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2. Summary 
 

Embryonic development and organogenesis rely on tightly controlled gene 

expression, which is achieved by cis-regulatory modules (CRMs) interacting with 

distinct transcription factors (TFs) that control spatio-temporal and tissue-specific gene 

expression. During organogenesis, gene regulatory networks (GRNs) with self-

regulatory feedback properties coordinately control growth and patterning and provide 

systemic robustness against genetic and/or environmental perturbations. During limb 

bud development, various interlinked GRNs control outgrowth and patterning along all 

three limb axes. A paradigm network is the epithelial-mesenchymal (e-m) 

SHH/GREM1/AER-FGF feedback signaling system which controls limb bud outgrowth 

and digit patterning. The BMP antagonist GREMLIN1 (GREM1) is central to this e-m 

interactions as its antagonism of BMP activity is essential to maintain both AER-Fgf 

and Shh expression. In turn, SHH signaling upregulates Grem1 expression, which 

results in establishment of a self-regulatory signaling network. One previous study 

provided evidence that several CRMs could regulate Grem1 expression during limb 

bud development. However, the cis-regulatory logics underlying the spatio-temporal 

regulation of the Grem1 expression dynamics remained obscure. From an 

evolutionary point of view, diversification of CRMs can result in diversification of gene 

regulation which can drive the establishment of morphological novelties and 

adaptions. This was evidenced by the observed differences in Grem1 expression in 

different species that correlates with the evolutionary plasticity of tetrapod digit 

patterning. Hence, a better understanding of spatio-temporal regulation of the Grem1 

expression dynamics and underlying cis-regulatory logic is of interest from both a 

developmental and an evolutionary perspective. 

 

Recently, multiple candidate CRMs have been identified that might be 

functionally relevant for Grem1 expression during mouse limb bud development. For 

my PhD project, I genetically analyzed which of these CRMs are involved in the 

regulation of the spatial-temporal Grem1 expression dynamics in limb buds. Therefore, 

we generated various single and compound CRM mutant alleles using CRISPR/Cas9. 
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Our CRMs allelic series revealed a complex Grem1 cis-regulation among a minimum 

of six CRMs, where a subset of CRMs regulates Grem1 transcript levels in an additive 

manner. Surprisingly, phenotypic robustness depends not on threshold transcript 

levels but the spatial integrity of the Grem1 expression domain. In particular, 

interactions among five CRMs control the characteristic asymmetrical and posteriorly 

biased Grem1 expression in mouse limb buds. Our results provide an example of how 

multiple seemingly redundant limb-specific CRMs provide phenotypical robustness by 

cooperative/synergistic regulation of the spatial Grem1 expression dynamics.  

Three CRMs are conserved along the phylogeny of extant vertebrates with paired 

appendages. Of those, the activities of two CRMs recapitulate the major spatio-

temporal aspects of Grem1 expression in mouse limb buds. In order to study their 

functions in species-specific regulation of Grem1 expression and their functional 

diversification in tetrapods, I tested the orthologous of both CRMs from representative 

species using LacZ reporter assays in transgenic mice, in comparison to the 

endogenous Grem1 expression in limb buds of the species of origin. Surprisingly, the 

activities of CRM orthologues display high evolutionary plasticity, which correlates 

better with the Grem1 expression pattern in limb buds of the species of origin than its 

mouse orthologue. This differential responsiveness to the GRNs in mouse suggests 

that TF binding site alterations in CRMs could underlie the spatial diversification of 

Grem1 in limb buds during tetrapod evolution. 

While the fish fin and tetrapod limb share some homologies of proximal bones, the 

autopod is a neomorphic feature of tetrapods. The Grem1 requirement for digit 

patterning and conserved expression in fin buds prompted us to assess the enhancer 

activity of fish CRM orthologues in transgenic mice. Surprisingly, all tested fish CRMs 

are active in the mouse autopod primordia providing strong evidence that Grem1 

CRMs are active in fin buds and that they predate the fin-to-limb transition. Our results 

corroborate increasing evidence that CRMs governing autopodial gene expression 

have been co-opted during the emergence of tetrapod autopod.  

 

Furthermore, as part of a collaboration with Dr. S. Jhanwar, I contributed to the 

study of shared and species-specific epigenomic and genomic variations during 

mouse and chicken limb bud development. In this analysis, Dr. S. Jhanwar identified 
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putative enhancers that show higher chicken-specific sequence turnover rates in 

comparison to their mouse orthologues, which defines them as so-called chicken 

accelerated regions (CARs). Here, I analyzed the CAR activities in comparison to their 

mouse orthologues by transgenic LacZ reporter assays, which was complemented by 

analysis of the endogenous gene expression in limb buds of both species. This 

analysis indicates that diversified activity of CARs and their mouse orthologues could 

be linked to the differential gene expression patterns in limb buds of both species.  
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5. Introduction 
 

5.1. Limb evolution  
 

What can be more curious than that the hand of a man, formed for grasping, that of a 

mole for digging, the leg of the horse, the paddle of the porpoise, and the wing of the 

bat, should all be constructed on the same pattern, and should include the same 

bones, in the same relative positions? 

 

C. Darwin, On the Origin of Species 1859 

 

As already anticipated by Charles Darwin in On the Origin of Species (1859), 

the morphological diversity of vertebrate appendages results from repeated 

modification of the same limb skeletal elements (Darwin, 1859). The skeleton of all 

vertebrates paired appendages follows the same osteological formula along the 

proximo-distal (PD) axis. In tetrapods (four-legged animals), the stylopod is the most 

proximal segment with the humerus in forelimbs and femur hindlimbs. The second 

segment is the zeugopod, which consists of the ulna/radius in forelimbs and fibula/tibia 

Fig. I Generic limb skeleton structure of a pentadactyl tetrapod. Schematic representation of a forelimb 
skeleton. The stylopod consist of the humerus (femur in hindlimbs) which is articulated with the scapula, an 
integral part of the girdle. The zeugopod encompasses radius and ulna (fibula and tibia in the hindlimb). The 
wrist and digits form the autopod. The horizontal arrow shows the PD axis and the vertical arrow indicates the 
AP axis. Prox.: proximal; Dis: distal; Pos.: posterior; Ant: anterior. Adapted from Zuniga (2015). 
 

 

Hum
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Radius
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in hindlimbs. The most distal segment is the autopod with wrist carpals/tarsals and 

digits arranged along the anterior-posterior (AP) axis (Fig. I). How these structures 

evolved from an ancestral fin and diversified in tetrapods continues to be a source of 

fascination. Tetrapods show a broad spectrum of limb skeleton diversification, which 

enabled their successful conquest of aquatic, aerial and terrestrial habitats.  
 

The discovery of an increasing fossil record of extinct tetrapodomorphs 

(sarcopterygian fish in the transition to tetrapods) from the mid to late Devonian period 

provides vital insights into how fins transformed into limbs. Despite homologies 

between proximal elements in sarcopterygian fins and limbs, striking difference are 

apparent at the distal structures. While fins are distally crowned by dermal derived, 

sometimes ossified fin rays, there are no structures homologous to the distinct wrist 

and digits of tetrapod autopods (Fig. II; (Cass et al., 2021; Coates, 1994; Coates et 

al., 2002; Wagner and Chiu, 2001)). Early transitional forms such as Eusthenopteron 

had proximal bones homologs to humerus and radius/ulna and multiple distal radial 

bones covered by fin rays (Fig. II; (Ahlberg and Johanson, 1998; Stewart et al., 2019)). 

In contrast, tetrapod-like specimens possessed a wrist-like structure and had more 

than five distinct digits arranged along the AP axis (polydactyly; Acanthostega, 

(Coates, 1996)). Subsequent reduction of digits in stem tetrapods resulted in the 

pentadactyl autopod (five digits) as a “ground state” for all tetrapods (Cass et al., 2021; 

Clack, 2009).  

Thereafter, the pentadactyl ground state was modified during evolutionary 

diversification resulting most commonly in digit reductions and loss in different taxa. 

This convergent evolution is evident by the loss of different digits in reptiles such as 

lizards, crocodiles or mammals like jerboas, horses, bovines and pigs (Fig. II; (Bakker 

et al., 2013; Cooper et al., 2014; Kawahata et al., 2019; Lopez-Rios et al., 2014; 

Shapiro et al., 2003; Tissières et al., 2020)). Other examples of tetrapod limb 

diversification are variations in size and number of phalanges, such as the drastic 

elongation of digits in bat wings to enable flight and the hyperphalangy in aquatic 

mammals which provides the structural basis for their streamlined elongated flippers 

(Fig. II; (Cooper et al., 2007; Cretekos et al., 2005; Weatherbee et al., 2006)). The 
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most extreme example of adaptive appendage evolution is the limb loss in snakes. 

They derived from a four-legged lizard-like ancestor and first lost forelimbs during 

evolutionary transition, followed by loss of hindlimbs (Leal and Cohn, 2016, 2018). 

Studies of the developmental mechanisms that govern limb development and 

diversification have provided key insights on how such morphological adaptions arose 

during tetrapod evolution. Beyond that, deep homology of developmental processes 

can explain the origin of novel anatomical features from non-homologous structures, 

such as the appearance of the autopod during the fin to limb transition (Shubin et al., 

2009). As limbs are external and easily accessible organs and per se not required for 

embryonic survival they are particularly well suited for pharmacological, mechanical 

and genetic manipulation of developmental processes. Therefore, studying the 

development of vertebrate limbs is of paradigmatic value to gain insight into the 

regulation of embryonic development and evolutionary diversification.  

Chondrichthyes 

Lungfish

Actinopterygii Sarcopterygii

Eusthenopteron Acanthostega

Mouse

Bat

Whale

Pig

Chicken

Fig. II The evolution of paired appendages in jawed vertebrates. Chondrichthyes and Actinopterygii 
possessed a poly basal fin (bones highlighted in black). Sarcopterygian fish retained a single basal bone that 
is articulated with the girdle and homologues to the stylopod. The emergence of the autopod (red) is exemplified 
by the fin skeletons of extinct (dashed lines) Eusthenopteron and Acanthostega. In tetrapods the pentadactyl 
autopod underwent several morphological adaptations: elongation of phalanges (bats), hyperphalangy 
(whales) and digit reductions (Artiodactyla and birds). Schemes are not scaled. Adapted from Sears et al. 
(2018), Tanaka (2016) and Woltering et al. (2020). Green color: stylopod; yellow: radius; dark blue: ulna; red: 
wrist/digits. 
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5.2. The limb as a model system to study 
developmental processes and evolutionary 
diversification 

 
At the onset, a localized epithelial to mesenchymal transition in the lateral plate 

mesoderm results in a bulge of undifferentiated mesenchymal cells that are covered 

with flank ectoderm within the fore- and hindlimb fields (Gros and Tabin, 2014). 

Forelimb buds form in the cervicothoracic and hindlimb buds at the lumbosacral region 

(McQueen and Towers, 2020). Concurrent with the initiation of limb bud formation and 

outgrowth, all three limb axes, the dorsal-ventral (DV), proximo-distal (PD) and antero-

posterior (AP) axis are specified. The axis between the back of the hand and the palm 

defines the DV axis. The sequence of stylopod, zeugopod and autopod defines the 

PD axis. The AP axis is the axis from the thumb (anterior digit I) to the little finger 

(posterior digit V; Fig. I; (Zuniga and Zeller, 2020)). 

 

 

5.2.1. Limb bud initiation, AER-formation and DV patterning 
 

5.2.1.1. Limb bud initiation and early patterning 
 

Localized expression of Tbx5 and Tbx4/Pitx1 in the presumptive limb field is 

required to induce fore- and hindlimb bud formation, respectively (Duboc and Logan, 

2011; Sheeba and Logan, 2017). Concomitant with WNT signaling, TBX4/5 activate 

mesenchymal Fgf10 expression which in turn induces Fgf8 expression in the forming 

apical ectodermal ridge (AER; Fig. IIIa; (Kawakami et al., 2001; Ohuchi et al., 1997; 

Sekine et al., 1999)). The AER is a thickened ectodermal layer located in the limb bud 

apex and signaling by several AER-FGF ligands (Fgf4, Fgf8, Fgf9, Fgf17) and the 

WNT/bcatenin pathway are essential to maintain mesenchymal cells in a proliferative 

state (Fig. IIIa; (Berge et al., 2008; Fallon et al., 1994; Lewandoski et al., 2000; Mariani 

et al., 2008; Niswander et al., 1993; Sun et al., 2000)). In addition to mesenchymal 

Fgf10, mesenchymal Bmp4 expression and signaling transduction to the ectoderm are 
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required for AER formation (Fig. IIIa; (Ahn et al., 2001; Benazet and Zeller, 2013; 

Benazet et al., 2009; Moerlooze et al., 2000; Sekine et al., 1999; Winnier et al., 1995)). 

Together with BMP signaling, WNT/bcatenin signal transduction through its target 

transcriptional regulators SP6 and SP8 activates and maintains AER-Fgf8 expression 

(Fig. IIIa; (Galceran et al., 1999; Haro et al., 2014; Kawakami et al., 2004; Kengaku et 

al., 1997; Soshnikova et al., 2003)). This results in a feedback loop by which AER-

Fgf8 and mesenchymal Fgf10 maintain their expression (Fig. IIIa; (Kawakami et al., 

2001; Ohuchi et al., 1997)). AER formation and positioning is linked to the DV 

patterning. WNT/bcatenin and BMP signaling activate Engrail1 (En1) in the ventral 

ectoderm which restricts Wnt7a to the dorsal ectoderm (Ahn et al., 2001; Cygan et al., 

1997; Parr and McMahon, 1995; Riddle et al., 1995; Soshnikova et al., 2003). 

Conversely, Wnt7a induces the transcription factor Lmbx1 in the underlying 

mesenchyme, which together with Lhx2 and Lhx8 specifies dorsal identity (Cygan et 

al., 1997; Riddle et al., 1995; Tzchori et al., 2009). 

 

Similar to DV patterning, AP polarity is established during the earliest stages of 

limb bud outgrowth (Fig. IIIb). The Hand2 transcriptional regulator is activated 

throughout the early nascent limb bud domain but is subsequently posteriorly 

restricted as a consequence of activating Gli3 expression and production of its 

repressor protein isoform (GLI3R) in the anterior mesenchyme (Osterwalder et al., 

2014; Welscher et al., 2002a). In turn, HAND2 in the posterior limb bud restricts the 

GLI3R to the anterior mesenchyme (Osterwalder et al., 2014). This mutual antagonism 

between the HAND2 and GLI3 transcription factors polarizes the nascent limb buds 

and creates a posterior zone of low GLI3R activity (Galli et al., 2010; Osterwalder et 

al., 2014; Welscher et al., 2002a). Subsequently, a second mesenchymal signaling 

center, the zone of polarizing activity (ZPA), is established at the posterior margin of 

the limb bud and starts to express the Shh morphogenic signal (Fig. IIIb; (Riddle et al., 

1993)). Shh is activated and upregulated by posterior transcription factors that include 

HAND2, HOX genes, ETS1/2, LHX, PBX1/2 and the WNT signaling pathway (Capellini 

et al., 2006; Charité et al., 2000; Galli et al., 2010; Kmita et al., 2005; Lettice et al., 

2012; Osterwalder et al., 2014; Parr and McMahon, 1995; Tzchori et al., 2009; Yang 

and Niswander, 1995). In particular, SHH signaling prevents the proteolytic cleavage 
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of full-length GLI activator form (GLI3A) into the GLI3R, which results in high GLI 

activator levels and low GLI3R levels in the posterior limb bud mesenchyme (Wang et 

al., 2000). In contrast, transcriptional regulators like GATA6 and ETV4/5 repress Shh 

expression in the anterior mesenchyme (Kozhemyakina et al., 2014; Lettice et al., 

2012; Mao et al., 2009; Zhang et al., 2009). Recently it has been shown that a negative 

feedback loop between SMAD4-mediated BMP and SHH signal transduction restricts 

the SHH signaling center to its position (Bastida et al., 2009; Gamart et al., 2021).  

 

 

5.2.1.2. Outgrowth and PD and AP patterning  
 

With respect to the PD limb bud axis, retinoic acid (RA) and its target 

transcriptional regulators MEIS1 and MEIS2 determine the proximal fates, while AER-

FGF signaling and CYP26b1 (an RA-degrading enzyme) specify the distal fate by 

TBX4/5
BMP

WNT/cat

Sp6/8

FGF8FGF10

Ectoderm

AER

HAND2

GLI3R

SHH
5’HOX ETS1/2SMAD

Limb bud initiation Pre-patterning

AER
SHH

GLI3R

CYP26b1

HOX12/13
Autopod

HOX11
Zeugopod

HOX9/10
Stylopod

Outgrowth and Patterning

a b c
AER-FGF

WNT

RA

AER-FGF

Ant

Post
DistAntAER

MEIS

Fig. III Early aspects of limb bud outgrowth and patterning. a The activation and thus formation of a 
functional AER underlies limb bud initiation. b An established AP polarity by the mutual restriction of GLI3 and 
Hand2 is a prerequisite for Shh activation. c Established Shh signaling is crucial for the distal expansion of 
5¢Hox genes which further specify positional values along the PD axis. Adapted from Zuniga and Zeller (2020) 
and Zuniga (2015). 
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opposing RA (Fig. IIIc; (Capdevila et al., 1999; Cunningham et al., 2013; Delgado et 

al., 2020; Mercader et al., 1999, 2000, 2009; Probst et al., 2011; Yashiro et al., 2004)). 

Recently it has been shown that MEIS1 and MEIS2 are highly abundant proximally 

and decrease towards the distal limb bud, forming a gradient that is controlled by 

distal-FGFs (Delgado et al., 2020). Furthermore, MEIS1/2 function in activation of 

Fgf10 expression during limb bud initiation and pre-patterning genes such as Hand2 

and posterior Hox genes, thereby linking early PD and AP patterning (Delgado et al., 

2021). During limb bud outgrowth, Hox genes are critical for continued specification of 

PD positional values and the formation of the limb skeletal primordia along the PD 

axis. Hox genes are organized in four clusters of Hox1-13 paralogues genes (HoxA to 

HoxD). Within each cluster Hox paralogs are located in the same position starting with 

Hox1 at the 3`end and Hox13 at the 5¢end of the cluster, but only the HoxA and HoxD 

gene clusters are required for normal limb development (Medina-Martinez et al., 2000; 

Suemori and Noguchi, 2000; Zakany and Duboule, 2007). During limb bud outgrowth 

Hoxa and Hoxd genes are expressed in two distinct phases: in early limb buds, the 

sequential activation of Hoxa and Hoxd genes follows their 3¢ to 5¢ chromosomal 

arrangement where 5¢Hoxa and 5¢Hoxd genes are activated later and become 

progressively more posteriorly restricted than 3¢Hox genes. During the second phase 

as limb bud outgrowth progresses, 5¢Hoxa genes lose their posterior bias and are 

expressed throughout the autopod primordia. In contrast 5¢Hoxd genes maintain their 

posterior bias but also expand anteriorly in the digit forming region of the autopod 

primordia (Zakany and Duboule, 2007). The genetic inactivation of Hoxa/d13 genes 

and Hoxd12 disrupts autopod formation, while deletion of Hoxa/d11 genes leads to 

the almost complete loss of the zeugopod and the Hoxa/d9-10 inactivation affects 

formation of the proximal-most skeletal elements in mouse embryos (Davis et al., 

1995; Fromental-Ramain et al., 1996a, 1996b; Wellik and Capecchi, 2003). In addition 

to their role for PD patterning, 5¢Hoxa/d genes are crucial for AP patterning and digit 

formation (Fig. IIIb, c; (Fromental-Ramain et al., 1996a; Tarchini et al., 2006)). In the 

nascent limb bud, posteriorly restricted 5¢Hox genes participate in activation of Shh 

expression in the posterior mesenchyme, preventing posterior expansion of GLI3R, 

which is crucial to enable the distal anterior expansion of 5¢Hoxa/d expression (Kmita 

et al., 2005; Litingtung et al., 2002; Tarchini et al., 2006; Welscher et al., 2002b). 
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Subsequently, the 5¢Hox genes negatively regulate Gli3 transcription and an interplay 

between 5´HOXD12 and GLI3R proteins modifies the GLI3R repressor activity into an 

activator (Fig. IIIc; (Bastida et al., 2020; Chen et al., 2004)).  

Furthermore, the propagation of limb bud outgrowth, AP identities and survival 

of limb mesenchymal progenitor (LMPs) are coordinately controlled by the activity of 

the e-m feedback signaling system. 

 

 

5.2.2. Epithelial-mesenchymal interactions are interlinked by 

Gremlin1 
 

A key node in the e-m feedback signaling system is Gremlin1 (Grem1), which 

is a BMP antagonist that preferentially binds to BMP2 and BMP4, preventing their 

interaction with their cognate receptors and activation of SMAD-mediated signal 

transduction (Avsian-Kretchmer and Hsueh, 2004; Benazet et al., 2009; Robert, 2007). 

In early limb buds, high BMP signaling levels activate Grem1 expression around E9.5, 

which also requires 5¢Hoxa/d paralogues (Fig. IVa; (Benazet et al., 2009; Sheth et al., 

2013)). This multilayered control ensures rapid downregulation of high BMP signaling 

in the early limb bud mesenchyme, maintaining AER-Fgf expression, which is 

otherwise inhibited by continuous BMP signaling (Bastida et al., 2009; Michos et al., 

2004; Pizette and Niswander, 1999). In turn, AER-FGFs signaling maintains Shh 

expression, which antagonizes the repressive activity of GLI3R on Grem1 expression, 

thus establishing the self-regulatory SHH/GREM1/AER-FGF feedback signaling 

system (Fig. IVb; (Laufer et al., 1994; Lex et al., 2020; Litingtung et al., 2002; 

Niswander et al., 1994; Welscher et al., 2002b; Zuniga et al., 1999)). In this system, 

GREM1 balances BMP signaling, which thereby sustains AER-Fgf and Shh 

expression and provides limb bud outgrowth and patterning with robustness (Benazet 

et al., 2009; Zuniga et al., 1999). In the absence of GREM1, the signaling system is 

not established as evident by the impaired AER formation, loss of Fgf4 expression, 

low Shh and the reduced and posteriorly restricted 5¢Hox expression (Haramis et al., 

1995; Khokha et al., 2003; Michos et al., 2004; Zuniga et al., 1999). This essential 

function of GREM1-mediated BMP antagonism is revealed by the fact that the 
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stepwise genetic reduction of Bmp expression in Grem1 mutants restores wildtype 

(Wt) AER-Fgf, Shh and 5¢Hox expression (Benazet et al., 2009). Precise activation but 

also termination of the self-regulatory SHH/GREM1/AER-FGF signaling system are 

essential to proper limb bud outgrowth and patterning. Self-termination of this signaling 

system is first apparent by the down-regulation of Fgf4 expression around E11.5 

(Verheyden and Sun, 2008). It has been proposed that the posterior cells that formerly 

expressed Shh are refractory to Grem1 expression, which increasingly widens the gap 

between Grem1 and Shh expressing cells and eventually disrupts the Shh/Grem1 

interaction and terminates the feedback signaling system (Scherz et al., 2004). In 

addition, it has been proposed that high AER-FGF signaling in the distal limb buds 

begins to negatively regulate Grem1 expression, which shuts down the 

SHH/GREM1/AER-FGF signaling system (Verheyden and Sun, 2008). As the self-

regulatory signaling system terminates, the reduction of Grem1 expression leads to 
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Fig. IV A self-regulatory e-m signaling systems governs limb bud outgrowth and patterning. The e-m 
signaling system operates in three distinct phases. High BMP signaling and 5¢Hoxa/d genes activate Grem1 in 
the posterior mesenchyme. Established Grem1 expression antagonizes BMP signaling which prevents AER-
FGF downregulation and sustains Shh expression. In turn, SHH further promotes Grem1 expression by 
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between the Grem1 domain and the SHH signaling center and increased AER-FGF signaling results in down-
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an increased BMP signaling which is a prerequisite for formation of the chondrogenic 

digit primordia (Benazet and Zeller, 2013; Lopez-Rios et al., 2012). 

 

 

5.2.3. Digit identities and numbers 
 

Despite extensive work, how and when digit identities and numbers are 

specified and determined, is still not completely understood. The temporal expansion 

model proposes that cells sensing first and transiently Shh signaling contribute to digit 

II and III while prolonged exposure is required to specify digit IV and digit V (Harfe et 

al., 2004; Scherz et al., 2007). In contrast, timed controlled Shh inactivation in mice 

revealed that at early limb bud stages, Shh is transiently required to determine digit 

identities but its continued expression is essential for proliferative expansion of the 

specified LMPs (Zhu et al., 2008). However, in chicken limb buds neither the digit 

identities nor the phalange numbers and length are fixed and can still be changed after 

the digit primordia have formed by the modulation of interdigital BMPs (Dahn and 

Fallon, 2000). During this phase, 5¢Hox and Gli3 jointly modulate BMP signaling, which 

generates unique patterns pSMAD1/5/8 signatures in the phalanx forming region 

(PFR) that controls phalange numbers and length (Huang et al., 2016; Suzuki et al., 

2008).  

Digit numbers are constrained to the pentadactyly state by the interplay 

between Shh and Gli3. In particular, the switch from complete digit loss in Shh mutants 

to the polydactylous phenotypes in ShhD/DGl3D/D limbs, that is indistinguishable from 

Gli3 mutants, establishes Gli3 as one main determinant of digit numbers (Litingtung et 

al., 2002; Welscher et al., 2002b). The reduction of 5¢Hox dosage in Gli3 mutants 

exacerbates polydactylous phenotypes revealing that digit numbers depend on 5¢Hox-

Gli3 interactions (Sheth et al., 2007, 2012). The periodic formation of digits has been 

described as a Turing-type model where a three-node network of BMP, WNT and 

SOX9 periodically segments the autopod primordia into digit (SOX9 positive) and 

interdigit (ID; BMP and WNT positive) territories (Raspopovic et al., 2014). In addition, 

the wavelength of digit periodicity is controlled by 5`Hoxa/d-Gli3 interactions (Sheth et 

al., 2007, 2012). 
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5.3. The spatio-temporal control of developmental 
gene expression  

 

5.3.1. Cis-regulatory modules regulate tissue-specific gene 

expression in space and time 
 

Cis-regulatory modules (CRMs) govern the precise spatio-temporal control of 

gene expression. The classical definition includes insulator elements (CTCF sites) and 

silencers as negative regulators, whereas promoters and enhancers are positive 

regulators. Enhancers and silencers are the predominant regulators of the spatio-

temporal gene expression kinetics, and in a context-specific manner an enhancer can 

also act as a silencer and vice versa (Haro et al., 2021; Kolovos et al., 2012; Panigrahi 

and O’Malley, 2021). Most silencers are characterized by interacting with factors 

repressing transcription and can be decorated by repressive histone marks such as 

H3K27me3 (Cai et al., 2021; Jayavelu et al., 2020). In contrast, active enhancers are 

associated with active histone marks such as H3K4me1 and H3K27ac modifications 

and interact with tissue-specific transcription promoting factors (TFs), co-activating 

factors such as the mediator complex and RNA Polymerase II (RNAPII; (Panigrahi and 

O’Malley, 2021; Spitz and Furlong, 2012)). While the enhancers are the recruiting 

platforms for scaffolds of activating TF and co-activating factors that regulate the 

spatio-temporal aspects of gene expression, the assembly of the multi-protein pre-

initiation complex (PIC) at promoters is required for initiating the transcription (Fig. Va; 

(Andersson and Sandelin, 2020; Furlong and Levine, 2018; Kolovos et al., 2012; 

Panigrahi and O’Malley, 2021; Spitz and Furlong, 2012)). 

Many if not most developmental genes are regulated by multiple enhancers in 

a tissue specific manner (Fulco et al., 2019; Javierre et al., 2016; Montavon et al., 

2011; Osterwalder et al., 2018). An oversimplification model of multi-enhancer 

regulation would assume that each enhancer regulates distinct parts of the spatio-

temporal gene expression dynamics. However, the discovery of redundant enhancer 

with similar characteristics in Drosophila embryos led to the concept of shadow 

enhancers (Hong et al., 2008). Shadow enhancers are all enhancers that collectively 
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regulate the same gene by completely or partially overlapping spatio-temporal 

activities that maintain transcription levels in an additive, super-additive, sub-additive 

and/or repressive manner (Barolo, 2012; El-Sherif and Levine, 2016; Kvon et al., 2021; 

Long et al., 2016; Perry et al., 2010). Such additive interactions would serve to buffer 

genetic or environmental perturbations and thus provide cis-regulatory robustness to 

developmental gene regulation (Frankel et al., 2010; Perry et al., 2010, 2011). In 

addition, shadow enhancer with partially overlapping activities can refine expression 

pattern through both non-additive and long-range repressor interactions (Dunipace et 

al., 2011; Perry et al., 2011; Prazak et al., 2010)  

 

 

5.3.2. Chromatin architecture and enhancer-promoter 

communication 
 

As enhancers are often locate far from their target genes, they have to be 

brought into close physical proximity with their cognate promoters for which the three-

dimensional organization of chromatin plays a pivotal role (Fig. Va; (Andrey and 

Mundlos, 2017; Robson et al., 2019; Rowley and Corces, 2018)). Each chromosome 

is subdivided into transcriptionally more active (A-type) and inactive (B-type) 

compartments (Lieberman-Aiden et al., 2009). Recent studies show the existence of 

so-called topologically associating domains (TADs), with binding sites for insulator 

CCCTC-binding factors (CTCF) at the TAD boundaries that prevent inter-TAD 

interactions (Dixon et al., 2012; Merkenschlager and Nora, 2015; Nora et al., 2012, 

2017; Rao et al., 2014). The physical dimerization of two inverted CTCF sites brings 

the TAD boundaries and also intra-TAD regions into close proximity (de Wit et al., 

2015; Rao et al., 2014). The prevailing model for TAD formation and chromatin 

compartmentalization is the loop extrusion model, where dimers of cohesin and 

cofactors bind to DNA and extrude the chromatin in a bidirectional way through its 

ring-like shaped structure which continues until it reaches bound CTCF sites, where 

chromatin extrusion stalls (Fig. Vb; (Fudenberg et al., 2016; Kim et al., 2019; Rao et 

al., 2017; Sanborn et al., 2015)). Most developmental genes and their cognate CRMs 

reside within TADs that insulates them from regulatory input from neighboring 
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TADs/cis-regulatory landscapes (Lupiáñez et al., 2015; Tang et al., 2015). Despite 

examples, where CTCF and/or cohesin are required for long-range enhancer 

promoter-interactions, their functional relevance for direct enhancer-promoter 

interactions is not yet fully resolved (Davidson and Peters, 2021; Grubert et al., 2020; 

Khattabi et al., 2019; Robson et al., 2019; Schoenfelder and Fraser, 2019; Thiecke et 

al., 2020). For instance, the loss of CTCFs disrupts loops between TAD boundaries 

and weakens TAD insulation, however, only a few genes are differentially expressed 

(Busslinger et al., 2017; Nora et al., 2017; Soshnikova et al., 2010). The depletion of 

cohesin leads to an overall abrogation of loop domains but the impact on gene 

transcription is modest (Busslinger et al., 2017; Rao et al., 2017; Schwarzer et al., 

2017). In a wildtype and Ctcf or cohesin mutant context various loci show a 

phenomenon of self-organization and CTCF/cohesin-independent enhancer-

enhancer and enhancer-promoter interactions (Andrey et al., 2017; Bintu et al., 2018; 

Rao et al., 2017; Schwarzer et al., 2017). Self-organized CTCF/cohesin-independent 

chromatin conformations and enhancer-promoter interactions appear to occur at 

transcriptional active loci with accumulated epigenetic modifications and TF 

occupancy (Andrey et al., 2017; Monahan et al., 2019; Rao et al., 2014; Robson et al., 

2019; Thiecke et al., 2020). Bridging factors such as YY1 and the essential LHX 

cofactor LDB1 have been implicated in chromatin compartmentalization and the 

formation of direct enhancer-promoter contacts (Fig. Vc, left panel; (Caputo et al., 

2015; Deng et al., 2012, 2014; Krivega et al., 2014; Lee et al., 2017; Monahan et al., 

2019; Robson et al., 2019; Verheul et al., 2020; Weintraub et al., 2017)). In turn, there 

is an increasing amount of evidence, that multiple enhancers can cooperatively 

interact in transcriptional hubs creating environments of high TF concentrations and 

co-activators, which can promote transcription independent of stable and pairwise 

interactions with promoters (Fig. Vc, right panel; (Alexander et al., 2019; Allahyar et 

al., 2018; Benabdallah et al., 2019; Song et al., 2019; Tsai et al., 2017, 2019; Zhu et 

al., 2021)). Moreover, in environments of high TF, co-activators and RNAPII 

concentrations molecular interactions among multiple components can form dense 

molecular assemblies that lead to liquid-liquid phase separated condensates (Boija et 

al., 2018; Chong et al., 2018; Hnisz et al., 2017; Palacio and Taatjes, 2021). These 

condensates can promote chromatin compartmentalization and have distinct 
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biophysical properties that are permissive for transcription (Fig. Vc, right panel; (Basu 

et al., 2020; Boija et al., 2018; Chong et al., 2018; Feric and Misteli, 2021; Hnisz et al., 

2017; Liu et al., 2021)). 

 Many studies of the regulation of gene expression are based on cell lines or 

tissues of homogenous cell populations. Therefore, the limb bud, whose normal 

development depends on complex interactions among various cell types and precise 

spatio-temporal regulation of the gene expression kinetics, is an excellent model to 

gain more holistic insights into the cis-regulatory control of embryonic development.  

  

 

5.3.3. The developing limb bud as a model to study the 
cis-regulatory complexity of gene expression 

 

The Shh locus was one of the first models to study long-range tissue-specific 

gene regulation in developing mouse limb buds with direct relevance to human 

congenital limb malformations (Lettice et al., 2003). This analysis showed that a single 

limb-specific enhancer named ZRS is located about 1 Mb upstream of the Shh 

promoter. A preformed general and CTCF dependent chromatin topology brings the 

ZRS in proximity to the Shh promoter, while upon activation of Shh expression in the 

posterior ZPA this proximity is reinforced (Paliou et al., 2019; Williamson et al., 2016). 

In contrast to this, the analysis of other essential limb genes shows that their 

expression is regulated by multiple enhancers and that deletions of individual 

enhancers in the mouse do not cause limb phenotypes (Hörnblad et al., 2021; 

Kragesteen et al., 2018; Osterwalder et al., 2018; Will et al., 2017). However, enhancer 

inactivation in sensitized genetic backgrounds revealed that enhancer redundancy 

maintains gene expression above a certain threshold that provides cis-regulatory 

robustness as shown for the Gli3 and Shox2 loci (Osterwalder et al., 2018). Similarly, 

the Indian hedgehog (Ihh) gene, a master regulatory for skeletal development, is 

controlled by multiple enhancers with overlapping activity patterns that regulate 

transcriptional levels in an additive manner (Will et al., 2017). Furthermore, individual 

deletion of the four limb-specific Fgf8 enhancers does not alter Fgf8 transcription in 



  
 

 
 25 

the AER, while deletion of the region encompassing all four enhancers abolishes AER-

Fgf8 expression (Hörnblad et al., 2021; Marinić et al., 2013). In contrast, the transcript 

levels of the hindlimb bud-specific Pitx1 gene are regulated by minimally three limb 

bud enhancers, but one of them has a seemingly predominant function in establishing 

a fully active chromatin conformation that allows for transcription in hindlimb cells 

(Kragesteen et al., 2018; Rouco et al., 2021). For over a decade, the HoxD cluster has 

been a prime example of how distinct chromatin conformations control their spatio-

temporal expression dynamics during mouse limb bud development. These studies 

showed that, proximally expressed 5´Hoxd genes are under the control of a telomeric 

TAD that harbors the proximal specific enhancers, while the second phase of 5´Hoxd 

gene expression in distal cells is controlled by autopod-specific enhancers located in 

a centromeric TAD (Andrey et al., 2013; Montavon et al., 2011). Together, the 

molecular analysis of the cis-regulatory control of essential limb bud genes reveals 

their complex regulation by multiple and often seemingly redundant enhancers that 

seem to provide their transcription with robustness. Nevertheless, the mechanisms 

and interactions of multiple enhancers during regulation of gene expression and their 

interactions with the cognate promoters is still not fully understood. The increasing 

number of identified and characterized CRMs provide also excellent opportunities to 

study the diversification of enhancer activities and the associated developmental 

processes during evolution with unprecedented resolution. 

 

 

5.3.4. Divergence of CRMs underlies differential GRN activities 

and drives evolutionary diversification 
 

The evolution of diverse morphological traits relies mostly on the diversification 

of gene regulation, i.e., altered activity of CRMs rather than changes in protein-coding 

sequences (Carroll, 2008; Panigrahi and O’Malley, 2021; Seki et al., 2017). Many 

vertebrate enhancers (e.g., on a human-fish timescale) are deeply conserved from 

humans to the most ancient fishes and/or most archetype vertebrate species and 

clustered near developmental genes (Dickel et al., 2018; Jhanwar et al., 2021; Meyer 

et al., 2021; Thompson et al., 2021). The molecular and functional comparison of such 
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deeply conserved enhancer and the expression of the associated genes in a variety 

of tetrapods provided first evidence that morphological adaptations are result of 

progressive evolutionary diversification of the functionally relevant CRMs and alter 

GRNs interactions and expression (e.g., SHH/GREM1/AER-FGF; (Cooper et al., 

2014; Lopez-Rios et al., 2014; Shapiro et al., 2003; Weatherbee et al., 2006)). While 

many of these studies draw conclusion based on observations of single or few genes 

and enhancers, recent comparative genome-wide approaches suggest that the 

regulatory alterations underlying limb diversification impact a larger number of genes 

that make up key regulatory GRNs (Roscito et al., 2018; Seki et al., 2017; Tissières et 

al., 2020; Villar et al., 2015). An exciting topic of study are the changes in gene 

regulation that must have occurred during the fin and limb transition, which resulted in 

formation of the distal-most limb skeletal structures, the digits of the autopod (Cass et 

al., 2021). The paired fin buds of all fishes form an AER-like structure at early stages, 

which is, however, not maintained and transforms into a fin fold that gives rise to 

ectodermal fin rays (Thorogood, 1991; Tulenko et al., 2017; Zhang et al., 2010). It has 

been suggested that the prolonged outgrowth of the mesenchyme at the expense of 

the fin fold gave rise to a distal autopod domain (Tulenko et al., 2017; Zhang et al., 

2010). Interestingly, the overexpression of Hoxd13 or increased Hoxa11 expression 

leads to an expanded endoskeleton (Freitas et al., 2012; Hawkins et al., 2021). 

