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Abstract

Organisms show striking differences in genome structure; however, the functional implications and fundamental forces that
govern these differences remain obscure. The intron—exon organization of nuclear genes is involved in a particularly large
variety of structures and functional roles. We performed a 22-species study of Meis/hth genes, intron-rich homeodomain-
containing transcription factors involved in a wide range of developmental processes. Our study revealed three surprising results
that suggest important and very different functions for Meis intron—exon structures. First, we find unexpected conservation
across species of intron positions and lengths along most of the Meis locus. This contrasts with the high degree of structural
divergence found in genome-wide studies and may attest to conserved regulatory elements residing within these conserved
introns. Second, we find very different evolutionary histories for the 5’ and 3’ regions of the gene. The 5’-most 10 exons,
which encode the highly conserved Meis domain and homeodomain, show striking conservation. By contrast, the 3’ of the
gene, which encodes several domains implicated in transcriptional activation and response to cell signaling, shows a remarkably
active evolutionary history, with diverse isoforms and frequent creation and loss of new exons and splice sites. This region-
specific diversity suggests evolutionary “tinkering,” with alternative splicing allowing for more subtle regulation of protein
function. Third, we find a large number of cases of convergent evolution in the 3’ region, including 1) parallel losses of
ancestral coding sequence, 2) parallel gains of external and internal splice sites, and 3) recurrent truncation of C-terminal
coding regions. These results attest to the importance of locus-specific splicing functions in differences in structural evolution
across genes, as well as to commonalities of forces shaping the evolution of individual genes along different lineages.
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Introduction orders-of-magnitude differences in the rates of intron
creation and loss between species (Roy and Penny 2006).
At one extreme, orthologous genes from deeply diverged
species including vertebrates, the cnidarian Nematostella,
and the placozoan Trichoplax have nearly identical intro-
n—exon structures within conserved coding regions, indicat-

Intron—exon structures are highly variable both between and
within species. Within metazoans, some species such as hu-
mans have an average of ~9 introns per gene, whereas
others, such as flies, have nearly three times less (Roy and

Irimia 2009b). A large number of genome-wide interspecies ing a striking dearth of intron creation and loss changes
comparisons of intron—exon structures have revealed the across hundreds of millions of years (Roy et al. 2003;
history of change and stasis in intron—exon structures under- Coulombe-Huntington and Majewski 2007a; Putnam
lying these differences. Modern differences largely reflect et al. 2007; Srivastava et al. 2008). At the other extreme,
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intron positions in lineages such as urochordates and
Caenorhabditis nematodes only rarely correspond to intron
positions in other lineages, indicating wholesale intron loss
and gain (Seo et al. 2001; Rogozin et al. 2003; Edvardsen
et al. 2004; Coulombe-Huntington and Majewski 2007b;
Putnam et al. 2008).

While powerful for understanding general evolutionary
trends, such studies may overlook differences in evolution-
ary mode between different genes or different introns
within the same species. Intron—exon structures vary dra-
matically across genes: within humans, intron numbers
range from hundreds of intronless genes to the 363-exon
TITIN gene (Bang et al. 2001), and intron lengths span four
orders-of-magnitude (from ~100 bp to ~1 Mbp). It is
known that splicing encodes a large number of locus-
specific functions (production of specific alternative tran-
scripts, regulation of specific genes by production of sterile
transcripts by splicing, etc. [e.g., Schmucker et al. 2000;
Irimia et al. 2010]); as such, intron function and level of dis-
pensability is likely to vary considerably across genes and
introns within the same species. Systematic evolutionary dif-
ferences have also been observed, often related to transcript
position. For instance, in some species, the first (5'-most)
intron within a coding sequence tends to be longer, and
to exhibit more interspecific sequence conservation, consis-
tent with greater frequencies of functional elements
(Bergman and Kreitman 2001; Marais et al. 2005; Hughes
etal. 2008). Striking differences in the incidence and lengths
of introns are also observed between translated and un-
translated regions of genes (Hong et al. 2006; Scofield
et al. 2007; Hughes et al. 2008), also suggesting different
evolutionary dynamics in different classes of introns. How-
ever, genome-wide studies tend to average across introns of
different modes and levels of functionality, perhaps inaccu-
rately sketching a portrait of intron evolution as a largely
stochastic and random process.

Here, we employ an alternative approach, using
many-species studies of an individual gene family to try
to discern commonalities of evolution across species and dif-
ferences between introns within the same genome. We
studied myeloid ecotropic viral integration site homologue
(Meis) genes (Moskow et al. 1995, called homothorax
[hth] in Drosophila [Rieckhof et al. 1997]). In contrast to
most homeobox genes, which contain one or no introns,
Meis genes contain 10 or 11 introns in most metazoans.
Meis are deeply conserved homeodomain-containing tran-
scription factors of the TALE (three-amino acid loop exten-
sion) superclass, involved in a wide variety biological
processes, ranging from hematopoiesis (Hisa et al. 2004,
Azcoitia et al. 2005) to limb development and regeneration
(Mercader et al. 1999; Mercader et al. 2005). Meis1 and
Meis2 have overlapping but distinct dynamic expression do-
mains in the developing central nervous system, related to
patterning of the developing telencephalon (Toresson et al.

2000), pretectum (Ferran et al. 2007), and hindbrain (Dibner
et al. 2001; Choe et al. 2002; Wassef et al. 2008). In
Drosophila, hth has also been implicated in several biological
processes, some of them in common with vertebrates (Pai
et al. 1998; Mercader et al. 1999).

Most vertebrates contain three paralogs of Meis
(Nakamura et al. 1996; Sanchez-Guardado et al. 2011), dat-
ing to the two rounds of whole-genome duplication (WGD)
at the base of vertebrates (Dehal and Boore 2005; Putnam
et al. 2008). Adding to MEIS protein diversity, Meis genes
have been shown to be alternatively spliced. For instance,
exon “12a" of the vertebrate Meis1 gene is alternatively
spliced: the Meis1A isoform contains exon 12a (fig. 1A),
but the Meis1B isoform does not, leading to an alternative
C-terminus, encoded by the downstream exon 12b, and to
higher transcriptional activator capacities than both
Meis1A- and the Meis-related pknox1 gene, especially in re-
sponse to protein kinase A (PKA) and TrichostatinA (TSA)
(Maeda et al. 2001; Huang et al. 2005). Alternative splicing
(AS) of exons homologous to 12a, as well as other AS
events, have been reported for the Meis2 and Meis3 genes
in vertebrates (Oulad-Abdelghani et al. 1997; Yang et al.
2000; Williams et al. 2005; Shim et al. 2007; Hyman-Walsh
et al. 2010; Sanchez-Guardado et al. 2011).

