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Recent studies underscore a role for the differential degeneration of enhancers in the 
evolutionary diversification of paralogue expression. However, no one has reported evidence 
for the involvement of innovative cis-regulatory changes. Here we show that silencer innovation 
diversified expression of the vertebrate paralogues, pax2 and pax8. pax2 shows multi-tissue 
expression, as does the ancestral amphioxus orthologue, pax2/5/8, whereas pax8 expression 
localizes to a subset of pax2-expressing tissues. We reveal that both pax2 and pax8 retain 
ancestral enhancers capable of directing pax2-like, multi-tissue expression. However, a silencer 
within the pax8 proximal promoter suppresses pleiotropic enhancer activity outside the pax8-
expressing tissues. In contrast, the combination of the pax2 proximal promoter with either 
the pax8 or pax2 enhancer recapitulates pax2-like expression, as in the amphioxus pax2/5/8 
promoter. We propose that silencer innovation, rather than enhancer degeneration, was crucial 
for the divergent expression of paralogues with pleiotropic enhancers inherited from their 
common progenitor. 
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During chordate evolution, two rounds of whole-genome 
duplication (WGD1 and WGD2) occurred in the vertebrate 
ancestor, to be followed later by a third round (WGD3) in 

the teleost lineage1,2. These WGDs generated a number of dupli-
cated gene pairs (known as paralogues) from the ancestral gene set, 
with members of sibling paralogues often showing overlapping, 
yet distinct, expression patterns in modern vertebrates. The evolu-
tionary mechanisms underlying this divergence of expression can 
be explained by the duplication–degeneration–complementation 
model3. This model is based on the regulatory complexity of devel-
opmental genes that generally have an array of multiple enhancers 
for discrete expression domains. It assumes that degenerative muta-
tions occur much more frequently than do innovative ones. The 
model predicts that, after the WGD(s), parts of duplicated enhancers 
were lost reciprocally from sibling paralogues because of degenera-
tive mutations, but at least one enhancer copy will remain in either 
of the paralogues so that their resulting complementary expressions 
cover the original full expression of the progenitor gene, a process 
known as subfunctionalization. This model is supported by discov-
eries of complementary enhancer degeneration in teleost paralogues 
generated by WGD34,5. For example, the mammalian Pax6 gene has 
multiple cis-regulatory elements, including enhancers for the pan-
creas, telencephalon and diencephalon6. These enhancers are con-
served in tetrapods, but were lost reciprocally from the duplicated 
zebrafish pax6 genes because of degenerative mutations: one lost the 
pancreas enhancer and the other lost the telencephalon and dien-
cephalon enhancers. However, although the WGDs are expected to 
have stimulated not only such degenerative cis-regulatory changes 
but also innovative changes, involvement of the latter phenomena—
such as enhancer and/or silencer acquisition—remains unknown. 
In addition, it is unclear to what extent such degenerative cis- 
regulatory changes can account for the divergence in the expression 
of paralogues generated by the earlier WGDs (WGD1 and WGD2), 
whose cis-regulatory changes are generally thought to have been 
more significant than those in the teleost-specific paralogues.

The paired-domain transcription factor genes, pax8 and pax2, 
are essential for the development of multiple organs, including the 
kidney7,8. These two genes and another related gene, pax5, arose 
from a single progenitor following WGD1 and WGD29–11. Pax8 
is mainly expressed in the kidney, ear and thyroid gland during 
development12,13, while pax2 shows expression not only in the 
pax8-expression domains but also in other tissues such as the eye, 
pharyngeal arches, midbrain–hindbrain boundary (MHB), hind-
brain and spinal cord14,15. The cephalochordate amphioxus, which 
diverged from the vertebrate lineage before the WGDs occurred and 
likely retains ancestral modes of gene regulation, possesses the sin-
gle orthologue, pax2/5/89. This gene shows pleiotropic expression 
in most of the tissues that are homologous to the vertebrate pax2-
expressing tissues, implying that pax2 retains most of the ancestral 
regulatory mechanisms.

In this study, we chose pax8, pax2 and pax2/5/8 as models for 
investigating regulatory diversification after WGD1 and WGD2. We 
found that both pax8 and pax2 have inherited ancestral enhancers 
from their common progenitor and that silencer innovation within 
the pax8 proximal promoter, rather than enhancer degeneration, 
accounts for the divergent expression of this paralogue pair. This is 
the first evidence for the involvement of an innovative cis-regulatory 
change in the evolutionary diversification of paralogue expression.