Therefore, the identification and functional characterization of conserved and 

non-conserved CRMs that regulate genes which govern distal outgrowth in tetrapod 

limb buds as part of the self-regulatory signaling system appears as a promising 

approach to gain insight into the molecular changes underlying the emergence of the 

autopod. In particular, the early expression and interactions of the SHH/GREM1/AER-

FGF signaling system appear highly conserved among jawed vertebrates 

(Gnathostomata; (Dahn et al., 2007; Letelier et al., 2018, 2021; Nakamura et al., 2015; 

Neumann et al., 1999; Onimaru et al., 2015; Tulenko et al., 2017)). For example, Shh 

expression in fin buds is regulated by an ZRS ortholog and early aspects of 5`Hoxa/d 

gene expression are conserved between fin and limb buds (Davis et al., 2007; Letelier 

et al., 2018; Sordino et al., 1995; Tulenko et al., 2017). Subsequently, 5´Hoxa/d gene 

expression expand distal-anterior in the fin fold, recapitulating some aspects of the 

second phase of 5´Hox gene expression in tetrapod limb buds (Davis et al., 2007; 
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Freitas et al., 2007). However, Hoxa11, Hoxd12 Hoxa/d13 are expressed in 

overlapping patterns in the distal fin bud (Davis et al., 2007; Tulenko et al., 2016; 

Woltering et al., 2020). The fact that an autopod-specific enhancer controlling 

5´Hoxa/d gene expression in mouse limb buds is conserved in teleost fishes and is 

active in the distal fin bud indicate that the enhancers necessary for distal 5´Hoxa/d 

expression in the tetrapod autopod were already present in ancient fishes, i.e., 

preceded evolution of the autopod territory (Gehrke et al., 2015). Furthermore, the 

Shh-Gli3 GRN is also active in the distal fin bud and controls both cell proliferation and 

expression of posterior genes such as Hoxd12 and Grem1 during fin bud development 

(Letelier et al., 2021). Altogether, there is increasing evidence that distal GRNs 

involved in autopod patterning and digit development are also active in the distal fin 

buds. However, despite the few exceptions little is known about the CRMs that control 

gene expression in the distal fin bud and to what extent they might have been co-opted 

and/or altered during evolution of the autopod 

 

 

5.4. Background of my Thesis project 
 

The self-regulatory SHH/GREM1/AER-FGF feedback loop is essential for 

coordinated limb bud outgrowth and patterning and digit development. Grem1 is a key 

node in this signaling system, whose transcription is regulated by inputs for different 

signaling pathways. In addition, Grem1 has one of the most diversified spatio-temporal 

expression dynamics among different tetrapod species. For these reasons, Grem1 is 

an interesting candidate to study the cis-regulatory control during mouse limb 

development and vertebrate appendage evolution and diversification. It has been 

shown that deletion of a 170kb genomic region in the 3´part of the adjacent Formin1 

(Fmn1) gene causes the loss of mesenchymal Grem1 expression in limb buds and a 

skeletal phenotype identical to Grem1D/D limbs (Fig. VI; (Khokha et al., 2003; Zuniga 

et al., 2004)). This result indicated that this genomic region encompasses the CRMs 

required for Grem1 expression in the limb bud mesenchyme. Follow-up studies 

identified three putative Grem1 cis-regulatory modules in this region (Fig. VI, asterisks; 

(Li et al., 2014; Zuniga et al., 2012)). Published and unpublished genetic experiments 
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showed that their individual deletion does not alter normal limb skeletal development 

(Li et al., 2014). Instead, the deletion of the entire region encompassing these three 

CRMs caused a 50% reduction in Grem1 transcript levels, subtle spatial changes and 

partial fusions affecting digit 2. This revealed that additional CRMs must participate in 

controlling Grem1 expression in limb buds. When I joined the project, five Grem1-

associated CRMs located in the 5´part of the required 170kb genomic region, had 

been identified and their spatial activity assessed using LacZ reporter assays (Fig. VI). 

Interestingly, two of the CRMs are conserved along the Gnathostomata phylogeny and 

recapitulate main characteristics of endogenous spatio-temporal Grem1 expression 

dynamics.  

Fig. VI A 170kb region harbors CRMs that are critical for Grem1 cis-regulation. The three published CRMs 
are highlighted as blue ovals with an asterisk on top (Li et al., 2014; Zuniga et al., 2012). The recently identified 
putative CRMs at the 5´end of the 170kb region are indicated as grey (not active in LacZ reporter assays) or 
blue (active in LacZ reporter assays). Adapted from Zuniga et al. (2004). 
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6.  Aim of my Thesis 
 

Embryonic developmental processes are fascinating complex systems and 

their diversification a source for the tremendous morphological adaptions of animals. 

During my PhD project, I had the unique opportunity to study the cis-regulation of 

Grem1 in developing limb buds and gain insight into interesting facets of these two 

processes. My research had the following specific aims: 

 

Aim 1 – The identification of the minimal set of CRMs required for Grem1 

expression in limb buds using a genetic approach.  

 

Aim 2 – The characterization of the mechanism that provides Grem1 with cis-

regulatory robustness by generating and analyzing a comprehensive series of 

CRM loss-of-function alleles.  

 

Aim 3 – The functional characterization of the two deeply conserved Grem1 

CRMs orthologues from different tetrapods and fishes in transgenic mouse 

LacZ reporter assays. Comparison of these CRM activities with the 

endogenous spatio-temporal Grem1 expression dynamics in limb and fin buds 

of the relevant species.  

 

Aim 4 (contribution to Shalu Jhanwar’s project) – The functional 

characterization of highly divergent cis-regulatory regions in the chicken 

genome that regulate limb genes in comparison to their mouse orthologues 

using transgenic LacZ reporter assays. This was paralleled by identification of 

correlating spatial alterations in the expression of the cognate genes in mouse 

limb and chicken wing buds. 

  



  
 

 
 30 

7.  Results 
 

7.1. Genetic dissection of the complex Grem1 cis-

regulation and analysis of the evolutionary 
diversification of ancient Grem1 CRMs 

 
“Spatial regulation by multiple Gremlin1 enhancers provides digit development with 

cis-regulatory robustness and evolutionary plasticity” 

 
Jonas Malkmus*, Laurène Ramos Martins*, Shalu Jhanwar, Bonnie Kircher, Victorio Palacio, 
Rushikesh Sheth, Francisca Leal, Amandine Duchesne, Javier Lopez-Rios, Kevin A. 

Peterson, Robert Reinhardt, Koh Onimaru, Martin J. Cohn, Aimée Zuniga & Rolf Zeller 
*These authors contributed equally 

 

 
In this article we describe all relevant CRMs that control spatiotemporal Grem1 

expression dynamics during mouse limb development. The analysis of single and 

compound CRM mutants revealed the synergistic or cooperative interactions among 

CRMs that ensure the spatial integrity of the Grem1 expression dynamics essential for 

normal digit patterning. Further, the functional characterization of highly conserved 

CRM orthologues from different tetrapod species and clades revealed the high 

evolutionary plasticity that correlated with spatially diversified Grem1 expression. In 

addition, the deeply conserved fish CRM orthologues also function as enhancers in 

the autopod primordia of mouse limb buds, suggesting that they got coopted to the 

autopod during the fin to limb transition.  

My contribution to this study consists in the establishment of the CRM5D/D, 

CRM2D/DCRM5D/D, EC1D/DCRM5D/D, EC2D/D and EC1D/DEC2D/D mouse lines. This 

included the screen for CRM deletions in founder mice and their validation. 

Subsequently, using RNA whole mount in situ hybridization (WISH) I performed a 

comparative analysis of the spatio-temporal Grem1 expression dynamics in CRM2D/D, 

CRM5D/D, CRM2D/DCRM5D/D, EC1D/D, EC1D/DCRM5D/D, EC2D/D and EC1D/DEC2D/D 
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forelimbs at three developmental stages (E10.0, E11.0, E12.0) to describe the spatial 

alterations that underlie the digit phenotypes (Fig. 2, Fig 3). In addition, I established 

the CRM2 transgene which is the 3kb short variant of the 9kb version described in 

Zuniga et al. (2012) (Fig.1, 4, 5, Supplementary Fig. 8). Furthermore, I performed the 

4C experiments of wild-type, EC2D/D and EC1EC2D/D forelimb buds at E11.0 (Fig. 2). I 

performed all studies for the evolutionary part (except for the phylogenetic trees in 

Supplementary Figure 7a, b) and generated and analyzed all conservation plots 

shown in Fig. 4-6 and Supplementary Fig. 6, 8, 9. In addition, I cloned all Grem1 CRM 

orthologues and assessed their activities in the transgenic LacZ reporter assays 

shown in Fig. 5-7 and Supplementary Fig. 8 (the injections and embryo transfers were 

performed by the CTM Basel). To complement the LacZ reporter assays I performed 

Grem1 WISH in limb buds of rabbit, pig and chicken embryos at different stages (Fig. 

4, 6, Supplementary Fig. 7, 9). For a functional characterization of CRM2 I designed 

different deletion mutants, performed the LacZ reporter assays and analyzed the data 

(Fig. 5, Supplementary Fig. 8). Furthermore, I performed additional experiments for 

the revisions of the manuscript such as the binding site mutations analysis of the 

bamboo shark CRM2 orthologue (Fig. 7) and the fin to limb transition scheme (Fig. 8). 

From the beginning I was involved in the design and layout of figures, data analysis 

and manuscript writing. 
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ARTICLE

Spatial regulation by multiple Gremlin1 enhancers
provides digit development with cis-regulatory
robustness and evolutionary plasticity
Jonas Malkmus1,9, Laurène Ramos Martins1,9, Shalu Jhanwar 1,2, Bonnie Kircher3, Victorio Palacio1,
Rushikesh Sheth1, Francisca Leal3, Amandine Duchesne4, Javier Lopez-Rios 5, Kevin A. Peterson 6,
Robert Reinhardt1, Koh Onimaru 7, Martin J. Cohn 3,8, Aimée Zuniga 1! & Rolf Zeller 1!

Precise cis-regulatory control of gene expression is essential for normal embryogenesis and

tissue development. The BMP antagonist Gremlin1 (Grem1) is a key node in the signalling

system that coordinately controls limb bud development. Here, we use mouse reverse

genetics to identify the enhancers in the Grem1 genomic landscape and the underlying cis-

regulatory logics that orchestrate the spatio-temporal Grem1 expression dynamics during limb

bud development. We establish that transcript levels are controlled in an additive

manner while spatial regulation requires synergistic interactions among multiple enhancers.

Disrupting these interactions shows that altered spatial regulation rather than reduced Grem1

transcript levels pre!gures digit fusions and loss. Two of the enhancers are evolutionary

ancient and highly conserved from basal !shes to mammals. Analysing these enhancers from

different species reveal the substantial spatial plasticity in Grem1 regulation in tetrapods

and basal !shes, which provides insights into the !n-to-limb transition and evolutionary

diversi!cation of pentadactyl limbs.
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Precise spatio-temporal gene regulation is a de!ning feature
of embryonic development1,2. Gene expression is orche-
strated by cis-regulatory modules (CRMs) functioning as

transcriptional enhancers or repressors that are most often
embedded in large genomic landscapes3, and mutations in CRMs
are a major cause of congenital malformations and disease2,4.
Genetic analysis of the genomic landscapes of developmental
regulator genes indicated that functional redundancy among
enhancers (or shadow enhancers)5,6 is one of the mechanisms
underlying the cis-regulatory robustness of gene expression and
developmental processes7,8. The mouse limb bud is a model of
choice to study the molecular interactions underlying the
robustness of signalling and gene regulatory networks. One
paradigm is the self-regulatory SHH/GREM1/AER-FGF feedback
signalling system that controls limb bud outgrowth and
patterning9. We previously established that pathway inter-
connectivity underlies these self-regulatory properties that bal-
ance BMP and SHH activities by feedback regulation via the BMP
antagonist GREMLIN1 (GREM1). These feedback interactions
provide limb bud outgrowth and patterning with systems
robustness10,11. A paramount feature of this self-regulatory sig-
nalling system is transcriptional regulation of Grem1 by the dif-
ferent signalling pathways. Grem1 functions as a key node and
alterations in its expression impact both feedback regulation and
the progression of limb bud outgrowth and patterning10,12–14.
Whether the cis-regulatory interactions that control Grem1
expression could provide an additional level of robustness to limb
bud development is an intriguing possibility that remained to be
explored. In this study, we identify the multiple CRMs that
control Grem1 expression in mouse limb buds. In-depth genetic
and molecular analysis does not reveal clearly discernible
redundancy. Instead, we uncover a Grem1 core enhancer network
embedded in a ~190 kb topologically associating domain (TAD)
that regulates transcript levels in an additive manner while
interactions among enhancers provide cis-regulatory robustness
to the spatial regulation of Grem1 expression during mouse limb
bud development. The enhancer activities of two deeply con-
served CRMs from different tetrapods and basal !shes display
signi!cant spatial differences that match the observed species-
speci!c spatial variations in Grem1 expression during limb bud
development in different tetrapods. This evolutionary analysis
provides insights into the cis-regulatory and spatial changes in
Grem1 expression during the !n-to-limb transition and pre!gure
the evolutionary diversi!cation of the distal limb skeletal pattern
(this study and refs. 15–17).

Results
CRMs in the Grem1 TAD integrate signalling inputs into gene
expression. The mouse Grem1 and Formin1 (Fmn1) genes share
the same cis-regulatory landscape13 encompassing the ~240 kb
Fmn1 and ~190 kb Grem1 TAD (Fig. 1a, b, Supplementary
Fig. 1)18,19. Genetic inactivation of Grem1 disrupts limb skeletal
patterning, which results in fusion of ulna and radius and three
rudimentary digits20,21. In contrast, disruption of Fmn1 does not
alter limb development13, but deletion of an ~180 kb genomic
region overlapping the Grem1-Fmn1 TAD disrupts Grem1
expression in limb buds (delCis, Fig. 1b, Table 1)13,22. Within the
delCis region, eight CRMs were identi!ed by open chromatin
(ATAC-seq) and active enhancer mark (histone H3K27 acetyla-
tion) pro!ling in mouse forelimb buds (Fig. 1b, Supplementary
Figs. 2, 3), some of which overlap conserved non-coding regions
identi!ed previously (CRM2 to CRM4, Table 1)13,22–24. During
the onset of Grem1 expression and limb bud outgrowth, only
CRM2,-3 and CRM7,-8 are part of accessible chromatin regions
(E9.75) while the others are accessible by E10.5 (Fig. 1b,

Supplementary Fig. 2). The potential CRM enhancer activities
were assessed using LacZ reporter assays in transgenic mouse
embryos (Fig. 1c, Supplementary Fig. 2). This identi!ed CRM2-5
and CRM7 as active enhancers that recapitulate spatial aspects of
Grem1 expression (Fig. 1c). In contrast, the CRM6 activity is low
and variable (Fig. 1c, Supplementary Fig. 2) and no LacZ activity
is detected for CRM8 and CRM9 (Fig. 1c). CRM1 is located
outside the delCis region and its activity does not overlap Grem1
expression (Supplementary Fig. 2). This analysis also identi!ed
additional CRM enhancers located in the Fmn1 TAD, two of
which are active in the apical ectodermal ridge (AER, Supple-
mentary Fig. 1) as expected from Fmn1 expression13. This ana-
lysis establishes that the CRM enhancers with Grem1-like
activities are located in the Grem1 TAD (Fig. 1a–c).

Grem1 expression in limb buds is regulated by transacting
inputs that include BMP/SMAD4, SHH/GLI, and HOX13
transcription factor complexes10,11,24–26. ChIP-seq analysis iden-
ti!ed the CRMs that integrate these trans-regulatory inputs into
Grem1 expression (Fig. 1d, Supplementary Fig. 3). For SMAD4, a
single ChIP-seq peak is detected in CRM2 during forelimb bud
formation (E.9.5–9.75, Fig. 1d) as expected from BMP4-mediated
activation of Grem1 expression10,25. During limb bud outgrowth,
HOXA13/D13 and GLI3 ChIP-seq peaks are detected in all CRMs
of the Grem1 but not Fmn1 TAD (E11.5, Fig. 1d, Supplementary
Fig. 1; HOX13 datasets from ref. 27). This shows that the SHH
pathway and HOX13 impact Grem1 cis-regulation globally rather
than via speci!c CRMs, which points to potential cis-regulatory
redundancy (Fig. 1c, d, Table in Supplementary Fig. 2).

Multiple enhancers orchestrate Grem1 expression in limb buds.
Previous genetic analysis showed that several larger genomic
deletions overlap a genomic region that could be required for
Grem1 expression (termed GCR)13, which encompasses the
CRM2 to CRM4 enhancers (Fig. 1b–d, Table 1)22,23. Together
with Grem1 intra-TAD interactions (Fig. 1a) this led us to assign
these three CRMs to one putative enhancer cluster, called EC1,
while the more closely spaced CRM5 to CRM8 regions were
assigned to a second cluster, EC2 (Fig. 1a, d). Both putative
enhancer clusters were deleted using CRISPR/Cas9-mediated
genome editing (Fig. 2). Chromatin conformation capture (4C-
seq) establishes that the loss of interactions with the Grem1
promoter is limited to the deleted regions in mutant forelimb

Table 1 Nomenclature of the cis-regulatory regions in the
mouse Grem1 genomic landscape.

CRM/EC nomenclature Previous name Reference

delCis Fmn!10-24 Zuniga et al.13

EC1 GCR Zuniga et al.13

EC2 This study
CRM1 This study
CRM2 GRS1 Zuniga et al.22

CRM2: CE region HMCO1 Zuniga et al.22

CRM2: ME region This study
CRM3 HMCO2 Zuniga et al.22

CRM4 GRE1 Li et al.23

CRM5 This study
CRM6 This study
CRM7 This study
CRM8 This study
CRM9 This study
CRM10 - CRM13 This study

Listed are the uni!ed novel nomenclature and previous names of the cis-regulatory regions
identi!ed.
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buds (Fig. 2a) and shows that the reduction or loss of Grem1
expression (Fig. 2b–e) is due to the enhancer deletions rather than
global alterations of chromatin structure (Fig. 2a). This contrasts
with the widespread alterations in delCis homozygous forelimb
buds (Supplementary Fig. 4), which are a possible consequence of
deleting the 3! boundary of the Grem1 TAD13,18. Speci!c deletion
of both enhancer clusters (EC1!/!EC2!/!) disrupts Grem1
expression and results in a loss-of-function digit phenotype, but

does not globally disrupt the chromatin interactions with the
promoter (Fig. 2c). This shows that EC1 and EC2 regions encode
all CRMs essential for limb bud mesenchymal Grem1 expression
(Fig. 2a–c). Deleting either EC2 or EC1 reduces Grem1 transcript
levels during forelimb bud outgrowth (E11.0) by ~50% in both
cases (panel RT-qPCR, Fig. 2d, e). However, comparative RNA
in situ hybridisation analysis reveals spatio-temporal Grem1
expression differences during limb bud development (Fig. 2b–e).
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Fig. 1 Multiple CRMs in the Grem1 TAD are enhancers interacting with key transcription complexes. a Hi-C metadata from mouse embryonic
!broblasts19 show the chromatin interactions in the Grem1-Fmn1 TAD on mouse chromosome 2. The colour intensity scale shows the contact frequencies.
The Grem1 TAD: ~190 kb, indicated by blue dashed lines, Fmn1 TAD: ~240 kb, indicated by green dashed lines. Arhgap11a and Scg5 are part of the genomic
region but not located within the Grem1 TAD. b Enlargement of the Grem1 TAD (vertical blue dashed lines) and the delCis region required for Grem1
expression in limb buds (indicated by a horizontal black dashed line). The directions of transcription are indicated by arrows. The ATAC-seq peaks (open
chromatin) and histone H3K27 acetylation ChIP-seq peaks (H3K27ac; active enhancers) detected in forelimb buds at E10.5 identify all candidate CRMs
located distal to the Grem1 coding region. n= 2 independent biological replicates were analysed for the ATAC-seq and the H3K27ac ChIP-seq. The peak
calling function of MACS2 identi!ed the signi!cantly enriched peaks present in both replicates of the ATAC-seq and the H3K27ac ChIP-seq. The genomic
regions enriched in both ATAC-seq and H3K27ac ChIP-seq peaks correspond to candidate CRMs that are numbered in 3! direction starting with CRM1
(Table 1) and CTCF sites that are indicated by black arrowheads. c LacZ reporter assays in transgenic founder embryos, representing independent
transgene insertion events, establish robust enhancer activities for CRM2 (n= 7/11 expressors), CRM3 (n= 5/8), CRM4 (n= 6/8) CRM5 (n= 7/13) and
CRM7 (n= 3/6) in forelimb buds (E11.0–E11.5). CRM6 displays mostly no or rarely variable activity (n= 2/14 expressors), while CRM8 (n= 0/5) and
CRM9 (n= 0/4) are not active in limb buds. The transgenic founder embryos that express LacZ in forelimb buds are indicated as the fraction of all
embryos with LacZ expression in limb and non-limb tissues. Scale bar: 250 µm. Ant: anterior, Dist: distal, Post: posterior, Prox: proximal. d ChIP-seq analysis
identi!es the interaction of SMAD4 chromatin complexes with CRM2 in the Cis region during the onset of forelimb development (E9.5–9.75) and the GLI3,
HOXD13 and HOXA13 chromatin complexes during outgrowth (E11.5). n= 2 independent biological replicates were analysed for all ChIP-seq experiments
and the peak calling function of MACS2 identi!ed the signi!cantly enriched peaks in both replicates. These peaks overlap the CRMs identi!ed with
exception of one HOXA13 ChIP-seq peak that is located in a conserved region of non-accessible and non-H3K27ac marked chromatin (indicated by an
arrowhead)22. The only called SMAD4 ChIP-seq peak within the Grem1 TAD is indicated by an arrow. CRM enhancers are indicated in blue, CRMs without
LacZ activity in grey. EC1 and EC2: enhancer cluster 1/2. The inputs for the H3K27ac, SMAD4 and GLI3 ChIP-seq analyses (panels b, d) are shown in
Supplementary Fig. 3.

Fig. 2 Two enhancer clusters in the Grem1 TAD control the spatio-temporal dynamics of limb bud mesenchymal Grem1 expression. a Chromatin
conformation capture (4C) using the Grem1 promoter as viewpoint (VP, also indicated by a black arrowhead) to reveal its interactions with the Grem1-Fmn1
landscape. The 4C pro!les of forelimb buds lacking both EC1 and EC2 or EC2 and EC1 alone were compared to their respective wild-type controls (upper
Wt: control for EC1!/!EC2!/! and EC2!/!, lower Wt: control for EC1!/! forelimb buds). Subtraction after normalization reveals that the deletions do not
affect the interactions of the Grem1 promoter with the remainder of the Grem1-Fmn1 TAD (subtraction, green: reduction or loss of interactions, red: gain of
interactions). The position of Grem1 TAD is indicated at the bottom of the panel. b–e Left panels (except b): RT-qPCR was used to determine the relative
Grem1 transcript levels in wild-type and homozygous mutant forelimb buds (n= 7 independent biological replicates at E11.0, 40–42 somites per genotype).
Bars represent mean values+/! SEM. P-values were determined using the two-tailed Mann–Whitney test: ***p= 0.000583 (panels c, e), *p= 0.017483
(panel d). Middle panels: In situ hybridisation shows the spatio-temporal Grem1 distribution in wild-type (Wt) and mutant forelimb buds at three
developmental stages (n= 4 embryos analysed per genotype and stage from different litters and in minimally two independent experiments). E10.5:
35–37 somites; E11.0: 40–42 somites, E12.0: staged by developmental time). Ant: anterior, Dist: distal, Post: posterior, Prox: proximal. Scale bars: 250 "m.
Right panels: limb skeletons at ~E14.5 (blue: cartilage, red: ossi!cation centres in radius and ulna). Digits are shown from anterior (digit 1) to posterior (digit
5). Only three rudimentary digits form in EC1!/!EC2!/! forelimb buds (indicated by asterisks, n= 5). In contrast, pentadactyly is perfectly maintained in
EC2!/! forelimbs (n= 3), while 64% of all EC1!/! (n= 9/14) forelimb skeletons display variable fusions of digits 2 and 3 (asterisk). Scale bar: 1 mm. RT-
qPCR source data are provided in a Source data !le.
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In EC1!/! and EC2!/! forelimb buds Grem1 expression is acti-
vated normally, while no activation is detected in EC1!/!EC2!/!
forelimb buds (Supplementary Fig. 4). In EC2!/! forelimb buds,
the dynamic Grem1 expression pattern is similar to wild-type
limb buds, i.e. expands distal-anterior into a crescent-shaped
domain that retains its posterior bias (E10.5, E11.0, Fig. 2b, d;
Supplementary Fig. 4)22. In contrast, this posterior bias is reduced

such that the Grem1 domain appears smaller and more symme-
trical in EC1!/! forelimb buds (E11.0, Fig. 2e) and expression
terminates precociously during mutant handplate (autopod)
development (E11.0–E12.0, Fig. 2e). The comparative analysis of
EC1!/! and EC2!/! forelimb buds indicates that the ~50%
reduced Grem1 levels have no effect on digit patterning (Fig. 2d),
while the spatio-temporal changes in EC1-de!cient forelimb buds
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are the likely cause of the partial and variable digit 2/3 fusions
(Fig. 2e, see also Fig. 3f).

The CRM2-5 enhancer network provides cis-regulatory
robustness. To gain insight into the CRM functions and interac-
tions, additional Grem1 alleles lacking one or several enhancers
were generated (Fig. 3 and Supplementary Fig. 5). Deletion of
CRM2 (CRM2!/!, Fig. 3b) reduces Grem1 transcript levels to a
similar extent as the EC1 de!ciency (~50% at E11.0, panel RT-
qPCR). As for the EC1 de!ciency (Fig. 2e), Grem1 expression is
reduced and terminates prematurely in CRM2!/! forelimb buds
while the posterior bias in Grem1 expression and pentadactyly are
maintained (Fig. 3b, see also Fig. 3f). Nevertheless, the reduction in
Grem1 transcript levels and premature termination in CRM2!/!
forelimb buds are the most severe alterations resulting from the
deletion of a single CRM enhancer. This reveals the essential cis-
regulatory functions of CRM2, which is the enhancer in EC1 that is
located closest to the Grem1 gene. In contrast, deletion of either
CRM3 or CRM4 (previously called GRE1, Table 1)23 does not sig-
ni!cantly alter the levels and spatial distribution of Grem1 tran-
scripts (CRM3!/!: Supplementary Fig. 5, CRM4!/!: ref. 23).
Furthermore, the deletion of either CRM3 or CRM4 in context of
the CRM2 de!ciency (CRM2!/!CRM3!/!, CRM2!/!CRM4!/!,
Supplementary Fig. 5) does not reproduce the spatial Grem1
expression changes observed in EC1-de!cient forelimb buds
(Fig. 2e) and pentadactyly is maintained (Supplementary Fig. 5).
The similar spatial activities of CRM2 and CRM5 (Fig. 1c) led us to
analyse Grem1 alleles lacking CRM5 and compound mutant alleles
(Fig. 3c–e). In CRM5!/! forelimb buds, Grem1 transcript levels are
lowered by ~30%, but as for the EC2 de!ciency (Fig. 2d) no spatial
changes are detected and pentadactyly is maintained (Fig. 3c). In
CRM2!/!CRM5!/! forelimb buds, Grem1 transcript levels are
reduced in an additive manner by ~80% (Fig. 3d). In contrast,
the spatial expression remains similar to the Grem1 domain in
CRM2!/! forelimb buds and pentadactyly is maintained in spite of
the ~80% reduction in transcripts (Fig. 3d, compare to Fig. 3b). In
EC1!/!CRM5!/! forelimb buds, Grem1 transcript levels are
also reduced by ~80% and striking spatial changes in Grem1 dis-
tribution are observed in contrast to CRM2!/!CRM5!/! forelimb
buds (Fig. 3e, compare to in Fig. 3d). During early limb bud
outgrowth (E10.5), Grem1 expression is anteriorly expanded in
EC1!/!CRM5!/! forelimb buds, but subsequently restricts to a
narrow symmetrical domain (E11.0, Fig. 3e). These spatial chan-
ges are paralleled by tetradactyly with partial loss of identities in
EC1!/!CRM5!/! forelimbs (Fig. 3e).

Genetic analysis of the Grem1 cis-regulatory landscape (Figs. 2
and 3) establishes that four of the seven CRMs, namely CRM2 to

CRM5 are part of the core enhancer network that regulates Grem1
distribution in mouse limb buds (Fig. 3f). In both CRM2!/! and
CRM2!/!CRM5!/! forelimb buds, the posteriorly biased and
crescent-shaped Grem1 expression domain are maintained in spite
of the stepwise reduction in Grem1 transcript levels (Fig. 3f).
Deletion of either CRM2 to CRM4 (EC1!/!) or CRM2 to CRM5
(EC1!/!CRM5!/!) does not alter transcript levels further, but it
either weakens or disrupts the spatial regulation of Grem1
expression and digit development (Fig. 3f). The spatial alterations
in Grem1 expression result either in reduction (EC1!/!) or loss of
the posterior bias (EC1!/!CRM5!/!, arrowheads) and a distally
stunted crescent domain in both types of mutant forelimb buds
(bar-ended line, Fig. 3f). The signi!cantly reduced and symme-
trical Grem1 domain in EC1!/!CRM5!/! forelimb buds results in
tetradactyly with symmetrical middle digits (Fig. 3e, f), which
bears remarkable resemblance with the spatial Grem1 expression
in bovine and pig limb buds and the morphological alterations of
the distal limb skeleton in these Artiodactyl species15,16,28.

High plasticity of ancient Grem1 enhancers during tetrapod
evolution. Previous analysis of limb bud mesenchymal Grem1
expression in different tetrapods provided evidence that the
spatio-temporal plasticity in Grem1 expression correlates well
with evolutionary diversi!cation of the distal limb skeleton15,16,29.
This prompted us to investigate how the cis-regulatory com-
plexity underlying Grem1 expression in limb buds might have
arisen and diverged. To this aim, the Grem1 TAD sequences from
species representing different vertebrate clades were aligned to
identify evolutionary conserved non-coding regions. In addition
to Mammalia and Sauropsida, this comparison also included
basal !shes: Coelacanth (Latimeria chalumnae), a lobe-!nned !sh
that diverged from the lineage leading to tetrapods ~410 million
years (myr) ago30 and two cartilaginous !shes (Chondrichthyes),
elephant shark (Callorhinchus milii) and bamboo shark (Chi-
loscyllium punctatum) that diverged from other jawed vertebrates
~450 myr ago31,32. This analysis using either the mouse (Fig. 4a),
chicken or bamboo shark as reference genome (Supplementary
Fig. 6) revealed the deep overall conservation of the Grem1-Fmn1
genomic landscape and the ancient nature of the CRM2 and
CRM5 enhancers, and CRM8. This analysis also shows that four
of the !ve enhancers (CRM2/3 in EC1, CRM5/7 in EC2) are
present in Sauropsida which diverged from Mammalia ~330myr
ago. Furthermore, phylogenetic analysis of CRM2 and CRM5
reveals their signi!cant sequence diversi!cation during tetrapod
evolution (Supplementary Fig. 7). As these two ancient enhancers
are the key components of the CRM2-5 enhancer network in
mammals (Fig. 4a), changes in their activities could provide

Fig. 3 Interactions among CRMs provide the spatially dynamic Grem1 expression and pentadactyly with cis-regulatory robustness. a Left panel:
indication of the relevant limb bud axes. Ant: anterior, Dist: distal, Post: posterior, Prox: proximal. b–e Left panels: RT-qPCR was used to determine the
relative Grem1 transcript levels by comparing wild-type and CRM2!/! (b), CRM5!/! (c), CRM2!/!CRM5!/! (d) and EC1!/!CRM5!/! forelimb buds
(e; n= 7 independent biological replicates at E11.0, 40–42 somites for all genotype). Bars represent mean values+/! SEM. P-values were determined
using the two-tailed Mann–Whitney test: ***p= 0.000583 (panels b, d, e) and *p= 0.011072 (panel c). Middle panels: spatial Grem1 expression in wild-
type (a) and the different single and compound mutant forelimb buds (b–e) at the developmental stages indicated (n= 4 embryos analysed per genotype
and stage from different litters and in minimally two independent experiments). Scale bars: 250 "m. Right panels: limb skeletons at ~E14.5 (blue: cartilage,
red: ossi!cation centre in radius and ulna). Digits are shown from anterior (digit 1) to posterior (digit 5). Pentadactyly is maintained in CRM2!/! (n= 4
embryos), CRM5!/! (n= 8) and CRM2!/!CRM5!/! (n= 3) forelimb skeletons. In contrast, all EC1!/!CRM5!/! (n= 8) forelimb skeletons are tetradactyl
with symmetrical middle digits of equal length (indicated by asterisks). Scale bar: 1 mm. f Direct comparison of the Grem1 expression domain in forelimb
buds of the most relevant CRM loss-of-function alleles (E11.0, 40–42 somites). These forelimb buds belong to the same group of biological replicates as the
ones shown in Figs. 2 and 3. Arrowheads indicate the posterior domain. Bar-ended lines point to the stunted crescent domain. The forelimb buds are
representative of the spatial distributions in the respective genotype. The relative Grem1 transcript levels in comparison to the wild-type (set at 100%, see
before) and schematics of the distal limb skeletons are shown below. Skeletons in black: pentadactyly maintained, grey: pentadactyly altered/disrupted.
RT-qPCR source data are provided in a Source data !le.
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insights into the spatial plasticity underlying Grem1 expression in
mammalian limb buds (Fig. 4b, c)15,16,28. Therefore, the enhancer
activities were compared with Grem1 expression in limb buds of
two pentadactyl (Rodentia: mouse, Leporidae: rabbit) and two
even-toed artiodactyl species (Suidae: pig, Bovidae: bovine,
Fig. 4b, c, Supplementary Fig. 7). In mouse and rabbit forelimb
buds (Fig. 4c), Grem1 expression is biased posteriorly, but the
crescent expands further anterior-proximal in rabbit forelimb
buds (arrowheads Fig. 4c, Supplementary Fig. 7). LacZ reporter
assays show that rabbit CRM2 has the highest activity in the
posterior mesenchyme, but is also active in anterior mesenchyme
together with CRM5 in a pattern overlapping the Grem1 domain
in rabbit forelimb buds (arrowheads, Fig. 4c). The characteristic
symmetrical Grem1 domain in Artiodactyl limb buds pre!gures

the paraxonic limb skeleton and digit loss (Fig. 4c, Supplementary
Fig. 7)15. This loss of asymmetry is paralleled by anteriorly
expanded activity of pig CRM5 (arrowhead), while its CRM2
orthologue retains the posterior activity bias (Fig. 4c). In contrast,
the bovine CRM2 is lacking this posterior activity bias (open
arrowhead) and CRM5 activity is low in transgenic mouse limb
buds (Fig. 4c). This analysis shows that lineage-speci!c rather
than common changes in CRM2 and CRM5 activities underlie
the symmetrical limb bud mesenchymal Grem1 expression in
these two Artiodactyl species, which points to signi!cant plasticity
in CRM activities during mammalian limb skeletal diversi!cation.

Comparison of the mammalian CRM2 orthologues reveals two
highly conserved non-coding regions (Fig. 4a, b) but only one of
these, termed core element (CE) is conserved from !shes to
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mammals (Fig. 5a), while the other is a mammalian-speci!c
element (ME; Fig. 5a: mouse and chicken reference genomes;
Supplementary Fig. 8: bamboo shark reference genome). Among
bird CRM2 orthologues, signi!cant parts of the non-coding
regions are conserved in addition to the CE region (lower panel,

Fig. 5a). However, in chicken limb buds these regions are neither
part of active chromatin nor enriched in HOX13 chromatin
complexes (Supplementary Fig. 8). This indicates that there is no
direct functional correspondence to the ME region in the chicken
genome. Functional mapping of the mouse CRM2 using LacZ

Fig. 4 Spatial plasticity of the ancient CRM2 and CRM5 enhancers during evolutionary diversi!cation of mammalian limb development. a Multiple
sequence alignments using the mouse genome as reference reveals the deep evolutionary conservation of the Grem1 TAD in jawed vertebrates
(Gnathostomata). The CRM enhancers active in the mouse are indicated in blue and all others CRMs in grey. Regions with !70% conservation are shaded
in light red. Black arrowheads indicate the conserved Fmn1 exons. A: amphibians. Genomes from the following species are included. Mouse: Mus musculus
(reference genome); rabbit: Oryctolagus cuniculus; pig: Sus scrofa; bovine: Bos taurus; opossum: Monodelphis domestica; chicken: Gallus gallus; lizard: Anolis
carolinensis; python: Python bivittatus; frog: Nanorana parkeri; coelacanth: Latimeria chalumnae; medaka: Oryzias latipes; spotted gar: Lepisosteus oculatus;
elephant shark: Callorhinchus milii, bamboo shark: Chiloscyllium punctatum. b Conservation plots reveal the evolutionary conservation of the relevant
mammalian CRM2 and CRM5 regions in comparison to the mouse. All highly conserved regions (!70%, shaded light red) were included in the LacZ
reporter constructs. Black arrowhead indicates Fmn1 exon 22 that is an integral part of CRM2 in all species. c Evolutionary diversi!cation of the Grem1
expression domains and spatial activities of CRM2 and CRM5 in pentadactyl (mouse, rabbit) and artiodactyl (pig, bovine) species. Left panels: Grem1
expression in mouse (E11.0), rabbit (gestational day D12), pig (D23) and bovine (D34) forelimb buds (n! 3 independent embryos analysed). Middle and
right panels: CRM2 and CRM5 enhancer activities from the different species as determined by LacZ reporter assays in transgenic mouse limb buds mouse
CRM2: n= 7/11, CRM5 n= 7/13 (see Fig. 1c); rabbit CRM2 n= 10/11 and CRM5 n= 4/6 with highly variable activities; pig CRM2 n= 3/3 and CRM5
n= 5/5, bovine CRM2 n= 4/4 and CRM5 n= 5/5. Black arrowheads indicate the anterior expansion of Grem1 expression/enhancer activities compared to
the mouse. Bovine CRM2: open arrowhead indicates the loss in posterior activity bias. The transgenic founder embryos that express LacZ in forelimb buds
are indicated as the fraction of all embryos with LacZ expression in limb and non-limb tissues. Ant: anterior, Dist: distal, Post: posterior, Prox: proximal.
Scale bars: 250 !m.
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reporter constructs shows that deletion of the CE region abolishes
enhancer activity (!CE, upper panel Fig. 5b), while the ME
deletion disrupts the posterior CRM2 activity (!ME, middle
panel, compare to CRM2 lower panel, Fig. 5b). The ME and CE
regions on their own have no or only anterior activity,
respectively, while a construct encoding both regions is active

in the posterior and anterior-distal limb bud mesenchyme (Fig. 5c
and Supplementary Fig. 8). As the CE region and adjacent Fmn1
exon 22 are deeply conserved and part of one accessible
chromatin region in mouse limb buds (Fig. 1b), this entire
CE22 region was also assessed, which revealed its activity in
the autopod primordia (Supplementary Fig. 8). Taken together,
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the CRM2 enhancer consists of the essential and deeply
conserved CE and exon 22 region and additional non-coding
elements. The latter are conserved only in speci!c tetrapod classes
such as Mammalia (ME region, upper panel Fig. 5a) and Aves as
evidenced by extended conservation of CRM2 from different bird
species (chicken, !nch, emu, lower panel, Fig. 5a).

Ancient !sh and Sauropsid enhancers are active in the mouse
autopod. Similar to CRM2 (Fig. 5a), the evolutionary conserva-
tion of CRM5 between Mammalia, Sauropsida and basal !shes is
restricted to a core region (Fig. 6a, Supplementary Fig. 9). During
chicken wing bud (3 digits) and pentadactyl lizard forelimb bud
development33, Grem1 is also expressed in a proximal domain in
addition to the posterior-distal domain (Fig. 6b, Supplementary
Fig. 9). This spatial pattern is similar to Grem1 expression in limb
buds of other bird species29. The chicken and lizard CRM2
enhancers are active throughout the distal mouse limb bud
mesenchyme, while chicken CRM5 activity is restricted to the
distal-anterior mesenchyme (arrowheads, Fig. 6b). In contrast,
the lizard CRM5 is not active in transgenic mouse limb buds
(Fig. 6b). Python embryos lack forelimb buds, but Grem1
expression is activated in their rudimentary hindlimb buds
(Fig. 6b, Supplementary Fig. 9). Python CRM2 activity is reduced
to a small distal domain while no CRM5 activity is detected
(Fig. 6b), in line with the widespread enhancer degeneration that
accompanied limb loss in snakes33–35. Similar to mammals
(Fig. 4c), the differences in Grem1 expression in Sauropsid species
(Fig. 6b) are due to the evolutionary diversi!cation of CRMs that
impacted their enhancer activities (Supplementary Fig. 7).

