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Summary

The amniote phallus and limbs differ dramatically in their morphologies but share patterns of 

signaling and gene expression in early development. Thus far, the extent to which genital and limb 

transcriptional networks also share cis-regulatory elements has remained unexplored. We show 

that many limb enhancers are retained in snake genomes, suggesting that these elements may 

function in non-limb tissues. Consistent with this, our analysis of cis-regulatory activity in mice 

and Anolis lizards reveals that patterns of enhancer activity in embryonic limbs and genitalia 

overlap heavily. In mice, deletion of HLEB, an enhancer of Tbx4, produces defects in hindlimbs 

and genitalia, establishing the importance of this limb-genital enhancer for development of these 

different appendages. Further analyses demonstrate the HLEB of snakes has lost hindlimb 

enhancer function while retaining genital activity. Our findings identify roles for Tbx4 in genital 

development and highlight deep similarities in cis-regulatory activity between limbs and genitalia.
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Introduction

The phallus is a feature present in many amniotes and likely evolved in a common ancestor 

more than 310 million years ago (Gredler et al., 2014; Hedges et al., 2004). Although the 

phallus differs from limbs in both form and function, the development of the phallus and 

limbs share certain features. Both limbs and external genitalia form through the 

establishment of tissue outgrowths from the main body axis during embryogenesis, and both 

possess regional signaling centers that direct growth and patterning. The limb buds and 

genital tubercle (GT), the outgrowth from which the penis and clitoris develop, also express 

many of the same transcription factors and signaling molecules at equivalent stages of 

outgrowth (Cohn, 2011; Tschopp et al., 2014). For instance, Tbx4, a transcription factor 

required for murine hindlimb development, is also expressed in the GT (Chapman et al., 

1996; Naiche and Papaioannou, 2003). Furthermore, signaling pathways essential for limb 

development are also critical for the formation of mammalian external genitalia (Lin et al., 

2009; 2013; Miyagawa et al., 2009; Seifert et al., 2010; Suzuki et al., 2003).

Important functional links between the transcriptional networks that control formation of 

genitalia and limbs have been found through studies of human syndromes, particularly those 

involving mutations in HOX transcription factors (Goodman et al., 1997; Mortlock and 

Innis, 1997). These findings, in conjunction with animal studies, led to the proposal that the 

similar developmental features and gene expression patterns of the limbs and phallus stem 

from the use of common regulatory cassettes and that the phallus may have evolved through 

co-option of a preexisting digit or limb developmental program (Kondo et al., 1998).

Lonfat and colleagues reported that the HoxA and HoxD gene clusters display similar 

regulatory topologies in the digits and the genitalia, with a combination of shared and tissue-

specific enhancer-promoter interactions (Lonfat et al., 2014). Still, whether gene expression 

in limbs and external genitalia is primarily controlled by shared or distinct cis-regulatory 
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elements remains unknown. If the latter, then a species that evolved limb loss would be 

expected to also lose limb enhancers over time. Snakes represent one of the most successful 

and ancient limb-reduced lineages (Vitt and Caldwell, 2009). Fossil evidence indicates that 

complete loss of forelimbs in snakes evolved more than 100 million years ago (Figure 1A; 

Pyron and Burbrink, 2012; Tchernov et al., 2000; Zaher et al., 2009). Some older lineages of 

living snake species, such as members of the Booidea (e.g., boas and pythons), retain a 

highly reduced hindlimb, but most other modern snakes lack evidence of any forelimb or 

hindlimb development. Thus, the analysis of snake genomes provides an opportunity to gain 

insights into the functional constraints on limb enhancer evolution.

Here we use a combination of comparative genomics, chromatin profiling, and functional 

analyses to investigate the cis-regulatory elements of the developing limbs and phallus. We 

find extensive overlap in the patterns of cis-regulatory activity in these different appendage 

types in mice, and show that many of these elements are present in snake genomes. 

Functional tests of one such enhancer, the HLEB element from the Tbx4 locus, demonstrate 

an important role for this cis-regulatory element during hindlimb and urogenital 

development in mice. We provide evidence that the limb and genital activity of HLEB is 

conserved between mice and Anolis lizards, but has functionally diverged in snakes.

Results

Conservation of Limb Enhancers in Snakes

Genome assemblies for Boa constrictor (boa), Python bivittatus (Burmese python), and 

Ophiophagus hannah (king cobra) have recently become available (Bradnam et al., 2013; 

Castoe et al., 2013; Vonk et al., 2013). We reasoned that the evolution of limb loss in snakes 

might lead to substantial sequence divergence or complete loss of genomic regions that 

function exclusively in the limbs, such as limb-specific cis-regulatory elements. To examine 

limb regulatory elements in snakes we used the VISTA enhancer database (Visel et al., 

2007), which contains thousands of human and mouse sequences that have been tested for 

enhancer activity in mouse embryos at embryonic day 11.5 (E11.5).

We searched the VISTA enhancer database for functionally validated limb enhancers. Of 

208 VISTA enhancers with any limb activity, we selected a subset of 65 with highly 

restricted, limb-specific patterns of enhancer activity. As controls we selected comparable 

sets of forebrain and heart specific VISTA enhancers (Table S1). Starting with mouse 

enhancer sequences, we examined the conservation of these tissue-specific regulatory 

elements in the genomes of boa, Burmese python, and king cobra, as well as the genomes of 

a limbed squamate, Anolis carolinensis (green anole lizard), and Chrysemys picta (painted 

turtle). Tissue-specific enhancers exhibited different overall levels of conservation: forebrain 

enhancers had the highest degree of conservation and heart enhancers the lowest among the 

genomes analyzed (Figure 1B).

Despite the ancient limb reduction that occurred in the snake lineage, we found that snake 

genomes retain many sequences orthologous to mammalian limb enhancers. Levels of 

conservation were comparable across all three snake genomes, and the overall pattern of 

conservation of individual enhancers in snakes was quite similar to that observed in Anolis 
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(Figure S1). Of note, similarity scores generated in our analyses likely underestimate actual 

conservation levels, because of errors in genome assemblies.

