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INTRODUCTION
It is widely accepted that during vertebrate evolution two whole
genome duplication (WGD) events occurred, followed by another
in the lineage leading to teleosts (Amores et al., 1998; Dehal and
Boore, 2005; Holland et al., 1994; Ohno et al., 1968; Taylor et al.,
2003; Wittbrodt and Schartl, 1998). These events coincided with a
rapid expansion in organismal complexity particularly in teleosts,
a lineage that constitutes half of extant vertebrates. The persistence
of many duplicate genes after these WGD events forms the basis
of the duplication-degeneration-complementation (DDC) model of
gene evolution (Force et al., 1999). The DDC model predicts that
at least some aspects of ancestral gene function are sub-partitioned
between duplicate genes in a complementary manner, such that
each copy remains indispensable. At the same time, redundancy of
associated cis-regulatory elements may increase the ‘evolvability’
of these sequences (Jimenez-Delgado et al., 2009) and their
potential to direct novel gene sub-functions. These ideas have led
to the hypothesis that, rather than changes to protein-coding
sequences, divergence in transcriptional regulation is the main
driving force behind innovations in the vertebrate body plan

(Aburomia et al., 2003; Levine and Tjian, 2003). Here, we explore
these concepts using the PAX2/5/8 gene subfamily as a model and,
in the process, discover key considerations for CNE and enhancer
studies.

The highly related vertebrate PAX2, PAX5 and PAX8 genes
derive from the two pan-vertebrate WGD events while the more
recent teleost specific WGD resulted in two co-orthologous pax2
genes: pax2a and pax2b in zebrafish, and pax2.1 and pax2.2 in
other teleosts (Pfeffer et al., 1998; Wada et al., 1998). The current
data suggest that these genes have evolved in a manner consistent
with the DDC model. In all vertebrates examined so far, PAX2,
PAX5 and PAX8 collectively have important functions in the
development of the CNS, eye, ear, kidney and thyroid, but the roles
of individual genes have diverged both within the subfamily and
across species (reviewed by Goode and Elgar, 2009). Bouchard and
colleagues provided tangible evidence that cis-regulatory elements
may be responsible for at least some of the functional divergence
of these genes. They demonstrated that the insertion of Pax5 cDNA
into the Pax2 locus is able to rescue Pax2-mutant phenotypes in
mouse, even in domains where Pax5 is not normally expressed
(Bouchard et al., 2000). Therefore, given the correct regulatory
environment, mouse Pax5 at least is capable of substituting for
Pax2.

In this paper, we investigate an interesting class of putative cis-
regulatory elements consisting of non-coding sequences that are
highly conserved between Fugu and humans [an evolutionary
distance of around 450 million years (Sandelin et al., 2004; Woolfe
et al., 2005)]. These conserved non-coding elements (CNEs) cluster
around genes that are involved in transcriptional and developmental
regulation and many exhibit in vivo enhancer activity in model
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SUMMARY
Within the vertebrate lineage, a high proportion of duplicate genes have been retained after whole genome duplication (WGD)
events. It has been proposed that many of these duplicate genes became indispensable because the ancestral gene function was
divided between them. In addition, novel functions may have evolved, owing to changes in cis-regulatory elements. Functional
analysis of the PAX2/5/8 gene subfamily appears to support at least the first part of this hypothesis. The collective role of these
genes has been widely retained, but sub-functions have been differentially partitioned between the genes in different
vertebrates. Conserved non-coding elements (CNEs) represent an interesting and readily identifiable class of putative cis-
regulatory elements that have been conserved from fish to mammals, an evolutionary distance of 450 million years. Within the
PAX2/5/8 gene subfamily, PAX2 is associated with the highest number of CNEs. An additional WGD experienced in the teleost
lineage led to two copies of pax2, each of which retained a large proportion of these CNEs. Using a reporter gene assay in
zebrafish embryos, we have exploited this rich collection of regulatory elements in order to determine whether duplicate CNEs
have evolved different functions. Remarkably, we find that even highly conserved sequences exhibit more functional differences
than similarities. We also discover that short flanking sequences can have a profound impact on CNE function. Therefore, if CNEs
are to be used as candidate enhancers for transgenic studies or for multi-species comparative analyses, it is paramount that the
CNEs are accurately delineated.
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organisms, including zebrafish (de la Calle-Mustienes et al., 2005;
Shin et al., 2005; Woolfe et al., 2005), mouse (Pennacchio et al.,
2006), frog (de la Calle-Mustienes et al., 2005) and chick
(Sabherwal et al., 2007). Additional evidence that at least some of
these CNEs regulate gene expression has been provided by the
identification of point mutations (Lettice et al., 2003; Benko et al.,
2009), deletions (D’Haene et al., 2009; Sabherwal et al., 2007) and
translocations (Gill et al., 2009) of individual CNE sequences that
produce mutant phenotypes owing to dysregulation of the
associated protein-coding region.

