutants (Bf-M1 and Bf-M2), and optimized Pax6-binding sites (Bf-O1 and Bf-02) in lens («TN4) and embryonic

carcinoma (P19) cells.

whether it is possible to reconstruct various aspects of inver-
tebrate crystallin gene recruitment through the analysis of Q-
crystallin/Aldh1a9 promoter formation by considering a single
origin of the invertebrate crystallin promoter and convergent
evolution assisted by the preexisting cis-regulatory sites.

To test the first model, we aligned five known scallop Q-,
jellyfish J1A- and J2-, and squid SL11 and SL20 S-crystallin
promoters (fig. 8). This alignment shows that both jellyfish

J1A- and J2-crystallin promoters form a group with Q-crystal-
lin/Aldh1a9, whereas SL11 and SL20 form their own clade
(fig. 8A). Multiple blocks of conservation combined with
gap patterns therefore support the intriguing possibility of
the common ancestral origin of these promoters. To probe
the model of preexisting sites, we focused on the idea that the
invertebrate Pax6 sites also evolved from HSEs and/or AREs. In
sea scallop (Placopecten magellanicus) Q-crystallin/Aldh1a9
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Fic. 8.—Multiple sequence alignments of five invertebrate crystallin promoters. (4) Phylogram of the promoter sequences: Scallop Q-crystallin/Aldh1a9,
squid SL11 and SL20 S-crystallin promoters, jellyfish J1A and J2-crystallin promoters. The phylogram employed sequences from the 5'-end throughout the
TATA-box using alignments in panel B with maximum likelihood method and 1,000 bootstrap calculation. (B) Multiple sequence alignments of the
invertebrate crystallin promoters. The alignment shown was generated from two blocks based on the use of TATA-box and experimentally defined
transcriptional start sites (Tomarev et al. 1994; Carosa et al. 2002; Kozmik et al. 2008) using T-coffee. The 5'-box included all sequences up to the
TATA. The downstream box started from the TATA-box and included the first ATG sequences in J1A, J2, and SL11 sequences. 100% nucleotide conser-
vation, light blue; at least 60% conservation, dark blue. The clustering was carried out by T-coffee.

promoter, three Pax6-binding sites were identified and char-
acterized previously (fig. 94) (Carosa et al. 2002). The distal
Pax6-site overlaps with an ARE (fig. 9A). The cubozoan jelly-
fish (Tripedalia cystophora) J2-crystallin promoter fragment
—148/+10 is comprised of three functional PaxB-binding sites
(fig. 9B, Kozmik et al. 2008). Site C overlaps ARE, while two
putative HSE motifs are located in the adjacent 5'-flanking
region. The J3-crystallin promoter (Kozmik et al. 2003) con-
tains a pair of PaxB/Pax6-binding sites though its complete
promoter sequence remains to be reported. Finally, two squid

(Ommastrephes sloani) crystallin promoters have been char-
acterized using vertebrate lens nuclear extracts (Tomarev et al.
1994). The SL11 and SL20 crystallin promoters are similar
(46% identity across 204 bp). In the SL11-crystallin promoter,
two putative Pax6-binding sites overlap with AREs (fig. 90). In
the SL20-crystallin promoter, a putative Pax6-binding site also
partially overlaps with an ARE. The Pax6-binding sites (n = 16,
eight experimentally validated) identified here were aligned
with a Pax6 consensus site (P6CON, Epstein et al. 1994,
Xie and Cvekl 2011) and Pax6 “optimal” binding site
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Fic. 9.—Analysis of invertebrate Q-, J2-, SL11, and SL20-crystallin promoters. (4) Scallop Q-crystallin promoter. (B) Jellyfish J2-crystallin promoter. (C)
Squid S-crystallin SL11 and SL20 promoters. Pax6-binding sites (blue font), ARE and TATA-box (horizontal brackets), HSEs (bold and underlined), start sites of

transcription (horizontal arrows), coding sequences (green font).

(Sun et al. 2015) to demonstrate that many of these sites
contain five or more mismatches (supplementary fig. S10,
Supplementary Material online). Thus, it is possible that
Pax6/PaxB-binding sites in invertebrate crystallin promoters
could also originate from AREs in the ancestral crystallin-
precursor genes by the process of convergent evolution.

Discussion

Reconstruction of an evolutionary history of any family of
genes encoding proteins that determine a unique cell type-
specific property, such as lens transparency, is aided by a)
following general principles of evolution applied to formation
of novel cell typest/tissues/organs (Arendt et al. 2016), b) anal-
ysis of functionally annotated genomic DNA regions from re-
lated and distant organisms (Park et al. 2016), and ¢) detailed
knowledge on the molecular mechanisms that govern tissue-
specific gene expression (Davidson and Erwin 2006; Sun and
Kim 2011; Ettensohn 2013). The present study was aimed to
examine origin of lens-specific Pax6-binding sites, identify