Activity of Mammalian Limb Enhancers in the Phallus

The apparent conservation of many “limb” enhancers in snakes suggests they might function 

in other, non-limb tissues. This could be a derived feature of snakes or a more ancient 

feature common to both limbed and limb-reduced animals. Therefore, we reassessed the 

tissue specificity of limb enhancers in mice. Because many genes are co-expressed in limbs 

and genitalia, cis-regulatory elements might be shared between limb and genital appendages 

(Tschopp et al., 2014). To determine whether shared expression patterns between limbs and 

genitalia reflect the action of shared or appendage-specific enhancers, we examined patterns 

of enhancer activity in embryonic mouse limbs and genitalia using ChIP-Seq against 

H3K27ac, a histone modification that marks active enhancers and promoters (Creyghton et 

al., 2010).

Outgrowth of the mouse forelimb is initiated at E9.0, and that of the hindlimb at E9.5. By 

comparison, the paired swellings that merge to form the GT do not develop until E10.5. To 

compare enhancer activity at similar stages of development, we performed H3K27ac ChIP-

Seq on mouse appendages approximately two days after outgrowth is initiated: E11.5 for 

forelimb, E11.5 for hindlimb, and E12.5 for GT. As controls, we also performed ChIP-Seq 

on E11.5 flank and E10.5 eye tissues. Across all ChIP samples, we identified 27,490 

genomic regions enriched for H3K27ac (Figure 2A; Table S2). We examined enrichment of 

H3K27ac at the 65 VISTA limb enhancers used in our comparative genomic analysis, 

another 61 limb enhancers previously reported in the literature (Table S1), and the VISTA 

forebrain and heart enhancers. In embryonic limbs, we found that 65% (42 of 65, Fisher's 

exact test p=1.74 × 10-15) of the VISTA limb enhancers and 64% (39 of 61, p=2.38 × 10-14) 

of the published limb enhancers had significant H3K27ac enrichment compared to non-limb 

VISTA enhancers (Figure 2B), demonstrating that many, but not all, embryonic limb 

enhancers are marked by H3K27ac at E11.5. We note that limb enhancers that are active in a 

small subset of limb cells may not appear to be enriched in our whole-limb H3K27ac data 

sets.

In the GT, we found that 37% (24 of 65, p=5.75 × 10-5) of VISTA limb enhancers and 38% 

(23 of 61, p=2.45 × 10-4) of the published limb enhancers are significantly enriched for 

H3K27ac compared to non-limb VISTA enhancers (Figure 2B). Of the 81 VISTA and 

published limb enhancers that are enriched for H3K27ac in limbs, 57% (46 of 81) are also 

enriched for H3K27ac in the GT. Much lower levels of overlap were observed with VISTA 

forebrain and heart enhancers. To expand our analysis to additional tissue types and 

developmental stages, we searched for enrichment of H3K27ac at limb enhancers using 

H3K27ac ChIP-Seq data from embryonic tissues analyzed as part of the mouse ENCODE 

project (Shen et al., 2012). We found much lower levels of H3K27ac overlap with the limb 

enhancers in non-limb embryonic tissues than in our limb and GT H3K27ac ChIP-Seq data 

(Figure S2).
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Global Patterns of cis-Regulatory Activity in Limb and Genital Appendages

To broadly compare patterns of enhancer activity between the limbs and the GT, we 

analyzed all putative enhancer elements identified by H3K27ac ChIP-Seq in our mouse 

forelimb, hindlimb, GT, flank, and eye datasets. From the H3K27ac-enriched regions 

identified in each tissue, we excluded those that overlap gene promoters or exons. This 

identified 6,771 regions in the forelimb, 6,338 regions in the hindlimb, 7,701 regions in the 

GT, 6,350 regions in the flank, and 3,833 regions in the eye as putative enhancers (Figure 

2A; Table S3). We analyzed these regions for associated genes using GREAT (McLean et 

al., 2010). Putative enhancers identified in the GT were enriched for terms associated with 

limb development (Figure 2F). Similar limb terms were enriched in both the forelimb and 

hindlimb putative enhancers lists, while putative eye enhancers were associated with eye and 

neural development, and flank enhancers were associated with skeletal and mesenchymal 

terms (Figure S2 and data not shown). For forelimb enhancers, 67.0% overlapped a putative 

hindlimb enhancer, while 45.9% overlapped a GT enhancer. For hindlimb enhancers, 70.0% 

overlapped a forelimb enhancer and 46.3% overlapped a GT enhancer, indicating extensive 

sharing of H3K27ac activated regions between the forelimbs, hindlimbs, and GT.

To compare variation in H3K27ac signal at all putative enhancers across a large number of 

tissues, we performed a principal component analysis (PCA) of H3K27ac signal intensity at 

enhancer regions. Included in the PCA were H3K27ac ChIP-Seq data from either 16 mouse 

tissues from the mouse ENCODE project, or a subset of 6 embryonic ENCODE tissues. 

These analyses showed H3K27ac signatures in E11.5 forelimbs, E11.5 hindlimbs, and E12.5 

GT clustering with each other, and with mouse ENCODE E14.5 limb data (Figures 2C and 

S2). To evaluate similarities in cis-regulatory activity between E12.5 GT and limbs of 

different developmental stages, we performed an additional PCA using our own E11.5 limb 

and E12.5 GT H3K27ac datasets as well as 9 published H3K27ac datasets collected from a 

range of limb stages (Cotney et al., 2012; Cotney et al., 2013; Shen et al., 2012). In this 

appendage PCA, principal component 1 (PC1) associated with technical variation between 

datasets (Figure S2), while plotting PC2 against PC3 demonstrated that E12.5 GT clustered 

together with E10.5 forelimb and E10.5 hindlimbs (Figure 2D). Together these analyses 

revealed extensive sharing of appendage-specific cis-regulatory activity between embryonic 

limbs and GT.

We investigated patterns of cis-regulatory activity in embryonic limbs and genitalia further 

by grouping relative H3K27ac signal at enhancer regions using k-means clustering. 

