
A regulatory module embedded in the coding region
of Hoxa2 controls expression in rhombomere 2
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Here, we define a gene regulatory network for Hoxa2, responsible
for temporal and spatial expression in hindbrain development.
Hoxa2 plays an important role in regulating the regional identity
of rhombomere 2 (r2) and is the only Hox gene expressed in this
segment. In this study, we found that a Hoxa2 cis-regulatory
module consists of five elements that direct expression in r2 of the
developing hindbrain. Surprisingly, the module is imbedded in the
second coding exon of Hoxa2 and therefore may be constrained by
both protein coding and gene regulatory requirements. This highly
conserved enhancer consists of two consensus Sox binding sites
and several additional elements that act in concert to direct
strong r2 specific expression. Our findings provide important
insight into the regulation of segmental identity in the anterior
hindbrain. Furthermore, they have broader implications in de-
signing arrays and interpreting data from global analyses of
gene regulation because regulatory input from coding regions
needs to be considered.

cis elements � hindbrain segmentation � Hox genes � regulatory network

Hox genes play an important role in establishing regional
identity throughout the anteroposterior (AP) axis of em-

bryo (1–3). The expression of different combinations of Hox
proteins (Hox code) is a critical aspect of the regulatory network
that provides cells with molecular information about their AP
position. The generation of regional diversity in vertebrate
hindbrain is achieved through the formation of lineage-restricted
segmental compartments called rhombomeres (r) and disruption
of the nested domains of Hox expression alters the rhombomere
identity and influences other aspects of the segmentation pro-
cess (4–6). Targeted inactivation of the Hoxa2 gene, which is the
only Hox gene expressed in r2, leads to the partial transformation
of the segment normally characterized as r2, to an r1 identity (7).
This transformation is associated with a changes in the segmental
expression patterns and morphological characteristics of the
rhombomere (7), demonstrating the key role played by Hoxa2 in
control of the r2 gene regulatory network.

Characterizing the gene regulatory networks that control the
spatial and temporal expression of Hox genes is essential for
understanding the process of hindbrain segmentation and regional
identity. Based on experiments in a number of species, there is a
considerable body of work on the upstream transcription factors
and signaling pathways that regulate segmental expression of Hox
genes in r3-r6, and auto- and cross-regulatory interactions between
the Hox genes themselves play a key role in control of rhombomere-
restricted Hox expression (reviewed in ref. 5, 8–10). However,
virtually nothing is known about regulation of Hox expression in r2.

In this study, we used evolutionary comparisons and func-
tional analyses in chicken and mouse embryos to characterize the
mechanisms that underlie the regulation of Hoxa2 expression in
r2. We identified a Hoxa2 cis-regulatory module capable of
directing r2 restricted-expression that is embedded in a coding
region of the second exon. This module consists of five elements
that act in concert to direct r2 specific expression, and two of
these highly conserved elements are binding sites for the Sox

family of transcription regulators. These results provide insight
into control of r2 identity.

Results
Mapping a Conserved Hoxa2 r2 Enhancer. Segmental expression of
Hoxa2 in the vertebrate hindbrain involves the combined activities
of multiple cis-regulatory modules. It has been shown that the
intergenic region between Hoxa2 and Hoxa3 contains conserved
enhancers implicated in directing expression in r3 and r5 (r3/5)
(11–14) and cranial neural crest cells (ncc) (15). A conserved
regulatory module located in the intron of Hoxa2 mediates expres-
sion in r4 (16). In mouse, a 7-kb (EcoRI-AatII) fragment, beginning
just upstream of the first exon of Hoxa2 to the middle of the first
exon of Hoxa1 (17), and a 2.5-kb (BamHI) fragment containing part
of the second exon of Hoxa2 and 3� intergenic region (18) are
capable of directing reporter activity in r2 (Fig. 1A). To identify and
characterize the r2 control module, we further analyzed regions in
and around the 3� region of the Hoxa2 locus.

