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Tissiéres et al. show that, in comparison
to the pentadactyl mouse limb, the
expression and regulation of key
developmental pathways are altered
during pig limb bud development. These
changes likely contributed to the
morphological evolution of the highly
specialized pig limb skeleton, with two
weight-bearing and two reduced digits.
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SUMMARY

Digit loss/reductions are evolutionary adaptations
in cursorial mammals such as pigs. To gain mech-
anistic insight into these processes, we performed
a comparative molecular analysis of limb develop-
ment in mouse and pig embryos, which revealed
a loss of anterior-posterior polarity during distal
progression of pig limb bud development. These
alterations in pig limb buds are paralleled by
changes in the mesenchymal response to Sonic
hedgehog (SHH) signaling, which is altered up-
stream of the reduction and loss of Fgf8 expression
in the ectoderm that overlaps the reduced and
vestigial digit rudiments of the pig handplate,
respectively. Furthermore, genome-wide open
chromatin profiling using equivalent developmental
stages of mouse and pig limb buds reveals the
functional divergence of about one-third of the reg-
ulatory genome. This study uncovers widespread
alterations in the regulatory landscapes of genes
essential for limb development that likely contrib-
uted to the morphological diversion of artiodactyl
limbs from the pentadactyl archetype of tetrapods.

INTRODUCTION

The tetrapod limb is a paradigm for studying the mechanisms
controlling how animal morphology is encoded in the genome
(Lopez-Rios, 2016; Petit et al., 2017; Zuniga, 2015). Extensive
molecular and genetic analysis of human congenital malfor-
mations and of animal models has identified most of the
genes with critical functions during limb skeletal development.
However, the understanding of the topology and dynamics
of the gene regulatory networks (GRNs) that coordinate
limb patterning, growth, and differentiation, such as those
controlled by HH, WNT, FGF, and BMP signaling, is still

sketchy. Genome-wide functional genomics approaches allow
for systematic cataloging of cis-regulatory elements (CREs)
that interact and are regulated by transcriptional regulators
that are ultimately responsible for wiring these GRNs (Oster-
walder et al., 2014; Shen et al., 2012; Yue et al., 2014). These
advances in our understanding of the complexity of gene
regulation are also highly relevant to studying the mechanisms
underlying the diversification of animal morphology, as cis-
regulatory variations impacting the expression of develop-
mental genes are thought to be a major driver of morpholog-
ical evolution (Acemel et al., 2017; Carroll, 2008; Long et al.,
2016; Stern and Frankel, 2013). Hence, genome-wide ana-
lyses of gene regulation have advanced our understanding
of the regulatory changes underlying limb development in hu-
mans (Cotney et al., 2013), bats (Eckalbar et al., 2016), birds
(Seki et al., 2017), and reptiles (Roscito et al., 2018).

Here, we use gene expression analysis and profiling of
accessible chromatin in mouse and pig (Sus scrofa) limb
buds to map the extent of regulatory divergence between the
pentadactyl (mouse) and the streamlined artiodactyl (pig)
limb skeletons (Polly, 2007). Previous analysis established
that Sonic hedgehog (SHH) signal transduction is changed
and Fgf8 expression is reduced in the apical ectodermal ridge
(AER) of bovine and pig limb buds in comparison to pentadac-
tyl mouse limb buds (Cooper et al., 2014; Lopez-Rios et al.,
2014). Our study uncovers that in contrast to mouse, pig limb
development is characterized by a progressive loss of ante-
rior-posterior (AP) polarity in the distal limb bud mesenchyme,
which correlates with changes in SHH signal transduction.
These events are followed by a reduction and loss of Fgf8
signaling in the AER overlaying the digit primordia in pig limb
buds, providing a likely molecular explanation for both digit re-
ductions and loss. In addition, the open chromatin profiling in
developing limb buds of both species uncovers the extent of
the variation in conserved regulatory regions located in the
genomic landscapes of morpho-regulatory genes, which pro-
vides an entry point to investigate the molecular mechanisms
underlying the evolutionary diversification of the artiodactyl
limb skeleton.
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Figure 1. Comparative Analysis of Mouse
and Pig Limb Bud Development

(A) Phylogenetic tree of Artiodactyla.

(B) Developing mouse and pig (Sus scrofa) forelimb
skeletons at equivalent embryonic stages (mouse:
embryonic day [E] 13.75; pig: gestational day [D]
33). Cartilage is stained with Alcian blue and bone
with alizarin red.

(C) Mineralization pattern of the mouse (E17.5) and
pig (D55) handplate skeleton. Digits are numbered
from 1 to 5 (mouse) and Il to V (pig) from anterior to
posterior. s, scapula; h, humerus; r, radius; u, ulna;
¢, carpals; m, metacarpals; p, phalanges.

(D-L) Whole-mount RNA in situ hybridization (ISH)
analysis of mouse and pig forelimb buds at equiv-
alent developmental stages.

(D) Expression of Gli3 and Hand2 in mouse (E9.5)
and pig limb buds (D18).

(E-1) Spatial distribution of Shh (E), Fgf8 (F), Grem1
(G), Hoxd12 (H), and Hoxd13 (l) transcripts in

Pig D55
[ mouse (E10.5) and pig forelimb buds (D21). Black

M‘ aA" arrowheads indicate the limb bud apex. A white
> __ arrowhead points to the anterior Grem1 expression
J - & in pig limb buds (left panels in G). Black arrows
point to the gap between the dorsal (d) and ventral
(v) Grem1 domains in limb bud apices (right panels
in G).
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Comparative Gene Expression Analysis during the
Progression of Mouse and Pig Limb Bud Outgrowth

The order Artiodactyla appears in the fossil record in the early
Eocene, around 55 million years (Ma) ago, and soon diversified
into several groups, including the suborder Suina (pigs and
peccaries; Figure 1A) (Prothero and Foss, 2007). In contrast
to mice or humans, which have retained the ancestral penta-
dactylous blueprint of tetrapods, the limb skeleton of pigs has
diverged significantly. As in all extant terrestrial artiodactyls,
pig limbs are long and slender, with elongated metacarpal/
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(J-L) Expression of Hoxd11 (J), Hoxd12 (K), and
Hoxd13 (L) in mouse (E11.75) and pig (D24) hand-
plates. Black arrowheads indicate the anterior
Hoxd11 expression domain in pig handplates.

Pig gene names are not capitalized for simplicity.
n = 2 per stage for all pig ISH probes and skeletal
stainings; n = 3 per stage for all mouse ISH
probes and skeletal stainings. All limbs shown are
oriented with anterior to the top, except right
panels in (G). Scale bars, 1 mm (B and C) and
0.25 mm (D-L).

See also Figures S1 and S2.

Hoxd13

metatarsal bones and a symmetric hand-
plate (indicative of loss of AP digit polarity;
Cooper et al.,, 2014; Lopez-Rios et al.,
2014; Polly, 2007). In pigs, the anterior-
most digit (digit 1) is lost, digits Il and V
are very much reduced, and all the weight
of the animal rests onto the terminal pha-
langes of digits Ill and IV (unguligrade
posture), which are hoofed and of equal
length (Figures 1B, 1C, and S1; Clifford, 2010; Prothero and
Foss, 2007).