Results
Conserved non-coding sequences in pax8 and pax2 loci. To 
explore the cis-regulatory evolution of pax8 and pax2, we initially 
compared the genomic sequence of a 160-kb segment encompassing 
the human PAX8 gene with the orthologous interval in mouse, 
frog (Xenopus tropicalis) and pufferfish (Takifugu rubripes) 
genomes using the MultiPipMaker alignment tool16. This analysis 

identified five conserved non-coding sequences (CNSs), CNS1–
CNS5, as candidates for pax8 enhancers (Fig. 1a; Supplementary 
Fig. S1). CNS1 and CNS2 are conserved from the human to 
pufferfish, whereas CNS3–CNS5 are found only in tetrapods. We 
also compared the pax8 genomic sequences with the genomic 
sequences from the human, mouse, frog and pufferfish pax2 loci, 
and found the conservation of a recognizable paralogous sequence 
of pax8 CNS1 (pax8-CNS1) in the 5′-flanking region of pax2  
(Fig. 1a; Supplementary Fig. S1). Local alignment of such duplicated 
sequences, pax8-CNS1 and pax2-CNS1, revealed the conservation 
of a cluster of putative transcription factor-binding motifs (Fig. 1b). 
This finding implies partial conservation of ancestral regulatory 
mechanisms between pax8 and pax2, which might account for their 
overlapping expression in the pronephros and otic vesicle during 
embryonic development (Fig. 1c,d).

pax8 enhancers direct pax2-like pleiotropic expression. In the 
functional analysis, we first focused on the cis-regulatory landscape 
of pax8. The Xenopus laevis system was chosen to examine the poten-
tial enhancer activity of the CNSs, because an efficient transgenesis 
technique for a non-mosaic founder assay is readily available17. Each 
X. tropicalis pax8-CNS was cloned into a green fluorescent protein 
(GFP) reporter plasmid carrying a β-actin basal promoter18. Each 
construct was then used to generate transgenic embryos, and their 
GFP expression was examined once the resulting embryos reached 
the tailbud stages (stages 30–32)19. The reporter constructs without 
a CNS showed no significant GFP expression (Fig. 2a). By contrast, 
the constructs carrying pax8-CNS1, pax8-CNS2, pax8-CNS3 or 
pax8-CNS4, but not that carrying pax8-CNS5, drove reproducible 
expression not only in the pronephros that expresses endogenous 
pax8 but also in other tissues that do not express pax8 at the devel-
opmental stages examined (Fig. 2b–f, compare with Fig. 1c; group 
pictures of transgenic embryos, scoring results and expression pat-
terns are summarized in Supplementary Fig. S2, and Supplementary 
Tables S1 and S2, respectively). These tissues include the eye, pha-
ryngeal arches, MHB and hindbrain, which are the pax2-expression  
domains (Fig. 1d). Moreover, when all the pax8-CNSs were  
assembled in a single reporter construct, its expression mostly  
recapitulated that of pax2 (Fig. 2g). Similar pax2-like, pleiotropic 
expression was observed when the β-actin promoter of this con-
struct was replaced with a β-globin basal promoter20 (Fig. 2h,i), 
which indicated that pax2-like expression patterns depend absolutely  
on the enhancer activity of the pax8-CNSs.

Tissue-specific silencing by the pax8 proximal promoter. The 
discrepancy between the pleiotropic expression driven by the con-
served pax8 enhancers and the more restricted expression of endog-
enous pax8 suggests the presence of a tissue-specific silencer(s) that 
limits enhancer function. As the tissue-specific expression pattern 
of pax8 is mostly conserved in vertebrates11,13, this silencer activ-
ity is also expected to be conserved evolutionarily. However, no 
conserved regions other than CNS1–CNS5 were found near the 
pax8 locus. Therefore, the proximal promoter region was examined 
for conserved regulatory function without apparent cross-species 
sequence conservation, as in the in vivo analysis of the PHOX2B 
gene combined with the in vitro data from the ENCODE project21. 
When the proximal promoter region of X. tropicalis pax8 (nucle-
otides  − 2038 to  + 130) alone was linked to GFP, no significant 
expression was observed (Fig. 3a). When this proximal promoter 
region was flanked by the Xenopus pax8-CNS1 to pax8-CNS5, GFP 
expression was observed only in the pronephros, hindbrain and a 
small anterior part of the midbrain, making a striking contrast to 
the pleiotropic expression driven by the β-actin and β-globin basal 
promoters flanked by the same set of pax8-CNSs (Fig. 3b, com-
pare with Fig. 2g,i). These results suggested that the pax8 promoter 
harboured tissue-specific silencer activity, which partly explains 
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the restriction of the enhancer function to the correct expression 
domains of pax8, such as the pronephros. Given that endogenous 
pax8 was not expressed in the hindbrain and midbrain but did show 
expression in the otic vesicle at the stages examined (Fig. 1c), pax8 
may have another silencer and enhancer for these tissues. This pos-
sibility is also supported by a reporter assay using a fosmid con-
struct that covers the  − 24 kb to  + 12 kb region of pax8 and faith-
fully recapitulates endogenous pax8 expression (Supplementary 
Fig. S3). Deletion assays narrowed down the sequence responsible 
for the silencer activity to a 344-bp region ( − 214 to  + 130) in the 
proximal promoter (Fig. 3c,d). This 344-bp sequence suppressed  
the expression from heterologous promoters in an orientation- and 
distance-independent manner (Supplementary Fig. S4), satisfying 
the criteria for a silencer22.