Identification of sequence identity between multiple species
alignment has been helpful in focusing in on potential regu-
latory elements (10, 16). Therefore, we cloned, sequenced, and
functionally tested the region downstream of chicken Hoxa2
gene. We linked a 1.9-kb MluI-BamHI fragment (Fig. 1B,
construct 1), including the second half of Hoxa2 exon 2 and
additional 3� downstream sequence, to a lacZ reporter gene
and scored for regulatory activity after electroporation into
chicken embryos. This region directs reporter staining specif-
ically in r2 (Fig. 1C). Based on relative position and function,
this is the chicken equivalent of the regulatory region con-
tained in the mouse 2.5-kb BamHI fragment (Fig. 1 A). In
addition to the expected similarity in the coding region,
sequence alignments of the mammalian and chicken fragments
reveal that the only homologies are located in the 3� UTR of
the gene and sequences surrounding a conserved BamHI site,
midway through the Hoxa2-Hoxa1 intergenic region [support-
ing information (SI) Figs. S1 and S2]. The sequences around
the mouse BamHI site contain a putative bipartite Hoxa2-Pbx
response element (ARE) (19) and two binding motifs for the
nuclear matrix protein, SATB2 (20) (Fig. 1 A). Although in
chicken we can identify and align a conserved region contain-
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ing the SATB2 sites, we are unable to identify a Hoxa2-Pbx
response element in a similar position (Fig. S2).

In light of this conserved region surrounding the BamHI site
and the important role of auto and cross-regulatory mechanisms
in control of segmental Hox expression (16, 21–24), we next
tested whether these regions are required for activity in r2. The
mouse 2.5-kb BamHI fragment was divided into two separate
regions by digestion with XmnI, and each region was linked to
an alkaline phosphatase (AP) reporter construct to test for
regulatory activity in transgenic mice. The 3� XmnI-BamHI
region, containing the Hoxa2 ARE and conserved block, di-
rected no reporter expression (data not shown), whereas the 5�
BamHI-XmnI region (r2-AP) mediated robust reporter staining
in r2 (Fig. 1 A). We also performed a similar dissection of the
chicken MluI-BamHI fragment. The 5� MluI-BbsI fragment
(Fig. 1B, construct 2) directs restricted reporter staining in r2
when tested in both chick and mouse embryos (Fig. 1C, construct
2). No regulatory activity was detected using the 3� segment of
the chicken gene containing the regions up to and including the
conserved BamHI site. Therefore, the Hoxa2-Pbx response
element (ARE) is not required for r2 activity, consistent with our
observation that it is not conserved in the chicken gene (Figs. S1
and S2). To determine whether the activity of the r2 enhancer
depends on Hoxa2 mediated through other sites, we crossed the
r2-AP transgenic reporter line with mice carrying a null allele of
Hoxa2 (25). No changes in reporter staining in r2 were observed
in homozygous Hoxa2�/� mutant embryos, compared with con-
trol embryos (Fig. 1 A). This demonstrates that autoregulatory
input from Hoxa2, the only Hox gene expressed in r2, is not
required for activity of the r2 enhancer.

The r2 Enhancer Resides in the Second Exon of Hoxa2. The above
results indicate that the cis-regulatory elements directing r2
expression must reside in the second exon or 3� UTR of Hoxa2.
We generated a series of reporter constructs carrying deletion
variants of the chicken MluI-BbsI fragment (Fig. 1B, constructs
3–6) to more precisely map the regulatory activity. Surprisingly,
analyses of reporter staining with constructs 3–6 demonstrated
that the conserved sequence in the 3� UTR is not required for
activity and that the r2 enhancer is contained in an 264-bp
MluI-PstI fragment embedded in the coding sequence of the
second exon of Hoxa2 (Fig. 1 B and C). Construct 6, containing
part of exon 2, efficiently directs r2-specific staining in chicken
and mouse embryos (Fig. 1C).

We isolated the equivalent region from other species, includ-
ing mouse, fish (zebrafish and medaka), dog, and frog (Xenopus
tropicalis), and scored for activity in the chicken embryo assay.
We find robust reporter staining in r2 when this region of exon
2 is used (Fig. 1D), demonstrating that the r2 module is
embedded in the second exon of Hoxa2 and functionally con-
served among these different vertebrate species.