Here we investigate the evolution of intron—exon struc-
tures and AS of Meis genes across metazoans. We find very
different evolutionary histories for the 5’ and 3’ regions of
the gene. Intron—exon structures of the 5’-most region, cor-
responding to the first ~1,000 nt of the coding sequence,
are highly similar across species, with the positions and rel-
ative sizes of the first 9 intron positions being highly
conserved across studied species. Unexpectedly, this conser-
vation extends to metazoan groups with intron—exon struc-
tures that are generally very divergent, such as flies,
nematodes and tunicates, suggesting functional constraints
opposing intron loss. On the other hand, the C-terminal
coding regions exhibit a complex and surprising history
marked by creation and loss of introns and exons, gain
and loss of AS of various gene regions, and a remarkable
variety of cases of parallel evolution at the levels of genome,
gene transcripts, and gene function. These differences in the
evolution of intron—exon structures and splicing across Meis
genes are likely to reflect, at least in part, qualitatively dif-
ferent protein and regulatory functions encoded by different
genic regions. These results underscore the utility of many-
species studies for understanding the functional genomics
of introns and splicing.

Materials and Methods

Genome Sources and Gene Annotation

We used the following genome sequence assemblies and
expression data (expressed sequence tags [ESTs]) from the
following sources: Trichoplax adhaerens Grell-BS-1999
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Fic. 1.—Evolution of the intron-exon structures of the C-termini of Meis/hth. (A) Schematic representation of the intron-exon structure of
a prototypical vertebrate Meis gene. The conserved long size of introns 6-9 are indicated by a double slash. Homologous coding regions (exons) in the
3’ are indicated by colors: 10 (dark blue), 10 (light blue), 11 (red), 12a (light green), and 12b (dark green). (B) Diversity of intron—exon structures of exons
10-12b in metazoans. The different genomic gains (+) and losses (—) of regions or splice sites (5" splice site (SS) or 3’ ss, colored according to the exon),
assuming parsimony, are indicated in the branches of the schematic tree on the left-hand side. Solid vertical bars between colors represent a conserved 5’ ss,
and GC 5’ ss are indicated above each line. Asterisks represent termination codons and gray blocks indicate UTR exons. Split gray/colored boxes
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v1.0 (Srivastava et al. 2008), N. vectensis v1.0 (Putnam et al.
2007), Branchiostoma floridae v1.0 (Putnam et al. 2008),
Ciona intestinalis v2.0 and v1.0 (Dehal et al. 2002), Takifugu
rubripes v4.0, Xenopus tropicalis v4.1 (Hellsten et al. 2010),
Daphnia pulex v1.0, Helobdella robusta v1.0, Lottia gigan-
tea v1.0 and Capitella teleta v1.0, at DOE Joint Genome In-
stitute (JGI) Web page (http://genome.jgi-psf.org/
euk_home.html), and of Strongylocentrotus purpuratus
Build 2.1 (Sea Urchin Genome Sequencing Consortium
et al. 2006), Apis mellifera Amel_4.0, Tribolium castaneum
Build 2.1 (Tribolium Genome Sequencing Consortium et al.
2008), Drosophila melanogaster Build Fb5.3 (Adams et al.
2000), Danio rerio Zv8, Gallus gallus v2.1 (Chicken Genome
Sequencing  Consortium  2004), Anolis  carolinensis
AnoCar1.0, Homo sapiens Build GRCh37 (Lander et al.
2001; Venter et al. 2001), Mus musculus Build 37.1
(Waterston et al. 2002), and Acyrtosiphon pisum Build
1.1, at the NCBI Web page (http://Awww.ncbi.nlm.nih.gov/
blast/Blast.cgi) and/or Ensembl Web page (http:/Avww.
ensembl.org), Trichinella spiralis at the NCBI Web page for un-
finished eukaryotic genomes (http://Avww.ncbi.nlm.nih.gov/
sutils/genom_table.cgi?organism=eukaryotes), Brugia malayi
BMAT1 (Ghedin et al. 2007) at TIGR Web page (http://blast.
jevi.org/er-blast/index.cgi?project=bmat),  Caenorhabdlitis
elegans WS213 (Caenorhabditis elegans  Sequencing
Consortium 1998) at WormBase (http./Avww.wormbase.org),
and Saccoglossus kowalevskii 09 December 2008 scaffolds
at HGSC Baylor College of Medicine Web page
(http://blast.hgsc.bcm.tmc.edu/blast.hgsc?organism=20).

Additional sequences from arthropods without available
genome resources (those included in supplementary fig. S1)
were retrieved through TBlastN searches against the nucleo-
tide collection database at the NCBI Web page. In more poorly
annotated genomes, Meis candidates were searched by
TBlastN and gene annotation was then performed by down-
loading the whole associated genomic region and identifying
each exon by mapping available expression data and/or by
similarity of sequence using ClustalW and Blast2seq. Available
automatic gene predictions were also used. Combining the
different sources of data, most exon boundaries could be
determined unambiguously (supplementary table S1). Introns
and exons were named following the vertebrate nomencla-
ture (exons 12 and 13 were named 12a and 12b [Sanchez-
Guardado et al. 2011] and insect-specific exons between an-
cestral exons 7 and 8 were not counted [supplementary
fig. S1]). Intron—exon structures of the 5" untranslated regions
(UTRs) are not described here due to the lack of expression
data for most species and difficulty to assess intron position

conservation in noncoding sequences over long phylogenetic
ranges.

Median, average and average excluding the top 5%
intron lengths and intergenic distances (supplementary ta-
ble S2) were calculated for each genome using custom Perl
scripts on GTF (Ensemble), GFF (JGI), or GBK (NCBI) files or
obtained from Irimia, Maeso, and Garcia-Fernandez (2008).

