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SUMMARY

The evolution of body shape is thought to be tightly
coupled to changes in regulatory sequences, but
specificmolecular events associatedwithmajormor-
phological transitions in vertebrates have remained
elusive. We identified snake-specific sequence
changes within an otherwise highly conserved long-
range limb enhancer of Sonic hedgehog (Shh). Trans-
genic mouse reporter assays revealed that the in vivo
activity pattern of the enhancer is conserved across a
wide range of vertebrates, including fish, but not in
snakes. Genomic substitution of themouse enhancer
with its human or fish ortholog results in normal limb
development. In contrast, replacement with snake
orthologs caused severe limb reduction. Synthetic
restoration of a single transcription factor binding
site lost in the snake lineage reinstated full in vivo
function to the snake enhancer. Our results demon-
strate changes in a regulatory sequence associated
with a major body plan transition and highlight the
role of enhancers in morphological evolution.
INTRODUCTION

Distant-acting transcriptional enhancers are a major class of

tissue-specific regulatory DNA sequences that has been impli-

cated in morphological evolution in vertebrates (Chan et al.,

2010; Cooper et al., 2014; Cretekos et al., 2008; Guenther

et al., 2014; Guerreiro et al., 2013; Indjeian et al., 2016; Jones

et al., 2012; Lopez-Rios et al., 2014;McLean et al., 2011; Prabha-

kar et al., 2008). Sequence changes in non-coding regulatory

DNA are hypothesized to be a main driver of changes in body

shape (Britten and Davidson, 1969; Carroll, 2008; King and Wil-

son, 1975; Wray, 2007), but many aspects of this complex inter-

play between molecular changes in regulatory sequences and

morphological adaptations across the vertebrate tree remain
the subject of considerable debate (Hoekstra, 2012; Wittkopp

and Kalay, 2011; Wray, 2007).

In the present study, we utilized a series of recently sequenced

snakegenomes to study themolecular and functional evolutionof

a critical limb enhancer in snakes and examine its possible role in

limb loss. Our analysis focuses on one of the best-studied verte-

brate enhancers, the Zone of Polarizing Activity [ZPA] Regulatory

Sequence (ZRS, also known as MFCS1) (Lettice et al., 2003,

2008, 2012, 2014; Sagai et al., 2004, 2005; Zeller and Zuniga,

2007). The ZRS is a limb-specific enhancer of the Sonic hedge-

hog (Shh) gene that is located at the extreme distance of nearly

onemillion basepairs from its target promoter. During limbdevel-

opment, the enhancer is active in the posterior limb bud mesen-

chyme (Figure 1A), where its activity is critically required for

normal limb development in mouse (Sagai et al., 2005). Single-

nucleotide mutations within the ZRS cause limb malformations,

such as preaxial polydactyly, in multiple vertebrate species

including humans (Hill and Lettice, 2013; Lettice et al., 2003,

2008; VanderMeer and Ahituv, 2011). Surprisingly, we observed

that the sequence of this limb enhancer is conserved throughout

nearly all examined species in the snake lineage. In basal snakes,

which retain vestigial limbs, it is highly conserved, whereas it un-

derwent a rapid increase in substitution rate in advanced snakes,

inwhich all skeletal limb structures havedisappeared. Consistent

with this, we provide evidence that the snake enhancer progres-

sively lost its in vivo function as the body plan evolved from basal

to advanced snakes. Finally, we identify a specific subset of

nucleotide changes within the enhancer that contribute to its

functional degeneration in snakes and show in a mouse model

that synthetic reintroduction of just one degraded transcription

factor binding site is sufficient to recreate the ancestral function

and to rescue normal limb formation in vivo.
RESULTS

A Critical Limb Enhancer Is Evolutionarily Conserved
but Highly Diverged in Snakes
To explore the potential role of the ZRS limb enhancer in snake

evolution, we examined the draft genomes of six snake species
Cell 167, 633–642, October 20, 2016 ª 2016 Elsevier Inc. 633

mailto:lapennacchio@lbl.gov
mailto:avisel@lbl.gov
http://dx.doi.org/10.1016/j.cell.2016.09.028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2016.09.028&domain=pdf


C C

C A

C T

C T

C T

C T

C T

C C

C T

C C

C C

C A

boa

B

C

Z
R

S
 e

vo
lu

tio
na

ry
 r

at
e

Fast

Slow

basal snakes

vestigial hindlimbs

advanced snakes

limbless

Fass

E11.5

0.1 subs. /site
human

mouse
cow

dolphin
horse

megabat
sloth

platypus
chicken

python

rattlesnake
viper

cobra

corn snake
lizard

coelacanth

coelacanth
e. shark

chicken
platypus

sloth

human
mouse

megabat
horse

cow
dolphin

lizard
python

boa

cobra
cornsnake

viper
rattlesnake

python
boa
i

cobra
cornsnake

viper
rattlesnake

ppi

basal
snakes

advanced
snakes

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C G C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C - T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C A T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T G T A C T G T A T T T T A T G A C C A G A T G A C T T

TT T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T G T A C T G T A T T T T A T G A C C A G A T G A C T

T T G T C C T A A T T G A T G T T C C T T T T G G C A A A C T T A C A T A A A A G T G A C - - T G C A T T G C A T T T T G T G A T C A A A T G A C T T

T T G T C C T A A T T T A T G T T C C T T T T G G C A A A C T T A - A T A A A A G T G A C - - T G C A T T G T A T T T T G T G A T C A G A T G A C T T

T C T C C T G G T T T AA T G T T C C T T T T G C C A A A C T T A T A T A A A A G T G A C - - T G C A C T A T A - T T T A T G A T C A G A T G A G T T
- - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - -- - - - - - - - - - - -- - - - - - - - - - - -- - -

T T G T C C T G G T T T A T G T C C C T T T T G G C A A A C T T A C A T A A A A G T G A C T G T A C T G T A T T T T A T G A C C A G A T G A C T T

T T G T C C T G G T T T G C A T C C C T T T T G G C A A A C T T A C A T A A A A C T G A C T G T A C T G T A T T T T A C G A C C A G A T G A C T T

* **** ****** ****** **** *** ********* ** ** ** *** * *** *A

Figure 1. Evolution of a Limb Enhancer across the Vertebrate Tree

(A) Human ZRS enhancer activity in a mid-gestation (E11.5) mouse embryo. Staining in structures other than limb was not reproducible in additional transgenic

embryos and due to ectopic effects.

(B) Comparison of the core ZRS region across 18 different vertebrate species including two basal (blue) and four advanced (purple) snakes. See Figure S1 for full

alignment.

(C) Phylogeny of vertebrate species used in the study (based on UCSC [https://genome.ucsc.edu/cgi-bin/hgGateway] and Hsiang et al., 2015; Pyron et al., 2013).

Branch length indicates absolute ZRS substitution rate, colors indicate relative ZRS evolutionary rate compared to other embryonic enhancers (see Figure S2 and

Method Details). The schematic illustrations of snake skeletons were drawn using images from Romanes (1892), http://www.zoochat.com/, and http://www.

skullcleaning.com/ as templates.

