Downloaded from genome.cshlip.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Atypical relaxation of structural constraints in Hox gene clusters of
the green anole lizard

Nicolas Di-Poi, Juan |. Montoya-Burgos and Denis Duboule

Genome Res. 2009 19: 602-610 originally published online February 18, 2009
Access the most recent version at doi:10.1101/gr.087932.108

References This article cites 48 articles, 11 of which can be accessed free at:
http://genome.cshlp.org/content/19/4/602.full.html#ref-list-1

Open Access  Freely available online through the Genome Research Open Access option.

License Freely available online through the Genome Research Open Access option.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAI Genetic Screening. | LEARN
Your new superpower. MORE

CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Copyright © 2009 by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.087932.108
http://genome.cshlp.org/content/19/4/602.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.087932.108&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.087932.108.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxlscreen-genres-2301-468x68
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Letter

Atypical relaxation of structural constraints in Hox
gene clusters of the green anole lizard

Nicolas Di-Poi," Juan I. Montoya-Burgos,' and Denis Duboule

1,2,3

"National Research Center “Frontiers in Genetics,” Department of Zoology and Animal Biology, University of Geneva, 1211 Geneva 4,
Switzerland; ?School of Life Sciences, Federal Institute of Technology, Lausanne, 1015 Lausanne, Switzerland

Hox genes control many aspects of embryonic development in metazoans. Previous analyses of this gene family revealed
a surprising diversity in terms of gene number and organization between various animal species. In vertebrates, Hox genes are
grouped into tightly organized clusters, claimed to be devoid of repetitive sequences. Here, we report the genomic organi-
zation of the four Hox loci present in the green anole lizard and show that they have massively accumulated retrotransposons,
leading to gene clusters larger in size when compared to other vertebrates. In addition, similar repeats are present in many
other development-related gene-containing regions, also thought to be refractory to such repetitive elements. Transposable
elements are major sources of genetic variations, including alterations of gene expression, and hence this situation, so far
unique among vertebrates, may have been associated with the evolution of the spectacular realm of morphological variations
in the body plans of Squamata. Finally, sequence alignments highlight some divergent evolution in highly conserved DNA
regions between vertebrate Hox clusters, which may coincide with the emergence of mammalian-specific features.

[Supplemental material is available online at www.genome.org.]

Hox genes encode homeodomain-containing transcription factors
that play a central role in the specification of regional identities
along the anterior-to-posterior body axis. In many animal species,
they are characterized by their clustered organization, which
generally coincides with the distribution of their expression
domains along the developing body axis (spatial collinearity). In
some taxa, in particular vertebrates, the physical order of genes
also corresponds to the timing of their transcriptional activation
(temporal collinearity) (e.g., Krumlauf 1994; Kmita and Duboule
2003). In the course of vertebrate evolution, Hox gene functions
were coopted to accompany the development of several organs
from multiple germ layers origins (Deschamps and van Nes 2005;
Di-Poi et al. 2007; Zakany and Duboule 2007), making these genes
of particular interest to study the genetic bases of evolutionary
mechanisms.