Phylogenetic Analyses

Meis/hth protein sequences from multiple species were
aligned using MAFFT (Katoh et al. 2002, 2005) as imple-
mented in Jalview 2.4 (Waterhouse et al. 2009), and the
alignments were manually curated by using information
on intron positions (Irimia and Roy 2008). Two different phy-
logenetic analyses were performed. First, to establish orthol-
ogy of all studied Meis/hth genes, we used an alignment
containing only the highly conserved Meis and Homeobox
domains and including several Meis-related pknox proteins
as outgroups (supplementary fig. S2A). Second, to allow
confident assignment of paralogy relationships within
vertebrates, the number of positions included in the align-
ment was increased using the whole protein sequence
(except exon 1 and the alternatively spliced 3’ regions
[exons 10’ to 12b]), and fast-evolving species were excluded
(supplementary fig. S2B). Phylogenetic trees were
generated by the Bayesian method with MrBayes 3.1.2
(Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003) using two independent runs (each with
four chains). Model selection using ProtTest (Drummond
and Strimmer 2001; Guindon and Gascuel 2003; Abascal
et al. 2005), convergence determination, burn-in, and con-
sensus tree calculations were done as previously described
(D'Aniello et al. 2008).

cDNA Samples and Reverse Transcription-
Polymerase Chain Reaction of Alternative Splicing
Events

RNA from adult and/or embryonic vertebrate (D. rerio,
X. tropicalis, A. carolinensis, G. gallus, and M. musculus)
tissues and different amphioxus (B. lanceolatum) develop-
mental stages was extracted using RNeasy Mini Kit (Qiagen),
and retrotranscriptions were done using SuperScript Ill Re-
verse Transcriptase (Invitrogen), according to manufacturer.
One A. carolinensis adult animal was bought in a local pet
shop. All animals were sacrificed following standard and
ethically approved procedures by the European Union and
the Spanish government for laboratory animals.

«—

indicate regions that are either translated or 3" UTR depending on splice form. (C) Sequence alignment for some representative bilaterians and the two non-
bilaterians showing sequence conservation at each exon. Within the boxes, “1" indicates a phase 1 intron, and an asterisk represents absence of an intron at
that position. Highlighted positions correspond to 60% of similar amino acid types across studied genes, as generated by BioEdit.
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For reverse transcription—polymerase chain reaction
(RT-PCR) analyses, we designed two sets of primers for each
gene in each studied species (S. purpuratus, B. lanceolatum,
D. rerio, X. tropicalis, A. carolinensis, G. gallus, and M. mus-
culus). The first set spans exons 10, 10’, and 11 and the
second one exons 11, 12a (when present), and12b, to yield
all isoforms of the 3’ region present in the studied set of
tissues. All primer sequences are provided in supplementary
table S3. RT-PCR were done trying to minimize the number
of cycles and at least 3’ of elongation to diminish the
PCR bias for short isoforms (Rukov et al. 2007), except
for those probing exon 10’ inclusion (supplementary
fig. S3), for which we used 36 cycles in each of two rounds
of amplification.

Results

Meis Gene Complements in Metazoans

We studied 7 vertebrate and 15 invertebrate genomes,
spanning all major metazoan clades (deuterostomes, proto-
stomes, lophotrochozoans, and non-bilaterians). In most
studied invertebrates, we found only 1 Meis/hth ortholog,
including the basal branching non-bilaterians T. adhaerens
and N. vectensis. However, we found four Meis genes in the
lophotrochozoan H. robusta; in addition, two paralogs have
been described in two distantly related spiders (Prpic et al.
2003; Pechmann and Prpic 2009), Cupiennius salei and
Acanthoscurria geniculata, for which full genome sequen-
ces are not yet available. Among vertebrates, Meis
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Fic. 2.—Evolution of intron—exon structures and alternative splicing of the 3’ end of vertebrate Meis genes. Diversity of intron—exon structures of
exons 10-12b in vertebrates. The different genomic gains (+) and losses (—) of regions, assuming parsimony, are indicated in the branches of the
schematic tree on the left-hand side. Solid vertical bars between colors represent a conserved 5’ splice site (SS), and GC 5’ ss are indicated above each
line. Asterisks represent termination codons and gray blocks indicate UTR exons. Split gray/colored boxes indicate regions that are either translated or 3’
UTR depending on splice form. RT-PCR results for each event are shown on the right-hand side.
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Table 1
Length of Each Intron and Species Median, Average, and Average Excluding the Longest 5% Introns

Median Average Average — 5% Intron 1 Intron 2 Intron 3 Intron 4 Intron 5 Intron 6 Intron 7 Intron 8 Intron 9 Intron 10 Intron 11 Intron 12 Mean