See also Figures S1 and S2.
including the Burmese python (Python molurus bivittatus) (Cas-

toe et al., 2013), boa constrictor (Boa constrictor constrictor),

king cobra (Ophiophagus hannah) (Vonk et al., 2013), speckled

rattlesnake (Crotalus mitchellii pyrrhus), viper (Vipera berus

berus), and corn snake (Pantherophis guttatus) (Ullate-Agote

et al., 2014). These species represent different morphological

stages within the evolutionary history of snakes (Apesteguı́a

and Zaher, 2006; Martill et al., 2015), from basal snakes (boa

and python) that retained a vestigial pelvic girdle and rudimen-

tary hindlimbs, to advanced snakes (viper, rattlesnake, king

cobra, and corn snake) that completely lost all skeletal limb

structures and represent the majority (>85%) of all extant snake

species (Lawson et al., 2005; Pyron et al., 2013). Nearly all of the

snake species studied have a ZRS-orthologous sequence (Fig-

ures 1B and S1). However, while the ZRS enhancer of basal

snakes shares �80% nucleotide identity with the orthologous

region from limbed lizards and shows a substitution rate similar

to other vertebrate ZRS orthologs, the ZRS of advanced
634 Cell 167, 633–642, October 20, 2016
snakes displays a substantially increased number of substitu-

tions compared to other enhancers (p = 0.012, permutation

test; Figures 1B, 1C, and S2; Table S4). This fast evolutionary

rate clearly distinguishes the ZRS from other limb enhancers,

which do not show such an increase in substitutions (Figure S2)

(Infante et al., 2015). Thus, while nearly all snake species exam-

ined have a ZRS enhancer, a loss of evolutionary constraint on

this enhancer coincides with the complete loss of limb structures

at the transition from basal to advanced snakes.

Loss of Region-Specific Limb Enhancer Activity in
Snakes
To systematically examine whether the sequence changes

observed in different snake ZRS orthologs alter the in vivo func-

tion of the enhancer, we used a transgenic mouse enhancer re-

porter assay (http://enhancer.lbl.gov/) (Kothary et al., 1989; Visel

et al., 2007). We determined ZRS enhancer activity patterns for

16 different species covering a wide range of jawed vertebrates,

http://enhancer.lbl.gov/
https://genome.ucsc.edu/cgi-bin/hgGateway
http://www.zoochat.com/
http://www.skullcleaning.com/
http://www.skullcleaning.com/


Figure2. ComparisonofEnhancerActivityacrossJawedVertebrates

Enhancer activities for 16 different vertebrate species in the limb buds of

transgenic E11.5 stage mouse embryos. Numbers of embryos with lacZ ac-

tivity in the limb over the total number of transgenic embryos screened are

indicated. Some species (marked in italics) were active in the ZPA of the limb

buds but had additional activity expanded anteriorly (dolphin and megabat) or

proximally (elephant shark). *The rattlesnake ZRS enhancer drives an ectopic

reporter activity pattern that does not include the ZPA (arrows point to the ZPA

area without detectable LacZ activity).
including cartilaginous and bony fishes (elephant shark and

coelacanth), four snakes (boa, python, rattlesnake, and cobra),

and ten limbed tetrapods at mid-gestation (embryonic day [E]

11.5), a time point when the mouse ZRS is active (Figures 1A

and 2) (Lettice et al., 2003). The orthologs from nine finned or

limbed vertebrates (coelacanth, lizard, chicken, platypus, sloth,

horse, cow,mouse, and human) displayed reproducible patterns

of activity in the posterior limb bud that were indistinguishable

from the activity of the mouse enhancer (Figure 2), confirming

the deep conservation of its function across vertebrates with

paired appendages (Dahn et al., 2007; Lettice et al., 2003; Sagai

et al., 2004). ZRS orthologs from three species were active in

the ZPA of mouse limb buds but also had activity expanded

anteriorly (dolphin and megabat) or proximally (elephant shark).

In contrast, in four out of five basal and advanced snake species

examined, either the enhancer activity in the ZPA or the enhancer

sequence itself was lost (Figure 2). Among them, the rattlesnake

ZRS displayed an ectopic limb activity pattern that did not

include the ZPA and may be related to an �180-bp insertion

specifically found in the viper and rattlesnake lineage (Figures

2 and S1). Only the ZRS of boa, which diverged from python

63–96 million years ago (Esquerré and Scott Keogh, 2016) and

among the examined snakes is the one showing the lowest

nucleotide substitution rate with respect to that of the lizard,

retained activity in the ZPA. Notably, the ZRS from all advanced

snakes examined (rattlesnake and cobra) completely lost ZPA-

specific activity.

Snake Enhancer Knockin Causes Severe Limb
Truncation in Mice
To assess the extent to which the observed activity changes in

transgenic reporter assays affect vertebrate limb morphology

in vivo, we employed CRISPR/Cas9 genome editing to generate

a series of knockin (KI) mice where the functionally critical 1.3-kb

core region of the ZRS (Figure S3) was replaced with the orthol-

ogous sequences of the same length from other species. We

first replaced the mouse ZRS with the orthologs from human

(73% sequence identity to the mouse ZRS) and coelacanth

(57% sequence identity to the human ZRS), whose last common

ancestor lived approximately 400 million years ago. Both the hu-

man and coelacanth orthologs resulted in Shh expression at the

onset of limb bud formation that was indistinguishable fromwild-

type and rescued the formation of fully developed limbs (Figures

3 and S4G–S4J), indicating that despite considerable evolu-

tionary distance between mammals and fish, the enhancers of

mouse, human, and coelacanth are largely functionally inter-

changeable. In contrast, replacing the mouse ZRS with the or-

thologous cobra sequence resulted in a complete loss of Shh

expression and a truncated limb phenotype, affecting both the

fore- and hindlimbs, that is indistinguishable from the phenotype

caused by deletion of the mouse enhancer (Figures 3, S3, and

S4G) (Sagai et al., 2005). This result confirms that despite recog-

nizable sequence conservation, the cobra sequence lacks limb

enhancer function and is therefore unable to support limb devel-

opment. The less diverged python ZRS resulted in a similar but a

slightly milder phenotype. While most skeletal forelimb and hind-

limb elements distal of the stylopod:zeugopod junction were

also severely affected, the python ZRS resulted in formation of
Cell 167, 633–642, October 20, 2016 635
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Figure 3. Limb Phenotypes of Knockin Mice with ZRS Orthologs from Other Vertebrate Species

(A) CRISPR/Cas9-mediated replacement of the mouse ZRS sequence with an orthologous sequence from cobra. Schematic of the mouse Shh locus is shown at

the top. The ZRS is located in the intron of the Lmbr1 gene (intron-exon structure not shown), 850 kb away from the promoter of Shh. A homologous locus from

king cobra with the cobra ZRS enhancer (cZRS) is indicated in purple. A CRISPR/Cas9-modified ‘‘serpentized’’ mouse Shh locus is shown below. See also

Figures S4A–S4F and Method Details. Gene diagram not to scale.

(B) Gross phenotypes of ZRSWT/D (top) and serpentized ZRScZRS/D (bottom) mice. Scale bars, 10 mm.

(C and D) Limb phenotypes of knockin mice with ZRS orthologs from other vertebrate species.

(C) Phylogeny and approximate divergence estimates (Amemiya et al., 2013; Hsiang et al., 2015; Wright et al., 2015) are shown on the left. Schematic mouse Shh

loci with the ZRS replaced by orthologs from human (hZRS), python (pZRS), cobra (cZRS), and coelacanth fish (fZRS) are shown.

(D) Comparative Shh mRNA in situ hybridization analysis in knockin mouse embryos during forelimb bud development (first column). Per knockin line, the

Shh transcript distribution was assessed in at least three independent mouse embryos. See Figure S4G for hindlimb bud analysis of Shh expression.

Corresponding whole-mount E14.5 knockin mouse embryos (second column) and skeletal preparations at E18.5 (third and fourth columns) are shown; s,

scapula; h, humerus; r, radius; u, ulna; fe, femur; fi, fibula; t, tibia; a, autopod. The genotypes of the embryos are ZRSWT/D (mouse), ZRShZRS/D (human), ZRSpZRS/D

(python), ZRScZRS/D (cobra), and ZRSfZRS/D (coelacanth fish). Arrow points to rudimentary digits in ZRSpZRS/D embryos. Bottom embryo shows E14.5

(legend continued on next page)
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Figure 4. Resurrection of Snake Limb

Enhancer Function In Vivo

(A) Snake-specific deletion in the ZRS. An alignment

of the central ZRS region for 18 vertebrates,

including six snakes, is shown. Asterisks indicate

nucleotides that are conserved in limbed tetrapods

and fish.

(B) A 17-bp sequence is able to resurrect python

ZRS enhancer function.

