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Résumé 
 
Les gènes Hox jouent un rôle majeur lors du développement embryonnaire puisqu'ils 
contribuent à la mise en place de l'organisation des différents grands axes du corps et à la 
formation de nombreux organes, chez tous les animaux présentant une symétrie bilatérale. 
C'est ainsi que les gènes Hox sont également appelés les gènes architectes. Les mammifères 
possèdent trente-neuf gènes Hox, organisés en quatre groupes, dont les complexes HoxA et 
HoxD qui ont été recrutés au cours de l'évolution des vertébrés pour le développement de 
nouvelles structures telles que les membres et les organes génitaux externes. L'expression des 
gènes Hox dans ces axes secondaires du corps est très semblable puisque les mêmes gènes 
sont exprimés à la fois dans les doigts et dans le bourgeon génital de l'embryon, qui donnera 
plus tard le pénis ou le clitoris. Il a ainsi été proposé qu'une origine évolutive commune à 
l'utilisation et au contrôle des gènes Hox dans la formation de ces structures existe, 
accompagnant la transition des animaux d'un milieu aquatique vers une vie sur la terre ferme, 
favorisée par l'émergence d'une locomotion et d'un mode de fertilisation interne mieux 
adaptés.  
 
Dans ce travail, nous nous sommes intéressés aux mécanismes de régulation des gènes Hox 
qui sous-tendent au développement des parties génitales externes afin de savoir s'ils étaient 
comparables à ceux précédemment décrits pour la formation des doigts. Nous avons ainsi 
identifié et caractérisé plusieurs éléments de régulation des gènes Hoxd dans le bourgeon 
génital, situés à l'extérieur du complexe HoxD et agissant à longue distance. Ces séquences 
régulatrices se trouvent dans la même région qu'un archipel de plusieurs éléments contrôlant 
la transcription des gènes Hoxd dans les doigts, et au moins deux de ces nouvelles séquences 
sont également importantes pour la formation des doigts alors que d'autres sont spécifiques au 
bourgeon génital. Nous avons également montré que la suppression de cette région réduisait 
drastiquement l'activité de ces mêmes gênes dans cette structure, confirmant ainsi le rôle de 
ces éléments dans la régulation des gènes Hox. Ces résultats suggèrent qu'une stratégie 
commune de régulation, de même origine phylogénétique, a été utilisée pour le 
développement de ces deux adaptations majeures des vertébrés à un environnement terrestre. 
Des adaptations spécifiques de ce contrôle des gènes Hox pour les doigts ou les parties 
génitales externes existent. 
 
 
Mot clefs: gène, Hox, régulation, transcription, bourgeon génital, parties génitales externes, 
pénis, clitoris, épigénétique, chromatine, enhancers, domaine topologique, région de 
régulation, control à longue distance, gène soumis à empreinte, Dlx, Itga6, méthylation de 
l'ADN, architecture de la chromatine 
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Abstract 
 
Coordinated expression of HoxD cluster genes is crucial for the emergence and patterning of 
both developing digits and external genitalia. As a shared evolutionary origin has been 
proposed for these secondary structures, which may have accompanied the transition from an 
aquatic towards a terrestrial life, we investigated whether the regulatory circuitries would also 
share similarities, indicating a common phylogenetic origin. We show that the transcription of 
posterior Hoxd genes in the distal part of these different appendages depends, in both cases, 
upon enhancer sequences located centromeric to the cluster, in a gene poor region, previously 
described as forming a regulatory archipelago in digit cells. Analysis of the epigenetic status 
and spatial conformation of the HoxD cluster and its centromeric neighborhood has identified 
several putative regulatory elements that interact with Hoxd genes via chromatin looping in 
the developing genital tubercle. In vivo, targeted deletions within the centromeric gene desert 
further revealed the requirement of these sequences for Hoxd genes transcription in this 
embryonic structure. We used lentivirus-mediated transgenesis to evaluate the enhancer 
activity of the identified regulatory elements. While some sequences were able to drive a 
reporter gene in both digits and genitalia, others were specific for either one of these two 
structures. We identified Cdx2 transcription factor as a putative interactor of the genital-
specific enhancers. These results suggest a common ancestral regulatory strategy for digits 
and genitals, yet with specific adaptations in each developmental context. This work should 
help understand the regulatory mechanism underlying Hoxd gene expression in the genital 
tubercle and digits, as well as the phylogenetic histories of such global regulations. 
 
 
Keywords: Hox, gene, regulation, transcription, genital tubercle, external genitalia, digits, 
epigenetic, chromatin, enhancers, topological domains, regulatory landscape, long-range 
control, genomic imprinting, Dlx genes, Itga6, DNA methylation, chromatin architecture 



 6 

  



 7 

Table of contents 

1	   INTRODUCTION	   13	  

1.1	   Hox	  genes	   13	  
1.1.1	   A	  conserved	  homeobox	   13	  
1.1.2	   Hox	  genes	  organization	  in	  clusters	  and	  evolution	   13	  
1.1.3	   Colinearity	   15	  

1.2	   Hox	  genes	  function	   16	  
1.2.1	   Homeotic	  transformation	   16	  
1.2.2	   Hox	  genes	  function	  in	  the	  patterning	  of	  the	  axial	  skeleton	   16	  
1.2.3	   Redundancy	  of	  Hox	  paralogous	  genes	   17	  
1.2.4	   Hox	  genes	  function	  in	  limbs	   17	  
1.2.5	   Hox	  genes	  function	  in	  external	  genitalia	   18	  

1.3	   Genital	  tubercle	  development	   19	  
1.3.1	   Initial	  unisexual	  outgrowth	  and	  patterning	   19	  
1.3.2	   Phase	  of	  sexual	  differentiation	   20	  
1.3.3	   Similar	  molecular	  mechanisms	  of	  digits	  and	  genital	  tubercle	  development	   21	  
1.3.3.1	   Signaling	  centers	   21	  
1.3.3.2	   Developmental	  regulators	  for	  GT	  development	   21	  

1.4	   Hox	  genes	  regulation	   22	  
1.4.1	   Regulation	  of	  Hox	  genes	  in	  the	  primary	  body	  axis	   23	  
1.4.1.1	   Initiation	  &	  establishment	   23	  
1.4.1.2	   Maintenance	   24	  
1.4.1.3	   Upstream	  regulators	   24	  
1.4.1.4	   Cdx	  genes	   25	  

1.4.2	   Regulation	  of	  Hox	  genes	  in	  secondary	  body	  axes:	  digits	  and	  genitalia	   25	  
1.4.2.1	   Long-‐range	  control	   25	  
1.4.2.2	   Regulatory	  landscapes	  and	  reallocations	   25	  
1.4.2.3	   A	  regulatory	  archipelago	  of	  remote	  enhancers	  in	  digits	   26	  

1.5	   Epigenetic	  control	  of	  gene	  expression	   27	  
1.5.1	   Chromatin	  and	  long-‐range	  Hox	  genes	  regulation	   28	  
1.5.1.1	   Dynamic	  histone	  modifications	   28	  
1.5.1.2	   High-‐order	  chromatin	  organization	   28	  
1.5.1.3	   Topological	  domains	   29	  

1.5.2	   Genomic	  imprinting	   29	  
1.5.2.1	   Epigenetic	  mechanisms	  of	  imprinting	   29	  

2	   SCOPE	  OF	  THE	  THESIS	   31	  

3	   AN	  ANCESTRAL	  REGULATORY	  MECHANISM	  UNDERLIES	  HOXD	  GENE	  
EXPRESSION	  IN	  BOTH	  DEVELOPING	  GENITALS	  AND	  DIGITS	   33	  

3.1	   Results	   33	  



 8 

3.1.1	   Hox	  genes	  expression	  in	  external	  genitalia	   33	  
3.1.2	   Epigenetic	  profile	  of	  the	  HoxD	  cluster	  in	  external	  genitalia	   35	  
3.1.3	   Regulatory	  elements	  in	  the	  gene	  desert	   36	  
3.1.4	   Organization	  of	  the	  HoxD	  locus	  in	  external	  genitalia	   37	  
3.1.5	   Function	  of	  the	  centromeric	  landscape	   42	  
3.1.6	   In	  vivo	  evaluation	  of	  enhancer	  activity	   44	  
3.1.7	   Dissection	  of	  the	  Island	  D	  sequence	   47	  
3.1.8	   Identification	  of	  upstream	  regulators	   48	  

3.2	   Supplementary	  figures	  &	  tables	   51	  

3.3	   Discussion	  &	  perspectives	   55	  
3.3.1	   A	  centromeric	  regulatory	  landscape	  controls	  Hoxd	  genes	  in	  GT	   55	  
3.3.1.1	   Similar	  dynamic	  of	  Hox	  expression	  in	  GT	  and	  digits	   55	  
3.3.1.2	   Centromeric	  gene	  desert:	  gene	  poor,	  enhancer	  rich	   56	  
3.3.1.3	   Common	  mechanisms	  of	  regulation	  for	  appendages	   57	  