Multiple cis-Acting Elements Are Required for Regulating Hoxa2
Expression in r2. Progressive 5� and 3� deletion of the MluI-PstI
fragment (construct 6) produced a series of nested fragments
(constructs 7–14) that were tested for r2 activity (Fig. 1 B and E).
In the 5� deletion series (constructs 6–10), the efficiency of
expression progressively decreased from 95% to 30% (Fig. 1 B
and E). Furthermore, the expression patterns became less
r2-restricted as other regions of the hindbrain displayed reporter
staining. These results suggest that several elements (regions a
and b in Fig. 1B) may participate in modulating levels and
restricting expression to r2. The region deleted in construct 11
completely abrogates reporter activity, indicating an essential
component lies in this sequence (region c in Fig. 1B). The 3�
deletion series (constructs 12–14) revealed that the short region
(region d) when deleted in construct 13 also, results in a
complete loss of reporter activity (Fig. 1B). These data indicate
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Fig. 1. Identifying the Hoxa2 module directing r2 expression. (A) Genomic
map of the mHoxa2 and mHoxa1 genes. The BamHI/XmnI fragment directs
r2 expression of an alkaline phosphatase reporter (r2-AP) in a normal (Left)
and Hoxa2 knockout (Hoxa2�/�:r2-AP) (Right) mouse embryos (9.5dpc). (B)
Map showing the relative location of each fragment used in LacZ con-
structs. The gray boxes in exon 2 represent the homeodomain (HD). Black
rectangles are the 5� and 3� untranslated regions. The r2 expression effi-
ciency is calculated from the number of embryos displaying r2 specific
expression as a percentage of the total embryos (n) electroporated with the
construct. Below the constructs, regions containing regulatory elements
(a–d) are defined for reference in subsequent figures. (C and E) Represen-
tative transgenic mouse (as labeled) or electroporated chicken embryos (all
other embryos) expressing the indicated constructs. (D) Electroporated
chicken embryos tested with the Hoxa2 r2 enhancers (equivalent to con-
struct 2) from the indicated species. Restriction enzyme sites in maps: E,
EcoRI; B, BamHI; X, XmnI; A, AccI; M, MluI; P, PstI; Bb, BbsI. OV, otic vesicle;
r2, rhombomere 2.
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that the r2 cis-regulatory module combines the activity of two
regions in the middle of the fragment (regions c and d) essential
for enhancer activity in conjunction with other 5� elements
(regions a and b), which may modulate levels of expression but
alone are not sufficient to direct r2 expression.

To more precisely map the elements defined by the 5� and
3� deletions, we performed 10- to 20-bp internal scanning
deletions across regions a–d in the context of the MluI-BbsI
fragment (Fig. 2 A and K, constructs �1 to �11). The deletions
in constructs �2, �4, �5, �8, and �10 lead to a marked
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Fig. 2. Deletion analysis of the r2 module of Hoxa2. (A) Map of the chHoxa2 locus and the constructs used to further refine the r2 elements. The deletions were
performed in construct 2 (see Fig. 1) focusing on the region encompassing the elements (a–d). The refined positions of the r2 enhancer elements (�2.1, �4, �5.2, �8.2,
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Bb, BbsI; B, BamHI. (B–J) Representative electroporated chicken embryos for the indicated constructs. (K) Sequence alignment of the Hoxa2 r2 module. The deletions
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Tümpel et al. PNAS � December 23, 2008 � vol. 105 � no. 51 � 20079

D
EV

EL
O

PM
EN

TA
L

BI
O

LO
G

Y
SA

CK
LE

R
SP

EC
IA

L
FE

A
TU

RE



reduction in r2 enhancer activity, whereas the other deletions
did not lead to any substantial change (Fig. 2 A–J). We
performed additional 5- to 10-bp deletions that further refine
the five motifs important for enhancer activity (blue boxes at
bottom of Fig. 2 A).

Interspecies Alignment of the Regions Containing the r2 cis elements.
Having identified specific regions required for Hoxa2 r2 en-
hancer activity of the chicken gene, we performed a local
alignment comparing sequences from various vertebrate species
(Fig. 2K). The three rhombomere two elements (RTE1–RTE3)
important for modulating the intensity/efficiency of reporter
expression in r2 are embedded in the coding sequence of the
Hoxa2 gene, so it is not surprising that the alignments are very
similar throughout this region. The RTE1 and RTE3 elements
show a very high degree of conservation, with consensus core
sequences (uppercase letters are conserved in all species) of
5�-cCCAa-3� and 5�-GAgAA-3�, respectively. The RTE2 motif
shows less conservation in frog and fish but in other species has
a conserved 5�-CCTTTANC-3� core.