Hox gene clusters have been used as a paradigm to study ge-
nome evolution (e.g., de Rosa et al. 1999; Ferrier and Holland
2002; Garcia-Fernandez 2005; Lemons and McGinnis 2006) ever
since they were found conserved in vertebrates and invertebrates
(Duboule and Dolle 1989; Graham et al. 1989). In the past few
years, however, genomic analyses have revealed a surprising di-
versity in Hox gene number, genomic organization, and expres-
sion patterns between various metazoans. In several cases, indeed,
clusters have been broken up, either partially or entirely, likely in
conjunction with the implementation of a particular mode of
development (discussed in Duboule 1994). Interestingly, all
invertebrates and chordates investigated to date, which contain
a single “intact” Hox gene cluster, including sea urchin and am-
phioxus, display rather large intergenic distances, which can vary
considerably between species (Cameron et al. 2006; Amemiya
et al. 2008). In contrast, jawed vertebrates (gnathostomes), which
contain multiple Hox gene clusters as a result of successive genome
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duplication events (see Dehal and Boore 2005), exhibit an argu-
ably more compact organization, with highly conserved distances
between orthologous Hox genes (Duboule 2007). Vertebrate
genomes generally contain four Hox clusters (HoxA, HoxB, HoxC,
and HoxD), except for ray-finned fishes, which have encountered
additional genomic duplications leading to the presence of seven
clusters in zebrafish (see Hoegg and Meyer 2005) and as many as
13 in salmon (Mungpakdee et al. 2008). In contrast to the situa-
tion in protostomes, repetitive elements are strongly excluded
from Hox clusters in chordates, albeit with different degrees of
stringency. While few stretches of repeats are still found in the
large intergenic regions in the amphioxus Hox cluster, such
sequences are virtually absent from the vertebrate counterparts
(Fried et al. 2004; Amemiya et al. 2008), suggesting that the elusive
structural or functional constraint prohibiting the invasion of
vertebrate Hox clusters by repetitive elements predated the dra-
matic size reduction (consolidation) of these loci in vertebrates.
The nature of the(se) underlying constraint(s) has been associated
with the general way vertebrates develop, with the necessity for an
exact timing in the activation of these genes, the genomic cluster
acting as a “clock” (Duboule 1994; Ferrier and Holland 2002). In
this view, the introduction of any foreign piece of DNA into this
interval would be detrimental to the implementation of this crit-
ical process. On the other hand, modifications of these collinear
mechanisms may have been a rich source of genetic innovations
accompanying the variations observed in vertebrate body plans
(discussed in Gaunt 2000). Within amniotes, squamates (lizards,
snakes) display an amazing realm of morphologies, suggesting
that important modifications in the structure and/or regulation of
the Hox system may have occurred. However, no comprehensive
genomic information was so far available for any member of this
large group. The whole genome sequence release of the green
anole lizard (Anolis carolinensis) allowed us to investigate the ge-
nomic organization of Hox clusters in this group of animals and
hence to see if any substantial differences exist with respect to
other amniotes sequenced so far.

We have analyzed and annotated the four Hox gene clusters in
the green anole, and we hereby report a massive accumulation
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Figure 1. Genomic organization of vertebrate Hox clusters. Schematic representation of: (A) HoxA, (B)

reptiles (lizard; A. carolinensis). All four
vertebrates showed a similar organization
of Hox gene clusters, with comparable
gene arrangement (Fig. 1), except for the
Xenopus genome, which lacks two genes
(Hoxb13 and Hoxd12). Furthermore, and
in contrast to mammals, BLAST searches
revealed the persistence of Hoxc3 in both
the lizard and Xenopus HoxC clusters (Fig.
1C), similar to the situation observed in
coelacanth, sharks, and some bony fishes (Hoegg and Meyer
2005).

A first survey of the annotated green anole Hox clusters im-
mediately revealed an unexpected feature—while vertebrate Hox
clusters are relatively homogeneous in size (the mouse, chicken,
and Xenopus clusters are ~100 kb large), all four lizard clusters were
found substantially larger, from a factor of 1.5-fold (HoxA) to
2.5-fold (HoxD) (Fig. 1). When compared to other vertebrates, the
Anole Hox genes are quite similar regarding the length of their
protein-coding sequences, yet both intronic and intergenic dis-

HoxB, (C) HoxC, and (D) HoxD clusters in mouse, lizard, chicken, and Xenopus. The annotated relative
sizes of predicted exons (black boxes), introns (white or colored boxes), and intergenic regions (thick
lines) for both Hox and Evx genes allows for direct size comparisons between vertebrates. Gene names
are shown above each box. Colors indicate either a 1.5-fold to threefold increase (blue), or a more than
threefold increase (red), either in intronic (colored boxes) or intergenic (colored lines) distances. Gaps
into the genomic sequences are indicated by dotted lines for intergenic regions and dotted boxes for
coding regions. (C) Note the poor sequence coverage of the HoxC cluster in chicken and the presence of
Hoxc3 in both lizard and Xenopus. The positions of interspersed repeats along the clusters are indicated
by asterisks of different colors, reflecting the major classes of repetitive elements: (blue) DNA trans-
posons; (red) LTR as well as non-LTR retrotransposons; (green) other conserved repeats.

tances are significantly larger in lizards. The relative increase in the
length of these regions varies considerably within each cluster,
with both the “anterior” (3') and “posterior” (5') extremities
showing greater enlargement than more central parts of the gene
clusters (Fig. 1), as previously noted for the related amphioxus
locus (Amemiya et al. 2008). This is particularly prominent for the
lizard HoxC cluster, which displays enlarged intergenic distances at
both extremities of the cluster (the Hoxc13-Hoxc12 and the Hoxc5-
Hoxc4 intergenic regions), as well as a long intergenic region of
~80 kb between Hoxc4 and Hoxc3 (Fig. 1C). Interestingly, a similar
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structure was found for the Xenopus HoxC counterpart (Fig. 1C). In
addition, some intronic sequences were also significantly enlarged
in both lizard and Xenopus clusters, for example, within Hoxa3 and
Hoxd13 (Fig. 1A,D).