H. sapiens Meis1 1,419 5,787 2,792 1,868 1,879 577 801 1,437 21,060 47,928 35,648 19,433 1,155 293 2,100 11,182
H. sapiens Meis2 1,255 1,536 674 986 796 9,695 46,811 86,413 53,637 1,366 338 2,257 17,147
H. sapiens Meis3 1,719 214 101 1,550 109 5,169 188 1,961 107 361 — 2,906 13,08
M. musculus Meis1 1,290 4738 2,260 1,861 1,741 567 771 1,394 22,862 46,463 35893 20,037 1,116 304 2,065 11,256
M. musculus Meis2 671 1,595 719 1,116 733 9,432 48,807 78382 52,868 1,411 364 2,292 16,533
M. musculus Meis3 1,824 135 92 733 155 2,940 167 1,322 170 538 729 539 779
G. gallus Meis1 806 2,616 1,332 ? ? ? ? >849 >6,084 25,232 25453 16,211 1,271 188 1,919 11,712
G. gallus Meis2 ? >967 222 1,734 791 10,760 34,904 59,559 54,586 1,439 422 3,103 16,752
T. rubripes Meis1.1 147 568 315 1,491 999 219 425 1,010 7,736 15,920 13,058 10,547 1,832 677 — 4,901
T. rubripes Meis1.2 1,061 388 243 78 70 114 1,051 1,388 1,016 373 145 — 539
T. rubripes Meis2 225 1,604 233 326 371 7,877 18,177 18491 14,252 912 368 3,260 5,508
T. rubripes Meis3 2,027 301 93 87 84 79 138 371 817 87 — 90 379
C. intestinalis 333 545 365 2,488 4,548 1,349 1,357 363 4,275 4,147 2,197 6,648 101 — 242 2,520
B. floridae 730 1,460 973 177 412 633 701 1,231 3,513 9,733 9,140 9,863 2,580 503 2,552 3,420
S. kowalevskii n.d. n.d. n.d. 274 453 697 1,289 1,943 5,390 9,712 6,089 11,058 1,815 — — 3,872
S. purpuratus 748 1,624 1,015 297 850 1,965 901 10,371 36,100 29,274 3,725 11,805 6,788 — — 10,208
D. melanogaster 74 1,123 394 7,616 2,154 9,190 2,091 5,480 23,710 40,688 6,727 2,450 221 — — 10,033
A. mellifera 120 1,177 334 14,086 8,857 8,878 20,587 9,010 69,950 13,9655 63,262 73,730 21,383 — — 42,940
T. castaneum 54 1,312 553 4,989 9,963 14,951 1,722 3,163 5,821 28,551 3,236 6,276 629 — — 7,930
D. pulex 294 491 333 2,689 1845 4,383 1394 1,334 10,586 26,222 1,323 14,569 618 — — 64,96
I. scapularis n.d. n.d. n.d. ? 18,062 8,679 2356 17,775 63,774 10,0420 31,473 46,591 3,458 — 2,754 29,534
C. elegans 65 302 204 1,411 318 47 — 558 1,122 1,128 312 3,973 — 643 100 961
T. spiralis n.d. n.d. n.d. 922 522 57 134 683 669 1,037 1,436 5,423 193 — 60 1,012
L. gigantea 552 965 662 129 536 1,608 931 804 17,612 17,709 10,687 18,634 1,330 - 182 6,378
C. teleta 299 553 386 1,502 169 505 533 2,883 5,995 13,235 2,197 5,760 124 - 3,361 3,297
N. vectensis 591 961 723 ? 304 183 249 381 1,062 3,494 2,409 4,920 — — — 16,25
T. adhaerens 278 419 320 ? ? ? 2,306 7,825 3,181 ? 267 904 — — — 2,897
Average bilaterians 495 1,662 851 2,373 2,651 2,520 1,944 2,742 14,340 26,633 16,421 16,843 2,208 434 1,695 8,620

Note.—"?" indicates that the size could not be determined, “>"minimum size, and “—" intron absence. For genome-wide data, “n.d.” indicates that statistics could not be determined due to lack of genome-wide annotation.

Introns 6-9 are shown in italics to highlight their consistently longer lengths across bilaterians.

SEREREN

d4d0



Evolution of Meis Gene Structures in Metazoans

GBE

complement ranged from two paralogs in birds (Sanchez-
Guardado et al. 2011) to five in zebrafish (dating to the extra
round of WGD that occurred at the base of teleosts), with
three genes in most tetrapods. Phylogenetic analysis using
Bayesian inference strongly supports the orthology of all
identified genes (supplementary fig. S2).

High Level of Conservation of 5’ Intron-Exon
Structures of Meis across Metazoans

To compare intron-exon structures of Meis across animal lin-
eages, we mapped intron positions onto alignments of trans-
lated coding sequences. We found very different general
patterns for the 5’ and 3’ portions of the gene (fig. 1A). The
first 9 intron positions and phases were conserved in all stud-
ied metazoans, with the two exceptions of the loss of intron
4 in C. elegans and of intron 3 in a divergent paralog in the
leech H. robusta and intron gain events splitting exon 6 in-
dependently in B. malayi and another paralog of H. robusta.
This extreme conservation is in striking contrast to the gen-
eral patterns found in genome-wide studies, in which intron
positions in a variety of lineages, notably arthropods, nem-
atodes, and tunicates, show very little correspondence, at-
testing to large amounts of intron loss and gain (Logsdon
2004; Rogozin et al. 2003; Edvardsen et al. 2004; Putnam
et al. 2008). The finding of widespread intron position cor-
respondence in the 5’ regions of Meis genes thus suggests
that locus-specific forces opposing loss of ancestral introns
and gain of new ones are acting across a wide variety of
metazoan lineages.

In addition, we found that the relative sizes of introns are
widely conserved across species. In nearly all studied species,
introns 6-9 are the longest (P < 0.0001 in a Kolmogorov—
Smirnov comparison between introns 6 and 9 vs. the rest),
with sizes usually 10-30 times larger than the species aver-
age intron length, reaching ~100 times as long as the av-
erage in some extreme cases (table 1). This pattern is
observed both in vertebrates and invertebrates and in large
and compact genomes. For instance, out of only ~500 in-
trons longer than 10 Kb in the compact genome of the puf-
ferfish T. rubripes (Aparicio et al. 2002), 6 are found in
2 Meis paralogs. Long introns are often associated with reg-
ulatory signals contained within intronic sequences; a regu-
latory role for these long introns could explain the lack of
intron loss in diverse lineages (see below).

Interestingly, the only cases in which introns 6-9 are not
long relative to species average occur in vertebrates. This
could possibly reflect relaxed constraint on intronic regula-
tory functions following gene duplication. Consistent with
this notion, vertebrate paralogs with short introns show
more restricted developmental expression domains than
do other vertebrate Meis genes (e.g., Meis3 [Waskiewicz
et al. 2001; Ng et al. 2009]). Perhaps relatedly, these same
paralogs show reduced intergenic lengths. Whereas Meis

genes are often found in large genomic regions with ex-
tended intergenic regions across animal phylogeny (supple-
mentary table S2), paralogs with shortened introns also
show highly reduced intergenic distances relative to other
Meis genes. Together these results suggest general loss of
regulatory motifs in noncoding regions following gene
duplication.

Complex and Convergent Evolution of Meis
3’ Intron-Exon Structures

In contrast to widespread conservation of intron—exon struc-
tures in the 5’ region of the gene, the 3’ of metazoan Meis
genes showed a much more volatile evolutionary history
(fig. 1B); 3" intron—exon structures differ between bilaterian
and non-bilaterian genes: the entire region is encoded by
a single exon in both studied non-bilaterians, N. vectensis
and T. adhaerens, but is divided into multiple exons in all
studied bilaterians. The orthologous sequence in most bilat-
erians is divided into three exons: one exon which we call
exon 10 + 10’ (see below), exon 11, and exon 12b (often
called 13, fig. 1). The simplest explanation for this difference
is two intron gains at the base of bilaterians.