The two elements required for enhancer activity contain very
similar, highly conserved 5�-ACAAT-3� motifs (Fig. 2K, boxed in
red), suggesting that multiple binding sites for a similar factor are
important for enhancer activity. We used this feature to describe
these elements as ACAAT-1 and ACAAT-2. We determined
whether the two 5�-ACAAT motifs are also sufficient to direct r2
expression. Multimerized sequences (4 copies) spanning each
ACAAT motif were linked to a lacZ reporter and assayed using
chick electroporation (Fig. 3). Reporter vectors containing the
20-bp region deleted in �8 (construct 36) or in �10 (construct 37)
show strong expression in r2, although weak reporter staining was
also observed in the midbrain and posterior hindbrain (Fig. 3). We
tested a shorter sequence (11 bp) encompassing the ACAAT-2
motif (construct 38) and found that it was able to direct lacZ
expression in r2 but strong staining was also detected in the
midbrain and r4 (Fig. 3). Surprisingly, four copies of the 5�-
ACAAT-3� sequence alone (construct 39), generated a similar
patter with staining in r2, r4, and the midbrain (Fig. 3). These results

suggest that this motif is sufficient to direct expression in r2 and
some adjacent regions but that other factors/sequences may serve
to restrict expression specifically to r2.

Sox Proteins Bind to the ACAAT Motifs. The sequence of the two
ACAAT motifs in the r2 enhancer is highly similar to the
consensus binding site for several Sox genes (26). Therefore, we
performed electrophoretic mobility shifts assays (EMSA), using
probes spanning the ACAAT-1 and ACAAT-2 motifs and in
vitro translated Sox2 protein to investigate interactions with Sox
protein. The EMSA reveal that, in vitro, Sox2 binds to both the
ACAAT-1 (lane 1) and the ACAAT-2 (lane 8) probes (Fig. 4A,
arrowhead). Furthermore, in competition assays, addition of an
unlabeled WT probe significantly decreases Sox2 binding on
these sites (Fig. 4A, lanes 2 and 10). In conjunction with
functional assays incorporating point mutations in these motifs
(see next section and Fig. 4B), we also evaluated the influence
specific changes in the ACAAT motifs would have in competing
for Sox2 binding to a WT probe. Some alterations strongly
reduce or eliminate the ability of these sequences to compete for
interactions with Sox2 (Fig. 4A, lanes 3, 4, 10, and 11), whereas
others have more mild effects (Fig. 4A, lanes 5, 6, 12, and 13) on
binding in agreement with requirements for consensus Sox
binding sites from other studies (26, 27).

Relationship Between Nucleotide Requirements and Amino Acid Se-
quence. A surprising finding of this study is that the elements of the
r2 enhancer are embedded in the second exon of Hoxa2. This
sequence is highly conserved, as expected for a coding exon.
Alteration of this sequence could be constrained by both the
requirement to maintain the amino acid sequence of the protein
and the requirement to maintain cis-regulatory elements directing
r2 expression. The sequence of the five regulatory elements, codons
and amino acids encoded by the chicken gene (Fig. 4B) and an
interspecies amino acid alignment for the region (Fig. 4C) are
shown. To explore the regulatory constraint, we first altered the r2
elements, using synonymous base substitutions that would maintain
the encoded amino acids (for example, in the third base wobble
position). We subdivided the effect of each nucleotide exchange
into three categories: little or no change of r2 activity (blue,
81–100% efficiency); medium effect, in which the number of the
tested embryos showing r2 specific reporter staining was reduced to
between 51% and 80% (yellow); and great effect, in which �50%
(red) of the tested embryos show r2 reporter expression (Fig. 4B).
In all cases involving the ACAAT motifs, effects on reporter
expression correlated with the ability of these changes to influence
binding of Sox2 (Fig. 4A and data not shown).