To gain insight into the underlying potentially evolutionarily rele-
vant molecular changes during limb bud and skeletal develop-
ment, we initially performed a comparative RNA in situ hybridiza-
tion (ISH) analysis using equivalent stages of mouse and pig limb
buds (Figures 1D-1L, 2, 3, and S2). Initiation and early limb bud
development were analyzed by studying the expression of key
transcriptional regulators such as Gli3 and Hand2, which function
in the AP polarization upstream of activating SHH signaling (Fig-
ure 1D; Osterwalder et al., 2014; te Welscher et al., 2002), and
Tbx4/Tbx5 and Pitx1, which are required for initiating limb bud
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C E Figure 2. Divergent SHH Signal Transduc-
Shh Pich1 Glit tion in Mouse and Pig Limb Buds
(A-F) Expression of Shh (A and B), Ptch1 (C and
D), and Gli1 (E and F) in mouse and pig limb buds
at equivalent stages of limb development.
(G) Expression ratio of Ptch1 and Gli1 in mouse
(E11.25) and pig (D23) limb buds dissected into
anterior and posterior halves using qRT-PCR
analysis (data are represented as mean + SD;
n =9 for mouse and n = 7 for pig limb buds). HL,
hindlimb bud. Scale bars, 0.25 mm. ns, non-sig-
nificant (p = 0.68); **p = 0.0073. n = 2 per stage for
all pig ISH probes; n = 3 per stage for all mouse
ISH probes.
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tally equivalent early limb bud stages
(mouse embryonic day [E] 9.5 and pig
gestational day [D] 18; Figures 1D, S1,
R and S2).

Gll 1 Outgrowth and patterning of the
vertebrate limb bud are coordinately
controlled by an epithelial-mesenchymal
feedback signaling system operating
between the SHH-producing polarizing
region in the posterior mesenchyme
and the AER, which expresses Fgf8
throughout development (Crossley and
Martin, 1995; Riddle et al., 1993). This
self-regulatory system is established by
bone morphogenetic protein (BMP)-
mediated induction and SHH-dependent
upregulation of the BMP antagonist
Grem1 (Bénazet et al., 2009; Michos
etal., 2004; Zuhiga et al., 1999). Whereas
Shh is expressed in a comparable
manner in limb buds of both species
(mouse E10.5 and pig D21; Figure 1E;

oo}
T

Shh ® Ptch1

Mouse

D23

E11.25
H

Pig

= Cooper et al., 2014), the AER-Fgf8
o P tCh 1 o expression domain is more distally
- ns ® restricted in the posterior margin of pig
c 67 I 1 5 59 limb buds (Figure 1F). Concurrently, the
.% g mesenchymal Grem1 expression ex-
A . g 4 tends more anteriorly (white arrowhead
S 4- S in Figure 1G) and the characteristic gap
E,‘ ° ¢>1<> 34 in the distal limb bud apex between the
5 N _§ dorsal and ventral Grem1 domains is
E ) | g 294, 5 reduced in pig limb buds (arrows in right
2 ° é * panels in Figure 1G). In addition, the
= 4 © 11 Hoxd12 and Hoxd13 expression do-
-8 -2 mains are more distally restricted in pig
% 0 T T g 0 T T limb buds at early stages in comparison
& Mouse Pig o Mouse Pig to their mouse orthologs (Figures 1H
E11.25 D23 0. E11.25 D23

and 1l). Later on, the 5'Hoxd expression
domains appear slightly expanded ante-
outgrowth and establishing hindlimb identity (Figure S2; Agarwal  riorly, which is most evident for the rather symmetric (pig) than
etal., 2003; Logan and Tabin, 1999; Minguillon et al., 2005; Naiche =~ asymmetric (mouse) Hoxd11 expression during autopod devel-
and Papaioannou, 2003; Rallis et al., 2003). This analysis showed opment (black arrowheads in Figure 1J; see also Figures 1K
that the expression of these genes is very similar in developmen-  and 1L).
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Figure 3. Progressive Reduction of AER-Fgf8 Expression Correlates with the Loss of Digit | and the Reduced Length of Digits Il and V in Pig

Limb Buds

(A and B) Comparative analysis of Fgf8 expression during handplate (A) and digit ray development (B) in mouse and pig limb buds. Black arrowheads in (A) point to
the posterior-proximal limit of Fgf8 expression. Right panels in (B) are close-ups of the anterior margins of the limb buds shown in the left panels.

(C) Mouse (E13.25) and pig forelimbs (D30) stained with Alcian blue to reveal the cartilage condensation patterns that prefigure the definitive digit rays.
Asterisks indicate vestigial digit | condensation. Scale bars, 0.25 mm. n = 2 per stage for all pig ISH probes and skeletal stainings; n = 3 per stage for all mouse ISH

probes and skeletal stainings.

Alterations of SHH Signal Transduction in Pig Limb Buds
Upstream of Losing AP Digit Asymmetry

Morphogenetic SHH signaling is key for AP patterning and
outgrowth of vertebrate limb buds (Ahn and Joyner, 2004; Chiang
et al., 2001; Harfe et al., 2004; Lopez-Rios et al., 2012; Riddle
et al., 1993; Scherz et al., 2007; Towers et al., 2008; Zhu et al.,
2008). Previous analysis showed that, in contrast to mouse em-
bryos, the transcriptional upregulation of Ptch1 is disrupted in
bovine and pig limb buds (Cooper et al., 2014; Lopez-Rios
et al., 2014). Given the morphological differences in digits and
molecular changes during handplate formation between mouse
and pig limb buds (Figure 1), we next assessed the dynamics of
Shh expression and of its direct transcriptional targets Gli7 and
Ptch1 (Marigo et al., 1996a, 1996b; Vokes et al., 2008). Whereas
Shh expression is similar in both early and developmentally
advanced mouse and pig limb buds (Figures 2A and 2B), Ptch1
expression appears more distally restricted in the posterior
mesenchyme of pig in comparison to mouse limb buds at early
stages (Figure 2C). However, during handplate development,
the posterior Ptch1 expression domains in both species appear
rather similar (Figure 2D; see also Cooper et al., 2014), which is
corroborated by gRT-PCR analysis (Figure 2G). gRT-PCR anal-
ysis shows that the ratio of Ptch1 transcripts in anterior-to-poste-
rior handplates is rather similar in pig and mouse limb buds
(Figure 2@G). In contrast, the expression domain of Gli1, a tran-
scriptional sensor of SHH signal transduction (Marigo et al.,
19964a), is expanded in pig limb buds, in particular at handplate
stages (Figures 2E and 2F). This was confirmed by gRT-PCR
analysis, as the ratio of posterior to anterior Gli1 transcripts is
lower in pig than mouse autopods (Figure 2G). These changes
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in SHH signal transduction could be linked to the progressive
alteration of AP polarity as observed by the differences in the
expression of other SHH target genes such as Grem1 and 5'Hoxd
(Figure 1; Probst et al., 2011; Zuniga et al., 2012).