3.3.2	   Novel	  external	  genitalia	  enhancers	   57	  
3.3.2.1	   Dissection	  of	  an	  external	  genitalia-‐specific	  enhancer	   57	  
3.3.2.2	   Cdx	  as	  an	  upstream	  regulator?	   58	  

3.3.3	   A	  shared	  and	  potentially	  ancestral	  regulatory	  circuitry	   59	  
3.3.4	   Chromatin	  organization	  and	  evolution	  of	  the	  regulations	   59	  

4	   TRANSGENE-‐	  AND	  LOCUS-‐DEPENDENT	  IMPRINTING	  REVEALS	  ALLELE-‐SPECIFIC	  
CHROMOSOME	  CONFORMATIONS	   61	  

4.1	   Abstract	   61	  

5	   CONCLUSION	   75	  

6	   MATERIALS	  AND	  METHODS	   77	  

7	   BIBLIOGRAPHY	   83	  

8	   ACKNOWLEDGMENTS	   101	  

9	   CURRICULUM	  VITAE	   103	  
 
 

  



 9 

List of figures and tables 
 
Figure 1: evolution and organization of Hox clusters in mammal and in insect ...................... 14	  
Figure 2: Hoxd genes are critical for the morphogenesis of digits and external genitalia ....... 26	  
Figure 3: Hox transcription in developing GT ......................................................................... 33	  
Figure 4: epigenetic status of the HoxD cluster in GT compared to digits .............................. 35	  
Figure 5: putative regulatory role of the HoxD centromeric gene desert ................................. 36	  
Figure 6: epigenetic status of the gene deserts surrounding the HoxD cluster ......................... 37	  
Figure 7: distinct 3D domains for active and inactive genes in the HoxD locus ...................... 38	  
Figure 8: centromeric profile of interactions for Hoxd13 ........................................................ 39	  
Figure 9: distinct 3D domains for active and inactive genes in the HoxA locus ...................... 40	  
Figure 10: Hoxa13 interactions profile in the telomeric side of HoxA ..................................... 41	  
Figure 11: the centromeric gene desert is required for Hoxd genes transcription in GT ......... 42	  
Figure 12: identification of putative regulatory elements ........................................................ 45	  
Figure 13: in vivo evaluation of regulatory elements located in the gene desert ...................... 45	  
Figure 14: stable mouse strain for Island D .............................................................................. 47	  
Figure 15: dissection of the Island D sequence ........................................................................ 47	  
Figure 16: Cdx as an upstream regulator .................................................................................. 49	  
 
Figure S1: centromeric deletions affect posterior genes expression ........................................ 51	  
Figure S2: Island D expression ................................................................................................. 51	  
Figure S3: Db3 T2- expression ................................................................................................. 52	  
Figure S4: Db3 C1-T2- expression ........................................................................................... 53	  
Figure S5: Db3 T2- GT with weaker staining .......................................................................... 53	  
 
Table 1: statistics for Islands B-F and sub-sequences of Island D transgenics ........................ 54	  
Table 2: statistics for Islands I, II, III and IV transgenics ........................................................ 54	  
Table 3: primers for RT-qPCR analyses .................................................................................. 77	  
Table 4: cloning primers ........................................................................................................... 79	  
Table 5: primers for cloning Db2 and Db3 in yeast ................................................................. 80	  
Table 6: transformation of TFs ................................................................................................. 81	  
 

  



 10 

  



 11 

  



 12 

  



 13 

1 Introduction 

1.1 Hox genes 

1.1.1 A conserved homeobox 

Hox genes are transcription factors that establish segmental identity along the anteroposterior 
body axis during development and that are instrumental for the proper morphogenesis of the 
embryo. They were first described in the Drosophila Melanogaster (Lewis, 1978) by studying 
spontaneous mutant that caused homeotic transformation, resulting in the modification of one 
body segment by another. All Hox genes share a common sequence of DNA called 
homeobox, encoding for a DNA-binding domain, first identified in Drosophila and then used 
to successfully isolate homologues in other species (Carrasco et al., 1984; McGinnis et al., 
1984a; McGinnis et al., 1984b; Scott and Weiner, 1984). Hox genes were later found 
evolutionary and functionally conserved in all bilaterians (see (Carroll, 1995; Krumlauf, 
1994; McGinnis and Krumlauf, 1992), suggesting a ancient common phylogenetic origin. 

1.1.2 Hox genes organization in clusters and evolution 

Invertebrate Hox genes are always found grouped into a single homeotic complex (HOM-C) 
that contains a variable number of genes, up to fourteen in the cephalochordate Amphioxus 
(Ferrier et al., 2000). In Drosophila and some other insects, this HOM-C complex that 
contains height genes was split in two regions: the Bithorax complex (BX-C) (Lewis, 1978) 
that determines thoracic and abdominal development and the Antennapedia complex (ANT-
C) controlling the identity of anterior segments (Kaufman et al., 1980) (Figure 1). The 
genomic organization of Hox genes in cluster is strikingly evolutionary conserved in mice 
(Duboule et al., 1986; Duboule and Dollé, 1989; Graham et al., 1989) and in almost all 
species studied so far  (reviewed in (Duboule, 2007)). While, a few exceptions exist, for 
example the flatworm Schistosoma mansoni (Pierce et al., 2005) or the urochordates Ciona 
intestinalis (Ikuta et al., 2004) and Oikopleura dioica (Seo et al., 2004) that possess genes 
found at scattered loci, the conservation of this structural organization suggests that a cluster 
of Hox genes was already present in the ancestor of all bilaterians. The presence of Hox genes 
also clustered in the cnidarian lineage (Chourrout et al., 2006; Ryan et al., 2007), indicates 
that a ProtoHox cluster, that probably evolved from tandem duplication of a single ancestral 
ProtoHox gene, was already present during early evolution (Garcia-Fernàndez, 2005), and 
that it was duplicated into Hox and ParaHox clusters before the split of cnidarians and 
bilaterians (Ferrier and Holland, 2001).  
 
While the vertebrate sister-group Amphioxus possess only a single Hox cluster (Garcia-
Fernández and Holland, 1994), vertebrates evolved variable number of Hox genes clusters 
that may have originated from successive whole genome duplications in their early lineage 
(Ravi et al., 2009), eventually resulting in four HOM-C paralogous clusters in higher 
vertebrate such as mammals. Teleost fishes underwent another more recent genome 
duplication (Prohaska and Stadler, 2004), resulting in seven Hox clusters in the Zebrafish, as 
one has been lost during evolution (Amores et al., 1998; Woltering and Durston, 2006).  
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Figure 1: evolution and organization of Hox clusters in mammal and in insect 
Representation of the genomic clustering of the Hox genes in Drosophila (split in ANT-C and BX-C) and mouse 
compared to a hypothetical ancestral complex HOM-C are shown. Corresponding colinear expression patterns are 
schematized according to color attributed to the genes. All genes are transcribed from the same DNA strand, 
conferring a general 5' to 3' orientation to each complex. (adapted from "Molecular Biology of the Cell, fifth 
edition Alberts et al.") 
 
In mammals, the four Hox gene clusters (HoxA, HoxB, HoxC, HoxD) are found on different 
chromosomes, spanning about 120kb in the mouse (Duboule and Dollé, 1989; McGinnis and 
Krumlauf, 1992; Zeltser et al., 1996). Based on sequence comparisons, Hox genes from each 
cluster are classified in thirteen groups of paralogy, numbered from 1 to 13. Genes from same 
cluster are all transcribed in the same orientation, giving each complex a 5' to 3' polarity, and 
the sequential organization of the genes is conserved between clusters, with group 1 genes 
always found at the 3' end and group 13 at the 5' end of each cluster. Only nine up to eleven 
genes are found on each locus, as some were lost after genome duplications and only paralogs 
from group 4 (hoxa4, hoxb4, hoxc4 and hoxd4), 9 and 13 are complete, for a total of thirty-
nine Hox genes (Figure 1). The loss of a number of Hox paralogous was proposed to be the 
consequence of the reduction of evolutionary constraints on Hox genes resulting from the 
genome duplication in vertebrates (Holland and Garcia-Fernàndez, 1996), which in turn also 
allowed genes to acquire novel functions involved in the evolution of vertebrate body plan. 
Furthermore, the selection of additional complex modes of Hox gene regulation also favored 
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the emergence of novel embryonic secondary structures such as the limbs or the external 
genitalia. 