Site-directed mutagenesis in the ACAAT motifs had the
strongest effect, whereas changes in the third base of codons in
the RTE motifs had small or negligible effects. The ACAAT-1
motif of chick spans codons for serine (TCA), threonine (ACA),
and methionine (ATG) (Fig. 4B). Altering the serine TCA codon
to TCG had no effect on the r2 enhancer activity, consistent with
sequences of some fishes (fugu, zebrafish, and medaka), which
have a G at this position in the ACAAT-2 motif. However,
replacement with the serine codons TCC or TCT reduces the
ability of the segment to direct r2 expression (Fig. 4B). Replacing
the threonine ACA codon with the ACC or ACG alternatives
had a profound effect on enhancer activity, whereas the change
to ACT had only a medium effect (Fig. 4B).

In the ACAAT-2 motif, the ability to alter nucleotides and
maintain the coding information of the sequences is more
limited. The first codon, AAC (asparagine), can be changed to
AAT, and the second codon, AAT (asparagine), can be changed
to AAC without affecting the encoded amino acid. Neither
change had any significant effect on the fragments ability to
direct r2 expression (Fig. 4B). Several fishes show the consensus
sequence 5�-GACAAT-3� instead of 5�-AACAAT-3� in the
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human
zebrafish

∆8 ∆10
TTTTCAACACCAGTCACCCACTGTTCAAAACTGCCTCTCAACAATGGCCCAGAACTGCGCAGCTGGCCTCAACAATGACAGTCCTGAG
TTTTCAGCACCAGTCACCCACTGTTCCCAACTGCTTGTCAACAATGGGCCAGAACTGTGGAGCTGGCCTAAACAATGACAGTCCTGAG
TTTTCCCAACCCGTCACCCACTGTTCCTATCTGCACCACAACAATGGCCCCGGATTGTGCATCTGCTCAGGACAATGGCAGTCCCTCG

 r2 expression 
     efficiency

n%
4X#3610 60 

4X#3710 50 

CTCAACAATGA4X#3810 50 

4X#3910 40 

Fig. 3. Analysis of regulatory activity of the individual ACAAT motifs.
(Upper) A sequence alignment between representative sequences from avian,
mammal, and fish. Sequence defined by the deletion experiments (�8 and �10
in previous figures) is boxed in blue, the location of the core ACAAT motifs is
boxed in orange. Four copies of each oligonucleotide containing the ACAAT
region from the chicken sequence are fused to the reporter, LacZ. The blue
constructs contain four copies of the 20-bp region of defined by the deletion
experiments (�8.2 and �10.1, construct 36 and 37). The black construct con-
tains four copies of a smaller 11-bp region (construct 38). The red construct
contains four copies of the 5-bp core ACAAT motif (construct 39). The effi-
ciency of each construct is given. (Lower) Representative chicken embryos,
electroporated with the indicated construct stained for reporter activity.

20080 � www.pnas.org�cgi�doi�10.1073�pnas.0806360105 Tümpel et al.



ACAAT-2 motif encoding, an aspartic acid, instead of aspara-
gine. This is consistent with our analysis above (Figs. 1D and 2K),
because we found this substitution is tolerated for regulatory
activity, whereas a pyrimidine in this position is not.

Next, we made nonsynonymous substitutions in other parts of the
ACAAT-1 motif to more extensively test its sequence requirements.
There is only one methionine codon so changing the ATG to AAG
or AGG resulted in strong effects on enhancer activity, whereas
replacing the ATG with ATC has a moderate effect (Fig. 4B). Other
substitutions affecting the core 5�-ACAAT-3� sequence, also de-
creased its ability to direct efficient r2 expression (Fig. 4B), under-
scoring the importance of conserving this motif.

Discussion
Hoxa2 is the only Hox gene expressed in r2 and its expression has
a crucial function in establishing the identity of this rhombomere in
the developing hindbrain (7). In this study, we identify and char-
acterize the regulatory elements that direct r2 expression and
demonstrate they are located in a unique position, within the second
coding exon of Hoxa2. These findings raise several interesting issues
with respect to both the control of hindbrain segmentation and com-
parative approaches to the analysis of gene expression.