Progressive Reduction of AER-Fgf8 Activity Correlates
with Digit Length in Pig Limb Buds

AER-FGF signaling is required for the elongation of digit
primordia (Lewandoski et al., 2000; Mariani et al., 2008; Sanz-Ez-
querro and Tickle, 2003). As in other tetrapods (de Bakker et al.,
2013), the only digit lost in pig limbs is the most anterior digit |,
whereas the reduced digits Il and V retain three phalanges and
their metacarpal/metatarsal bones (Figures 1C and S1). Previous
studies showed that digit reductions (Il and V) and loss (1) in pig
limbs are not caused by increased apoptosis (Sears et al.,
2011), but might be a consequence of restricted AER-Fgf8
expression during digit development (Cooper et al., 2014). There-
fore, we assessed the spatiotemporal AER-Fgf8 expression from
early to late pig limb bud development in comparison to mouse
limb buds (Figures 3A and 3B). Whereas Fgf8 is expressed by
the entire AER until regression in mouse limb buds (Figures 3A
and 3B; Crossley and Martin, 1995), Fgf8 is not expressed in
the proximal part of the posterior AER from early pig limb bud
stages onward (Figures 1F and 3A). During mouse digit develop-
ment (E13.25), the digit ray primordia are clearly apparent and
Fgf8 remains expressed in the AER overlaying all five growing
digits (upper panels in Figures 3B and 3C). In contrast, the stron-
gest Fgf8 expression in pig handplates (D30) is detected in the
AER overlaying the two central digit primordia (Il and IV), whereas
it is decreased over the prospective digits Il and V (reduced) and
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lacking over the vestigial condensation for digit | (asterisks in
lower panels in Figures 3B and 3C). This differential Fgf8 expres-
sion correlates well with the observed definitive digit patternin pig
embryos and provides a straightforward molecular explanation
for the reduction of digits Il and V and loss of the anterior-most
digit | from the pig limb skeleton (Figures 1B, 1C, and S1).

Shared and Differential Chromatin Accessibility during
Pig and Mouse Limb Bud Development

We next aimed to identify regulatory changes that might have
contributed to the morphological diversification of the pig limb
skeleton. To do so, we used the assay for transposase-accessible
chromatin using sequencing (ATAC-seq) (Buenrostro et al., 2013)
to generate a genome-wide map of the accessible chromatin re-
gions, which characterizes promoters, CREs, and insulators (i.e.,
all genomic regions with cis-regulatory activity). ATAC-seq of
dissected forelimb buds from mouse and pig embryos at early
(E10.5/D21) and handplate stages (E11.5/D24) in combination
with bioinformatic analysis revealed a very high correlation of the
two biological replicates per stage and a broad overlap between
the two datasets for both mouse and pig (Figures 4A and 4B). Sta-
tistical analysis of the combined datasets provided a global view of
the limb bud regulome for both species, detecting 97,528 regions
of accessible chromatin in mouse and 87,378 in pig limb buds (Fig-
ures 4A and 4B; Tables S1 and S2; see STAR Methods). These
open chromatin regions are distributed in a similar manner in
both genomes with respect to their positions in relation to pro-
moters, exons, introns, or intergenic regions and their distances
to the closest transcriptional start site (TSS; Figures 4A and 4B).

Next, we performed an inter-species comparison of the ATAC-
seq datasets taking into account evolutionary sequence conser-
vation and accessibility profiles. This strategy allowed us to cate-
gorize the open chromatin regions in mouse limb buds as follows
(Figure 4G, left panel): (1) mCOP (36.6%): conserved orthologous
regions of open chromatin in both mouse and pig limb buds; (2)
mCCP (38.8%): conserved and open chromatin in mouse but
closed in pig limb buds; and (3) MS (mouse specific; 24.6%):
open chromatin regions in the mouse that are not scored as
conserved in the pig genome using the liftOver tool (Table S1;
see STAR Methods).

Plotting these mouse subsets according to their level of
sequence conservation in placental mammals indicates that
the mCOP regions are evolutionarily more conserved than
mCCP regions (Figure 4D). This analysis also reveals that the se-
quences of MS regions are not well conserved among placental
mammals. Gene ontology analysis of the three categories using
GREAT (McLean et al., 2010) revealed that both the mCOP and

mCCP regions are enriched in the genomic landscapes of genes
functioning in skeletal and bone morphogenesis (Figure S3). In
contrast, the MS sequences were not significantly enriched in
genes that function in these two biological processes (Figure S3).

The pig limb bud regulome was categorized using the same
approach, which resulted in strikingly similar overall distributions
(Figure 4C, right panel; Table S2): (1) pPCOM (40.3%): conserved
open chromatin regions in both pig and mouse limb buds; (2)
pCCM (36.8%): conserved and open regions in pig that are not
accessible (i.e., closed) in mouse limb buds; and (3) PS (pig spe-
cific): 22.9% of the open chromatin regions in pig limb buds are
not present in the mouse genome as determined by the liftOver
tool (Table S2; see STAR Methods).

We next validated our mouse dataset by overlapping the
different subgroups of open chromatin regions identified in
mouse limb buds with the VISTA-expressed enhancer database
(Visel et al., 2007; representative examples for all three sub-
groups are shown in Figure 4E). This analysis reveals that most
of the VISTA enhancers expressed in mouse limb buds overlap
with regions of open chromatin detected in mouse limb bud
ATAC-seq datasets (243/336; Table S3) and are evolutionarily
conserved, i.e., belong to the mCOP and mCCP subgroups (Fig-
ure 4F; Tables S1 and S2). In particular, our ATAC-seq analysis of
limb buds (mouse E10.5/11.5 and pig D21/D24) detected many,
but not all, of the previously identified limb cis-regulatory regions
and enhancer clusters in the HoxD genomic landscape (Andrey
et al., 2013; Gonzalez et al., 2007; Montavon et al., 2011), and
two of them displayed differential accessibility between limb
buds of the two species (Figure S4). In contrast, neither of the
two known Tbx5 enhancers (Int2 [Minguillon et al., 2012] and
CNS12sh [Adachi et al., 2016]) are part of the open chromatin
domains in pig and mouse limb buds at the stages analyzed (Fig-
ure S5). However, our studies identified additional mCOP/pCOM
regions, some of which could encode additional Tbx5 cis-regu-
latory regions active in mouse and pig forelimb buds at E10.5/
E11.5 (Figure S5), which may explain why Tbx5 remains ex-
pressed in mouse embryos lacking both the Int2 and CNS12sh
enhancers (Cunningham et al., 2018). We also annotated all
differentially accessible chromatin regions in the genomic land-
scape of Gli1, as this transcriptional sensor of SHH signal trans-
duction is differentially expressed in mouse and pig limb buds
(Figures 2E-2G). This analysis identified seven pCCM/PS and
two mCCP regions that could encode CREs contributing to the
anteriorly expanded GliT expression domain in pig limb buds
(Figure S6). Alternatively, the enhanced SHH signaling input in
the anterior pig limb bud mesenchyme could also be integrated
at the level of the Gli7 promoter, which is an mCOP/pCOM region

Figure 4. Comparative ATAC-Seq and Regulome Analysis of Two Equivalent Stages of Mouse and Pig Limb Buds
(A and B) Pearson correlation heatmaps comparing the different ATAC-seq samples (left panels) and cataloging of regions of open chromatin (central and right

panels) in mouse (A) and pig (B) (r, biological replicate; n = 2 per stage).

(C) Pie chart graphs indicating the proportion of evolutionarily conserved and/or open chromatin regions in mouse (blue; mMCOP, mCCP, and MS) and pig (red;

pCOM; pCCM; PS).