However, instead of H3K27ac signal organizing into five categories based on tissue type, we 

found a set of 4,458 elements most strongly marked by H3K27ac in forelimbs and hindlimbs 

that formed a limb cluster, a set of 3,599 regions that formed a GT cluster, and a set of 1,585 

regions that formed a distinct limb-GT cluster of elements that are strongly marked in both 

the limbs and GT (Figure 2E; Table S4). This limb-GT category represents a sizable 

proportion of all enhancer elements that have activity in both limb and genital appendage 

types. The remaining enriched regions formed eye specific and flank-specific clusters.
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Properties of Limb, Limb-GT, and GT Enhancers

We examined whether the putative enhancers in our mouse limb, limb-GT, and GT clusters 

are significantly enriched near particular gene categories. To increase specificity, we 

excluded from this analysis any elements in the three appendage clusters that are marked by 

H3K27ac in any non-appendage tissues. This left 1,927 limb-specific elements, 1,467 GT-

specific elements, and 700 elements that are limb-GT specific (Table S4). All three enhancer 

categories were strongly enriched for limb-associated terms (Figure 3A). Moreover, the GT 

and limb-GT elements are also enriched near genes associated with external genitalia and 

urogenital tissues. These include genes that are expressed and function within the 

developing genitalia and urogenital system.

We also compared the enriched motifs present in each enhancer category using HOMER 

(Heinz et al., 2010). Overall, the limb, limb-GT, and GT enhancers each show enrichment of 

a number of transcription factor binding motifs associated with limb development (Figure 

3B; Table S5). The limb enhancers in particular showed strong enrichment for a homeobox-

containing motif identified from a limb P300 ChIP-Seq dataset. For the GT enhancers, one 

of the top motifs is associated with Isl1, a transcription factor important for early hindlimb 

development and a marker for genital development (Kawakami et al., 2011; Tschopp et al., 

2014).

Our initial examination of limb enhancer conservation in reptiles relied on enhancers in the 

VISTA database. We revisited the conservation of appendage enhancers using the mouse 

elements we identified via H3K27ac enrichment. We compared the level of conservation 

between the enhancer classes by examining their conservation in other tetrapod and fish 

genomes (Figure 3C). The limb and limb-GT enhancers display the highest degree of 

conservation with 16.8% and 14.9% of regions detectable in Anolis, respectively. In 

contrast, only 11.2% of GT enhancers were detected in Anolis. Similar trends were seen in 

the Xenopus and coelacanth genomes, with fewer GT enhancers present relative to limb or 

limb-GT enhancers. For all three enhancer categories the rate of successful liftOver to the 

fish genomes was under 3%. We also compared conservation of the mouse Limb, limb-GT, 

and GT enhancers in Anolis and snake genomes using LASTZ to calculate similarity scores. 

We found similar levels of conservation for all enhancers in the Anolis to boa and Anolis to 

Burmese python comparisons (Figure S3). In contrast, while the similarity scores of GT 

enhancers in Anolis and King cobra were comparable, we found the scores for limb and 

limb-GT enhancers trended lower in cobra relative to Anolis (p=0.0018 and p=0.032, 

respectively). Hence, we find evidence that limb and limb-GT enhancers exhibit greater 

sequence divergence in king cobra than in Anolis.

Functional Conservation of Appendage Enhancers

Since sequence conservation does not necessarily predict conservation of enhancer function, 

we performed H3K27ac ChIP-Seq on forelimb, hindlimb, and external genitalia 

(hemiphallus) tissue collected from Anolis carolinensis embryos. This allowed us to 

evaluate the conservation of enhancer activity between mouse and lizard appendages. We 

compared H3K27ac read coverage across the subset of mouse limb, limb-GT, and GT 

enhancers that exhibit sequence conservation in Anolis (Figures 4A, 4B, and S4). This 
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revealed clear evidence of limb enhancer activity for Anolis orthologs of the mouse limb and 

limb-GT elements. For the limb enhancer orthologs, 37.3% and 44.8% overlap regions with 

significant enrichment in the Anolis forelimb and hindlimb H3K27ac data, respectively 

(Figure 4C; Table S6). Similarly, for the limb-GT enhancers, 40.2% and 46.7% are marked 

in the Anolis forelimb and hindlimb data. In contrast, we found that only 4.2% of limb and 

16.8% of limb-GT enhancers were marked by significant H3K27ac enrichment in the 

hemiphalluses of Anolis embryos. Additionally, only 16.7% of GT enhancer orthologs 

overlapped regions significantly enriched in Anolis hemiphalluses, a ratio that is similar to 

the overlap with forelimb and hindlimb enriched regions (14.4% and 20.7%, respectively). 

Thus, at the developmental stages we analyzed cis-regulatory activity of orthologous 

enhancers is more often conserved between mouse and lizard limbs than mouse and lizard 

genitalia.

Conservation of Limb and Genital cis-Regulatory Activity at the Tbx4 Locus

In order to investigate the function of limb-GT cis-regulatory elements in finer detail we 

chose to focus on the Tbx4 locus. The Tbx4 gene, which encodes a T-box transcription 

factor, is expressed during formation of the hindlimb and is essential for its development 

(Naiche and Papaioannou, 2003). Although studies of Tbx4 function in the GT have not 

been reported, Tbx4 is also expressed in the developing genitalia (Chapman et al., 1996). 

Previously, we identified two Tbx4 hindlimb enhancers, HLEA and HLEB (Menke et al., 

2008). In our mouse H3K27ac k means clustering analysis, HLEA appeared in the limb 

cluster and HLEB in the limb-GT cluster (Table S4). Transgenic mouse lines carrying 

HLEA and HLEB Hsp68LacZ transgenes drive reporter gene expression in patterns that 

closely match their H3K27ac profiles, with both enhancers driving hindlimb expression and 

only HLEB driving expression in the GT (Figures 5A and S5).

Sequence alignments of the mouse Tbx4 locus with orthologous loci from other amniotes 

revealed few noncoding regions with deep sequence conservation (Figure 5B). We 

uncovered no evidence of HLEA conservation in snakes, Anolis, or in a second lizard 

species, the Gila monster. In contrast, HLEB is conserved in all amniote species we 

examined, including lizards and snakes (Figures 5B and 6B). Despite the relative paucity of 

highly conserved non-coding regions at the Tbx4 locus, Tbx4 expression in hind appendages 

is a deeply conserved trait among vertebrates (Tanaka et al., 2002). We found that Tbx4 

expression is readily detected in the hindlimbs and hemiphalluses of Anolis embryos (Figure 

5C). We also examined Tbx4 expression in two species of snakes: Pantherophis guttatus 

(corn snake) and Python regius (ball python). Like king cobras, corn snakes are members of 

the Colubroidea and completely lack hindlimb buds. Ball pythons, on the other hand, 

develop rudimentary hindlimb buds. We observed intense Tbx4 expression throughout the 

hemiphalluses of corn snake and ball python embryos (Figures 5D-5E′; also see Leal and 

Cohn, 2015). Tbx4 expression in ball python hindlimbs was also apparent although staining 

was less intense than that observed in the external genitalia (Figure 5D′).