ancestral genes from which diverse families of crystallins
evolved, and search for one or more unifying principles of
crystallin gene recruitment throughout metazoan evolution.
The current studies were conducted with the aim to shed
new light into the genome evolutionary changes and their
consequences for pathways underlying eye evolution in both
vertebrate and invertebrate organisms (Gehring and lkeo 1999;
Lamb 2013; Nilsson 2013). Thus, we aimed to address the
potential use of parallel and convergent evolutionary steps
and/or their combinations. The present data shed new light
onto ocular lens evolution through the identification of com-
plementary evolutionary mechanisms, including gene duplica-
tion, formation of Pax6-binding sites from preexisting cis-
elements, and insertion-mediated de novo gene formation.
Through convergent evolution, any Pax6-binding site could
evolve from nonfunctional and/or preexisting cis-sites near
active transcriptional control regions. The complementary hy-
pothesis states that an initial formation of Pax6-dependent
regulatory region occurred through the processes described
above but only in one or very few genes. If expression of the
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regulated gene provides a selective advantage for the cell
expressing it, the gene could be “recruited” with an oppor-
tunity to maintain the original function and/or produce novel
function(s) (Piatigorsky 2006). In case of a-crystallins, the orig-
inal function could be similar to what other small heat shock
proteins do, that is, to protect proteins from missfolding and
inhibit programmed cell death (Arrigo and Simon 2010). The
present data show that Pax6-binding sites in a-crystallin genes
could indeed emerge from proximal promoter sequences,
called here the “HSE/Pax6 precursor binding region”, found
in the ancestral Hspb1/6 genes. The conservation of distal
HSEs makes this region available for evolutionary changes to-
wards formation of either additional HSEs like in aB-crystallin
promoter, and subsequently, by destroying the nonessential
HSE in the aA-crystallin promoter. It is important to state that
the current Hspb1, Hspb6, Cryab, and Cryaa promoter sequen-
ces do not provide any definitive insight into the putative nu-
cleotide sequence of the ancestral gene Hspbl-like gene.
Similarly, multiple HSE-like motifs found in both amphioxus
and sea squirt B/y-crystallin-like genes could provide specific
“seed” sequences for the emergence of new Pax6-binding
sites. The B/y-crystallin family of genes expanded by gene du-
plication while retaining and evolving their 5'-flanking sequen-
ces. From a purely evolutionarily perspective, it is easier to
envision a common origin from a single “improbable” event
compared with many parallel processes by convergent evolu-
tion within a family of duplicated genes (Gehring 2004, 2012).

An interesting question is how consensus Pax6-binding
sites are related to the optimal binding sites of all known
transcription factors as any of these sites has a potential to
give rise to a new site recognized by different factors and
change gene regulatory mechanisms. Comparisons of

optimal binding sites have an internal limitation as it has
been proposed that promoter/enhancer mediated transcrip-
tional regulation offers better opportunities if the individual
regulatory sites are “suboptimal” (Crocker et al. 2015; Jolma
et al. 2015). An unbiased analysis using the TOMTOM motif
comparison software (http://meme-suite.org/tools/tomtom)
to compare the Pax6 motif with all vertebrate TF motifs in
the Jaspar database (http:/jaspar.genereg.net/) identified
binding motifs for glial cells missing homolog 1 (GCM1) and
T-box transcription factors (e.g., Tbr1) that use DNA-binding
domains distinct from the helix-turn-helix domains forming
the Pax6 paired domain, that is, metal chelating and Thox
DNA-binding domain, respectively. This analysis illustrates
that there are many routes how preexisting cis-sites can be
modified towards Pax6-binding sites and the actual mecha-
nisms ultimately selected by evolution depends on the tran-
scription factors available and gene product function(s).

Our studies suggest that multiple invertebrate crystallins
originated from an ancestral Aldh gene, a pair of vertebrate
a-crystallins originated from an Hspb1 gene, and 14 verte-
brate B/y-crystallins emerged from a single B/y-crystallin-like
gene (see fig. 10). The common denominator between Aldh
and Hspb genes is their stress-inducibility and inhibition of
apoptosis by the encoded proteins. Small heat shock proteins
are multifunctional proteins used to protect cells from heat
shock and other types of stress (Arrigo and Simon 2010).
Mouse Aldh3al possesses both antiapoptotic function and
stress inducibility (Choudhary et al. 2005; Lassen et al.
2007) likely mediated by at least two HSEs and an ARE pre-
dicted here in the Q-crystallin/Aldh1a9 promoter.