1.1.3 Colinearity 

Another striking feature of Hox genes is that the linear disposition of the Hox genes along the 
chromosomes has the particularity to reflect their expression and functional domain along the 
anteroposterior body axis during development. This phenomenon of "spatial colinearity" was 
first observed in Drosophila (Lewis, 1978; Sánchez-Herrero et al., 1985) and later reported in 
vertebrates (Duboule and Dollé, 1989; Duboule and Morata, 1994; Gaunt, 1988; Graham et 
al., 1989; Lewis, 1978). The expression patterns of every Hox genes are restricted into 
specific domains with sharp rostral boundaries and those domains are partially overlapping 
along the anteroposterior axis. Hox genes from the 3' end of their respective cluster have 
anterior expression boundary extending throughout the main body axis whereas genes located 
towards 5' end are progressively found in more posterior embryonic structures (Figure 1), 
colinear with their chromosomal position (Figure 1). Hox genes are colinearly expressed 
along the primary body axis in various embryonic tissues, such as the paraxial mesoderm, the 
hindbrain and the spinal cord but also in different other structures like the developing 
digestive and urogenital systems (Dollé and Duboule, 1989; Dollé et al., 1991a; Dollé et al., 
1991b; Gaunt, 1988; Graham et al., 1989; Yokouchi et al., 1995). Spatial colinearity is also 
found in appendages such as limbs and external genitalia (Dollé et al., 1991b; Haack and 
Gruss, 1993; Nelson et al., 1996), which are secondary body axes. 
 
Not only Hox genes are activated in a spatial sequence but also the timing of their sequential 
activation, during the anteroposterior axis elongation and secondary axis development, 
corresponds to their position in their respective clusters. Thus, paralogous Hox1 genes are 
activated first, during early gastrulation (Deschamps and van Nes, 2005), while transcription 
of more posterior Hox genes starts sequentially according to their chromosomal position, 
resulting in progressively more caudal expression only (Dollé et al., 1989; Duboule and 
Morata, 1994; Izpisúa-Belmonte et al., 1991). This feature known as "temporal colinearity" 
(reviewed in (Kmita and Duboule, 2003)) is conserved in all vertebrates and insects that 
extend their axes progressively whereas it is not present in some insects like the Drosophila 
where the fast determination of the different segment is simultaneous instead of sequential. 
 
The spatial and temporal colinear activation of Hox genes during development results in a 
differential combination of Hox genes that confers every segment of the body its proper 
identity (reviewed in (Deschamps and van Nes, 2005)). Changes in Hox genes axial limit of 
expression correlate with anatomical modifications that are transposed according to the new 
boundary (Burke et al., 1995). The function of Hox genes in patterning the body plan is 
conserved in all species tested so far and Hox genes are instrumental in their morphological 
diversification (Cohn and Tickle, 1999; Di-Poï et al., 2010; Galant and Carroll, 2002).  
 
The tight topological organization of Hox genes in clusters in most bilaterians highlights an 
evolutionary and functionally conserved mechanism of patterning the body plan. While 
spatial colinearity is maintained in species such as Oikopleura dioica (Seo et al., 2004) that 
possess genes found atomized, temporal colinearity is only found in the presence of clustered 
Hox genes. This suggests that a strong constraint linked to temporal colinearity could 
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maintain Hox genes in tight structured organization (Duboule, 1992) and the presence of a 
split Hox cluster in Drosophila that lack temporal colinearity during development further 
illustrates this hypothesis (reviewed in (Garcia-Fernàndez, 2005; Monteiro and Ferrier, 
2006)). However, the acquisition of novel complex regulatory mechanisms to control Hox 
genes in vertebrate novelties such as digits, external genitalia or kidney may provide an 
evolutionary constraint on the conserved organization in compacted clusters of Hox genes. 
Temporal colinearity may thus have emerged upon consolidation of Hox clusters, as a 
consequence of clustering (Duboule, 2007). 
 

1.2 Hox genes function 

Hox genes have various expression territories along the primary anteroposterior and 
secondary axes (see 1.1.3), and they have crucial functions in the patterning of these different 
structures for proper embryonic development. In this section, we introduce the role of Hox 
genes in the formation of somitic mesoderm derivatives such as the vertebral column, and we 
also discuss Hox genes function in limbs and external genitalia morphogenesis, which are 
tetrapod novelties.  

1.2.1 Homeotic transformation 

Mutation or misexpression of Hox genes in Drosophila causes morphological alterations of 
the flies, transforming body segment into another, a process called homeotic transformation 
(Akam, 1987; Lewis, 1978). An illustration of such modification is the formation of limbs 
instead of antenna upon overexpression in the head of the Antennapedia (ANT-C) gene from 
the HOM-C complex that is normally expressed in thoracic segments. By contrast to this 
posterior transformation induced by a gain-of-function mutation, loss-of-function mutation of 
the gene leaded to an anterior transformation, causing legs to be transformed into antennae 
(Gehring, 1966; Lewis, 1978).  
 
Hox genes regulate body formation in all bilaterian organisms, with their whole diversity of 
morphologies. To assess the individual function of particular Hox genes in mouse, gene-
targeting technique was used in embryonic stem cells to inactivate every single gene whereas 
transgenic allowed ectopic misexpression of Hox genes. As for invertebrates, these gain- and 
loss-of-function mutations in mouse Hox genes also resulted in homeotic transformations, 
thus indicating a conserved ancestral function of Hox genes in specifying segmental identity 
and patterning the embryo along the anteroposterior axis.  

1.2.2 Hox genes function in the patterning of the axial skeleton 

The axial skeleton, which is composed of similar components in all vertebrates, is an evident 
example of the segmented organization of the embryo along the main body axis, and Hox 
genes have a crucial role in the establishment of its morphology. While Hox genes are 
expressed in large overlapping domains in the trunk, mutations of the genes usually result in 
developmental defects at the anterior limit of their normal expression domain, leading to 
anterior transformation (reviewed in (Krumlauf, 1994)). For example, Hox4 paralogous 
anterior limit of expression corresponds to the cervical vertebrae and Hoxb4 mutant shows 
partial anterior transformation of the second cervical vertebrae from axis to atlas (Ramírez-
Solis et al., 1993). Mutations in genes involved in lumbar vertebrae such as Hoxc8 result in an 
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anterior shift towards thoracic-like identity, with the attachment of ribs (Le Mouellic et al., 
1992). Disruption of the last gene of the HoxD complex, Hoxd13, leads to the alteration of the 
most posterior sacral vertebrae S4 into a vertebrae similar to S3 (Dollé et al., 1993). 
 
To further assess the function of Hox genes, gain-of-function experiments are used to 
ectopically express particular posterior Hox genes in more anterior regions (reviewed in 
(Wellik, 2009)). In Drosophila, such mutation usually results in the transformation of the 
ectopic domain of expression toward the morphological identity specified by the ectopic gene 
(Gibson et al., 1990; Kuziora and McGinnis, 1988). In the developing mouse embryo, 
overexpression of posterior genes in more anterior regions also leads to posterior homeotic 
transformation, mainly limited to the region anterior to the endogenous expression domain. 
Thereby, anterior ectopic expression of Hoxd4, which anterior border expression normally is 
at the level of the first cervical vertebrae, transforms the occipital bones towards structures 
morphologically similar to cervical vertebrae (Lufkin et al., 1992). Ectopic expression of 
Hoxa10 in all somites results in the complete absence or ribs in the thoracic region (Carapuço 
et al., 2005), consistent with its function in rib repression (Wellik and Capecchi, 2003). 
Ubiquitous gain-of-function of Hoxa7 resulted in an extra cervical vertebrate between the 
occiput and the atlas that also show some malformation (Kessel et al., 1990).  
 
These different examples of loss-of-function and gain-of-function highlight the tendency of 
more 5' genes to be functionally dominant over more anterior genes, supporting the existence 
of a posterior prevalence in the functional hierarchy of Hox genes to control segment identity 
(Duboule and Morata, 1994). 

1.2.3 Redundancy of Hox paralogous genes  

The severity of the homeotic transformations observed in mice axial skeletal elements was 
less important than phenotypes described in Drosophila. While the duplication of the 
vertebrate ancestral Hox cluster allowed diversification of gene functions, paralogous Hox 
genes family members also retained high degree of sequence similarity, similar global 
expression patterns and functions in developmental processes, suggesting that functional 
redundancy may explain the mild phenotype of single mutants (Kessel and Gruss, 1991; 
McGinnis and Krumlauf, 1992).  
 
Compound mutations were generated to further assess the role for Hox genes in patterning the 
axial skeleton. Functional redundancy was validated by the progressive removal of all three 
members of Hox10 paralogous group genes, leading to the anterior homeotic transformation 
of lumbar toward thoracic vertebrae, and the sacral to lumbar change of skeletal identity 
induced by absence of Hox11 genes (Wellik and Capecchi, 2003). These transformations 
were indeed only apparent in the complete absence of the three paralogous genes Hox10, 
respectively Hox11, and further evidence or functional redundancy came from the phenotypic 
rescue of Hoxa11 and Hoxd11 genes by a Hoxd11 transgene (Zákány et al., 1996). 

1.2.4 Hox genes function in limbs 

Hox genes are also expressed in secondary axes and Hoxa and Hoxd genes are transcribed 
following two phases in the limb, the first one patterning the future upper and lower arm 
(stylopod, respectively zeugopod) while the later corresponds to the development of the 
presumptive digits (autopods). Hox genes expression in protruding limb buds follows a 
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temporal and spatial colinearity similar to the patterning of the trunk, with 3' genes expressed 
first and throughout the limb while more 5' genes are sequentially activated later with 
progressive more posterior restricted domains of expression (Dollé et al., 1989; Nelson et al., 
1996; Yokouchi et al., 1991) (reviewed in (Zakany and Duboule, 2007)).  
 