(D) Average PhastCons conservation score for placental mammals for mCOP, mCCP, and MS open chromatin regions.
(E) UCSC genome browser windows corresponding to 10 kb around representative mCOP (mm1483; n = 8/8), mCCP (mm1010; n = 9/9), and MS (mm1341;
n = 6/6) regulatory regions that have been functionally validated as VISTA enhancers (Visel et al., 2007). Blue bars: VISTA enhancer; black bars: called ATAC-seq

peak region.

(F) Number of mCOP, mCCP, and MS regions identified in the VISTA database as enhancers active in mouse limb buds.

See also Tables S1 and S2 and Figures S3-S6.
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that has been previously shown to be enriched in GLI-chromatin
complexes in mouse limb buds (Vokes et al., 2008).

Regulatory Divergence between Mouse and Pig Limb
Buds Affects the GRNs Controlling Limb Bud and
Skeletal Morphogenesis

The analysis of the mouse and pig limb bud ATAC-seq datasets
uncovered a broad range of evolutionarily conserved regions
with limb regulatory activities in only one of the two species.
From the perspective of the pig genome, these changes represent
either loss (MCCP; 37,797 regions; Table S1) or gain (pCCM,;
32,175 regions; Table S2) of chromatin accessibility. Each of these
mCCP/pCCM regions was assigned to the closest TSS within their
corresponding mouse and pig topologically associating domains
(TADs), which delimit the genomic domains in which chromatin in-
teractions are favored (Dixon et al., 2012; Foissac et al., 2019; Ta-
bles S1 and S2). Next, we sought to determine which of the genes
with known important functions in limb buds were preferentially
affected by this divergence in chromatin accessibility in evolution-
arily conserved regions. We used gene and mammalian phenotype
ontology tools to compile a list of 965 genes with essential func-
tions during limb bud development and skeletal morphogenesis,
which are referred to as “limb phenotype” genes (LP genes; Table
S4). The overlap of this LP dataset and the list of genes assigned to
the mCCP and pCCM peaks (Tables S1 and S2) reveals that 218
LP genes have at least one associated mCCP region, whereas
123 LP genes are associated with one or more pCCM regions.
Furthermore, 104 LP genes associate with both mCCP and
pCCM regions (Figure 5A; Table S5). These 445 genes encompass
components of all major signaling pathways required for limb bud
development (Figure 5B; Table S6).

To exemplify this regulatory variation in its chromosomal
context, we selected Sulf1, a gene that modulates SHH, WNT,
FGF, and BMP signaling during limb skeletal development by
modifying extracellular matrix heparan sulfate proteoglycans
(HSPGs; Danesin et al., 2006; Dhoot et al., 2001; Fellgett et al.,
2015; Ratzka et al., 2008; Viviano et al., 2004; Wang et al.,
2004). The systematic annotation of all mCCP (in blue) and
pCCM (in pink) regions present in the Sulf1 TAD detected wide-
spread alterations of the open chromatin accessibility between
the mouse and pig syntenic regions (Figure 5C). The potential
functional relevance of these changes is corroborated by the
distinct spatial differences in Sulf1 expression in mouse and
pig limb buds (arrowhead in Figure 5C). It is likely that not all
these chromatin regions encode essential cis-regulatory regions
due to functional redundancy among different CREs (Cannavo
et al., 2016; Osterwalder et al., 2018) or because they corre-
spond to CTCF-binding regions that mark chromatin domain
boundaries (Rao et al., 2014). However, this approach allows
pinpointing differences in the chromatin state that are candi-
dates for the functionally relevant genomic and cis-regulatory
changes that underlie the evolutionary diversification from pen-
tadactyly of the artiodactyl limb skeleton.

DISCUSSION

Our comparative molecular analysis of mouse and pig limb buds
reveals a progressive loss of AP polarity during distal progression

of pig limb bud development. These changes are overall very
similar to the ones previously reported for bovine limb bud devel-
opment (Lopez-Rios et al., 2014), suggesting that they were
present in the last common ancestor of pigs and cows that lived
~50 Ma ago (Benton and Donoghue, 2007; Cooper et al., 2014;
Prothero and Foss, 2007). This loss of asymmetry in the handplate
is paralleled by the distal restriction of Ptch1 expression in early
pig limb buds (this study) and the failure to upregulate its expres-
sion in bovine limb buds (Lopez-Rios et al., 2014). The spatiotem-
poral upregulation of Ptch1 is key to regulating SHH signal trans-
duction, as PTCH1 controls the spread of the SHH ligand by
sequestering it close to the source (Briscoe et al., 2001; Chen
and Struhl, 1996). Hence, the observed spatiotemporal difference
of Ptch1 expression in both these artiodactyl limb buds affects the
range of SHH signal transduction, which is evidenced by the ante-
riorly expanded expression domains of the SHH targets Gii7,
Grem1, and 5'Hoxd genes in pig and bovine limb buds (this study
and Lopez-Rios etal., 2014). Inthe present study, we show that the
expression of Sulf1 is also anteriorly expanded in pig limb buds,
which could further potentiate changes in morphogenetic and
SHH signaling (Danesin et al., 2006).

Previous observations correlated digit loss in bovines and pigs
with the precocious downregulation of AER activity as monitored
by Fgf8 expression (Cooper et al., 2014; Lopez-Rios et al., 2014)
but did not provide insight into the alterations underlying the dif-
ferences in reduction to two (bovine) or four (pig) toes. In contrast
to cattle, the cartilage rudiments of the future digits Il and V
continue to be exposed to AER-FGF8 signaling in pig limb
buds, which supports their development into short digits (this
study). Hence, the observed spatial changes in AER-Fgf8
expression in pig limb buds appear to support the formation of
two elongated central digits and two smaller digits forming the
dewclaws. Dewclaws with tri-phalangeal reduced digits have
been retained in different artiodactyl species such as pigs,
moose, and reindeers, and provide additional support for
walking on soft terrains such as mud or snow (Prothero and
Foss, 2007). Interestingly, it has been proposed that the hyper-
phalangy in whale and dolphin flippers could be a consequence
of the extended exposure of the central digit primordia to AER-
FGF8 signaling (Holder, 1983; Richardson and Oelschlager,
2002; Sanz-Ezquerro and Tickle, 2003). It is therefore plausible
that evolutionary tampering with the regulation of AER-FGF
signaling during digit ray morphogenesis is a general phenome-
non that contributed to the loss, reduction, or elongation of digits
during artiodactyl diversification, which in turn enabled their
adaptation to different habitats.

In this study, we also used ATAC-seq to map and compare all
regions of open chromatin in developing mouse and pig limb
buds. Although this analysis is challenging due to their evolu-
tionary distance of >95 Ma (Benton and Donoghue, 2007) and
the fact that limb buds of only two tetrapod species could be
analyzed, we reasoned that at least some of the regulatory differ-
ences between mouse and pig limb buds could be indicative of
the morphological divergence of the pig limb skeleton from the
prototypic pentadactyly of tetrapods as represented by the
mouse model. The classification of regions according to
sequence conservation and chromatin accessibility allowed us
to directly compare regulatory variation between mouse and
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Figure 5. Evolutionarily Conserved Regions with Divergent Chromatin Accessibility Associated with Genes Essential for Limb Morpho-

genesis

(A) Limb regulatory genes (see Table S4) with associated mCCP and/or pCCM regions (assigned to the closest TSS).