The region also shows remarkable diversity within bilat-
erians (fig. 1B). First, the 10th exon is alternatively spliced in
diverse bilaterian lineages, with usage of an alternative
splice site within the exon. (We refer to the upstream con-
stitutive region as exon 10 and the downstream alternatively
spliced region as 10’.) Interestingly, in many bilaterian line-
ages, the upstream 5’ splice site is a rare GC (accounting for
46% of splice boundaries at this position in studied genes;
indicated in Figures 1 and 2). Whereas exon 10 is present in
all transcripts, splicing of 10’ varies widely across groups,
with 4 observed patterns: 1) 10’ is included in all available
transcripts (nematodes), 2) a significant fraction of the tran-
scripts show 10’ inclusion (@amphioxus and hemichordates,
based on RT-PCR and/or EST count), 3) despite clear conser-
vation of exon sequence and coding meaning in the ge-
nome, inclusion of 10’ occurs at very low levels (some
vertebrate genes) or could not be observed at all in either
ESTs or RT-PCR experiments (sea urchin, supplementary
fig. S3), and 4) the sequence encoding 10’ have been lost
from the genome (some vertebrates, C. teleta, C. intestina-
lis, and arthropods). (Specifically, sequence clearly homolo-
gous to exon 10 is found, but the downstream sequence
shows no similarity to the 10’ region, indicating loss of cod-
ing potential.) Strikingly, the loss of 10" at the genomic level
(case 4, above) has independently occurred at least nine
times in the evolution of the studied genes (figs. 1 and 2).

Second, different Meis genes have undergone recurrent
truncation at the transcript and genomic level. In each case,
truncation has occurred by the introduction of a STOP codon
within a novel exonic region upstream of the exon contain-
ing the putative ancestral protein terminus (exon 12b; novel
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and ancestral STOPs are indicated by asterisks in figs. 1 and
2). 1) In some groups, the inferred ancestral situation has
been maintained, with the terminal exon constitutively en-
coding the STOP codon (C. intestinalis, lophotrochozoans,
some vertebrates, some ecdysozoans). 2) In chordates,
a new alternative STOP-containing exon has arisen by an un-
known mechanism (exon 12a, light green in figs. 1 and 2).
The new exon is alternatively spliced; its inclusion leads to
premature termination, leaving the ancestral exon 12b as
3’ untranslated region (3’ UTR, depicted as half grey). 3)
In Ambulacraria (sea urchin and hemichordates), a new
downstream splice site has evolved for exon 11, which is al-
ternatively spliced. Use of the new 5’ splice site introduces
“extra” downstream sequence (pink), which includes a new
STOP codon; as in the case of exon 12a the resulting MEIS
protein has a novel C-terminus, and all of exon 12b lies
downstream of the STOP codon as 3’ UTR. Interestingly,
in sea urchin, the ancestral exon 11 splice site has been lost,
implying constitutive use of the new STOP codon and pro-
tein truncation. RT-PCR analyses throughout the early devel-
opment of sea urchin confirmed that only the new terminal
isoform is expressed (supplementary fig. S3). 4) Finally, in
Pancrustacea (insects and crustaceans [D. pulex]), we found
a situation similar to sea urchin: the termination codon is
located in a downstream extension of exon 11, and no
12b coding meaning is recognized in the untranslated
downstream exon. Importantly, in the last three cases (2—
4), the protein sequence, structure, and function of C-ter-
minus of Meis, which harbors the capacities for transcrip-
tional activation and Hox interaction (Yang et al. 2000;
Huang et al. 2005; Williams et al. 2005; Hyman-Walsh
et al. 2010), are likely to be highly modified relative to
the ancestral protein.

Other specific molecular elaborations have also evolved in
several lineages (fig. 1B). For instance, the hemichordate
S. kowalevskii shows an additional alternative 5’ splice site
within the exon 10’ region (i.e., three alternative splice sites
for the same exon 10 + 10’), producing an exon with an
intermediate length (42 nucleotides less than the entire
10 + 10’ exon). On the other hand, exon 11 in chordates
hasevolved a5’ extension of different lengths across species
by emergence of an alternative upstream 3’ splice site,
resulting in an extended alternative coding sequence (pre-
viously described for mammalian Meis2 (Oulad-Abdelghani
et al. 1997)). Similarly, in the lophotrochozoan L. gigantea,
exon 12b has a constitutive (i.e., not alternative) 5’ exten-
sion of ~35 codons, consistent with loss of the ancestral 3’
splice site and use of a novel upstream site. Finally, nemat-
odes exhibit loss and gain of introns, with loss of the ances-
tral phase 1 intron between exons 11 and 12b, and gain of
a new phase 2 intron at a nearby site in a common ancestor
of Trichinella, Brugia, and Caenorhabditis, and subsequent
loss of the intron between exons 10’ and 11 in Caenorhab-
ditis (fig. 1B). In stark contrast to this 3’ diversity, only little

transcriptional variation was found in the 5’ of the gene. AS
in insects and vertebrates produce homeodomain-less pro-
teins (which are, indeed, C-terminal truncations) with dis-
tinct functions (Yang et al. 2000; Noro et al. 2006);
similarly, alternative acceptor site choice within exon 6 in
the vertebrate-derived paralog Meis3 results in a protein
without a meis domain (Hyman-Walsh et al. 2010). In addi-
tion, the annelid C. teleta has a mutually exclusive tandem
exon duplication of exon 9 which results in two proteins that
differ by only 5 aa substitutions (supplementary table S1),
and insects and arthropods harbor 1-3 lineage-specific
exons between the ancestral exons 7 and 8 (supplementary
fig. S1).