Given that HLEB is among the most conserved non-coding regions near Tbx4, we 

investigated whether the enhancer activity of this element is conserved in limbed and limb-

reduced species. We found that HLEB displays H3K27ac enrichment in the hindlimbs and 

Infante et al. Page 7

Dev Cell. Author manuscript; available in PMC 2016 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hemiphalluses of Anolis embryos, suggesting that HLEB is active in both of these tissues 

(Figure 6A). Further tests of an Anolis HLEB Hsp68LacZ transgene showed that Anolis 

HLEB is sufficient to drive robust reporter gene expression in the hindlimbs and GT of 

E12.5 mouse embryos in patterns similar to that of mouse HLEB (Figures 6C-D′, and S6). In 

contrast, king cobra HLEB and Burmese python HLEB transgenes did not drive expression 

in mouse hindlimbs (Figures 6E, 6F, and S6). Moreover, unlike Anolis HLEB, which drove 

expression throughout the mouse GT, king cobra HLEB produced LacZ staining in a subset 

of cells located in the ventral half of the GT, and Burmese python HLEB staining was 

restricted to the base of the GT (Figures 6E′ and 6F′). Therefore, both the hindlimb and the 

genital specificity of HLEB are conserved between Anolis and mouse, but the HLEB of 

snakes has lost hindlimb enhancer activity while retaining subdomains of GT activity.

Reduced Tbx4 Expression After Deletion of a Limb-GT Enhancer

To determine the relative importance of HLEB in promoting Tbx4 expression, we used 

homologous targeting in ES cells to delete a 732 bp region that spans all squamate-mammal 

conserved sequences found within the mouse HLEB region (Figure S7). After germline 

transmission and subsequent breeding to a Cre deleter strain, the HLEB-deleted Tbx4 allele 

(Tbx4DelB) contained a single LoxP site and an FRT site at the location of the deleted 

enhancer. Whole mount in situ hybridization revealed subtle reductions in Tbx4 expression 

in the hindlimb buds of DelB/DelB embryos at E10.5 (Figure S7). By E11.5, Tbx4 levels in 

the GT were also lower in DelB/DelB embryos than in wild type (Figure 7A).

In previous work, we showed deletion of HLEA results in a significant decrease in Tbx4 

hindlimb expression (Menke et al., 2008). To compare the relative effect of deleting HLEA 

(DelA allele) or HLEB, we quantified Tbx4 expression levels across early and late stages of 

hindlimb bud development. We found that both the DelA and DelB alleles show reduced 

Tbx4 expression (Figure 7B), but the relative effect of deleting HLEA or HLEB varied by 

stage. At E9.5 the DelB allele shows a greater reduction in Tbx4 expression than the DelA 

allele (74% and 85% of wild-type, respectively). By E10.5, after emergence of hindlimb 

buds, the DelA allele expresses Tbx4 at only 30% of wild-type and remains at this reduced 

level through E12.5, whereas Tbx4 expression from the DelB allele recovers to near wild-

type levels by E11.5.

The H3K27ac profiles of HLEA and HLEB indicated that only HLEB is active during GT 

development. Consistent with this, the DelB allele, but not the DelA allele, has significantly 

reduced Tbx4 transcription in this appendage (Figure 7B). In addition, loss of neither HLEA 

nor HLEB had a detectable effect on Tbx4 expression in the lungs, a tissue with prominent 

Tbx4 expression (Chapman et al., 1996).

Altered Hindlimb Morphology in HLEB Knockout Mice

Matings between DelB/+ heterozygotes yielded DelB/DelB offspring at frequencies that did 

not differ significantly from Mendelian expectations (20 +/+, 63 DelB/+, 22 DelB/DelB). 

Examination of adult animals revealed alterations to the proximal hindlimb skeleton. 

Specifically, the widths of the ischium and pubis bones of DelB/DelB animals were reduced 

by 13% (p=0.001) and 8% (p=0.002), respectively. In addition, the total dorsal ventral span 
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of the ischium and pubis was reduced by 7% (p=3 × 10-5). In contrast, the ilium and the leg 

bones were relatively unaffected by the deletion of HLEB. We bred the DelB allele against a 

Tbx4 null allele (Naiche and Papaioannou, 2003) and found that DelB/- mice were viable but 

had severe defects in pelvic morphology (Figure 7C). As in DelB/DelB animals, 

abnormalities in the pelvis of DelB/- mice were most apparent in the ischium and pubis, both 

of which were dramatically reduced in size. In addition, the ilium (8.5%, p=0.02), femur 

(4.8%, p=4 × 10-5), and patella (5.8%, p=5 × 10-5) were significantly smaller in DelB/- 

animals than in +/- littermates.

In contrast to DelB/- mice, DelA/- mice exhibited comparatively normal pelvic morphology 

(Figure 7C). Furthermore, the distal hindlimb bones of DelA/- mice displayed a variety of 

defects not found in DelB/- animals, including malformed and fused anklebones, and fused 

first and second metatarsals (Figure S7). These defects are similar to those we have 

previously observed in DelA/DelA mice (Menke et al., 2008), although the severity of these 

malformations is enhanced in DelA/- animals.

Urogenital Defects in HLEB Knockout Mice

Given the reduced Tbx4 expression observed in the GT of DelB/DelB embryos, we inspected 

the genitalia of DelB/DelB adults for structural defects. External examination of DelB/DelB 

males revealed no gross abnormalities. Therefore, we examined the baculum bones of adult 

males for alterations in size or shape. The baculum, or penis bone, is present within the 

phallus of many mammals, including mice, and baculum size correlates with reproductive 

success in mice (Stockley et al., 2013). Measurement of bacula uncovered significant 

decreases in length (3.5%, p=0.007) and width (3.7%, p=0.029) in DelB/DelB adult males, 

compared with wild-type animals. Moreover, striking reductions in baculum sizes of DelB/- 

males were apparent by visual inspection (Figure 7D). By comparison, we detected no 

significant alterations in baculum size in DelA/DelA or DelA/- males (Table S7).