The functional cross-species conservation of both the pleiotropic 
enhancer and the proximal promoter-associated silencer was exam-
ined using the sequences from the mouse Pax8 locus. As expected 
from sequence conservation, mouse Pax8-CNS1 drove pax2-like, 
multi-tissue expression from the β-actin promoter in Xenopus 
embryos as with the Xenopus pax8-CNS1 (Fig. 3e). A proximal pro-
moter region of mouse Pax8 ( − 1607 to  + 494) in itself drove no 
significant GFP expression, as with the Xenopus pax8 proximal pro-
moter (Fig. 3f). When this mouse Pax8 promoter was flanked by 
the mouse Pax8-CNS1, GFP expression was observed only in the 
pronephros, otic vesicle, MHB and eye (Fig. 3g), indicating tissue-
specific suppression of enhancer activity by the promoter. Note that 
mouse Pax8 exhibits expression not only in the pronephros and otic 
vesicle but also in the MHB8, in contrast to Xenopus pax8 that does 

not exhibit expression in the MHB13 (Fig. 1c). Thus, GFP expression  
driven by the mouse Pax8-CNS1 from the mouse Pax8 proxi-
mal promoter mostly recapitulated the mouse Pax8 expression in  
Xenopus embryos, although the ectopic expression remaining in the 
eye suggests the presence of another silencer in mouse Pax8.

Enhancer conservation and silencer innovation. The compara-
tive genome sequence analysis identified the duplicated sequences, 
pax8-CNS1 and pax2-CNS1 (Fig. 1a,b), which implied the partial 
conservation of cis-regulatory mechanisms between pax8 and pax2. 
This possibility was supported by the recapitulation of pax2 expres-
sion by the pax8 enhancers including pax8-CNS1 (Fig. 2). The pax8-
CNS1 and pax2-CNS1 were cloned previously from the pufferfish 
and were shown to have enhancer activity in a transgenic zebrafish 
assay23. As the activity of pax2-CNS1 has not been examined in 
tetrapods, it was cloned from X. tropicalis for the present study and 
used in the transgenic Xenopus assay. The pax2-CNS1 drove GFP 
expression from the β-actin basal promoter in all tissues where the 
pax8-CNS1 was active (Fig. 4a, compare with Fig. 2b), indicating 
that their pleiotropic enhancer activities are conserved. We note 
that these expression domains include not only the pax2-expressing 
tissues but also the somite and midbrain, which suggests that pax2 
also has a silencer(s) somewhere in its regulatory region but the  
tissue range of this putative pax2 silencer is much more restricted 
than that for pax8.

Next, we investigated whether the silencer element in the pax8 
proximal promoter could limit the enhancer functions of pax8-
CNS1 and pax2-CNS1 in a similar tissue-specific fashion. To test 
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Figure 1 | The CNSs and embryonic expression of pax8 and pax2. (a) Diagram of vertebrate pax8 and pax2 loci showing the position of Cnss.  
magenta and purple boxes indicate Cnss and exons, respectively. For pax2, only pax2-Cns1—paralogous to pax8-Cns1—is shown. Broken lines indicate 
orthologous and paralogous relationships between Cnss. Cns lengths range from 123 to 407 bp in the frog genome. (b) Alignment of pax8-Cns1 and 
pax2-Cns1 sequences from the human, mouse, frog and pufferfish. only their conserved core regions are shown. nucleotides identical in more than six 
sequences are shaded in grey. Conserved transcription factor-binding motifs are boxed, although their functional significance was not examined in this 
study. (c,d) In situ hybridization analysis showing expression of pax8 (c) and pax2 (d) in X. tropicalis tailbud embryos (stage 30). White, grey and black 
triangles indicate expression in the pronephros, otic vesicle and eye, respectively. White and black arrows indicate expression in the pharyngeal arches 
and mHB, respectively. A white arrowhead indicates expression in the hindbrain. note that the thyroid gland expression of pax2 occurs later, from  
stage 3413.
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this possibility, GFP reporter constructs, carrying either pax8-CNS1 
or pax2-CNS1 with the pax8 proximal promoter ( − 2038 to  + 130), 
were subjected to a transgenic assay. In the resulting embryos, GFP 
expression from both constructs was restricted to the pronephros, 
which mostly recapitulated endogenous pax8 expression (Fig. 4b,c). 
We also performed experiments using the pax2 proximal promoter 
region ( − 1109 to  + 615 of X. tropicalis pax2) in place of the pax8 
proximal promoter. This pax2 promoter in itself drove weak GFP 
expression in the pax2-expression domains (Fig. 4d). When this 
pax2 promoter was flanked by the pax8-CNS1 or pax2-CNS1, GFP 
expression mimicked pax2 expression in the pronephros, pharyn-
geal arches, MHB and hindbrain (Fig. 4e,f) in contrast with the 