Previous analyses (Woolfe and Elgar, 2007) (http://condor.
nimr.mrc.ac.uk/) have shown that the vertebrate PAX2 gene is
associated with a large number of CNEs (around 60). Interestingly,
many tetrapod PAX2 CNEs have sequence homology to both
teleost pax2 loci, suggesting that a large proportion of CNEs have
been retained in duplicate subsequent to the WGD event that
occurred in the teleost lineage. Here, we have exploited the wealth
of these CNE duplicates and analysed their sequences in relation
to the single tetrapod CNE copies. Coupling this with intra-species
comparative functional analyses has enabled us to assess their
function with regard to the DDC model. Strikingly, our results
show that most duplicate CNEs have differences in their enhancer
activities and that even highly similar sequences can direct very
different patterns of reporter gene expression.

MATERIALS AND METHODS
Bioinformatic analyses
CNEs associated with PAX2/5/8 gene loci were originally identified from the
CONDOR database (Woolfe et al., 2007) (http://condor.nimr.mrc.ac.uk/).
Subsequently, sequences from multiple species were extracted from Ensembl
(Hubbard et al., 2009) (http://www.ensembl.org/index.html). These were
aligned using MLAGAN (http://lagan.stanford.edu/lagan_web/index.shtml)
(Brudno et al., 2003), with a Vista graphical output (Mayor et al., 2000). At
the time that this analysis was performed, zebrafish pax2a/b loci had
assembly errors, so Fugu was used as the model organism for comparative
genomics and functional analyses. ClustalW (Thompson et al., 1994) was
used for the alignment of individual CNEs.

Sequence conservation indices were calculated as a product of the
proportion of sequence overlap between human and Fugu CNEs, and the
proportion of identical bases, i.e. (length of overlapping Fugu sequence/
length of human CNE) � (number of identical bases/length of human
CNE). These are reported in the text as n±s.d.

PCR design
Nineteen pairs of CNEs that are retained in duplicate (are associated with
both Fugu pax2 co-orthologues) were selected from intergenic and intronic
regions of the loci. These range in size from 57 to 432 bp and their
percentage of shared sequence identity ranges from 77-97%. Where
possible, oligonucleotides were designed using Primer 3 software (Rozen
and Skaletsky, 2000). Otherwise, in order to be as close as possible to the
CNE sequence, they were designed by eye, maximising the criteria for
optimal primer design (as stipulated in Primer 3). CNEs were amplified
and purified as described previously (Woolfe et al., 2005). CNE and
oligonucleotide sequences are provided in the supplementary information
(see Table S1 in the supplementary material).

Functional assay in zebrafish embryos
Purified CNEs were co-injected together with a GFP reporter gene under
control of a human -globin minimal promoter as previously described
(Woolfe et al., 2005). Micro-injections were performed in one- to four-cell
zebrafish embryos (day 1). Embryos were screened for GFP-positive cells
and scored on day 2 and day 3 as described previously (Woolfe et al.,
2005). Schematic diagrams and numbers of embryos with GFP expression
in each domain have been deposited in our online database
(http://condor.nimr.mrc.ac.uk/). At least 25 embryos were scored for each
CNE assayed.