(C) Shown are thewild-type (left) andmodified (right)

python ZRS in vivo enhancer activities in the limb

buds of transgenic E11.5mouse embryos. Numbers

of embryos with lacZ activity in the limb over the

total number of transgenic embryos screened are

indicated.

(D) The resurrected allele is able to rescue limb

development when knocked into the mouse

genome in place of the wild-type ZRS. Shown are

gross phenotypes of ZRSpZRS/D (python, left) and

ZRSpZRS(r)/D (python+, right) mice at 2 weeks of age.

Scale bars, 10 mm.

(E) Skeletal preparations from E18.5 knockin mice

are shown. See Figures S5B and S5C for more

detailed skeletal phenotypes. Scale bars, 2 mm.

See also Figure S5.
two to three rudimentary digits in the forelimb and a slightly

enlarged ossification resembling a rudimentary zeugopod (Fig-

ure 3D). This result may be due to residual enhancer activity

that was not detected in transgenic reporter assays (Figure 2).

Consistent with this possibility, prolonged staining after RNA
gross and limb skeletal phenotypes of the ZRSD/D KO mice (see Figure S3 for details). Numbers of embryo

the total number of embryos with the genotype are indicated. *Three of five mouse embryos displayed mild

bars, 0.1 mm (left column), 2 mm (columns 3 and 4).

See also Figures S3 and S4.
in situ hybridization indeed revealed very

weak levels of Shh transcript in the poste-

rior forelimb bud of python ZRS knockin

mouse embryos (data not shown). Taken

together our data indicate that both snake

enhancers tested lost their ability to induce

normal limb development in mice despite

themuch shorter evolutionary distance be-

tweenmammals and snakes than between

mammals and lobe-finned fish.

In Vivo Resurrection of a Distant-
Acting Snake Limb Enhancer
To identify specific nucleotide changes

within the enhancer that may have led to

its loss of activity in snakes, we examined

the snake sequences in detail. While multi-

ple nucleotide differences are observed

between snakes and limbed lizards (Fig-

ure S1), one small deletion of 17 bp stood

out because it affected a region of the

ZRS that was highly conserved across all

examined tetrapods and fish (Figure 4A).
Although it represents less than 10% of all sequence changes

between the snake and lizard ZRS, this deletion is the only

sequence that is deleted in all snakes but present in all examined

limbed vertebrates and fish (Figures 4A and S1). To directly test

whether this small snake-specific deletion contributed to the loss
s that exhibited representative limb phenotype over

digit number variation (see Figures S4H–S4J). Scale

Cell 167, 633–642, October 20, 2016 637
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Figure 5. Loss of Conserved ETS Binding Sites in the Snake Lineage

(A) A detailed view of the E1 ETS binding site alignment for 18 vertebrates

including six snakes. ETS1 motif is shown above. Asterisks indicate nucleo-

tides that are conserved in limbed tetrapods and fish.

(B) Distribution of tetrapod conserved ETS motifs in the ZRS enhancer

in different jawed vertebrates. Shown is a schematic alignment of the

ZRS for 16 vertebrates (tree) and the locations of predicted ETS binding

sites (E0–E4). Red crosses indicate motifs that were lost. See Figure S5 for

details.

638 Cell 167, 633–642, October 20, 2016
of enhancer activity in snakes, we created a partially ancestral

allele by reintroducing the 17-bp deleted sequence into the py-

thon enhancer sequence (Figures 2, 4A, and 4B). In a transgenic

mouse reporter assay, this reintroduction of 17 bp of sequence

alone was sufficient to reinstate full enhancer activity in the

posterior mesenchyme of the limb bud at E11.5 (Figure 4C).

To determine whether this allele could also functionally restore

normal limb development in vivo, we used CRISPR/Cas9

genome editing to replace the endogenous mouse enhancer

with this partially ancestral allele. Consistent with the results of

the transgenic reporter experiments, the resulting knockin mice

with the modified python allele had normal limbs (Figures 4D,

4E, and S5B). These results suggest that a 17-bp snake-specific

deletion contributed to enhancer degeneration and that syn-

thetic reintroduction of this microdeletion is sufficient to recreate

the ancestral function of the ZRS and to rescue limb develop-

ment in vivo.

To identify specific transcription factors that may be involved

in the loss of enhancer function, we examined potential tran-

scription factor binding sites that may have been affected by

the 17-bp sequence deletion in the snake lineage. We identified

a highly conserved motif within the deleted region whose

sequence matched the binding preference of the ETS1 tran-

scription factor. ETS1 has been suggested to directly activate

the ZRS enhancer by binding to multiple ETS recognition sites

(Lettice et al., 2012). We scanned the ZRS-orthologous se-

quences from 18 vertebrates for the presence of additional

conserved ETS motifs (Figure S5C). In total, five ETS motifs

within the enhancer are conserved across tetrapods, which in-

cludes four ETS binding sites previously identified in the mouse

enhancer (Lettice et al., 2012). Remarkably, all five motifs were

also conserved in coelacanth (bony fish), and three were present

in elephant shark (cartilaginous fish, Figures 5 and S5C). In

contrast to this strong conservation of ETS motifs across limbed

vertebrates and fish, and, despite the overall conservation of the

ZRS sequence in basal snakes, all examined snakes have lost

the E0 and E1 ETSmotifs. In addition, the E4motif was lost in rat-

tlesnake, and cobra lost the E2 motif (Figures 5B, S1, and S5C).

More generally, in vertebrates with paired appendages the ETS

sites show increased evolutionary constraint compared to the

rest of the ZRS, whereas in snakes the ETS sites do not stand

out as particularly constrained (Figure 5C). The fact that loss of

the E1 motif in the mouse ZRS is not sufficient to alter limb

bud expression (Lettice et al., 2012) and that the boa ZRS is

active despite the absence of both E0 and E1 motifs indicate

that loss of these motifs alone cannot explain ZRS deactivation

in the snake lineage. We therefore also scanned the ZRS for

other transcription factor motifs that showed a similar snake-

specific loss of evolutionary constraint (Table S5). Interestingly,

binding sites for homeodomain transcription factors, which

have also been implicated in ZRS regulation (Capellini et al.,

2006; Kmita et al., 2005; Lopez-Rios, 2016), display a similar
(C and D) Relative substitution rates in the ETS and homeodomain DNAmotifs

in the ZRS enhancer in non-snake species (black dots: species from Figure 5A)

and snakes (red dots: boa, python and rattlesnake). Mann-Whitney p value is

shown on top.

See also Figure S5.



increase in substitution rate in snakes (Figure 5D). Taken

together, our results implicate the loss of the E1 ETS site as

well as potentially other ETS and homeodomain transcription

factor binding sites in the loss of function of this limb enhancer

in snakes.

DISCUSSION

In the present study, we demonstrate an increased rate of

sequence changes, as well as progressive in vivo loss of function

for a distant-acting limb enhancer in snakes. Decreased

sequence conservation and loss of enhancer function were

most pronounced in advanced snakes, which have lost all skel-

etal limb structures. The only snake genome in which no ZRS

sequence was detected belonged to the corn snake. Our results

indicate that the previously reported loss of the ZRS enhancer in

Japanese rat snakes (Sagai et al., 2004), a member of the same

subfamily (Colubrinae) as corn snakes, is not representative of

snakes in general but affects only a small subset of advanced

snakes where it occurred after the morphological loss of all

limb structures (Figures 1B and S1). Across the snake species

examined, the progressive sequence degeneration of the

enhancer correlated with its loss of activity in transgenic reporter

assays. In contrast, across all limbed tetrapods and fish exam-

ined, the enhancer activity was highly conserved. Remarkably,

even a ZRS ortholog from fish (coelacanth), which shares less

sequence similarity with the human ortholog thanwith the python

ortholog (57% versus 59%), was sufficient for normal limb devel-

opment despite the major morphological differences between

mammalian limbs and coelacanth fins.