experiments using the pax8 promoter. These results indicated that 
silencer activity uniquely associated with the pax8 proximal pro-
moter is the primary factor generating the divergence of expression 
between pax8 and pax2.

Finally, we asked whether pax8 acquired the silencer follow-
ing the WGD event(s), or whether both pax8 and pax2 inherited 
the element from their common progenitor but only pax2 has lost 
it. The pleiotropic expression observed for the amphioxus gene, 
pax2/5/8, suggests the first scenario9. To examine this possibility, a 
GFP reporter construct carrying the amphioxus pax2/5/8 promoter 
( − 1330 to  + 589, Supplementary Fig. S5) was generated and used 
in the transgenic assay. This construct drove GFP expression in the 
eye, pharyngeal arches, MHB, hindbrain and pronephros, and the 
expression was very similar to that driven by pax8-CNS1 or pax2-
CNS1 from the pax2 proximal promoter (Fig. 4g, compare with  
Fig. 4e,f). This pleiotropic activity of the pax2/5/8 promoter  
supports the idea that the silencer is an evolutionary innovation  
in the pax8 promoter.

Discussion
In this study, we have shown that both pax8 and pax2 retain the 
ancestral modes of cis-activation involving the duplicated enhanc-
ers, and that the innovation of a tissue-specific silencer in pax8 has 
had a crucial role in generating divergence in the expression of these 
paralogues. A previous study in teleosts suggested the conservation 
of the duplicated enhancers between pax8 and pax223. However, the 
activities of this and other pax8 enhancers to drive pax2-like expres-
sion and the mechanism for suppressing such pleiotropic activities  
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Figure 2 | GFP expression driven by pax8-CNSs recapitulates the 
pleiotropic expression of pax2. Transgenic X. laevis embryos were 
generated with the following reporter constructs and their expression was 
analysed using in situ hybridization. (a) The β-actin basal promoter alone 
was linked to GFP. (b–f) The β-actin promoter-GFP cassette was flanked 
by either X. tropicalis pax8-Cns1 (b), pax8-Cns2 (c), pax8-Cns3 (d), 
pax8-Cns4 (e) or pax8-Cns5 (f). (g) The β-actin promoter-GFP cassette 
was flanked by all the pax8-Cnss. (h) The β-globin basal promoter alone 
was linked to GFP. (i) The β-globin promoter-GFP cassette was flanked by 
all the pax8-Cnss. The X. tropicalis pax8-Cns1 to pax8-Cns5 are shown 
as 1pax8 to 5pax8. Representative examples of GFP expression are shown 
together with the injected reporter constructs. The right-hand panels 
show high-magnification views of the embryonic head regions illustrated 
in the left-hand panels. GFP expression patterns are summarized on the 
extreme right with the scoring results. numbers of embryos with the 
positive expression similar to the representative examples, and the total 
number of analysed embryos injected with each construct are indicated 
with percentages of the former cases. White, grey and black triangles 
indicate expression in the pronephros, otic vesicle and eye, respectively. 
White, grey and black arrows indicate expression in the pharyngeal arches, 
somites and mHB, respectively. White and grey arrowheads indicate 
expression in the hindbrain and anterior midbrain, respectively.
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Figure 3 | Identification of tissue-specific silencer activity associated 
with the pax8 proximal promoter. Transgenic X. laevis embryos were 
generated with the following GFP constructs. (a) The proximal promoter 
region of X. tropicalis pax8 ( − 2038 to  + 130) alone was linked to GFP. 
(b–d) A deletion series of the X. tropicalis pax8 proximal promoter 
(b,  − 2038 to  + 130; c,  − 478 to  + 130; and d,  − 214 to  + 130) was flanked 
by the X. tropicalis pax8-Cns1 to pax8-Cns5. (e) The mouse Pax8-Cns1 
(shown as 1mPax8) was linked to the β-actin basal promoter-GFP cassette. 
(f) The proximal promoter region of mouse Pax8 ( − 1607 to  + 494) alone 
was linked to GFP. (g) The mouse Pax8 proximal promoter was flanked 
by mouse Pax8-Cns1. White, grey and black triangles indicate expression 
in the pronephros, otic vesicle and eye, respectively. White, grey and 
black arrows indicate expression in the pharyngeal arches, somites and 
mHB, respectively. White and grey arrowheads indicate expression in the 
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outside the pax8-expressing tissues had remained unknown. 
Sequence analysis identified putative binding motifs of transcrip-
tional repressors, REST (also known as NRSF)24,25 and Nkx26,27, in 
the silencer region of X. tropicalis pax8 promoter and its ortholo-
gous region of mouse Pax8, but not in the homologous regions of  
X. tropicalis pax2 or amphioxus pax2/5/8 (Supplementary Fig. S6).  
The unique association of these repressor motifs to the pax8  
promoter implies their involvement in silencer activity.