We also performed control experiments to demonstrate that our results
using this co-injection assay are comparable with a more conventional
cloning strategy using Gateway Tol2 cloning vectors. We show these
results in Fig. S5 and Table S2 in the supplementary material. Briefly,
elements were either blunt-end cloned into a SmaI-digested 228 p5E-MCS
vector (kindly provided by the Chien laboratory) (Kwan et al., 2007) or
cloned into pENTRTM5�-TOPO TA (Invitrogen #K591-20), after adding
adenine overhangs (10-minute extension at 72°C using NEB Taq DNA
polymerase, #M0273). A one-way LR reaction using LR Clonase II Plus
(Invitrogen #12538-120) was then used to clone into R4-L1 basEGFPpA
Tol2, a vector containing a carp -actin minimal promoter and modified
for efficient single 5� entry. (This vector was created using sequences from
353-pENTRbasEgfp and 426-pDest Tol2pA, kindly provided by the
Lawson lab) (Villefranc et al., 2007). Injection mix (5 pl of 50 ng/l DNA,
25 ng/l of transposase mRNA) was injected into one-cell embryos. The
Transposase mRNA was synthesised using Ambion mMESSAGE
mMACHINE (Invitrogen #AM1340M).

RESULTS AND DISCUSSION
The distribution of CNEs around the PAX2/5/8
genes
Following WGD events, CNEs are often asymmetrically
partitioned around gene duplicates (Woolfe and Elgar, 2007). The
PAX2/5/8 genes are no exception as they are, respectively,
associated with around 60, 16 and two CNEs across all
representative gnathostome groups (http://condor.nimr.mrc.ac.uk/)
(Fig. 1; see Figs S1 and S2 in the supplementary material). By
contrast, the teleost pax2 co-orthologues have retained a similar
number of CNEs, about two-thirds of which exist in duplicate
(Woolfe and Elgar, 2007) (Fig. 1). Of these duplicate CNEs, four
share sequence homology with pax5 CNEs and another shares
sequence homology with a pax8 CNE (Fig. 1; see Fig. S3 in the
supplementary material). In all cases, duplicate CNEs are in a
similar position relative to the protein-coding region of the gene.
There are no CNEs retained between all three paralogues and none
are retained between pax5 and pax8 (Fig. 1; see Figs S1 and S2 in
the supplementary material). Owing to the abundance of CNE
duplicates retained between the teleost pax2 co-orthologues and to
the fact than we can compare them to the single copy tetrapod
CNEs, we have used this dataset in order to explore CNE
functionality subsequent to a WGD event.

A majority of pax2 CNEs exhibit enhancer activity
Using an in vivo co-injection reporter gene assay in zebrafish
embryos, we tested 19 pairs of pax2 elements that are retained in
duplicate between Fugu pax2 co-orthologues. Remarkably, over
80% (31/38) of the elements are able to drive reporter gene
expression in a tissue-specific and reproducible manner (Fig. 2),
and in the majority of cases this strongly overlaps with endogenous
gene expression. For example, most elements (27/38) drive
expression in the hindbrain and spinal cord, and expression in
thyroid and pronephros regions is also frequently observed (24 and
21 elements, respectively).

Duplicate pax2 CNEs have diverged in function
Strikingly, we observed more differences than similarities between
the expression profiles of duplicate CNEs. Most obviously, there
are four pairs of CNEs (4, 10, 11 and 17) in which one CNE is able
to drive reporter gene expression (interestingly always the pax2.2
CNE), while the other shows little or no GFP expression (Figs 2
and 3).
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The CNE pair with the most similar expression profile (15)
drives expression predominantly in muscle but even here there are
noticeable differences between individual CNEs. As well as spatial
differences (the pax2.1 element also drives expression in the CNS),
there are temporal differences. Compared with day 2, there is a
fourfold increase (39% versus 9%) in the percentage of GFP-
positive embryos on day 3 for the pax2.1 CNE, whereas this is less
pronounced for the pax2.2 CNE (45% versus 34%; Fig. 2).