The molecular basis of loss of limbs in snakes as they evolved

from their limbed ancestor has been the subject of extensive

speculation (Apesteguı́a and Zaher, 2006; Cohn and Tickle,

1999; Di-Poı̈ et al., 2010; Infante et al., 2015; Lopez-Rios, 2016;

Martill et al., 2015; Sagai et al., 2004; Tchernov et al., 2000; Zeller

et al., 2009). Our genomic enhancer replacement experiments in

mice conclusively demonstrate that the loss of function in a single

enhancer observed in snakes is sufficient to cause severe limb

reduction in mice, raising the possibility that ZRS deactivation

contributed to the loss of limbs in the snake lineage. However,

changes in other sequences involved in limb development must

also have occurred in snakes. These changes could for example

involve regulation of Hox genes that act upstream of Shh (Cohn

and Tickle, 1999; Di-Poı̈ et al., 2010; Head and Polly, 2015), or

other genes that are critical for initiation of limb development

(e.g., Min et al., 1998; Rallis et al., 2003; Sekine et al., 1999; Ta-

naka et al., 2002). Notably, following the morphological disap-

pearance of limbs, any sequence required exclusively for limb

development is no longer subject to negative selection and is ex-

pected to degrade over time. This is exemplified by the reduction

in the transgenic reporter activity of other serpentine limb en-

hancers whose phenotypic impact on limb development remains

tobedetermined (Guerreiro et al., 2016; Infanteet al., 2015). In the

case of the ZRS, the enhancer activity observed in a basal snake

(boa, Figure 2) suggests that the sequence degeneration of the

ZRS in snakes started in conjunction with or, more likely, after

other disruptive molecular events contributing to the loss of

limbs. Consequently, we do not expect that the reintroduction
of a fully functional ZRS into a snake genome alone would be suf-

ficient to induce the formation of fully or even partially developed

limbs in snakes.

While we deliberately focused on a locuswith strong pre-exist-

ing evidence for function from human disease and mouse ge-

netics studies (reviewed in Hill and Lettice, 2013; VanderMeer

and Ahituv, 2011), an increasing number of unbiased genome-

wide enhancer data across closely and distantly related animal

species (Acemel et al., 2016; Arnold et al., 2014; Cotney et al.,

2013; Eckalbar et al., 2016; Gehrke et al., 2015; He et al.,

2011; Prescott et al., 2015; Reilly et al., 2015; Villar et al., 2015;

Xiao et al., 2012) creates a rapidly growing list of candidate line-

age- and species-specific enhancers. A major challenge is the

identification of the subsets of these enhancers that functionally

contribute to morphological and other phenotypic diversity. Our

study provides an example how genome editing-enabled

enhancer replacement makes it possible to recapitulate the

functional erosion of a regulatory sequence across evolution

through in vivo experiments. As genome-editing tools are

becoming increasingly available, we expect that this approach

will be useful to routinely study the phenotypes associated

with evolutionary changes in other regulatory sequences associ-

ated with morphological adaptations in vertebrates.
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Germann, P., Ünal, E., Liu, J., Floriot, S., Barbey, S., et al. (2014). Attenuated

sensing of SHH by Ptch1 underlies evolution of bovine limbs. Nature 511,

46–51.
Martill, D.M., Tischlinger, H., and Longrich, N.R. (2015). EVOLUTION. A four-

legged snake from the Early Cretaceous of Gondwana. Science 349, 416–419.

May, D., Blow, M.J., Kaplan, T., McCulley, D.J., Jensen, B.C., Akiyama, J.A.,

Holt, A., Plajzer-Frick, I., Shoukry, M., Wright, C., et al. (2011). Large-scale dis-

covery of enhancers from human heart tissue. Nat. Genet. 44, 89–93.

McLean, C.Y., Reno, P.L., Pollen, A.A., Bassan, A.I., Capellini, T.D., Guenther,

C., Indjeian, V.B., Lim, X., Menke, D.B., Schaar, B.T., et al. (2011). Human-spe-

cific loss of regulatory DNA and the evolution of human-specific traits. Nature

471, 216–219.

Min, H., Danilenko, D.M., Scully, S.A., Bolon, B., Ring, B.D., Tarpley, J.E.,

DeRose, M., and Simonet, W.S. (1998). Fgf-10 is required for both limb and

lung development and exhibits striking functional similarity to Drosophila

branchless. Genes Dev. 12, 3156–3161.

Montague, T.G., Cruz, J.M., Gagnon, J.A., Church, G.M., and Valen, E. (2014).

CHOPCHOP: A CRISPR/Cas9 and TALEN web tool for genome editing.

Nucleic Acids Res. 42, W401–W407.

Ovchinnikov, D. (2009). Alcian blue/alizarin red staining of cartilage and bone in

mouse. Cold Spring Harb. Protoc. Published online March 2009. http://dx.doi.

org/10.1101/pdb.prot5170.

Panman, L., Galli, A., Lagarde, N., Michos, O., Soete, G., Zuniga, A., and Zeller,

R. (2006). Differential regulation of gene expression in the digit forming area of

the mouse limb bud by SHH and gremlin 1/FGF-mediated epithelial-mesen-

chymal signalling. Development 133, 3419–3428.

Pennacchio, L.A., Ahituv, N., Moses, A.M., Prabhakar, S., Nobrega, M.A.,

Shoukry, M., Minovitsky, S., Dubchak, I., Holt, A., Lewis, K.D., et al. (2006).

In vivo enhancer analysis of human conserved non-coding sequences. Nature

444, 499–502.

Prabhakar, S., Visel, A., Akiyama, J.A., Shoukry, M., Lewis, K.D., Holt, A.,

Plajzer-Frick, I., Morrison, H., Fitzpatrick, D.R., Afzal, V., et al. (2008). Hu-

man-specific gain of function in a developmental enhancer. Science 321,

1346–1350.

Prescott, S.L., Srinivasan, R., Marchetto, M.C., Grishina, I., Narvaiza, I., Selleri,

L., Gage, F.H., Swigut, T., and Wysocka, J. (2015). Enhancer divergence and

cis-regulatory evolution in the human and chimp neural crest. Cell 163, 68–83.

Pyron, R.A., Burbrink, F.T., and Wiens, J.J. (2013). A phylogeny and revised

classification of Squamata, including 4161 species of lizards and snakes.

BMC Evol. Biol. 13, 93.

Rallis, C., Bruneau, B.G., Del Buono, J., Seidman, C.E., Seidman, J.G., Nissim,

S., Tabin, C.J., and Logan, M.P.O. (2003). Tbx5 is required for forelimb bud

formation and continued outgrowth. Development 130, 2741–2751.

Reilly, S.K., Yin, J., Ayoub, A.E., Emera, D., Leng, J., Cotney, J., Sarro, R.,

Rakic, P., and Noonan, J.P. (2015). Evolutionary genomics. Evolutionary

changes in promoter and enhancer activity during human corticogenesis. Sci-

ence 347, 1155–1159.

Romanes, G.J. (1892). Darwin and after Darwin: An Exposition of the Darwinian

Theory and a Discussion of post-Darwinian Questions (The Open Court Pub-

lishing Company).

Sagai, T., Masuya, H., Tamura, M., Shimizu, K., Yada, Y., Wakana, S., Gondo,

Y., Noda, T., and Shiroishi, T. (2004). Phylogenetic conservation of a limb-

specific, cis-acting regulator of Sonic hedgehog ( Shh). Mamm. Genome 15,

23–34.

Sagai, T., Hosoya, M., Mizushina, Y., Tamura, M., and Shiroishi, T. (2005).

Elimination of a long-range cis-regulatory module causes complete loss of

limb-specific Shh expression and truncation of the mouse limb. Development

132, 797–803.

Sekine, K., Ohuchi, H., Fujiwara, M., Yamasaki, M., Yoshizawa, T., Sato, T.,

Yagishita, N., Matsui, D., Koga, Y., Itoh, N., and Kato, S. (1999). Fgf10 is essen-

tial for limb and lung formation. Nat. Genet. 21, 138–141.