We examined the exact sizes of Hox gene clusters in other
recently released vertebrate genomes, including those of the dog,
horse, platypus, opossum, and zebrafish. As shown in Figure 2,
lizard Hox gene clusters were found comparatively larger than
those of all other vertebrate species investigated. In contrast to
a previous study in which only a few species were considered
(Santini et al. 2003), no correlation between vertebrate genome
size and the extent of different Hox clusters was observed (HoxA: r=
0.11, P> 0.1; HoxB: r=0.09, P> 0.1; HoxC: r=0.18, P> 0.1; HoxD:
r=0.07, P> 0.1), even though such a relationship may have been
anticipated from the case of birds (Fig. 2). We included in this size
comparison some more distantly related vertebrates such as the
coelacanth (Latimeria menadoensis) and the horn shark (Hetero-
dontus francisci). Here again, despite the large genome size of the
horn shark (Kim et al. 2000), the available genomic sequence
covering parts of Hox gene clusters in these two species revealed
a higher level of compaction, when compared to the lizard (Sup-
plemental Fig. S1; Santini et al. 2003).

We assessed whether this size increase in the green anole was
specific to Hox clusters or if it would affect the entire chromo-
somal neighborhood and analyzed large chromosomal regions
surrounding Hox clusters, using genomic contigs assemblies
available at the UCSC database. Interestingly, we found a signifi-
cant positive correlation (P < 0.02) between genome size and the
length of Hox cluster-flanking regions (as exemplified in Fig. 3) in

HoxA

HoxB

diverse vertebrates (mouse, chicken, Xenopus, dog, horse, platy-
pus, opossum, human) including lizard. The latter displayed
flanking regions well in agreement with the size expectation, that
is, within the 99% confidence interval inferred by the correla-
tion. Altogether, the results indicate that the increase in intronic
and intergenic distances observed in the lizard is clearly restricted
to Hox clusters (and the associated Evx genes) (Figs. 1, 3), rather
than being a general feature of these genomic regions in partic-
ular.

Distribution of interspersed repeats

We next analyzed the Hox clusters for the presence of transposable
and other repetitive elements. These elements represent a large
fraction of all eukaryotic genomes, with a few exceptions, and
they substantially contribute to the observed differences in ge-
nome size between various species (Feschotte and Pritham 2007).
Sequence comparison between the entire human, mouse, chicken,
lizard, Xenopus, and zebrafish Hox gene clusters revealed a fre-
quency of interspersed repeats significantly higher in lizard than
in other species (Table 1). The average content of interspersed
repeats in lizard Hox clusters, as identified by the Censor software,
was, indeed, 7.5%, excluding simple repeats. This is much higher
than in human (1.1%), mouse (0.6%), chicken (none), Xenopus
(2.7%), and zebrafish (2.2%). A comparable analysis of other
available vertebrate genomes, including that of the opossum
Monodelphis domestica, a genome that has been the target of
heavy bombardment by transposable elements (Gentles et al.
2007), further confirmed that most vertebrate Hox gene clusters,
in particular in mammals, are strongly
refractory to invasion by repetitive ele-
ments (data not shown).

Interestingly, within Hox gene clus-
ters, both the distribution and nature of
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predominant type of interspersed re-
peat consists of two families of non-LTR
retrotransposons, previously identified in
reptile genomes: Penelope-like elements
(PLEs) and Sauria short interspersed ele-
ments (Sauria SINEs). The accumulation
of these two elements is largely re-
sponsible for the observed dot plots pro-
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(Supplemental Fig. S2).

A Horse
A Xenopus

® Human
# Chicken

+ Mouse
Opossum

® Dog
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a high density of interspersed repeats is

Platypus
® Zebrafish

Figure 2.

Relationships between genome size and the length of Hox gene clusters in vertebrates. To
compare different lineages of vertebrate in the same data set, only the lengths of the indicated regions
of the clusters are shown. The very low squared correlation coefficients (%) indicate that the respective
sizes of Hox clusters are not correlated with genome size (see text for associated P-values).

scored only within the unusually large
intergenic region between Hoxb13 and
Hoxb9, as well as outside the HoxA cluster,
between Evxl and Hoxal3 (Fig. 1A,B).