After budding from the lateral plate mesoderm, limbs extend along a proximodistal axis and 
spatial colinear expression domains of Hoxd genes from the anteroposterior axis are 
maintained in the presumptive forearm (Tarchini et al., 2006) whereas for Hoxa genes, this 
polarization is no more observed (Favier and Dollé, 1997; Yokouchi et al., 1991; Zakany and 
Duboule, 2007). During this phase, Hoxa13 and posterior Hoxd genes Hoxd9 to Hoxd13 are 
also activated in the most distal domain of the limb, that will give rise to the future digits 
(Montavon et al., 2008a; Nelson et al., 1996). Interestingly, posterior HoxD expression in the 
digits follows a reverse colinearity that is quantitative (Dollé et al., 1991b; Montavon et al., 
2008a). Indeed Hoxd13 domain of expression is the broadest and encompasses the full hand 
while Hoxd12 to Hoxd9 are not expressed in the most anterior region (Nelson et al., 1996) 
and show a relative decreasing level of transcription relative to the gene order (Kmita et al., 
2002; Montavon et al., 2008a).  
 
Functional analysis of Hoxa and Hoxd posterior genes revealed their redundant importance 
for proper limb morphogenesis. In loss-of-function mutants, patterning defects of the 
appendicular skeleton along the proximodistal axis correlate with expression territory of the 
disrupted gene, resulting in the truncation or abnormal ossification of the corresponding 
skeletal elements in a colinear fashion. Indeed combined mutation of both Hoxa9 and Hoxd9 
genes affects the stylopod (humerus in the forelimb, femur in the hindlimb) (Fromental-
Ramain et al., 1996a), while mutations of Hoxa11/Hoxd11 genes leads to severe alterations of 
the zeugopods (radius and ulna, tibia and fibula) (Wellik and Capecchi, 2003). In the absence 
of group 13 genes, no digits are formed (Fromental-Ramain et al., 1996b; Kondo et al., 1997) 
whereas Hoxd13 mutants display various phenotypes such as reduction in digits size, missing 
phalanges or bone fusions (Dollé et al., 1993). Concomitant deletion of both HoxA and HoxD 
clusters results in the absence of autopods and zeugopods while the remaining stylopod is 
strongly truncated (Kmita et al., 2005). These observations are in contrast with the homeotic 
transformations described in the trunk upon Hox genes inactivation, leading to the proposition 
that in these structures, Hox genes may rather control growth and segmentation of cartilage 
condensations in a dose-dependent fashion (Favier and Dollé, 1997; Zakany and Duboule, 
2007; Zákány et al., 1997a). 

1.2.5 Hox genes function in external genitalia 

The genital tubercle (GT), an anlage of the external genitalia, is the last embryonic structure 
to grow and to need patterning along and independent axis (Dollé et al., 1991b), and in 
agreement with temporal colinearity, only posterior Hox genes are expressed in this 
developing bud (Dollé et al., 1991a; Podlasek et al., 2002). In fact, the same set of Hox genes 
from the HoxA and HoxD clusters are expressed in both the presumptive digits and in the 
genital tubercle, following a similar reverse quantitative colinearity (Dollé et al., 1991b; 
Montavon et al., 2008b), and disruption of these Hox genes affects the patterning of both 
structures. 
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Progressive removals of Hoxa13 and Hoxd13 genes result in dose-dependent truncation of the 
GT and digits up to the complete absence of these structures (Dollé et al., 1993; Fromental-
Ramain et al., 1996b; Kondo et al., 1997; Warot et al., 1997), indicating that these genes are 
indispensable for the development of the external genitalia and digits. While the alteration of 
Hoxd13 alone leads to minor effect only, the simultaneous deletion of Hoxd11, Hoxd12 and 
Hoxd13 induces stronger reduction of the penian bone (baculum) and the digits (Zákány et al., 
1997a). This suggests that Hoxd11, Hoxd12, Hoxd13 and Hoxa13 may have some functional 
cooperation in both digits and GT development. Different other alterations of Hoxa13 such as 
in Hypodactyly mutant (Hd) (Mortlock et al., 1996; Post and Innis, 1999) or in the human 
Hand-Foot-Genital syndrome (Goodman et al., 2000) also result in defects in the appendicular 
skeleton as well as in the external genitalia.  
 
In addition to the function of Hox genes in the anteroposterior axis patterning, Hox genes are 
thus coordinately expressed in the digits and the external genitalia (Dollé et al., 1991b; Dollé 
et al., 1989; Yokouchi et al., 1991) with an essential role for their morphogenesis. Hox genes 
were co-opted during the evolution of tetrapods to generate vertebrate’s innovations adapted 
for a terrestrial environment (Kondo et al., 1997; Warot et al., 1997; Zákány et al., 1997a). 
These unexpected similarities between digits and external genitalia development are further 
discussed in the next sections.  
 

1.3 Genital tubercle development 

During the transition from an aquatic towards a terrestrial life, the process of fertilization had 
to evolve from external to internal. Mammalian developed a new body appendage, the 
external genitalia, suitable and efficient for copulation and sperm insemination to the egg.  
The development of the mammalian external genitalia is a two steps process (Petiot et al., 
2005), starting with the initial outgrowth of a genital tubercle, indistinguishable between male 
and female, and then followed by a phase of sexual differentiation, dependent on hormones, 
to form the clitoris in female and the penis in male (e.g (Perriton et al., 2002; Seifert et al., 
2008; Suzuki et al., 2002; Yamada et al., 2006)). 
 

1.3.1 Initial unisexual outgrowth and patterning 

Initial development of the genital anlage from the body trunk starts at embryonic day 10.5 
(E10.5) in the mouse, with appearance of genital swellings on either side of the cloacal 
membrane that merge anteriorly to form the genital tubercle at E11.5 (Seifert et al., 2009a; 
Suzuki et al., 2002). The cloacal endoderm becomes subdivided into the anterior urogenital 
sinus and the posterior hindgut by the growing mesodermal urorectal septum. The genital 
tubercle follows a proximodistal outgrowth (Kurzrock et al., 1999a), and the urogenital sinus 
extends into the ventral side of the tubercle till the tip, its lateral walls fusing distally to form 
a closed urethral plate epithelium (E12.5) (Perriton et al., 2002; Seifert et al., 2008). The 
growing dorsal part of the tubercle shifts the urethral plate epithelium more ventrally and a 
seam of the urethral folds surrounding the urogenital sinus becomes visible all along the 
ventral midline (Cohn, 2011; Perriton et al., 2002).  
 
At E13.5 preputial swellings start developing on both sides of the genital tubercle. The distal 
portion of the tubercle continues its outgrowth and becomes distinct to form the glans of 
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future clitoris or penis. The extending urorectal septum reaches and then ruptures the cloacal 
membrane at the base of the genital tubercle, opening and exposing the urethral duct, and the 
resulting primitive perineum separates anus and genitourinary tract. The preputial swellings 
continue their outgrowth while labioscrotal swellings start growing proximally on both sides 
of the tubercle (E14.5). The mesenchymal rudiments of the future corpus cavernosum and the 
os penis or os clitoris arise (Dollé et al., 1991b; Seifert et al., 2008). At E15.5, preputial 
swellings become larger, develop ventrally and towards the distal glans, enveloping its 
proximal region. The dorsal extension into the tubercle of the urethral plate, and the ventral 
growth of urethral folds had initiated the formation of the urethra as an internal tubular 
structure (Kurzrock et al., 1999a). Male and female external genitalia are morphologically 
undistinguishable, whereas sexual differentiation of the urethra is starting. 

1.3.2 Phase of sexual differentiation  

In male, preputial swellings merge over the urethral plate (E16.5) to form the prepuce and the 
labioscrotal swellings migrate more caudally and create the scrotum after enlarging and 
fusing whereas the urethral duct is closed. The condensation of the corpus cavernosum and 
the penian bone are also now seen distally. At E17.5, the urorectal septum mesoderm invades 
the tubercle ventrally, this expansion, helped with the preputial growth, gives rise to the 
septation and canalization of the proximal urethral plate epithelium. The prepuce is then 
enveloping most of the glans (E18.5) where the urethral plate continues its internalization 
under the proximodistal invasion of the urorectal septum that eventually positions the urethra 
centrally within the glans (newborn, P0) (Seifert et al., 2008). The postnatal differentiation of 
the os penis starts on it proximal part (called p-segment) through ossification as a membrane 
bone with some cartilage at the basal end, whereas the distal d-segment is formed from 
fibrocartilage several weeks later (Dollé et al., 1991b; Murakami, 1987). 
 