In our transgenic assay, both the Xenopus and mouse pax8 proxi-
mal promoters showed silencer activities but their tissue specificities 
were slightly different: the Xenopus promoter suppressed expres-
sion in the MHB but the mouse promoter did not (compare Figs 3g  
and 4b). Given that the Xenopus and mouse pax8 enhancers (CNS1) 
are both capable of directing expression in the MHB, this difference 
in the silencer activities might account for the species differences in 
the MHB expression of Xenopus and mouse pax8.

It has been shown that the thyroid gland expression of pax8 and 
pax2 also shows species difference: thus, zebrafish expresses both 
pax8 and pax2, whereas Xenopus and mouse exclusively express pax2 
and pax8, respectively, in the developing thyroid 12,13,28. Although 
such overlapping or reciprocal expression implies the conservation 
of thyroid enhancers between pax8 and pax2 and species-specific  
modification of the silencers, our transgenic experiments did  
not detect any expression in the thyroid with either pax8-CNSs or 

pax2-CNS1 (Supplementary Fig. S7). Thus, a thyroid enhancer(s) 
might be present outside these CNSs in the pax8 and pax2 loci, and 
the involvement of any silencers remains unknown.

Given that only one pair of enhancers is conserved between pax8 
and pax2, complementary degeneration likely occurred in some 
of their duplicated enhancers after the WGD events. The silencer 
innovation in pax8 promoter occurred either before or after the 
enhancer degeneration, and these two events have led to the resolu-
tion of their duplicated expression in modern vertebrates (Fig. 5). 
This process may also have involved the innovation of another pax8 
enhancer(s) and/or silencer(s), whose presence was suggested by the 
fosmid reporter assay. Possibly, the duplicated expression of pax8 
and pax2 was advantageous for evolution of the kidney and ear but 
disadvantageous for other tissues. If pax8 and pax2 had inherited 
monofunctional enhancers rather than pleiotropic ones from their 
common progenitor, any disadvantages caused by duplication of  
their expression would have been fully dissolved by degeneration  
of the enhancers responsible, as predicted by the duplication– 
degeneration–complementation model. However, because pleio-
tropic enhancers such as pax8-CNS1 and pax2-CNS1 drove both 
advantageous and disadvantageous expressions, the silencer innova-
tion was necessary to suppress the latter. The redundant regulatory 
system of pax8 that involves additional enhancers, CNS2–CNS4, 
with overlapping activities might also have contributed to this 
silencer innovation by robust protection of the original expression 
pattern from degenerative mutations.

The two features present in pax8 enhancers, pleiotropy and 
redundancy, have been found in the regulation of many develop-
mental genes. For example, Sox10 has three enhancers that drive 
overlapping expression in four discrete neural tissues29, and Sonic 
hedgehog has two enhancers that drive overlapping expression 
in the notochord and tegmentum30. Recent studies in Drosophila  
have revealed that such redundant regulation involves ‘shadow 
enhancers’, which ensure robust gene expression under adverse 
environmental or genetic conditions31–33. Therefore, the redun-
dant pax8 enhancers might function as shadow enhancers, and  
silencer innovation could be a common evolutionary escape route 
for developmental genes that harbour such robust regulatory  
mechanisms.
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(g) The amphioxus pax2/5/8 promoter ( − 1330 to  + 589) was linked to 
GFP. White, grey and black triangles indicate expression in the pronephros, 
otic vesicle and eye, respectively. White, grey and black arrows indicate 
expression in the pharyngeal arches, somites and mHB, respectively. 
White and grey arrowheads indicate expression in the hindbrain and in  
an anterior part of the midbrain, respectively.