604 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Lizard Hox clusters

*° Jazfl  _ _Texlbpi  Hibadh Evxl ..Skap2 Snxl0  Chbx3
Mouse =4 __ _ . __._._._ L —HitH J—- T
HoxA
e e p R~ 5 5 & = o
Chicken s AR, iH f I s o 100 kb
Lizard = it ) ozl —
B >
Xenopus T e T i
B Ub&?: Tiil6 S“ap.' C[li\’i'
1 | T AT AR R A TR q
Mouse i e LLEERIE A ——— ot
HoxB Snxll
Chicken

Lizard -}

Xenopus ! HaHHH (. ;-
C A
12 Lop  Ev2 Mig? Hnrpa3
.| ] [ "7 3
Mouse S o = 0
HoxD Nfe2i2
: e - - —
Chicken I s :: 100 kb
Lizard =% 3 —— i H #
*-—————— -
Xenopus =] e

Figure 3. Genomic organization of genes flanking the vertebrate Hox clusters. The correct relative
size of the HoxA (A), HoxB (B), and HoxD (C) clusters (red boxes), as well as putative flanking genes (black
dashed boxes) allow for direct size comparisons of large genomic regions between mouse, lizard,
chicken and Xenopus. Gene names are shown either above or below each box for the mouse. (Arrows)
The relative positions of the genomic regions that are increased in their sizes in the lizard genome.

Hox gene clusters have accumulated in-
terspersed repeats including non-LTR
retrotransposable elements, and hence
such DNA elements are not excluded
from these specific genomic loci, as is the
case in other vertebrates. This important
difference largely accounts for the sig-
nificant increase in the size of the lizard
Hox gene clusters when compared to
other vertebrates.

Comparison of development-related
genes in vertebrates

Besides Hox gene clusters, the longest ver-
tebrate transposon-free regions identified
to date are associated with development-
related genes, usually encoding tran-
scription factors such as members of the
Pax, Fox, Sox, Six, and Thx gene families
(Simons et al. 2006, 2007). Noteworthy,
these regions are well conserved among
the vertebrate species used in our analysis
(Simons et al. 2007). We thus assessed
whether or not the observed tolerance for
repeated elements in lizard Hox clusters is
also observed within these regions, by
comparing the distribution of gene sizes
for more than a hundred development-
related genes in mouse, lizard, chicken,
and Xenopus. As controls, flanking genes
with no known function during de-
velopment were analyzed (Supplemental
Table S1). The relative lengths of several

(Dotted lines) Gaps in the genomic sequences.

The Xenopus Hox clusters contain significantly more transposable
elements and conserved repeats (satellites) than mammals, in
particular in some extended DNA regions like the Hoxc13-Hoxc12,
Hoxc5-Hoxc4, Hoxc4-Hoxc3, and Hoxd3-Hoxd1 intergenic regions
(Fig. 1C,D). Strikingly, while the chicken Hox clusters are appar-
ently devoid of repetitive elements, lizard Hox clusters, which have
the closest evolutionary distance to birds, massively accumulated
retrotransposons in almost all intergenic regions, as well as in
some intronic sequences (Fig. 1; Supplemental Fig. S2). Once the
sequences related to interspersed repeats were deleted from the
lizard Hox clusters, the average lengths of both the introns and
intergenic regions were nevertheless still larger than in other
vertebrate species, and dot plot profiles showed the persistence of
small repeat units (data not shown). By using further nucleotide
BLAST searches on the green anole genome, we confirmed the
presence of new repetitive DNA elements along Hox clusters (data
not shown), which are either not yet indexed in the Repbase
library of vertebrate repeat sequences or too degenerated to be
detected by Censor and RepeatMasker programs.

Regarding nucleotide content, the lizard Hox genomic
regions shared some features with the amphibians and fish
counterparts, with a prevalence of AT-rich regions. However, no
significant correlation between GC content and the length of
Hox gene clusters was identified among vertebrates, including
lizards (data not shown). Altogether, we conclude that the Anole

development-related genes is signifi-

cantly higher in lizards, when compared

to mouse orthologous genes (Fig. 4A),
with one-third of the genes being increased by at least threefold
(Fig. 4A, left panels; average increase of threefold), whereas control
genes display comparable average lengths in lizard and mammals
(Fig. 4A, right panels).