In terms of spatial expression, the most dramatic difference is
observed with CNE pair 1. In this case, the pax2.1 CNE activates
GFP in only a few regions, with most expression in the notochord
and some expression in muscle and fin (Figs 2 and 3). By contrast,
the pax2.2 CNE drives GFP expression in a highly complex pattern
in virtually all of the domains scored in this assay, except the
notochord and the fin. This is an extraordinary result given the high
similarity in sequence of these CNEs, both in terms of overlap (see
Fig. S3 in the supplementary material) and sequence identity
(~90%).

Comparison of duplicate CNE sequences
These striking differences in expression profiles led us to compare
carefully the two sequences that we were using to test each pair of
duplicate CNEs. In some cases (e.g. 8) the teleost CNEs overlap
asymmetrically with the human sequence, and others (e.g. 2 and 7)
are of unequal length (see Fig. S3 in the supplementary material).
However, over one-third (37%) differ in length by less than 10 bp
and align to the equivalent region of the single human PAX2 locus
(see Fig. S1 in the supplementary material). Although almost half
(47%) of the pax2.2 CNEs are shorter than the pax2.1 counterparts,
their average conservation indices are identical [respectively,
0.805±0.077 (s.d.) and 0.795±0.068 (s.d.)] suggesting a similar rate

of divergence. In two cases (pairs 5 and 9) one CNE duplicate
(pax2.1 and pax2.2, respectively) contains an internal gap in
conservation, suggesting a fragmentation of the CNE.

Non-conserved flanking sequences influence
enhancer activity
Intriguingly, as mentioned above, the pair 1 elements have highly
similar overlapping sequences, and yet, their expression profiles are
dramatically different. The PCR products for this CNE pair
included very short additional sequences (50 bp 5� and 3�,
respectively, for the pax2.1 and pax2.2 elements). In order to rule
out any potential influence from these sequences, we repeated our
assay using PCRs derived from sub-optimal primers located at the
boundaries of the CNE sequence.

Interestingly, we see a striking difference in the expression
profiles of these more tightly defined CNE sequences, compared
with the original elements (Fig. 3). Expression driven by the new
pax2.1 element is more complex and includes domains (e.g.
cardiovascular) that overlap with those produced by the pax2.2
element. In contrast to the original element, the new pax2.2
element drives expression in fin, more expression in muscle, less
expression in CNS and no expression in sensory organs.
However, although the new pax2.1/pax2.2 expression profiles
are more similar than the original ones, they are still not
identical. Unlike the pax2.2 element, the pax2.1 element does
not drive expression in CNS but does drive expression in the otic
vesicle. Likewise, the pax2.2 expression profile has lower
expression in skin and fin, higher cardiovascular expression and
lacks notochord expression. Therefore, even highly similar
sequences (with 88% sequence identity) can be functionally
divergent.

881RESEARCH REPORTDivergent function of duplicated CNEs

Fig. 1. Vista graphical output
of a multi-species MLAGAN
alignment using human
sequence as a baseline. Peaks
indicate sequence homology of
pair-wise alignments between
human and species indicated on
the left (ac, anole lizard; cf, dog;
dr, zebrafish; fr, Fugu; ga,
stickleback; gg, chicken; mm,
mouse; ol, medaka; xt, frog). Y-
axis indicates percentage
sequence identity. Blue peaks
represent protein-coding regions;
pale blue indicates the UTR; pink
indicates CNEs. Red arrows
indicate the 19 pairs of elements
selected for this study. Coloured
numbers indicate CNEs retained
near pax5 (green) or pax8 (red)
loci. Teleost species are labelled 1
or 2 for pax2.1 and pax2.2,
respectively (a and b in zebrafish).
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These remarkable results led us to re-analyse another pair of
elements, pair 4, which have substantial differences in their
expression profiles (Figs 2 and 3). Whereas the pax2.2 element
shows strong enhancer activity (over 30% of embryos have GFP
expression), the pax2.1 element drives very little expression
(0.8% and 2.7% of embryos express GFP on day 2 and day 3,
respectively). In this case, the pax2.2 element extends beyond the
defined CNE region but shows good overlap and alignment with
the pax2.1 element (see Fig. S4 in the supplementary material).
However, the pax2.1 sequence incorporates an additional 50 bp 5�
of this alignment (see Fig. S3 in the supplementary material).
Therefore, we re-assayed this element eliminating this extra
sequence.