Rather unexpectedly, the CRM2 and CRM5 from lobed !nned
and cartilaginous !shes display strong activities in the developing
mouse autopod and distal-anterior mesenchyme, respectively
(Fig. 6c). In particular, the robust CRM2 enhancer activity of
these basal !shes in transgenic mouse limb buds is strikingly
similar to their Sauropsid orthologues (chicken, lizard in Fig. 6b).
However, this contrasts with the posteriorly restricted Grem1
expression in paired !n buds of bamboo shark embryos (lower
panel, Fig. 6c and Supplementary Fig. 9). This discrepancy is a
likely consequence of the !sh CRM2 and CRM5 responding to
the pathways regulating Grem1 expression in the developing
mouse autopod, namely the SHH/GLI signalling pathway and
HOX transcription regulators which have also been implicated in
the !n-to-limb transition36–38. Therefore, we assessed the effects
of mutating their respective binding sites in the conserved CE
region of bamboo shark CRM2 (Fig. 7a). Mutation of all Gli and
Hox13 binding sites separately or combined mutation of the three

shared Hox/Gli binding sites disrupts the robust bamboo shark
CRM2 enhancer (Fig. 7b), which results in variable low (Gli
binding sites, Fig. 7c) or no activity (Hox13 and Gli/Hox13
binding sites, Fig. 7d, e). This analysis indicates that the
evolutionary ancient Grem1 enhancers from !shes indeed
respond to the inputs that regulate Grem1 expression in the
mouse autopod.

Discussion
Analysis of developmental regulator genes embedded in large
genomic landscapes showed that redundancy among enhancers
can act as regulatory buffer against variation, which manifests
itself by the absence of overt phenotypes following inactivation of
individual enhancers7,8. Our analysis also pointed to functional
redundancy among CRMs, but molecular analysis indicates that
the CRM2-5 core enhancer network governs limb bud
mesenchymal Grem1 expression by two distinct cis-regulatory
principles: (1) Grem1 transcript levels are regulated in an additive
manner similar to what has been shown for the multiple
enhancers controlling Ihh levels in mouse forelimb buds and
other tissues39. However, altering this additive regulation of
Grem1 transcript levels has no signi!cant effect on limb bud
skeletal development as an ~80% reduction is not suf!cient to
disrupt pentadactyly, which indicates that Grem1 levels are not
critical to normal digit development. (2) More importantly, the
genetic analysis points to synergistic interactions among CRM
enhancers in regulating the spatial Grem1 expression kinetics. In
fact, individual CRM deletions have no discernible effects on
spatial regulation with exception of CRM2, whose genetic inac-
tivation causes only minor spatial changes but premature termi-
nation of Grem1 expression (this study) and CRM4, whose
inactivation causes subtle spatial alterations23. Compound
mutants lacking two of the four enhancers do not alter the overall
shape of the Grem1 expression domain (this study). One possible
explanation for the lack of signi!cant spatial alterations in these
mutants is functional redundancy, which has been proposed to
underlie the cis-regulation of Ptch1, Gli3 and Fgf8 by multiple
enhancers and/or so-called shadow enhancers during embryonic
and/or limb bud development8,40,41. In contrast to mutants
lacking one or two CRMs, spatial changes in the Grem1 domain
are observed in EC1-de!cient and much more strikingly in
EC1CRM5-de!cient limb buds. The striking spatial differences
between these two compound CRM loss-of-function mutants and
all others, including the EC2 (CRM5-8) deletion indicate that cis-
regulatory robustness is disrupted when a threshold reduction in
CRM2-5 activities is reached. Therefore, it is possible that not

Fig. 6 Reporter assays in transgenic mouse embryos reveal the limb enhancer activities of CRM2 and CRM5 from Sauropsida and basal !shes. a
Conservation plot analysis using the mouse (left panel) and chicken genome (right panel) as reference genomes reveals the reduced conservation of CRM5
in non-mammalian species. For using bamboo shark as reference genome see Supplementary Fig. 9. The highest conserved CRM5 regions (!70%) are
shaded in light red. b Left panels: Grem1 expression in chicken wing buds (n= 4 embryos at two stages, shown is stage HH24-25) and Anolis lizard forelimb
buds (n= 4 embryos at stage 6) at stages similar to mouse forelimb buds at E11.0. For python embryos, vestigial hindlimb buds prior to developmental
arrest are shown (n= 4 embryos analysed at stage 2). Middle and right panels show representative CRM2 and CRM5 LacZ reporter patterns in
independent transgenic mouse limb buds for the orthologues from chicken (CRM2 n= 4/4 and CRM5 n= 6/9 expressors), lizard (CRM2 n= 4/4 and
CRM5 n= 1/7 expressors) and python (CRM2 n= 8/10 and CRM5 n= 0/5 expressors). Black arrowheads indicate the anterior expansion/shift of CRM2
and CRM5 enhancer activities (in comparison to their mouse counterparts, see e.g. Fig. 4c). Ant: anterior, Dist: distal, Post: posterior, Prox: proximal. c LacZ
reporter assays in independent transgenic founder embryos reveal the strong expression of the conserved coelacanth, elephant- and bamboo shark CRM2
and CRM5 core enhancer regions in the distal autopod territory of transgenic mouse limb buds. Transgenic founder embryos with limb bud activities:
coelacanth: CRM2 n= 9/10, CRM5 n= 7/8; elephant shark: CRM2 n= 6/6, CMR5 n= 4/4; bamboo shark: CRM2 n= 5/5, CRM5 n= 4/4 of all embryos
with LacZ expression in limb and non-limb tissues. The Grem1 expression in the posterior mesenchyme of paired pectoral !n buds of bamboo shark
embryos is shown in the lower left panel (n= 2 embryos at slightly different stages, see Supplementary Fig. 9e). Scale bars: 250 !m. The coelacanth and
elephant shark schemes are from the open access PhyloPic website (http://phylopic.org); coelacanth: Public Domain Mark 1.0; elephant shark: the Creative
Commons Attribution-ShareAlike 3.0 Unported license). The elephant shark scheme was created by Tony Ayling and vectorized by Milton Tan.
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only redundant, but also interdependent and/or cooperative
interactions among these CRM enhancers2,41 govern the spatial
regulation of Grem1 expression in mouse limb buds. Coopera-
tivity among CRM2-5 core enhancers could provide the cis-reg-
ulation of Grem1 expression and pentadactyly with the high-level
robustness to variation as observed by loss-of-function analysis
(this study). The spatio-temporal expression of 5’HoxD genes is
also regulated by interactions involving several enhancer
clusters42, but it is unclear whether these enhancers function in a

manner similar to the Grem1 CRM2-5 core enhancer network.
Furthermore, all functionally relevant CRM enhancers are able to
integrate inputs from HOX13 transcription factors and SHH/GLI
signal transduction into Grem1 cis-regulation, which likely
strengthens robustness of the self-regulatory limb bud signalling
system10. This signalling system and cis-regulatory robustness
provide a likely explanation for the extreme scarcity of human
congenital limb malformations linked to the Grem1 locus21,43.
This contrasts with the high prevalence of human congenital limb
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malformations caused by mutations affecting single enhancers
such as the one that controls Shh expression in limb buds44.

Our analysis points to functional hierarchy among Grem1
enhancers with CRM2 being the most important single CRM
enhancer that is necessary for both spatial and temporal control
of Grem1 expression during limb bud outgrowth and autopod
development. The CRM2 enhancer is located closest to the Grem1
coding region and maps to open chromatin from the onset to late
limb bud development. ChIP-seq analysis identi!es CRM2 as
Grem1 enhancer that can integrate transacting inputs from both
the BMP and SHH signalling pathways that function in activating
limb bud mesenchymal Grem1 expression in a partially redun-
dant manner10,11,25. These are features reminiscent of a lead

enhancer and/or an enhanceosome, the latter of which has been
proposed to provide a platform for cooperative assembly of the
transcriptional complexes that activate gene expression2,7. Fur-
thermore, the mouse CRM2 enhancer has a very distinctive
structure as it encodes the deeply conserved CE and mammalian-
speci!c ME region and possibly additional species-speci!c
regions that control its dynamic activity in the posterior and
distal limb bud mesenchyme. The progression from spatially
robust Grem1 expression and pentadactyly to variable digit
fusions and loss mimics both molecular and phenotypic features
of evolutionary digit reductions and loss in mammals15,16,28. That
the CRM2-5 enhancer network provides both cis-regulatory
robustness and evolutionary plasticity is also apparent from the

Fig. 7 Mutagenesis of Gli and Hox13 binding sites in the CE region disrupts the bamboo shark CRM2 activity. a The position of the CE region in the
1214 bp bamboo shark CRM2 transgene construct is shown schematically. The Gli and Hox13 consensus sequences used for binding site identi!cation are
shown below the alignment of the CE core region. Within this CE core region, an increased number of highly conserved Gli and Hox13 binding sites are
identi!ed by multiple sequence alignment (asterisks indicate the positions of 100% base pair conservation). Therefore, the binding sites for either all Gli (11
binding sites) or Hox13 (10 binding sites), or three regions with overlapping Hox13/Gli binding sites were mutated (all binding sites indicated in bold). The
nucleotide changes are indicated in red. b–e The resulting bamboo shark CRM2 LacZ reporter constructs were analysed in forelimb buds of mouse
transgenic founder embryos at ~E11.0. b Analysis of the wild-type bamboo shark CRM2 reveals its robust and strong activity throughout the limb bud
mesenchyme (n= 7/7, see also lower panel in Fig. 6c). c Mutation of all Gli binding sites (Glimut) in the CE region disrupts the bamboo shark CRM2
activity in the developing autopod. Variable activities are still detected in the posterior- and anterior-distal limb bud mesenchyme (left panel, n= 5/8). In
other forelimb buds, no activity is detected in the autopod primordia (right panel, n= 3/8). d Mutation of all Hox13 binding sites (Hoxmut) disrupts the
bamboo shark CRM2 enhancer activity in the autopod (left panel, n= 10/10). However, half of the founder embryos display variable activity in the proximal
forelimb bud mesenchyme (right panel, n= 5/10). eMutation of the three overlapping Gli and Hox13 binding sites (panel a) completely disrupts the CRM2
enhancer activity in forelimb buds of transgenic founder embryos (Gli/Hoxmut, n= 13/15; two embryos retain activity in forelimb buds). The transgenic
founder embryos that express LacZ in forelimb buds are indicated as the fraction of all embryos with LacZ expression in limb bud and non-limb bud tissues.
Scale bar (panels b–e): 250 µm.

?

Sarcopterygii Stem Tetrapods MammaliaChondricthtyes

Fig. 8 Fish and tetrapod Grem1 expression patterns recapitulate molecular and morphological hallmarks of the !n-to-limb transition. Upper panels:
schematics of the endochondral skeletons (shaded grey) with the appendage (metapterygial) axis indicated by a red dotted line. Lower panels:
schematized spatial expression of Grem1 (blue), posterior genes (green: e.g. 5’Hoxd and Hand2 genes) and anterior genes (orange: e.g. Alx4 and Pax9
genes). The expression of posterior genes expands distal-anterior and anterior genes remain more proximally restricted during tetrapod limb bud
development. In Chondrichthyes (bamboo shark) Grem1 is expressed in the posterior !n bud overlapping the boundary of posterior and anterior genes. In
Sarcopterygii (lung!sh) this boundary follows the main appendage axis and Grem1 expression is shifted to the central and distal mesenchyme. In extinct
stem tetrapods (Acanthostega)70 with a polydactylous autopod and distal-anteriorly bent appendage axis, the hypothetical gene expression patterns were
extrapolated from polydactylous mouse limbs such as Gli3-de!cient mice. It is likely that Grem1 expression extended through the entire autopod as is
observed for the activities of the CRM2 enhancer from different basal !shes in transgenic mouse limb buds. In pentadactyl mammals (Mus Musculus),
Grem1 expression is activated in the posterior mesenchyme as in !shes but then expands distal-anterior during autopod development.
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evolutionary diversi!cation of CRM2 and CRM5 enhancer
activities, which concur with the spatial Grem1 expression dif-
ferences in limb buds of tetrapod species representing different
clades and classes. However, diversi!cation of enhancer activities
does not always result in the amazing spatial plasticity that we
observe for limb bud mesenchymal Grem1 expression in various
tetrapod species from different clades. For example, the activities
of the enhancers controlling krox20 expression in the developing
hindbrain have signi!cantly diversi!ed, but the krox20 pattern in
the hindbrain remained remarkably conserved from !shes to
mammals45.

How !ns transitioned to limbs is a continued source of fas-
cination. Current models indicate that the autopod evolved by
expanding the posterior mesenchyme, which enabled formation
of basal radials at the expense of ectodermal !n rays (Fig. 8)46,47.
Grem1 is expressed in the posterior !n bud mesenchyme toge-
ther with HoxD genes and genes of the SHH/GREM1/FGF sig-
nalling system (this study)17,48,49, which indicates that these key
regulators of Grem1 expression were present in the common
ancestor of cartilaginous !shes and tetrapods and may even date
back to the origin of paired appendages17,50–52. This is corro-
borated by the fact that the ancient CRM2 enhancer from
bamboo shark responds to the same trans-acting inputs as their
mammalian counterparts, namely HOX13 transcription factors
and SHH/GLI-mediated signal transduction (this study)10,37.
This reveals the ancient and conserved nature of the
trans/cis-regulatory interactions that regulate Grem1 expression
in the posterior !n bud and the distal limb bud mesenchyme. It
has been postulated that during the evolutionary transition from
!n to limb buds, cis- and trans-regulatory alterations caused the
spatial changes resulting in distal-anterior expansion of the
posterior HoxD expression domains (positive regulators of
Grem1) and anterior restriction of Gli3 expression (negative
regulator of Grem1 expression, Fig. 8)12,25,50–53. These spatial
changes such as the distal-anterior expansion of HoxD genes
could have directly co-opted Grem1 expression to the expanding
distal mesenchyme during the !n-to-limb transition. This is
supported by the fact that the initial posterior expression of
Grem1 expands distal-anteriorly during !n bud outgrowth in
lung!sh which are the closest extant relatives to tetrapods
(Fig. 8)17. This, together with the progressive rewiring of the
archetype SHH/GREM1/FGF interactions into a feedback sig-
nalling system operating between mesenchyme and AER con-
tributed to the increased distal outgrowth49,54. Comparative
analysis of !sh paired !n and tetrapod limb buds shows that the
distal-anterior expansion of posterior genes underlies the distal-
anterior turning of the appendage axis (broken red line, Fig. 8)
and the gradual transition from !n rays to polydactylous digit
radials47,50–52,55,56. This hypothesis is well supported by the
fossil record that includes both tetrapodomorphs (transitional
forms) and stem tetrapods57,58. In this context, it is interesting
that CRM2 from basal !shes is active in the entire mouse
autopod primordia (this study) and that uniform Grem1
expression in mouse limb buds induces digit polydactyly due to
prolonged proliferation of chondrogenic progenitors12,59.
Therefore, it is tempting to speculate that the evolutionary
rewiring of gene regulatory networks resulting in co-option of
Grem1 expression to the ancestral autopod contributed to its
polydactylous nature in stem tetrapods.

Methods
Ethics statement and approval of all animal experimentation. All animal
experiments were performed in accordance with national laws and approved by the
national and local regulatory authorities as mandated by law in Switzerland,
Germany and France. In the USA and Japan, animal experimentation was
approved by the Institutional Animal Care and Use Committees (IACUC).

Approval in Switzerland, mouse genetics and chicken embryos: Regional Com-
mission on Animal Experimentation and the Cantonal Veterinary Of!ce of the city
of Basel. Approval in Germany, rabbit embryos: Niedersächsisches Landesamt für
Verbraucherschutz, Oldenburg (LAVES); pig embryos: Regierung von Oberbayern
- Sachgebiet 55.2 - Rechtsfragen Gesundheit, Verbraucherschutz und Pharmazie.
Approval in France for bovine embryos: Comité Rennais d’ Ethique en matière
d’Expérimentation Animale. Approval in the USA for lizard and python embryos:
University of Florida IACUC; mouse embryos for Gli3 ChIP-seq: The Jackson
Laboratory IACUC. Approval in Japan: experiments using bamboo shark embryos
were conducted in accordance with the guidelines approved by the IACUC at the
RIKEN Kobe Branch. The 3R principles were implemented in all animal study
designs and power calculations were performed and/or set standards for respective
experimental analysis implemented to assure reproducibility. If possible, results
were veri!ed using complementary approaches and independent veri!cation by
different researchers. Due to genetic complexity, mice and embryos had to be
genotyped prior to analysis with exception of the LacZ reporter analysis. Analysis
included embryos of both sexes.

Mouse strains. Mice were housed in individually ventilated cages (Greenline-
Tecniplast) at 22 °C, 55% humidity and a light cycle of 12:12 with 30 min sunrise
and sunset. The mouse strain carrying the Cis!/! loss-of-function Grem1 allele was
generated previously as Fmn!10.24 allele13. All other genetically altered mouse
strains used for this study were generated de novo. Some of these were generated by
CRISPR/Cas9 genome editing in mouse G4 ES cells and veri!ed ES cell clones used
for generation of aggregation chimeras which were then bred to germline. All
others, including compound mutant stains were generated by microinjection or
electroporation of the relevant single guide (sg) RNAs and CAS9 protein complexes
into fertilized eggs by Center of Transgenic Models (CTM) at the University of
Basel. The genomic coordinates of the CRM deletion Grem1 alleles included in this
study and sequences of the sgRNAs designed with CRISPOR (http://
crispor.tefor.net/) and used for genome editing are listed in Supplementary Table 1.
To ensure that compound mutant CRM alleles are located in cis, additional dele-
tions were generated by re-engineering CRM2!/! and EC1!/! zygotes. The deletion
alleles were identi!ed by PCR and their exact breakpoints veri!ed by Sanger
sequencing (Microsynth.ch, Switzerland). As our analysis focuses on analysing
developmental robustness, mice were backcrossed to outbred Swiss Albino mice
(Janvier) and intercrossed to generate the relevant genotypes for analysis. Mice and
embryos were genotyped by PCR using primer pairs for the deleted regions (!) and
wild-type controls (Wt) listed in Supplementary Table 2.

Embryo collection and staging. Mouse embryos were collected from timed
matings of mice with the appropriate genotypes and embryonic stages determined
using somite numbers. Bovine and pig embryos were isolated from arti!cially
inseminated cows and sows, and embryos were collected at the relevant ortholo-
gous stages15,16. Rabbit embryos were collected from pregnant females and staged
according to the timepoint of mating, taking into consideration that ovulation is
induced !8 h after mating (done with the help of B. Püschel and C. Viebahn at the
Institute of Anatomy, University of Göttingen, Germany). Fertilized White Leg-
horn chicken eggs (Animalco, Switzerland) were incubated in a commercial egg
incubator (38 °C, 55% humidity) and Hamburger-Hamilton (HH) stages deter-
mined prior to isolation of embryos. Python regius and Anolis sagrei were incu-
bated in damp vermiculite at 31 and 27 °C, respectively, to develop to the desired
embryonic stages. After determining the stage using morphological staging guides,
the embryos were dissected from their extraembryonic membranes prior to
analysis33,60. Eggs of the brown-banded bamboo shark were obtained from the
Osaka Aquarium Kaiyukan and incubated in arti!cial seawater at 26 °C; embryos
were collected and staged using morphological criteria such as !n bud shapes and
eye pigmentation to identify stages 29 and 3061. The comparative analysis of Grem1
expression in limb buds of different species was done using orthologous devel-
opmental stages whenever possible.

ATAC-seq analysis. About 75000 mouse limb bud cells (E9.75; E10.5 and E11.5)
were used for ATAC-seq62 analysis and per limb bud stage, n ! 2 biological
replicates were analysed. The ATAC-datasets for mouse forelimb buds at E10.5 and
E11.5 have been previously published and the datasets for all three stages have been
validated as described16. This revealed the high correspondence with the ENCODE
DNase-hypersensitivity sites for mouse limb buds (R-values: 0.76–0.79). The
ATAC-seq tracks count both 5!-ends of each fragment in bins of size 10. These
numbers are divided by the sum across all bins (library size) and the bin size, and
then multiplied by 1e9 to obtain the reads per kilobase per million mapped reads
(RPKM) value per bin. The previously unpublished ATAC-seq datasets for mouse
forelimb buds at E9.75 and chicken wing buds (HH24) are available under the GEO
accession number GSE151488.

ChIP-seq analysis. The HOXA13 and HOXD13 ChIP-seq datasets have been
published previously and are publicly available (GEO: GSE81358)27. The H3K27ac
ChIP-seq63 was performed using mouse forelimb buds and the datasets including
inputs are available under the GEO accession number GSE151488. The SMAD4
ChIP-seq was performed using mouse embryos at E9.5–9.75 and the GLI3
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ChIP-seq from mouse limb buds at E11.5. These two datasets including inputs are
available under the GEO accession number GSE151647. The SMAD4 ChIP-seq
was generated using a FLAG epitope-tag inserted in-frame into the endogenous
Smad4 locus (Smad43xF allele). The GLI3 ChIP-seq was performed using limb
buds from mouse embryos homozygous for an N-terminal FLAG epitope-tag
inserted into the endogenous Gli3 locus (Gli33XF allele)40 and processed for
ChIP as previously described64. Brie!y, for all ChIP-seq analysis, limb buds were
isolated at de"ned embryonic stages (E9.75 to E11.5). Tissue was then cross-
linked for 10–20 min in 1% formaldehyde/PBS at room temperature, quenched
with glycine (125 mM) and subsequently lysed in a hypotonic buffer. Sonication
was used to shear chromatin and immunoprecipitation was performed overnight
at 4 °C using mouse monoclonal anti-Flag antibody (Sigma F1804, 5 µg per
sample) for the GLI3 and SMAD4 ChIP-seq analysis and the anti-histone H3
(acetyl K27) antibody (ChIP Grade Abcam ab4729, 5 µg per sample) for
H3K27ac ChIP-seq analysis. The immune-complexed chromatin complexes
were isolated using magnetic beads (Fisher Scienti"c 11202D). Beads were
washed in RIPA buffer and the DNA was eluted from beads, which was followed
by reverse cross-linking overnight. Puri"ed DNA was used to prepare sequen-
cing libraries using the next-generation library preparation kit from Takara Bio
(Japan) according to manufacturer instructions and sequenced using a NextSeq
instrument (Illumina). For H3K27ac ChIP-seq, the quality of the 41 bp high-
quality paired-end reads was checked and aligned using QuasR, while for the
SMAD4 ChIP-seq, the quality was checked using FastQC and Trim_Galore and
high-quality reads were aligned using Bowtie. Reads mapped in proper pairs
were "ltered using SAMtools and peaks were called using MACS2. The genomic
coordinates of the peaks were determined using BEDTools. For the GLI3 ChIP-
seq analysis single-end reads of 76 bp were mapped to the mouse genome
assembly GRCm38 (mm10) using bwa. Peaks were called relative to input
controls using the MACS2 callpeak function with the following parameters:
--Call-summits -B --trackline. For genome browser visualization, each ChIP-seq
dataset was uniformly processed to generate tracks of fragment pileup per
million reads using the -B --SPMR parameters within the macs2 callpeak utility
of MACS2.

4C chromatin conformation capture. The 4C analysis was done as previously
described65 and the datasets are available under GEO accession number
GSE151647. The following changes were implemented: for one biological
replicate 2–4 ! 106 cells were isolated from ~20 forelimb buds (E11.0,
40–42 somites). A suspension of single nuclei was made and crosslinked in 2%
formaldehyde for 10 min at room temperature. Then the samples were digested
with 400U of DpnII at 37 °C with gentle rotation (600 rpm). After 6 h the
reaction was spiked with another 400U of DpnII and the digestion left overnight.
After veri"cation of complete digestion, samples were ligated using 100U of T4
ligase (HC, Promega) at 16 °C for 4 h, followed by 30 min at room temperature.
For the second digestion, samples were diluted to 100 ng/µl and digested over-
night with NlaIII (1 U/µg DNA) at 37 °C (600 rpm). Re-ligation was done using
200U of T4 DNA ligase at 16 °C for 4 h, followed by 30 min at room tempera-
ture. For the 4C analysis of EC1!/!EC2!/! and EC2!/! forelimb buds, the
libraries were generated using a recently published two-step nested PCR
approach66, puri"ed using AMPure beads (AMPure XP, Beckman Coulter) to
remove fragments !150 bp and sequenced to generate 41 bp paired-end reads.
For the 4C analysis of EC1!/! and Cis!/! forelimb buds, the libraries were
generated by adding adapters and barcodes by PCR ampli"cation (30 cycles,
primers listed in Supplementary Table 3). After column puri"cation (QIAquick
PCR puri"cation kit, Qiagen) the libraries were sequenced to generate single-end
reads of "76 bp read length. To achieve overall high quality, raw sequencing
reads that did not match the primer sequence were discarded from all samples.
Filtered reads were aligned to the mouse reference genome (mm10) using Bowtie
v2.2.9. To identify the valid restriction fragments, the mouse reference genome
was in silico digested using DpnII and NlaIII. Restriction fragments that did not
contain a cutting site for NlaIII or were smaller than 20 bp were "ltered out. This
yielded the library of valid restriction fragments used for quantitative analysis of
experimental 4C-seq datasets. Read counts were computed for each valid frag-
ment and the resulting 4C pro"le visualized using the UCSC genome browser.
To visualize the data, bedGraph formatted "les of the read counts for each
fragment or a speci"ed window of fragments were generated. 4C-seq contacts
were analysed for the mouse region on chr2:113326224–113894862 that
encompasses the Grem1-Fmn1 landscape. The viewpoint, adjacent undigested
fragments and fragments 10 kb up- and downstream were excluded. Finally, a
range of 5 informative fragments was used to normalize the data per million
reads (RPM) over a sliding window using custom scripts that are available at
Zenodo (https://doi.org/10.5281/zenodo.5181231) and these continuous-valued
pro"les displayed in the UCSC genome browser tracks. These were then used to
generate the panels for "gures. The subtractions were computed by subtracting
fragment reads for all positions of the locus between wild-type and mutant
forelimb bud samples.

Generation of CRM LacZ reporter transgenic mouse founder embryos. The
mouse CRM1-13 core regions and the mouse CRM2 deletion constructs were
ampli"ed by PCR from mouse genomic DNA. The primers for PCR ampli"cation of

the target CRM regions were designed with Primer3 (https://bioinfo.ut.ee/primer3-
0.4.0/) are listed together with the genomic coordinates in Supplementary Table 4.
The rabbit, bovine, pig, chicken, python and elephant shark CRM2 and CRM5
orthologous regions were ampli"ed by PCR from genomic DNA of their respective
species. Python regius and Anolis sagrei lizard genomic DNAs were isolated by the
Cohn group60. Elephant shark tissue stored in 100% ethanol was used to isolate
genomic DNA with the Wizard® Genomic DNA Puri"cation kit (Promega Inc). All
primers used for ampli"cation and the genomic coordinates of CRM2 and CRM5 in
the different species and the mouse CRM2 analysis are listed in Supplementary
Table 5. The coelacanth and lizard CRM2 and CRM5 regions were synthesized by
Integrated DNA Technologies (USA). All CRM regions were inserted into the
Hsp68-LacZ reporter plasmid using the Gibson assembly kit system (New England
Biolabs). Transgenic mouse founder embryos were generated by the CTM using
pronuclear injection and each founder embryo represents an independent biological
replicate. Embryos were collected from several batches of injected embryos trans-
ferred into several pseudo-pregnant foster mothers. Mouse transgenic LacZ reporter
assays were performed according to standard protocols22. Brie!y, founder embryos
were isolated in ice-cold PBS around E11.5 and "xed in 1% formaldehyde, 0.2%
glutaraldehyde, 0.02% NP40, 0.01% sodium deoxycholate in PBS for 20–30min at
4 °C. Subsequently, embryos were washed three times in 1xPBS for 5 min at room
temperature. The reaction was performed in the dark at 37 °C in a solution con-
taining 1 mg/mL X-Gal, 0.25mM K3Fe(CN6), 0.25 mM K4Fe(CN6), 0.01% NP40
and 0.4mM MgCl2 to detect ß-galactosidase activity, which colours expressing cells
in blue (=LacZ activity detection). Colour development was monitored and stopped
toward the end of the exponential staining phase, which occurred within maximally
6–7 h for clearly positive embryos. Embryos that showed no LacZ staining were left
overnight to possibly detect weak LacZ activity. All embryos were genotyped by
PCR to detect the LacZ reporter transgene and gene copy numbers were determined
for most of them. Overall, no severe biases in LacZ activity due to gene copy
numbers were detected. To determine the spatial activities of CRM enhancers, only
embryos with "-galactosidase activity were considered. The forelimb buds shown
are representative for the LacZ patterns detected except were stated otherwise for
variable patterns. In general, minimally three, but often many more founder
embryos with forelimb bud LacZ activity formed the basis for assigning robust
enhancer activity to particular CRMs. In contrast, if the vast majority of all
expressing founder embryos (n " 5) lacked LacZ activity in forelimb buds, then the
CRM was scored as not active in mouse limb buds.

Quantitative analysis of Grem1 mRNA levels by RT-qPCR. Embryonic limb
buds (E11.0, 40–42 somites) were collected in ice-cold PBS, transferred to RNA-
later (Sigma-Aldrich) and stored at !20 °C until further processing. Total RNA
was extracted using the RNeasy Mini Kit (Qiagen, Germany). A minimum of seven
biological replicates per genotype were generated. RT-qPCR analysis was done
using Grem1 speci"c primers listed in Supplementary Table 610. The relative Cq
values of the Grem1 transcripts were normalized to the Cq values of the RPL19
control and normalized fold transcript levels (2!!!Cq) are shown as mean ± SEM.
The data used for analysis are provided in the Source data "le. The p-values were
determined in Prism using a two-tailed Man–Whitney test.

Whole-mount Grem1 in situ hybridization in mouse embryos and other spe-
cies. The mouse, pig, bovine and chicken Grem1 riboprobes have been used pre-
viously and a standard whole mount in situ hybridization protocol was used for all
experiments10. Brie!y, embryos were "xed in 4% paraformaldehyde (PFA) in PBS
at 4 °C overnight, dehydrated into 100% methanol and stored at !20 °C until
further use. Following rehydration, embryos were bleached in 6% hydrogen per-
oxide and then digested with 10 µg/ml proteinase K (10–15 min depending on the
embryonic stage). Following prehybridization at 65 °C ("3 h), embryos were
incubated overnight at 70 °C in hybridization solution with 0.2–1 µg/ml heat-
denatured antisense riboprobe to detect the transcripts of interest. The next day,
embryos were extensively washed and non-hybridized riboprobe digested by 20 µg/
ml RNase for 45 min at 37 °C. After additional washes and pre-blocking, the
embryos were incubated overnight with anti-digoxigenin antibody (1:5000, Roche
cat. no. 11093274910) at 4 °C. Following extensive washing to remove excess
antibodies, the RNA-riboprobe hybrids were visualized by incubation in BM purple
(Roche cat. no. 11442074001). The visualisation was stopped when the signal is
strong but has not reached complete saturation. For comparative analysis of dif-
ferent stages of embryos of the same species visualisation was done for the same
duration, for cross-species analysis visualisation times needed to be adjusted in a
species-speci"c manner. The results of whole mount in situ hybridisation analyses
are qualitative but well suited to detect spatial changes. The rabbit Grem1 probe
was generated by PCR ampli"cation from embryonic cDNA (D11.5) and is
orthologous to the mouse Grem1 in situ probe. The rabbit Grem1 probe was
sequenced and "rst tested on mouse embryos, which detected the typical Grem1
expression pattern. Similarly, the lizard Grem1 probe was generated using lizard
embryonic cDNA (stage 8). The lizard Grem1 probe is orthologous to the mouse
counterpart and was veri"ed by sequencing and phylogenetic tree analysis. Lizard
embryos were "xed in 4% PFA for one hour at room temperature. Python embryos
were "xed overnight in 4% PFA at 4 °C. Whole mount in situ hybridization was
performed using the Grem1 probes from the lizard Anolis sagrei (accession number
MT124663) and Python regius (accession number KX778825) as previously
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described60, with the following modi!cations for lizard embryos: the methanol
dehydration step was skipped and embryos were treated with 10 µg/mL proteinase
K in PBT for 15 min, blocked with 25% goat serum in KTBT. After hybridization
and washing, the embryos were incubated with anti-digoxigenin antibody for 4 h at
room temperature. Then, the embryos were washed two times for 15 min in KTBT
solution, which was followed by an overnight wash and three additional 15 min
washes prior to starting the procedure to detect the in situ signal.

Mouse forelimb skeletal analysis. For limb skeletal preparations, embryos were
collected at E14.5–E14.75 and processed using standard protocols. Brie"y,
embryos were eviscerated and !xed in 95% ethanol overnight, stained for 24 h in
0.03% (w/v) Alcian blue, 80% ethanol, 20% glacial acetic acid and washed for
24 h in 95% ethanol. Embryos were then pre-cleared for 30 min in 1% KOH and
counterstained in 0.005% (w/v) Alizarin in 1% (w/v) KOH. Finally, embryos
were cleared with increasing concentrations of glycerol in 1% KOH (80, 60, 40
and 20%) and stored in 80% glycerol in water. Alcian blue staining detects
cartilage and alizarin red ossi!ed bone. At least three embryos per genotype were
analysed.

Vista conservation plot analysis of the deeply conserved Grem1 TAD. The
Grem1 TAD of the species used in this study were retrieved from UCSC or NCBI
(Supplementary Table 7). The sequences were plotted using the VISTA browser
(http://genome.lbl.gov/vista/) with default settings (Conserved Identity: 70%;
Alignment program: Lagan) and the mouse Grem1 TAD as a reference genome.
The Vista conservation plots for CRM2 and CRM5 correspond approximately to
the mouse genomic regions with transcription enhancing activities in LacZ reporter
assays. This analysis shows that the conservation of both CRM2 and CRM5 is
much lower in non-mammalian species in comparison to the mouse reference
genome. To exclude bias due to using the mouse genome as sole reference, addi-
tional Vista conservation plots were generated using the chicken and bamboo shark
genomes as reference.

Phylogenetic tree inference and analysis of evolutionary rates. To identify the
orthologous CRM sequences in different species and infer the phylogenetic tree, we
followed a strategy similar to the one published in ref. 35. Brie"y, the sequence of
each CRM was extracted from the mouse reference genome (mm10) and then
aligned against the genomes of interest using the modi!ed bi-directional BLAST hit
(BBH) method. A blastn search with mouse orthologue as query sequences was
performed against every genome of interest and best hits with E-values < 1e!5
were collected. For every best hit, the genomic region of the blast alignment and the
unaligned "anking regions were extracted from the different genomes. The
extracted regions were extended by 20 nucleotides to account for indels. Finally,
these sequences were used to query the mouse genome, best hits with E-values < 1e
!5 were collected and the genomic location of the hits examined. If this location
overlapped partially or completely with the genomic location of the corresponding
mouse CRM, it was scored as orthologous region “detected” or else it was scored as
“not detected”.

For CRM2 and CRM5, the orthologous sequences from 29 different species
(Supplementary Table 8) were aligned to generate a multiple sequence alignment
(MSA) using MAFFT in the L-INS-i mode35. From the alignment, poorly aligned
positions were discarded using Gblocks67 in DNA mode allowing for 50% of
gapped positions with a minimum block length of 10. Jalview was used for the
visualization of the MSA68. For each CRM, the maximum likelihood phylogeny
was inferred using IQ-TREE69, which involves identi!cation of the best !tting
model of evolution and estimation of branch lengths. Trees were constructed with
topologies using both unconstrained and constrained searches. For the constraint
search, we used the known topology of the vertebrate species tree available from the
UCSC genome browser (https://genome.ucsc.edu/cgi-bin/hgGateway). Agreement
between these two topologies was evaluated using tree topology tests, which have
been implemented in IQ-TREE to generate the phylogenetic trees as shown in
Supplementary Fig. 7a, b. The phylogenetic trees generated for visualization of
evolutionary relationships and shown in Figs. 4, 6, 8, and Supplementary Fig. 6
were generated with phyloT (https://phylot.biobyte.de/) based on NCBI
taxonomy (https://www.ncbi.nlm.nih.gov/taxonomy) and visualized with iTOL
(https://itol.embl.de/).

Mutation of conserved Gli and Hox13 binding sites in the CE of bamboo shark
CRM2. Gli and Hox13 binding sites in the bamboo shark CRM2 were identi!ed by
scanning the genomic sequence using the PWMscan tool (https://ccg.ep".ch/
pwmtools/pwmscan.php#). For Gli binding sites, the position weight matrix
(PWM) de!ned by Homer was used in combination with the limb GLI3 ChIP-seq
dataset (E11.5). The Hox13 binding sites were identi!ed using the PWM for
HoxD13 (Jaspar ID MA0909.1). In both cases, a p-value cut-off of p < 0.01 was
used for binding site identi!cation. Mapping the binding sites for both transcrip-
tion factors the mouse and bamboo shark CRM2 genomic sequences revealed their
signi!cant enrichment in the CE region. Therefore, the CE region was more pre-
cisely de!ned based on conservation criteria using the multiple sequence align-
ments generated (see above) and poorly aligned sequences were removed using the
TrimAi tool (http://phylemon2.bioinfo.cipf.es/). Then, all binding sites in the

trimmed MSA that de!nes the CE core region were mapped (Fig. 7a). Next, the
binding sites were mutated by introducing the nucleotide changes as shown in
Fig. 7a. Then, the CE region was reanalysed to con!rm that the nucleotide changes
indeed disrupt the binding motifs and no de novo Gli or Hox13 binding sites are
created. The mutated bamboo shark CRM2 regions were synthesized by Integrated
DNA Technologies (IDT) and LacZ reporter constructs and transgenic founder
embryos generated as described above.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The ATAC-seq, ChIP-seq and 4C-seq datasets generated for this study have been
deposited in the gene expression omnibus (GEO) database. The chicken wing (HH24)
and mouse forelimb bud ATAC-seq datasets (E9.75), and the mouse forelimb bud
H3K27ac ChIP-seq datasets (E10.5, E11.5 and corresponding inputs) are available under
the GEO accession number GSE151488. The SMAD43xF and GLI33xF ChIP-seq datasets
(including inputs), and all 4C datasets are available under the GEO accession number
GSE151647. The publicly available HOXA13 and HOXD13 ChIP-seq datasets can be
found under the GEO accession number GSE81358. The Anolis sagrei Grem1 mRNA
(partial) is available under the GenBank accession number MT124663 and the Python
regius Grem1 mRNA (partial) under the GenBank accession number KX778825. Source
data are provided with this paper.

Code availability
The custom scripts generated for the analysis and visualisation of 4C-seq tracks can be
downloaded from Zenodo using the following link: https://doi.org/10.5281/
zenodo.5181231.
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Supplementary Figure 1. Two of the CRMs in the Fmn1 TAD are expressed in the AER. 

a, Hi-C matrix of the Grem1-Fmn1 TAD with the Fmn1 TAD (~240kb) indicated by green 
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dashed lines. Colour intensity scale shows the contact frequencies. Shown below is an 

enlargement of the Fmn1 TAD, with the direction of Fmn1 transcription indicated by an arrow. 