Similar comparisons were made with the chicken and Xenopus
genomes and revealed that the average gene length, within both
“categories” of genes, is similar or, if anything, slightly decreased
when compared to the situation in mice (Fig. 4A). Therefore, the
lizard-specific expansion in the size of transcription units, ob-
served in Hox genes clusters, also occurs at other genomic re-
gions with known functions during development. We searched
these regions for the presence of transposable—or any other
repetitive—elements, which may have caused this general
elongation, focusing on those genes recently identified in other
vertebrate species to reside into evolutionarily conserved, trans-
poson-free regions (Simons et al. 2006, 2007). Sequence compar-
isons of both the Gsc and Nr2f1 genes, between mouse, chicken,
lizard, Xenopus, and zebrafish revealed the presence of interspersed
repeats only in the lizard loci, in agreement with the observed
increase in the size of these two genes in this species (Fig. 4B).
Much like Hox gene clusters, the majority of these repeats included
non-LTR retrotransposons, as well as some transposons. Their
presence in these specific genomic regions of the lizard, whereas
totally absent from the syntenic regions of all other verte-
brate species analyzed to date, indicate that transposon-resistant
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Table 1. Summary of the interspersed repeat content found in lizard Hox clusters, when clusters, the alignment of this locus in
compared with human, mouse, chicken, Xenopus, and zebrafish clusters vertebrates, from Hoxc13 to Hoxc9, iden-
Human  Mouse  Chicken Lizard  Xenopus  Zebrafish tified several non-coding regions show-
ing >60% identity between lizard and
Hoxal3-al Xenopus, yet undetectable in mammals
DNA transposons — — — 0.72 — 2.14 (Fig. 5B). While these sequences were
LTR retrotransposons — — — — — — most likely conserved in birds, their for-
E‘no dnc;l‘:l;éig?é{fgjﬁﬁ:ons Ois 054 _ ‘186 _ _ mal identification was made difficult
Consgwed repeats _ _ _ 0.20 _ _ owing to the poor sequence coverage (or
Total 0.28 0.24 — 6.78 — 214 wrong contig assembly) of the chicken
Hoxb9-b1 ' ' ' ‘ HoxC cluster.
DNA transposons 0.14 — — 0.22 2.85 2.1 Remarkably, these conserved
LTR retrotransposons — — — — — — sequences were distributed within inter-
Non-LTR retrotransposons 2.78 1.37 — 6.90 — — genic regions, all along the HoxC cluster,
Endogenous retrovirus — — — — — — : . . s .
Conserved repeats o _ - _ 0.22 o including at its two extremities, which
Total 202 137 — 712 3.07 211 Were comparably largerin s.12e between the
Hoxcl3-c4 lizard and Xenopus (see Fig. 1C; Supple-
DNA transposons 0.12 — — 0.36 3.56 1.31 mental Fig. $4). In addition, most of these
LTR retrotransposons — — — — — — motives were also well conserved between
Non-LTR retrotransposons 0.75 0.04 — 5.48 — 0.08 the lizard and the distantly related coela-
Endogenous retrovirus — — — — — — R
Conserved repeats o o o 0.19 0.46 o canth, indicating that these sequences
Total _ were probably lost from the mammalian
0.87 0.04 6.03 4.02 1.39 . . .
Hoxd13-d1 genomes (Supplemental Fig. S4). Likewise,
DNA transposons — 0.20 — 0.23 3.34 2.73 sequence conservation within exons of
LTR retrotransposons — — — — — — several HoxC genes was significantly
Elodn-LTR retrotransposons 0.25 0.59 — 8.46 — 0.60 higher between lizard and Xenopus than
ndogenous retrovirus - B B N " B between lizard and mammals (data not
Conserved repeats — — — 1.49 0.47 — .
Total 0.25 0.79 — 10.18 3.81 3.33 shown), further suggesting that the

genomic regions have been generally maintained in vertebrates,
with the exception of lizard.

Sequence comparison within vertebrate Hox clusters

We looked at the phylogenetic relationships between these
atypical lizard Hox clusters and those of other vertebrates, by con-
sidering each cluster separately, in mouse, human, chicken, lizard,
Xenopus, and zebrafish. Phylogenetic trees were produced based on
global genomic sequence alignments of annotated Hox loci, using
both neighbor-joining and maximum likelihood methods. As
expected, the alignments between HoxA, HoxB, or HoxD clusters
generated phylogenetic trees well in agreement with the common
view of vertebrate phylogeny. In marked contrast, however, align-
ments of the various HoxC clusters produced a clearly aberrant tree,
where amphibians (Xenopus) were positioned as the sister group to
birds (chicken) plus squamates (anole) (Fig. 5A).