Hoxa2 and Hoxb2 arose by duplication and divergence from a
common ancestor; however, Hoxa2 is the only vertebrate Hox
gene expressed in r2. Comparison of the predicted proteins of
these group 2 members reveals that the RTE and ACAAT
regulatory motifs reside on the carboxyl-terminal side of the
Hoxa2 homeodomain, in a region that is not conserved with
Hoxb2 (Fig. 4D). Hence, this region has diverged at both the
nucleotide and amino acid levels in Hoxb2. This domain is not
detected in the Drosophila pb gene or in the single amphioxus
Hox2 gene. Furthermore, regulatory studies in transgenic mice
testing the activity of this and other regions of the AmphiHox
cluster revealed no elements with the ability to regulate rhom-
bomere-restricted expression in the hindbrain (28). Together,
these observations suggest that the r2 regulatory region embed-
ded in a Hoxa2 coding exon may have arisen early during the
evolution of vertebrates in association with either a gain of r2
elements in Hoxa2 or their loss in Hoxb2.

The finding that Sox proteins are implicated in binding to the
ACAAT motifs to potentiate r2 activity of the enhancer is inter-
esting in light of the expression patterns of the SoxB class of genes
and the patterns of reporter staining we obtained from multimer-
ized ACAAT motifs (Fig. 3). Sox1, Sox2 and Sox3 are expressed in
the developing hindbrain and there are generally much lower levels
in r3 and r5 with high levels in the midbrain, r2 and r4 (29). These
patterns are similar to that observed for reporter staining with the
multimerized ACAAT motifs as opposed to the full r2 enhancer
(Fig. 2, 3) suggesting that the ACAAT motifs serve as Sox response
elements. Our findings underscore the diverse roles this family of
proteins has in regulating segmental expression in the vertebrate
hindbrain (10, 11). Based on our analyses, it appears that the
mechanism for establishing Hoxa2 expression in r2 combines broad
activation and specific repression coordinated by multiple elements.
In this model, the ACAAT motifs interact with factors (Sox) that
potentiate multiple domains of expression in both the midbrain and
hindbrain and the RTEs serve to restrict the regulatory potential,
specifically to r2.

The presence of cis-transcriptional regulatory elements em-
bedded in a coding exon is a surprising finding and raises some
general issues. The overlap between regulatory function and
mRNA synthesis may be difficult to conceptualize. However,
regulatory modules have been shown to exert their activities on
gene expression from a wide variety of positions upstream,
downstream, and within a transcriptional unit (introns and
UTRs); hence, cis elements in coding regions form a similar
paradigm. Cis elements in introns and UTRs may only be
constrained based on their regulatory activity whereas those in
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Chicken    HNGESQSFPVSPLTSNEKNLKHFQHQSPTVQNCLSTMAQNCAAGLNNDSPEALEVPSL
Human      HNGDSQSFPVSPLTSNEKNLKHFQHQSPTVPNCLSTMGQNCGAGLNNDSPEALEVPSL
Mouse      HNGDSQTFPVSPLTSNEKNLKHFQHQSPTVPNCLSTMGQNCGAGLNNDSPEAIEVPSL
Rat        HNGDSQTFPVSPLTSNEKNLKHFQHQSPTVPNCLSTMGQNCGAGLNNDSPEALEVPSL
Shark      HNGESQSFPVSPLPSNEKNLKHFHQQSPTVQNCLSTMAQNCAAGLNNDSPEALDVPSL
Frog       HNGDSQSFPVSPLSNSEKNLRHVQQQSP---NCLSTIALDCAAGLNNDSPEALDVASL
Zebrafish  HNSDSQSATVSPLGSNDKHLKHFPNPSPTVPICTTTMAPDCASAQDNGSPSALDV-SL