In female, the preputial swellings also envelop the glans clitoris, although they are less 
prominent ventrally and they not completely fuse, giving later rise to the labia minora, while 
the labioscrotal swellings become the labia majora. As the urorectal septum is not invading 
the genital tubercle, the urethral plate is not septated on its proximal parts where the urethral 
duct stay open to form the vagina, whereas the distal urethral opening is more ventral and 
proximal than in male (Seifert et al., 2008; Yamada et al., 2006). The ossification of the small 
adult os clitoris is initiated after birth (P3) without any cartilaginous phase (Dollé et al., 
1991b; Glucksmann et al., 1976). 
 
The sexual differentiation of external genitalia is controlled by sex hormones. Disruption of 
androgen receptor (AR) activity leads in the feminization of male genitalia, the urethra 
persisting in the ventral surface of the glans (Seifert et al., 2008). In the opposite, exposure to 
androgen masculinizes female external genitalia (Bentvelsen et al., 1994). Estrogen also are 
important to limit the elongation of the clitoris in female, as absence of estrogen receptor 
leads to the partial masculinization of female external genitalia (Yang et al., 2010). The os 
penis (or baculum) and os clitoris that are present in most mammals but not in humans also 
differentiate under hormone dependence (Glucksmann et al., 1976; Murakami, 1987). 
Neonatal castration or androgen inhibition result in the decrease in size and calcification of 
the os penis whereas females treated with androgen develop masculinized os clitoris 
(Glucksmann et al., 1976). 
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1.3.3 Similar molecular mechanisms of digits and genital tubercle development 

The GT is composed of lateral plate mesoderm, ventral ectoderm and urogenital sinus 
endoderm from which is deriving the urethral plate epithelium that later undergoes 
canalization, forming the urethra (Seifert et al., 2008). The morphogenesis of the GT shares 
developmental strategy with other body appendages such as the limbs. Both structures 
develop from a bud of undifferentiated cells, protruding from a competent field in the body 
wall to then follow a polarized proximodistal outgrowth along with the appearance of bones. 
Intriguingly, the same Hox genes are expressed in both GT and digits, with similar 
quantitative colinear pattern of expression (Dollé et al., 1991b) and sharing common 
downstream genes (Cobb and Duboule, 2005). Notably, while the molecular mechanisms of 
GT development remain not well understood, recent advances in the field also showed similar 
signaling pathways involved in the outgrowth of both appendages (Cohn, 2011; Yamada et 
al., 2006). 

1.3.3.1 Signaling centers 

The coordination of outgrowth and patterning in the limb relies mostly on the presence and 
control of two organizing centers: the apical ectodermal ridge (AER) and the zone of 
polarizing activity (ZPA). The AER is an epithelium layer found at the distal margin of the 
limb that ensures a proper proximodistal (PD) elongation of the growing bud. Indeed the 
excision of the AER at different stages of development results in various degrees of limb 
truncation (Saunders, 1948). The ZPA is located at the posterior margin of the limb and 
controls its anteroposterior (AP) identity. When grafted to the anterior side of another limb, 
the ZPA induces a dose-dependent mirror-duplication of the digits (Saunders, 1948; Tickle, 
1981; Tickle et al., 1976).  
 
The GT has no region morphologically similar to the AER but its outgrowth also depends on 
epithelium-mesenchyme signaling, with the distal urethral epithelium (DUE) as a controlling 
center. Indeed, removal of the DUE on cultured rat genital tubercle results in stage-dependent 
distal truncation of GT (Murakami and Mizuno, 1986) and further work on mice confirms the 
requirement of this epithelium to stimulate growth and differentiation of genital mesenchyme 
(Haraguchi et al., 2000; Kurzrock et al., 1999b). This induction resembles the establishment 
and maintenance of limbs growth by the interactions of the AER. Grafting experiments have 
also highlighted the polarizing potential of the urethral plate as well as its ability to induce 
epithelial tubulogenesis and mesenchymal condensations (Dollé et al., 1991b; Perriton et al., 
2002). Thus, the AER and the ZPA are signaling centers of the limb and the urethral 
epithelium may have equivalent function in the GT. 

1.3.3.2 Developmental regulators for GT development 

The major players involved in the development of limbs such as Shh, Bmp, Wnt and Fgf 
(reviewed in (Zeller et al., 2009)) are also having very similar functions in the GT, playing a 
crucial role in its patterning and growth, either at the initiation level of for its outgrowth 
maintenance. The correct coordination of these multiple signals controlling the patterning 
along the different axes is crucial for a proper morphogenesis of both the limbs and the GT 
(Cohn, 2011; Yamada et al., 2006).  
 
The polarizing activity of the ZPA with the surrounding mesenchymal cells is mediated by 
Shh (Riddle et al., 1993). To coordinate proper outgrowth and patterning of the limb, a 
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regulatory feedback-loop between the ZPA and the AER is established. Shh signals to the 
AER, inducing expression of Fgfs genes, while Fgfs from the AER are needed for cell 
proliferation in the progress zone and to maintain Shh expression and signaling (reviewed in 
(Capdevila and Izpisúa Belmonte, 2001)). Shh is necessary for patterning distal elements of 
the limbs that are truncated or absent in these mutant (Kraus et al., 2001) and this observation 
show that Shh is not required for limb bud initiation but for the maintenance of limb 
development. In GT, the endodermal epithelium, and not the mesoderm, expresses Sonic 
hedgehog (Shh) and embryos lacking this gene have no external genitalia, as the outgrowth is 
not maintained after initiation (Haraguchi et al., 2001; Perriton et al., 2002), suggesting a 
similar maintenance role of genital outgrowth. Analysis of GT development from Shh-/- mice 
suggests that Shh is upstream of different other regulatory genes playing a role in limb 
development, such as Fgf, Bmp or Wnt that are concomitantly downregulated in the GT of 
these mutant (Haraguchi et al., 2001; Perriton et al., 2002). 
 
Both DUE and AER are sites of Fgf8 expression (Haraguchi et al., 2001; Haraguchi et al., 
2000; Sun et al., 2002) and in limbs Fgf8 is necessary to maintain a feedback-loop with Shh. 
Using in vitro culture of GT, removal of Fgf8 positive cells resulted in abolition of outgrowth 
(Haraguchi et al., 2000) whereas conditional removal of Fgf8 in vivo showed normal GT 
development (Miyagawa et al., 2009; Seifert et al., 2009b), suggesting some divergent 
mechanisms with limb development (reviewed in (Cohn, 2011)). Furthermore, while Fgf10 is 
important for complete limb induction (Cohn et al., 1995), the gene is only involved in 
urethral tube closure and is not required for outgrowth (Haraguchi et al., 2000; Petiot et al., 
2005). However, a recent study showed that GT development needs the presence of Fgf8 
expression in the DUE for a proper proximodistal outgrowth, dose sensitive and regulated 
through a feedback loop mechanism (Lin et al., 2013) and a similar role of Fgf8 in both limbs 
and GT outgrowth is thus still under debate, with implication in the interpretation of the role 
of the DUE as the organizing center in GT development. 
 
Bmp7 has a role in the re-organization of the urethral epithelium during morphogenesis of the 
GT (Wu et al., 2009) and interestingly this gene was shown to be downstream of Hoxa13 in 
both limbs and GT where Hoxa13 is expressed in the urethral plate (Morgan et al., 2003). The 
canonical Wnt/ß-catenin pathway is another major player of embryogenesis that is required 
during limb (Barrow et al., 2003; Lin et al., 2008; Soshnikova et al., 2003) and GT 
development (Miyagawa et al., 2009; Suzuki et al., 2003). ß-catenin signaling is not involved 
in the initiation of GT budding, but it presence is necessary for a proper outgrowth of the 
tubercle as mice deficient for ß-catenin show GT agenesis (Lin et al., 2008; Lin et al., 2009). 
Non-canonical Wnt5a mutant cannot initiate genital budding, but the variation of the 
phenotype's penetration make the conclusion difficult (Seifert et al., 2009b).  
 

1.4 Hox genes regulation  

The complex control of Hox gene transcription in time and space along the main 
anteroposterior axis is induced by regulatory elements contained throughout the Hox clusters 
or in close proximity, whereas regulation in more recently evolved secondary structures, such 
as the limbs, the cecum or the external genitalia, rely upon elements located outside (Spitz et 
al., 2001; Tschopp and Duboule, 2011). This separation is likely to avoid interferences with 
the ancestral role of Hox genes to pattern the main body axis.  
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1.4.1 Regulation of Hox genes in the primary body axis 

A tight regulation of the Hox genes, colinear with their position within their cluster, is critical 
to properly pattern the embryo, with genes from the 3' ends activated first in anterior domains, 
whereas 5'-located genes are expressed later and more posteriorly (reviewed in (Deschamps 
and van Nes, 2005)).  