We compared the Anolis genomic sequences with ortholo-
gous regions in other species using methods of multiple global
sequence alignments, including MLAGAN and TBA. The strongest
regions of nucleotide homology were found in both exons of each
Hox gene. However, additional evolutionarily conserved non-
coding sequences were also detected, in all clusters, in both the
intergenic and intronic regions, which are known to contain
regulatory elements (Fig. 5B; Supplemental Fig. S3). Both the
number and length of sequence matches expectedly decreased
with increasing evolutionary distance, in the HoxA, HoxB, and
HoxD clusters, and several regions showed high conservation be-
tween lizard, chicken, and mammals, whereas it was absent from
Xenopus and zebrafish (Supplemental Fig. S3). However, consistent
with the disturbed phylogenetic tree produced with the HoxC

mammalian HoxC cluster underwent di-
vergent evolution. The aberrant phyloge-
netic tree generated by comparing the
HoxC clusters thus likely derives from a wrong positioning of the
mammalian counterpart, too deep in the phylogeny, rather than as
a misplacement of the Xenopus HoxC cluster itself.

Discussion

Accumulation of retrotransposons in lizard Hox gene clusters

The annotation of lizard Hox gene clusters revealed the presence of
four distinct loci, with 40 Hox genes, a situation comparable to
other amniotes (39 and 38 genes in mammals and Xenopus, re-
spectively). The general organization of the gene clusters (gene
order and transcriptional orientation) were also conserved, as well
as the presence of microRNAs in some intergenic regions, pro-
posed to play important roles in regulating the expression of ad-
jacent genes in other amniotes (Tanzer et al. 2005; data not
shown). However, the overall sizes of the green anole Hox clusters
were found systematically larger than those of any of the verte-
brate counterparts sequenced to date (except for the Xenopus
HoxC; see below). This increase in size is almost entirely due to the
accumulation of non-LTR retrotransposons, that is, genetic ele-
ments usually excluded from these genomic loci.

In vertebrates, Hox gene clusters are not the only loci devoid
of foreign genetic elements, and a robust correlation exists be-
tween this particular property, on the one hand, and the presence
of transcription units of key importance for known developmental
processes, on the other hand (Simons et al. 2007). We looked at
some other genomic loci of this kind in the green anole genome
and demonstrate that here again, in marked contrast to the situ-
ation observed in other amniotes, interspersed repeats are well
tolerated. This observation indicates that transposon-free genomic
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Arkhipova 2005). Sauria SINEs are non-
viral tRNA-derived repetitive sequences
that are widespread in lizards and snakes
(Piskurek et al. 2006). These elements
contain RNA polymerase IlI-specific in-
ternal promoter sequences whose activity
can be enhanced by upstream genomic
sequences. Such elements are frequently
used by host genomes to achieve impor-
tant roles during organogenesis, in-
cluding the formation of transcriptional
boundary elements or the production of
microRNAs (Belancio et al. 2008). In the
case of the lizard Hox clusters, however,
only some of these transposable elements
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Among vertebrates, two large groups of
animals display unusually high adaptive
capacities and concurrent major varia-
tions in their body plans: Teleostei and
Squamata. In both cases, interestingly,
the structure of the Hox gene clusters
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Figure 4. Distribution of gene sizes (lengths), either for genes with a known developmental-specific
function, or without. (A, top panel) The relative lengths of developmental-specific genes and their non-
developmental-specific flanking genes in lizard, chicken, and Xenopus are compared with their mouse
counterparts and expressed as a ratio to mouse gene size. In order to compare exact orthologous
genomic regions between vertebrates, the analysis includes both full-length and portions of genes.
(Increasing red color intensity) An increasing gene size, as compared with the mouse size reference;
(blue color intensity) a reduction in gene size. (Bottom panels) The distribution of developmental-
specific (left) and nondevelopmental-specific (right) gene sizes between the mouse and other verte-
brates. (B) Comparison of Gsc (left) and Nr2f1 (right) gene structures in some vertebrates. The correct
relative sizes of predicted exons (black boxes) and introns (white boxes) allows for direct size com-
parisons between the various vertebrates. The locations of intronic transposons (blue asterisks) and non-

LTR retrotransposons (red asterisks) within lizard genes are indicated.

regions have not been equally maintained in all vertebrate line-
ages, and hence it suggests that drastically different constraints
must exist, even within amniotes, to either tolerate or exclude
such genetic elements from particular loci. As previously suggested
by whole vertebrate genome studies, the nature of the few in-
terspersed repeats that invaded Hox clusters differed greatly both
within and between vertebrate lineages.