(B) The list of 445 limb phenotype (LP) genes associated with regions of differential chromatin accessibility in the two species (see Table S5). This list encom-
passes genes functioning in the SHH, WNT, BMP/TGFB, and FGF signaling pathways (see Table S6).

(C) Sulf1 expression in mouse (n = 3) and pig (n = 2) handplates. Scale bars, 0.25 mm. Right: HiC contact profile (Dixon et al., 2012) of the mouse Sulf1 TAD (top
panel). Additional genes located in the TAD are indicated in gray. ATAC-seq profiles from mouse (E10.5/E11.5) and pig forelimb buds (D21/D24) (bottom panel).

See also Tables S4, S5, and S6.

pig limb buds. Although our conservative analysis will not detect
regulatory divergence in conserved regions that are still acces-
sible (MCOP/pCOM), we used the pCCM and mCCP categories
as proxies for regulatory variation. It is important to note that the
alterations in chromatin accessibility in the two categories can
be due to changes affecting the CRE in cis —without significantly
decreasing overall conservation—and/or the transcriptional/
chromatin complexes in trans. Interestingly, the conserved but
differentially accessible regions in the two species represent
about one-third of the mouse (MCCP) and pig (pCCM) limb
bud regulome, suggesting that widespread rewiring of the

8 Cell Reports 31, 107490, April 7, 2020

respective limb cis-regulatory networks occurred since their
last common ancestor. By taking advantage of the wealth of
knowledge of the genetic mechanisms that regulate mouse
limb morphogenesis, we focused our analysis on regions located
in proximity to the TSS of genes with known functions during limb
bud and skeletal development. This analysis identified genes
that may be good candidates for future gene-centric studies of
the regulatory variation underlying limb diversification. In partic-
ular, it is likely that causal regulatory alterations are linked to
changes in levels and/or spatiotemporal expression of genes
that function in essential morphogenetic signaling systems



(Davidson and Erwin, 2006). The present study therefore pro-
vides a general strategy to uncover regulatory changes affecting
the expression of developmental genes that might be function-
ally relevant for the evolutionary diversification of homologous
structures.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Sheep Anti-Digoxigenin Fab fragments Antibody, AP Roche Cat# 11093274910; RRID:AB_514497
Conjugated

Chemicals, Peptides, and Recombinant Proteins

DIG RNA Labeling Mix Roche Cat# 11277073910

T3 RNA Polymerase Roche Cat# 11031163001

SP6 RNA Polymerase Roche Cat# 10810274001

T7 RNA Polymerase, HC

ThermoFisher Scientific

Cat# EP0113

BM Purple Roche Cat# 11442074001
Alcian blue 8GX Sigma Cat# A-3157
Alizarin red S Sigma Cat# A-5533
SuperScript Il reverse transcriptase Invitrogen Cat# 18080093

2x SYBR Green qPCR Master Mix Bimake Cat# B21203
Critical Commercial Assays

Nextera DNA Library Prep Kit lllumina FC-121-1030

Deposited Data

ATAC-seq data

this manuscript

GEO: GSE126293

Experimental Models: Organisms/Strains

Mouse:NMRI

Pig: Sus scrofa domesticus

Janvier Labs

Own facility

https://www.janvier-labs.
com/ RjHan:NMRI

N/A

Oligonucleotides

Anchored oligo dT (20)
Primers for amplification of ISH probes, see Table S7
Primers for RT-qPCR, see Table S8

Integrated DNA Technologies
this manuscript
this manuscript

Cat# 51-01-15-08
N/A
N/A

Recombinant DNA

Plasmid encoding the mouse Shh ISH probe
Plasmid encoding the mouse Gli1 ISH probe
Plasmid encoding the mouse Ptch1 ISH probe
Plasmid encoding the mouse Hand2 ISH probe
Plasmid encoding the mouse Gli3 ISH probe
Plasmid encoding the mouse Tbx4 ISH probe
Plasmid encoding the mouse Tbx5 ISH probe
Plasmid encoding the mouse Pitx7 ISH probe
Plasmid encoding the mouse Grem1 ISH probe
Plasmid encoding the mouse Fgf8 ISH probe
Plasmid encoding the mouse Hoxd11 ISH probe
Plasmid encoding the mouse Hoxd12 ISH probe
Plasmid encoding the mouse Hoxd13 ISH probe
ISH probes generated in this study, see Table S7

Echelard et al., 1993

Hui and Joyner, 1993
Buscher et al., 1997
Srivastava et al., 1995
Buscher et al., 1997
Koshiba-Takeuchi et al., 2006
Bruneau et al., 1999
Logan et al., 1998

ZUhiga et al., 1999
Crossley and Martin, 1995
Dollé et al., 1989

Dollé et al., 1989

Dollé et al., 1989

this manuscript

N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A; available from the authors
N/A

Software and Algorithms

R/Bioconductor

Prism 8

GraphPad Software

https://www.r-project.org/
https://www.bioconductor.org/
https://www.graphpad.com/
scientific-software/prism/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Javier
Lopez-Rios (jloprio@upo.es)

Materials Availability
All plasmids generated in this study are available from the Lead Contact without restriction.

Data and Code Availability
ATAC-seq raw data and analysis files have been deposited in the GEO database under accession number GEO: GSE126293.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse (Mus musculus)

Mouse embryos were collected according to the regulations and permits defined under Spanish, Swiss and EU regulations. All animal
experiments were designed according to the 3R principles and the Basel Declaration. Wild-type mouse embryos between 9.5-
17.5 days postcoitum (NMRI background) were produced by natural mating. Embryos of both sexes were used in the analysis.

Pig (Sus scrofa)

Pig embryos were collected according to the regulations and permits defined under German and EU regulations. All animal exper-
iments were designed according to the 3R principles and the Basel Declaration. Domestic pig (Sus scrofa domesticus) embryos be-
tween 18-33 days postcoitum were produced by hormonal synchronization of recipient sows followed by artificial insemination. Date
of insemination was considered gestational day zero (D0) and pregnancy was assessed via ultrasound scans. Pig fetuses at the sec-
ond month of gestation (D55) were purchased from Nebraska Scientific (Omaha, NE, USA). As in mice, staging of pig embryos refers
to gestational day. The equivalency between mouse and pig limb developmental stages was defined during the study according to
morphological criteria to generate the comparative table shown in Figure S1 (Kaufman, 1992; Marrable, 1971; Patten, 1948; Sears
et al., 2011). Embryos of both sexes were used in the analysis.

METHOD DETAILS

Skeletal preparations

Mouse and pig embryonic and fetal limbs were stained with Alcian blue, which labels cartilage, and/or Alizarin red to stain ossified
tissue. All steps were carried at room temperature, unless stated otherwise. Mouse and pig embryos at the appropriate age were
collected in ice-cold phosphate-buffered saline (PBS), euthanized by decapitation and stored overnight in tap water. The following
morning, embryos were boiled in water for 15-20 s, deskinned and eviscerated under the stereomicroscope and placed in 95%
ethanol for storage until further processing. Cartilage staining was performed by incubating overnight the samples in Alcian Blue stain
(150 mg/1 Alcian Blue 8GX; 20% glacial acetic acid in ethanol; filtered) with gentle rotation. Next, embryos were rinsed twice with 95%
ethanol and extensively washed for > 16 hours with several changes of 95% ethanol. Next, samples were cleared by placing the em-
bryosinto 1% KOH for 10-15 minutes, followed by bone staining in Alizarin Red solution (50 mg/I Alizarin Red in 1% KOH; filtered) for 1
hour. Embryos were further cleared by incubation in 1% KOH for 30 min, followed by a 80:20, 60:40, 40:60 and 20:80 1%KOH/glyc-
erol series. For long-term storage, cleared samples were placed in 20% glycerol.