Before WGD

Progenitor gene
expression

WGD

Pleiotropic
enhancer

Complementary
degeneration of enhancers

Further diversification
by silencer innovation

A

A

B
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C A B C

Silencer

C D C D

D SBCD

A B C D

A BC

BC A BC

BC

D

pax2

pax8

Figure 5 | A model for the regulatory diversification of pax2 and pax8. 
To simplify the model, pax5 is not depicted. The model is based on a 
progenitor gene with four expression domains (A, B, C and D) and three 
enhancers (A, BC and D), where the pleiotropic enhancer, BC, drives 
expression in both B and C domains (left panel). Following WGD1 and/or 
WGD2, the complementary loss of enhancers occurs in the duplicated 
genes: one (pax2) loses the D enhancer and the other (pax8) loses the 
A enhancer because of degenerative mutations (‘×’ in the middle panel). 
silencer innovation then occurs in the proximal promoter of pax8 (black 
box ‘s’), to allow selective suppression of BC enhancer activity in the B 
domain (right panel, orange line).
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Methods
Genome sequence analysis. The 160-kb genomic sequence of the human PAX8 
locus (hg18, chr2: 113,675,016–113,835,015) and its orthologous sequences in the 
mouse (mm9, chr2: 24,262,407–24,415,729), X. tropicalis (xenTro2, scaffold_30: 
1,830,001–1,870,000) and Takifugu (fr2, chrUn: 75,566,029–75,596,029) were 
downloaded from the UCSC Genome Browser34. The genomic sequence of the 
human PAX2 locus (hg18, chr10: 102,287,183–102,677,960) and its orthologous 
sequences in the mouse (mm9, chr19: 44,638,956–45,020,167), X. tropicalis  
(xenTro2, scaffold_204: 1,014,773–1,688,046) and Takifugu (fr2, chrUn: 
158,920,197–159,034,770) were also downloaded from this genome browser.  
These sequences were aligned using MultiPipMaker16. Sequence alignments  
of the pax8-CNS1 and pax2-CNS1, amphioxus pax2/5/8 promoters, and the 
pax8, pax2 and amphioxus pax2/5/8 proximal promoters were generated using 
ClustalW35. Searches for potential transcription factor-binding sites were per-
formed with transcription factor-binding motifs collected from the TRANSFAC 
and JASPAR databases36,37. Putative transcription start sites of X. tropicalis pax8, 
pax2, mouse Pax8 and amphioxus pax2/5/8 were predicted with their previously 
identified complementary DNAs (Genbank accession numbers: NM001079301, 
AL969279, NM011040 and AF053762, respectively) and an eukaryotic promoter 
prediction program38.

Plasmid and fosmid constructs. The reporter plasmid, actGFP, carrying a chicken 
β-actin basal promoter ( − 55 to  + 53), was previously described as βGFP18. The 
construct, gloGFP, was generated by replacing the β-actin basal promoter of 
actGFP with a human β-globin basal promoter ( − 37 to  + 12)20. Primer sequences 
used in this study are summarized in Supplementary Table S3. The CNSs and other 
promoter regions were cloned from X. tropicalis, mouse or Japanese amphioxus 
(Branchiostoma japonicum) genomic DNA by PCR and verified by sequencing.  
The sequence of the B. japonicum pax2/5/8 promoter was deposited to GenBank 
(accession no. JQ902140). The reporter constructs carrying the pax2, pax8 or 
pax2/5/8 promoters were generated by introducing each fragment into the pro-
moter-less GFP reporter plasmid, pBSSK + EGFP18. For generating the pax8– 
GFP fosmid construct, a GFP-flpe-kan cassette was introduced in-frame into  
a X. tropicalis fosmid clone, AOPZ250282 (European Xenopus Resource Centre), 
using homologous recombination technique39. After the recombination, the kan 
gene used as a selection marker was flipped out from the fosmid by arabinose- 
induced Flpe recombinase40.

Transgenic reporter assay. Transgenic Xenopus embryos were generated by a 
sperm nuclear transplantation method with oocyte extracts17,41. The manipulated 
embryos were cultured until the tailbud stages, and all normally developed em-
bryos were subjected to in situ hybridization to examine their GFP expression with 
maximum sensitivity18. The frequency of GFP expression varied depending on 
constructs, egg quality and preparation of the oocyte extracts. However, within any 
GFP-positive group, more than 80% showed an expression pattern consistent with 
the representative examples, and the remainder showed non-reproducible ectopic 
expression (Supplementary Fig. S2 and Supplementary Table S1). 

References
1. Ohno, S. Evolution by Gene Duplication (Springer-Verlag, New York, 1970).
2. Jaillon, O. et al. Genome duplication in the teleost fish Tetraodon nigroviridis 

reveals the early vertebrate proto-karyotype. Nature 431, 946–957 (2004).
3. Force, A. et al. Preservation of duplicate genes by complementary, degenerative 

mutations. Genetics 151, 1531–1545 (1999).
4. Postlethwait, J., Amores, A., Cresko, W., Singer, A. & Yan, Y. L. Subfunction 

partitioning, the teleost radiation and the annotation of the human genome. 
Trends Genet. 20, 481–490 (2004).

5. Prince, V. E. & Pickett, F. B. Splitting pairs: the diverging fates of duplicated 
genes. Nat. Rev. Genet. 3, 827–837 (2002).