1.4.1.1 Initiation & establishment 

The initiation of Hox genes transcription during the primary axis development starts at the 
late streak stage of gastrulation, in the posterior primitive streak region (Forlani et al., 2003; 
Iimura and Pourquié, 2006), in cells fated to become extra-embryonic mesoderm. Their 
expression domain then extends along and within the streak (Deschamps and Wijgerde, 1993) 
towards the node region from where the primary axis elongates, at the early somite stage. 
Although Hox genes are first expressed in cell that don't give rise to axial and paraxial 
structures, their early activation is important for their later function in axial patterning, by 
determining the timing for Hox genes to reach the node region (Forlani et al., 2003).  
 
Then Hox transcripts start spreading rostrally during an establishment phase, until they reach 
their definitive boundaries in neurectoderm and mesoderm at later stages. Hox genes are thus 
sequentially activated together with the elongation of the anteroposterior axis, during the 
production of somites from paraxial mesodermal cells that progressively add new segments 
(reviewed in (Dubrulle and Pourquié, 2004)) to the posterior end of the main axis, giving rise 
to future vertebrae and associated skeletal muscle. The coordinated expression of Hox genes 
provides positional clues to specify the identity of these blocks along the anteroposterior axis. 
The first somite expresses only 3' genes whereas the next one expresses these genes as well as 
the following 5' gene (reviewed (Deschamps and van Nes, 2005)) and thus acquires a more 
posterior identity. Hox genes also control the anteroposterior positional identity of the 
neurectodermal tissues, from the most posterior part of the brain, the hindbrain, to the caudal 
end of the neural tube. The hindbrain (rhombencephalon) is segmented in height 
compartments called rhombomeres (r1 to r8) that form within the pre-existing neural tube and 
the most 3' Hox genes are expressed in the anterior rhombomeres r3 and r4, whereas more 
posterior one express also more 5' Hox genes. This results in a unique differential and 
combinatorial expression of Hox genes along the anteroposterior axis, called the "Hox code" 
(Kessel and Gruss, 1991), which is thus not defined at the node but in more anterior region at 
later stages in the mesoderm and neurectoderm (Forlani et al., 2003).   
 
It was proposed that this differential timing of Hox genes activation would impose the spatial 
colinearity of the genes. Transgenic experiment placing a Hoxd9lacZ or Hoxd11lacZ 
transgene 5' to Hoxd13, in a region more posterior compared to the endogenous copy, resulted 
in a delayed activation of the transgenes compared to random integration, but the subsequent 
spatial expression pattern was not affected, suggesting a complex hierarchy of controls (van 
der Hoeven et al., 1996). Deletion of a conserved region (RXII) between Hoxd10 and Hoxd11 
leaded to a delay of activation of both genes, resulting in phenotype similar to Hoxd11 
mutant, however the final expression domain of Hoxd10 and Hoxd11 recapitulated the WT 
pattern at later stages (Zákány et al., 1997b). Furthermore, in species such as the Oikopleura 
the spatial colinearity is still observed despite Hox genes are not clustered (Seo et al., 2004).  
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Recent studies confirmed that different mechanisms are controlling temporal and spatial 
colinearity, which are uncoupled (Tschopp et al., 2009). The early expression of anterior Hox 
genes relies on the presence of 3' regulatory elements (Kmita et al., 2000) and this initial 
activation expands over the entire cluster such that 5' genes are activated later (van der 
Hoeven et al., 1996), under the balance between a centromeric repressive influence and 
telomeric activating mechanisms (Tschopp et al., 2009). The spatial establishment of Hox 
pattern along the anteroposterior axis is then under the control of local regulatory elements 
(Tschopp et al., 2009). 

1.4.1.2 Maintenance 

Once established, the correct expression of Hox genes is maintained through the action of 
Polycomb and Trithorax group proteins (PcG respectively TrxG) that act as developmental 
genes regulators by altering chromatin structure. PcG and TrxG are complexes that promote 
posttranslational modification of histone residues to act as repressor respectively activators of 
Hox genes and mutations in PcG genes lead to homeotic transformation due to the ectopic 
expression of Hox genes (Lewis, 1978; Simon et al., 1992; Wysocka et al., 2005). More about 
epigenetic control of Hox genes by Polycomb and Trithorax complexes and chromatin 
dynamics is discussed in the section 1.5.1.1. 

1.4.1.3 Upstream regulators 

Cells leaving the node during axis elongation are exposed to caudal to rostral gradients of Wnt 
and Fgf (Aulehla et al., 2003; Ciruna and Rossant, 2001; Dubrulle et al., 2001), and to an 
inverse rostrocaudally gradient of retinoic acid (RA) (Dubrulle and Pourquié, 2004). The 
initiation and establishment of the Hox genes to specify the anteroposterior identity of the 
embryo is tightly linked to the axis elongation and somite formation (Deschamps and van 
Nes, 2005), and these signaling molecules are potential direct or indirect upstream regulators 
of Hox genes. Mutation in Wnt and Fgf lead to homeotic phenotypes (Partanen et al., 1998) 
(Ikeya and Takada, 2001), as Hox expression domain is posteriorized, whereas RA disruption 
impaired posterior structures (Kessel and Gruss, 1991; Lohnes, 2003). The segmentation 
process of the mesoderm during somitogenesis may also regulate Hox genes. Some anterior 
Hox genes are indeed having a cyclic transcription in the PSM, closely corresponding to 
periodic formation of somites (Zákány et al., 2001), and mice mutant for the Notch signaling 
pathway, an important component of this segmentation program, impact Hox genes 
expression (Cordes et al., 2004; Zákány et al., 2001). Hence, axis elongation in the PSM, 
somite formation, the morphogen gradients generation and acquisition of anteroposterior 
identity by Hox genes are tightly linked (reviewed in (Deschamps and van Nes, 2005). 
 
The regulation of Hox genes in mesoderm and neurectoderm are very similar, using common 
major signaling pathways (Fgf, Wnt, RA) to pattern Hox gene expression, and distinct unique 
combinations of Hox genes specify properties of each neuroectodermal segment and their 
derivatives (reviewed in (Alexander et al., 2009)). In the hindbrain, transcription factors 
Krox20 and Kreisler have been shown to directly regulate Hox genes (Manzanares et al., 
1999; Nonchev et al., 1996; Sham et al., 1993) and the establishment of their final expression 
boundary in this tissue also relies on Hox auto- and cross-regulatory loops (Gould et al., 1997; 
Manzanares et al., 2001). 
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1.4.1.4 Cdx genes 

Caudal homeobox genes Cdx are another transcription factors regulated by Wnt, Fgf and RA 
during anteroposterior patterning and axial elongation (reviewed in (Deschamps and van Nes, 
2005; Lohnes, 2003)), and like Hox genes, they may derive from an ancestral ProtoHox 
cluster and thus share common ancestry (Pollard and Holland, 2000). Expression of Cdx1, 
Cdx2 and Cdx4 at gastrulation and early somite stage closely resembles the anterior 3' Hox 
genes (Lohnes, 2003) and Cdx mutants display dose-dependent homeotic transformations that 
correlate with rostral posteriorization of Hox domains (Chawengsaksophak et al., 2004; 
Subramanian et al., 1995; van den Akker et al., 2002). These observations suggest that Cdx 
genes may specify the anteroposterior patterning of the embryo through the regulation of Hox 
gene expressions boundaries (Gaunt et al., 2004). Hox genes have been shown to be target of 
Cdx genes (Charité et al., 1998; Chawengsaksophak et al., 2004; Gaunt et al., 2004; 
Subramanian et al., 1995; van den Akker et al., 2002) and an instructional gradient of Cdx 
controlled by Wnt, Fgf and RA pathway may regulate their sequential activation (Charité et 
al., 1998; Isaacs et al., 1998; Lohnes, 2003). These interactions are probably established early 
in development as Cdx2 mutation affect Hox genes expression and vertebrate pattering at the 
cervical level, although Cdx2 is not expressed more anteriorly than the PSM (Deschamps et 
al., 1999). Consistent with this role, the Cdx consensus DNA binding site has been found in 
different Hox genes regulatory elements (Charité et al., 1998; Subramanian et al., 1995). 

1.4.2 Regulation of Hox genes in secondary body axes: digits and genitalia 

Hox genes also have a role in the patterning of the secondary body axes and HoxA and HoxD 
clusters are reused for the morphogenesis of the limbs and the external genitalia, which are 
recently evolved embryonic structures (Sordino et al., 1995; Wagner et al., 2003).  

1.4.2.1 Long-range control 

While random integration of Hoxd11lacZ and Hoxd9lacZ transgenes mainly showed 
appropriate regulation in the primary body axis, transgenes activity failed to recapitulate 
endogenous expression pattern in secondary axes such as the limbs or the external genitalia 
(Gérard et al., 1993; Renucci et al., 1992; van der Hoeven et al., 1996). Furthermore, when 
the entire HoxD cluster was deleted and replaced by a Hoxd11lacZ transgene, the reporter 
gene showed expression in the limbs, the external genitalia and the cecum, whereas a 
transgenic human HOXD cluster randomly integrated in the mouse genome could not 
recapitulate any expression outside the trunk (Spitz et al., 2001). Together, these results 
suggested that regulation of Hox genes in tetrapods’ novelties such as the limbs and the 
external genitalia relied on the control of remote sequences, outside of the cluster, whereas 
expression in the main body axis was controlled by element within the cluster (Spitz et al., 
2001; Zákány et al., 1997b).  