This new element has slightly more enhancer activity than
the original one (21/512 embryos (4%) expressed GFP). This
expression occurred in similar domains to the pax2.2 element (in
the hindbrain and spinal cord), but also elsewhere (the tectum and
forebrain; Fig. 3). However, on day 3 we could detect GFP in only
five out of 421 embryos (1.2%). Therefore, even this more tightly
defined CNE sequence only has very weak enhancer activity,
which is still significantly different from its duplicate pax2.2 CNE.

Isolated cis-regulatory sequences drive expression
in both endogenous and ectopic domains
Our co-injection assay consistently shows that the majority of
CNEs are able to drive reporter gene expression in a tissue-specific
and reproducible manner. Our results are consistent with results
that we obtained using more conventional Tol2 cloning strategies
and they are apparently independent of the basal promoter used
(see Fig. S5 and Table S2 in the supplementary material). In most
cases, GFP expression recapitulates endogenous gene expression
domains, with most CNEs driving expression in hindbrain and
spinal cord, many driving expression in thyroid and pronephros
regions, and about half driving expression in sensory organs. This
strongly suggests that these sequences normally regulate Pax2
expression. However, many of the CNE expression profiles are
complex, and frequently include ectopic domains. This may be
because we are testing these elements as isolated sequences outside
the influence of the genomic environment.

Ectopic expression is a common, but little discussed, occurrence
in assays using isolated cis-regulatory sequences and transgenic lines
constructed using subpopulations of cis-regulatory elements (see
Goode and Elgar, 2009). For example, mouse (Ohyama and Groves,
2004; Rowitch et al., 1999) and zebrafish (Picker et al., 2002) pax2
transgenic lines recapitulate many aspects of endogenous Pax2
expression, but they also have ectopic expression and expression
within endogenous domains is not always temporally correct.
Strikingly, none of these transgenic lines exhibits expression in the
eye, even though an optic stalk enhancer (Schwarz et al., 2000) is
embedded within the upstream sequences used to generate these
lines. The potential activity of an element can, therefore, be missed
if it is not analysed in isolation. However, our results show that
CNEs often have the ability to drive reporter gene expression that
both overlaps with and occurs outside endogenous domains. Notably,
regardless of methodology (see Fig. S5 and Table S2 in the
supplementary material) even the ‘ectopic’ expression is reproducible
across a large number of embryos. This indicates the potential
enhancer properties of CNEs, which can be seen when they are
tested in isolation but which are presumably latent (or repressed in
some way) when these sequences are in their normal context within
the genome. Cumulative data such as these are invaluable for
determining the underlying sequence language that can regulate gene
expression and also for identifying potential sequences that might be
responsible for anomalous gene expression when the gene regulatory
landscape is perturbed by mutations or translocations.