Whole mount in situ hybridization analysis

Endogenous transcripts were detected by whole mount in situ hybridization (ISH) in pig and mouse limb buds. Unless indicated, all
incubations were performed at room temperature and each wash corresponds to a five-minute incubation with gentle agitation.
Mouse or pig embryos were collected in ice-cold PBS and fixed overnight in 4% paraformaldehyde (PFA) in PBS at 4°C.
Samples were subsequently washed twice in PBT (0.1% Tween-20 in PBS), dehydrated through a 25%/50%/75% methanol/PBT
series (5 minutes each) and stored in 100% methanol at —20°C until further processing. For whole-mount in situ hybridization, em-
bryos were rehydrated in a reverse methanol/PBT series, washed 3x in PBT and bleached in 6% H,O,/PBT for 15 minutes. Subse-
quently, embryos were washed 3x in PBT and treated with 10 ng/mL proteinase K (PK) in PBT as follows: 15 minutes (E9.5 mouse and
D18 pig embryos); 20 minutes (E10.5 mouse embryos); 25 min (E11.25-E11.75 mouse embryos); 35 minutes (D21-D24 pig embryos;
extended digestion time required to allow sufficient probe penetration in the larger pig limb buds). All mouse and pig embryos hy-
bridized with Fgf8 riboprobes were incubated for 5 minutes in 5 ng/mL proteinase K in PBT. After PK permeabilization, samples
were treated with freshly prepared 2mg/ml glycine in PBT for 5 minutes, washed twice in PBT and post-fixed in 0.2% glutaralde-
hyde/4%PFA in PBT for 20 minutes. After three washes in PBT, embryos were placed in 2ml of pre-warmed pre-hybridization buffer
(50% deionized formamide; 5x SSC pH 4.5; 2% Roche Blocking Reagent; 0.1% Tween-20; 0.5% CHAPS; 50 ug/mL yeast RNA;
5mM EDTA; 50 ug/ml heparin). After 1 hour of incubation at 70°C, the solution was replaced by 1ml of hybridization buffer containing
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1 ng/ml DIG-labeled riboprobe and samples were incubated overnight at 70°C with gentle rotation. The following morning, probe
solution was removed and post-hybridization washes (70°C, 5 minutes each) performed in a waterbath with increasing concentra-
tions of 2xSSC pH 4.5, as follows: 100% pre-hybridization buffer; 75% pre-hybridization buffer/25% 2xSSC; 50% pre-hybridization
buffer/50% 2xSSC; 25% pre-hybridization buffer/75% 2xSSC, followed by 2xSCC, 0.1% CHAPS, twice for 30 minutes at 70°C with
gentle rotation. Subsequently, samples were treated with 20 ng/ml RNase A in 2x SSC, 0.1% CHAPS for 45 minutes at 37°C and
washed twice in maleic acid buffer (100 mM Maleic acid disodium salt hydrate; 150mM NaCl; pH 7.5) for 10 minutes at room tem-
perature, followed by two additional 30 minute washes in the same buffer at 70°C. Embryos where then washed three times in TBST
(140mM NaCl; 2.7mM KClI; 25mM Tris-HCI; 1% Tween 20; pH 7.5), blocked in 10% lamb serum/TBST for one hour and finally incu-
bated overnight at 4°C in a 1% lamb serum containing Anti-Dig-AP antibody (Roche, 1:5000). Unbound antibody was washed away
by incubating the samples in TBST with gentle agitation (3x5 minutes), followed by 5 one-hour washes in TBST and a final overnight
incubation in TBST at 4°C with gentle agitation. The following morning, embryos were equilibrated in NTMT (100mM NaCl, 100mM
Tris-HCI; 50mM MgCl,; 1% Tween-20; pH 9.5) and alkaline phosphatase activity was detected by incubating the samples in the dark
in BM purple reagent (Roche) at room temperature and with gentle agitation. The staining reaction was stopped by washing the sam-
ples 5x10 minutes in PBT. ISH-processed samples were kept in 4%PFA/PBS for long-term storage.

Digoxigenin-labeled antisense riboprobes were in vitro synthesized from linearized plasmids using RNA Labeling Mix (Roche) and
T3, T7 or SP6 RNA polymerases. All mouse probes have been previously described (see Key Resources Table), except for Sulf1,
which was amplified using specific oligos (Table S7) and cloned into pBluescript KS(+). Pig probes for ISH were generated by
PCR from limb bud cDNA (Grem1, Gli1, Gli3, Hoxd11, Hoxd12, Hoxd13, Sulf1) or synthesized as dsDNA fragments (Hand2, Fgf8,
Ptch1, Shh, Tbx4, Tbx5; gBlocks, Integrated DNA Technologies) based on the equivalent region covered by the mouse probes
and RNA-seq data available (Sears et al., 2015) and cloned into pBluescript KS(+) or pPGEM-T Easy. Pig gene names are not capi-
talized for simplicity. All pig riboprobes were first validated in mouse embryos. The sequence of all probes specifically produced
for this publication is provided in Table S7. All embryos were split so that left and right fore- and hindlimbs were processed separately
for whole mount ISH. As pig embryonic samples are difficult to obtain and given that the handplate skeleton is very similar between
fore and hindlimbs, both fore- and hindlimb buds were used in this study taking into account the developmental delay between ante-
rior and posterior primordia in both mouse and pig (Figure S1). This yielded equivalent results in all cases, being the obvious excep-
tion Tbx5 and Tbx4/Pitx1, which are specific of fore- and hindlimbs, respectively. Mostly forelimbs are shown, except when noted in
the figures (HL: hindlimb).

Microscopy

Dissected limb buds after ISH or skeletal staining were photographed using a Leica MZ16FA stereo-microscope with a DFC300FX
camera or an Olympus SZX16 stereo-microscope equipped with Nikon DS-Fi3 camera. The images were processed in Adobe Photo-
shop CS6 and brightness and contrast were adjusted uniformly.

RT-qPCR

The handplates of E11.25 mouse and D23 pig forelimbs were dissected in ice-cold PBS into posterior and anterior halves and stored
in RNAlater at —20°C until processed. Total RNA was extracted using the Quick-RNA MicroPrep Kit (Zymo Research) following the
manufacturer’s instructions. cDNA was synthesized using SuperScript Ill reverse transcriptase (Invitrogen) and Anchored oligo dTxg
primers (Integrated DNA Technologies). RT-gPCR analysis was performed using a Bio-Rad CFX96 Real Time PCR system and 2x
SYBR Green gPCR Master Mix (Bimake). Ptch1 and Gli1 transcript levels were normalized using the expression of the housekeeping
genes Hmbs and Hprt1. Primers used for mouse and pig genes amplify equivalent amplicons. For primer sequences see Table S8.