Evolution of Alternative Splicing in Chordate Meis
Genes

We next focused on chordates, studying the different AS
events of the 3’ regions of Meis genes within 17 genes
in 6 chordate species, both in silico and by RT-PCR (fig. 2)
and supplementary figs. S4-6. We designed two sets of pri-
mers, one spanning exons 10, 10’, and 11 and the other
spanning exons 11, (12a), and 12b (see Materials and Meth-
ods), and performed RT-PCRs for all Meis genes from six spe-
cies (amphioxus, zebrafish, X. tropicalis, the anole lizard A.
carolinensis, chicken, and mouse), a total of 34 AS events.

Forexon 10 + 107, we found that exon 10’ is included at
very low levels in Meis of different vertebrates, only detect-
able using 10’-specific primers and a high number of PCR
cycles for most species and tissues (supplementary fig. S4,
see Materials and Methods). This is consistent with observa-
tions in human patients (Xiong et al. 2009) and in available
ESTs (27/27 and 6/6 ESTs in humans and mouse shown ex-
clusion of exon 10’). Perhaps relatedly, exon 10’ coding
meaning has been lost at the genomic level at least 6 times
in vertebrate Meis genes, including all Meis3 genes, the
Meis2 genes of zebrafish, Xenopus, and mammals, the
Meis1 gene of lizard, the Meis1.2 gene of zebrafish; in ad-
dition, in-frame STOP codons interrupt this region in chicken
Meis2 (fig. 2), suggesting a process of ongoing loss of this
region from the gene.

For exon 11, we observed complex patterns for the 5’
extension (orange blocks). This extension with conserved
coding meaning (often 21 nt) is found in a wide variety
of vertebrate genes, suggesting emergence of an alternative
upstream splice site in chordate ancestors. As with exon 10,
the phylogenetic distribution of this alternative splice site is
highly punctate, with 4 parallel losses—in zebrafish
Meis1.1/.2, zebrafish Meis2.1, tetrapod Meis3 (fig. 2),
and C. intestinalis Meis. In addition, although the genomic
sequences of both Meis? and Meis2 genes contain the po-
tential splice site and conserved coding sequence, use of the
splice site was only observed in Meis2 genes (fig. 2). The fre-
guency of usage in Meis2 is conserved both across species
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and development (~50% in various vertebrates, and
throughout different tissues of several vertebrate species
[supplementary fig. S5 and Sanchez-Guardado et al.
2011], similar to the pattern in amphioxus [supplementary
fig. SBA)).

For exons 12a/12b, exon 12a shows very high levels of
inclusion in nearly all paralogs of all vertebrate species;
the only exceptions are Xenopus Meis3, which show more
moderate levels of inclusion, and zebrafish and human
Meis3, which have lost the exon entirely (fig. 2 and supple-
mentary fig. S5). Meis1 paralogs seem to have slightly lower
levels of inclusion of exon 12a than Meis2, although the in-
clusion level is still higher than 90% (fig. 2). The high exon
12a inclusion level was found in a wide range of different
tissues in several vertebrate species (supplementary fig.
S5), in accordance with previous reports (Azcoitia et al.
2005; Williams et al. 2005; Sanchez-Guardado et al.
2011). Nonetheless, the possibility that a specific cell type
in a particular developmental stage show a different splicing
pattern cannot be ruled out (e.g. (Oulad-Abdelghani et al.
1997)). However, despite the fact that frequent inclusion of
exon 12a may imply only infrequent translation of exon 12b,
the ancestral coding meaning of exon 12b has been highly
conserved in the vast majority of vertebrate Meis genes; the
only exceptions are anole lizard Meis3, which seems to have
lost the entire exon, and zebrafish Meis7.2, which has
a much shorter sequence. Interestingly, the basal inverte-
brate chordate amphioxus shows significantly lower levels
of exon 12a inclusion (i.e., higher levels of the ancestral
isoform [supplementary fig. S6B]).

Discussion

We report the broadest evolutionary comparison of splicing
diversity in a homeobox gene family to date. Three aspects
of our 22-species comparison of metazoan Meis genes are
of particular note: 1) conservation of intron positions and
relative sizes across bilaterians, 2) striking differences in di-
versity and evolutionary patterns between the 5’ and 3’ re-
gions of the gene, suggesting very different functions for
introns and splicing for the two regions, and 3) convergent
evolution of a variety of features of the alternative transcrip-
tome of the 3’ region, suggesting similar selective forces
acting on gene function across widely diverged species.
These results show the utility of many-species studies for re-
vealing modes of constraint and innovation acting at indi-
vidual intronic loci and suggest a general strategy for
comparative genomic analysis of splicing function.

Intron-Exon Structures and the Conservation-
Implies-Function Paradigm
Comparative genomics has contributed a tremendous

amount to our understanding of genome function. Argu-
ably, the most productive paradigm has been “conservation

A Activity as transcriptional activator
Meis1 (GAL-AD)’

Meis2 (whole)’

o 1 2 3 4 5 6 T 8
Relative activity of C-term isoforms (B vs. A)

Induced ectopic gene expression * . %
pigmented
N-CAM | N-tub | Twist |Krox20| GIi3 Zic3 embryos
XMeis1A | 25m + + 9
=] 5.0ng + + + o ++ 28
XMeis1B | 25m ++ ++ ++ +++ ++ + 87
[ | 5.0ng +++ +++ +++ +++ +++ ++ a7
B Responsiveness to cellular signalling
s Pknox1'
- Meis1A’
s Meis1B'
- Meis2A.2 *

o

5 10 15 20 25 30
Fold-increase in activity with TSA

Fig. 3.—Summary of previous studies showing the different
functional properties of C-terminal isoforms. (A) Differences in activity
as transcriptional activators between C-terminal isoforms within each
paralogous Meis gene in mammals. Top: histogram showing the ratio
for activity of B (excluding 12a) versus A (including 12a) isoforms. Data
for Meis1 correspond to a protein fusion of the activation domain (AD,
C-terminus) from each of the isoforms. Meis2 data correspond to
comparisons of full-length proteins and averaging the values for
isoforms derived of inclusion/exclusion of exon 11’. Bottom: table
summarizing the phenotypic results after injecting two different
concentrations of full-length Meis1A or Meis1B isoforms in Xenopus
embryos. Note that the intensity of the effect is not only isoform
dependent but also concentration dependent. (B) Different C-terminal
isoforms have different responses to TSA treatment. Histogram showing
the fold-increase in transcriptional activation after TSA treatment for
each MeisT isoform, Meis2A.2 (excluding 11’ but including 12a) and the
related pknox1 gene. References: (1) Huang et al. (2005), (2) Yang et al.
(2000), (3) Maeda et al. (2001), and (4) Shim et al. (2007).