Shimodaira, H., and Hasegawa, M. (2001). CONSEL: For assessing the confi-

dence of phylogenetic tree selection. Bioinformatics 17, 1246–1247.

Tanaka, M., Münsterberg, A., Anderson, W.G., Prescott, A.R., Hazon, N., and

Tickle, C. (2002). Fin development in a cartilaginous fish and the origin of verte-

brate limbs. Nature 416, 527–531.
Cell 167, 633–642, October 20, 2016 641

http://refhub.elsevier.com/S0092-8674(16)31310-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref33
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref34
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref34
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref34
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref35
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref35
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref36
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref37
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref37
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref37
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref37
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref38
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref38
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref38
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref38
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref39
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref39
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref39
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref40
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref40
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref40
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref40
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref41
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref41
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref41
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref42
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref42
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref43
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref43
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref43
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref44
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref44
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref44
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref45
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref45
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref45
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref46
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref47
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref47
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref47
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref48
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref48
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref48
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref48
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref49
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref49
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref49
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref50
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref50
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref51
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref52
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref52
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref53
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref53
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref53
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref54
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref54
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref54
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref54
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref55
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref55
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref55
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref55
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref56
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref56
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref56
http://dx.doi.org/10.1101/pdb.prot5170
http://dx.doi.org/10.1101/pdb.prot5170
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref58
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref58
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref58
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref58
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref59
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref59
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref59
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref59
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref60
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref60
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref60
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref60
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref61
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref61
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref61
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref62
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref62
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref62
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref63
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref63
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref63
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref64
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref64
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref64
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref64
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref65
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref65
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref65
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref66
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref66
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref66
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref66
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref67
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref67
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref67
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref67
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref68
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref68
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref68
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref69
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref69
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref70
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref70
http://refhub.elsevier.com/S0092-8674(16)31310-1/sref70


Tchernov, E., Rieppel, O., Zaher, H., Polcyn, M.J., and Jacobs, L.L. (2000). A

fossil snake with limbs. Science 287, 2010–2012.

Ullate-Agote, A., Milinkovitch, M.C., and Tzika, A.C. (2014). The genome

sequence of the corn snake (Pantherophis guttatus), a valuable resource for

EvoDevo studies in squamates. Int. J. Dev. Biol. 58, 881–888.

VanderMeer, J.E., and Ahituv, N. (2011). cis-regulatory mutations are a genetic

cause of human limb malformations. Dev. Dyn. 240, 920–930.

Villar, D., Berthelot, C., Aldridge, S., Rayner, T.F., Lukk, M., Pignatelli, M., Park,

T.J., Deaville, R., Erichsen, J.T., Jasinska, A.J., et al. (2015). Enhancer evolu-

tion across 20 mammalian species. Cell 160, 554–566.

Visel, A., Minovitsky, S., Dubchak, I., and Pennacchio, L.A. (2007). VISTA

Enhancer Browser—A database of tissue-specific human enhancers. Nucleic

Acids Res. 35, D88–D92.

Visel, A., Blow, M.J., Li, Z., Zhang, T., Akiyama, J.A., Holt, A., Plajzer-Frick, I.,

Shoukry, M., Wright, C., Chen, F., et al. (2009). ChIP-seq accurately predicts

tissue-specific activity of enhancers. Nature 457, 854–858.

Vonk, F.J., Casewell, N.R., Henkel, C.V., Heimberg, A.M., Jansen, H.J.,

McCleary, R.J.R., Kerkkamp, H.M.E., Vos, R.A., Guerreiro, I., Calvete, J.J.,

et al. (2013). The king cobra genome reveals dynamic gene evolution and

adaptation in the snake venom system. Proc. Natl. Acad. Sci. USA 110,

20651–20656.

Wang, H., Yang, H., Shivalila, C.S., Dawlaty, M.M., Cheng, A.W., Zhang, F.,

and Jaenisch, R. (2013). One-step generation of mice carrying mutations in

multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153,

910–918.
642 Cell 167, 633–642, October 20, 2016
Wittkopp, P.J., and Kalay, G. (2011). Cis-regulatory elements: Molecular

mechanisms and evolutionary processes underlying divergence. Nat. Rev.

Genet. 13, 59–69.

Wray, G.A. (2007). The evolutionary significance of cis-regulatory mutations.

Nat. Rev. Genet. 8, 206–216.

Wright, A.M., Lyons, K.M., Brandley, M.C., and Hillis, D.M. (2015). Which came

first: The lizard or the egg? Robustness in phylogenetic reconstruction of

ancestral states. J. Exp. Zool. B Mol. Dev. Evol. 324, 504–516.

Xiao, S., Xie, D., Cao, X., Yu, P., Xing, X., Chen, C.-C., Musselman, M., Xie, M.,

West, F.D., Lewin, H.A., et al. (2012). Comparative epigenomic annotation of

regulatory DNA. Cell 149, 1381–1392.

Yang, H., Wang, H., Shivalila, C.S., Cheng, A.W., Shi, L., and Jaenisch, R.

(2013). One-step generation of mice carrying reporter and conditional alleles

by CRISPR/Cas-mediated genome engineering. Cell 154, 1370–1379.

Yang, H., Wang, H., and Jaenisch, R. (2014). Generating genetically modified

mice using CRISPR/Cas-mediated genome engineering. Nat. Protoc. 9, 1956–

1968.

Zeller, R., and Zuniga, A. (2007). Shh and Gremlin1 chromosomal landscapes

in development and disease. Curr. Opin. Genet. Dev. 17, 428–434.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Sheep Anti-Digoxigenin Fab fragments Antibody,

AP Conjugated

Roche Cat# 11093274910; RRID: AB_514497

Chemicals, Peptides, and Recombinant Proteins

DIG RNA Labeling Mix Roche Cat# 11277073910

T3 RNA Polymerase Roche Cat# 11031163001

BM Purple Roche Cat# 11442074001

mMESSAGE mMACHINE T7 kit Thermo Fisher Scientific Cat# AM1344

MEGAshortscript T7 kit Thermo Fisher Scientific Cat# AM1354

Gibson Assembly Master Mix NEB Cat# E2611S/L

Alcian blue 8GX Sigma A-3157

Alizarin red S Sigma A-5533

Experimental Models: Organisms/Strains

Mouse: FVB Charles River http://www.criver.com/

Mouse: FVB/Shh-DZRSem1Axvi (mouse ZRS knockout) This paper N/A

Mouse: FVB/Shh-hZRSem2Axvi (human ZRS knockin) This paper N/A

Mouse: FVB/Shh-fZRSem3Axvi (coelacanth ZRS knockin) This paper N/A

Mouse: FVB/Shh-pZRSem4Axvi (python ZRS knockin) This paper N/A

Mouse: FVB/Shh-cZRSem5Axvi (cobra ZRS knockin) This paper N/A

Mouse: FVB/Shh-pZRS(r)em6Axvi (resurrected python

ZRS knockin)

This paper N/A

Recombinant DNA

Hsp68-lacZ vector (Kothary et al., 1989) N/A; available from the authors

Human-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Mouse-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Cow-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Dolphin-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Horse-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Megabat-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Sloth-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Platypus-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Chicken-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Lizard-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Boa-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Python-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Rattlesnake-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Cobra-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Coelacanth-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Elephant-Shark-ZRS-hsp68-lacZ reporter vector This paper N/A; available from the authors

Plasmid encoding mouse Shh riboprobe (640 bp) (Echelard et al., 1993) N/A; available from the authors

pDD921 plasmid encoding human optimized Cas9 This paper N/A; available from the authors