Fig. 4. Site-directed mutagenesis of the r2 elements and Sox binding. (A)
Double-stranded probes spanning the ACAAT-1 and ACAAT-2 motifs mixed
with in vitro translated Sox2 and analyzed with EMSA. The lanes are
Cy5-labeled double stranded WT ACAAT-1 (lanes 1–7), WT ACAAT-2 (lanes
8 –13) and unlabeled competitor sequences with the mutations indicated,
in the context of the appropriate WT ACAAT probe (lanes 2– 6 and 9 –12).
Mutant bases are color coded (blue, no significant change; yellow, 75–80% of all
electroporated embryos that showed r2 restricted expression; red, 32–43% of all
electroporated embryos that showed r2 restricted expression) to indicate their
effect on reporter expression in the electroporation/reporter assays in B. An
arrow marks shifted labeled oligomer band. (B) The sequence of the codons and
amino acids of the five regulatory elements of the chicken gene. Below are each
of the base pair changes introduced in the context of construct 6 (Fig. 1B). The
colors illustrate the effect of the individual change as described in A. (C) Sequence
alignmentsofregionencodedbyther2module.Nobackgroundcolor,nonsimilar
residues; yellow background, amino acids are conserved at a given position; blue
background, amino acids are conserved in 50% or more of the species, green
background, residues weakly similar to a consensus at given position. (D) A
comparison between mHoxa2 and mHoxb2 paralogs to demonstrate that the
region of the Hoxa2 protein encoded by the r2 regulatory elements is not
conserved. Primers are in Tables S1–S5 .
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coding regions may be subject to the two overlapping constraints
of regulatory activity and coding potential. In addition to the r2
elements described in this article, other regulatory elements have
been found in coding exons. An enhancer has been located in a
coding region of the Bcl-2 gene, although its precise sequence
characteristics have not been defined (30). Recently, a Hox-Pbx
responsive element has been located in the first exon of the
Hoxa2 gene (31) and may work with elements located in the
intron to regulate expression in r4 (16). Other types of regulatory
sequences playing roles in allelic exclusion of odorant receptors
(32) or alternative splicing (33) have been identified in exons and
would also be subject to multiple sequence constrains.

Regulatory modules contain a number of individual elements
that can often vary with respect to both their position and copy
number. Phylogenetic studies have provided evidence for large-
scale turnover of functional binding sites in Drosophila, presumably
due to the gain and loss of small individual elements through
random mutation (34). There is no reason why some of these
components could not arise or reside in exons and, once there,
become fixed, having a dual purpose of regulation and coding
information. Most bioinformatic strategies, using evolutionary con-
servation in the analysis and prediction of cis elements, begin by
excluding protein coding regions. This has streamlined experimen-
tal analyses needed to empirically define the precise function of
conserved elements but ignores input from coding regions. Fur-
thermore, chromatin immune precipitation assays, which map
transcription factor binding sites on whole genome tiling arrays,
have found many occupied sites, including in exons, which are often
ignored and assumed to be background or nonfunctional sites. The
emerging evidence that sequences within coding exons can play
diverse roles in regulation of gene expression highlights the need to
include these regions in regulatory analyses. For example, compar-
ative genomics methods that include a measure of the triplet usage

constraints for specific amino acids in protein coding regions was
used to identify the potential exonic splicing regulatory sequences
(33). A combination of this approach with a screen for known
transcription binding sites irrespective of their location could be
valuable in future computational analyses.

Materials and Methods
Constructs for in Vivo and Bioinformatic Analyses. Transgenic mouse (13) and in
ovo chicken embryo (35) reporter expression analyses were performed as de-
scribed. In the in ovo experiments, efficiency is calculated from the number of
embryos expressing the pattern of interest, out of the total number of chicken
embryos successfully coelectroporated with a pCMV-GFP reporter. The 10.4-kb
BamHI-MluI chicken genomic fragment of Hoxa2 was subdivided into a series of
smaller regions for functional analysis by restriction enzyme digestion or PCR-
directed methodologies, as indicated in Fig. 1 and 2. Fragments from other
species were generated by PCR. Site-directed mutagenesis was performed with
the QuikChange site-directed mutagenesis kit (Stratagene). Primers are available
in Tables S1–S5. Local alignments between the sequences of interest were gen-
erated using ClustalW (36) program.

EMSA. Sox-2 coding sequence was introduced into pDR and the protein was
expressed using the TNT system (Promega). The EMSA reaction conditions
were described (37). Probes were labeled with Cy-5. Unlabeled competitor was
added in 100-fold excess. Probes and competitor sequences are available in
the Tables S1–S5.
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