implies function”: in the face of ongoing mutation, only
functional genomic features maintained by purifying selec-
tion will be retained over long evolutionary times (although
for exceptions to this paradigm and a contrasting discussion,
see Monroe 2009; Alexander et al. 2010). In the context of
base pair substitutions and other small-scale sequence
mutations, searches for conservation have utilized baseline
mutation rates estimated from rates of changes for various
classes of putatively neutral sites (e.g., synonymous or in-
tronic sites) in order to identify slow-evolving and thus pu-
tatively functional sequences. While formally applicable to
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intron—exon structures, this strategy has met with complica-
tions in practice. First, there is no clear subset of putatively
neutrally evolving introns; indeed, there is no consensus as
to whether introns are generally beneficial, neutral, or del-
eterious or how the impact of introns on fitness might vary
across lineages (Doolittle 1978; Lynch 2002). Second, the
relevant molecular mutational mechanisms—in particular,
those that lead to intron creation and loss from the ge-
nome—remain obscure and are known to be diverse
(Llopart et al. 2002; Roy and Gilbert 2005; Stajich and
Dietrich 2006; Irimia, Rukov, et al. 2008; Li et al. 2009;
Roy and Irimia 2009a; Worden et al. 2009). Third, the ge-
nome-wide near absence of intron loss and gain over many
millions of years in a variety of different groups of eukar-
yotes (e.g., vertebrates, and some genera of apicomplexans
and fungi) suggests the possibility that intron loss and/or
gain mutations simply do not occur in some lineages (Roy
and Hartl 2006; Roy et al. 2006), in which case evolutionary
conservation would not imply function.

The availability of many full genomes from diverse species
allows us to circumvent these obstacles, at least in part.
Here, we report the case of Meis homeobox genes. In con-
trast to the large amounts of intron loss and gain in some
animal species observed in genome-wide comparisons (Seo
etal. 2001; Rogozin et al. 2003; Edvardsen et al. 2004; Cou-
lombe-Huntington and Majewski 2007b; Putnam et al.
2008), Meis genes have experienced almost no intron loss
or gain in any studied species, particularly within the first ten
exons of the gene. Unexpected conservation extends to the
size of conserved introns: although intron size is thought to
be relatively labile and not to persist over long evolutionary
distances, Meis genes show clear conservation of relative in-
tron sizes across genomically diverse species. Interestingly,
long introns are known to show higher sequence conserva-
tion than short introns (Bergman and Kreitman 2001; Parsch
2003; Haddrill et al. 2005; Marais et al. 2005; Halligan and
Keightley 2006; Parsch et al. 2010). The negative correlation
between intron length and sequence divergence holds even
within the set of longest introns, suggesting that the density
of conserved sequence elements within introns may in-
crease with intron length (Halligan and Keightley 2006).
Thus, one possible explanation for the conserved long in-
trons in Meis/hth is that they contain regulatory elements
important for gene expression (Bergman and Kreitman
2001). Meis/hth genes are known to harbor the largest
(or one of the largest) sets of associated highly conserved
noncoding regions (HCNRs) in both vertebrates and in flies
(Sandelin et al. 2004; Woolfe et al. 2005; Engstrom et al.
2007), with nearly a hundred associated HCNRs, depending
on the study. Many of these HCNRs lie within these long in-
trons (Engstrom et al. 2007; Visel et al. 2007; Dong et al.
2009; Xiong et al. 2009) and, in some cases, show even
higher sequence conservation than the surrounding coding
exons (Engstrom et al. 2007). Importantly, some of these el-

ements have been shown to drive positive enhancer expres-
sion in reporter assays in mammals (Visel et al. 2007) or even
to be involved in posttranscriptional regulation in dipterans
(Glazov et al. 2005). Together, the conservation at the levels
of intron loss/gain and intron size suggests that the introns
in the 5’ region of Meis could encode conserved regulatory
functions, leading to their retention across metazoans. Inter-
estingly, the notion of Meis genes as hot spots for long-scale
regulatory landscapes could extend beyond the transcribed
regions: we also found that Meis genes are associated with
large intergenic regions devoid of other genes (i.e., gene de-
serts) upstream and/or downstream Meis/hth genes in all
studied metazoans (supplementary table S2), with the ex-
ceptions of some vertebrate Meis paralogs discussed above.
As with intron lengths, longer intergenic regions are known
to show less sequence divergence across species (Halligan
and Keightley 2006).

Very Different Evolutionary Histories for 5’ and 3’
Regions of Meis Genes: Functional Causes and
Consequences

In addition to general contrasts between Meis and genome-
wide gene structure evolution, we found contrasting evolu-
tionary histories for intron—exon structures of the 5" and 3’
regions of Meis family genes (fig. 1A). As discussed above,
the first 10 exons show remarkable conservation, with po-
sitions and relative sizes of the first 9 introns conserved
across metazoans; by contrast, the 3’ of the gene shows
a remarkable diversity of structures, evidencing intron
and exon creation and loss, and great flexibility in AS pat-
terns. These patterns echo findings in gene sequence evo-
lution, in which different regions of the same protein may
show opposed patterns of constraint or positive selection.