Although we did not observe major abnormalities in the external genitalia of DelB/DelB 

males, we found that approximately half of adult DelB/DelB females presented with a 

vaginal septum. The vaginal septum in these females spanned the vagina in a dorsal-ventral 

orientation and bisected the vaginal canal, resulting in two separate vaginal openings (Figure 

7E). The presence of vaginal septa has been shown to severely impair female fertility and 

has been reported to occur spontaneously at frequencies as high as 11% in C57BL/6J mice 

(Gearhart et al., 2004), the same genetic background onto which we back crossed the DelB 

allele. Nevertheless, in our mouse colony we detected much higher rates of this vaginal 

defect in DelB/DelB females than in wild-type littermates (+/+ = 0/16, DelB/+ = 2/19, 

DelB/DelB = 7/15). Moreover, DelB/- females presented with either a vaginal septum (8 of 

10 DelB/- females) or imperforate vagina, the complete absence of a vaginal opening (2 out 

of 10; Figure 7F).

Further examination of DelB/- animals revealed additional defects of the urogenital system. 

DelB/- males exhibited enlarged bulbourethral glands and severe malformations of the 

seminal vesicles, which appeared to be overgrown with excessive branching (Figure S7). 

Female DelB/- mice with imperforate vagina had distended uterine horns caused by the 

accumulation fluids that normally drain through the vagina. Finally, we observed a range of 
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kidney malformations, including unilateral kidney agenesis, hyperplasia, and hydronephrosis 

(Figures 7G and S7).

Discussion

Primitive snakes retain a highly reduced hindlimb that includes pelvic bones and a femur 

(Cohn and Tickle, 1999). As such, the maintenance of some aspects of the limb 

developmental program might, in part, explain the retention of limb cis-regulatory elements 

in boa and python that we have uncovered. In contrast, advanced snakes (Colubroidea), 

which originated approximately 85 million years ago and include the majority of extant 

snake species (Pyron and Burbrink, 2012), completely lack forelimbs or hindlimbs. Because 

advanced snakes likely evolved complete limb loss in the late Cretaceous, there has been 

substantial time for limb-specific regulatory elements to diverge. However, the presence of 

limb enhancer elements in king cobra, a member of the Colubroidea, suggests that there is 

selective pressure to retain these elements in limbless species.

Although many amniote limb enhancers are still found in the genomes of snakes, there are 

numerous snake-specific mutations in these elements and substantial variation in the degree 

of conservation of individual enhancers (Figures S1 and S3). In the absence of limbs, one 

might expect cis-regulatory elements to lose limb-specific activities, while retaining 

activities in other tissues or evolving entirely new functions. Our analyses of HLEB 

orthologs suggest that this element has functionally diverged along such a path with snake 

HLEBs losing hindlimb function but retaining activity within subdomains of the external 

genitalia. The Burmese python HLEB also displays enhancer activity in the nasal region of 

transgenic mouse embryos, a site of activity not observed with mouse, Anolis, or cobra 

orthologs (Figures 6 and S6). Thus python HLEB may have evolved a new function, a 

hypothesis that will require further study to verify.

Our H3K27ac ChIP-Seq profiles of limb and genital appendages in mice demonstrate that 

these different appendage types exhibit many shared limb-GT enhancers. We believe, 

however, that the persistence of limb enhancers in snake genomes is unlikely to be solely 

attributable to a role for these elements in external genitalia. For instance, deletion of HLEB 

from mice not only affects development of the hindlimb and the GT, but also impacts 

formation of other reproductive and urogenital tissues. Furthermore, we find that of the 

mouse limb-GT enhancers with orthologs in Anolis, a relatively small proportion exhibit 

conserved enhancer activity in the hemiphallus as compared to the limbs of Anolis embryos 

(16.8% in the hemiphallus vs. 40.2% in the forelimb and 46.7% in the hindlimb; Figure 4). 

The modest number of limb-GT enhancers with conserved genital activity might reflect the 

striking anatomical differences between the genitalia of these species (Gredler et al., 2014). 

In most amniotes, including mammals, the external genitalia form as paired swellings, which 

then merge to form a single phallus. In contrast, the paired genital swellings of squamates do 

not fuse and instead form a pair of hemiphalluses. Moreover, unlike other amniotes, 

squamates do not incorporate endodermal derivatives into their external genitalia. 

Nevertheless, it remains possible that at earlier stages of development hemiphalluses might 

exhibit greater evidence of enhancer activity conservation than we detected in our samples.
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It is well established that the transcription of individual genes is often driven by multiple 

enhancers with similar or overlapping activities (Hong et al., 2008). We find that in mouse 

limbs and genitalia there is an additional layer of complexity with appendage genes often 

displaying a combination of limb, limb-GT, and GT enhancer elements (Table S4). Deletion 

of the HLEA or HLEB enhancers from the Tbx4 locus demonstrates the effect of 

developmental context on the relative importance of these enhancer elements. Removal of 

HLEA results in mild reductions in Tbx4 expression during early stages of hindlimb 

development, but dramatic reductions at later stages. By comparison, the function of HLEB 

is more important during early phases of hindlimb formation. Differences in the relative 

importance of HLEA and HLEB in driving early and late phases of Tbx4 expression are 

reflected in the hindlimb phenotypes that result from their deletion. When HLEB is 

removed, the pelvis, which is patterned early during hindlimb development, is altered. 

Whereas when HLEA is deleted, the distal leg and foot, which are patterned later, are 

strongly impacted. Therefore, the function of these enhancers in the hindlimb is not 

equivalent and their activity is not completely redundant.

While both HLEA and HLEB are active during hindlimb development, only HLEB 

functions in the external genitalia. Since deletion of HLEB does not eliminate Tbx4 

expression in the GT, we can infer that HLEB works in conjunction with other limb-GT or 

GT enhancers to induce Tbx4 transcription. Nonetheless, deletion of HLEB is sufficient to 

induce alterations in the genitalia of male and female mice. Thus, shared cis-regulatory 

elements of the limbs and GT can play important roles in both structures, and the deletion of 

HLEB has revealed additional roles for Tbx4 in vagina, phallus, and urogenital development.