1.4.2.2 Regulatory landscapes and reallocations 

The relocation of the Hoxd11lacZ and Hoxd9lacZ transgenes within the HoxD locus, 
upstream of Hoxd13, resulted in their activation in the distal limbs and in the genital tubercle, 
resembling the neighboring gene Hoxd13 endogenous domains of expression (van der 
Hoeven et al., 1996). Similarly, when transposed at the same position into the posterior HoxD 
complex, a Hoxb1lacZ transgene could also drive expression in both tissues, contrasting with 
the endogenous Hoxb1 which is normally not expressed in these domains (Kmita et al., 2000). 
The position of the transgenes at the 5' end of the cluster and not their promoter thus seemed 
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to be determining the response of the genes to remote enhancers. Different genomic 
rearrangements within the HoxD cluster (Kmita et al., 2002; Montavon et al., 2008a) further 
confirmed the importance of the position of the genes within their complexes as regulatory 
reallocation was induced. Posterior Hoxd genes were proposed to share this long-range 
control, as Hoxd9 to Hoxd13 are coordinately expressed in developing digits and external 
genitalia (Dollé et al., 1991b; Montavon et al., 2008a; Yokouchi et al., 1991). Various 
insertions of a Hoxd9lacZ transgene upstream Hoxd13 could recapitulate these expressions 
(Kondo and Duboule, 1999; Monge et al., 2003) and Evx2 and Lnp genes, both lying 
upstream of Hoxd13 were also expressed in these secondary structures (Dollé et al., 1994; 
Spitz et al., 2003). This indicated that Evx2, Lnp and posterior Hoxd genes were located 
within a large chromosomal regulatory landscape (Spitz et al., 2003) and that the regulatory 
elements were lying centromeric to the cluster. Similar experiments suggested that the region 
controlling the Hoxd expression in proximal limb were located on the 3' side of the HoxD 
cluster (Tarchini and Duboule, 2006) and enhancers within this telomeric landscape were 
recently characterized (Andrey et al., 2013). Multiple enhancers located on the 3' side of the 
cluster were also shown to regulate Hoxd genes during cecum development (Delpretti et al., 
2013). 
 
 

 
Figure 2: Hoxd genes are critical for the morphogenesis of digits and external genitalia 
The same Hoxd genes are colinearly expressed in both digits and external genitalia. The global regulatory 
organization of the murine HoxD locus in these secondary embryonic structures shows similar developmental 
mechanisms. A: Hoxd13 is the most strongly expressed gene of the cluster at the distal ends of limbs and in the 
genital bud (in situ hybridization, E13.5).  B: a regulatory archipelago of enhancers located centromeric to the 
cluster controls Hoxd genes transcription in developing digits (blue). Genetic data have highlighted a regulatory 
role for this centromeric region in the regulation of Hoxd genes in the external genitalia (orange). Adapted from 
(Montavon and Duboule, 2012) 
 
 

1.4.2.3 A regulatory archipelago of remote enhancers in digits 

A large inversion that disrupted the HoxD cluster in two independent subclusters leaded to the 
partition of these regulatory landscapes (Spitz et al., 2005), assigning the global enhancers 
regulating posterior Hoxd expression in the digits and the external genitalia to the centromeric 
side (Figure 2) and elements controlling Hoxd in proximal limbs and cecum in the telomeric 
side. In this configuration, posterior genes Hoxd11 to Hoxd13 along with 3Mb of centromeric 
sequences were relocated away from the rest of the cluster and the telomeric side and while 
Hoxd11 was still expressed in the presumptive digits and genitalia, the gene was indeed no 
more detected in the proximal forelimb and cecum domains like in WT condition. In contrast, 
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after the inversion Hoxd10 expression was only maintained in the proximal limbs and in the 
cecum, and no more in digits and genitalia (Spitz et al., 2005).  
 
The regulation of Hoxd genes in digits and external genitalia was further investigated using 
transgenic screen of BACs and a Global Control Region (GCR), located about 200kb to the 
HoxD cluster, was able to drive expression of a reporter gene in both tissues (Spitz et al., 
2003). Transgenic analyses further assigned the limb enhancer activity of the GCR to a 
sequence conserved in all vertebrates, CsB (Gonzalez et al., 2007; Spitz et al., 2003), yet not 
fully recapitulating the endogenous Hoxd gene expression. Another sequence CsC lying 
between Lnp and Evx2 and referred as Prox was activating a reporter gene in digits and 
genital area (Gonzalez et al., 2007; Spitz et al., 2003), and the proper regulation of Hox genes 
in digits was proposed to rely on the complementarity of both CsB and CsC (Gonzalez et al., 
2007).  
 
Further recent investigations showed that the regulatory landscape was substantially larger, as 
a set of at least seven enhancer sequences, including Prox and GCR, and spanning 
approximately 700kb of the region directly centromeric to the HoxD cluster, were forming a 
regulatory archipelago controlling transcription in digits via long-range chromatin 
interactions (Montavon et al., 2011) (see 1.5.1). In the absence of this large centromeric 
sequence, the neonatal phenotype observed in the digits was comparable to the situation of 
the deletion of posterior Hoxd genes, whereas series of smaller deletions within this region 
resulted in partial downregulation of Hoxd genes only. These data revealed that each the 
regulatory elements identified were collectively contributing to the transcriptional regulation 
of Hoxd genes in digits, providing robustness to the systems and allowing flexibility in the 
fine-tuning of the distal limb morphology in tetrapods (Montavon et al., 2011). 
 
Hoxa genes also have crucial functions in digits and external genitalia development but this 
locus remains less characterized. The region 5' to Hoxa13 contains several genes that were 
shown to be expressed in distal limbs and genital tubercle, and transgenic analysis identified 
remote enhancers for both tissues (Lehoczky and Innis, 2008; Lehoczky et al., 2004). 
 

1.5 Epigenetic control of gene expression  

Transcription relies on local and distal cis-regulatory elements such as promoters, enhancers 
and silencers that are bound by specific transcription factors to initiate transcription during 
differentiation and development (e.g (Maston et al., 2006)). Chromatin organization and 
histone modifications as well as DNA methylation are epigenetic mechanisms that mediate 
this complex spatiotemporal control of gene expression through long-range interactions.  
 
The regulation of Hox genes in numerous structures such as the limb, the external genitalia or 
the cecum involves global control of remote enhancers (Andrey et al., 2013; Delpretti et al., 
2013; Montavon et al., 2011) and both chromatin structure and three-dimensional 
organization are associated with Hox genes activity (reviewed in (Montavon and Duboule, 
2013)). In this section we briefly introduce the regulation of Hox genes and genomic 
imprinting as paradigms for epigenetic control of gene transcription. 
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1.5.1 Chromatin and long-range Hox genes regulation  

1.5.1.1 Dynamic histone modifications 

As previously introduced (see section 1.4.1.2), Polycomb (PcG) and Trithorax (TrxG) group 
proteins are essential for the epigenetic regulation of Hox genes during development (Lewis, 
1978). While PcG genes are required for maintaining repression on target genes, TrxG are 
keeping transcriptional active state (reviewed in (Ringrose and Paro, 2007; Schwartz and 
Pirrotta, 2007)), thus displaying opposite functions. PcG and TrxG mediate the post-
transcriptional modification of histones to induce changes in the chromatin structure by 
forming multi-protein complexes recruited to the DNA. The Polycomb repressive complexes 
1 and 2 (PRC1 and PRC2) remodel the chromatin such that PRC2 induces tri-methylation 
mark on lysine 27 of histone H3 (H3K27me3) through methytransferase activity (Cao et al., 
2002; Czermin et al., 2002; Kuzmichev et al., 2002; Müller et al., 2002) while PRC1 can 
recognize then maintain this mark and compact the chromatin, spreading the silencing by the 
ubiquitylation of lysine 119 of histone H2A (Francis et al., 2004). TrxG proteins are 
counteracting the PcG as they are generally associated with transcriptionally active genes 
through the methylation of lysine 4 in histone H3 (Ruthenburg et al., 2007).  
 
Mutation in PcG and TrxG genes that were discovered in Drosophila (Lewis, 1978) result in 
ectopic Hox expression, leading to homeotic transformations (Simon et al., 1992; Wysocka et 
al., 2005) and their function are conserved in vertebrates (Soshnikova, 2011; Surface et al., 
2010). During trunk extension in early embryonic development, chromatin modifications 
mediated by TrxG genes accompany the sequential transcriptional activation of Hoxd genes. 
While repressive histone marks H3K27me3 are progressively erased from the 3' to the 5' end 
of the cluster, activation marks H3K4me3 gradually increase along the cluster, concomitant 
with the colinear activation of the genes (Soshnikova and Duboule, 2009). These dynamic 
changes in chromatin structures preceding gene activation were also reported during in vitro 
differentiation of ES cells upon RA activation of Hoxb genes (Chambeyron and Bickmore, 
2004). While H3K27me3 and H3K4me3 histone marks are found at inactive and active 
promoters, respectively, bivalent domains are decorated by both marks in embryonic stem 
cells, keeping genes in a poised state for rapid activation during cell differentiation (Azuara et 
al., 2006; Bernstein et al., 2006). 
 