6. Kleinjan, D. A. et al. Subfunctionalization of duplicated zebrafish pax6 genes  
by cis-regulatory divergence. PLoS Genet. 4, e29 (2008).

7. Dressler, G. R. & Woolf, A. S. Pax2 in development and renal disease. Int. J. 
Dev. Biol. 43, 463–468 (1999).

8. Bouchard, M., Souabni, A., Mandler, M., Neubuser, A. & Busslinger, M. Nephric 
lineage specification by Pax2 and Pax8. Genes Dev. 16, 2958–2970 (2002).

9. Kozmik, Z. et al. Characterization of an amphioxus paired box gene, 
AmphiPax2/5/8: developmental expression patterns in optic support cells, 
nephridium, thyroid-like structures and pharyngeal gill slits, but not in the 
midbrain-hindbrain boundary region. Development 126, 1295–1304 (1999).

10. Bassham, S., Canestro, C. & Postlethwait, J. H. Evolution of developmental 
roles of Pax2/5/8 paralogs after independent duplication in urochordate and 
vertebrate lineages. BMC Biol. 6, 35 (2008).

11. Goode, D. K. & Elgar, G. The PAX258 gene subfamily: a comparative 
perspective. Dev. Dyn. 238, 2951–2974 (2009).

12. Plachov, D. et al. Pax8, a murine paired box gene expressed in the developing 
excretory system and thyroid gland. Development 110, 643–651 (1990).

13. Heller, N. & Brandli, A. W. Xenopus Pax-2/5/8 orthologues: novel insights into 
Pax gene evolution and identification of Pax-8 as the earliest marker for otic 
and pronephric cell lineages. Dev. Genet. 24, 208–219 (1999).

14. Dressler, G. R., Deutsch, U., Chowdhury, K., Nornes, H. O. & Gruss, P. Pax2,  
a new murine paired-box-containing gene and its expression in the developing 
excretory system. Development 109, 787–795 (1990).

15. Heller, N. & Brandli, A. W. Xenopus Pax-2 displays multiple splice forms during 
embryogenesis and pronephric kidney development. Mech. Dev. 69, 83–104 
(1997).

16. Schwartz, S. et al. MultiPipMaker and supporting tools: alignments and 
analysis of multiple genomic DNA sequences. Nucleic Acids Res. 31, 3518–3524 
(2003).

17. Kroll, K. L. & Amaya, E. Transgenic Xenopus embryos from sperm nuclear 
transplantations reveal FGF signaling requirements during gastrulation. 
Development 122, 3173–3183 (1996).

18. Ogino, H., Fisher, M. & Grainger, R. M. Convergence of a head-field selector 
Otx2 and Notch signaling: a mechanism for lens specification. Development 
135, 249–258 (2008).

19. Nieuwkoop, P. D. & Faber, J. Normal Table of Xenopus Laevis (North-Holland 
Publishing Company, Amsterdam, 1967).

20. Yee, S. P. & Rigby, P. W. The regulation of myogenin gene expression during the 
embryonic development of the mouse. Genes Dev. 7, 1277–1289 (1993).

21. McGaughey, D. M., Stine, Z. E., Huynh, J. L., Vinton, R. M. & McCallion, A. S. 
Asymmetrical distribution of non-conserved regulatory sequences at PHOX2B 
is reflected at the ENCODE loci and illuminates a possible genome-wide trend. 
BMC Genomics 10, 8 (2009).

22. Brand, A. H., Breeden, L., Abraham, J., Sternglanz, R. & Nasmyth, K. 
Characterization of a ‘silencer’ in yeast: a DNA sequence with properties 
opposite to those of a transcriptional enhancer. Cell 41, 41–48 (1985).

23. Goode, D. K., Callaway, H. A., Cerda, G. A., Lewis, K. E. & Elgar, G. 
Minor change, major difference: divergent functions of highly conserved 
cis-regulatory elements subsequent to whole genome duplication events. 
Development 138, 879–884 (2011).

24. Ballas, N. & Mandel, G. The many faces of REST oversee epigenetic program-
ming of neuronal genes. Curr. Opin. Neurobiol. 15, 500–506 (2005).

25. Johnson, D. S., Mortazavi, A., Myers, R. M. & Wold, B. Genome-wide mapping 
of in vivo protein-DNA interactions. Science 316, 1497–1502 (2007).

26. Chen, C. Y. & Schwartz, R. J. Identification of novel DNA binding targets and 
regulatory domains of a murine tinman homeodomain factor, nkx-2.5. J. Biol. 
Chem. 270, 15628–15633 (1995).

27. Muhr, J., Andersson, E., Persson, M., Jessell, T. M. & Ericson, J. Groucho-
mediated transcriptional repression establishes progenitor cell pattern and 
neuronal fate in the ventral neural tube. Cell 104, 861–873 (2001).