EKHL_pSKB1 targeting vector containing human ZRS This paper N/A; available from the authors

EKCL_pSKB1 targeting vector containing coelacanth ZRS This paper N/A; available from the authors

EKPL_pCR4 targeting vector containing python ZRS This paper N/A; available from the authors

EKKCL_pSKB1 targeting vector containing cobra ZRS This paper N/A; available from the authors

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

EKPLM_pCR4 targeting vector containing resurrected

python ZRS

This paper N/A; available from the authors

Sequence-Based Reagents

For primer sequences, please see Table S6

For chemically synthetized DNA, please see Tables S2 and S3 N/A

sgRNA template: gaaaggacgaaacacctaatacgactcactatagggaa

cctcacacatgatctatgttttagagctagaaatag-caagttaaaataaggctagt

ccgttatcaacttgaaaaagtggcaccgagtcggtgctttttttctagacccagct

IDT N/A

Software and Algorithms

CHOPCHOP (Montague et al., 2014) https://chopchop.rc.fas.harvard.edu/

MAFFT (Katoh and Standley, 2013) http://mafft.cbrc.jp/alignment/software/

Gblocks (Castresana, 2000) http://molevol.cmima.csic.es/castresana/

Gblocks_server.html

jMolelTest2 (Darriba et al., 2012) http://jmodeltest.org/login

PhyML (Guindon et al., 2010) http://www.atgc-montpellier.fr/phyml/

CONSEL (Shimodaira and Hasegawa,

2001)

http://www.sigmath.es.osaka-u.ac.jp/

shimo-lab/prog/consel/

FIMO (Grant et al., 2011) http://meme-suite.org/tools/fimo
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact Axel Visel (avisel@lbl.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal workwas reviewed and approved by the Lawrence Berkeley National Laboratory AnimalWelfare andResearchCommittee.

All mice used in this studywere housed at the Animal Care Facility (ACF) of LBNL.Miceweremonitored daily for food andwater intake,

and animals were inspected weekly by the Chair of the Animal Welfare and Research Committee and the head of the animal facility in

consultation with the veterinary staff. The LBNL ACF is accredited by the American Association for the Accreditation of Laboratory

Animal Care (AAALAC). Transgenic mouse assays, enhancer knockouts and knockins were performed in Mus musculus FVB strain

mice. The following developmental ages were used in this study: embryonic day E10.5, E11.5, E14.5 and E18.5 mice; 2 week old

mice. Animals of both sexes were used in the analysis. See Method Details for sample size selection and randomization strategies.

METHOD DETAILS

Phylogenetic Analysis
Genome Data

The following genome assemblies were used in the study: human (hg19), cow (bosTau7), dolphin (turTru2), horse (equCab2), mega-

bat (pteVam1), mouse (mm9), platypus (ornAna1), sloth (choHof14), chicken (galGal4), anole lizard (anoCar2), Burmese python

(version AEQU02), king cobra (version AZIM01), boa constrictor (assembly version 7C, Assemblathon 2, http://gigadb.org/), speckled

rattlesnake (version JPMF01), viper (version JTGP01), corn snake (version JTLQ01), coelacanth (latCha1), elephant shark (calMil1). All

snake genomes, except boa constrictor, were downloaded from the NCBI. All other vertebrate genomes were downloaded from the

UCSC genome browser. See Table S1 for details.

Identification of Orthologous Enhancer Sequences

The list of 1,194mouse enhancers was obtained from the VISTA database (Pennacchio et al., 2006; Visel et al., 2007). In addition to the

ZRS, we selected VISTA enhancers that were active exclusively in the developing limbs (73) or forebrain (121). To identify orthologous

enhancers,mousegenomesequences corresponding to eachenhancerweremappedontoother genomesusing themodifiedbi-direc-

tional BLAST. We first conducted a blastn search and collected best hits with E-values smaller than 1e-5 for every enhancer for every

genome. For every hitweextracted thegenomic regioncorresponding toblast alignment andadjacent regionsof thegenomessufficient

to cover unaligned segments of the enhancer plus 20 nucleotides to account for indels. We then used these sequences to query the

mousegenome,collectedbesthitswithE-valuessmaller than1e-5andexamined the locationof thehit. If its locationoverlappedpartially

or completely with the location of the original enhancer, the enhancer was included into the corresponding ‘‘enhancer family.’’ For the

ZRS from python, cobra, and boa we also confirmed the location of the enhancer between highly conserved exons of the Lmbr1 gene.
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Phylogenetic Tree Inference and Analysis of Evolutionary Rates

For enhancers present in at least 4 species, the orthologous sequences from all the species were aligned to each other using MAFFT

(Katoh and Standley, 2013) in linsi mode. Poorly aligned positions were eliminated from the alignments using Gblocks (Castresana,

2000) in DNA mode, allowing 50% of gapped positions and setting the minimum length of a block to 8. A poorly sequenced region

(polyN region) in the 30 of the viper ZRS enhancer was excluded from the analysis for all species. The best fitting model of evolution

was found for every enhancer ortholog family using jMolelTest (Darriba et al., 2012), and phylogeny was reconstructed for every

group using PhyML (Guindon et al., 2010), collecting site-specific likelihood for theML tree.We used the known topology of the verte-

brate species tree (based on UCSC (https://genome.ucsc.edu/cgi-bin/hgGateway) and (Hsiang et al., 2015; Pyron et al., 2013)) and

estimated branch lengths using alignments of every respective enhancer in PhyML, collecting site-specific likelihood. We then

compared two topologies in terms of the fit they provide for the sequence data using SH-test implemented in CONSEL (Shimodaira

and Hasegawa, 2001). If the enhancer-specific topology was a much better fit for the sequence data than species tree topology

(p-value of SH-test less than 0.03) we excluded this enhancer family as potentially containing non-orthologous sequences. This re-

sulted in 60 limb- and 96 forebrain-specific enhancer families that were used for further analysis. The relative evolutionary rate in each

branch of the species tree was estimated as the branch length for the ZRS (or mean branch length for all limb enhancers), normalized

by the mean branch length of all forebrain or limb enhancers. Average heights of the relevant sub-trees were used to test the differ-

ences in evolutionary rates between the ZRS and forebrain enhancers with a one-sided permutation test.

In Vivo Transgenic Reporter Assays
Enhancer candidate regions (see Table S2 for sequences) were chemically synthetized by Integrated DNA Technologies (IDT) and

cloned into an Hsp68-promoter-LacZ reporter vector (Pennacchio et al., 2006) using Gibson (New England Biolabs [NEB]) cloning

(Gibson et al., 2009). Transgenic mouse embryos were generated by pronuclear injection, and F0 embryos were collected at

E11.5 and stained for LacZ activity (Kothary et al., 1989; Pennacchio et al., 2006). Before injection plasmid DNA was linearized

with XhoI or HindIII, followed by purification. FVB and CD-1 mouse strains were used as embryo donors and foster mothers respec-

tively. Super-ovulated female FVB mice (7–8 weeks old) were mated to FVB stud males, and fertilized embryos were collected from

oviducts. The DNAwas diluted in injection buffer (10 mM Tris, pH 7.5; 0.1 mM EDTA) to a final concentration of 1.5 ng/ul and used for

pronuclear injections of FVB embryos in accordance with standard protocols approved by the Lawrence Berkeley National Labora-

tory. The injected zygotes were cultured in KSOM with amino acids at 37�C under 5% CO2 in air for approximately 2 hr. Thereafter,

zygotes were transferred into uterus of pseudopregnant CD-1 females. Embryos were harvested at embryonic day 11.5 in cold PBS,

followed by 30 min of incubation with 4% paraformaldehyde. The embryos were washed three times for 30 min with embryo wash

buffer (2mM MgCl2; 0.01% deoxycholate; 0.02% NP-40; 100mM phosphate buffer, pH 7.3). LacZ activity was detected by incu-

bating with freshly made staining solution (0.8mg/ml X-gal; 4mM potassium ferrocyanide; 4mM potassium ferricyanide; 20mM

Tris, pH 7.5 in wash buffer) overnight followed by three rinses in PBS and post-fixation in 4% paraformaldehyde. Only patterns

that were observed in at least three different embryos resulting from independent transgenic integration events of the same construct

were considered reproducible. The procedures for generating transgenic and engineered mice were reviewed and approved by the

Lawrence Berkeley National Laboratory (LBNL) Animal Welfare and Research Committee.