ATAC-seq
Two independent biological replicates consisting each of the entire left and right forelimbs from a single individual were dissected
from mouse (E10.5 and E11.5) and pig (D21 and D24) embryos. After dissociation, 75,000 cells were processed for ATAC-seq as
described (Buenrostro et al., 2013), using the Nextera DNA Library Prep Kit (Illumina). Library construction for both biological repli-
cates by species and stage was performed in parallel and multiplexed for sequencing in an lllumina NextSeq500 system (PE41;
sequencing performed by the Genomics Facility of the University of Basel). ATAC-seq raw data and analysis files have been depos-
ited in the GEO database with Accession number GSE126293. Reads were aligned with bowtie2 to mouse (UCSC genome version
mm10) and pig (UCSC genome version susScr11), respectively. Duplicated reads were marked with picard to asses overall duplica-
tion levels. For each sample, regions of accessible chromatin where called with macs2 using the option ‘-nomodel —shift 100 —extsize
200 -broad-keep-dup all —-qvalue 0.01’. The resulting peak lists were depleted from peaks called in mitochondrial DNA (~20%) and
ENCODE blacklist regions (for mouse). Additionally, only peaks with a log-fold-change bigger than 1 and a FDR smaller than 0.05
were included in the further analysis. The same threshold was used for both species, as there is a similar signal-to-noise ratio in
both datasets. Called peaks were merged across biological replicates and stages and joined below a peak distance of 250bp to arrive
at a final peak set per species.

All subsequent analysis was performed within the R/Bioconductor framework. Initially, a genome-wide comparison of the ATAC-
seq replicates from mouse forelimb buds at E10.5 and E11.5 (two replicates each) with an available ENCODE DNase hypersensitivity
sites (DNase-seq) dataset from mouse forelimb buds at E11.5 (GEO: GSM1014174; Yue et al., 2014) was performed. This analysis
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validated the mouse forelimb ATAC-seq datasets, as there is an overall high correlation with the ENCODE DNase-seq dataset, with R
values between 0.76 and 0.79. For the comparison of open chromatin patterns between mouse and pig, ATAC-seq peaks were
lifted between species using the liftOver function of the R package rtracklayer based on the UCSC provided lift-over chain files
(mm10ToSusScri1.over.chain for mouse; susScr1i1ToMm10.over.chain for pig) and subsequently joining regions below 10bp.
The proportion of candidate regulatory regions distributed in the different categories (MCOP, mCCP, MS, pCOM, pCCM and PS,
as defined by our nomenclature) is similar to that of previous cross-species comparisons of chromatin accessibility (Yue et al.,
2014). ATAC peak lists were further annotated using the detailRanges function of the R package csaw. Peak annotation in the mouse
is based on the RefGene transcript annotation (downloaded from UCSC 2015-12-18) and for pig on Ensemble version 90. Addition-
ally, overlap or proximity to specific genomic features (TADs, VISTA enhancers, TSS, etc.) was evaluated using functions from the R
GRanges package. TAD coordinates had been previously reported in mouse ES cells (Dixon et al., 2012) and pig liver (Foissac et al.,
2019). Comparison of evolutionary conservation in mouse is based on the PhastCons conservation score, which is not available for
the pig. Specifically, the UCSC-provided 60-way placental bigWig track (downloaded from UCSC 2017-05-02) was imported with the
R package rtracklayer and the average score of regions + 2kb around the center of all peaks was visualized. Visualization of genomic
landscapes was based on HiC (Dixon et al., 2012) and SMC1A ChIA-PET (Dowen et al., 2014) data.

Gene and mammalian phenotype ontology

All gene lists were retrieved from Gene Ontology (GO; http://amigo.geneontology.org/amigo) and Mammalian Phenotype (MP; http://
www.informatics.jax.org/vocab/mp_ontology) browsers. The “limb phenotype” LP gene list (Table S4) was compiled by merging
genes associated to the GO term “limb development” (GO:0060173) and the MP terms “abnormal limb morphology”
(MP:0002109) and “abnormal appendicular skeleton morphology” (MP:0009250). This gene set was selected due to its biological
relevance, but no claims are made with respect to a differential representation of these genes among the list of relevant conserved
and diverging accessible regions. GO codes used to retrieve signaling pathway components in mouse and human were as follows:
HH/SMO (GO:0007224), WNT (GO:0016055), BMP/TGFB (GO:0030509 and GO:0007179) or FGF (GO:0008543)(Table S6). Gene
ontology analyses of the mouse regulome shown in Figure S3 was performed using GREAT (McLean et al., 2010) with the following
settings: mm10 mouse genome assembly, using the whole genome as “background” regions, single nearest gene peak association
and statistically significance of the association determined using the binomial test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Number of biological replicates and statistical significance are indicated in figures and figure legends. Representative results are re-
ported for ISH and skeletal staining data. For the pig ISH, two independent biological replicates were used per gene probe and stage
(three independent biological replicates for the mouse). For ATAC-seq data generation, two independent biological replicates were
used per species and stage (Pearson correlation shown in Figures 4A and 4B). Transgenic embryo images were obtained from the
VISTA enhancer database (https://enhancer.lbl.gov/; transgenic embryos showing expression in the limb bud: mm1483 n = 8/8;
mm1010 n = 9/9; mm1341 = 6/6). The significance of the differences between posterior to anterior expression ratios in mouse
and pig handplates as defined by RT-qPCR analysis was determined using the unpaired, nonparametric Mann-Whitney test. Sample
size was n =7 in pig and n = 9 in mouse. Results are represented as mean + SD. Statistical analysis and plotting of results was per-
formed using Prism 8 (GraphPad Software).
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Mouse Stage Pig Stage Morphological criteria used to compare mouse and pig limb development
E9.5 . . ) . N .
(25-27 somites) D18 Prominent forelimb buds. First evidence of hindlimb bud formation.
E10.5 D21 (D23HL) Prominent forelimb bud outgrowth along the PD axis. No evidence of the AP expansion of the
34-36 somites istal mesenchyme giving rise to the handplate. Prominent hindlimb buds.
distal h iving ri he handpl Promi hindlimb bud
E11.25

(43-44 somites) D23 Handplate present. Footplate not yet formed.

E11.5-E11.75 ) .

(45-49 somites) D24 Handplate fully expanded along the AP axis. Onset of footplate formation.
E13.25 D30 All digital rays present as cartilaginous condensations. Interdigit indentations starting to form.
E13.75 D33 Cartilaginous templates of metacarpals and proximal phalanges clearly distinguished.

' Mineralization starting in the humerus.
E17.5 D55 Advanced fetal stages (prenatal in mice; midgestation in pig).