Though the limbs and external genitalia display similar patterns of gene expression and rely 

on many of the same signaling pathways, their development is not completely analogous 

(Cohn, 2011). However, the extensive sharing of enhancers that we have detected between 

embryonic limbs and external genitalia indicates that their similarities are not superficial. 

Indeed, similarities in gene regulation extend down to the level of the cis-regulatory 

elements that control gene transcription. Presently, it is unclear whether genital and limb-

specific morphologies in amniotes are shaped primarily through modulation of the common 

appendage enhancers, the appendage-specific enhancers, or both. Mechanistic studies of 

how these different enhancer classes interact with and are regulated by transcription factors 

during limb and genital development will be required to fully elucidate the behavior of these 

regulatory elements in different developmental contexts.

Experimental Procedures

Mouse Strains

Tbx4 null and Tbx4 DelA alleles have been previously reported (Naiche et al., 2003; Menke 

et al., 2008). The Tbx4 DelB allele was produced through homologous targeting in mouse 

ES cells. See the Supplemental Experimental Procedures for additional details. Transgenic 

mouse strains carrying mouse HLEA and HLEB Hsp68LacZ transgenes were previously 

described (Menke et al., 2008; Infante et al., 2013), and Anolis HLEB, king cobra HLEB, 

and Burmese python HLEB Hsp68LacZ transgenic mouse embryos were produced by 

Cyagen Biosciences (Santa Clara, CA) through pronuclear injections. See the Supplemental 
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Experimental Procedures for further details. For linear measurements of morphology, 

significant differences between means were determined using Student's t-test. All mouse 

work was reviewed by the University of Georgia Institutional Animal Care and Use 

Committee and was performed under an approved Animal Use Protocol.

Enhancer conservation

The mouse genomic coordinates (mm9) of functionally validated limb enhancers were 

downloaded from the VISTA enhancer database (http://enhancer.lbl.gov, download date 24 

Jan 2014). Forebrain Only, Limb Only, and Heart Only enhancer categories were 

determined by selecting only enhancers with annotated activity in each target tissue and 

excluding any that had annotated activity in any other tissues. Additional functionally 

validated limb enhancers were taken from the literature and where necessary the genomic 

coordinates were translated to the mouse. Genome assemblies for painted turtle (chrPic1, 

UCSC Genome Browser), anole lizard (anoCar2, UCSC Genome Browser), Burmese python 

(version 5.0.2, NCBI), king cobra (OphHan1.0, NCBI), boa constrictor (assembly version 

6C, Assemblathon2, http://gigadb.org) were subdivided and queried with enhancer 

sequences in parallel using the LASTZ aligner (Harris, 2007) with the HoxD55 scoring 

matrix and the parameters “--gap=400,30 --seed=12 of 19 --transition --hspthresh=3000 --

entropy --ydrop=3400 --gappedthresh=6000 --inner=2000”. LASTZ alignments were 

compiled into a sqlite database for each genome. For each enhancer the highest scoring 

alignment was used to calculate a similarity score as a metric of conservation by scaling the 

alignment score by the length of the enhancer sequence. Multiple non-redundant hits for the 

same enhancer that were within 2 kb on the same scaffold or contig were combined. All 

calculations and database functions were performed in R (http://cran.r-project.org).

Chromatin Immunoprecipitation

ChIP-Seq was performed as previously described (Infante et al., 2013) on embryonic mouse 

tissues collected from E10.5 (eye), E11.5 (forelimb, hindlimb, and flank), and E12.5 (GT). 

Anolis ChIP-Seq was performed on tissues collected from stages 7 to 8 (forelimbs and 

hindlimbs) and on stages 9 to 11 (hemiphallus). Anolis embryos were staged according to 

Sanger (Sanger et al., 2007). An Anti-H3K27ac monoclonal antibody (Millipore, #05-1334) 

was used for all ChIP-Seq experiments. ChIP-Seq reads were aligned to the mouse genome 

(mm9) or Anolis carolinensis genome (anoCar2) using bowtie (1.1.0; Langmead et al., 

2009) with the options “--best --sam -t -l 28 -n 3 -m1”. Aligned ChIP-Seq datasets were 

assessed for quality of enrichment using ENCODE statistics calculated using 

phantompeakqualtools (https://code.google.com/p/phantompeakqualtools/). Enriched 

regions were determined using macs2 (2.0.10.20130501; Zhang et al., 2008) with the 

options “--bdg --SPMR --nomodel --qvalue=0.05”. Extension size for macs2 was 

determined for each ChIP-Seq replicate based the cross-correlation profile calculated by 

phantompeakqualtools. For each sample, enriched regions within 1 kb were combined into a 

single regions using BEDTools (version 2.19.0; Quinlan and Hall, 2010); merged regions 

with a minimum overlap of 1 bp from each replicate were then combined to create a dataset 

of reproducible enriched regions. Reproducibly enriched regions that did not overlap within 

1 kb of a transcription start site or any exons of UCSC known genes (Kent et al., 2002) were 

designated potential enhancers.
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Mouse ENCODE and Additional Appendage ChIP-Seq Data

Aligned reads from H3K27ac ChIP-Seq experiments in 16 mouse tissues and cell lines were 

downloaded from the ENCODE database (https://www.encodeproject.org; Shen et al., 

2012). Enriched regions for two replicates each of adult heart (ahe), adult liver (ali), adult 

brown adipose tissue (bat), adult bone marrow (bon), adult cortical plate (cor), embryonic 

E14.5 brain (ebr), embryonic E14.5 heart (ehe), embryonic E14.5 liver (eli), embryonic stem 

cell (esc), adult kidney (kid), embryonic E14.5 limb (lim), mouse embryonic fibroblast 

(mef), adult olfactory bulb (olf), adult small intestine (sma), adult spleen (spl), and adult 

thymus (thy) were determined and processed as described above. Additional H3K27ac 

aligned read datasets for mouse E10.5 forelimb, E10.5 hindlimb, E11.5 forelimb, E11.5 

hindlimb, E12.5 forelimb, E12.5 hindlimb, E13.5 forelimb, and E13.5 hindlimb (Cotney et 

al., 2012, Cotney et al., 2013) were downloaded from the GEO database (series GSE30641 

and GSE42413) and enriched regions were determined and processed as described above.