Generation of Enhancer Knockout and Knockin Mice Using CRISPR/Cas9
Mouse strains carrying replaced (knockin) and deleted (knockout) ZRS enhancer alleles were created using a modified CRISPR/Cas9

protocol (Wang et al., 2013; Yang et al., 2014; 2013) (see Figures 3, S3, and S4A–S4F for details of the strategy and methodology).

Briefly, sgRNAs targeting the ZRS enhancer region were designed using CHOPCHOP (Montague et al., 2014) to position the guide

target sequence inside the replaced enhancer region in close proximity to its 50 border (sgRNA recognition sequence was 50-agtac
catgcgtgtgtgtgaGGG-30 where GGG is the PAM; see Figures S4A–S4F). No potential off-targets were found by searching for matches

in themouse genome (mm10) and allowing for up to twomismatches in the 20 nt sequence preceding the NGGPAMsequence. The T7

promoter was added to the sgRNA template, and thewhole cassettewas chemically synthetized by IDT. The PCRamplified T7-sgRNA

product (primersE1andE2)wasusedasa template for in vitro transcriptionusing theMEGAshortscript T7kit (ThermoFisherScientific).

The Cas9 mRNA was in vitro transcribed using the mMESSAGE mMACHINE T7 kit (Thermo Fisher Scientific). The DNA template for

in vitro transcription containing human optimized Cas9 gene was PCR amplified from pDD921 plasmid using T7Cas9_F and

PolyACas9_R primers. To create a donor plasmid, a corresponding orthologous enhancer region of the same size was chemically syn-

thetized by IDT, flanked by homology arms and incorporated into the pCR4-TOPO (Thermo Fisher Scientific) or pSKB1 (Bronson et al.,

1996) backbone usingGibsoncloning (NEB; see TableS3 andFiguresS4A–S4F). Transgenic knockinmicewere generatedby injecting

amix of Cas9mRNA (final concentration of 100 ng/ul), sgRNA (50 ng/ul) and donor plasmid (50 ng/ul) in injection buffer (10mMTris, pH

7.5; 0.1 mM EDTA) into the cytoplasm of FVB embryos in accordance with standard procedures approved by the Lawrence Berkeley

National Laboratory Animal Welfare and Research Committee (see details of injection procedure above). Female mice of CD-1 strain

were used as foster mothers. F0 mice were genotyped using PCR. See Key Resources Table, and Figures S4A–S4F for details.

In Situ Hybridization
The Shh transcript distribution in E10.5 mouse embryonic limb buds was assessed by whole mount in situ hybridization using digox-

igenin-labeled antisense riboprobes as previously described (Echelard et al., 1993; Panman et al., 2006). Embryos were fixed in 4%
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PFA/PBS overnight at 4�C, washed in PBT (0.1% Tween), progressively dehydrated in amethanol/PBT series and stored in methanol

at�20�C until further processing. Embryos were rehydrated in a reverse methanol series, washed in PBT and bleached in 6% H2O2/

PBT for 15 min. After further washes in PBT, samples were treated with 10 mg/mL proteinase K in PBT for 15 min, followed by a 5 min

incubation in 2mg/ml glycine/PBT, washed in PBT and finally re-fixed in 0.2%glutaraldehyde/4%PFA in PBT for 20min. After several

washes in PBT, embryos were transferred to hybridization buffer (50% deionized formamide; 5x SSC pH 4.5; 2% Roche Blocking

Reagent; 0.1% Tween-20; 0.5% CHAPS; 50 mg/mL yeast RNA; 5 mM EDTA; 50 mg/ml heparin) and incubated for one hour at

70�C. Afterward, the solution was changed to hybridization buffer containing 1 mg/ml DIG-labeled Shh riboprobe and samples

were incubated overnight at 70�C. The following morning, the probe solution was removed and the embryos washed at 70�C several

times in hybridization buffer with increasing concentrations of 2x SCC pH 4.5, with the last washes performed in 2x SCC; 0.1%

CHAPS. Subsequently, the samples were treated with 20 mg/ml RNase A in 2x SSC, 0.1% CHAPS for 45 min at 37�C and washed

twice inmaleic acid buffer (100mMMaleic acid disodium salt hydrate; 150mMNaCl; pH 7.5) for 10min at room temperature, followed

by additional washes at 70�C. Embryos where then equilibrated in TBST (140mM NaCl; 2.7mM KCl; 25mM Tris-HCl; 1% Tween 20;

pH 7.5), blocked in 10% lamb serum/TBST and finally incubated overnight at 4�C in a 1% lamb serum containing Anti-Dig-AP anti-

body (Roche, 1:5000). After extensive washes in TBST and equilibration in NTMT (100mMNaCl, 100mM Tris-HCl; 50mMMgCl2; 1%

Tween-20; pH 9.5), AP activity was detected by incubating the samples in BM purple reagent (Roche) at room temperature. Forelimb

buds from at least three independent embryoswere analyzed for each genotype (including ZRSWT/D and ZRSD/D controls) and yielded

very similar or identical patterns for all results shown. The stained limb buds were imaged using a Leica MZ16 microscope and Leica

DFC420 digital camera.

Skeletal Preparations
For skeletal preparation, embryos were harvested at embryonic day E18.5, dissected in water, followed by overnight incubation in

water at room temperature. The embryos were fixed in ethanol for 24 hr and stained according to a standard Alcian blue/Alizarin red

protocol (Ovchinnikov, 2009). The stained embryos were dissected in 80% glycerol and limbs were imaged at 1x using a Leica MZ16

microscope and Leica DFC420 digital camera.

Sample Selection and Blinding
Transgenic Mouse Assays

Sample sizes were selected empirically based on our previous experience of performing transgenic mouse assays for > 2,000 total

putative enhancers (Attanasio et al., 2013; Blow et al., 2010; May et al., 2011; Pennacchio et al., 2006; Visel et al., 2007; 2009). Mouse

embryos were only excluded from further analysis if they did not carry the reporter transgene or if they were not at the correct devel-

opmental stage. All transgenic mice were treated with identical experimental conditions. Randomization and experimenter blinding

were unnecessary and not performed.

Enhancer Knockouts and Knockins

All experiments that involved knockin and knockout mice employed a matched littermate selection strategy. Sample sizes were

selected empirically based on our previous studies (Attanasio et al., 2013). All knockout/knockin mice described in the paper resulted

frommultiple F0 x heterozygous enhancer deletion (null) crosses to allow for the comparison of matched littermates of different geno-

types. For every hemizygous null/knockin animal selected, a null/wild-type and homozygous null/null animal from the same litter was

selected for comparison. Embryonic samplesused for in situ hybridizationsand skeletal preparationsweredissectedblind togenotype.

Motif Analysis
Orthologous aligned ZRS sequences frommultiple species were scanned for all putative binding sites of the ETS1 transcription factor

using FIMO (Grant et al., 2011) and available position weightmatrices (Heinz et al., 2010; Jolma et al., 2013). Gapswere removed from

the multispecies alignment and a custom Python script was used to super-impose the FIMO-derived sites on the alignment (Fig-

ure S5). Relative substitution rates in the ETS and homeodomain sites (Figures 5C and 5D) were calculated for each species as

the ratio between the substitution rate in the ETS or homeodomain sites and the substitution rate in the rest of the ZRS enhancer

(using human ZRS enhancer as a reference).

QUANTIFICATION AND STATISTICAL ANALYSIS

Substitution Rates in TF Motifs
Changes in relative substitution rates in DNA motifs in the ZRS enhancer between non-snake species and snakes (Figure 5) were

compared using Mann-Whitney test.