As with coding sequences, regional differences in protein
function provide insight into the organismal functions un-
dergoing potentially adaptive evolution. The conserved 5’
region encodes the highly conserved Pbx-interacting Meis
(hth) domain and DNA-binding homeobox (Berthelsen
et al. 1998; Mukherjee and Burglin 2007), and the interven-
ing introns may be implicated in developmental transcrip-
tional regulation. By contrast, the variable 3’ region
encodes interaction domains including the transcriptional
activation domain and regulatory modules that modify pro-
tein transcriptional activity and response to cell signaling
(Yang et al. 2000; Huang et al. 2005). For instance, regions
within exons 11, 12a, and 12b affect transcriptional activa-
tor activity of human Meis1 proteins by mediating respon-
siveness to PKA and TSA (Huang et al. 2005; Shim et al.
2007), and inclusion of exon 12a lowers transcriptional ac-
tivation in frogs and mammals (Yang et al. 2000; Maeda
et al. 2001; Huang et al. 2005); (fig. 3). Shifting combina-
tions of different isoforms and paralogs could thus allow
subtle  spatiotemporal control of Meis1 protein
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transcriptional activity (Huang et al. 2005; Heine et al. 2008;
Sanchez-Guardado et al. 2011). Such modulation would be
particularly powerful given MEIS proteins’ ability to enhance
cell proliferation by transcriptional activation of cell cycle
genes (Bessa et al. 2008; Heine et al. 2008): the quantitative
combination of isoforms and paralogs present in each cell
will likely affect the level of transcriptional activation of
the target genes, and thus the proliferation rates. The 3’ re-
gion would therefore be a rich substrate for the evolution of
different elaborations that could provide functional regula-
tory potential. Interestingly, this adaptation was likely aided
by the gain of two introns in early bilaterians, splitting a sin-
gle exon into three, allowing for a larger palette of poten-
tially adaptive splicing-related mutations.

Deeply Conserved Splicing Functions in Bilaterians

Notably, our results show that Meis/hth genes harbor several
cases of deeply conserved AS (Irimia et al. 2009). The AS of
exon 10’ is a bilaterian innovation and has been maintained
in some lineages since the very origin of bilaterians, repre-
senting one of the most ancestral AS events described to
date (e.g., Mistry et al. 2003; Kalyna et al. 2006; Damianov
and Black 2010). In addition, AS of exons 11 and 12a have
likely arisen within chordate ancestors and have been
conserved between amphioxus and vertebrates for some
600 My. This deep conservation of alternatively spliced
sequences differs from the general low conservation of
AS in different metazoan groups (reviewed in Irimia et al.
2009).

Frequent Gene Structural Convergence in Bilater-
ian Meis Evolution

Another striking result is the large number of cases of
convergent evolution by identical or very similar sequence
changes in different species in 3’ Meis regions. As with con-
vergent protein changes in multiple lineages, these parallel
changes suggest similar selective pressures acting in very dif-
ferent species; that these changes are restricted to the post-
transcriptional regulatory domains of MEIS proteins
suggests that evolution may have “used” and reused a finite
set of accessible mechanisms for modulation of Meis
function.

Recurrent Loss of Conserved Ancestral Sequence.
We find several cases of convergent loss of conserved
ancestral sequences. First, the sequence of 3’ end of exon
10 (which we call 10’) is highly conserved across a wide
variety of bilaterian and non-bilaterian genes (fig. 10), indi-
cating function; yet, this region has been independently lost
from genomic copies of Meis genes at least nine times and is
only very infrequently observed in transcripts of some genes
that do contain it, begging the question of this sequence
region’s mode of function. Similarly, the coding sequence
of exon 12b is conserved between studied non-bilaterians

and various bilaterians but has been lost by constitutive protein
truncations in three independent lineages (Pancrustacea, sea
urchin and Meis3 in Anolis). In a third case, an ancestral ver-
tebrate 5’ extension of exon 11 has been retained in many
vertebrate genes but lost in 4 genic lineages; and the ancestral
chordate AS exon 12a has been lost twice. Notably, these los-
ses of conserved ancestral sequence have affected both puta-
tively constitutively and alternatively spliced ancestral Meis
gene regions.

Recurrent Evolution of Truncated C-Termini in
Bilaterians.

One of the most striking observations concerns the regula-
tion of the novel alternative exon 12a in vertebrates. Exon
12a is nearly constitutive in most vertebrate Meis genes,
which is surprising because inclusion of this exon signifi-
cantly attenuates transcriptional activation in vertebrate
MEIS proteins, especially for Meis1 (Yang et al. 2000; Maeda
et al. 2007; Huang et al. 2005). The scarce use of the most
active, ancestral isoform may suggest that the emergence of
exon 12a in chordates could have been associated with in-
creasingly strict regulatory control of Meis target genes. This
observation fits with postulates of the cybernetic theory of
control in complex systems, which hold that the prevalence
of negative regulatory mechanisms over positive ones in-
creases system’s stability (Wiener 1948). Notably, Ambula-
craria and arthropods have independently achieved an
equivalent situation by a different mechanism: evolution
of constitutive 3" extensions of exon 11 including premature
stop codons. Insofar as these truncations also attenuate ac-
tivator activity, these convergent patterns hint at an evolu-
tionary trend towards more strictly requlated MEIS proteins
in bilaterians.

The Fitness Effects of Introns and the Origins of
Genome Complexity

Much discussion of spliceosomal introns has emphasized
perspectives in which introns are neutral or slightly delete-
rious elements, potentially leading to evolutionary histories
that are dominated by differences in mutation rates or ef-
fective population sizes (Lynch 2007). This study provides
potential examples of two types of exceptions to this para-
digm. First, widespread conservation of 5’ Meis intron—exon
structures suggests strong purifying selection acting against
intron loss in these regions. Second, the recurrent genera-
tion of very similar structures in the 3’ gene region suggests
that alteration of intron—exon structures has been a frequent
mechanism for adaptation. These findings join an increas-
ingly long list of intronic loci encoding important organismal
functions. Nonetheless, given the sheer number of introns in
many metazoan genomes—reaching 200,000 in human
and other vertebrate genomes—the proportion of introns
whose loss is opposed by selection remains very much an
open guestion, with answers ranging from a small minority
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to a clear majority still being well within the realm of pos-
sibility.

Concluding Remarks

The diversity of structures, functions, and mechanisms asso-
ciated with transcript splicing, and uncertainty about the
general fitness consequences of introns, complicate efforts
to understand the function of individual introns. The current
report details a case in which the evolution of one gene fam-
ily contrasts strikingly with genome-wide patterns, suggest-
ing purifying selection on intron-exon structures and
suggesting functional roles for splicing in these genes. These
results indicate the utility of many-species comparisons
between introns within a genome. Future research should
research toward explicit models for divergence in intron—
exon structures among large sets of metazoans, to allow
for systematic prediction of intron functionality across line-
ages and loci.
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Supplementary figure S1-5S6 and tables S1-S3 are available
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