Used to illustrate limb skeletal pattern

Figure S1. Skeletal analysis of pig fore- and hindlimbs. Related to Figure 1. (A,
B) Fore- and hindlimbs of a pig foetus at gestational day 55. Mineralized bone is
stained with Alizarin red. s: scapula; h: humerus; r: radius; u: ulna; mc: metacarpals;
p: phalanges; pg: pelvic girdle; fe: femur; fi: fibula; mt: metatarsals. Note that the
carpal and tarsal bones of the wrist and ankle are not yet ossified. (C, D) Lateral (C)
and dorsal (D) views of pig fore- and hindlimb autopods at D55. Anterior is to the top.
Scale bars: 5mm; n=2 (E) Equivalent stages of mouse and pig limb bud development.
Note that due to the temporal delay in fore- and hindlimb development, D23 pig
hindlimb (HL) buds are comparable to D21 forelimb buds (see STAR Methods).
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Figure S2. Spatial distribution of Pitx1, Tbx4 and Tbx5 transcripts in early
mouse and pig limb buds. Related to Figure 1. (A-C) Spatial distribution of Pitx1 (A),
Tbx4 (B) and Tbx5 (C) transcripts in equivalent stages of mouse (E9.5) and pig (D18)
fore- and hindlimb buds. Scale bars: 0.25mm. n=2 per stage for all pig ISH probes;
n=3 per stage for all mouse ISH probes.

HL

A

Mouse
E9.5

H,.Q’e
o AN




GO Biological Process

-log10(Binomial p value)
mcop 0O 2 4 6 8 10 12 14 16 18 20 22 24
positive regulation of camlage development /NN I N I N N N N N ENNEN ©5.08
.  r r t t 1’ 1 .

positive reg of chondrocyte diffi
regulation of establishment of planar polarity
ion of cellular resp to ‘ming growth factor beta stimulus
negatlve regulation of transforming growth factor beta receptor signaling pathay [ B N N N N I I 15.06
cardiac epithelial to mesenchymal transition I NN RN N N N N 14.64
13.89

regulation of non-canonical Wnt signaling pathway
non-canonical Wnt signaling pathway
organ induction | I N N N N N 1371
ribonucleoside triphosphate biosynthetic process I I N NN N N 12.48
Wnt signaling pathway, planar cell polarity pathway [N NN NN 12.48

regulation of branching involved in prostate gland morphogenesis 112.16

midbrain-hindbrain boundary development I 11.95
nucleoside triphosphate biosynthetic process | I NN N N . 11.91
DNA replication-dependent nucleosome assembly [N N N N NN 11.86
B 11.84

cardiac neural crest cell differentiation involved in heart development
negative regulation of Notch signaling pathway B 11.70
i . 11.52

cardiac neural crest cell development involved in outflow tract morphogenesis |
purine nucleoside triphosphate biosynthetic process [N 11.34
cardiac neural crest cell development involved in heart development [N 10.98

GO Biological Process
-log10(Binomial p value)
2 4 6 8 10 12 14 16
I I __I1830

mCCP 0
semaphorin-plexin signaling pathway I

pharyngeal system development [N .

N N N N N N . 16.07

st 1t cell sp g
negative regulation of epithelial to mesenchymal transition NN NN e 14 .86

regulation of epithelial cell proliferation involved in lung morphogenesis
mesodermal cell differentiation

regulation of osteoblast proliferation
regulation of calcium ion transmembrane transport via high voltage-gated calcium channe! | N N D

branchiomotor neuron axon guidance [N NN . 11 69
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regulation of sphingolipid biosynthetic process | I D D . 24 .83
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viral RNA genome replication [ s 17.76
viral genome replication |E_—_G N N 17.59
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Figure S3. Biological processes associated with the mCOP, mCCP and MS
categories of regulatory regions. Related to Figure 4. Gene ontology (GO) GREAT
analysis reveals that regulatory regions belonging to the mCOP and mCCP
categories associate with genes that function in cartilage and skeletal development

(GO terms indicated in bold). Top 20 biological processes are shown.
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Figure S4. Mouse and pig cis-regulatory landscapes encoding the HOXD gene
clusters. Related to Figure 4. HiC contact profile (Dixon et al., 2012) of the two TADs
flanking the mouse Hoxd cluster (top panel). Non-Hoxd genes located in the two
TADs are indicated in grey. Shown below are the ATAC-seq profiles for mouse
(mm10; chr2:73,921,944-75,601,943) and pig (susScr11; chr15:81,111,890-
82,911,114) limb buds at E10.5/D21 and E11.5/D24. Called peaks are indicated by
black bars. The previously identified mouse Hoxd limb regulatory regions CNS 39,
CNS65 (Andrey et al., 2013), CsB, CsC (Gonzalez et al., 2007) and islands |, IV and
V (Montavon et al., 2011) are evolutionary conserved and accessible (mCOP and
pCOM,; in grey) in limb buds of both species. Islands Il and Ill belong to the pCCM
category (indicated in pink) and function as enhancers in mouse limb buds at E12.5
(Montavon et al., 2011). In mouse limb buds at E11.5, these chromatin regions are
still closed, while they are accessible in pig limb buds at D24, which points to
possible heterochrony. CsA, which functions as a neural tube enhancer (Gonzalez et
al., 2007) is neither accessible in mouse nor pig limb buds.
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Figure S5. Mouse and pig cis-regulatory landscapes encoding the Thx5 locus.
Related to Figure 4. HiC contact profile (Dixon et al., 2012) of the mouse Tbx5 sub-
TAD (top panel), defined on the basis of SMC1A ChIA-PET data (Dowen et al., 2014).
Additional genes located in the same landscape are indicated in grey. Shown below
are the ATAC-seq profiles for both stages in mouse (mm10; chr5:119,690,014-
120,134,958) and pig (susScri1; chr14:37,602,722-38,104,628) limb buds. Called
regions are indicated as black bars. The position of the putative Tbx5 forelimb
enhancers Int2 (Minguillon et al., 2012) and CNS12sh (Adachi et al., 2016;
Cunningham et al.,, 2018) is indicated by open rectangles. None of these two
conserved regulatory elements overlap regions of accessible chromatin in mouse or
pig limb buds. Int2 has enhancer activity in the mouse forelimb field and early E9.5
forelimb buds (E8.5-E9.5; Minguillon et al., 2012). Our analysis indicates that Int2
might be no longer active during progression of mouse and pig limb bud outgrowth.
CNS12sh was identified in fish (Adachi et al.,, 2016), and deletion of these two
putative Tbx5 forelimb enhancers in mouse embryos causes neither limb bud
patterning nor skeletal defects (Cunningham et al., 2018). Conserved regions of open
chromatin in both mouse and pig limb buds (MCOP/pCOM) are indicated with black
arrowheads. Some of these may encode additional cis-regulatory regions active both
in mouse and pig limb buds at the stages analysed.
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Figure S6. Mouse and pig cis-regulatory landscapes encoding the Gli1 locus.
Related to Figure 4. HiC contact profile (Dixon et al., 2012) of the mouse Gli1 sub-
TAD (top panel) defined on the basis of SMC1A ChIA-PET data (Dowen et al., 2014).
Additional genes located in the same TAD are indicated in grey. Shown below are the
ATAC-seq profiles for both stages in mouse (mmi10; chr10:127,227,311-
127,538,540) and pig (susScr11; chr5:22,518,876-22,850,852) limb buds. All called
regions are indicated as black bars. mCCP and pCCM/PS regions are labelled in
blue and pink, respectively. No MS regions are present. The only region enriched in
GLI chromatin complexes in mouse limb buds corresponds to the Gli1 promoter and
the first exon/intron (Vokes et al., 2008). Interestingly, this element (labelled in red
and conserved and open in both species) is not sufficient to drive transgenic reporter
expression in a domain matching the endogenous Gli1 expression domain in mouse
limb buds (Vokes et al., 2008).
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