ATAC-seq peaks (open chromatin; black arrowheads: CTCF sites) and H3K27ac ChIP peaks 

(active chromatin) identify four additional candidate CRMs in mouse forelimb buds (E10.5, 

CRM10-13). b, LacZ reporter assays in independent transgenic mouse founder embryos show 

that CRM11 (n=6/11) and CRM13 (n=12/16) are robust enhancers active in the AER (indicated 

by arrowheads), while CRM10 is expressed at low levels in the mesenchyme (n=2/4 

expressors) and CRM12 has no reproducible enhancer activity (n=5) in forelimb buds at E11.5. 

The CRM11 and CRM13 activities in the AER are consistent with Fmn1 being expressed by 

both the AER and mesenchyme, while Grem1 is only expressed in the limb bud mesenchyme. 

The transgenic founder embryos that express LacZ in forelimb buds are indicated as the fraction 

of all embryos with LacZ expression in limb and non-limb tissues. Ant: anterior, Dist: distal, 

Post: posterior, Prox: proximal. Scale bar: 250 µm. c, ChIP-seq analysis detecting the 

interactions of SMAD4 (E9.75), GLI3 (E10.5) and HOXA13/D13 chromatin complexes in the 

Fmn1 TAD during limb bud outgrowth (E11.5). There are no interactions of SMAD4 and 

HOXD13 with the CRMs detected in the Fmn1 TAD, while GLI3 ChIP-seq peaks are detected 

in CRM10 and CRM11. In addition, a HOXA13 ChIP-seq peak is detected in CRM10. CRMs 

with enhancer activity are indicated in blue, CRMs with no activity in grey. 
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Supplementary Figure 2. Temporal progression of the CRM accessibilities in the Grem1 

TAD during mouse forelimb bud development. a, ATAC-seq analysis reveals the open 

chromatin profile during progression of forelimb bud development. During the onset of 

forelimb bud development at E9.75, CRM9 (located within the Fmn1 TAD) and CRM2 (located 

within the Grem1 TAD (the TAD border is indicated as a vertical blue dashed line) appear 

highly accessible. In addition, the genomic regions of CRM3, CRM7 and CRM8 are also part 

of open chromatin regions, while no peaks for accessible chromatin are detectable for CRM4 

to CRM6 in these early limb buds (E9.75). During forelimb bud outgrowth (E10.5 and E11.5), 

all CRMs in the Grem1 TAD map to open chromatin regions. Note that the ATAC-seq profile 

shown for forelimb buds E10.5 is the same as in Fig. 1b. The CRM enhancers active in the 

mouse are indicated in blue and all other CRMs in grey. b, c, LacZ reporter assays in forelimb 

buds of independent transgenic mouse founder embryos show the variable activities of CRM6 
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(n=2/14 expressors) and CRM1 (n=5 strong, n=4 weak) at E11.0-11.5. The transgenic founder 

embryos that express LacZ in forelimb buds are indicated as the fraction of all embryos with 

LacZ expression in limb and non-limb tissues. Scale bars: 250 µm. d, Table listing the 

significantly enriched ChIP-seq peaks for the SMAD4, GLI3 and HOX13 transcriptional 

regulators in CRMs of the Grem1 TAD. 

  



Supplementary Information Malkmus et al. (2021) 

  
 

 
 51 

 
 

 

Supplementary Figure 3. ChIP-seq and input profiles for the novel mouse forelimb bud 

datasets generated as part of this study. ChIP-seq and input profiles at the same scale are 

shown for histone H3K27ac marks (E10.5), SMAD43XF (E9.75) and the GLI33XF transcription 

regulator (E11.5). The arrow indicates the only significantly enriched SMAD4 ChIP-seq peak 

in the Grem1 landscape that is located in CRM2. The Grem1 TAD border is shown as a vertical 

blue dashed line. The CRM enhancers active in the mouse are indicated in blue and all other 

CRMs in grey. The ChIP-seq profiles are the same as shown in Fig. 1b,d. For experimental 

details see the methods section.  
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Supplementary Figure 4. Molecular analyses of the delCis (CisD/D)  allele reveals wide-

spread disruption of chromatin interactions. a, Analysis of CisD/D forelimb buds. Upper 

panels: RT-qPCR analysis (n=7 independent biological replicates at ~E11.0, 40-42 somites). 
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Bars represent mean values +/- SEM. Exact p-value: ***p =0.000583; two tailed Mann-

Whitney test. Grem1 in situ hybridization shows the complete disruption of Grem1 expression 

in CisD/D forelimb buds (n=3 embryos analysed per stage from different litters and in minimally 

two independent experiments, scale bars: 250µm). Ant: anterior, Dist: distal, Post: posterior, 

Prox: proximal. A complete loss-of-function Grem1 limb phenotype with digit reductions and 

associated loss of identity is observed in CisD/D  forelimb buds (asterisks, n=5, scale bar: 1mm). 

Lower panel: chromatin conformation capture (4C) using the Grem1 promoter as viewpoint 

(VP, indicated by a black arrowhead) reveals the changes of chromatin interactions in 

CisD/D forelimb buds (E11.0) in comparison to the wild-type controls. Subtraction after 

normalization reveals the differences in interactions with the proximal promoter in mutant 

forelimb buds (green: reduced and lost interactions). b, RNA in situ hybridisation shows the 

spatio-temporal Grem1 distribution during the onset of limb bud development in wild-type 

(Wt), EC1D/D EC2D/D, EC2D/D and EC1D/D mutant forelimb buds (n= 3 embryos analysed per 

genotype and stage from different litters and in minimally two independent experiments). E9.5: 

25-27 somites, E9.75: 28-29 somites. Scale bar: 200µm. Source data for the RT-qPCR analysis 

are provided as a Source Data file. 
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Supplementary Figure 5. Grem1 expression and pentadactyly in compound mutants 

lacking two of the three CRMs in the EC1 cluster. a, Scheme of the Grem1 cis-regulatory 

landscape. The CRM enhancers active in the mouse are indicated in blue and all other CRMs 

in grey. b-d, Left panel: RT-qPCR analysis to determine the relative Grem1 transcript levels 

in wild-type and homozygous forelimb buds (n=7 independent biological replicates at ~E11.0, 

40-42 somites per genotype). Deletion of CRM3 does not cause a significant reduction in 
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Grem1 transcript levels (ns=not significant) Note: the ~50-60% reduced Grem1 transcript 

levels in CRM2D/DCRM3D/D (exact p-value: **p=0.002331) and CRM2D/DCRM4D/D limb buds 

(exact p-value: ***p=0.009907) do not differ significantly from CRM2D/D and EC1D/D forelimb 

buds. Bars represent mean values +/- SEM. P-values were determined using the two tailed 

Mann-Whitney test. Middle panel: Grem1 transcript distribution in mutant forelimb buds at 

E11.0. In CRM2D/DCRM3D/D and CRM2D/DCRM4D/D forelimb buds, the reduced Grem1 domain 

is indistinguishable from CRM2-deficient forelimb buds (n=3 embryos analysed per genotype 

from different litters and in minimally two independent experiments). Scale bar: 250 µm. Right 

panels: limb skeletons at ~E14.5. Pentadactyly is maintained in all mutant forelimb buds (n≥3 

embryos). Digits are shown from anterior (digit 1) to posterior (digit 5). Scale bar: 1mm. A: 

anterior, P: posterior. Source data for the RT-qPCR analysis are provided as a Source Data file. 
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Supplementary Figure 6. Multiple sequence alignments using the chicken and bamboo 

shark genome as reference genomes. Alignment using the chicken (a) or bamboo shark (b) 

as a reference genome do not provide additional evidence for the presence of CRM4 or CRM6 
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in Sauropsida or basal fishes. In addition, there is no evidence for the presence of a CRM3 or 

CRM7-like element in cartilaginous fish. Only two additional conserved regions, likely not 

corresponding to additional Fmn1 exons were identified using chicken (a) or bamboo shark (b) 

genome as a reference (highlighted in purple). Note that in both cases the regions are not deeply 

conserved nor do they overlap any of the functionally verified mouse CRM enhancers. The 

CRM enhancers active in the mouse are indicated in blue and all other CRMs in grey. Black 

arrowheads indicate the conserved Fmn1 exons. A: amphibians. 
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Supplementary Figure 7. Conservation and diversification of the CRM2 and CRM5 

enhancers and spatial Grem1 expression. a, b, Phylogenetic tree of 29 vertebrate species 

illustrates the evolutionary conservation CRM2 and CRM5 enhancers using the mouse genome 

(mm10) as reference. The branch length represents the bases substitution rate (scale bar 

corresponds to 0.1 substitutions per site). Dashed lines indicate the failure to detect the 
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enhancer in the particular species, possibly due to the stringent bidirectional best hits (BBH) 

approach used to finally obtain a robust phylogenetic tree. For the species indicated in bold, 

the CRM2 and CRM5 enhancer activities were assayed by LacZ reporters in transgenic mouse 

embryos. c, d, Spatial distribution of Grem1 transcripts during limb bud outgrowth in rabbit 

(panel c, n=3 embryos analysed at two stages from two different litters and in minimally two 

independent experiments) and pig embryos (panel d, n=3 embryos analysed at two stages from 

different litters and in minimally two independent experiments). Both forelimb (FL) and 

hindlimb (HL) buds were analysed at stages orthologous to mouse limb development at 

~E11.0-E11.5. Asterisks indicate the panels used in main Fig. 4c to illustrate the rabbit and pig 

forelimb bud expression patterns. Scale bars: 250µm. Ant: anterior, Dist: distal, Post: posterior, 

Prox: proximal. 
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Supplementary Figure 8. The absence of a conserved ME region in chicken genome is 

supported by the lack of open chromatin and interaction with HOXD13 complexes in 

chicken wing buds. a, Conservation plot analysis for CRM2 using the bamboo shark genome 

as reference genome. b, The chicken Grem1 TAD. Upper panels: ATAC-seq (wing buds, stage 
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HH24) and HOXD13 ChIP-seq analysis (wing buds stage HH27). The red dot indicates the 

Grem1 transcription start site. This analysis reveals the absence of open chromatin and 

HOXD13 ChIP-seq peaks for the genomic locations corresponding to mouse CRM4 and 6 (not 

conserved in chicken) and for CRM7 (compare to Fig. 1b, d). In addition, a chicken-specific 

accessible chromatin region with a HOXD13 ChIP-seq peak (green solid box) and an ATAC-

seq peak without a HOXD13 ChIP-seq peak (green dashed box) were detected. Lower panels: 

direct comparison of the chicken and the mouse ATAC-seq and HOXD13 profiles (E11.5) for 

the CRM2 and CRM5 regions (enlargements of the regions shown in Fig. 1b, d). The ATAC-

seq and HOXD13 ChIP-seq profiles are very similar for the orthologous chicken and mouse 

CRM5 regions. In addition, the deeply conserved CE region of CRM2 maps to open chromatin 

and interacts with HOXD13 transcription complexes in both species (black dashed box). In 

contrast, the chicken genomic region upstream of CE lacks ATAC-seq and HOXD13 ChIP-seq 

peaks detected in the corresponding mouse ME region (grey dashed box). c, Deletion of the 

intervening genomic region (DIV) between ME and CE in CRM2 results in a LacZ activity 

pattern (n=3/4) identical to the MECE reporter construct (lower panel, Fig. 5c). d, A reporter 

construct encoding the deeply conserved region encompassing the CE region and Fmn1 exon 

22 (CE22) is active in the entire distal limb bud mesenchyme (n=2/3, left panels). In one case 

(n=1/3, right panel), the LacZ activity is similar to the one of the CE region alone (middle 

panel, Fig. 5c). Panels c,d: V = ventral; D = dorsal. The transgenic founder embryos that 

express LacZ in forelimb buds are indicated as the fraction of all embryos with LacZ expression 

in limb and non-limb tissues (panel c,d). e, Temporal analysis of the LacZ distribution during 

mouse limb bud development in a stable transgenic line expressing the CRM2 transgene (n=3 

embryos analysed per stage from different litters and minimally two independent experiments). 

This analysis reveals that the CRM2 enhancer is active from the onset of limb bud development 

with a distinct posterior bias in its expression domain during progression of mouse limb bud 



Supplementary Information Malkmus et al. (2021) 

  
 

 
 62 

 

outgrowth. The spatial expression domain at later limb bud stages bears similarity with the 

LacZ activities of the MECE (Fig. 5c) and DIV transgenic constructs (panel d). This confirms 

that the non-coding ME and CE regions are essential elements of the CRM2 enhancer in mouse 

limb buds. Scale bars (panel c-e): 250 µm. 
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Supplementary Figure 9. Grem1 expression in limb buds of Sauropsid species and bamboo 

shark fin buds. a, Conservation plot analysis for CRM5 using the bamboo shark genome as 

reference genome. b, Spatial distribution of Grem1 in chicken wing buds (n=2). Patterns are 
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identical to the previously described Grem1 expression dynamics in chicken limb buds)69. c, 

d, Spatial distribution of Grem1 transcripts during outgrowth in lizard fore- and hindlimb buds 

(panel c, n=4 independent biological replicates) and in vestigial python hindlimb buds (panel 

d, stage 1: n=6; stage 2: n=4; stage 3: n=4; stage 4: n=2 independent biological replicates). 

Staging as described by Leal and Cohn, 201632. e, Spatial distribution of Grem1 transcripts in 

developing fin buds of brown-banded bamboo shark embryos (Chiloscyllium punctatum). 

Grem1 expression in (paired) pectoral fin buds: at embryonic stage 29, Grem1 expression is 

restricted to the posterior-distal mesenchyme (left panel, n=1), while at embryonic stage 30 the 

expression domain is enlarged (right panel, n=1). In addition, Grem1 expression is also shown 

in a pelvic fin bud at embryonic stage 29 (n=1). Asterisks indicate the panels used for Fig. 6b, 

c. Ant: anterior, Dist: distal, Post: posterior, Prox: proximal. Scale bars (panel b-e): 250 µm. 
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Supplementary Table 1. Genomic coordinates and guide RNA sequences to delete CRMs and 

enhancer clusters in the Grem1 TAD for functional analysis.  

  

Deletion Coordinates 
(mm10) sgRNA sequence Size [kb] 

∆CRM2 chr2:113,689,603-
113,699,473 

AGCGGCAGTTCGGCTTCCGG 
9.9 

TCTCATACGATCCAGGAGAA 

∆CRM3 chr2:113,672,786-
113,681,077 

CACCGCCTGTGATCCATCGAATGCC 
8.6 

AAACGGCATTCGATGGATCACAGGC 

∆CRM4 chr2:113,640,518-
113,641,588 

CACCGCAGCCTATAATTCTCAGCGC 
1.3 

AAACGCGCTGAGAATTATAGGCTGC 

∆CRM5 chr2:113,603,760-
113,606,572 

CTTGTAATGCTAGGACGGCC  
2.8 

AGTCAAGGACACACCTGTA  

∆EC1 chr2:113,636,776-
113,707,974 

CACCGTGGCTTACCAGACTAGCGGT 
71.2 

CACCGAATGGTCTGATCGCCA 

∆EC2  
chr2:113,572,310-

113,606,574 

TTCAGCTGCATTGCGTCCTA 
34 

AGTCAAGGACACACGCTGTA 

delCis chr2:113,528,475-
113,709,592  described in reference 13 181 
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Deletion Forward Reverse Amplicon 
(bp) 

CRM2 D AACAAACAGTGCAATTC 
TGAAGAG 

AGGAAGCCAGTGATCTC 
AAATATC 605 

CRM2 Wt GACTGGGATACATGTGA 
TGGTAAA 

AGGAAGCCAGTGATCTC 
AAATATC 932 

CRM3 D CCTTTACATGCACACTC 
ACACA 

TGCTTTGGATGTCTACAA 
GTGG 296 

CRM3 Wt AGCAGTGTGTCCCCCTA 
ATGAGC 

GAGCCTGGAGCTTACTG 
AGCAAC 389 

CRM4 D AATTGAAGGAACAAAAG 
GCTCA 

GGCTGACAGTAGTTTGC 
TGTTG 205 

CRM4 Wt GGCCTTCGAAACCATGA TGC GGGAGGTGCTGGAATTA 
GGG 513 

CRM5 D CTCCCATATGCTCACCGGTTT GGTGGGAGTGGAGTTTGACC 429 

CRM5 Wt GGTAAGGAGCCAGCCATATT
TG GGTGGGAGTGGAGTTTGACC 404 

EC1 D GGGACAAGTCACAGATCTTTT
TG 

TCCTTCATGTCTCGTTTTGTTT
T 439 

EC1 Wt TCCAGTTAAATGCAAAAAGGA
AA 

CTCTTCCTTCATCTCTCCTAG
CC 593 

EC2 D AGAAGCACTTGGCATGTGTG TGAAAGAGTCGGCAACTGTG 509 
EC2 Wt AGAAGCACTTGGCATGTGTG GGAAATTCAGAGCCATCCAA 712 

dCis D GGAGCGGATCTCAAACTCTC
CTC 

CTGCATTCTAGTTGTGGTTTG
TCC 350 

dCis Wt GAAAGACTGCTGCAGAAGGA
AGC 

TCCAAAGAAGGCACAGGGGA
CTT 200 

 

Supplementary Table 2. Primer sequences used to genotype the Grem1 alleles analyzed. 
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Supplementary Table 3. Universal and barcoded primers for preparation of 4C libraries. 

These primers were used for PCR amplification. The barcodes are highlighted in bold. 

  

Name Sequence 

Grem1_C1
_TUA 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT
CTTCCGATCTCTTCCGTAGATGCTGGCCGAT 

Grem1_C6
_index12 

CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTAAGCACCAGGACCGAGTTTG 

Grem1_C6
_index2 

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTAAGCACCAGGACCGAGTTTG 

Grem1_C6
_index4 

CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTAAGCACCAGGACCGAGTTTG 

Grem1_C6
_index5 

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATCTAAGCACCAGGACCGAGTTTG 

Grem1_C6
_index6 

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTAAGCACCAGGACCGAGTTTG 

Grem1_C6
_index7 

CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTAAGCACCAGGACCGAGTTTG 

Grem1_C6
_index9 

CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATCTAAGCACCAGGACCGAGTTTG 
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Supplementary Table 4. Genomic coordinates and primers for amplification of the mouse 

candidate CRM regions. These CRM regions were cloned into the Hsp68-LacZ reporter vector 

and their limb bud enhancer potential assessed in transient transgenic mouse embryos. Also 

shown are the coordinates and primers for the mouse CRM2 CE and ∆CE constructs. 

 

Mouse 
CRM mm10 Coordinates Size 

[bp] Primer 

CRM1 chr2:113,724,491-
113,724,715 225 fwd GCATGTTTTTGGCCTTCATT rev TGAATCCCGCTATTGGTAGG 

CRM2 chr2:113,690,950-
113,694,587 3638 fwd GGAATCCTGGCGATTAGTCA rev ACCTCCTGTAGCCTGGGATT 

CRM3 chr2:113,674,074-
113,675,273 1246 fwd CCGCGTAGTTTCCATTCAAC rev GCAACTGCCTTGAAGGTGAT 

CRM4 chr2:113,640,376-
113,641,758 1389 fwd TTCCTCAGAGCAGCTGAGTGT rev AGCGCTGAGAATTATAGGCTGA 

CRM5 chr2:113,605,542-
113,606,069 528 fwd GAAGTCCCTCGAACACCAAG rev CTTTTCCAGCAAGGTGTGGT 

CRM6 chr2:113,595,444-
113,596,148 705 fwd AGGTGTTGAGCCACTACTGC rev TCATCTTTTGTGAGGGGAAAA 

CRM7 chr2:113,581,140-
113,581,955 1029 fwd GGTGCTCGAGAGCAGAAGTT rev ATACCAGGTGTGGTGGGTGT 

CRM8 chr2:113,575,889-
113,576,624 736 fwd GGGATGAAAGAACGCCTGTA rev TGTCACTCTCCTGTCCTCCA 

CRM9 chr2:113,537,701-
113,538,435 735 fwd TCATTCACCGTTGTCCATGT rev TGCATCTTCTGACGCTTGAC 

CRM10 chr2:113,497,608-
113,498,439 832 fwd ATGGTGTGGAACAAGGCTTC rev TGCATCTTCTGACGCTTGAC 

CRM11 chr2:113,439,964-
113,441,240 1277 fwd TCTTTCTCTGTCCCTTCC rev GCTCTCTCAGTTTATCCGC 

CRM12 chr2:113,427,755-
113,429,093 1339 fwd TTTATGAGGGTCTGTCTCCTC rev AGGGACTGAGGCACAGAG 

CRM13 chr2:113,397,272-
113,398,270 999 fwd AAGGAAATCTGTGGTTGGATAA

TG rev AAGGGCACATGATTGTACAG 

CRM2 
CE22 

chr2:113,692,890-
113,694,066 1177 fwd CTCCTGTGTCGGGGAATAGA rev TCTCAGTGTTTTCGGCAGTG 

CRM2 
CE 

chr2:113,693,196-
113,693,953 758 fwd TATCCAAGGCCCATGAAGTG rev GAGATAAGACCTGCTTACAGTTCCA 

CRM2 
ME 

chr2:113691484-
113692383 900 fwd CATGGTGAACGATGCAAGAA rev ACAACAAAGAGACATTCTTGTGAAC

T 

CRM2 
MECE 

See individual 
elements 1658 

fwd 
1.PCR CATGGTGAACGATGCAAGAA rev 

1.PCR ACAACAAAGAGACATTCTTG 

fwd 
2.PCR 

CAAGAATGTCTCTTTGTTGTTAT
CCAAGGCCCATGAG  

rev 
2.PCR GAGATAAGACCTGCTTACAGTTCCA 

CRM2 
∆ME 

chr2:113,690,950-
113,694,587 

deletion: 
chr2:113,691,577-

113,692,277 

2938 

fwd 
1.PCR GGAATCCTGGCGATTAGTCA rev 

1.PCR 
GGATAATGCTGAAGTCTATTCTTTCC
CTACATCT 

fwd 
2.PCR 

AATAGACTTCAGCATTATCCAAG
AGTCTACCTT 

rev 
2.PCR ACCTCCTGTAGCCTGGGATT 

CRM2 
∆CE 
 

chr2:113,690,950-
113,694,587 

deletion: 
chr2:113,693,234-

113,693,929 

2942 
 

fwd 
1.PCR GGAATCCTGGCGATTAGTCA rev 

1.PCR 
TACAGTTCCAGACAACTGTGAGCCA
GGC 

fwd 
2.PCR 

CACAGTTGTCTGGAACTGTAAG
CAGGTC 

rev 
2.PCR ACCTCCTGTAGCCTGGGATT 

CRM2 
∆IV 

chr2:113,690,950-
113,694,587 

deletion: 
chr2:113,692,277-

113,693,233 

2678 

fwd 
1.PCR GGAATCCTGGCGATTAGTCA rev 

1.PCR 
AGAAAAGAGCGTGACCTGCCCCGT
GAAG 

fwd 
2.PCR 

GGCAGGTCACGCTCTTTTCTTTT
GCATCAAGTCAAC 

rev 
2.PCR ACCTCCTGTAGCCTGGGATT 
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Supplementary Table 5. Genomic coordinates and primers for amplification of the CRM2 

and CRM5 regions from different species.  

CRM 
Orthologues 
(Assembly) 

Coordinates Size 
[bp] Primer  

Ra
bb

it 
(o

ry
Cu

n2
)  CRM2 chr17:37,975,512-

37,978,864 3353 
GGCTAGAAAGCATGCCAGAG 
TAGTCCCTGAGGTCCCAAA 

CRM5 chr17:38,073,904-
38,074,665 762 

CCCAGAGCTCCTCACTTCAG 
TCTCAAAGCTCTCATCTTGCTG 

Pi
g 

(s
us

Sc
r1

1)
 

CRM2 chr1:136,729,218-
136,732,525 3308 

GTCCCTTCTCTCTTCCATGC 
AATGGTGGAAAGATGTGTGG 

CRM5 chr1:136,845,296-
136,846,106 811 

GTGCCCTGGGGTAGACTGTA 
GCGGTTGGATGTTCTCATCT 

Co
w 

(b
os

Ta
u9

) CRM2 chr10:29,858,417-
29,861,217 2801 

CCCAAAATCCCTTCCAGTTT 
CTGTGTGTGTGTGTCTGTATGTG 

CRM5 chr10:29,740,419-
29,741,218 800 

GCAGGAAAGCTGAACAATACCT 
GGCTTAAAGAGATGCTCTATGG 

Ch
ick

en
 

(g
al

G
al

5)
 CRM2 chr5:30,543,750-30,546,269 2520 

GAGTCACTCCTGGCTCAGAAA 
ATTCCAGCGGGAAAACACT 

CRM5 chr5:30,511,368-30,512,133 766 
TTGTTGCATTGAGGTTATTTTCA 
GCTATTTCAGACACAGTAGGTGACA 

Py
th

on
 

(m
ol

ur
us

 
bi

vit
ta

tu
s -

5.
0.

2)
 CRM2 NW_006535812.1 

[79018-80265] 1249 
AGAGATTAATTAGGGGAACGTACAA 
TTGGACTGGGAAACGCTTA T 

CRM5 NW_006535812.1 
[58984-59576] 592 

CCAGGGCAGAGTGTATCGTC 
TTTTGATCATTCTGAAATACTGGAA 

Li
za

rd
 

(a
no

Ca
r2

)  CRM2 chr1:32,920,998-32,922,337 1340 
Synthesized at IDT 

CRM5 chr1:32,943,808-32,944,258 451 

Co
el

ac
an

th
 

(la
tC

ha
1)

 CRM2 JH126706:163,091-163,988 898 
Synthesized at IDT 

CRM5 JH126706:85,817-86,468 652 

El
ep

ha
nt

  
Sh

ar
k  

(c
al

M
il1

) CRM2 KI635863:7,047,935-
7,048,988 1054 

AAGCACAGGGAAGTTGCAGT 

GTGCAAAGGGTGGGATCTTA 

CRM5 KI635863:7,083,856-
7,084,336 481 

CAAAACGCTTTGGCTTGTAG 

CACGCAAACTACCCATAGCA 

Ba
m

bo
 

Sh
ar

k 
(C

pu
nc

ta
t

um
 v

1.
0)

 

CRM2 BEZZ01000101:155,083-
156,296 1214 

Synthesized at IDT 
CRM5 BEZZ01000101:230,775-

231,228 454 
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Supplementary Table 6. RT-qPCR primers to amplify specific region of the Grem1 and 
RPL19 transcripts. 
  

Gene Forward Reverse Size 
[bp] 

Grem1  CCCACGGAAGTGACAGAATGA AAGCAACGCTCCCACAGTGTA 53 

Rpl19 ACCCTGGCCCGACGG TACCCTTTCCTCTTCCCTATGCC  53 
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Supplementary Table 7. Species names, genome assemblies and coordinates of the Grem1-

Fmn1 TADs used for VISTA conservation plot analysis. 

  

Common 
Name 

Scientific 
Name 

Source and 
Assembly 

Coordinates of the Grem1-
Fmn1 TAD Strand 

Mouse Mus musculus UCSC 
mm10 chr2:113,313,824-113,779,181 + 

Rabbit Oryctolagus 
cuniculus 

UCSC 
oryCun2 chr17:37,872,491-38,409,484 - 

Pig Sus scrofa UCSC 
SusScr11 chr1:136,603,077-137,170,757 - 

Cow  Bos Taurus UCSC 
bosTau9 chr10:29442507-30045950 + 

Opposum  Monodelphis 
domestica 

UCSC 
monDom5 chr1:188,412,539-189,022,183 + 

Chicken  Gallus gallus UCSC 
galGal5 chr5:30,362,697-30,645,411 + 

Zebra finch Taeniopygia 
guttata) 

UCSC 
taeGut2 chr5:29,874,60- 30,066,547 + 

Emu Dromaius 
novaehollandiae 

NCBI 
droNov1 

(GCF_003342905_1) 
NW_020451784.1:146713-335467 + 

Python Python bivittatus 
NCBI 

Python molurus 
bivittatus-5.0.2 

NW_006535812.1[1-124418] + 

Lizard Anolis 
carolinensis 

UCSC 
AnoCar2.0 chr1:32,873,848-33,105,463 - 

Tibetan 
Frog 

Nanorana 
parkeri 

UCSC 
nanPar1 KN905994v1:660,625-877,435 - 

Lungfish Neoceratodus 
forsteri 

Genebank 
JADMNL010000017.1 

JADMNL010000017.1:20676886-
24096076 - 

Coelacanth Latimeria 
chalumnae 

UCSC 
LatCha1 JH126706:1-214,337 + 

Spotted Gar  Lepisosteus 
oculatus 

NCBI 
LepOcu1 ChrLG7:15,355,746-15,528,614 + 

Zebrafish Danio 
rerio 

UCSC 
danRer11 chr20:29,434,817- 29,471,775 + 

Japanese 
Medaka Oryzias latipes NCBI 

ASM223467v1 Chr22:14,311,286-14,367,948 + 

Elephant 
Shark 

Callorhinchus 
milii 

UCSC 
calMil1 KI635863:7,007,558-7,161,090 - 

Bamboo  
Shark 

Chiloscyllium 
punctatum 

NCBI 
Cpunctatum_v1.0 BEZZ01000101:76,696-456,393 - 
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Common Name Species Assembly 
Human  Homo sapiens hg19 

 Chimpanzee  Pan troglodytes panTro5 
 Rhesus  Macaca mulatta rheMac8 

 Marmoset  Callithrix jacchus calJac3 
 Mouse  Mus musculus mm10 
 Rabbit  Oryctolagus cuniculus oryCun2 

 Pig  Sus scrofa susScr11 
 Dolphin  Tursiops truncatus turTru2 

 Cow  Bos taurus bosTau8 
 Horse  Equus caballus equCab2 

 Megabat  Pteropus vampyrus pteVam1 
 Elephant  Loxodonta africana loxAfr3 

 Sloth  Choloepus hoffmanni choHof1 
 Opossum  Monodelphis domestica monDom5 
 Wallaby  Macropus eugenii macEug2 
 Platypus  Ornithorhynchus anatinus ornAna2 
 Turkey  Meleagris gallopavo melGal5 
 Chicken  Gallus gallus galGal5 

 Zebra finch  Taeniopygia guttata taeGut2 
 King cobra  Ophiophagus hannah ophHan1 

 Python  Python molurus bivittatus molBiv5 
 Painted turtle  Chrysemys picta chrPic1 

 Lizard  Anolis carolinensis anoCar2 
 Western clawed frog  Xenopus tropicalis xenTro9 

 Spotted gar  Lepisosteus oculatus lepOcu1 
 Zebrafish  Danio rerio danRer11 

 Coelacanth  Latimeria chalumnae latCha1 
 Elephant shark  Callorhinchus milii calMil1 

 Lamprey  Petromyzon marinus petMar2 
 
Supplementary Table 8. Species names and genome assemblies used for the phylogenetic 

tree inference analysis of the CRM2 and CRM5 enhancers. 
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7.2. Evaluation of the cis-regulatory potential of the 
deeply conserved CRM8 region 

  

7.2.1. Functional characterization of CRM8 in transgenic LacZ 

reporter assays 
 

The initial functional characterization of CRMs included a 700bp CRM8 

transgene spanning the highly conserved region, which had no activity in LacZ reporter 

assays (Fig. 1c). However, CRM8 is conserved in all classes of Gnathostomata, 

suggesting that functional constraints underlie its preservation (Fig. 9a). Moreover, 

CRM8 is part of open chromatin from early (E9.75) to late (E11.5) mouse limb bud 

development (Fig. 9b; Supplementary Fig. 2a). The weak binding of the cohesin 

subunit SMC1 might hint to cohesin dependent enhancer promoter interactions (Fig. 

9b; Appendix 13.1; (Phillips-Cremins et al., 2013; Thiecke et al., 2020)). However, the 

4C profile does not reveal increased interaction frequencies of CRM8 region with the 

Grem1 promoter, in comparison to CRM7, CRM9 or non-CRM regions (Fig. 9b; the 

entire Grem1 cis-regulatory landscape is shown in Appendix 13.1). Nevertheless, the 

presence of histone marks indicative of active enhancers (H3K27ac), the absence of 

repressive marks (H3K27me3) and the binding of TFs that control Grem1 expression 

in limb buds strongly support CRM8 being an active enhancer (Fig. 1d, 9b; 

Supplementary Fig.3; Appendix 13.1). Altogether, this prompted us to reassess a 

potential cis-regulatory function of CRM8 in LacZ reporter assays using a 2kb 

transgene that covers the entire region of all ChIP-seq peaks plus flanking regions that 

could potentially improve enhancer functions (Vista Enhancer Browser Database 

(VEBD); (Visel et al., 2007); Fig. 9b bottom blue bar). Similarly to the 700bp transgene, 

the CRM8-2kb construct fails to reveal enhancer activity in transgenic LacZ reporter 

assays (Fig. 9c). The broad range of developmental stages analyzed allows to 

conclude that CRM8 does not function as an enhancer between E10.5 and E11.75, 

which covers almost the full time span of Grem1 expression in limb buds (Fig. 9c; 

(Zuniga et al., 2012)). Only two out of 13 transgenic founder embryos show variable 
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activity in the limb bud mesenchyme, but this fails to meet the criteria of an active 

enhancer (Material and Methods and VEBD; Fig. 9c).  

Fig. 9 CRM8 is deeply conserved and shows characteristics of an active enhancer, but fails to drive 
LacZ reporter activity. a CRM8 is conserved along Gnathostomata phylogeny. A conservation above 70% is 
shaded in red. This is a close up of the conservation plot shown in Fig. 4. b Close up of the 5´Grem1 TAD 
border with the centromeric and telomeric location of Fmn1 and Grem1 indicated by dotted arrows, respectively. 
All CRMs are part of open chromatin (ATAC-seq; also shown in Supplementary Fig. 2). Regions adjacent to 
CRM10 and CRM9 are bound by CTCF (orientation is indicated by black arrows below; (Andrey et al., 2017)). 
Further, called peaks confirm the binding of the cohesin subunit SMC1 (black bars below SMC1 track; (DeMare 
et al., 2013)). The 4C-profile from Wt limb buds at E11.0 with the Grem1 promoter as a viewpoint does not 
reveal increased CRM8-promoter interactions (the entire Grem1 TAD is shown Appendix 13.1; this track is also 
shown in Fig. 2). The CRM8 regions show active enhancer marks (H3K27ac) but no repressive histone 
modifications (H3K27me3; (Andrey et al., 2017)). The HOXA/D13 and GLI3 tracks are also shown in Fig. 1 and 
Supplementary Fig. 1, 3. At the bottom, blue bars indicate the CRM8 transgenes that have been tested (for the 
700bp transgene see Fig. 1c). c Transgenic founder embryos carrying the CRM8-2kb transgene do not display 
enhancer activity in the limb bud mesenchyme between E10.0-E11.75 (n = 11/13 of independent founders). 
Only 2/13 founders show some LacZ activity in limb buds (one example is shown, right panel). Scale bar 250µm 
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7.2.2. Genome editing uncovers the role of CRM8 in Grem1 

cis-regulation  
 

Despite the fact that CRM8 scored repeatedly “negative” in LacZ reporter 

assays, its high conservation and the example of the CRM2-associated ME region that 

acts as a posterior enhancer only in the presence of CE, prompted us to further 

investigate a potential cis-regulatory function of CRM8 by reverse genetics (Fig. 5, 9). 

We used CRISPR/cas9 in zygotes to delete the 2kb CRM8 region that corresponds to 

the CRM8-2kb transgene (Fig. 9b). In contrast to CRM2 and CRM5 mutants, CRM8 

deficiency does not affect Grem1 transcript levels in forelimb buds at E11.0 (Fig 10b, 

qPCR panel; Table 10.4.1). Similarly, the analysis of spatio-temporal Grem1 

expression dynamics by WISH does not reveal differences compared to wildtype limb 

buds (Fig. 10a, b, WISH panels). Moreover, the skeleton is normal in CRM8D/D limbs 

at E14.5 (Fig. 10a, b, WISH panels). We and others have shown that individual CRM 

deletions can have either no or only weak effects on developmental gene expression 

but CRMs may function in interactions with other enhancers (Hörnblad et al., 2021; Li 

et al., 2014; Osterwalder et al., 2018). As among all Grem1 CRMs only CRM2, CRM5 

and CRM8 are conserved along Gnathostomata phylogeny, we hypothesized that 

these three CRMs could represent an archetype enhancer network required for Grem1 

expression in tetrapod limb buds (Fig. 4a, Supplementary Fig. 6). We previously 

showed that CRM2 and CRM5 together account for ~80% of Grem1 transcript levels 

and the ~80% reduction in EC1CRM5 deficient limbs suggest that the remaining ~20% 

are regulated by CRM6, CRM7 or CRM8 (Fig. 3d, e). For these reasons, CRM8 was 

deleted in cis to the CRM2D/DCRM5D/D loss-of-function allele 

(CRM2D/DCRM5D/DCRM8D/D), which reveals a ~70% reduction in Grem1 transcript 

level, similar to CRM2D/DCRM5D/D limb buds (Fig. 10c, qPCR panel; Table 10.4.1). 

During early limb bud outgrowth (at E10.5) the posterior-distal Grem1 expression 

domain is reduced in CRM2D/DCRM5D/DCRM8D/D forelimb buds, similar to other CRM 

mutants (Fig. 10a, c, E10.5 WISH panel; compare to Fig. 2d, 3b, d). Interestingly, 

distinct spatial changes become apparent around E11.0, when the distal gap widens, 

the posterior bias decreases and the expression domain becomes more symmetrical 

compared to Wt or CRM2D/DCRM5D/D limb buds (Fig. 10a, c; E11.0 WISH panels; 
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compare to Fig. 11). Grem1 expression terminates precociously in the autopod, which 

is common to all Grem1 alleles lacking CRM2 (Fig 10c, E12.0 WISH panel; Fig 2, 3). 

In contrast to CRM2CRM5 mutants, the CRM2CRM5CRM8 deficiency results in subtle 

but frequent digit patterning defects which manifest by the close proximity of digits I 

and II at E14.5 (Fig. 10c, right panel; compare to Fig. 11). Taken together, these results 

provide first evidence for a cis-regulatory function of CRM8.  