Principal Component Analysis

Potential enhancer regions from either 11 tissue types (E11.5 forelimb, E11.5 hindlimb, 

E12.5 genital tubercle, E10.5 eye, E11.5 flank, and ENCODE embryonic limb, embryonic 

brain, embryonic heart, embryonic liver, embryonic stem cell, and embryonic fibroblast), 21 

tissue types (E11.5 forelimb, E11.5 hindlimb, E12.5 genital tubercle, E10.5 eye, E11.5 

flank, and all 16 additional mouse ENCODE tissues), or 12 appendage tissue datasets (E11.5 

forelimb, E11.5 hindlimb, E12.5 genital tubercle from this study; E10.5 forelimb, E10.5 

hindlimb, E11.5 forelimb, E11.5 hindlimb, E12.5 forelimb, E12.5 hindlimb, E13.5 forelimb, 

and E13.5 hindlimb from Cotney et al., 2012 and Cotney et al., 2013; E14.5 limbs from 

Shen et al., 2012) were intersected with BEDTools and shared regions were compiled into a 

matrix using R. Reads overlapping shared regions were counted using Rsubread (Liao et al., 

2013). The counts were then extracted into a DGEList and converted into RPKM values 

using EdgeR (Robinson et al., 2010). Principal components analysis was performed on the 

resulting RPKM matrix using the prcomp function in R. Principal components were plotted 

using the R package ggplot2 (Wickham, 2009).

K-means Clustering

All potential enhancer regions from H3K27ac ChIP-Seq experiments on mouse E11.5 

forelimb, E11.5 hindlimb, E12.5 genital tubercle, E10.5 eye, and E11.5 flank were 

combined into a single matrix. Reads overlapping any regions in the combined matrix were 

counted using Rsubread. The counts were then extracted into a DGEList and converted into 

RPKM values using EdgeR. RPKM values for a given regions were normalized and by 

subtracting the mean value across tissues and dividing by the standard deviation (Cotney et 

al., 2013). K-means clustering was performed using the kmeans function in R.

H3K27ac Coverage at Matched Mouse and Anolis Enhancers

Mouse enhancer coordinates (mm9) were translated to the Anolis carolinensis genome 

(anoCar2) using the UCSC liftOver tool. Only mouse enhancer regions that lifted over 

successfully to the Anolis genome were used to compare H3K27ac signal at orthologous 

enhancers between species. To normalize the H3K27ac reads across tissue samples withinin 
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each species, scaling factors for each dataset were calculated using CHANCE (Diaz et al., 

2012). H3K27ac read coverage was then scored in 25 bp windows +/- 2 kb from the center 

point of orthologous enhancers from normalized bigWig files using deepTools package 

(Ramírez et al., 2014). The deepTools computeMatrix script was used to calculate matrix of 

coverage values. This matrix was then processed in R to produce signal plots of average 

enrichment, or processed using the deepTools heatmapper script to produce heatmaps of 

coverage over all orthologous enhancer regions.

Motif Finding

Enriched motifs in mouse Limb, limb-GT, and GT enhancers were determined using 

HOMER (Heinz et al., 2010). For each enhancer category, the central 500 bp of each 

enhancer regions was used for de novo and known motif searches. A background sequence 

dataset was created by combining all putative enhancer regions from mouse E11.5 forelimb, 

E11.5 hindlimb, E12.5 genital tubercle, E10.5 eye, and E11.5 flank datasets, omitting any 

regions that were present in the input sequences.

In Situ Hybridization and LacZ Staining

Adult Anolis sagrei were collected from the University of South Florida Botanical Gardens 

(Tampa, FL, USA), housed at the University of Georgia, and bred to produce embryos in 

accordance with an approved Animal Use Protocol. Corn snake (Pantherophis guttatus) 

embryos were a gift from David W. Hall. Ball python eggs were purchased from J. Kobylka 

Reptiles (Toccoa, GA). Whole-mount mRNA in situ hybridizations were performed as 

described for other species (Wilkinson, 1992). Templates for mouse, Anolis, and corn snake 

tbx4 riboprobes were generated by PCR amplification from embryonic mouse, Anolis, and 

corn snake cDNAs. Template for python tbx4 probe was produced through gene synthesis of 

the predicted Burmese python mRNA by Life Technologies (Grand Island, NY). LacZ 

staining of transgenic mouse embryos was performed as described (DiLeone et al., 1998).

Allele-Specific Gene Expression Analysis

Quantification of Tbx4 expression from wild-type, DelA, and DelB alleles was accomplished 

through the use of a naturally occurring SNP within the Tbx4 transcript that differs between 

the strains used to create our targeted Tbx4 alleles and the DBA/2J mouse strain (Menke et 

al., 2008). See the Supplemental Experimental Procedures for further details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Enhancer elements display similar patterns of conservation across reptiles. (A) Chronogram 

of the major amniote lineages highlighting the divergence of the Squamata and the 

Serpentes. Phylogeny and dates adapted from Pyron (2010). (B) A comparison of the degree 

of conservation of VISTA enhancers positive for forebrain-only, limb-only, or heart-only 

enhancer activity (Visel et al. 2007) in the genomes of Chrysemys picta (painted turtle), 

Anolis carolinensis (green anole lizard), Boa constrictor (boa), Python bivittatus (Burmese 

python), and Ophiophagus hannah (king cobra). Pie charts indicate the relative proportion 

of enhancers in each similarity score category, with forebrain-only enhancers being most 

conserved, and heart-only enhancers being least conserved. See also Figure S1 and Table 

S1.
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Figure 2. 
Genome-wide analysis of H3K27ac signal reveals cis-regulatory overlap between the limbs 

and the genital tubercle. (A) Annotation of H3K27ac-enriched regions in the mouse E11.5 

forelimb, E11.5 hindlimb, E12.5 GT, E11.5 flank, E10.5 eye, and all regions combined. For 

each category the total number of enriched regions, the number of putative enhancers in 

parentheses, and the relative proportions of regions that overlap exons, promoters, introns, 

and intergenic regions are indicated. (B) Percentage of validated enhancers that overlap 

H3K27ac-enriched regions from the limb, GT, and eye. Both H3K27ac limb regions and GT 

regions are significantly enriched at VISTA limb enhancers and published limb enhancers. 