The recruitment of small heat shock proteins, other stress-
related proteins, and ubiquitous enzymes to function as lens
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crystallins has been extensively discussed earlier mostly
through their ability to support lens transparency and its re-
fractive power (Piatigorsky 2006). It is obvious that any crys-
tallin protein needs to be water soluble at a very high
concentration, and selection pressures had to choose for
the right proteins. Since evolution works by improvement of
something that already works, it is unlikely that the issue of
water-solubility and concentration would have any impact at
the beginning of this process. It has been proposed that elon-
gation of lens fiber cells requires elaborate changes in the
cellular cytoskeleton as well as changes in the osmoregulation
that would preferentially select small heat shock proteins
(Wistow 1993). Indeed, both aB-crystallin and small heat
shock proteins interact with actin and have roles in cytoskel-
eton assembly (Xi et al. 2006; Ghosh et al. 2007; Singh et al.
2007) and play several noncanonical roles in lens and nonlens
cells (Gangalum and Bhat 2009; Gangalum et al. 2011). It is
also possible that B/y-crystallins originally served as UV light
filters (Hibbert et al. 2015). We propose here that the reason
to initially select small heat shock proteins is their strong anti-
apoptotic function (Arrigo and Simon 2010; Basha et al.
2012) coupled with their compatibility with the cytoskeleton
remodeling during cellular elongation (Wistow 1993). The
hallmark of lens differentiation is an organized degradation
of organelles inside of the lens fiber cells to prevent light
scattering. Degradation of organelles combined with preser-
vation of cells is a unique property of the lens, and thus, a
reasonable initial force to improve lens function. However,
there is an internal conflict between the degradation of
organelles that leads to apoptosis in other cell types, and
the necessity to make organelle-free fiber cells as a structural
foundation of the bulk of the lens. The elevation of expression
of an ancestral crystallin/small heat shock protein would pro-
vide the antiapoptotic cellular environment to preserve the
cells while undergoing demise of the mitochondria, endoplas-
matic reticulum, Golgi apparatus, and finally nuclei. The aA-
crystallin indeed protects lens epithelial cells from apoptosis
during mitosis (Xi et al. 2003b). Loss of both «A- and «B-
crystallins in double-knockout mouse lens resulted in a cas-
pase 3/6-dependent lens fiber cell disintegration (Morozov
and Wawrousek 2006). These studies demonstrate that a
specific antiapoptotic role of a-crystallins is essential for the
lens viability. Interestingly, specific mutations in both «- and -
crystallins inhibit the denucleation process (Sandilands et al.
2002; Graw et al. 2004; Gupta et al. 2011) further supporting
the link between shsps and denucleation of lens fiber cells.
Finally, it is possible that the Pax6/a-crystallin regulatory mech-
anism evolved in ancestral neuronal cells prior to its subse-
guent deployment in the ancestral lens fibers. This inference is
supported by recent studies demonstrating that Pax6 regu-
lates expression of aA-, BB2-, and other crystallins in a subset
of olfactory bulb neurons, and that the key role of aA-crystal-
lin in these cells is inhibition of apoptosis (Ninkovic et al.
2010).

Likewise, what are the selective advantages to recruit Aldhs
as lens crystallins? In the scallop eye, Q-crystallin/Aldh1a9 is
expressed both in the cornea/lens joint structure (Piatigorsky
et al. 2000). The Q-crystallin/Aldh1a9 is both a major crystallin
in scallop and a minor crystallin in squid lens (Tomarev and
Piatigorsky 1996). In the present mammalian eye, Aldh3a1 is
the major corneal crystallin (Lassen et al. 2007) and protects
cells from UV light damage (Chen et al. 2013). Thus, Aldh-
based proteins were successfully employed by lens and cornea
in evolutionarily very distant organisms (Jonasova and Kozmik
2008). The rodent Aldh1a3 and Aldh3a1 (Suzuki et al. 2000;
Davis et al. 2008) and scallop Q-crystallin/Aldh1a9 (Carosa
et al. 2002) are all Pax6-regulated genes. Although we do
not know if the ancestral “prototype” Aldh gene was also
regulated by Pax6/PaxB, the direct link between Pax6/PaxB
and Aldh fits to the “intercalary evolution” hypothesis to ex-
plain both initiating and universal roles of Pax6/PaxB in eye
formation and evolution (Gehring and lkeo 1999) as Aldh1a1,
Aldh1a2, and Aldh1a3 are important enzymes in the metab-
olism of retinoic acid, a key morphogen that controls eye
development (Cvekl and Wang 2009; Kumar et al. 2012).
Our data also support an intriguing possibility that Aldh
gene recruitment could be accompanied by duplication of
their promoter sequences and their insertion in other parts
of the ancestral genomes to give rise to the J- and S-crystallin
promoters. Taken together, prior to lens evolution, Aldh
gene(s) were already important for the formation of the
most primitive eyes, and were available to expand their roles
as lens and corneal structural proteins.

Conclusions

In summary, the foundation for the present study employs
detailed knowledge of lens-specific regulatory mechanisms
of both vertebrate and invertebrate crystallin genes through
their transcriptional control by Pax6 and more ancestral PaxB
in jellyfish. Lens morphogenesis can be unified by the use of
small heat shock proteins for the formation of vertebrate lens
and suggest that the nonvertebrate crystallins could follow
the same strategy via antiapoptotic and UV-filtering activities
of Aldhs. Although our data on the origin of Pax6-regulation
of vertebrate crystallins support the model of HSE-like to Pax6
conversion followed by gene duplication, the origin of inver-
tebrate crystallin promoters is less clear and awaits for com-
plete DNA sequences of the invertebrate genomes of interest.
Finally, it is possible to envision experimental testing of the
current models as it is now feasible to screen large promoter
libraries using massively parallel reporter assays (Inoue and
Ahituv 2015).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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