As the CRM8 deficiency exacerbates the spatial alterations, we wondered if the 

CRM8 deficiency in cis with the EC1 deletion can recapitulate the aberrant Grem1 

transcript distribution and loss of pentadactyly observed in EC1D/DCRM5D/D forelimbs 

(Fig. 3, 11). In EC1D/DCRM8D/D forelimbs Grem1 transcript levels are reduced by ~70% 

suggesting that the CRM8 deficiency decreases transcript levels by an additional 

~20% in comparison to the ~50% reduction in EC1D/D forelimbs (Fig. 10d, qPCR panel; 

compare to Fig. 11). However, this should be considered with caution as the RT-qPCR 

analysis of both mutants were done in separate experiments and a 20% transcript 

difference is often not significant due to intra-genotype variability. The assessment of 

the spatio-temporal Grem1 expression dynamics in EC1CRM8 mutants reveals the 

reduced expression domain but no ectopic transcripts as detected in EC1D/DCRM5D/D 

forelimb buds at early stages (Fig. 10d, E10.5 WISH panel; compare to Fig 3e). At 

later stages, the distal gap between the AER and the Grem1 domain is widened, 

symmetrical and anteriorly diffuse (Fig. 10d, E11.0, WISH panel; compare to Fig. 11) 

and expression terminates prematurely in EC1D/DCRM8D/D forelimb buds (Fig. 10d, 

Fig. 10 Deletion of CRM8 in cis to other key Grem1 CRMs unravels its functional relevance for Grem1 
cis-regulation. (b-e) Left panels: Grem1 transcript levels determined by RT-qPCR in Wt and homozygous 
mutant limb buds (per genotype n= 7 independent biological replicates at E11.0, 40–42 somites). Bars 
represent mean values +/− SEM. P-values were calculated using the two-tailed Mann–Whitney test: ns = not 
significant (panel b), **p = 0.001166 (panel c), ***p = 0.000583 (panel d, e). (a-e) Middle panels show the 
spatio-temporal Grem1 expression dynamics in Wt and mutant limb buds at: E10.5 (35–37 somites), E11-0 
(40–42 somites) and E12.0 (50-55 somites; n=4 per stage and per genotype). Ant: anterior, Dist: distal, Post: 
posterior, Prox: proximal. Scale bars: 250 μm. (a-e) Right panels show limb skeletons around E14.5 (blue: 
cartilage, red: ossification center in radius and ulna). Wt and CRM8D/D limb skeletons are pentadactyl (n=3; 
panels a, b) while CRM2D/DCRM5D/DCRM8D/D limbs show spacing defects between digit I, II and III (n=3/4). In 
contrast, EC1D/DCRM8D/D (n=3/3) and EC1D/DCRM5D/DCRM8D/D (n=3/3) limbs are tetradactyl (panel d, e). Digit 
identities are indicated by numbers while digits without clear identity are indicated by an asterisk. Scale bar: 1 
mm.  
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E12.0 WISH panel). Interestingly, the CRM8 deficiency in cis to EC1D/D enhances the 

digit phenotype, resulting in 100% penetrance of tetradactyly (Fig. 10d, right panel; 

compare to Fig. 11). This analysis shows that CRM8 possesses cis-regulatory 

functions as part of synergistic/cooperative interactions with CRM2-4 (EC1), 

potentially similar to CRM5. 

As CRM8 and CRM5 are equivalently important to maintain pentadactyly in 

EC1 mutants, we assessed the effect of inactivating both CRM8 and CRM5 in EC1D/D 

mutants. Rather surprisingly, Grem1 transcript levels remain at 15% in 

EC1D/DCRM5D/DCRM8D/D limb buds (Fig. 10e; qPCR panel; compare to Fig. 11). This 

reveals that Grem1 cis-regulation involves a minimum of six CRMs (CRM2-5, CRM8 

and either CRM6 or CRM7). As in CRM2CRM5CRM8 or EC1CRM8 deficient limb 

buds, the Grem1 expression domain is reduced and weak in EC1D/DCRM5D/DCRM8D/D 

forelimb buds at early stages (Fig. 10a, c, d, e, E10.5 WISH panels). Subsequently, 

the posterior Grem1 expression domain is strongly reduced to a narrow stripe, while 

the anterior expression domain is faint but slightly broader, which is reminiscent of the 
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expression and digit phenotypes. Top panels: Comparison of the spatio-temporal Grem1 expression 
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the dispersed anterior expression. Scale bar: 250 µm. Remaining Grem1 transcript levels are indicated below. 
Bottom panels: Comparison of phenotypically normal and mutant limb skeletons at E14.5. Note that the 
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 79 

Grem1 distribution in EC1D/DCRM5D/D limb buds (Fig. 10e, E11.0 WISH panel; compare 

to Fig. 11) and terminates precociously (Fig. 10e, E12.0 WISH panel). The width of 

the highly aberrant posterior expression domain at E11.0 correlates with the 

tetradactyl limb skeleton phenotype, the close proximity of the middle digits and the 

subtle metacarpals fusions of digit V with the adjacent digits (Fig. 10e, right panel, 

compare to Fig. 11, red arrowhead).  

In summary, this allelic series reveals that CRM8 does not significantly 

contribute to increasing Grem1 transcript levels on its own (Fig. 10b-e) but cooperates 

with other Grem1-associated CRMs in the spatio-temporal regulation of Grem1 

expression and in providing robustness to digit pentadactyly (Fig. 10e, 11). 

Furthermore, these results are in agreement with our previous observation that 

synergistic/cooperative CRM interactions maintain the spatial integrity of Grem1 

expression, which is critical for normal digit development (Fig. 11).  
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8. Discussion 
 

I would like to discuss issues in addition to the discussion in the published 

manuscript (Results 6.1), taking a more holistic view on Grem1 cis-regulation, 

evolutionary diversification, and the apparent link between spatial expression and digit 

numbers in tetrapod embryos. 

 

 

8.1. The Evolution of Grem1 cis-regulation  
 

Throughout metazoan evolution, the location of many genes and their cognate 

CRMs is highly conserved in syntenic regions. (Harmston et al., 2017; Kikuta et al., 

2007). Micro-syntenic regions harbor as little as a pair of related or unrelated genes 

regulated by conserved CRMs (Irimia et al., 2012; Kikuta et al., 2007; Miyata et al., 

2020; Wong et al., 2020). One such example is the Fmn1-Grem1 genomic landscape 

in Gnathostomata and the highly conserved CRM2, CRM5 and CRM8 regions within 

the 3¢end of Fmn1 coding region seem to have been retained during evolution (Fig. 4). 

Although sequence conservations are commonly used to identify conserved CRMs, it 

has been shown that regions of non-conserved sequences, but with distinct TF binding 

motifs can drive similar gene expression patterns in evolutionary distant species 

(Adachi et al., 2016; Domené et al., 2013; Miyata et al., 2020; Parker et al., 2014; 

Weirauch and Hughes, 2010). An extreme example is an enhancer in sponges that is 

not conserved in vertebrates, but recapitulates the tissue-specific activities of the 

corresponding vertebrate enhancer in transgenic zebrafish and mice (Wong et al., 

2020). In the chicken Grem1 TAD, we also detect an additional potential CRM in the 

vicinity of CRM3 that is only conserved in birds and reptiles, which points to the 

existence of non-conserved species and/or clade-specific enhancers in addition to the 

conserved Grem1 CRMs (Supplementary Fig. 6, 9). We and others have shown that 

the gene regulatory interactions during the initiation of limb bud development and early 

outgrowth are more conserved than those during autopod development (Appendix 
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13.3: Jhanwar et al., 2021; (Cooper et al., 2014; Lopez-Rios et al., 2014; Maier et al., 

2017; Onimaru et al., 2021; Sears et al., 2018; Tissières et al., 2020)). Moreover, the 

putative CRMs that regulate the early phase of gene expression are likely also 

conserved. Our results indicate that CRM2, CRM5 and CRM8 are conserved in 

vertebrates with paired appendages, which might be due to the fact that these three 

CRMs were required for activation and expression of Grem1 in paired fins and thereby 

represent an archetype cis-regulatory unit. Thereafter, the distal and autopod-specific 

regulatory features might have been repeatedly modified by the acquisition of 

additional, functionally conserved enhancer elements such as ME, which is mammal-

specific and additional putative Sauropsid-specific enhancers in birds and reptiles (this 

study). 

 

 

8.2. Grem1 cis-regulation in mouse - a matter of one 
to one, one to many, or many to many interactions?  

 
8.2.1. Does CRM8 encode a deeply conserved bona-fide 

Grem1 enhancer? 

 
Transgenic reporter assays are the standard assay for validation of putative 

CRMs in model organisms such as Drosophila, zebrafish, and mice (Kvon, 2015). 

Large-scale consortiums like the VEBD have tested 3233 putative mouse and human 

CRMs out of which 1654 (51%) were validated as active enhancers by their LacZ 

activity, which provides a valuable resource to assess the enhancer activities of CRMs 

of interest (Visel et al., 2007). Similarly, we identified and tested 8 putative CRMs in 

the genomic region required for Grem1 expression in limb buds using transgenic LacZ 

reporter assays (Fig. 1, Supplementary Fig. 1, 2; (Zuniga et al., 2012)). However, three 

of them, CRM9, CRM8 and CRM6 did not display any reproducible enhancer activities, 

despite the fact they are part of open chromatin regions and decorated by active 

histone marks (Fig. 1, Fig. 9, Supplementary Fig. 2, Appendix 13.1). In contrast, our 

functional analysis by reverse genetics shows that the in cis deletion of CRM8 in the 
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CRM2CRM5 deficiency results in a mild phenotype in homozygous limb buds (Fig. 10, 

Fig. 11). Likewise, CRM8 deficiency exacerbates digit phenotypes in EC1 and 

EC1CRM8 mutant limb buds (Fig. 10, Fig. 11). However, there are no significant 

changes in Grem1 transcript levels detected upon the additional inactivation of CRM8 

but the exacerbated spatial alterations correlate well with the aggravated digit 

patterning defects (Fig 10; Fig. 11). These results show that an enhancer with no LacZ 

reporter activity can modulate the spatio-temporal regulation of Grem1 expression, 

which might also be the case for CRM6. The inability of CRM8 to drive reporter activity 

despite of its functional relevance for cis-regulation in the endogenous context 

suggests an alternative type of regulatory activity such as an insulator, repressor, or 

an element with a structural or modulator function - required to maintain or modify the 

cis-regulatory activity of the CRM enhancer cluster in a native context. Insulators can 

function as barriers that prevent heterochromatin spreading (evident by H3K27me3 

spreading), and CTCF bound insulator elements can act as enhancer-blocker through 

formation of distinct insulated chromatin compartments (Gaszner and Felsenfeld, 

2006; Nora et al., 2017). However, there is no CTCF binding to CRM8 and there is no 

evidence of substantial changes in repressive histone modifications around the CRM8 

region, which renders an insulator or barrier function for CRM8 unlikely (Fig. 9, 

Appendix 13.1). Alternatively, CRM8 could act as a repressor, but neither up-

regulation nor ectopic Grem1 expression was observed in limb buds of the different 

CRM8 loss-of-function mutants (Fig. 10; (Li et al., 2014; Vokes et al., 2008)). Taken 

together, CRM8 could act as a structural or modulator element in a native context that 

might participate in non-additive or repressive interactions with other Grem1 CRMs, 

thereby fine-tuning their spatio-temporal activities (Dunipace et al., 2011; Prazak et 

al., 2010).  

Alternatively, the inability of CRM8 to drive LacZ reporter activity may be related 

to the limb bud stages analyzed as it could be active transiently during initiation of 

Grem1 expression as the most up-stream enhancer (Fig. 9). Furthermore, transgenic 

LacZ reporter assays rely on minimal promoters such as the Hsp68 or β-globin 

promoter. Although these reporter assays are helpful to study tissue-specific enhancer 

activities, promoter specificity of enhancers is widely ignored (Haro et al., 2021; Kvon, 

2015; Kvon et al., 2016; Marinić et al., 2013; Pennacchio et al., 2006; Visel et al., 
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2007). For example, enhancers regulating housekeeping genes show motif-based 

promoter specificity that is different from that of developmental enhancers and 

promoters (Zabidi et al., 2015). Similarly, sequence differences in core-promoters can 

cause differential responsiveness to the same potent enhancer (Arnold et al., 2017). 

Therefore, the inability of CRM9, CRM8, or CRM6 to promote LacZ expression could 

depend on specific sequences in the Grem1 proximal promoter. In addition, random 

integration-based transgenic reporter assays do not provide the context of native 

three-dimensional (3D) chromatin conformation and transcriptional environment. 

Therefore, the insertion of a regulatory sensor in the proximity of either endogenous 

CRM9, CRM8 or CRM6 could be a better suited approach to reveal the enhancer 

activity in the native context (Kragesteen et al., 2018; Symmons et al., 2014). 

 

 

8.2.2. The Grem1-TAD architecture and enhancer-promoter 

interactions  
 

The TAD encompassing Grem1, Scg5 and partially Fmn1 spans approximately 

190kb (Fig. 1a). While HiC data from mouse embryonic fibroblasts indicates that the 

5´TAD boundary is located between CRM8 and CRM9, the 4C profile suggests that 

this border resides at the CRM10 to CRM9 region (Fig. 1, Fig. 2, Fig. 9, Appendix 13.1; 

(Barutcu et al., 2018)). The presence of convergent CTCF sites and enrichment of 

CTCF and cohesin supports the existence of a TAD boundary in this region. (Fig. 9, 

Appendix 13.1; (Dixon et al., 2012; Parelho et al., 2008; Wendt et al., 2008)). Further, 

both the 5´ and 3´ TAD-boundary display higher than average interactions with the 

Grem1 promoter (Fig 2, Appendix 13.1). Noticeably, several of the Grem1-associated 

CRMs (CMR8-10 and CRM2-4) are interacting with the cohesin subunit SMC1, which 

can indicate cohesin-dependent enhancer-promoter interactions (Phillips-Cremins et 

al., 2013; Thiecke et al., 2020). Therefore, Grem1 transcription in limb buds likely 

depends on a distinct CTCF/cohesin-mediated 3D chromatin conformation, which is 

corroborated by the fact that Ctcf deletion causes reduction of Grem1 expression in 

limb buds (Soshnikova et al., 2010).  
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In contrast, a significant fraction of chromatin compartments and enhancer-

promoter interactions are independent of CTCF/cohesin (Andrey et al., 2017; Nora et 

al., 2017; Rao et al., 2017; Robson et al., 2019; Thiecke et al., 2020). These seemingly 

self-associating interactions are associated with transcriptionally active loci and can 

depend on proteins such as YY1 and LDB1 that bridge and maintain the proximity of 

enhancer-enhancer and enhancer-promoter interactions (Caputo et al., 2015; Deng et 

al., 2012; Krivega et al., 2014; Lee et al., 2017; Monahan et al., 2019; Robson et al., 

2019; Weintraub et al., 2017). LDB1 interacts with LHX proteins and interestingly 

Grem1 expression is severely reduced in both Ldb1 and Lhx2/Lhx9 deficient limb buds 

(Tzchori et al., 2009). The disruption of Grem1 expression in Ctcf and Ldb1 mutant 

suggests that, both CTCF/cohesin-mediated chromatin compartmentalization and 

LDB1-mediated enhancer interactions are relevant for normal Grem1 expression in 

mouse limb buds (Fig. 12; (Soshnikova et al., 2010; Tzchori et al., 2009)). 

A recent study postulated that in a chain of redundant CRMs, the most distal 

CRM preferentially forms CTCF-associated loops with the proximal promoter, which is 

required for activation of target gene expression (Song et al., 2019). Similarly, a recent 

report showed that the most distal enhancer is required to form an active 3D chromatin 

conformation enabling Pitx1 transcription in hindlimb buds (Rouco et al., 2021). With 

respect to the Grem1 TAD, the observed proximity interactions of the promoter with 

the distal-most CRM9 and CRM10 elements fulfils one important criterion of an 

enhancer chain model (Fig 2, 9; Appendix 13.1). In light of the enhancer chain model, 

transcriptional activation of Grem1 might require the (pre-)formation of a long-range 

loop between these distal CRMs and the Grem1 promoter, which would bring the 

CRM2-CRM8 region in proximity to the promoter (Fig. 12, left panel). The anchor of 

such a long-range loop might lie at the TAD boundary-associated CTCFs, and intra-

TAD enhancer-promoter proximity might be further increased by CTCF/Cohesin-

mediated sub-compartmentalization and LDB1-mediated bridging (Fig. 12, left panel). 

Alternatively, the CRM9 associated CTCF site could form an additional smaller loop 

together with the CTCF site located in the CRM2-4 region (Fig 12, right panel, PhD 

Thesis, (Gamart, 2017)). The loop extrusion model suggests that loop formation is 

highly dynamic, and topologies can differ among cell populations. Therefore, a single 
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long-range loop, a loop in a loop, and intermediate 3D chromatin conformations might 

occur in Grem1 expressing limb mesenchymal cells.  

Although our extensive genetic analysis identified all functional Grem1 CRMs, 

our 4C chromatin structure analysis of limb buds lacking one or several CRMs does 

not point to specific changes among the interactions of the remaining CRMs. Instead, 

the CRM deletions lead to a rather general increase of interactions in the remaining 

parts of the Grem1 cis-regulatory landscape. This might be inherent to the 4C analysis 

that provides a static snapshot of the average interactions in a given (heterogenous) 

cell population. As Grem1 is expressed by only about 15% of all LMPs, 4C analysis 

might not be sufficiently sensitive to detect of transient interactions or dynamic 

conformations (Reinhardt et al., 2019). Conversely, the proximity between the Grem1 

promoter and distal CRMs might reflect a robust 3D chromatin architecture also 

Fig. 12 Schematic model of CTCF/cohesin mediated compartmentalization of the Grem1 cis-regulatory 
landscape. Cohesin mediated loop extrusion might create a long-range loop anchored at the distal CTCF sites 
(green triangle). In turn continues loop extrusion would further increase the proximity between CRMs and the 
Grem1 promoter. The actual CRM-promoter interactions might depend on LDB1 as indicated for CRM9.  
CRM10 and CRM9 might preferentially interact with the promoter due to their close proximity to the loop anchor. 
A switch between CTCF sides (two-sided arrow) might occur frequently. On the right site a loop in a loop model 
is shown (proposed before by J. Gamart (2017)). Here, a second, smaller loop would allow for the increased 
proximity between CRMs and the promoter in a 3D conformation. The scheme on the right site has been 
adapted from J. Gamarts PhD thesis.  
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present in non-expressing cells, which has been reported for the Shh cis-regulatory 

landscape (Paliou et al., 2019; Williamson et al., 2016).  

 

 

8.2.3. A transcriptional hub/condensate model could explain 

many aspects of the Grem1 cis-regulation by multiple 

CRMs 
 

While a generic “promoter activity by enhancer proximity” model has been 

evidenced in many studies, in other cases enhancers do not control transcriptional 

activity by close proximity or strictly pairwise interactions with the promoter (Alexander 

et al., 2019; Bartman et al., 2016; Benabdallah et al., 2019; Deng et al., 2012, 2014; 

Fukaya et al., 2016; Fulco et al., 2019; Rao et al., 2014; Williamson et al., 2016; Zhang 

et al., 2013). For instance, live cell imaging of Drosophila embryos revealed that one 

enhancer can simultaneously promote coordinated transcriptional bursting at two 

distant promoters (Fukaya et al., 2016). In mouse embryonic stem cells Sox2 

expression does not correlate with the proximity of the promoter to its cognate SCR 

enhancer (Alexander et al., 2019). During embryonic stem cell differentiation into 

neural progenitors, Shh transcription is paralleled by a progressive increase in the 

distance of the enhancers from the promoter, as a likely consequence of the 

accumulation of additional activators and RNA binding proteins (Benabdallah et al., 

2019). These observations could be explained by the presence of a transcriptional hub 

or condensate (Palacio and Taatjes, 2021). Transcriptional hubs/condensates usually 

involve multiple enhancers in close 3D proximity that recruit high number of TFs, co-

activators (e.g., mediator complex), and RNAPII (Allahyar et al., 2018; Cho et al., 

2018; Hnisz et al., 2017; Oudelaar et al., 2018; Palacio and Taatjes, 2021; Sabari et 

al., 2018; Tsai et al., 2019; Zhu et al., 2021). In contrast to transcriptional hubs, 

condensates undergo liquid-liquid phase separation by the multivalent interactions 

among TF, co-activating factors, RNAPII (Cho et al., 2018; Chong et al., 2018; Sabari 

et al., 2018). These enclosed environments can provide distinct biophysical properties 

to the transcription machinery (Chong et al., 2018; Hnisz et al., 2017; Palacio and 

Taatjes, 2021). In particular, the transcription in a hub/condensate does not 
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necessarily require direct and stable enhancer-promoter interactions, but rather 3D 

proximity between enhancers that promote the accumulation of TFs that trigger 

cooperative binding of additional factors forming scaffolds acting directly on the 

PIC/RNAPII (Allahyar et al., 2018; Mir et al., 2018; Song et al., 2019; Zhu et al., 2021). 

In agreement with the enhancer chain model, this would argue that the CRMs located 

between the promoter and most distal CRM regulate transcription by enhancer-

enhancer rather than enhancer-promoter interactions (Song et al., 2019; Zhu et al., 

2021). In light of this and considering our 4C results, regulation of Grem1 expression 

by a transcriptional hub/condensate is an intriguing possibility (Fig. 13; Appendix 13.1). 

In particular, the spatial alterations in Grem1 expression observed in homozygous limb 

buds of the different Grem1 alleles analyzed point to synergistic/cooperative 

interactions among six of seven CRMs (Fig. 3, 11). Such enhancer-enhancer 

interactions might provide a platform for the assembly of a Grem1 enhanceosome (Fig. 

13). Here, multiple activators and/or repressors could be involved in forming this 

Grem1 enhanceosome depending the positional identity of cells within in the 

developing limb bud. 5´HOX and GLI3 are transcriptional regulators controlling Grem1 

expression dynamics in limb buds with activating and repressing activities, 

respectively (Litingtung et al., 2002; Lopez-Rios et al., 2012; Sheth et al., 2007, 2013; 

Welscher et al., 2002b). Interestingly, recent studies showed that HOXA13 and 

HOXD13 are pioneer factors for target genes expressed in the distal limb buds and 

HOXD13 can promote phase separation of transcriptional condensates in vivo (Sheth 

et al., 2016; Desanlis et al., 2020; Basu et al., 2020).  

In addition to 5´HOX and GLI3, the Grem1 expression dynamics in limb bud is 

regulated by several additional transcriptional activators and repressors acting 

downstream of the major signaling pathways (Benazet et al., 2009; Farin et al., 2013; 

Gamart et al., 2021; Litingtung et al., 2002; Lopez-Rios et al., 2012; Sheth et al., 2013; 

Verheyden and Sun, 2008; Welscher et al., 2002b). Therefore, active Grem1 

transcription under control of a multi-CRM hub/condensate could depend on the sum 

and cooperativity of recruited activators in competition to repressive factors. In this 

view, each CRM might have distinct and possibly changing affinities for the binding of 

activators and repressors that match the spatio-temporal dynamics of Grem1 

expression domain and their LacZ reporter activities (Fig.1). Thereby, their cooperative  
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interactions as part of the enhanceosome assembly would orchestrate Grem1 

expression in the dynamic crescent-shaped domain in the distal limb bud. Conversely, 

the deletion of individual or multiple CRMs might prevent accumulation of activators in 

distinct cell populations, which may underlie the observed spatial changes.  

The functional characterization of CRM2 provides evidence for cooperative 

binding of the TFs that regulate the spatial activity of this CRM (Fig. 5). CRM2 consists 

of two regulatory elements, ME and CE. While CE is absolutely required for CRM2 

activity, ME on its own is not able to activate the LacZ reporter transgene. In contrast, 

CE is active in the anterior-distal mesenchyme, but the posterior CRM2 activity bias 

Fig. 13 A transcriptional hub/condensate as a framework for a synergistic/cooperative multi-CRM 
regulation of Grem1 transcription. Close 3D proximity between enhancers allows for the cooperative binding 
of TF, co-activating factors and RNAPII generating a transcription promoting environment. Here, each CRM 
might have distinct affinities to bind activators or repressors. Therefore, activator repressor competition (light 
blue triangle vs green/yellow circle; dashed arrows) at multiple CRMs might control the assembly of the 
enhanceosome and hence decide about active Grem1 transcription in a cell-population-specific manner. In 
turn, a condensate would form under multivalent interactions between proteins. 
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depends on the interplay between CE and ME regions. This could be due to 

cooperative binding of TFs to ME and CE, which might orchestrate the posterior bias 

of CRM2 activity in mouse limb buds (Fig. 14). Interestingly, ME and the ME-CE 

intervening region are also potent anterior repressors, possibly by integrating 

repressing inputs from GLI3R into Grem1 cis-regulation (Fig. 1, 5, 14; (Zuniga et al., 

2012)). In Drosophila embryos, the activity of the dpp wing disc enhancer depends on 

the activator-repressor competition of the Gli3 orthologue Ci for low-affinity binding 

sites. This allows for graded instead of “on/off” activity in the presence of high posterior 

Ci activator and anterior Ci repressor protein concentrations along the Hh gradient 

(Parker et al., 2011; Ramos and Barolo, 2013). It is intriguing that such a mechanism 

might also underly the bipartite function of ME and the anterior restriction in CRM2 

activity, similar to what has been shown for CRM4 (Fig. 14, middle panel; (Li et al., 

Fig. 14 The CRM2 transgene activity is regulated by two elements that act in a cooperative manner. The 
ME and the intervening region (IV) between ME and CE act as repressor elements in the anterior mesenchyme 
which prevents anterior CE activity (example at the top). In turn posterior CRM2 activity strongly depends on 
interaction between CE and ME but not IV. Here, cooperative binding of different activators (dark and light 
green) is a likely explanation for the activity switch observed in DME, DCE or MECE transgenes (See Fig. 5; 
example at the bottom). Activator repressor competition (e.g., along a GLI3A/R gradient) for low affinity bindings 
sites might be responsible for the fine-tuned and highly dynamic Grem1/LacZ expression pattern (middle 
example). The blue pattern in the schematic limb reflects the CRM2 transgene activity in a LacZ reporter assay 
E10.75-E11). The red and green triangle on the right site indicate a repressor activator gradient (such as GLI3R 
and GLI3A) along the AP limb bud axis. Green A/ovals: activator; red R/triangle: repressor; ME: mammalian 
specific element; CE: core element.  
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2014; Vokes et al., 2008)). From an evolutionary standpoint, changes in binding site 

affinities that result in differential sensing activator and repressor gradients, might 

underlie the symmetrical activity of the pig CRM5 and bovine CRM2 orthologues (Fig. 

4).  

 

 

8.3. Spatial regulation Limb bud mesenchymal Grem1 

expression and digit patterning  
 

Specification of the AP digit identities depends on an early transient Shh 

requirement while subsequent SHH signaling is required for proliferative expansion of 

the early specified digit precursors (Zhu et al., 2008, 2020). There is evidence that 

digit II requires an early transient exposure to SHH signaling while digit IV and V form 

from descendants of Shh expressing cells that have been exposed to prolonged SHH 

signaling (Ahn and Joyner, 2004; Harfe et al., 2004; Scherz et al., 2007). In light of 

this, continuous low level of Shh expression in Shhgfpcre mutant limb buds results in the 

exclusive loss of digit II (Scherz et al., 2007). Interestingly, the genetic reduction of 

Shh in EC1 mutant limb buds (EC1D/DShhD/+) leads to the loss of one digit and the four 

digit phenotype is reminiscent of the tetradactyly in EC1D/DCRM5D/D limbs (Appendix 

13.2). In the penta-to-tetradactyly transitional EC1 or CRM2CRM5CRM8 mutants digit 

II gets in close proximity and in many cases fuses with digit III (Fig. 11). Therefore, it 

is likely that the tetradactyl phenotype that we observe in EC1D/DShhD/+, 

EC1D/DCRM5D/D, EC1D/DCRM8D/D and EC1D/DCRM5D/DCRM8D/D limbs is due to loss of 

digit II while digit III and IV identities are transformed (Fig. 11, Appendix 13.2). The 

loss of digit II in these tetradactyl limbs could be a consequence of reduced BMP 

antagonism from early stages onward, which would impair the SHH/GREM1/AER-

FGF feedback loop such that Shh expression remain low, which might affect 

specification of digit II by long-range signaling.  

Previous work showed that apoptosis in the core mesenchyme is increased in 

mouse limb buds lacking Grem1 expression, while no increase in apoptosis was 

detected in tetradactyl CRM mutant limb buds (L. Ramos Martins, PhD thesis 2020; 
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(Michos et al., 2004)). This shows that apoptosis is not the main driver of digit loss in 

tetradactyl mutants, which suggests that impaired proliferative expansion of 

chondrogenic progenitors might underlie the digit loss. During limb bud outgrowth, 

GREM1-mediated BMP antagonism protects the Jagged1 (Jag1)-positive immature 

LMPs with high chondrogenic differentiation potential, which is interesting as Jag1 and 

Grem1 have similar spatio-temporal expression dynamics in the distal limb bud 

mesenchyme (Panman et al., 2006; Reinhardt et al., 2019; Zhu et al., 2020). 

Altogether, this is in line with the notion that the spatial domain of GREM1-mediated 

BMP antagonism participates in delineating a digit forming territory in competition to 

BMP signaling. The anterior and posterior Grem1 expression borders are flanked by 

regions of high BMP signaling that restrict AER length and digit numbers to 

pentadactyly (Bastida et al., 2004; Dunn et al., 1997; Katagiri et al., 1998; Lopez-Rios 

et al., 2012; Norrie et al., 2014; Robert, 2007; Selever et al., 2004). The anterior Grem1 

expression border is restricted by Gli3R as in Gli3-deficent limb buds the ectopic 

anterior Grem1 expression inhibits the temporally correct exit of LMPs to 

chondrogenesis and their continued expansion results pre-axial polydactyly (Lopez-

Rios et al., 2012). TBX2 is a repressor of Grem1 expression in the posterior limb bud 

mesenchyme as its inactivation leads to ectopic Grem1 expression in the posterior 

mesenchyme and partial duplications of posterior digits (Farin et al., 2013; Vokes et 

al., 2008). Careful assessment of early digit chondrogenesis in chicken hindlimbs 

revealed that digits form precisely in the region of the Grem1 expression domain 

(Lancman et al., 2021). Further, the comparison of different bird species with varying 

digit numbers reveals a correlation of the distal Grem1 expression domain with digit 

numbers (Kawahata et al., 2019), which indicates that the Grem1 expression domain 

demarcates the area of the prospective digit territory in the distal limb bud 

mesenchyme.  

The periodicity of digits is controlled by a Turing-type mechanism, which 

depends on the size of the digit forming territory, such that more digits will form when 

the territory is increased (Iber and Germann, 2014; Raspopovic et al., 2014; Sheth et 

al., 2012). Therefore, the Grem1-dependent survival and expansion of LMP with 

chondrogenic potential during limb bud outgrowth is likely to regulate the size of the 

digit territory (Fig 15, dashed lines; (Reinhardt et al., 2019)). This is corroborated by 
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the fact that the spatial reduction of the Grem1 expression domain in EC1CRM5 

deficient limb buds is linked to the digit loss resulting in tetradactyly (Fig. 11, 15).  

Digit ray primordia form in regions of high BMP signaling activity which 

promotes SOX9 expression that starts in the presumptive digit IV region around E10.5 

(Benazet and Zeller, 2013; Raspopovic et al., 2014; Zhu et al., 2008). In contrast, 

WNT/bcatenin signaling colocalizes with BMP2 expression in ID mesenchyme, 

preventing SOX9 expression (Hill et al., 2005; Raspopovic et al., 2014). How BMP 

signaling activity is restricted in the prospective digit area and inhibited in the Bmp2 

expressing interdigital (ID) mesenchyme is not understood. Grem1 is expressed in ID 

mesenchyme and a good candidate to antagonize BMP activity in the prospective ID 

mesenchyme (this study; (Farin et al., 2013; Zuniga et al., 2012)). This notion is 

supported by the reduced, spacing and variable metacarpal fusions between digits I/II 

and digits IIIIII in EC1 and CRM2CRM5CRM8-deficient limb buds (Fig. 2; Fig.11). 

Moreover, the close proximity and partial fusion of the metacarpals of the posterior 

digit territory AP length chondrogenic progenitors (e.g. JAG+ cells)
Grem1 expression domain 

wildtype tetradactyl mutant (e.g. EC1CRM5)

prospective digit forming region 

Fig. 15 A role for the Grem1 expression domain as a size determinant of the digit territory. The domain 
size determines the number of periodic patterns that can form (dashed lines). Here, GREM1-mediated 
expansion of LMPs with chondrogenic potential (e.g., Jag1 positive cells; brown color) might determine the 
domain size and hence the number of periodic patterns (red) that can occur along the AP axis (left panel; 
dashed line). In contrast the reduction of the Grem1 expression domain (blue) in EC1CRM5 deficient limb buds 
and the impaired expansion of LMPs (brown) constrains the number of periodic digit formations (red) that can 
occur (right panel; dashed line).  
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digits IV and V in limb buds lacking CRM2-5 and CRM8 correlates with the severe 

reduction of the posterior Grem1 expression domain (Fig. 10. 11). In mouse embryos 

lacking Srg3 a subunit of a chromatin remodeling complex, the Grem1 expression 

domain is interrupted in the anterior limb mesenchyme at E11.5, which correlates well 

with the reduction of the ID domains and syndactyly (Jeon and Seong, 2016). Similarly, 

deletion of Grem1 in Gli3 deficient limb buds leads to partial polydactyly and 

syndactyly with fused and rudimentary metacarpals and phalanges (Hui and Joyner, 

1993; Lopez-Rios et al., 2012; Zuniga and Zeller, 1999). Together these observations 

indicate that Grem1 expression in the ID mesenchyme might be required for its 

maintenance during digit ray formation (Fig 16). However, the precocious loss of 

Grem1-expression in the developing autopod of CRM2 deficient limb bud does not 

disrupt pentadactyly in CRM2 mutants (Fig. 2), which indicates that Grem1 would have 

to antagonize BMP activity in the prospective ID mesenchyme prior to the 

morphological appearance of the periodic digit/ID pattern, i.e., during the initial phase 

Fig. 16 A possible function for Grem1 during digit ray formation. A three node Truing network controls the 
periodic formation of digits. BMP signaling is high in the prospective digit region corresponding to the SOX9 
expression region (red). In contrast Bmp2 expression and WNT/bcatenin signaling are restricted to the 
prospective ID mesenchyme. Here, GREM1 could inhibit BMP2 signaling transduction. Adapted from 
immunohistochemical staining on limb bud sections at E11.0, shown in Raspopovic et al. (2014).  
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of the Turing patterning system (around E10.5; (Raspopovic et al., 2014)). In fact, 

increased ID BMP activity due to reduced or absent GREM1-mediated antagonism 

should result in increased digit widths as is observed for metacarpals in mouse limb 

buds lacking both Grem1 and Gli3 (Zuniga and Zeller, 1999). This seems also to be 

the case for the metacarpals of the middle digits in Grem1 alleles lacking EC1 in 

combination with CRM5 and/or CRM8 but this needs verification by quantitation (Fig. 

11).  

 
  



 

  
 

 
 95 

9.  Conclusions and Outlook  
 

The analysis of a comprehensive allelic series lacking either single or 

compound Grem1-associated CRM mutants provides fundamental insights into how 

the dynamic Grem1 expression during mouse limb bud development is orchestrated 

by interactions among multiple CRMs. My studies show that Grem1 expression is 

controlled by interactions of minimally 6 CRMs during limb bud development. Rather 

than threshold transcript levels, digit development depends on the spatial dynamics of 

Grem1 expression. My analysis reveals that synergistic/cooperative interactions 

among the CRM2-5 and CRM8 enhancer network confer spatial robustness to Grem1 

expression and digit development. It will be interesting to study to what extent all 

relevant CRMs are required to control Grem1 expression in different cells such as 

posterior and distal cells. In recent years, multi-enhancer regulation by transcriptional 

hubs and/or condensates is gaining increasing attention. These concepts provide an 

interesting framework to study the multiway interactions of enhancers with enhancers 

and the proximal promoter that occur during the dynamic regulation of Grem1 

expression by the CRM enhancer network.  

 The fact that Grem1 is required for the sustained expression of its own trans-

activators (Hox and Shh/Gli transcriptional regulators) raises the question of how the 

reduced Grem1 expression in distinct CRM-deficiencies affects the GRNs that 

regulate Grem1 and limb development. Changes in these GRNs could in turn either 

aggravate or ameliorate changes in Grem1 expression via the feedback signaling 

system and directly impact digit patterning. To gain insight into this and the timing of 

the interactions, tamoxifen CRE-mediated inactivation of Grem1 from specific 

timepoints onward should provide insights into the temporal requirement of Grem1 as 

a key node in the self-regulatory signaling system and for digit patterning. 

  During the second part of my PhD thesis, I studied the evolutionary aspects of 

Grem1 cis-regulation. In particular, I focused on the CRM2 and CRM5 enhancers as 

they are deeply conserved along the phylogeny of vertebrates with paired 

appendages. I used LacZ reporter assays to study the spatial activities of the CRM2 

and CRM5 orthologues from various species (mammals, Sauropsids, Sarcopterygian 
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fish and Chondrichthyans) in transgenic mouse limb buds. I complemented these data 

with the analysis of spatio-temporal Grem1 expression in limb and fin buds of most 

species analyzed. This showed that the activity of CRM orthologues in transgenic 

mouse limb buds recapitulated the Grem1 expression pattern of the species of origin 

rather than the Grem1 expression in mouse limb buds. This reveals that the 

sequences of CRMs from different species retain their species-specific activity in 

mouse limb buds. As the spatial dynamics of Grem1 is indicative for digit patterning, 

the diversification of Grem1 cis-regulation might have contributed directly to 

morphological adaptations during diversification of the autopod. It would be interesting 

to assess if these CRM orthologues can actually modulate the endogenous Grem1 

expression in mouse by replacement of the endogenous enhancers. In particular, this 

could provide novel insights on the role of Grem1 in digit patterning.  

 Surprisingly, the coelacanth, elephant shark and bamboo shark CRM2 and 

CRM5 orthologues in transgenic LacZ reporter assays revealed their consistent 

activity in the mouse autopod primordia. As fish fin buds do not possess a structure 

homologous to the autopod, CRM2 and CRM5 of these basal fishes already had the 

inherent potential to drive Grem1 in the first autopod-like structure of tetrapodomorpha. 

Conversely, it would be interesting to assess their activities in the developing fin buds 

of fish embryos, which might reveal deep homologies and provide insights into how 

and from which fin bud cell population the tetrapod autopod may have emerged. 

Furthermore, I have shown that the activity of the fish CRM2 is equivalent to its 

orthologous region in the mouse CRM2, which points to it being under evolutionary 

constraints during vertebrate evolution. Therefore, the highly conserved CRM2 and 

CRM5 enhancers and CRM8 seem to represent an archetype Grem1 cis-regulatory 

unit for fin- and limb bud development. The deletion of this cis-regulatory unit in the 

mouse leads to a digit phenotype, which underpins its important function in the Grem1 

regulation and limb development.  
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10. Material and Methods 
 

This section only details the methods that I have used in my contributions to the 

two publications that are part of my thesis and to my unpublished results. 

 

 

10.1. Mouse husbandry and embryo analysis 
 

10.1.1. Ethics statement and approval of all animal 

experimentation.  
 

All animal experiments were performed in accordance with national laws and 

approved by the national and local regulatory authorities as mandated by law in 

Switzerland. The 3R principles were implemented in all animal study designs. Power 

calculations were performed and/or set standards for respective experimental analysis 

were implemented to ensure reproducibility. Furthermore, I attended and passed the 

LTK1 (Labortierkunde) course and in addition visited courses/lectures of continuing 

education in laboratory animal science. 

 

 

10.1.2. Mouse strains  
 

The mouse strain carrying the CisΔ/Δ loss-of-function Grem1 allele was 

generated previously as FmnΔ10.24 allele (Zuniga et al., 2004). All other genetically 

altered mouse strains used for this study were generated de novo. The mouse strains 

CRM2Δ/Δ, CRM3Δ/Δ, CRM2Δ/ΔCRM3Δ/Δ, CRM2Δ/ΔCRM4Δ/Δ and EC1 Δ/Δ were 

generated by the group before I joined, using CRISPR technology in ES cells and 

aggregation chimera or zygotes. Founders for other strains, including compound 

mutant stains were generated by microinjection or electroporation of the relevant 

single guide (sg) RNAs and CAS9 protein complexes into fertilized eggs by Center of 
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Transgenic Models (CTM) at the University of Basel. The genomic coordinates of the 

CRM deletion of all Grem1 alleles included in this study and sequences of the sgRNAs 

designed with CRISPOR (http:// crispor.tefor.net/) and used for genome editing are 

listed in Table 10.4.2. and Supplementary Table 1. To ensure that compound mutant 

CRM alleles are located in cis, additional deletions were generated by re-engineering 

CRM2Δ/Δ, CRM2 Δ/ΔCRM5Δ/Δ, EC1Δ/Δ and EC1Δ/ΔCRM5Δ/Δ zygotes. After founders 

were born, I screened for the deletion alleles and established the strains. The deletion 

alleles were identified by PCR and their exact breakpoints verified by Sanger 

sequencing (Microsynth.ch, Switzerland). As our analysis focuses on analyzing 

developmental robustness, mice were backcrossed to outbred Swiss Albino mice 

(Janvier) and intercrossed to generate the relevant genotypes for analysis. Mice and 

embryos were genotyped by PCR using primer pairs for the deleted regions (Δ) and 

wild-type controls (Wt) and are listed in Table 10.4.3. and Supplementary Table 2. 