Highly similar sequences can have divergent
functions
Strikingly, our results show that even highly conserved duplicate
CNE pairs can have different expression profiles. This illustrates
the relative ease with which functionality can evolve with little
sequence change. Like the single tetrapod PAX2 gene, the teleost
co-orthologues have complex expression patterns in the CNS, eye
and ear. However, although their expression overlaps in these
domains, there are temporal-spatial differences. In addition, only
pax2a is expressed in the kidney and thyroid (Goode and Elgar,
2009; Pfeffer et al., 1998). This functional partitioning is consistent
with the DDC model and experimental evidence shows that the co-
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Fig. 2. Heat map depicting results of reporter
gene assays to test function of CNEs retained in
duplicate between two Fugu pax2 co-
orthologues. Results of each duplicate CNE pair are
shown in vertical dual-panels, pax2.1 on the left and
pax2.2 on the right. Expression was scored for each
embryonic domain as indicated on the left and colour
coded according to the key below. Colour intensity
reflects percentage of GFP-positive embryos with
expression in each domain. The maximum
percentage is shown to the right of each key (day 2
top, day 3 bottom as shown in the heat map).
Endogenous expression domains are indicated in the
first panel on the left. The conservation index
between the single human and each Fugu CNE is
given at the bottom of each panel. b, blood; endog,
endogenous expression; f, fin; fb, forebrain; h, heart;
hb, hindbrain; m, muscle; mb, midbrain; mhb, mid-
hindbrain boundary; nc, notochord; pn, pronephros
region; s, skin; sc, spinal cord; t, thyroid region; x,
other unidentified.
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orthologues are able to functionally substitute for one another in
overlapping expression domains (reviewed by Goode and Elgar,
2009). The retention of both duplicates therefore adds a robustness
to some Pax2 functions while allowing others to diverge between
the duplicated genes. From our analyses of Pax2 CNEs, we can
readily appreciate how subtle sequence changes within these
elements could rapidly expand the already complex range of pax2
functions, thus influencing the evolving animal body plan.

Given our results, it is crucial that assays of CNEs should use
sequences that are as accurately delineated as possible. Even our
initial stringent primer design strategy included short additional
sequences, and yet as we have shown, these can dramatically
influence the activity of CNEs. This is a crucially important
finding, given the prevalence with which CNEs are now used to try
and construct transgenic animals and/or drive expression in specific
cells and tissues.
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Fig. 3. Schematic diagrams of expression profiles derived from assaying pax2 element pairs 1 and 4. Expression in each domain is colour
coded according to the key in Fig. 2 and mapped onto camera lucida drawings of day 2 and day 3 zebrafish embryos (day 2 is shown here). Results
are overlaid from multiple embryos. n indicates the number of embryos analyzed. The percentage of GFP-positive embryos with expression in each
domain (y-axis) is indicated in the respective bar charts. For pair 1, ‘old’ indicates results from our original assay and ‘new’ indicates results from our
newer assay without the flanking sequences. Live images of day 3 embryos are also shown for these assays, with expression in the notochord
(pax2.1 old), eye (pax2.2 old), otic vesicle (pax2.1 new) and fin (pax2.2 new). Expression in the eye is shown as a fluorescent image, whereas the
rest are shown as merged fluorescent and bright-field images. b, blood; e, eye; f, fin; fb, forebrain; h, heart; hb, hindbrain; m, muscle; mb,
midbrain; n, notochord; o, otic vesicle; p, pronephric region; s, skin; sc, spinal cord; t, thyroid region; x, other, unclassified; y, yolk. Scale bars:
50m.
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Importance of our results for cross-species
comparisons of CNEs
A powerful way of assessing sub-functions embedded within
duplicate CNEs is to use phylogenetic and functional analyses of
multiple vertebrate sequences. Here, we have shown the potential
behind comparing duplicate teleost CNEs with single-copy tetrapod
sequences. Extending such analyses should enable us to identify
which base changes are permissive during the evolution of these
sequences and how subtle sequence differences affect the
regulatory ability of CNEs. Multi-species comparisons also allow
us to delineate putative cis-regulatory elements in terms of the
boundary of sequence conservation. Given that as little as 50 bp of
non-conserved flanking sequence can dramatically influence CNE
enhancer activity, it is obviously important to identify the limits of
CNE sequences as accurately as possible. Our results strongly
suggest that once a consensus has been reached, these boundaries
need to be strictly adhered to when analysing CNEs if we are to be
able to compare functional data from related genes and different
species. Only then will we be able to confidently interpret
functional data in order to generate an evolutionary profile of these
extraordinary sequences.
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