The prominent types of repeats identified in lizard Hox clus-
ters consist of two non-LTR retrotransposon families previously
identified in reptiles: the PLEs and Sauria SINEs. PLEs are a wide-
spread, yet poorly studied, class of transposable elements charac-
terized by an endonuclease domain as well as an unusual but

Lizard I
1
Zebrafish 11

differs significantly from the prototypic
situation described for birds, amphibians,
and mammals. In the case of teleostean
— fishes, morphological flexibility was as-
sociated with the additional genome
duplication(s), which would have pro-
vided novel opportunities to evolve
highly adaptive traits (Meyer 1998), per-
haps controlled by small and partial Hox
subclusters coopted to achieve such
functions (Duboule 2007). In the case of
Squamata, we now report that the green
anole Hox clusters are full of repeated
sequences. While genomic sequences of
others species of lizards and snakes are
required to associate this property with
this group of animal in general, the
presence of such elements in lizard Hox
clusters suggests that they may be a rich
source of regulatory variations, concur-
rent with the morphological versatility of Squamates. The massive
accumulation of interspersed repeats between Hox transcription
units may have modified some regulatory properties, thus open-
ing the possibilities for substantial variations in both their timing
and places of transcription (Cohn and Tickle 1999). Transposable
elements have been shown to influence transcriptional control
mechanisms (Feschotte and Pritham 2007), as well as to regulate
epigenetic modifications of heterochromatin when inserted either
within or nearby. Their insertion into specific introns may disrupt
regulatory elements identified there in several vertebrate Hox
genes (Brown and Taylor 1994), and longer intronic sequences
have been shown to considerably reduce the transcriptional
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Figure 5. Sequence comparison of vertebrate HoxA and HoxC clusters. (A) Phylogenetic tree of some
vertebrate HoxA (left) and HoxC (right) clusters, using the neighbor-joining method and the zebrafish
Hox cluster as outgroup. To include the chicken sequence in this study, only the posterior part of the
HoxC cluster (from Hoxcl3 to Hoxc9) was used. Branch lengths are proportional to the number of
nucleotide substitutions per site. (B) Global sequence alignment of lizard, chicken, human, mouse,
Xenopus, and zebrafish HoxC clusters. Sequence comparisons were carried out using the indicated lizard
HoxC cluster region (from Hoxc13 to Hoxc9, common to all vertebrates) as a reference sequence. Exons
of the respective Hox genes are indicated above the black boxes. Nucleotidic homologies relative to the
lizard sequence are given by histogram peaks. (Red peaks) Significant nucleotide homology. (Blue
dashed boxes) Conserved elements between lizard and Xenopus (with >60% identity), yet not rec-

ognizable in mammals.

elongation of the targeted genes (Castillo-Davis et al. 2002). Re-
peat insertions can also influence post-transcriptional events by
perturbing splicing and/or RNA editing of coding genes (Gazave
et al. 2007). Finally, the reverse transcriptase activity from retro-
elements may play a functional role in early embryo development
by perturbing proliferation and differentiation programs (Sinibaldi-
Vallebona et al. 2006). Altogether, the presence of so many repeats
within the lizard Hox gene clusters makes it doubtful that the
precise regulatory mechanisms described for Hox genes in other
amniotes will be similarly implemented. For example, it was
shown that the general transcriptional outcome of the HoxD
cluster in developing digits is a function of the number of tran-
scription units present there (Montavon et al. 2008), a situation
that would be drastically affected by the integration of retro-
transposons between the relevant genes.

An alternative (and not exclusive) view is that retro-
transposons may be tolerated within Hox clusters in the green
anole because of the disappearance of a major structural or regu-
latory constraint. For example, retrotransposons may increase
internal recombinations, a process selected against in other ver-
tebrate Hox gene clusters, owing to the requirement for co-
ordinated regulation in cis. Lizards may have lost a component
necessary for such illegitimate recombinations, and hence these
sequences become tolerated since they no longer represent a dan-
ger for the structural integrity of the clusters. On the other hand,
the release of a regulatory, rather than structural, constraint may
have favored the accumulation of interspersed repeats, as was
proposed for the case of the Hox and ParaHox genes in Ciona

showing unusually different regulations
(Zakany et al. 2001). Also, repeats are
found between Hoxb9 and Hoxb13, an
exceptionally large region devoid of any
Hox gene. In addition, sporadic retro-
transposons are found in the largest
intergenic regions of the HoxA and HoxC
clusters. Interestingly, The Xenopus Hox
clusters tend to better tolerate trans-
posons (mostly DNA transposons) than
their mammalian or avian counterparts.
Here again, however, repeats are grouped
either at the extremities of the clusters or
within large intergenic regions. The
presence of multiple DNA transposons at
both extremities of the Xenopus HoxC cluster contributes to its ex-
ceptionally large size, larger, in fact, than the lizard counterpart. In
addition, alignments of vertebrate HoxC cluster sequences identified
particular coding and non-coding sequences that were not (or much
less) conserved in mammals, suggesting that the mammalian HoxC
cluster underwent divergent evolution. In this context, it is in-
triguing that some of the global functions attributed to HoxC cluster
genes are associated with ear-marked mammalian features, such as
hair follicles (Godwin and Capecchi 1998) or mammary glands de-
velopment (Garcia-Gasca and Spyropoulos 2000), raising the possi-
bility that this particular cluster played a prominent role in
accompanying the emergence of mammals.