28. Wendl, T. et al. Pax2.1 is required for the development of thyroid follicles in 
zebrafish. Development 129, 3751–3760 (2002).

29. Werner, T., Hammer, A., Wahlbuhl, M., Bosl, M. R. & Wegner, M. Multiple 
conserved regulatory elements with overlapping functions determine Sox10 
expression in mouse embryogenesis. Nucleic Acids Res. 35, 6526–6538 (2007).

30. Ertzer, R. et al. Cooperation of sonic hedgehog enhancers in midline expression. 
Dev. Biol. 301, 578–589 (2007).

31. Hong, J. W., Hendrix, D. A. & Levine, M. S. Shadow enhancers as a source of 
evolutionary novelty. Science 321, 1314 (2008).

32. Hobert, O. Gene regulation: enhancers stepping out of the shadow. Curr. Biol. 
20, R697–R699 (2010).

33. Frankel, N. et al. Phenotypic robustness conferred by apparently redundant 
transcriptional enhancers. Nature 466, 490–493 (2010).

34. Karolchik, D. et al. The UCSC genome browser database. Nucleic Acids Res. 31, 
51–54 (2003).

35. Larkin, M. A. et al. Clustal W and Clustal X version 2.0. Bioinformatics 23, 
2947–2948 (2007).

36. Wingender, E. The TRANSFAC project as an example of framework technology 
that supports the analysis of genomic regulation. Brief Bioinform. 9, 326–332 
(2008).

37. Portales-Casamar, E. et al. JASPAR 2010: the greatly expanded open-access 
database of transcription factor binding profiles. Nucleic Acids Res. 38, 
D105–D110 (2010).

38. Reese, M. G. Application of a time-delay neural network to promoter 
annotation in the Drosophila melanogaster genome. Comput. Chem. 26,  
51–56 (2001).

39. DeLaurier, A. et al. Zebrafish sp7:EGFP: a transgenic for studying otic vesicle 
formation, skeletogenesis, and bone regeneration. Genesis 48, 505–511 (2010).

40. Lee, E. C. et al. A highly efficient Escherichia coli-based chromosome 
engineering system adapted for recombinogenic targeting and subcloning of 
BAC DNA. Genomics 73, 56–65 (2001).

41. Hirsch, N. et al. Xenopus tropicalis transgenic lines and their use in the study  
of embryonic induction. Dev. Dyn. 225, 522–535 (2002).

42. Gray, S. & Levine, M. Transcriptional repression in development. Curr. Opin. 
Cell Biol. 8, 358–364 (1996).

Acknowledgements
We thank Drs. Makoto Asashima, Shuji Takahashi, Yoshio Yaoita, Keisuke Tanida and 
Hiroshi Wada for providing X. tropicalis, amphioxus and various reagents. This work 



ARTICLE   

�

nATuRE CommunICATIons | DoI: 10.1038/ncomms1851

nATuRE CommunICATIons | 3:848 | DoI: 10.1038/ncomms1851 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

was supported by Grants-in-Aid for Scientific Research from the Japan Society for the 
Promotion of Science (JSPS) and the Ministry of Education, Culture, Sports, Science and 
Technology (MEXT) of Japan (Grants No. 23570256, 21200064 and 21770234), grants 
from the NAIST Foundation, Takeda Science Foundation, and Inamori Foundation, 
and by CREST (JST), the National Bio-Resource Project of MEXT and the Global COE 
Program in NAIST.

Author contributions
H. Ochi performed the molecular cloning and transgenic experiments, and  
participated in writing the paper. T.T. and H.N. performed the transgenic  
experiments and in situ hybridization analysis. A.K. and N.S. participated in the  
in situ hybridization analysis. H. Ogino designed the experiments and wrote  
the paper. All authors discussed the results and made substantial contributions  
to the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ochi, H. et al. Evolution of a tissue-specific silencer underlies 
divergence in the expression of pax2 and pax8 paralogues. Nat. Commun. 3:848  
doi: 10.1038/ncomms1851 (2012).

License: This work is licensed under a Creative Commons Attribution-NonCommercial-
Share Alike 3.0 Unported License. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/3.0/


	Evolution of a tissue-specific silencer underlies divergence in the expression of pax2 and pax8 paralogues
	Introduction
	Results
	Conserved non-coding sequences in pax8 and pax2 loci
	pax8 enhancers direct pax2-like pleiotropic expression
	Tissue-specific silencing by the pax8 proximal promoter
	Enhancer conservation and silencer innovation

	Discussion
	Methods
	Genome sequence analysis
	Plasmid and fosmid constructs
	Transgenic reporter assay

	Additional information
	Acknowledgements
	References