 

 

10.1.3. Superovulation of CRM mutant female mice  
 

On day one, 20 to 25 females aged 10 to 15 weeks of the required genetic 

background were injected intraperitoneally with 5 IU (0.1 ml) PMSG (pregnant mare 

serum gonadotropin) using 25G needles. Two days (48 h) later, the females were 

injected with 5 IU (0.1 ml) HSG (human chorionic gonadotropin) and after 5 h set in 

2:1 matings (females:males) with males of the appropriate genotypes. The next 

morning, females that were positive for the vaginal plug were transferred to the CTM 

Basel for oocyte collection.   

 

 

10.1.4. Embryo collection and staging 
 

Mouse embryos were collected from timed matings. The approximal embryonic 

stage was determined by abdomen palpation prior to euthanization. After isolation, 

embryonic stages were precisely determined using somite numbers (Haramis et al., 

1995). All isolations were done in ice-cold phosphate-buffered saline (PBS; 140mM 
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NaCl, 2.7mM KCl, 25mM Tris-HCl pH7.5) Rabbit embryos were collected from 

pregnant females and staged according to the timepoint of mating, taking into 

consideration that ovulation is induced ∼8 h after mating (done with the help of B. 

Püschel and C. Viebahn at the Institute of Anatomy, University of Göttingen, 

Germany). Isolated rabbit embryos were either fixed in 4% paraformaldehyde in PBS 

(PFA; for in situ hybridization) or RNAlater™ (Sigma-Aldrich; for cDNA synthesis) and 

transported on ice back to Basel. Fertilized White Leghorn chicken eggs (Animalco, 

Switzerland) were incubated in a commercial egg incubator (38 °C, 55% humidity) and 

Hamburger-Hamilton (HH) stages determined prior to isolation of embryos 

(Hamburger and Hamilton, 1951). The comparative analysis of Grem1 expression in 

limb buds of different species was done using orthologous developmental stages 

whenever possible. 

 

 

10.1.5. Whole-mount Grem1 in situ hybridization in mouse 

embryos and other species.  
 

The mouse, pig, bovine and chicken Grem1 riboprobes have been used 

previously (Lopez-Rios et al., 2014). The rabbit Grem1 genomic sequence was 

obtained from UCSC browser (oryCun2) and the lift over tool was used to identify the 

region (chr17:37,888,060-37,888,610) that is orthologous to the mouse Grem1 probe 

(Table 10.4.4). A PCR amplicon was generated from embryonic cDNA (D11.5, see 

below) and subsequently cloned into a vector using the pGMTeasy kit (Promega). The 

rabbit Grem1 probe was sequenced and first tested on mouse embryos, which 

detected the typical Grem1 expression pattern. Riboprobes where synthesized from 

linearized plasmids, using either the T3, T7, or SP6 RNA polymerase (Roche or 

Fermentas). After 2 h at 37°C, 2µl TURBO™ DNase (2 U/µl Invitrogen) and 2µl 

TURBO DNase buffer were added and the mixture incubated for another 15 min at 

37°C. Synthesized riboprobes were purified using mini Quick Spin RNA columns 

(Roche). Therefore, the riboprobe mixture was added dropwise to the middle of the 

column followed by centrifugation at 1000g for 4 min. The obtained clean riboprobe 

was either directly used in a WISH or stored at -20°C. 
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The WISH has been performed according to previous protocols with a few 

changes (Wilkinson and Nieto, 1993). Embryos were fixed in 4% PFA in PBS at 4 °C 

overnight, dehydrated in a series of decreasing 0.1% Tween-20 in PBS (PBT) and 

increasing methanol (MeOH; 25, 50, 75 and 100%) and stored at −20 °C until further 

use. Following rehydration in a progressively increasing series of PBT (25, 50, 75 and 

100%), embryos were bleached in 6% hydrogen peroxide in PBT for 15 min and then 

digested with 10 µg/ml proteinase K in PBT for 10–15 min depending on the embryonic 

stage. The proteinase K activity was stopped by washing with 2 mg/ml glycine in PBT 

and two subsequent washes with PBT. Embryos were re-fixed with 0.2% 

glutaraldehyde in 4% PFA in PBT for 20 min at RT and then two times washed with 

PBT. 

Following the incubation in prehybridization buffer at 70 °C (≥2 h), embryos 

were left overnight at 70°C in prehybridization buffer (50% formamide, 5x SSC (0.75M 

NaCl, 75mM sodium citrate pH 4.5), 2% Blocking Reagent (Roche cat. no. 

11096176001), 0.1% Tween-20, 0,5% Chaps, 50 µg/ml yeast RNA, 5mM EDTA, 50 

µg/ml heparin) with 10 µl/ml heat denatured antisense riboprobe on a rotating wheel. 

The next day, the riboprobe/prehybridization mixture was replaced by prehybridization 

buffer which was then diluted in a 75%, 50% and 25% series with 2x SSC at 70°C. 

Riboprobe excess was digested by 20 µg/ml RNase for 45 min at 37 °C. After several 

washes in maleic acid buffer (100mM maleic acid disodium, 150mM NaCl pH 7.5) first 

at RT, then three times for 30 min at 70°C, the embryos were washed three times in 

0.1%Tween-20 in 1x TBS (TBST; 0.27M NaCl, 5.4mM KCL, 50mM Tris, pH 7.5). 

Afterwards embryos were pre-blocked in 10% lamb serum in TBST for >1 h and 

subsequently incubated overnight with anti-digoxigenin antibody coupled to alkaline 

phosphatase diluted in 1% lamb serum in TBST (1:5000, Roche cat. no. 

11093274910) at 4 °C. Following five times washing in TBST for 1 h, to remove excess 

of antibodies, the embryos were three times incubated with NTMT (100mM NaCl, 

100mM Tris-HCl pH 9.5, 50mM MgCl2, 1% Tween-20) for 10 min. The RNA-riboprobe 

hybrids were visualized by incubation in BM purple (Roche cat. no. 11442074001). 

The visualization was stopped when the signal is strong but has not reached complete 

saturation. For comparative analysis of different stages of embryos of the same 

species visualization was done for the same duration, for cross-species analysis 
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visualization times needed to be adjusted in a species-specific manner. The results of 

whole mount in situ hybridization analyses are qualitative but well suited to detect 

spatial changes. Pictures were taken as Z-stacks using the Nikon SMZ25 

stereomicroscope. A focused picture was generated by merging the Z-stacks using 

the Nikon application NIS Elements Basic Research.  

 

 

10.1.6. Generation of CRM LacZ reporter transgenic 

mouse founder embryos.  
 

The mouse CRM2, CRM8-2kb and the mouse CRM2 deletion constructs were 

amplified by PCR from mouse genomic DNA. The primers for PCR amplification of the 

target CRM regions were designed with Primer3 (https://bioinfo.ut.ee/primer30.4.0/) 

are listed together with the genomic coordinates in Table 10.4.5. and Supplementary 

Table 4. The rabbit, bovine, pig, chicken, python and elephant shark CRM2 and CRM5 

orthologous regions were amplified by PCR from genomic DNA of their respective 

species. Python regius genomic DNAs were isolated by the Cohn group (Leal and 

Cohn, 2015). All primers used for amplification and the genomic coordinates of CRM2 

and CRM5 in the different species and the mouse CRM2 and CRM8-2kb analysis are 

listed in Table 10.4.5. and Supplementary Table 5. The coelacanth, lizard and bamboo 

shark CRM2 and CRM5 regions as well as the bamboo shark CRM2 with mutated Hox 

and Gli binding sites were synthesized by Integrated DNA Technologies (IDT; USA). 

All CRM regions were inserted into the Hsp68-LacZ reporter plasmid using the Gibson 

assembly kit system (New England Biolabs). Transgenic mouse founder embryos 

were generated by the CTM using pronuclear injection and each founder embryo 

represents an independent biological replicate. For the mouse transgenic LacZ 

reporter assays founder embryos were isolated in ice-cold PBS around E11.5, quickly 

washed three times in PBS at RT and subsequently fixed in 1% formaldehyde, 0.2% 

glutaraldehyde, 0.02% NP40, 0.01% sodium deoxycholate in PBS for 20 min at 4 °C. 

Subsequently, embryos were washed three times in PBS for 5 min at RT. The reaction 

was performed in the dark at 37 °C in a solution containing 1 mg/mL X-Gal, 0.25 mM 

K3Fe(CN6), 0.25 mM K4Fe(CN6), 0.01% NP40 and 0.4 mM MgCl2 to detect ß-
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galactosidase activity, which colors expressing cells in blue (=LacZ activity detection). 

Color development was monitored and stopped toward the end of the exponential 

staining phase, which occurred within maximally 6–7 h for clearly positive embryos. 

Embryos that showed no LacZ staining were left overnight to possibly detect weak 

LacZ activity. All embryos were genotyped by PCR to detect the LacZ reporter 

transgene and gene copy numbers were determined for most of them. Overall, no 

severe biases in LacZ activity due to gene copy numbers were detected. The forelimb 

buds shown are representative for the LacZ patterns detected except when stated 

otherwise for variable patterns. In general, minimally three, but often many more 

founder embryos with forelimb bud LacZ activity formed the basis for assigning robust 

enhancer activity to particular CRMs. In contrast, if the vast majority of all expressing 

founder embryos (n ≥ 5) lacked LacZ activity in forelimb buds, then the CRM was 

scored as not active in mouse limb buds. Pictures were taken as Z-stacks using the 

Nikon SMZ25 stereomicroscope. A focused picture was generated by merging the Z-

stacks using the Nikon application NIS Elements Basic Research. 

 

 

10.1.7. Mouse forelimb skeletal analysis. 
 

For limb skeletal preparations from different combinations of CRM8 mutant alleles, 

embryos were collected at E14.5–E14.75 on ice. After 30 min on ice, embryos were 

exsanguinated and fixed in 95% ethanol overnight (O/N) or longer. Embryos were 

transferred to acetone O/N. The embryos were then stained for 5-6 h in 0.015% (w/v) 

Alcian blue, 80% ethanol, 20% glacial acetic acid. Subsequently, they were destained 

in an 80:20 mixture of ethanol and glacial acetic acid for approximately 2 h, followed 

by a O/N washing step in 95% ethanol. Embryos were then pre-cleared for 1 h in 1% 

potassium hydroxide (KOH) and stained in 0.0025% (w/v) Alizarin in 1% KOH for 5 h. 

Thereafter, embryos were cleared in a 20:80 mixture of 1% KOH and glycerol and then 

washed with progressively increasing concentrations of ethanol and glycerol in a 1:2:7, 

2:2:6, 3:3:4, 4:4:2 and 5:5:0 series (70%ethanol:glycerol:water) O/N. Embryos were 

stored in 80% glycerol in water. Alcian blue staining detects cartilage and alizarin red 
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ossified bone. Pictures were taken with a Leica MZ FLII stereomicroscope and at least 

three embryos per genotype were analyzed 

 

 

10.2. Molecular Biology  
 

10.2.1. RNA extraction and cDNA synthesis  
 

For the quantitative analysis of Grem1 mRNA levels in various CRM8 mutant 

limb buds, two embryonic limb buds (E11.0, 40–42 somites) were collected in ice-cold 

PBS, transferred to RNAlater™ (Sigma-Aldrich) and stored at −20 °C until further 

processing. A minimum of seven biological replicates per genotype were generated. 

In order to obtain rabbit mRNA a full embryo has been used (D11.5). Total RNA was 

extracted using the RNeasy Mini Kit (Qiagen, Germany). The cDNA synthesis was 

performed with the PrimeScript™ 1st strand cDNA Synthesis Kit (Takara). Therefore, 

1µg of total mRNA was incubated with Oligo dT primer and dNTP mixture at 65°C for 

5 min. Subsequently, 4µl of 5x PrimeScript buffer, 20U RNase inhibitor and 200U 

PrimeScript RTase were added. The mixture was incubated at 42°C for 1 h, followed 

by enzyme inactivation at 95°C for 5 min and storage at -80°C.  

 

 

10.2.2. Real Time-quantitative PCR (RT-qPCR) 
 

For RT-qPCR analysis 0.5µg cDNA and Grem1 specific primers listed in 

Supplementary Table 6 were used (Benazet et al., 2009). The RT-qPCR was 

performed on the Bio-Rad CFX96 Real-Time PCR system with the iQ SYBR Green 

Supermix (Bio-Rad). The relative Cq values of the Grem1 transcripts were normalized 

to the Cq values of the RPL19 control and normalized fold transcript levels (2−ΔΔCq) 

are shown as mean ± SEM. The p-values were determined in Prism 

(https://www.graphpad.com/) using a two-tailed Man–Whitney test. 
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10.2.3. Circular chromatin conformation capture and 

sequencing (4C-seq) 
 

This 4C protocol was adapted from (Noordermeer et al., 2011) and modified by 

L. Ramos Martins (former PhD student in the group). Subsequently I introduced, a 

two-step nested PCR approach and library size selection to remove short fragments 

(<150bp) was introduced.  

 

 

10.2.3.1. Crosslinking and isolation of nuclei  
 

For one biological replicate 10 limb bud pairs (Wt, EC1Δ/ΔEC2Δ/Δ and EC2Δ/Δ; 

2–4 × 106; E11.0, 40–42 somites) were isolated in 10% Fetal Bovine Serum (FBS, 

heat inactivated and sterilized through 45µm filter) in DPBS (PBS with Ca2+Mg2+ 

Sigma-Adlrich D1283). Limb buds were pelleted at 300g for 1 min at 4°C and the 

supernatant substituted with 500µl 10% FCS/DPBS that contains 3µl collagenase (50 

mg/ml). The samples were incubated at 37°C under constant shaking (750 rpm) for 20 

min and up and down pipetting every 5 min until a homogenous suspension was 

reached. The suspension was passed through a cell strainer (pluriStrainer mini,70μm, 

Pluriselect) into a 15 ml Falcon. The single cells were crosslinked in 2% formaldehyde 

in 10% FCS/DPBS (15ml total volume) and left tumbling for 10 min at RT. Thereafter, 

the tubes were placed on ice and the formaldehyde was quenched with ice-cold 1,42ml 

glycine. The single cells were pelleted (8 min, 400g, 4°C), the supernatant discarded, 

then the pellet was resuspended in 5ml lysis buffer and left on ice for 10 min (50mM 

Tris-HCl pH7.5, 150mM NaCl, 50mM EDTA, 0.5% NP40, 1% Triton X-100, 1X 

complete proteinase inhibitor (Roche)). Finally, the single nuclei solution was 

transferred to a 1.5ml tube, pelleted (800g, 1 min, 4°C), the supernatant was removed 

and the pellet was frozen in liquid nitrogen and stored until further use at -80°C.  
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10.2.3.2. 4C-seq  
 

The nuclei pellets were washed with 1.2x DpnII Buffer (NEB). After 

centrifugation the nuclei were resuspended in 500µl 1.2x DpnII Buffer 0.3% sodium 

dodecyl sulfate (SDS) and incubated at 55°C for 10 min (600 rpm). Subsequently SDS 

was quenched by the addition of 50µl 20% Triton X-100 and left at 37°C for 1 h at 600 

rpm. Then, a 5µl aliquot as undigested control was taken and the main samples were 

digested with 400U of DpnII at 37 °C with gentle rotation (600 rpm). After 6 h the 

reaction was spiked with another 400U of DpnII and the digestion left overnight. After 

verification of complete digestion, 50µl of 10% SDS were added and the samples 

incubated for exactly 25 min at 65°C. The samples were transferred to 15ml tubes and 

6.125 ml 1.15x ligation buffer (10mM ATP, 50mM Dithiothreitol, 50mM MgCl2, 0.7M 

Tris-HCl pH7.5) and 375µl 20% Triton X-100 were added and incubated (400 rpm) at 

37°C for 1 h. Then, samples were ligated using 100U of T4 ligase (HC, Promega) at 

16 °C for 4 h, followed by 30 min at RT. Overnight samples were de-crosslinked with 

30µl proteinase K (10 mg/ml) at 65°C. The next day samples were incubated with 30µl 

RNase A (10mg.ml) at 37°C for 45 min. The circular DNA was precipitated by adding 

7ml phenol/chloroform/isoamyl alcohol, thoroughly shaking and centrifugation (2200g, 

15 min, RT). The aqueous phase was transferred into 50ml tube, then 7ml water and 

1.5ml 2M sodium acetate pH 5.6 were added. Everything was gently mixed followed 

by the addition of 35ml 100% ethanol and the incubation at -20°C for 2 h. After 

centrifugation at 4500g at 4°C for 45 min, the pellet was washed with 10ml 70% 

ethanol followed by another 15 min of centrifugation (4500g at 4°C). The pellet was 

dried at RT for 10 min, then dissolved in 150µl 10 mM Tris pH7.5 and transferred to a 

1.5ml tube. After concentration determination and verification of ligation on an agarose 

gel, samples were diluted to 100 ng/µl in the appropriate digestion buffer and digested 

overnight with NlaIII (1 U/µg DNA) at 37°C (600 rpm). The next day, the enzyme was 

heat inactivated at 65°C for 20 min. In order to precipitate the DNA an equal amount 

of phenol/chloroform/isoamyl alcohol was added, mixed and transferred to a phase 

lock gelTM, followed by centrifugation at 13000 rpm at RT for 5 min. The aqueous phase 

was transferred to a new 1.5 ml tube and mixed with 1/10 volume of 2M sodium acetate 

pH5.6 and 2 volumes of ethanol which then was mixed and put at -80°C for 30 min. 
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After centrifugation (13000 rpm at 4°C for 20 min) the pellet was washed with 1ml 70% 

ethanol, centrifuged again (13000 rpm at 4°C for 5 min) and dried fat RT for 5-10 min. 

The pellet was dissolved in 100µl water and a 5µl digestion control was visualized on 

a 1.5% agarose gel. With the verification of successful digestion, the sample was 

transferred to 50ml tubes and re-ligation was done in high volume using 200U of T4 

DNA ligase at 16°C for 4 h, followed by 30 min at RT. Then, 14 ml of 

phenol/chloroform/isoamyl alcohol were added thoroughly mixed and centrifuged 

(3000g) at RT for 10 min. The aqueous phase was transferred to a new 50ml tube and 

mixed with 14 ml of water, 112µl glycogen (5 µg/µl) and 1/10 volume of 2M sodium 

acetate pH5.6. The sample was divided over two 50 ml tubes and 2 volumes of ethanol 

were added, and the samples were put O/N at -20°C. The next day, after centrifugation 

(4500g for 45 min) the pellet was washed in 70% ethanol and dried for 5-10 min at RT. 

The pellet was dissolved in 200µl 10mM Tris pH7.5 at 37°C for 30 min or longer. Then, 

the samples were purified using QIAquick Nucleotide Removal columns (Qiagen) 

Subsequently the concentration was measured and the sample stored at -20°C. For 

library generation a first PCR was performed using an amount of 4C template as an 

input that is still linear in PCR reactions. In total 8-10 PCR reactions per experiments 

were prepared using the view point specific primer 5´-

CTTCCGTAGATGCTGGCCGAT-3´ and 5´-AAGCACCAGGACCGAGTTTG-3´, the 

Expand Long Template PCR-System (Roche) and the following PCR cycling 

conditions:  

1. 94°C 2 min 

2. 94°C 15 sec 

3. 55°C 1 min 

4. 68°C 3 min 

5. go to 2. 29x 

6. 68°C 7 min 

 

PCR products were pooled and purified using the QIAquick PCR Purification Kit 

(Qiagen). For the second PCR 50ng of the purified first PCR, primers listed in the 

Supplementary Table 3 and the NEBnext High-fidelity PCR mix have been used with 

the following PCR parameters: 
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1. 98°C 60 sec 

2. 98°C 10 sec 

3. 60°C 30 sec 

4. 72°C 30 sec 

5. go to 2. 7x 

6. 68°C 5 min 

 

The AMPure beads (AMPure XP, Beckman Coulter) have been used to remove 

fragments ≤150 bp. The libraries were sequenced to generate single-end reads of ≥76 

bp read length.  

 

 

10.3. Computational analysis  
 

10.3.1. 4C-seq analysis  
 

The computational analysis of the 4C sequencing results has been performed 

by Dr. Shalu Jhanwar and can be found in the published manuscript in the Result 

section 7.1. 

 

 

10.3.2. Mutational analysis of conserved Gli and Hox13 

binding sites 
 

Gli and Hox13 binding sites in bamboo shark CRM2 were identified by scanning 

the genomic sequence using the PWMscan tool (https://ccg.epfl.ch/ 

pwmtools/pwmscan.php#). For Gli binding sites, the position weight matrix (PWM) 

defined by Homer was used in combination with the limb GLI3 ChIP-seq dataset 

(E11.5; performed by Dr. Kevin Peterson). The Hox13 binding sites were identified 

using the PWM for HoxD13 (Jaspar ID MA0909.1). In both cases, a p-value cut-off of 

p < 0.01 was used for binding site identification. Mapping the binding sites for both 
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transcription factors the mouse and bamboo shark CRM2 genomic sequences 

revealed their significant enrichment in the CE region. Therefore, the CE region was 

more precisely defined based on conservation criteria. multiple sequence alignment 

(MSA) using MAFFT (https://mafft.cbrc.jp/alignment/server/) in the L-INS-i mode and 

poorly aligned sequences were removed using the TrimAi tool 

(http://phylemon2.bioinfo.cipf.es/). Then, all binding sites in the trimmed MSA that 

defines the CE core region were mapped (Fig. 7a). Next, the binding sites were 

mutated by introducing the nucleotide changes as shown in Fig. 7a. Then, the CE 

region was reanalyzed to confirm that the nucleotide changes indeed disrupt the 

binding motifs and no de novo Gli or Hox13 binding sites are created. 

 

 

10.3.3. Vista conservation plot analysis of the deeply 

conserved Grem1 TAD 
  

The Fmn1-Grem1 landscapes of the species used in this study were retrieved 

from UCSC or NCBI (Supplementary Table 7). The sequences were plotted using the 

VISTA browser (http://genome.lbl.gov/vista/) with default settings (Conserved Identity: 

70%; Alignment program: Lagan) and the mouse Grem1 TAD as a reference genome. 

The Vista conservation plots for CRM2 and CRM5 correspond approximately to the 

mouse genomic regions with enhancer activities in LacZ reporter assays. To exclude 

a bias due to using the mouse genome as sole reference, additional Vista conservation 

plots were generated using the chicken and bamboo shark genomes as reference.  

 

 

10.3.4. Phylogenetic trees 
 

The phylogenetic trees generated for visualization of evolutionary relationships and 

shown in Figs. 2, 4, 6, 8, and Supplementary Fig. 6 were generated with phyloT 

(https://phylot.biobyte.de/) based on NCBI taxonomy 
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(https://www.ncbi.nlm.nih.gov/taxonomy) and visualized with iTOL 

(https://itol.embl.de/). 

 

 

10.4. Tables  
 

The supplementary tables related to the data described in the article “Spatial 

regulation by multiple Gremlin1 enhancers provides digit development with cis-

regulatory robustness and evolutionary plasticity” can be found in the Results section 

7.1.  
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Table 10.4.1. Percentages of Grem1 transcript levels per 

sample  
 

CRM8 Wt Grem1 transcript levels 
relative to the average  [%] 

Mutant Grem1 transcript levels 
relative to the average  [%] 

Sample 1 29 58 
Sample 2 115 123 
Sample 3 113 103 
Sample 4 100 127 
Sample 5 169 191 
Sample 6 81 128 
Sample 7 92 70 
MEAN 100 114 

CRM2CRM5CRM8 Wt Grem1 transcript levels 
relative to the average  [%] 

Mutant Grem1 transcript levels 
relative to the average  [%] 

Sample 1 87 28 
Sample 2 58 14 
Sample 3 177 30 
Sample 4 96 53 
Sample 5 95 24 
Sample 6 72 63 
Sample 7 114 30 
MEAN 100 35 

EC1CRM8 Wt Grem1 transcript levels 
relative to the average  [%] 

Mutant Grem1 transcript levels 
relative to the average  [%] 

Sample 1 92 44 
Sample 2 121 47 
Sample 3 67 41 
Sample 4 90 44 
Sample 5 83 31 
Sample 6 116 13 
Sample 7 131 14 
MEAN 100 33 

EC1CRM5CRM8 Wt Grem1 transcript levels 
relative to the average  [%] 

Mutant Grem1 transcript levels 
relative to the average  [%] 

Sample 1 98 8 
Sample 2 100 17 
Sample 3 79 15 
Sample 4 108 17 
Sample 5 36 20 
Sample 6 112 14 
Sample 7 167 11 
MEAN 100 15 
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Table 10.4.2. Genomic coordinates and guides used to 

generate the CRM8 deletion  
 

CRM8 deletion genomic coordinates 
(mm10) 

chr2:113,574,782-113,577,377 

5´guide  GCGTGAGGAATGCCCCCTGGAGG 
3´guide AGGGAGGTAAAACCATACCGAGG 

  
 

Table 10.4.3. Primers used for the genotyping CRM8 mutant 

alleles 
 

Wt CRM8 fwd CCATTCCTAAAACCCAAGCA 
rev TGCACTTGGTAAGCATTGGA 

Δ CRM8 fwd CCATTCCTAAAACCCAAGCA 
rev AGCTGTGAGAGGAAGGGACA 

 
 

Table 10.4.4. Genomic coordinates and primers for 

amplification of the rabbit Grem1 probe from cDNA 
 

Rabbit Grem1 probe genomic 
coordinates (mm10) chr17:37,888,060-37,888,610 

fwd ATGAGCCGCACAGCCTACACTG 
rev TCCAAATCAATGGATATGCAACG 

 
 
 

Table 10.4.5 Genomic coordinates and primers for 

amplification of the mouse CRM8-2kb region 
 

CRM8-2kb genomic coordinates  
(mm10) chr2:113,575,003-113,577,032 

fwd AGAGGCAAAGCAGTGGAAAG 
rev TCTCAGGTCTCTGGGGAG 
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13. Appendixes 
 
 

13.1. CRM8 is ancient and shows all characteristics of 

an active enhancer 
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Appendix 13.1. CRM8 is ancient and shows all characteristics of an active enhancer All CRMs are part 
of open chromatin (ATAC-seq; this track is also shown in Supplementary Fig. 2). The called peak at the CRM8 
region confirms the binding of the cohesin subunit SMC1 at E11.5 (black bars below SMC1 track; (DeMare et 
al., 2013). Multiple regions bind CTCF at E11.5. Binding site orientation is indicated by black arrowheads 
(Andrey et al., 2017). The 4C-profile from Wt limb buds at E11.0 with the Grem1 promoter as a viewpoint does 
not reveal increased CRM8-promoter interactions (this track is also shown in Fig.2;). The CRM8 region shows 
active enhancer marks (H3K27ac) but no repressive histone modifications (H3K27me3) (Andrey et al., 2017). 
HOXA/D13 and GLI3 protein bind to the CRM8 region. (These tracks are also shown in Fig.1 and 
Supplementary Fig. 1) At the bottom, blue bars indicate the CRM8 transgenes that have been tested (for the 
700bp transgene see Fig.1).  
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13.2. Genetic reduction of Shh transcript levels in EC1 
mutants lead to exacerbated digit phenotypes. 
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Appendix 13.2. Genetic reduction of Shh transcript levels in EC1 mutants lead to exacerbated digit 
phenotypes. Limb development is not affected in EC1Shh double heterozygous embryos (Wt: n=2; 
ECD/+ShhD/+ n=1) In turn, the lack of one Shh allele in EC1D/D forelimbs leads to tetradactyly (EC1D/D n=4/4; 
EC1D/DShhD/+: n=6). Digit identities are indicated by numbers while digits with undefined identities are indicated 
by an asterisk. Scale bar: 1mm.  
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13.3. Additional publication (co-author) 
 
 

“Conserved and species-specific chromatin remodeling and regulatory dynamics 
during mouse and chicken limb bud development” 

 
 
Shalu Jhanwar, Jonas Malkmus, Jens Stolte, Olga Romashkina, Aimée Zuniga & Rolf Zeller 
 
 
 
 

This study investigates the shared and species-specific epigenomic and 

genomic variations between mouse and chicken. In this context, comparative 

sequence analysis of conserved developmental enhancers revealed elements that 

show chicken-specific accelerated sequence substitution rates (chicken accelerated 

regions: CARs). Here, I functional characterized selected CARs in comparison to their 

mouse orthologues by transgenic LacZ reporter assays. With the assistance of J. 

Stolte I cloned a comprehensive library of CAR candidates and their mouse 

orthologues. Several of these constructs I analyzed in transgenic LacZ reporter assays 

(injections and embryo transfers were done by the CTM Basel) and the results are 

shown in Figure 7 and Supplementary Figure 10 (Appendix 13.3). Moreover, this study 

was complemented with the analysis of the endogenous gene expression in limb buds 

of both species. For this analysis I designed the probes listed in Supplementary Table 

1 (in Jhanwar et al., 2021) and supervised and assisted the cloning of probes and the 

WISH experiments done by Olga Romashkina, A. Morabito and T. Oberholzer that are 

shown in Figure 7, Supplementary Figure 6 and 10 (in Jhanwar et al., 2021). 

Furthermore, I gave input on the manuscript before submission.  
 
 
 
 
 
 
 
 



 

  

 

 
 140 

 

ARTICLE

Conserved and species-speci!c chromatin
remodeling and regulatory dynamics during
mouse and chicken limb bud development
Shalu Jhanwar 1,2!, Jonas Malkmus1, Jens Stolte1,3, Olga Romashkina1, Aimée Zuniga 1! & Rolf Zeller 1!

Chromatin remodeling and genomic alterations impact spatio-temporal regulation of gene

expression, which is central to embryonic development. The analysis of mouse and chicken

limb development provides important insights into the morphoregulatory mechanisms,

however little is known about the regulatory differences underlying their morphological

divergence. Here, we identify the underlying shared and species-speci!c epigenomic and

genomic variations. In mouse forelimb buds, we observe striking synchrony between the

temporal dynamics of chromatin accessibility and gene expression, while their divergence in

chicken wing buds uncovers species-speci!c regulatory heterochrony. In silico mapping of

transcription factor binding sites and computational footprinting establishes the develop-

mental time-restricted transcription factor-DNA interactions. Finally, the construction of

target gene networks for HAND2 and GLI3 transcriptional regulators reveals both conserved

and species-speci!c interactions. Our analysis reveals the impact of genome evolution on the

regulatory interactions orchestrating vertebrate limb bud morphogenesis and provides a

molecular framework for comparative Evo-Devo studies.
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Precise spatiotemporal regulation of gene expression is the
hallmark of normal embryonic development. Transcription
factor (TF) complexes regulate gene expression dynamics

via interactions with speci!c cis-regulatory elements (CREs) that
function as transcriptional enhancers or repressors. With the
exception of a few TFs preferentially binding within hetero-
chromatin, the vast majority of TFs interact within accessible
chromatin1. Therefore, the spatiotemporal modulation of chro-
matin accessibility is essential to understand the cis-regulatory
control of gene expression during cell fate speci!cation and
organ/tissue morphogenesis. Recent genome-wide studies have
highlighted the importance of chromatin accessibility for gene
regulation during embryonic development2, cell fate
determination3, differentiation4, and disease5. In particular, sys-
tematic pro!ling of chromatin accessibility and gene expression
has uncovered the regulatory dynamics that orchestrate heart
tube development in zebra!sh embryos2 and the gene regulatory
interactions governing retinal morphogenesis6. Integrative ana-
lysis of human and bovine preimplantation development estab-
lished that chromatin remodeling resulting in accessible
chromatin is key to embryonic genome activation7,8. Finally,
comparative analysis of mouse and pig limb buds identi!ed
variations in cis-regulatory landscapes that likely participate in
the functional emergence of Artiodactyl limb traits9,10. Another
mechanism contributing to functional divergence of gene reg-
ulation is the excessive number of base substitutions that accu-
mulated in a species within otherwise conserved vertebrate CREs.
Many of the accelerated regions11 are developmental enhancers
with divergent spatiotemporal activities. In a few cases, they have
been correlated with species-speci!c changes in the expression of
the associated target genes, which might contribute to shaping
speci!c morphological traits. For instance, a bat accelerated
region encoding a forelimb-speci!c enhancer in the HoxD cluster
could function in the development of the highly derived bat
forelimb autopod into a wing12. Similarly, human accelerated
regions include enhancers whose activities differ from their
chimpanzee orthologues, which have been proposed to function
in the development of human-speci!c traits11.

Mouse and chicken limb buds are experimental paradigms to
study gene regulation and the signaling pathways controlling
proliferation and survival, patterning and differentiation during
vertebrate organogenesis13–15. Reverse genetics in the mouse has
established the essential regulatory roles of key limb genes and
their signals. Brie"y, the nascent limb bud mesenchyme is
polarized along its anteroposterior (AP) axis by mutually antag-
onistic interactions of the GLI3 repressor (GLI3R) and HAND2
transcriptional regulators. These TFs act upstream of SHH sig-
naling and trigger the establishment of distinct anterior and
posterior mesenchymal domains16–18. SHH signaling propagates
Fgf expression in the apical ectodermal ridge (AER) via tran-
scriptional upregulation of Gremlin1 (GREM1)-mediated BMP
antagonism in the distal limb bud mesenchyme. These feedback
signaling interactions between mesenchyme and AER de!ne the
self-regulatory and self-terminating limb bud signaling
system14,19–21. Given that conserved molecular pathways and
interactions govern tetrapod limb development, mouse and
chicken are two complementary models used to study the fun-
damental mechanisms underlying limb bud patterning and out-
growth. Recent studies have reported genomic locus-speci!c
differences in the spatiotemporal expression of 5! Hoxa/d and
Grem1 between mouse and chicken limb buds, thereby high-
lighting species-speci!c regulation22–24. However, the extent of
their conserved and species-speci!c differences in the molecular
control of early limb patterning and outgrowth has not been
extensively studied.

In this study, we adopt a comprehensive approach integrat-
ing next-generation sequencing and genetics within a com-
parative framework. In particular, we leverage genome-wide
comprehensive assessment of chromatin accessibility and
transcriptional changes during mouse (Mus musculus) forelimb
and chicken (Gallus gallus) wing bud development. Our ana-
lysis reveals the striking synchrony between temporal dynamics
of chromatin accessibility and gene expression in mouse fore-
limb buds in contrast to stage-speci!c divergence in chicken
wing buds. In addition, TF binding site (TFBS) enrichment and
computational footprints of TFs uncover their developmental
stage-speci!c interactions with DNA during mouse forelimb
and chicken wing bud development. Integration of chromatin
accessibility, putative TFBS, and gene expression allow the
identi!cation of candidate target genes for HAND2 and GLI3 in
both species, which reveals both conserved and species-speci!c
interactions. Finally, comparative sequence analysis of devel-
opmental enhancers reveals chicken accelerated regions (CARs)
with activities divergent from their mouse orthologs in trans-
genic enhancer assays. Together, our study reveals the impact of
genome evolution on the conserved and diversi!ed gene reg-
ulatory trajectories underlying mouse forelimb and chicken
wing bud development.

Results
Global gene expression dynamics in mouse forelimb buds
reveal distinct temporal modules. To study the gene expression
dynamics during limb bud patterning and outgrowth, the tran-
scriptome of mouse forelimb buds was pro!led using RNA-seq at
embryonic days E9.75, E10.5, and E11.5. Brie"y, E9.75 overlaps
with the onset of signaling interactions and outgrowth, E10.5
marks the developmental period controlled by the self-regulatory
SHH/GREM1/AER-FGF signaling system, and E11.5 underlies
the progression of the autopod development and self-termination
of the morpho-regulatory signaling system (Fig. 1a)19,20,25.
Principal components analysis (Fig. 1b, PC1-42% and PC2-17%)
and hierarchical clustering (Supplementary Fig. 1a) of the gene
expression pro!les establish the low variability among biological
replicates. Differentially expressed genes (DEGs) were identi!ed
(Fig. 1c, Supplementary Fig. 1b and Supplementary Dataset 1) by
pairwise comparisons of developmental stages viz. E9.75/E10.5
(n= 2157), E10.5/E11.5 (n= 1849), and E9.75/E11.5 (n= 3738).
Unbiased clustering of DEGs using k-means revealed six temporal
modules characterized by distinct gene expression kinetics
(Fig. 1d, Supplementary Fig. 1c, and Supplementary Dataset 1).
Each DEG module consists of co-expressed genes that possess
similar temporal gene expression trajectories during mouse
forelimb bud development (Fig. 1e and Supplementary Fig. 1c)
and standard silhouette analysis26 underscores the robust parti-
tioning of these modules (average silhouette coef!cient: 0.51;
Supplementary Fig. 1d). For follow-up analysis, the distinct
temporal trajectory of each DEG module was assigned a speci!c
identi!er based on either its highest (hi) or lowest (lo) relative
expression at a particular forelimb bud stage (Fig. 1d). For
instance, the E9.75hi module encompasses DEGs with the highest
expression at E9.75 relative to subsequent stages. Although genes
belonging to E9.75hi and E11.5lo DEG modules show the highest
expression at E9.75 and their expression decreases during limb
bud outgrowth, these two modules are distinct due to their sig-
ni!cantly different expression levels at the transition point (E10.5,
top and bottom panels in Fig. 1d; box plots in Supplementary
Fig. 1c). In particular, the decrease in gene expression between
E9.75 and E10.5 is much larger for the E9.75hi than the E11.5lo
DEG module. The converse is true for genes belonging to the
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Fig. 1 Transcriptome pro!ling of mouse forelimb bud identi!es distinct temporal DEG modules. a Illustrations of mouse embryos at embryonic days
E9.75, E10.5, and E11.5 that were used for the analysis of forelimb bud development (scale bar: 250 !m). b Principal component analysis (PCA) of the RNA-
seq samples of mouse forelimb buds (E9.75, E10.5, E11.5, n= 3 biological replicates per stage) were plotted as a function of the highly variable genes in
PCA space. Genes were normalized using the Trimmed Mean of M-values (TMM) method of edgeR to carry out this analysis. The clustering of biological
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diagram illustrates the overlap of DEGs across different pairwise comparisons. d Scaled module pro!les were derived using k-means clustering of DEGs.
The six DEG modules with distinct expression pro!les are indicated by a color code that is used for all subsequent analyses. Black dots represent the
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transformed read counts. The number of DEGs per module (n) is indicated. f The top enriched GO terms for each DEG module are shown. DEG
differentially expressed genes, GO gene ontology. Source data are provided as a Source Data !le.
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E9.75lo and E11.5hi DEG modules. Overall, all DEG modules
display distinct expression kinetics in developing mouse forelimb
buds. The majority of DEGs belong to the E11.5hi module
(30.7%), followed by the E9.75lo module (25%), while the other
DEG modules collectively account for 44.3% of all DEGs, Sup-
plementary Fig. 1e).