Asterisks indicate p < 0.001 (Fisher's exact test). (C) Principal component analysis (PCA) of 

H3K27ac signal at shared regions from mouse tissues reveals similar signal profiles between 

limb-derived and GT tissues. (D) PCA of limb and GT H3K27ac signal at putative 

enhancers shows E12.5 GT associates with E10.5 limb signal. (E) K-means clustering of 
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H3K27ac activity at putative enhancer regions identified from mouse E11.5 forelimb, E11.5 

hindlimb, E12.5 GT, E10.5 eye, and E11.5 flank tissues identifies a set of elements (K-

means Cluster #2) active in the limbs and GT. (E) The top ten MGI Expression and Mouse 

Phenotype enriched terms for GT H3K27ac-enriched regions generated using GREAT 

(McLean et al., 2010). Appendage-associated terms are indicated with arrows. See also 

Figure S2 and Tables S2, S3, and S4.
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Figure 3. 
Properties of limb, limb-GT, and GT specific enhancers. (A) The top ten MGI Expression 

and Mouse Phenotype terms associated with limb, limb-GT, and GT specific enhancers 

using GREAT are enriched predominately with limb and skeletal development terms. Terms 

associated with urogenital and reproductive systems appear in the limb-GT and GT groups 

(arrows). (B) The top three de novo motifs found from the limb, limb-GT, and GT specific 

enhancers and their best matches to known motifs using HOMER (Heinz et al., 2010). (C) 

Percent of enhancers that liftOver to other tetrapod and fish genomes. Limb and limb-GT 

specific enhancers are more conserved in sarcopterygian genomes (Anolis, Xenopus, 

coelacanth). See also Figure S3 and Table S5.
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Figure 4. 
H3K27ac enrichment at orthologous mouse and lizard enhancers. (A) H3K27ac coverage 

across limb, limb-GT, and GT specific enhancers in mouse E11.5 forelimb (blue), E11.5 

hindlimb (red), and E12.5 GT (purple). H3K27ac signal was averaged across all mouse 

limb, limb-GT, and GT enhancers with a conserved ortholog in Anolis carolinensis. (B) 

H3K27ac coverage across A. carolinensis orthologs of mouse limb, limb-GT, and GT 

specific enhancers. H3K27ac signal analyzed in A. carolinensis embryonic tissues from 

stage 7-8 forelimb, stage 7-8 hindlimb, and stage 9-11 hemiphallus. (C) Fraction of A. 

carolinensis orthologs of mouse limb, limb-GT, and GT specific enhancers that overlap 

H3K27ac-enriched regions in A. carolinensis embryonic tissues. See also Figure S4 and 

Table S6.
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Figure 5. 
Conservation of Tbx4 enhancers and gene expression. (A) H3k27ac enrichment at the Tbx4 

promoter demonstrates activity in the mouse hindlimb and GT, but not the forelimb. 

Similarly, the HLEB element of Tbx4 is active in the hindlimb and GT, while the HLEA 

element displays significant H3K27ac enrichment in the hindlimb only. H3K27ac signal 

from mouse E11.5 forelimb, E11.5 hindlimb, and E12.5 GT replicates are displayed as 

overlays of fold-enrichment compared to input; regions of significant enrichment are 

indicated by solid lines underneath signal profiles. (B) VISTA plot of sequence conservation 

using pairwise comparisons between mouse and other amniote species shows conservation 

of HLEB but not HLEA from human to boa. The Tbx4 gene is indicated in black. Red peaks 

correspond to conserved non-coding regions and blue peaks to conserved coding regions. 

The Tbx4 hindlimb enhancers HLEA and HLEB are indicated in orange (Menke et al., 

2008). (C-E′) Tbx4 in situ hybridization on squamate embryos. Scale bars indicate 500 μm. 

(C) Anolis lizard embryos express Tbx4 in the hindlimbs and the developing hemiphalluses. 

(D) Ball python (Python regius) embryos display Tbx4 expression in the rudimentary 

hindlimbs and the hemiphalluses (D′). (E) Corn snake embryos (Pantherophis guttatus) 

show Tbx4 expression in the hemiphalluses (E′). Black arrows indicate location of 

hindlimbs; white arrows indicate hemiphalluses. See also Figure S5.
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Figure 6. 
Enhancer activity of HLEB elements from limbed and limb-reduced animals. (A) H3K27ac 

signal across A. carolinensis HLEB reveals significant enrichment in embryonic Anolis 

hindlimb and hemiphallus chromatin. (B) VISTA plot of pairwise sequence comparison of 

Anolis HLEB against multiple amniote species. Regions in red indicate 70% identity over a 

window size of at least 100 base pairs. (C-F′) Mouse embryos carrying HLEB Hsp68LacZ 

transgenes from mouse (C and C′), Anolis lizard (D and D′), Burmese python (E and E′), 

and king cobra (F and F′). Blue stain indicates the expression of LacZ. Scale bars indicate 

500 μm. See also Figure S6.
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Figure 7. 
Deletion of hindlimb enhancer B (HLEB) affects Tbx4 expression and results in pelvic and 

urogenital-specific defects in adult mice. (A) E11.5 embryos homozygous for the HLEB 

deletion (DelB/DelB) show decreased expression of Tbx4 in the GT (arrows) by in situ 

hybridization. (B) Relative amounts of Tbx4 transcript produced from DelA and DelB alleles 

in embryonic hindlimb, GT, and lung as measured by an allele-specific expression assay. 

Error bars mark one standard deviation; filled points indicate values significantly different 

from wild-type expression (p < .05, t-test). (C) The deletion of HLEB affects pelvic bone 

morphology. In Tbx4DelB/- adult mice the posterior bones of the pelvis are reduced compared 

to Tbx4+/+, Tbx4+/-, and Tbx4DelA/- mice. Abbreviations: ilium (il), ischium (is), pubis (p). 

(D) The deletion of HLEB affects the baculum of adult male mice. Male Tbx4DelB/- mice 

have a significantly shortened baculum. (E-G) Additional examples of urogenital defects in 

HLEB knockout mice. Tbx4DelB/DelB adult female mice have a higher prevalence of vaginal 

septa (E) compared to wild-type littermates. In addition to vaginal septa, Tbx4DelB/- females 

occasionally have imperforate vagina (F). Adult HLEB knockout mice also display other 

urogenital defects, such as kidney agenesis (G). Scale bars indicate 500 μm. See also Figures 

S7 and Table S7.
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