Differences in Evolutionary Rates
Average heights of the relevant sub-trees were used to test the differences in evolutionary rates between the ZRS and forebrain

enhancers with a one-sided permutation test. Sample numbers, experimental repeats and statistical tests are indicated in figures

and figure legends or methods section above.
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Supplemental Figures
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Coelacanth (Latimeria chalumnae, latCha1)
Elephant shark (Callorhinchus milii, calMil1)
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Figure S1. Phylogenetic Conservation of the ZRS Enhancer across Jawed Vertebrates, Related to Figure 1

Shown is the core�800 bp of the mouse ZRS enhancer aligned with the orthologous sequences from 17 different vertebrate species, including cartilaginous and

bony fishes (elephant shark and coelacanth), five snakes (boa constrictor, Burmese python, speckled rattlesnake, viper and king cobra) and ten limbed tetrapods.

Blastn was used to identify sequences orthologous to the mouse ZRS sequence. Colors indicate different nucleotides. Tetrapod-conserved ETS motifs are

shown (orange boxes). 17 bp snake-specific deletion overlapping E1 motif is indicated. See Figures 4, 5, and S5 for more details.
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Figure S2. Phylogeny of Vertebrate Species Used in the Study, Related to Figure 1

(A–C) Branch lengths indicate absolute substitution rate for ZRS enhancer (A, B) or all other limb specific enhancer sequences from the VISTA enhancer browser

(C). Colors indicate the relative evolutionary rate of the ZRS (A, B) or all other limb specific enhancers (C) compared to forebrain specific enhancers (A, C) or to

other limb specific enhancers (B) from the VISTA enhancer browser. This is consistent with the recent observation that other limb enhancers are conserved in

snakes (Infante et al., 2015). This sequence conservation has been ascribed to functions in the development of vestigial limb structures in basal snakes or

pleiotropic functions in structures outside the limb. Mouse ZRS transgenic reporter assays show no reproducible staining outside the limb, and ZRS deletion

studies in mice indicate no phenotypes beyond limb defects, suggesting that the function of the ZRS is restricted to limb development (Lettice et al., 2003; Sagai

et al., 2005).



knockout

Figure S3. CRISPR/Cas9-Mediated ZRS Limb Enhancer Deletion, Related to Figure 3

We used CRISPR/Cas9 technology to replicate the enhancer deletion to exclude possible effects of the neomycin cassette and genetic background on the

phenotype observed by Sagai et al. (Sagai et al., 2005).

(A) Schematic overview of the strategy. A 4.5 kb mouse genomic region containing the ZRS (red) is shown together with the vertebrate sequence conservation

track (dark blue). The sgRNA recognition site is indicated in purple. Amousewith aCRISPR/Cas9-induced 1324 bp deletion (chr5:29,314,497-29,315,820;mm10)

similar to the deletion from Sagai et al. was selected for further analysis. Genotyping primers are indicated as blue arrows (F and R). A 3780 bp ‘donut‘ transgenic

reporter was used to detect residual enhancer activity outside of the deleted region.

(B) Representative E11.5 transgenic mouse embryo injected with a reporter under control of the ‘donut‘ sequence. No reproducible limb activity was detected in

6/6 independent transgenic embryos.

(C) PCR genotyping of the ZRS enhancer knockout mice.

(D) The PCR product from ZRSD/D mice was sequenced to identify the deletion breakpoint.

(E) Gross phenotypes of two week old ZRSWT/D (top) and ZRSD/D (bottom) mice. The body sizes are comparable, but ZRSD/D mice have truncated limbs. Scale

bars, 10 mm.

(F) Skeletal phenotypes of E18.5 limbs from ZRSWT/D (top) and ZRSD/D (bottom) embryos; s, scapula; h, humerus; r, radius; u, ulna; fe, femur; fi, fibula; t, tibia; a,

autopod. The humerus, radius, and ulna of the ZRSD/DE18.5 forelimb appear to be fused, while no recognizable autopod is present. The zeugopod of the hindlimb

is severely reduced, and the autopod is represented by just one rudimentary digit. Overall, the limb phenotype of the CRISPR ZRS knockout mouse reproduces

the limb phenotype observed in ShhD/D and ZRSNeo/Neo (Sagai et al., 2005) knockout mice. Scale bars, 2 mm.



Figure S4. CRISPR/Cas9-Mediated ZRS Limb Enhancer Replacement by Homology-Driven Repair, Related to Figure 3

(A) Schematic overview of strategy. A 4.5 kb mouse genomic region containing the ZRS enhancer (red) is shown together with the vertebrate conservation track

(dark blue). The donor vector contained two homology arms (gray, indicated as HA-L and HA-R) and a corresponding replaced region (blue) with borders exactly

matching the deletion breakpoints from the ZRS deletion allele (Figure S3). The sgRNA recognition site is indicated in purple. PCR primers used for genotyping are

shown as arrows (left-F, right-R - mouse specific, outside of the homology arms; right-F, left-R - species specific, inside the replaced region).

(B) PCR genotyping analysis of F0 human ZRS knockin mice using primer pairs left-F/left-R-H and right-F-H/right-R to confirm the correct integration of the left

(HA-L) and the right (HA-R) homology arms, respectively. Numbers indicate independent founder mice. WT - wild-type mouse.

(C–F) PCR genotyping analysis of F0 ZRS knockin mice containing the alleles from python (C, left-F/left-R-P and right-F-P/right-R primers), king cobra (D, left-F/

left-R-KC and right-F-KC/right-R primers), coelacanth (E, left-F/left-R-C and right-F-C/right-R primers), and resurrected python (F, left-F/left-R-RP and right-F-

RP/right-R primers). All fragments were sequence-verified by Sanger sequencing.

(legend continued on next page)



(G) Comparative Shh RNA in situ hybridization analysis in knockin mouse embryos during the onset of hindlimb bud development. Per knockin line, the Shh

transcript distribution was reproduced in at least n = 3 independent mouse embryos. The genotypes of the embryos are ZRSWT/D (mouse), ZRShZRS/D (human),

ZRSpZRS/D (python), ZRScZRS/Dz (cobra), ZRSfZRS/D (coelacanth fish) and ZRS D/D. Scale bars, 0.1 mm.

(H–J) A range of autopod skeletal phenotypes observed in wild-type (H, ZRSWT/D), heterozygous human knock-in (I, ZRShZRS/D), and coelacanth fish knockin (J,

ZRSfZRS/D) knockin mice. Asterisks indicate extra- (**) or existing (*) digit fusions. Numbers of embryos that exhibited respective limb phenotype over the total

number of embryos with the genotype are indicated.



Figure S5. Related to Figures 4 and 5

(A) Strategy for in vivo resurrection of the snake limb enhancer function. A 17 bp sequence from the lizard ZRS ortholog was introduced into the python ZRS, and

the resulting snake allele (1341 bp) containing modified python ZRS was inserted into the mouse genome in place of the wild-type mouse ZRS using CRISPR/

Cas9 (see Figure S4 and Method Details).

(B) Limb skeletal phenotypes of the knockin mice with the python ZRS (pZRS) enhancer (top) and the ‘‘resurrected‘‘ python ZRS enhancer (pZRS(r)). Number of

embryos that exhibited representative limb phenotype over the total number of embryos with the genotype are indicated. Scale bars, 2 mm.

(C) Distribution of predicted ETS1 binding sites in the ZRS for 17 jawed vertebrates. PWMs (PositionWeightMatrixes) for ETS1were used to search for all possible

motif matches (FIMO P-value < 0.0032) in the ZRS from each species. Predicted binding sites were mapped to the multi-species alignment (right; see Figure S1).

Binding sites that are conserved in tetrapods are indicated at top (ETS1, E0-4). Position of cobra- and rattlesnake-specific insertions is indicated in pink (Fig-

ure S1). A dashed line indicates a sequencing gap in the viper ZRS sequence.
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