Gene Ontology (GO) analysis of DEG modules revealed the
enrichment of developmental and biological processes (Fig. 1f
and Supplementary Dataset 2). In particular, the DEGs belonging
to the E9.75hi module function predominantly in development
and patterning, while the DEGs of the E11.5lo module are active
in biogenesis-related processes. The DEGs of the E10.5hi and
E10.5lo modules function preferentially in limb, muscle, neuronal
development, and/or tissue homeostasis. By contrast, DEGs of the
E11.5hi module show enrichment for developmental processes
involving Hox family members and differentiation of chondro-
cytes, cartilage, and connective tissues (e.g. Col and Runx)27. This
is in agreement with the ongoing chondrogenic differentiation of
skeletal primordia in the proximal forelimb bud mesenchyme at
E11.5, while 5!Hoxa/d genes function in the distal mesenchyme
during autopod development28. In summary, the DEG modules
(Fig. 1d–f) capture the molecular transitions underlying the
progression of mouse forelimb bud development.

Chromatin remodeling is associated with differential gene
expression during mouse forelimb bud development. Given the
crucial role of the dynamically established chromatin accessibility
in controlling gene expression2,8,29,30, we investigated chromatin
remodeling in mouse forelimb buds using ATAC-seq31 at three
developmental stages (Fig. 2). The high quality of the ATAC-seq
datasets was veri!ed by assessing nucleosome periodicity, the
strong correlation between replicates (Supplementary Fig. 2a, b),
and the quality of Tn5 transposase insertions at CTCF binding
regions (Fig. 2a)31. In agreement with the previous studies1,
accessible chromatin regions are preferentially located in distal
intergenic, intronic regions, and at promoters (!1 kb from the
nearest transcriptional start site TSS, Supplementary Fig. 2c, d).
Further, the majority of accessible regions (>70%) overlaps with
at least one histone mark indicative of active chromatin (Sup-
plementary Fig. 2e), thereby supporting their potential functions
as CREs.

To gain insight into the chromatin accessibility dynamics in
mouse forelimb buds, we assessed quantitative differences in ATAC-
seq signal intensities across the three stages. Primarily, a uni!ed set
of 91,746 peaks was generated (Supplementary Dataset 3) by
merging accessible regions of individual stages and their genomic
distribution is shown in Fig. 2b. The merged ATAC-seq dataset was
used to identify differentially accessible chromatin regions (DACs),
which illustrate the genome-wide temporal dynamics of chromatin
accessibility in developing mouse forelimbs (Fig. 2c and Supple-
mentary Fig. 2f). Pairwise comparisons between developmental
stages viz. E9.75/E10.5 (n= 30,694), E10.5/E11.5 (n= 22,178), and
E9.75/E11.5 (n= 41,729) identi!ed potential DACs with consistent
pro!les among replicates (Fig. 2c). We found the largest differences
in chromatin accessibility between E9.75 and E11.5, which parallels
the observed transcriptome changes in forelimb buds (Fig. 1c, d and
Supplementary Fig. 1e). These datasets allow an analysis of the
temporal dynamics of chromatin accessibility and changes in
transcript levels for key limb regulator genes such as Gli3, Hand2,
and Grem1 (Fig. 2d–f). Analogous to DEG modules (Fig. 1d, e),
unbiased clustering using k-means resulted in six DACmodules with
distinct temporal trajectories of chromatin accessibility (Fig. 2c, g).
The robustness was validated by silhouette analysis (Supplementary
Fig. 2g) and speci!c identi!ers were assigned as de!ned for DEG
modules. The majority of DACs belong to the E9.75hi module

(32.6%), followed by the E9.75lo (20%) and E11.5hi module (19.1%,
Fig. 2h).

Next, the temporal correspondence between chromatin accessi-
bility and gene expression was established by computing the pairwise
likelihood of association between regions in each DAC module with
genes of the DEG modules. This unbiased computational analysis
reveals a striking temporal correspondence between DAC and DEG
modules during mouse forelimb bud development (Fig. 2i and
Supplementary Fig. 2h). Interestingly, we found that DAC modules
contain a signi!cantly higher number of accessible regions
positionally associated with genes of the corresponding DEG
modules. For instance, the DAC-E9.75hi module (Fig. 2g) contains
a signi!cantly higher number of accessible regions in proximity to
genes belonging to the DEG-E9.75hi module (Fig. 1d). In addition,
signi!cant associations between DEG and DAC modules with
similar rather than identical temporal trajectories are also apparent.
For example, DAC-E9.75hi also shows a signi!cant association with
DEG-E11.5lo as the latter encompasses additional genes with the
highest relative expression at E9.75 as discussed before (Figs. 2g,
i, 1d). In contrast, no association between DAC and DEG modules
with incoherent temporal trajectories is observed (Fig. 2i and
Supplementary Fig. 2h). This analysis indicates that the temporal
dynamics of transcription is synchronous with the accessibility of the
positionally associated chromatin regions (indicated by black frames
in Fig. 2i). The outcome suggests that the accessible chromatin
regions participate in cis-regulation of the nearby genes and indicates
that the developmental transitions during mouse forelimb develop-
ment are re"ected by the epigenome dynamics. These observations
are in agreement with recent studies reporting that temporal
regulation of chromatin accessibility is accompanied by changes in
target genes activities in embryos of different species8,30.

Distinct temporal modes of gene expression and chromatin
remodeling during chicken wing bud development. Chicken
wing buds are another paradigm to study the molecular
mechanisms that govern vertebrate limb bud development.
Therefore, we also investigated the chromatin remodeling and
gene expression dynamics during chicken wing bud develop-
ment to gain insight into chromatin accessibility mediated
regulation. We performed ATAC-seq and RNA-seq pro!ling of
chicken wing buds at Hamburger–Hamilton (HH) stages 20, 22,
and late 2432 (Fig. 3a). These stages are morphologically and
molecularly equivalent to the orthologous mouse forelimb bud
stages (E9.75, E10.5, and E11.5, Supplementary Fig. 3a, b). In
particular, the conserved Hoxa, Hoxd, and SHH and BMP target
genes display remarkably similar temporal gene expression
dynamics during both mouse forelimb and chicken wing bud
development (Supplementary Fig. 3c, d). In analogy to mouse
forelimb buds, k-means clustering of the RNA- and ATAC-seq
datasets (Supplementary Fig. 4a–d) identi!ed six distinct DEG
and DAC modules for developing chicken wing buds (Fig. 3b–d,
Supplementary Fig. S4e–k, and Supplementary Dataset 4). The
majority of DEGs belong to the HH20lo (31.5%) and HH20hi
modules (25.8%, Supplementary Fig. S4j), while the majority of
DACs are part of HH24hi (29.4%) and HH20hi modules (28.6%,
Fig. 3e). We found the largest modulation of chromatin acces-
sibility between HH20 and HH24 in chicken wing buds, which is
in agreement with observed transcriptome and chromatin
accessibility changes in mouse forelimb buds (Fig. 1d).

Next, the accessible chromatin regions were assigned putative
target genes based on nearest proximity (Supplementary
Dataset 4). In contrast to the mouse (Fig. 2i), the association
analysis revealed no apparent temporal correspondence
between chicken DEG and DAC modules (Fig. 3f). Instead,
signi!cant associations were observed between DAC and DEG
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modules with similar temporal patterns. In particular, the
DAC-HH20hi associates with DEG-HH22lo and DEG-HH24lo;
DAC-HH20lo with DEG-HH24hi; DAC-HH24hi with DEG-
HH20lo and DEG-HH22hi, and DAC-HH24lo with DEG-
HH24lo and DEG-HH20hi (Fig. 3f and Supplementary Fig. 4l).
These results indicate that the temporal pro!les of chromatin
accessibility and gene expression show correspondence during

the onset of wing bud (HH20) and autopod development
(HH24), while their modulation is rather discordant during
outgrowth (HH22).

Comparative analysis of gene expression dynamics reveals both
similarities and differences during mouse forelimb and chicken
wing bud development. Given the crucial role of differential
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expression of conserved genes during evolutionary diversi!cation
of developing limbs13, we investigated the extent to which gene
expression diverges between mouse forelimb and chicken wing
buds. To this end, the temporal expression trajectories of the
mouse–chicken orthologues were compared to identify conserved
and species-speci!c variations during forelimb and wing bud
development (Fig. 4a). Of the 5406 DEGs identi!ed by inter-stage
comparisons of limb buds in at least one of the two species
(Figs. 1c, d, and 3b, c), 3527 genes (65.24%) showed a one-to-one
orthologous correspondence between the mouse and chicken.
These 3527 genes de!ne an orthologous set of DEGs (OSD)
shared between mouse and chicken limb buds that display sig-
ni!cant temporal variation in either or both species (Fig. 4a). Of
all genes in the OSD, 7% are associated with mouse limb con-
genital malformations (Supplementary Dataset 5). Moreover, the
OSD includes genes that are differentially expressed either spe-
ci!cally in mouse (63%, mm-only) or chicken limb buds (17%,
gg-only, Supplementary Dataset 5). The others are DEGs in both
species (20%, mm-gg, Supplementary Dataset 5) and the majority
of them display divergent gene expression trajectories (Supple-
mentary Fig. 5a). Concurrently, DEGs with similar expression
kinetics in both species might function as part of evolutionary
conserved gene regulatory networks (GRNs) that control verte-
brate limb bud development.

To gain insight into the underlying transcriptional control
mechanisms, we identi!ed developmentally relevant TFs (11%)
within the OSD. The most represented TF families include
homeobox (mm-gg: 28.3%, mm-only: 24%, gg-only: 21.3%), zinc
!nger (zf-C2H2, mm-gg: 15.0%; mm-only: 13%, gg-only: 8.5%)
and bHLH family members (mm-gg: 12.6%, mm-only: 10%, gg-
only: 12.8%; Fig. 4b and Supplementary Dataset 5). Previous
studies have reported essential roles for homeobox genes (e.g.,
Hox, Meis, and Dlx genes) during limb bud patterning and
outgrowth28,33,34. In addition, zf-C2H2 zinc !nger proteins (Sp
and Klf gene family members) are required for establishing AER
signaling35, while bHLH transcriptional regulators are essential
for limb bud mesenchymal patterning and proliferation15. In
contrast to mm-only DEGs, forkhead TFs represent the third
largest family among gg-only DEGs (10.6%, Fig. 4b), which
function in the speci!cation of mesenchymal progenitors during
limb bud development36. Other functionally relevant TFs families
include Cut, Ap2, Runt, Hmg-box, Pax, and T-box genes (Fig. 4b).

Furthermore, genes active in limb bud mesenchymal progeni-
tors (BMP pathway: Smoc1 and Msx1) and osteo-chondrogenic
progenitors (Twist2, Sox9, and Runx2) share similar temporal
expression pro!les in both species, which points to the

conservation of the underlying morpho-regulatory processes
(Fig. 4c). In contrast, Adamts9 and Acta2, which mark connective
tissue and smooth muscle progenitors have complementary
temporal expression pro!les in mouse and chicken limb buds
(Fig. 4c). Finally, TFs of the myogenic lineage such as Myod1,
Myf5, Pax7, and Eya2 display high expression from stage HH22
onward in chicken wing buds, while most of them are
upregulated at E11.5 in mouse forelimb buds (Fig. 4c). Together,
the similar and the species-speci!c expression trajectories of key
regulators reveal the existence of conserved and heterochronic
developmental processes in mouse and chicken limb buds (Fig. 4c
and Supplementary Fig. 5b, c).

To determine the extent by which quantitative temporal changes
could be paralleled by spatial expression changes in limb buds, we
analysed the spatial expression of a few key regulator genes in both
species by whole-mount RNA in situ hybridization (Supplementary
Table 1). Overall, the spatial distributions are similar during early
limb development in both species (E9.75/HH20), while for a few
genes species-speci!c differences are apparent in the developing
autopod primordia (E11.5/late-HH24, Supplementary Fig. 6). In
particular, the expression of the Hand2, Tbx2, and Hoxd13
transcriptional regulators appears more posteriorly restricted in
the developing chicken (late-HH24) than mouse autopod (E11.5,
arrowheads, Supplementary Fig. 6a–c). Furthermore, the expression
of the BMP target Msx219 is increased in the anterior sub-
ectodermal mesenchyme in chicken wing bud compared to mouse
forelimb buds (arrowheads, Supplementary Fig. 6d). In contrast, no
striking spatiotemporal changes were observed for Pkdcc kinase37
and the TF Prdm1 (Supplementary Fig. 6e, f). This analysis shows
that variations in transcript levels can be paralleled by species-
speci!c spatial changes in gene expression during mouse forelimb
and chicken wing development.

Dynamic TF–DNA interaction within accessible chromatin
regions during forelimb and wing bud development. Our
transcriptome analysis revealed signi!cant differences in gene
expression during mouse forelimb and chicken wing bud devel-
opment (Figs. 1, 3), which could be a likely consequence of the
dynamic interactions of TFs with their binding regions in
accessible chromatin6,38. To this end, we used a curated list of
experimentally derived TFBS motifs39 to identify enriched TFBS
within DAC modules of both species (Fig. 5 and Supplementary
Fig. 7). In particular, a comparison of hi DAC modules with
dissimilar accessibility patterns (Supplementary Fig. 7a, b)
revealed signi!cantly enriched TFBS in both species (Fig. 5a).
Interestingly, DACs with high accessibility in early limb buds

Fig. 2 Temporal correspondence of DAC and DEG modules in mouse forelimb buds. a CTCF footprint centered around CTCF binding sites for the
different forelimb bud stages. Shown below is the CTCF consensus binding site. b Distribution of merged peaks in different genomic regions for mouse
forelimb buds. c Heatmap shows the relative accessibility of DACs in mouse forelimb buds. DACs with similar temporal accessibility patterns across
developmental stages were assigned to six different DAC modules (see panel g). d–f UCSC genome browser visualization (left panel) of the stage-speci!c
RNA-seq and ATAC-seq pro!les for the Gli3 (d), Hand2 (e), and Grem1 (f) genomic landscapes. Signi!cant DACs are indicated as vertical bars below the
signal pro!les. Right panels (top): bar plots showing normalized gene expression in the three forelimb bud stages. Error bars indicate the mean ± SEM
among n= 3 independent biological replicates per developmental stage. Right panels (bottom): volcano plots showing statistical signi!cance versus
magnitude of fold change for accessible regions associated with the genes. g Scaled DAC module pro!les were derived by k-means clustering of individual
DACs. The DAC modules are indicated by the different color codes. Black dots represent the median values while the shaded areas signify the percentile
ranges (indicated in the scale next to the graphs). h Pie chart depicting the distribution of DACs comprised within different DAC modules. i Heatmap
showing the association of DAC and DEG modules. Signi!cant associations were determined by calculating how frequently peaks in a particular DAC
module were positionally associated with genes in each of the six DEG modules. Two-sided Fisher’s exact test for enrichment was used to compute
enrichment or depletion. The adjustments were made for multiple comparisons using Benjamini–Hochberg (BH) method and an adjusted p value < 0.05
was considered signi!cant. The !gure represents the log-transformed, adjusted p values from Fisher’s exact test. Signi!cant enrichments (odds ratio > 1)
are shown in magenta and depletions (odds ratio < 1) in cyan. Light gray squares indicate non-signi!cant associations (adjusted p value > 0.05). The
corresponding DAC and DEG modules are outlined by black frames. DAC differentially accessible chromatin regions, DEG differentially expressed genes.
Source data are provided as a Source Data !le.
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(E9.5hi, HH20hi) are enriched for binding motifs of zinc !nger
(GLI, SP, ZEB, and EGR), bHLH (HAND2, MYCN, HES1, and
HEY2), GATA, and T-box TF families. This is in agreement with
their functions during the onset of limb bud development, axis
polarization, and early outgrowth (Fig. 5a and Supplementary
Fig. 7c)15. The TFBS of homeobox family member MEIS2 is
signi!cantly enriched at early stages (E9.75/HH22, Fig. 5a), while
there is no preferential enrichment of HAND2 binding motifs in

chicken wing buds. During subsequent limb bud outgrowth and
autopod formation, the binding sites for transcriptional regulators
such as TWIST2, homeodomain-encoding TFs (LMX, MSX,
LHX, DLX, and HOX13), and HMG-box members such as SOX9
are enriched in both species (Fig. 5a and Supplementary Fig. 7c).
Furthermore, the DAChi and DAClo modules of corresponding
stages display rather complementary patterns of TFBS enrich-
ment (Supplementary Fig. 7c).
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Fig. 3 Temporal dynamics of chromatin accessibility and gene expression in chicken wing buds. a Illustrations of chicken embryos at the developmental
stages (HH20, HH22, and late-HH24) that were used for the analysis of wing bud development (scale bar: 250 !m). b Heatmap illustrates relative gene
expression trajectories across the developmental stages for all DEGs. c, d Temporal pro!les of the six DEG modules (c) and DAC modules (d). Scaled
module pro!les were derived by k-means clustering. The color code is the same for DEG and DAC modules. The black dots represent the median values
while the shaded areas signify the percentiles ranges indicated (scale below the graphs). e Pie chart depicting the fraction of DACs assigned to each of the
six DAC modules. f Heatmap showing the association of DAC with DEG modules. Signi!cant associations were determined by calculating how frequently
peaks in a DAC module are positionally associated with genes of the six different DEG modules. Two-sided Fisher’s exact test for enrichment was used to
compute enrichment or depletion. The adjustments were made for multiple comparisons using Benjamini–Hochberg (BH) method and an adjusted p value
< 0.05 was considered as signi!cant. The !gure represents the log-transformed, adjusted p values from Fisher’s exact test with signi!cant enrichments
(odds ratio > 1) shown in magenta and depletions in cyan (odds ratio < 1). Light gray squares show non-signi!cant associations (adjusted p value > 0.05).
DAC differentially accessible chromatin regions, DEG differentially expressed genes. Source data are provided as a Source Data !le.
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To delve further into the accessibility of motifs at single base-
pair resolution, we inferred computational TF footprints using
species-speci!c ATAC-seq pro!les (Fig. 5b). In agreement with
binding site enrichments, the deeper footprints of GLI3 and
HAND2 (upper panels in Fig. 5b and Supplementary Fig. 7d)
corroborate their preferential binding activity during the onset of
mouse forelimb bud development (E9.75). In chicken wing buds,
the deepest GLI3 footprint is observed at the earliest stage
analysed (HH20), while HAND2 footprints are similar across
stages (lower panels in Fig. 5b). The MEIS transcriptional
regulators are essential for establishing proximal limb bud
identity and their spatial distribution forms a temporally dynamic
PD gradient during outgrowth34,40. The overall shallow MEIS2
footprints in mouse and chicken limb buds indicate that MEIS2
interacts rather transiently with its binding sites in open
chromatin (Fig. 5b and Supplementary Fig. 7d), which could be
a direct consequence of its dynamic distribution. By contrast,
sharp footprints for HOXD13, an essential regulator of limb and
digit development28 are detected in both species (Fig. 5b and
Supplementary Fig. 7d). Together, this analysis shows that the
dynamic patterns of TFBS enrichment and computational
footprints of select key TFs are remarkably well conserved
despite the fact that Mammalia (mouse) and Sauropsida
(chicken) diverged ~330 million years ago. However, divergent
species-speci!c TFBS enrichment and footprint pro!les were

detected for key regulators such as GATA6, MECOM, and the
WNT signaling mediators LEF1 and TCF7 (Fig. 5a, c and
Supplementary Fig. 7c, d).

In silico identi!cation of candidate target genes of HAND2
and GLI3 in mouse forelimb and chicken wing buds. The initial
AP polarization occurs during the onset of mouse limb bud
development under the control of the GLI3R and HAND2
transcriptional regulators (Fig. 6a) and the GRNs controlling the
establishment of AP identities are conserved15. Therefore, we
identi!ed the regulatory interactions mediated by GLI3 and
HAND2 in limb buds using a limited set of genes with essential
functions during patterning and outgrowth (n= 160 genes,
Supplementary Dataset 6). Integration of chromatin accessibility,
TFBS information, and gene expression in both species reveal a
range of shared and species-speci!c candidate target genes for
GLI3 and HAND2 (Fig. 6b and Supplementary Fig. 8). The
predicted target genes include HAND2 and GLI3 targets that
have been veri!ed by previous genetic and molecular analysis in
mouse limb buds16–18,41–44 (indicated by asterisks in Fig. 6b).
These results underscore the validity of the chosen approach38 for
identifying candidate target genes in both species (Fig. 6b and
Supplementary Fig. 8). Moreover, this analysis further expands
the number of potential targets of GLI3 and HAND2 by
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identifying additional interactions with key TFs that function in
limb bud patterning (Fig. 6b). In fact, the identi!cation of
HAND2 and GLI3 candidate target genes in both species is an
asset given the lack of corresponding ChIP-seq datasets in
chickens.

Intriguingly, the majority of candidate target genes for the two
TFs are shared, which points to their transcriptional co-regulation
by GLI3 and HAND2 in mouse forelimb buds (gray lines,

Fig. 6b). Moreover, GLI3- and HAND2-speci!c interactions were
also detected (GLI3: ~22%; HAND2: ~17%; magenta lines in
Fig. 6b). Similarly, the candidate HAND2 and GLI3 target genes
identi!ed in chicken wing buds include both co-regulated (gray
lines, Supplementary Fig. 8) and speci!c candidate target genes
(GLI3: ~31%; HAND2: ~49%, magenta lines, Supplementary
Fig. 8). Furthermore, 35% of the GLI3 and 50% of the HAND2
target genes are conserved in both species, while the others are
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Fig. 5 In silico prediction of TF binding activity within DACs reveal stage-speci!c TF–DNA interaction dynamics in both species. a Heatmap showing
signi!cantly enriched or depleted TFBS within DAC-hi modules of mouse forelimb (top panel) and chicken wing buds (bottom panel). For each DAC
module, signi!cant enrichment (green) and depletion (magenta) of TF motifs were calculated against unrelated modules with complementary accessibility
patterns using analysis of motif enrichment (AME, Supplementary Fig. 7a, b, Methods). b Visualization of the ATAC-seq footprints for key transcription
factors that function in AP (GLI3 and HAND2) and PD (MEIS2 and HOXD13) axes patterning during mouse (upper panel) and chicken limb bud
development (lower panel). The average ATAC-seq signal around footprints is shown for select TFs at the three limb bud stages (indicated by different
colors). c Shown are the dynamic patterns of the MECOM, LEF1, and TCF7 footprints in mouse and chicken limb buds. Dashed lines demarcate the
consensus TF binding motif regions and their sequence LOGOS showing information content at each nucleotide are shown in Supplementary Fig. 7d. DAC
differentially accessible chromatin regions, TFBS transcription factor binding sites. Source data are provided as a Source Data !le.
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unique to either species. Considering both source TFs and their
interacting partners, a comparison of the GLI3-HAND2 interac-
tions yielded an overall network similarity score of 60.6% between
both species (Fig. 6c). These common targets and their
interactions could be part of evolutionary conserved GRNs that
function in AP axis polarization and the onset of outgrowth. By
contrast, the non-conserved interactions might be part of
diversi!ed regulatory mechanisms underlying the development
of species-speci!c traits.

CARs exhibit divergent enhancer activity indicative of mole-
cular differences in gene regulation. Recent studies have shown
that morphological diversi!cation of vertebrate limb bud devel-
opment is paralleled by functional genomic alterations of the
CREs encoding transcriptional enhancers11,12. To identify highly
diversi!ed cis-regulatory regions in the chicken genome, we !rst

assembled a comprehensive set of mouse limb bud enhancers
previously discovered using lacZ45, CAGE46, and Capture-C47

that are part of accessible chromatin (Supplementary Fig. 9a).
Using a comparative genomics approach12, 314 CARs with sig-
ni!cantly accelerated sequence substitutions (FDR < 5%) were
identi!ed (Supplementary Dataset 7). These CARs are ortholo-
gous to active mouse limb bud enhancers and highly conserved
across different vertebrates. A previous study identi!ed so-called
avian-speci!c highly conserved elements (ASHCEs) by com-
parative analysis of 48 avian species48. These ASHCEs are highly
conserved among avian species, but not in other vertebrate clades.
The majority of CARs (96%) identi!ed in our study are not
ASHCEs, suggesting that CARs are indeed chicken-speci!c
(Supplementary Dataset 8). By contrast, most CARs (78%) and
DACs (90%) overlap with putative chicken embryonic and/or
limb enhancers previously predicted using combinatorial patterns
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of epigenetic signatures48, which corroborates their potential roles
in cis-regulation (Supplementary Fig. 9b, Supplementary Dataset
8, 9, and Supplementary Tables 2, 3). Among the different pre-
dicted enhancer activity states, strong enhancers are over-
represented among CARs (48.40%, Supplementary Fig. 9b and
Supplementary Table 2). We also mapped the extent to which
these CARs overlap with differently accessible chromatin in limb
buds (Supplementary Fig. 9c–e and Supplementary Dataset 10).
Of all CARs, 39.5% are differentially accessible in chicken wing
buds (CAR-gg-DAC and CAR-mm/gg-DAC) while the others
display differential accessibility only for the mouse orthologues
(21%, CAR-mm-DAC) or in neither of the two species (39.5%,
CAR-no-DAC, Supplementary Fig. 9c–e). Assigning putative
target genes to the CARs by proximity mapping showed that 146
CARs (~47%) reside within 1Mb of a developmental regulator
gene (Supplementary Dataset 7). Furthermore, about half of all
CARs are associated with at least one putative target gene that
displays signi!cant temporal differences in expression, i.e., is a
DEG in either or both species (Supplementary Fig. 9d–h and
Supplementary Dataset 10).

In analogy to the bat accelerated regions12, we hypothesized
that CARs might contribute to chicken-speci!c cis-regulation in
limb buds. Therefore, the enhancer activity of select CARs and
their mouse orthologues linked to genes functioning during limb
bud development were assessed by lacZ reporter assays in
transgenic mouse embryos (Fig. 7 and Supplementary Fig. 10b, c).
In addition, we examined the spatial expression of the associated
target gene in limb buds of both species. This comparative
analysis revealed striking differences in enhancer activities
between CARs and their mouse cognate enhancers while changes
in the spatial expression of the associated target genes were at
most subtle (Fig. 7, Supplementary Fig. 10 and Supplementary
Table 4). For example, CAR134 and its cognate mouse enhancer
are linked to Tbx2 and display divergent lacZ activities (panel
lacZ, Fig. 7a). The activity of the cognate mouse enhancer is
apparent in anterior and posterior domains, while CAR134
activity is restricted to the posterior limb bud mesenchyme. These
differential enhancer activities re"ect the endogenous Tbx2
expression, as CAR134 overlaps the posterior Tbx2 domain in
chicken wing buds, while the mouse enhancer overlaps the distal-
anteriorly expanded posterior and the anterior Tbx2 domain in
the mouse forelimb buds (arrowheads, panel Tbx2, Fig. 7a). In
addition, both enhancers are active in the Tbx2-expressing
branchial arches (white arrowheads, panel lacZ, Fig. 7a)49.
CAR117 and its mouse orthologue are linked to the inhibitory
BMP/TGFß pathway regulator Smad7 and lacZ reveals their
divergent activities in transgenic mouse limb buds (panel lacZ,
Fig. 7b). The mouse cognate enhancer is active in the anterior
mesenchyme, while CAR117 is active in the anterior forelimb and
broader anterior and posterior domains in hindlimb buds. Smad7
expression in mouse limb buds is low and diffuse, while in
chicken wing and legs buds, Smad7 expression is detected broadly
in the sub-ectodermal mesenchyme encompassing distinct
anterior and posterior domains (arrowheads, panel Smad7,
Fig. 7b)50. In particular, the CAR117 activity in mouse hindlimb
buds recapitulates aspects of the anteriorly and posteriorly
enhanced Smad7 expression in chicken limb buds. CAR97 and
its cognate mouse enhancer are located close to the Prrx2 gene
and broadly active, with mouse enhancer activity being more
distally restricted within the posterior limb bud mesenchyme
(panel lacZ, Fig. 7c). In both species, Prrx2 is expressed
throughout the undifferentiated peripheral limb bud mesench-
yme without apparent differences (panel Prrx2, Fig. 7c). Other
CARs display weak or no reproducible enhancer activity
compared to their mouse orthologues. In particular, CAR22
and its mouse orthologue are located in the Gli3 genomic

landscape (Fig. 7d). The robust activity of the mouse enhancer
overlaps the endogenous Gli3 expression, while CAR22 activity is
low and variable (panel lacZ, Fig. 7d). No reproducible lacZ
activity is detected for the CARs linked to the BMP target genes
Id1 (CAR50) and Msx1 (CAR74), which contrasts the robust
activity of the cognate mouse enhancer (Supplementary Fig. 10b,
c). Despite these signi!cant differences in enhancer activities, no
major spatial changes in Gli3, ld1, and Msx1 expression are
apparent in limb buds of both species at E11.5/HH24 (Fig. 7d and
Supplementary Fig. 10b, c).

Discussion
Developmental stage-speci!c transcriptome pro!ling identi!ed
DEG modules characterized by distinct expression trajectories,
which reveals the temporal gene expression dynamics during limb
bud development. Concurrently, we observed widespread chro-
matin remodeling resulting in dynamic opening and closing of
chromatin regions. In mouse limb buds, the coupling of DACs
and DEGs showed signi!cant stage-speci!c associations, which
reveals the remarkable synchrony of chromatin remodeling with
temporal changes in gene expression. By contrast, the chicken
DAC modules showed association with those DEG modules with
similar rather than identical temporal kinetics, which points to
apparent heterochrony during chicken wing bud outgrowth. A
recent genome-wide analysis of medaka embryos also uncovered
nonsynchronous modes of chromatin remodeling and gene
expression29. In medaka embryos, opposing dynamics of chro-
matin accessibility and corresponding genes point to repressive
modes, while enhancer switching and opening of chromatin prior
to gene activation result in asynchrony and heterochrony between
chromatin remodeling and transcriptional regulation29. Similarly,
the opening of chromatin precedes activation of the associated
genes during the onset of gene expression in vertebrate
embryos7,51,52. It appears that the gene expression dynamics in
mouse limb buds are likely regulated via changes in nearby
chromatin accessibility. Given that, ~90% of peak-gene assign-
ments based on proximity are likely correct53, our association
analysis points to functional interactions between the putative
regulatory regions and associated genes in mouse limb buds. By
contrast, the observed heterochrony between chromatin accessi-
bility and gene expression in chicken wing buds could possibly be
explained by the higher impact of repression and/or enhancer
switching compared to mouse limb buds29. Our analysis indicates
that spatiotemporal gene expression is in general more conserved
between both species during onset (E9.75/HH20) rather than the
progression of the limb bud and autopod development, which
could be due to molecular diversi!cation during outgrowth. Such
spatiotemporal divergence during limb bud outgrowth is remi-
niscent of the molecular analysis of expression changes in artio-
dactyl limb buds, which have been proposed to underlie the
evolutionary diversi!cation from pentadactyl limbs and the
appearance of artiodactyl limb traits9,10,54.

Changes in chromatin accessibility impact gene regulation by
controlling the cis-regulatory interactions of TF complexes with
their DNA binding sites, which ultimately leads to chromatin
remodeling1,55,56. Our unbiased enrichment analysis of TF motifs
within DAC regions reveal TF–DNA interactions such that dis-
tinct TF binding motifs gained or lost accessibility at speci!c
developmental stages. In agreement with their functions, the
binding sites for TFs active during the onset of limb bud devel-
opment are preferentially enriched in accessible chromatin
regions at early stages. By contrast, binding sites of TFs func-
tioning during outgrowth and autopod formation are enriched
later in accessible chromatin regions. Furthermore, the compu-
tational footprinting of TFs corroborates this TFBS enrichment
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analysis. Together, these observations suggest that chromatin
remodeling exerts regulatory capacity by facilitating develop-
mental time-restricted TF–DNA interactions, which may impact
the transcriptional regulation of the associated genes. A recent
analysis of bovine preimplantation embryos shows that the
opening of chromatin regions enriched in maternal TFBS pre-
cedes activation of embryonic transcription7. In medaka embryos,
the temporal pro!les of chromatin accessibility and predicted

interactions with pioneer TFs match the dynamics of gene
expression29. Furthermore, our analysis of the TF–DNA inter-
actions in mouse and chicken limb buds reinforces the notion
that gene regulatory properties including TF binding and chro-
matin states are remarkably well conserved among evolutionarily
distant species irrespective of DNA sequence conservation57. This
observation also points to possible canalization of the underlying
epigenetic and cis-regulatory mechanisms across species58.
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Our integrative analysis of chromatin accessibility, gene
expression, and TF motif enrichment provides fundamental
insights into the key interactions mediated by GLI3 and HAND2
in mouse and chicken limb buds. Unlike mouse, few TF-target
genes have been identi!ed for chicken or non-model species due
to the lack of speci!c antibodies or epitope-tagged alleles for TFs
of interest. A notable exception is the identi!cation of SOX9 and
HOXA13 target genes during chicken autopod development and
chondrogenesis59,60. Therefore, our in silico analysis serves as a
powerful complementary approach38 for rapid identi!cation of
the possible range of target genes for TFs of interest in (non-
model) species. Our proof-of-principle analysis of TF-target
predictions yielded both co-regulated and speci!c targets of GLI3
and HAND2 that include the previously identi!ed and experi-
mentally veri!ed key targets in mouse limb buds16–18,41–44. These
!ndings remarkably expand the GLI3 and HAND2 network by
incorporating additional interactions, especially for chicken limb
buds where no direct targets have been reported. In addition to
species–species interactions, the majority of the predicted target
genes are shared between limb buds of both species. This cor-
roborates the evolutionary conservation of the HAND2-GLI3
target gene network that controls axis polarization during the
onset of tetrapod limb bud development9,10. In chicken limb
buds, targeted overexpression and/or genome engineering
approaches61,62 could be used to dissect the functional con-
sequences of altering the predicted TF-target gene interactions.
Our analysis is proof-of-principle that these datasets are validated
resources for future comparative analysis of chicken and mouse
limb bud development and computational identi!cation of TF-
target gene networks as has been proposed for other biological
systems6,38,63.

Finally, we identi!ed CARs whose sequences have signi!cantly
diverged during chicken evolution in comparison to other ver-
tebrates. Transgenic analysis of selected CARs reveals the diver-
gence of limb bud activities from their mouse orthologues. Recent
comparative analysis of the HoxD cis-regulatory landscape in
mouse and chicken limb buds showed that the sequence and
activity of the chicken CS93 enhancer differ from its mouse
orthologue24, but shares similarities with a bat enhancer that was
previously identi!ed as bat accelerated region BAR11612. The
limb bud activities of these orthologous enhancers in mouse,
chicken, and bat correlate with the observed differences in
endogenous HoxD gene expression in these species24. Conversely,
no spatial changes in gene expression are apparent in other cases,
which is not unexpected as genetic analysis established that
enhancer redundancy provides developmental gene expression
with cis-regulatory robustness64. Most CARs analysed in this
study display divergent activities in transgenic fore- and hindlimb
buds in comparison to their mouse cognate enhancers, which
often is not paralleled by spatial expression changes of the asso-
ciated target gene. Interestingly, for CAR117 the chicken-speci!c

changes in enhancer activity correlate with the spatial differences
in Smad7 expression during chicken limb bud development (this
study). This may be of functional relevance as the inhibitory
Smad7 is a target of BMP/TGFß signaling transduction50 and the
BMP pathway functions in shaping the developing limb skeleton
including digits14. Overall, our comprehensive comparative ana-
lysis between mouse forelimb and chicken wing bud development
provides molecular insights into shared and species-speci!c reg-
ulation which can be an asset for future Evo-Devo studies.

Methods
Ethics statement and approval of all animal experimentation. All animal
experiments were performed in accordance with Swiss laws and approved by the
regulatory and ethic committees/authorities of the Regional Commission on Ani-
mal Experimentation and the Cantonal Veterinary Of!ce of the city of Basel under
a mandate from the confederation (mouse and chicken embryos). The 3R prin-
ciples were implemented in all animal study designs and power calculations were
performed and/or set standards for respective experimental analysis implemented
to ensure reproducibility. The lacZ reporter analysis was performed blinded as
embryos were stained and results scored prior to genotyping of the founder
embryos. Embryos of both sexes were included in all analyses.

Mice and embryo collection. Mice were housed in individually ventilated cages
(Greenline-Tecniplast) at 22 °C, 55% humidity, and a light cycle of 12:12 with
30 min sunrise and sunset. Mouse embryos were collected from timed matings at
the appropriate embryonic days E9.75 (28–30 somites), E10.5 (34–36 somites), and
E11.5 (43–45 somites). For chicken, fertilized White Leghorn eggs (Animalco,
Switzerland) were incubated at 38 °C, 55% humidity, and embryos were isolated at
the Hamburger–Hamilton stages HH20, HH22, and HH2432. Forelimb and wing
buds were used for RNA-seq, ATAC-seq, and embryos for comparative whole-
mount in situ analysis.

ATAC-seq library construction. ATAC-seq experiments were performed
according to standard protocols31. Brie"y, pairs of forelimb and wing buds at
the stages analysed were dissected in ice-cold 1x phosphate-buffered saline (PBS).
Samples were collected as biological replicates and limb bud cells were isolated
using the Dounce Tissue Grinder Pestles A and B for 20 strokes each in 1 ml cold
PBS. Cells were counted using a Neubauer counting chamber and 75 ! 105 cells per
sample were homogenized in lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl,
3 mM MgCl2, 0.1% (v/v) Igepal CA-630). Thus, potential bias due to the signi!cant
increase in cell numbers during forelimb bud outgrowth65 was mitigated by
sampling identical cell numbers per developmental stage. In nuclei, tagmentation
and addition of adapters were done for 30 min at 37 °C using the TN5 fusion
protein from the Illumina Nextera® DNA Library kit. After Qiagen column pur-
i!cation, the tagmented DNA was ampli!ed by PCR using the standard Illumina
barcoded primer KAPA HiFi HotStart ReadyMix (Roche) with 13 cycles of
ampli!cation. Adapter dimers were removed using AMPure XP-beads following
manufacturer instructions (Beckman Coulter). Puri!ed libraries were pooled
equimolar concentrations and sequenced using the Illumina NextSeq 500 PE 40
bases set-up.