Methods

Annotation of Hox clusters

Genomic sequences from mouse Mus musculus (genome assembly
37), human Homo sapiens (assembly 36.1), dog Canis familiaris
(assembly v.2.0), horse Equus caballus (assembly EquCab1), platy-
pus Ornithorhynchus anatinus (assembly v.5.0.1), opossum Mono-
delphis domestica (assembly momDom4), chicken Gallus gallus
(assembly v.2.1), frog Xenopus tropicalis (assembly v.4.1), zebrafish
Danio rerio (assembly Zv.7), and lizard Anolis carolinensis (Ano-
Carl.0 assembly at 6.8 X coverage) were extracted from the UCSC,
VISTA, and Ensembl genome browsers. The annotations of the
different Hox clusters as well as flanking genomic regions in
chicken, Xenopus, and lizard were generated from sequence
alignments of the orthologous regions with other vertebrate
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species available at the UCSC genome browser, using recent hu-
man and mouse assemblies as reference. Lizard Hoxc3 was identi-
fied by BLAST searches, using the coelacanth (Latimeria
menadoensis) nucleotidic sequence of the HoxC cluster available at
NCBI (AC151571, from Hoxc9 to Hoxcl), and putative coding
regions were predicted using the GenScan program (http://genes.
mit.edu/GENSCAN.html).

Owing to the poor sequence coverage of some Hox clusters in
the chicken genome project, especially for HoxC, the recent ge-
nomic reconstruction and annotation was used as well (Richardson
et al. 2007). For most vertebrate HoxC clusters, no flanking gene
could be identified because of poor sequence coverage. To further
validate exon boundaries and exon-intron organization of Hox
clusters in non-mammalian species, the coding sequences of in-
dividual Hox genes were confirmed using nucleotide BLAST
searches at NCBI and global sequence alignment at VISTA. Similar
analysis procedures were performed to compare the size of all
other developmental and non-developmental vertebrate genes in
mouse, lizard, chicken, and Xenopus. Estimated vertebrate genome
size values are based on genome sequence assemblies found at the
Ensembl genome browser.

Identification of interspersed repeats

Interspersed repeats were identified and classified using both
Censor (http://www.girinst.org/censor/index.php) and Repeat-
Masker (http://www.repeatmasker.org/) programs, which scan
genomic sequences for regions of significant homology with the
Repbase library of vertebrate repeat sequences (Kohany et al.
2006). For more accurate detection of transposable elements,
Censor analysis was performed using nucleotide (BLASTN) and
translated nucleotide (TBLASTN) sequences and default parame-
ters. Fragments of repetitive elements were only selected if they
exhibited at least 75% similarity over 75% of their lengths, and
they were grouped according to major classes (DNA transposon,
LTR or non-LTR retrotransposon, endogenous retrovirus and
conserved repeat). Multiple copies of additional repetitive ele-
ments (length from 100 bp to 1 kb), probably not yet indexed in
the Repbase library, were identified by nucleotide BLAST searches
on the lizard genome at UCSC and Ensembl.

Multiple alignments and phylogenetic analysis

For multiple global alignments of genomic sequences, we used both
MLAGAN (VISTA server: http://genome.lbl.gov/vista/index.shtml)
and TBA programs (Mulan server: http://mulan.dcode.org/),
which display different degrees of specificity and sensitivity
(Margulies and Birney 2008). The default settings for the analysis
visualization were a window of 100 bp and a minimum sequence
identity of 50%. Phylogenetic analyses of nucleotide sequences
common to all vertebrate species were performed based on global
genomic sequence alignments using the neighbor-joining method
implemented in VISTA and ClustalW with default parameters. To
obtain more accurate estimates of the phylogeny, we also analyzed
the data set by maximum likelihood using the PhyML algorithm
with the GTR substitution model (Guindon and Gascuel 2003).
Outputs were displayed using the TreeView application (Page 1996).
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