RNA-seq library construction. Pairs of mouse forelimb buds at E9.75
(28–30 somites), E10.5 (34–36 somites), and E11.5 (43–45 somites) and chicken
wing buds at HH20, HH22, and HH24 were dissected in ice-cold PBS and trans-
ferred to RNAlater (Sigma), stored at 4 °C overnight and then transferred to
!20 °C. Tissue homogenization in RLT buffer (Qiagen) was done by sheering the
sample with a 25 G needle 20 times. Total RNA was extracted using the RNeasy
micro kit (Qiagen) including an on-column DNAse digestion (Qiagen) step to
minimize the genomic DNA contamination. RNA integrity was checked on an

Fig. 7 Mouse lacZ transgenic assays reveal the divergent enhancer activity of CARs and their mouse orthologues. a–d ATAC-seq (magenta) and
histone H3K27ac (cyan) signals reveal that the mouse orthologues of CARs are part of active chromatin in mouse forelimb buds at E10.5. ATAC-seq
signals from replicates are represented by two distinct shades namely peach (RGB: 246, 202, 160) and magenta (RGB: 246, 160, 243), while the regions
overlaying accessibility signals from both replicates appear as dark pink (RGB: 235, 127, 153). Blue bars indicate the mouse regions orthologous to the
CARs. lacZ panels: the enhancer activity of CARs and their mouse orthologous assessed by transgenic mouse lacZ reporter assays. The distance between
the candidate enhancer region and the transcription start site of the associated gene is indicated. CAR134 and its mouse orthologue are associated to the
Tbx2 gene (panel a), CAR117 and its mouse orthologue are linked to Smad7 (panel b), CAR97 and its mouse orthologue are linked to Prrx2 (panel c), and
CAR22 and its mouse orthologue to Gli3 (panel d). For all panels, a representative transgenic mouse embryo (E11.0–E11.5, lacZ panel) and enlargements of
its fore- and hindlimb buds are shown (lacZ panel). n= fraction of transgenic embryos with limb bud expression. In situ panels: spatial expression of the
associated gene in mouse and chicken fore/wing and hindlimb buds at orthologous stages (E11.5/HH24). Black arrowheads indicate the anterior Tbx2
expression boundaries in mouse forelimb and chicken wing buds (panel a) and the distinct anterior and posterior Smad7 domains in chicken wing buds
(panel b). White arrowheads point to Tbx2 expression in branchial arches. CAR chicken accelerated region, scale bars: 250 !m.
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Agilent Fragment Analyser and the concentration was determined using the
QubitTM RNA HS Assay kit (Ref Q32855). About 500 ng of total RNA was used to
prepare RNA-seq libraries with NEB nondirectional NEBNext® Ultra™ II RNA
Library Prep kit by applying the polyA+ mRNA work!ow and PCR ampli"cation
for nine cycles. Barcoded RNA-seq libraries were pooled at equimolar concentra-
tions and sequenced as single-end using Illumina NextSeq 500.

Whole-mount RNA in situ hybridization in mouse and chicken embryos.
Standard whole-mount in situ protocols were followed for mouse19 and chicken
embryos66. Brie!y, embryos are "xed in 4% paraformaldehyde (PFA) in PBS at
4 °C overnight, dehydrated into 100% methanol, and stored at !20 °C until further
use. Following rehydration, embryos are bleached in 6% hydrogen peroxide
(15 min) and then digested with 5–10 µg/ml proteinase K (10–15 min depending
on the embryonic stage). Following pre-hybridization at 65 °C (!3 h), embryos are
incubated overnight at 70 °C in hybridization solution with 0.2–1 µg/ml heat-
denatured antisense riboprobes to detect the transcripts of interest. The next day,
embryos are extensively washed and non-hybridized riboprobe digested by 20 µg/
ml RNase for 45 min at 37 °C. Subsequently, the RNA-riboprobe hybrids are
revealed using the alkaline phosphatase/BMP Purple detection system (Roche-
11442074001). The detection is stopped when the signal is strong but has not
reached complete saturation. For comparative analysis of different stages of
embryos of the same species, visualization is done for the same time. For cross-
species analysis, visualization times may need to be adjusted in a species-speci"c
manner. The results of whole-mount in situ hybridization analyses are qualitative
but well suited to detect spatial changes.

Generation of lacZ transgenic mouse founder embryos. Mouse and chicken
genomic DNA were used for PCR to amplify candidate mouse enhancers and
CARs. Speci"c primers were designed using the Primer 3v0.4.0 web-based interface
(http://bioinfo.ut.ee/primer3-0.4.0). The ampli"ed candidate enhancer regions were
inserted into the Hsp68-lacZ reporter plasmid67 using the Gibson cloning system
(New England Biolabs). Transgenic mouse founder embryos were generated by
pronuclear injection at the CTM of the University of Basel. Founder embryos were
isolated in ice-cold PBS around E11.5 and "xed in 1% formaldehyde, 0.2% glu-
taraldehyde, 0.02% NP40, 0.01% sodium deoxycholate in 1xPBS for 20–30 min at
4 °C. Subsequently, embryos were washed three times in 1xPBS for 5 min at room
temperature. They were then incubated in the dark at 37 °C in a solution con-
taining 1 mg/mL X-Gal, 0.25 mM K3Fe(CN6), 0.25 mM K4Fe(CN6), 0.01% NP40,
0.4 mM MgCl2, and 1% sodium deoxycholate to detect ß-galactosidase activity,
which colors expressing cells in blue (lacZ activity detection)68. The color reaction
was monitored for ~6–7 h, which corresponds to the end of the exponential
staining phase. Embryos with no obvious lacZ staining were left to develop over-
night to detect possible weak activity. To stop the reaction, embryos were washed
three times in 1x PBS for 5 min each at room temperature. An enhancer is con-
sidered robust when the expression domain of the lacZ reporter was reproducible
in at least three independent founder embryos. Representative founder embryos
with lacZ activities in fore- and hindlimb buds are shown for mouse enhancers and
chicken CARs in Fig. 7 and Supplementary Fig. 10.

Genome-wide analysis of accessibility landscape using ATAC-seq. The quality
of the raw paired-end sequencing reads in both species was determined by
FASTQC v0.11.469. Nextera primer sequences were removed with the Trim galore
v0.6.2 wrapper tool for Cutadapt70 using the --nextera --gzip --paired settings.
Subsequent read alignments and post-processing was performed following
ENCODE data processing standards (https://www.encodeproject.org/data-
standards/). Brie!y, trimmed reads were aligned with either the GRCm38/mm10
(mouse) or Gallus_gallus-5.0/galGal5 (chicken) genome build using Bowtie2
v2.2.971 with the -t -p 4 -X 2000 --mm -q --phred33-quals settings. Removal of PCR
duplicates and generation of fragment size statistics were performed using the
Picard v2.8.072. SAMtools command utilities were used to remove mitochondrial
and low-quality reads73. Enriched regions (peaks) of accessible chromatin were
detected using MACS2 v2.1.174 with the --nomodel --shift -75 --extsize 150 -B --
SPMR --keep-dup all --call-summits settings. Consistency between biological
replicates was checked by Irreproducible Discovery Rate75 and only reproducible
peaks were considered for downstream analysis. A reference peak set required to
identify DACs was created by merging the outer boundaries of overlapping peaks
of individual stages using BEDTools v2.26.076. To eliminate composition biases
between libraries, trimmed mean of M-values (TMM) normalized counts were used
in the generalized linear model (GLM) framework of edgeR77 to identify the sig-
ni"cant DACs between developmental stages. For pairwise comparisons, peaks
with at least linear absolute fold change (FC) ! 1.5 and adjusted p values " 0.05
were considered as signi"cant DACs. Annotation of peaks in genomic regions was
done using the R package ChIPseeker v1.18.078.

Quanti!cation of gene expression and differential gene expression analysis.
The quality of raw single-end sequencing reads (85 bp) was assessed using
FASTQC v0.11.469 and the Illumina adapter sequences were trimmed using Trim
Galore v0.4.1 wrapper tool for Cutadapt70. High-quality sequencing reads were
aligned to either mouse (mm10) or chicken (galGal5) reference genomes using

STAR v2.5.2 aligner79 with --twopassMode Basic and --quantMode Tran-
scriptomeSAM settings. After alignment, transcripts and gene-wise counts were
computed using rsem-calculate-expression utility of RSEM v1.3.080. The reference
gene annotation for mouse and chicken in GTF format was obtained from
ENSEMBL (release 91). Prior to the identi"cation of DEGs, all small-ncRNAs
(snoRNA, miRNA, miscRNA, scRNA, and scaRNA) were "ltered out. To further
reduce noise and get robust outcomes, genes with the expression as counts per
million reads mapped (CPM) ! 1 per replicate (n= 3) of the developmental stage
were considered for downstream analysis. Consistency between replicates was
assessed by hierarchical clustering and principal component analysis (PCA) using
the hclust and prcomp R functions, respectively. Raw counts were normalized using
TMM and DEGs were identi"ed using a GLM framework with edgeR77. Signi"cant
DEGs were required to demonstrate a linear absolute FC cutoff of !1.5 and an
adjusted p value " 0.05.

DAC and DEG module analysis. As described by Gray and colleagues38, k-means
clustering was employed on signi"cantly enriched DACs and DEGs to identify
modules of chromatin accessibility (DAC modules) and gene expression (DEG
modules). First, peak accessibility values of each peak were scaled between 0 and 1
using min-max normalization as follows: the minimum value across all three stages
was subtracted, and then values were divided by the maximum. The same scaling
was performed on gene expression data for DEGs. Assuming two states of chro-
matin accessibility i.e., open/close and given three stages, 23 combinations are
possible for a peak’s trajectory. Similarly, two states of gene expression (expressed/
not expressed) across three stages result in eight combinations for a gene expres-
sion trajectory. As two combinations (0,0,0) and (1,1,1) correspond to no differ-
ential temporal trajectory, the remaining six combinations were taken as seeds for
k-means clustering to identify the convergent set of DAC and DEG modules. This
permitted use of the same starting conditions for both ATAC-seq peak and gene
expression clustering. Furthermore, the robustness and separation distance
between the resulting clusters were checked using silhouette analysis81. This
measure has a range of [!1,1] and a positive silhouette score such that it highlights
that the samples are away from the decision boundary between two neighboring
modules81. Using these robust DAC and DEG modules, the signi"cance of peak-
gene module associations was tested. By calculating the frequency with which peaks
in each DAC module were positionally associated with the genes in each DEG
module, signi"cant enrichments or depletions were computed using Fisher’s exact
test. The Benjamini and Hochberg (BH) correction was used to account for mul-
tiple comparisons.

Generation of the genome-wide ATAC-seq and RNA-seq signals. Normalized
genome-wide pro"les of ATAC-seq and RNA-seq samples were generated using
DeepTools82. The Binary Alignment Map (BAM) alignments were converted to
bigwig format using the bam-Coverage utility of the DeepTools suite to calculate
the normalized signals in de"ned windows (50 bp default size) as fragments per
kilobase million (FPKM) for paired-end data and reads per kilobase million
(RPKM) for single-end sequence data. The normalized signal coverage tracks with
replicates overlaying each other were generated and visualized at UCSC Genome
Browser83.

Orthologous genes and developmental stage correspondence. A set of
orthologous genes between mouse and chicken was retrieved using the BioMart
application from ENSEMBL (https://www.ensembl.org). To obtain a high-
con"dent set, orthologous genes from both species with Protein stable ID and
ortholog_one2one homology type were considered for the stage correspondence
between mouse and chicken limb buds. The transcript levels of orthologous genes
were measured in transcripts per million (TPM) and the Spearman’s correlation
coef"cient (!) was computed to deduce the transcriptome similarity between
developmental stages of mouse and chicken limb buds.

Functional annotation enrichment analysis. For each species, the functional
annotations correspond to DEGs of DEG modules were queried using the
g:Pro"ler84 python API against all genes of the respective organism as background.
The Benjamini–Hochberg (BH) was applied for multiple testing corrections with
the signi"cance set at an FDR of 0.05.

Motif enrichment analysis. To evaluate DACs for binding motif enrichment,
curated position weight matrices (PWMs) of nonredundant core vertebrate TF
binding pro"les from the JASPAR 2018 database39 were used, while the PWMs for
the GLI3 and HAND2 binding motifs were obtained from CIS-BP85. As
described38, a background set for each foreground module was "rst generated such
that peaks in the foreground and background modules do not share overlapping
accessibility patterns. The fasta sequences of peaks in foreground and background
modules were extracted using BEDTools v2.26.0. Files containing fasta sequences
were submitted to analysis of motif enrichment (AME) v5.0.486 to compute
enrichment of sequence motifs within DAC modules against dissimilar background
sets using the --method !sher --scoring avg settings. Similarly, AME was also
performed with foreground and background peak sets reversed to identify motifs
underrepresented or depleted in the DAC modules.
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Genome-wide prediction of TFBS motifs. Using the PWMs of TFs binding
pro!les, the genomic locations of TF motifs (p < 1e-4) were predicted in reference
peak set of the mouse (mm10) and chicken (galGal5) using FIMO utility as part of
the MEME suite (v5.0.4).

TF footprint analysis. Using stage-speci!c deep ATAC-seq, computational foot-
prints of select TF motifs were inferred using the rgt-hint utility of the application
HINT part of the Regulatory Genomics Toolbox87. TFs bound to DNA prevent
Tn5 transposase from cleavage in an otherwise nucleosome-free region, which
leads to drops in occupancy within peak regions of high coverage resulting in a
typical TF footprint. Using BAM-formatted mapped reads and differential acces-
sible sites, the genomic locations of footprints for select TF motifs were detected
using the rgt-hint commands in footprinting mode with --atac-seq --paired-end --
organism parameters. These footprints were checked for the presence of binding
motifs of TFs by overlapping them with the motif location predictions given by
FIMO in the peak sets. Finally, bias-corrected normalized signal pro!les for each of
the motifs were obtained using the --organism --bc --window-size 200 settings.
Motif-centered aggregated footprint pro!les with a moving average (window
size= 5 bp) were plotted for each developmental stage using custom Python codes.
Motif LOGOs were downloaded from JASPAR. For motifs other than JASPAR,
web LOGOs were generated using the seqLogo R library88.

Identi!cation of candidate HAND2 and GLI3 target genes. Using a subset of
key genes and TFs known to function during limb bud patterning and outgrowth
(Supplementary Dataset 6), HAND2 and GLI3 target genes were identi!ed for
mouse forelimb and chicken wing buds. Similar to Gray et al., 201738, our analysis
is based on the assumption that if TF-X (X=GLI3/HAND2) shows binding evi-
dence within the putative cis-regulatory region associated with gene Y, then Y is a
target gene regulated by TF-X. To establish these potential interactions (edges)
between source TF and target genes, we checked for the presence of source TFBS
within chromatin accessible regions associated to target genes, thereby establishing
a connection from source TF to a target gene. Using the motif location predictions
given by FIMO in our peak datasets, we identi!ed high-con!dent motifs of source
TFs in peaks positionally associated with the set of potential targets38. The resulting
diagram with nodes and connections was plotted using the Cytoscape v.3.7.289
python API. The edge width of the connections in the network diagram corre-
sponds to the number of TF binding motifs establishing a connection between the
source TF (GLI3/HAND2) and the target gene. Each target gene was assigned the
closest DEG module by calculating the Pearson’s correlation coef!cient between
average gene expression and the cluster centroids of each DEG module. For each
species, the edges are colored to show either shared interactions mediated by both
GLI3 and HAND2 (gray) or TF-speci!c (GLI3 or HAND2) interactions (magenta)
with a particular target gene. For cross-species comparison of conserved and
species-speci!c interactions between mouse and chicken, the regulatory networks
were compared by computing the similarity score6. Brie"y, considering both nodes
and their connections, the similarity score can be de!ned as:

S ! 1" D #1$

where D represents differences between mouse and chicken limb buds and can be
de!ned as:

D !
1
2

N
M

%
I
2J

! "
#2$

where, N represents the number of different connections, M corresponds to the
number of all connections, I represents the number of different target genes, and J
corresponds to the number of all target genes.

Computational identi!cation of CARs. CARs were identi!ed using a strategy
similar to Booker et al., 201612. Brie"y, a comprehensive set of previously char-
acterized mouse limb bud enhancers active between E9.5 and E12.0 was assembled
from VISTA45 and CAGE46 databases in combination with Capture-C47 analysis of
mouse limb buds. Prior to identifying vertebrate conserved elements, the chicken
genome was excluded from the 60-way vertebrate multiple sequence alignments
with the mouse (mm10) as reference genome (UCSC Genome Browser) to include
those elements that might possess high rates of nucleotide differences in chicken,
yet otherwise conserved in vertebrates. The resulting genome-wide alignments were
used as input to PhastCons90 to identify conserved noncoding regions. Next, short
conserved regions in close proximity were iteratively merged and the merged
regions were intersected with the mouse limb bud enhancer dataset. Regions with
>50% of the sequence missing in the chicken genome were eliminated. These
resulting candidate regions that overlap with mouse limb bud enhancers were
tested for accelerated nucleotide substitutions in the chicken genome using PhyloP
function of package PHAST91 with the --branch option. The false discovery rate
(FDR) was computed using the Benjamini–Hochberg method and regions with an
FDR < 5% were considered as candidate CARs that displayed signi!cantly accel-
erated nucleotide substitutions in the chicken genome. Each CAR was assigned the
closest gene using GREAT92. In addition, genes expressed/functioning in limb buds
that reside within 1MB of each CAR were identi!ed. Further, the species-speci!c
DACs were overlapped with CARs (!2 kb window) to identify different CAR-DAC

categories. Moreover, the CAR coordinates were intersected with putative chicken
embryonic and/or limb enhancers and ASHCEs48 using BEDTools v2.26.076. The
overrepresentation of predicted enhancer classes in CARs was tested using GAT93.

Available datasets used in this study. The information on the gene markers used
for our study has part of the single-cell transcriptome analysis during mouse
organogenesis94. The information of a set of genes whose mutagenesis, loss-of-function,
and gain-of-function in mouse models results in limb congenital malformations was
obtained from the Mouse Genome Informatics database (www.informatics.jax.org/).
TF family information for mouse and chicken genes were obtained from Animal TFDB
v3.095. The peaks of histone modi!cations for mouse limb developmental stages were
obtained from mouse ENCODE (https://www.encodeproject.org/data/). The genomic
coordinates of ASHCEs and the predicted putative enhancers of chicken embryos and
limb buds have been previously published48.

Reporting Summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The newly sequenced genome-wide RNA-seq and ATAC-seq datasets of mouse and
chicken limb buds used in the study have been deposited to Gene Expression Omnibus
(GEO) public repository. The RNA-seq datasets are available under the accession code
GSE164737 and ATAC-seq datasets at GSE164736. Additional processed datasets are
included as Supplementary Datasets. Source data are provided with this paper.

Code availability
The repository containing the custom scripts used for analyses is available at Zenodo
(https://doi.org/10.5281/zenodo.5172892).
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Supplementary Figure 1. Analysis of stage-specific transcriptomes reveals the 

temporal dynamics of gene expression in developing mouse forelimb buds. a 

Dendrogram represents the hierarchical clustering of samples. Replicates of the same 

stage (n=3) cluster together establishing low intra-stage variability. b Volcano plots 

showing statistical significance versus the magnitude of fold change for upregulated 

(right magenta) and downregulated genes (left purple) for the pairwise comparisons 

17.4% 15.7%

30.7%

5.8%5.5
%

25.0%

E11.5lo
E11.5hi
E10.5lo
E10.5hi

E9.75lo
E9.75hi

e

í��� 0.0 0.2 0.4 0.6 0.8

Silhouette coefficient

D
E

G
 m

od
ul

es

Average silhouette (0.51)

E11.5lo

E11.5hi

E10.5lo

E10.5hi

E9.75lo

E9.75hi

d

E9.75
E10.5

E11.5

í���

0.0

1.5

E9.75
E10.5

E11.5
E9.75

E10.5
E11.5

E9.75
E10.5

E11.5
E9.75

E10.5
E11.5

E9.75
E10.5

E11.5

E11.5loE11.5hiE10.5loE10.5hiE9.75loE9.75hi

z-
sc

or
e

c

b
E9.75 vs E10.5 E9.75 vs E11.5 E10.5 vs E11.5

Down 
Up 

log2(fold-change)

-lo
g 10

(p
-v

al
ue

)

í� -3 0 3 6
0

50

100

150

200

í� -3 0 3 6 í� -3 0 3 6
log2(fold-change) log2(fold-change)

E9
.7

5C
E9

.7
5A

E9
.7

5B
E1

1.
5B

E1
1.

5A
E1

1.
5C E1

0.
5A

E1
0.

5B
E1

0.
5C

0.
1

0.
2

0.
3

0.
4

0.
5

Hierarchical clustering

Distance

H
ei

gh
t

a



Supplementary Information Jhanwar et al., (2021) 
 

  
 

 
 158 

 
 

 

 2 

indicated. c Box plots showing the quantification of relative expression of genes within 

the six DEG modules (E9.75hi n=755; E9.75lo n=1081; E10.5hi n=236; E10.5hi n=250, 

E11.5hi n=1327, E11.5hi n=680). The middle line represents the median (50th 

percentile), whereas the lower and upper hinges correspond to the first (25th 

percentile) and third (75th percentile) quartiles of the box plots, respectively. The upper 

whisker extends from the hinge to the largest value at 1.5 ×  inter-quartile range (IQR) 

of the hinge. Similarly, the lower whisker extends from the hinge to the smallest value 

within the 1.5x IQR. All other data points with values outside the whiskers are outliers 

and plotted individually. The minima and maxima of the box plots are determined after 

exclusion of outliers. d Plots show the distribution of the silhouette coefficients for the 

DEG modules. An average silhouette score of +0.51 highlights the high degree of 

inter-module separability. e Pie chart depicts the proportion of DEGs per module. 

DEG: differentially expressed genes. Source data are provided as a Source Data file.  
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Supplementary Figure 2. Temporal dynamics of the genome-wide chromatin 

accessibility during mouse forelimb bud development. a Insert size frequency of 

ATAC-seq fragments shows the periodicity of insertions at the nucleosome boundaries 
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(~145bp interval). Colours indicate the different limb bud stages. b Scatter plots show 

the Pearson’s correlation coefficient (r ≥0.97) between replicates (n=2) for each mouse 

forelimb bud stage. The correlation reflects the linear relationship between the two 

replicates and was computed using log-transformed counts. Colours indicate the 

density of data points. c Distribution of accessible chromatin regions of individual 

stages in different genomic regions of mouse forelimb buds. Colours indicate the 

annotations to the different genomic regions. d Distances of accessible chromatin 

regions to the nearest TSS in mouse forelimb buds. Plotting using a log10 distance 

scale separates accessible chromatin regions into four distinct populations (proximal-

downstream, proximal-upstream, distal-downstream, and distal-upstream). The 

distribution of accessible chromatin regions among the four categories remains very 

similar during forelimb bud development. e Bars represent the percentage overlap of 

accessible chromatin regions in each of the four categories with different histone 

modifications in mouse limb buds (from ENCODE). A very high overlap with at least 

one of the histone marks indicative of active enhancers and promoters (H3K27ac, 

H3K4me3, H3K4me1) is observed for all stages. f Spearman’s correlation coefficient 

(r) for the pairwise combinations between replicates of each stage based on 

normalized accessibility scores for all DACs per sample. The correlation values range 

from 0 to 1 (scale bar). The replicates (n=2) per stage are highly correlated (>0.9) 

corroborating reproducibility. g Plot shows the silhouette coefficient for the six DAC 

modules. An average silhouette score of +0.56 highlights that the samples are far from 

the decision boundary between neighbouring modules. h Log-odds ratios for two-

tailed Fisher's exact test of enrichment between pairs of DAC and DEG modules. 

These correspond to the p-values shown in Fig. 2i, where an adjusted p-value <0.05 
 

 5 

is considered significant. DAC: differentially accessible chromatin regions, DEG: 

differentially expressed genes. Source data are provided as a Source Data file.  
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Supplementary Figure 3. Developmental correspondence of mouse forelimb and 

chick wing bud stages. a Correspondence was assessed by comparing mouse and 

chicken limb buds at E9.75/HH20, E10.5/HH22, and E11.5/late-HH24 (scale bars: 

250µm). b Pairwise Spearman’s correlation coefficient (ρ) computed using the 

expression profiles of highly variable orthologues genes (n=1226) in mouse and 

chicken limb buds. The middle line in the box plots represents the median (50th 

percentile), whereas the lower and upper hinges corresponds to the first (25th 

percentile) and third (75th percentile) quartiles, respectively. The upper whisker 

extends from the hinge to the largest value within 1.5 × IQR, while the lower whisker 

extends from the hinge to the smallest value within 1.5xIQR of the hinge. All data 
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points with values outside the whiskers are outliers and plotted individually. The 

minima and maxima of the box plots are determined after excluding the outliers. 

Mouse forelimb bud at E9.75, E10.5, and E11.5 show the best correspondence with 

chicken wing buds at HH20, HH22, and late-HH24, respectively. c Heatmap shows 

the expression pattern of highly conserved Hoxa (left panel) and Hoxd (right panel) 

gene clusters in mouse and chick limb buds. The scale represents min-max 

transformed values of transcript levels. The dynamic expression patterns of Hoxa and 

Hoxd genes reveals the high conservation of colinear expression in both species, 

which corroborates the developmental correspondence between the two species. d 

Line plots show the z normalized temporal expression profiles of key genes in the SHH 

and BMP pathway that are part of the self-regulatory signaling system, further 

strengthening the molecular correspondence of the orthologous mouse and chicken 

limb bud stages. Source data are provided as a Source Data file. 
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Supplementary Figure 4. Analysis of the gene expression and chromatin 

remodelling dynamics during chicken wing bud development. a Dendrogram 

represents the hierarchical clustering of the RNA-seq replicates (n=3) revealing low 

intra-stage variation. b Insert size frequency of ATAC-seq fragments showing 

nucleosome periodicity with mono- and di-nucleosomal fragments. c Aggregate 

ATAC-seq footprint centred on accessible sites around TFBS of CTCF. Shown below 

is the consensus binding site for the CTCF complex. d Distribution of accessible 

chromatin sites into genomic regions in chicken wing buds at all three stages. e Three-

way Venn diagram illustrates the overlap of differentially expressed genes (DEGs) 

across different pairwise comparisons. f Heatmap shows the relative accessibility of 

DACs during wing bud development. The DACs with similar temporal accessibility 

patterns were assigned to six different DAC modules. g Spearman’s correlation 

coefficient (r) computed using normalized accessibility scores of DACs for all pairwise 

combinations of developmental stages. The correlation values range from 0 to 1 (scale 

bar). The replicates (n=2) per stage are highly correlated (>0.9) corroborating 

reproducibility. h-i Silhouette plot showing the silhouette coefficient of the DEG (panel 

h) and DAC modules (i). An average silhouette score of +0.56 and +0.52 for DAC and 

DEG modules highlights that the samples are far from the decision boundary between 

two neighbouring modules. j Pie chart shows the fraction of DEGs assigned to the 

different DEG modules. k Graph showing the top enriched GO terms for each of the 

six DEG modules. l Log-odds ratios for two-tailed Fisher's exact test of enrichment 

between pairs of DAC and DEG modules. These correspond to the p-values shown in 

Fig. 3f, where an adjusted p-value <0.05 is considered significant. DAC: differentially 
 

 10 

accessible chromatin regions, DEG: differentially expressed genes. Source data are 

provided as a Source Data file.  



Supplementary Information Jhanwar et al., (2021) 
 

  
 

 
 165 

 

 

 

 11 

 

 

Supplementary Figure 5. Variation in the temporal dynamics of gene expression 

among orthologous genes of mouse and chicken. a Intersection of orthologous 

DEGs of the mm-gg category within the DEG modules of mouse and chicken limb 

buds. Vertical black bars represent the number of DEGs shared between two modules 

as indicated schematically by the coloured dots connected by a vertical line. The 

colour of dots is in accordance with the colour of DEG modules. Horizontal bars 

represent the size of the individual module. b Heatmap showing the z normalized 

expression for DEGs encoding limb key regulator genes with significant temporal 

changes in gene expression during mouse forelimb bud development. c Heatmap 

showing the z normalized expression for DEGs encoding limb key regulator genes 
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with significant temporal changes in gene expression during chicken wing bud 

development. DEG: differentially expressed genes. Source data are provided as a 

Source Data file. 
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Supplementary Figure 6. Comparative analysis of the spatial expression of 

developmental genes in mouse forelimb and chicken wing buds. Whole-mount in 

situ hybridization showing spatio-temporal expression at developmentally equivalent 

stages of mouse forelimb (left column: E9.75, E10.5, E11.5) and chicken wing buds 

(right column: HH20, HH22, late-HH24). The key genes and their 

corresponding/closest DEG modules are a Hand2 (n=3, E9.75lo/HH24hi), b Tbx2 (n=3, 

E9.75lo/HH20hi), c Hoxd13 (n=3, E11.5hi/HH20lo), d Msx2 (n=3, E9.75lo/HH20hi), e 

Pkdcc (n=3, E11.5lo/HH24hi) and f Prdm1 (n=3, E9.75hi/HH24lo). Arrowheads indicate 

Tbx2

Msx2

Pkdcc

Prdm1

Hoxd13

Mouse Chicken
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Hand2a

b

c
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differences in anterior expression boundaries within the developing autopod of both 

species (panels a-c) and the anteriorly expanded expression domain in chicken wing 

buds (panel d). DEG: differentially expressed genes, Scale bars: 250μm. 
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Supplementary Figure 7. Computational prediction of TF binding sites provides 

evidence for cis-regulatory importance of DAC modules a-b. Background set 

selection for TFBS enrichment analysis (Fig. 5) in mouse (panel a) and chicken (panel 

b) DAC modules. For each foreground DAC module (rows), the background DAC 

modules used (columns) are indicated as coloured boxes. The nFore.peaks and 
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nBack.peaks. represent the number of peaks in the foreground and background 

modules. These sets of foreground and background peaks were used to compute 

enrichment and depletion of TFBS within DAC modules as shown in Fig. 5a and 

Supplementary Fig. 7c. c Heatmap showing the significant TFBS enrichment (green) 

and depletion (magenta) for the six DAC modules in chicken (upper panel) and mouse 

limb buds (lower panel). The enrichment patterns for specific TFs are overall rather 

complementary between hi and lo DAC modules at the same stage. d Representative 

motif LOGOS showing information content of the consensus sequence for specific TF 

binding site motifs (related to Fig. 5b, c). DAC: differentially accessible chromatin 

regions. Source data are provided as a Source Data file. 
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Supplementary Figure 8. In silico identification of candidate GLI3 and HAND2 

target genes in chicken wing buds. Identification of cis-regulatory interactions of the 

GLI3 and HAND2 transcriptional regulators with a select set of genes expressed in 

limb buds (Supplementary Table 6). Circles represent nodes while the interactions are 

represented by solid lines (edges). GLI3 and HAND2 are source nodes and their 

candidate target genes are genes linked to those accessible regions with GLI3 and/or 

HAND2 TF binding motifs. The edges of the network represent motifs and are 

weighted (thickness of line) based on the number of TF binding motifs within the 

accessible regions linked to a target gene, thereby supporting a connection. GLI3 and 

HAND2 specific interactions are shown by magenta-coloured lines while shared 

interactions are represented by grey lines. The colour code of the candidate target 

genes corresponds to the closest DEG module (see Fig. 3b,c) based on the correlation 
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of their gene expression with DEG cluster centroids. The target genes encoding 

transcriptional regulators are outlined in bold. Target genes that have been 

experimentally validated in mouse limb buds are indicated by asterisks. DEG: 

differentially expressed genes. Source data are provided as a Source Data file. 
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Supplementary Figure 9. Characterization of the chicken accelerated regions. 

a Bar plot showing the proportion of the assembled set of previously identified mouse 

limb bud enhancers (lacZ, Capture-C, and CAGE) accessible across the three mouse 

forelimb bud stages. b Bar plot (left panel) showing the proportion of CARs overlapping 

with published putative enhancers predicted in chicken embryo and/or limb buds using 

combinatorial patterns of epigenomic signatures (see results for details). Right panel: 

stacked bar plot illustrating proportion of CARs in different enhancer activity states, 

with strong enhancers being over-represented (Supplementary Table 2). c Pie chart 

shows the fraction of CARs in different CAR-DAC categories. d Heatmap shows the 

relative accessibility of CAR-associated DACs across chicken wing bud development. 

e Heatmap shows the relative accessibility of DACs across mouse forelimb 

development that associate to mouse orthologues of CARs. The vertical bars show 

the annotations of the DACs with respect to the mouse DAC modules (right bar) and 

CAR-DAC categories (left bar). f-g Heatmaps illustrating the relative gene expression 

trajectories across developmental stages for CAR-associated DEGs in developing 

mouse forelimb (panel f) and chicken wing buds (panel g). The vertical bars show the 

annotations of the DEGs with respect to the DEG modules (right bar) and CAR-DAC 

categories (left bar). h Top-enriched GO terms corresponding to CAR-associated 

DEGs. CAR: chicken accelerated region; DAC: differentially accessible chromatin 

regions, DEG: differentially expressed genes, GO: Gene Ontology. Source data are 

provided as a Source Data file. 
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Supplementary Figure 10. Divergent enhancer activity of CARs and their mouse 

orthologues. a ATAC-seq profiles of the genomic regions overlapping CARs in 

chicken wing buds (HH22, related to Fig. 7). ATAC-seq signals from replicates are 

represented with two distinct shades, namely peach (RGB: 246, 202, 160) and 

magenta (RGB: 246, 160, 243). While the regions overlaying accessibility signals from 
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both replicates appear in dark pink (RGB: 235, 127, 153). b-c CARs lack enhancer 

activity (ld1: n=1/5, Msx1: n=0/3) in contrast to their mouse orthologues (ld1: n=2/2, 

Msx1: n=6/6). ATAC-seq (magenta) and histone H3K27ac signals (cyan) reveal that 

the orthologous mouse enhancers are part of active chromatin in forelimb buds at 

E10.5. Blue bars indicate the regions orthologous to the CARs. lacZ panels: the mouse 

enhancer and the chicken CAR activities were determined using transgenic mouse 

lacZ reporter assays. CAR50 and its mouse orthologue are linked to the Id1 gene 

(panel b). CAR74 and its mouse orthologue are linked to the Msx1 gene (panel c). In 

situ panels: spatial expression of the associated gene in mouse and chicken fore/wing 

and hindlimb buds at orthologous stages (E11.5/HH24). CAR: Chicken Accelerated 

Region, scale bars: 250 μm. 

23

Supplementary Table 1: Probes generated as part of this study for whole-mount RNA 

in situ hybridization. 

Gene mRNA ID Forward primer Reverse primer Product 
size Species 

Prdm1 XM_003641038 TATGAAAATGGACA 
TGGAGG 

TAGGATTTCTTT 
CACACTGT 655 Chicken 

Pkdcc XM_040666455 GCTCTATGGCTAT 
TGTTACC 

CCTGTCCAAGT 
CGTCTGGTT 759 Chicken 

Msx1 NM_205488 GCCAGAAGCAGTA 
CCTGTCC 

AATGGCCACAG 
GTTAACAGC 572 Chicken 

Prrx2 NM_001293098 AAGGTAGAGTCAA 
GTCCCAGTCCG 

GTT TTC TGC 
TCA TCT CGC 

AAC 
773 Chicken 

Prrx2 XM_006497806 AAA GAG TTC AGC 
CTA CAC CAC AG 

GTG AGT TCC T 
TG GCG GAC TC 302 Mouse 
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Supplementary Table 2: Over-representation tests for putative enhancers of different 

categories in CARs (chicken accelerated regions) using GAT, which estimates 

statistical significance based on simulation and controls for multiple tests using the 

false discovery rate (q-value <0.05; related to Supplementary Fig. 9b). 

Enhancer categories Observed 

length (bp) 

Expected 

length (bp) 

p-value q-value 

(FDR) 

Fold 

WholeEmbryo_E1 52665 26287 0.0010 0.0010 2.0034 

WholeEmbryo_E2 74842 70023 0.3300 0.3300 1.0688 

WholeEmbryo_E3 133990 160319 0.0860 0.0860 0.8358 

WholeEmbryo_E4 20336 12823 0.0930 0.0930 1.5858 

Limb_E1 44490 23162 0.0010 0.0010 1.9208 

Limb_E2 50333 53733 0.3760 0.3760 0.9367 

Limb_E3 134591 156148 0.1380 0.1380 0.8619 

Limb_E4 19348 14563 0.1890 0.1890 1.3285 

Limb_WholeEmbryo_E1 64264 35976 0.0010 0.0010 1.7863 

Limb_WholeEmbryo_E2 90570 89517 0.4730 0.4730 1.0118 

Limb_WholeEmbryo_E3 143791 177505 0.0470 0.0470 0.8101 

Limb_WholeEmbryo_E4 24937 19053 0.1580 0.1580 1.3088 
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Supplementary Table 3: Over-representation tests for putative enhancers of different 

categories in chicken DACs using GAT, which estimates statistical significance based 

on simulation and make adjustments for multiple tests using the false discovery rate 

(q-value<0.05).  

Enhancer categories 

Observed 

length 

(bp) 

Expected 

length 

(bp) 

p-value 
q-value 

(FDR) 
Fold 

WholeEmbryo_E1 9505353 2491097 0.00100 0.001000 3.8157 

WholeEmbryo_E2 7566677 6939012 0.00100 0.001000 1.0905 

WholeEmbryo_E3 10091304 16452314 0.00100 0.001000 0.6134 

WholeEmbryo_E4 2397877 1181629 0.00100 0.001000 2.0293 

Limb_E1 11639933 2235625 0.00100 0.001000 5.2066 

Limb_E2 6986416 5188787 0.00100 0.001000 1.3464 

Limb_E3 8078272 16179999 0.00100 0.001000 0.4993 

Limb_E4 2452223 1329196 0.00100 0.001000 1.8449 

Limb_WholeEmbryo_E1 13324045 3436506 0.00100 0.001000 3.8772 

Limb_WholeEmbryo_E2 10695860 8758458 0.00100 0.001000 1.2212 

Limb_WholeEmbryo_E3 11219187 18063756 0.00100 0.001000 0.6211 

Limb_WholeEmbryo_E4 3088534 1762362 0.00100 0.001000 1.7525 
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Supplementary Table 4:  lacZ reporter constructs to assay enhancer activities in 

transgenic mouse embryos (Fig. 7 and Supplementary Fig. 10). The reverse and 

forward primers for cloning the orthologous genomic regions and the genomic 

coordinates of the putative enhancers (mm10 and galGal5) are indicated.  

CAR IDs Target 

gene 

G. gallus 

Forward (5'-3') 

G. gallus  

Reverse (5'-3') 

Genomic 

Coordinates 

(galGal5) 

Size 

(bp) 

M. musculus 

Forward (5'-3') 

M. musculus 

Reverse (5'-3') 

Genomic 

Coordinates 

(mm10) 

Size 

(bp) 

CAR74 msx1 
TGCTCCTTAGT

TCGGCTGAG 

AACAAGCAAG

CAAACAAACA 

chr4:79278224-

79279921 
1698 

GGAAGACTTG

GGCACTCGTA 

TCGCAAGAGGG

GAATATCAC 

chr5:37967097-

37969393 
2297 

CAR117 smad7 
TGGCTTTCTGA

GGTTCAATG 

TGGGGACAGG

TATACCCAAG 

chrZ:1195557-

1198625 
3069 

ACACTGCCGC

TGAGGTTTAC 

GAGACAAGCCC

CACACAGAT 

chr18:75206816-

75210168 
3353 

CAR22 gli3 

TGCATCTCATT

AGCAAAGATGA

A 

GGTGCCCTTG

AATAGTCTTCC 

chr2:51113590-

51115563 
1974 

GGCTTTCTGG

GAGTTTAGGG 

TAGGGCAAGCT

GCTCTATCC 

chr13:15342429-

15344998 
2570 

CAR50 id1 
TGTAACAGCCA

GGGAGAAGG 

TCCACGGCCA

TCGATTC 

chr20:10230886-

10234419 
3534 

GTTAAGTGACA

GGGCCAGGA 

GGGCTCACAAC

CAAAAGAAA 

chr2:152828602-

152832428 
3827 

CAR97 prrx2 
GTCCTCACCAC

ATCCCATTT 

TTTATTGGCCC

CAATGTTTG 

chr17:6117578-

6119474 
1897 

TTTCCTCTCAG

GGTCCTTCA 

CTCTGAGCCAC

CTCTCACCT 

chr2:30833198-

30839295 
6098 

CAR134 tbx2 
ATTGACCTATC

GGGGTTTCC 

CAGAAGGAAA

AGTTAATCGAG

CTT 

chr19:7804918-

7806088 
1171 

CCCCTCCACTC

TGATGACTC 

GTCAGGACCAG

GTCAGGATG 

chr11:85630872-

85633430 
2559 