The mechanisms underlying the recruitment of PcG at appropriate loci are not well 
understood in mammals, whereas Polycomb response elements (PREs) have been shown to 
tether PcG proteins in Drosophila (reviewed in (Schwartz and Pirrotta, 2007)). We recently 
proposed, in the context of the HoxD cluster, that this process might rely on a number of low 
affinity sequences that synergize to recruit PRCs over the cluster (Schorderet et al., in press).  

1.5.1.2 High-order chromatin organization  

The transcriptional activation of Hoxb and Hoxd genes was also reported to be accompanied 
by chromatin de-condensation and looping out of the activated genes outside their 
chromosomal territories, based on fluorescent in situ hybridization observations (FISH) 
(Chambeyron and Bickmore, 2004; Chambeyron et al., 2005; Morey et al., 2007). The 
development of chromosome conformation capture technologies (van Steensel and Dekker, 
2010) allowed to further assess the high-order organization of Hox loci, associated with active 
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or inactive states (Ferraiuolo et al., 2010), by mapping the interactions between DNA 
sequences of interest or within the entire genome.  
 
The transcriptional activity of Hox genes is tightly associated with the chromatin organization 
and correlates with the dynamic of histone modifications such that active and inactive genes 
are clustered into different domains, decorated with corresponding active or inactive 
chromatin marks (Andrey et al., 2013; Delpretti et al., 2013; Montavon et al., 2011; 
Noordermeer et al., 2011). Using 4C-seq, Noordermeer et al. (Noordermeer et al., 2011) 
looked at the different architectures of the chromatin of Hox genes along the anteroposterior 
axis: in brain where Hox genes are inactive, in the anterior trunk where only anterior genes 
are active, and in the posterior trunk where all genes are active. They could show that this 
compartmentalization was dynamic, following the transcriptional activation of the genes. 

1.5.1.3 Topological domains  

Analysis of chromatin interactions using Hi-C technology (Lieberman-Aiden et al., 2009) to 
probe 3D architecture of the whole genome revealed the existence of preferential high 
chromatin interaction domains referred to as topological domains (Dixon et al., 2012). 
Enhancer-promoter communications within regulatory landscapes may be influenced by the 
genome context (Chen et al., 2013) as they are preferentially restricted within theses domains 
that are stable through different cell lines and conserved across species (Andrey et al., 2013; 
Delpretti et al., 2013; Dixon et al., 2012; Montavon et al., 2011; Shen et al., 2012). 
Interestingly, the regulatory landscapes flanking the HoxD cluster correspond to topological 
domains (Andrey et al., 2013; Delpretti et al., 2013; Montavon et al., 2011). Furthermore, 
topological domains are also conserved in silent loci, suggesting that only a partial local 
reorganization of the genome is necessary to reach an active configuration, accompanied with 
the corresponding chromatin modifications (Dixon et al., 2012; Montavon and Duboule, 
2013). 

1.5.2 Genomic imprinting 

The genes from diploid organisms are usually expressed from both parental alleles, however a 
few genes (approximately 150 described so far) are expressed from the maternal or paternal 
allele only. The silencing of the other allele during its passage through the germ-line 
(Ferguson-Smith and Surani, 2001), which is dependent upon its parental origin and not its 
DNA sequence, is the result of an epigenetic process called "genomic imprinting". Such 
epigenetic regulation of gene expression is crucial as mutation in imprinted genes leads to 
severe defect during mammalian growth and development, leading to severe diseases such as 
Angelman or Prader-Willi syndromes. 

1.5.2.1 Epigenetic mechanisms of imprinting 

A feature characterizing imprinted genes is their association with differentially methylated 
regions (DMRs), a mark or "imprint" on the DNA distinguishing the parental alleles that is 
acquired in the germline. Among the imprinted genes that have been described so far in the 
mouse, some can be found lone but the majority is clustered together under the regulation of a 
single major DMR called imprinting control region (ICR). The ICR controls the imprinting 
for the full cluster, which can contain maternally, paternally and biallelically expressed genes 
(da Rocha et al., 2008; Ferguson-Smith, 2011). The mechanisms underlying genomic 
imprinting, which results in gene monoallelic expression depending on the parental 
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transmission remain unclear but some epigenetic regulatory process have been considered 
(reviewed in (Bartolomei and Ferguson-Smith, 2011; Constância et al., 2004; Ferguson-
Smith, 2011)). 
 
One way to silence one allele of a gene is to directly trigger DNA methylation followed by 
repressive post-translational modifications of histone tails whereas the other allele remains 
active. The maintenance of the inactive state of the allele is usually mediated through the 
formation of heterochromatin and repressive histone marks such as H3K9me3 or H4K20me3 
are usually found at ICRs (Dindot et al., 2009; McEwen and Ferguson-Smith, 2010). 
Transcription is another but indirect mechanism used when the ICR contains the promoter for 
a noncoding RNA that targets repressive histone modifications to the imprinted genes it 
silences (Chotalia et al., 2009; Edwards and Ferguson-Smith, 2007; Kacem and Feil, 2009; 
Pauler et al., 2007). Interestingly there are similarities in this mechanism with X chromosome 
inactivation that also leads to a monoallelic expression of genes under the control of Xist 
ncRNA (Penny et al., 1996). Another strategy described to imprint genes relies on insulator 
present within the ICR to restrict the activity of shared enhancers to one or the other gene 
(Verona et al., 2003). 
 
How DNA methyltransferases (Kaneda et al., 2004) specifically target the ICR after germ line 
erasure and how these marks are maintained throughout development while the embryo 
undergoes post-fertilization genome-wide demethylation (Reik et al., 2001; Rougier et al., 
1998) is not well understood. Different chromatin marks have shown to prevent de novo DNA 
methylation whereas others can facilitate recruitment of DNA methyltransferases (Ciccone et 
al., 2009; Feil, 2009; Jia et al., 2007; Ooi et al., 2007; Zhao et al., 2009). Reprogramming of 
the marks according to the passage through germ cells ensure imprinting transmission with 
appropriate parent-of-origin specific gene expression in the following generation. 
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2 Scope of the thesis 

The similarities between digits and external genitalia development led to the proposition of a 
shared evolutionary origin for these secondary structures (Cobb and Duboule, 2005; Dollé et 
al., 1991b; Kondo et al., 1997; Montavon et al., 2008b; Yamada et al., 2006; Zakany and 
Duboule, 2007), which may have co-evolved to accompany the transition from an aquatic 
towards a terrestrial environment, allowing for effective locomotion and internal fertilization. 
Further investigation and characterization of the regulatory circuitries controlling Hox genes 
expression in external genitalia would give more insight into the phylogenetic origin of these 
structures and is the aim of the present thesis work. 
 
In this study, we investigated the mechanisms of Hox regulation in the developing genital 
tubercle, an anlage of the external genitalia that will give rise to either the penis or the clitoris. 
We defined the epigenetic profile of the HoxD cluster in the genital tubercle by performing 
chromatin immunoprecipitation using antibodies directed against H3K27ac and H3K27me3. 
We then compared these profiles to a map of DNA interactions with Hoxd13 in this tissue, by 
using a genome wide identification of sequences contacting this locus (chromosome 
conformation capture). Analysis of the epigenetic status and spatial conformation of the 
HoxD cluster and its centromeric neighborhood has identified several putative regulatory 
elements that contact Hoxd genes via chromatin looping in the developing genital tubercle. 
We used serial deletions in-vivo to assess the role of the centromeric gene desert in the 
regulation of Hoxd genes and we took a transgenic approach to validate the enhancer activity 
of these elements. We also dissected the regulatory potential of a particular enhancer and we 
studied the gene regulatory network upstream of this element. 
 
 
As part of this thesis, we also investigated the mechanisms underlying the regulation of a 
Hoxd9lacZ reporter transgene, which was expressed in both digits and genital tubercle when 
located centromeric to GCR. By inserting it inside the Itga6 locus, we detected an imprinting 
on this transgene, whereas its insertion at other positions within the HoxD centromeric 
landscape did not showed repressive effect. After characterizing the expression of the 
Hoxd9lacZ imprinted transgene and studying the DNA methylation and histone modifications 
of the transgene, in germline and in cells from digits, we investigated the allelic spatial 
conformation of the transgene to gain insight into the mechanisms of genomic imprinting 
(Lonfat et al., 2013). 
 
As the mechanisms behind the initiation and maintenance of epigenetic allelic regulation are 
still elusive, our mutant mouse can be of interest to shed light on the mechanisms that induce 
the silencing of a transcriptional unit and that influence its stability. 
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3 An ancestral regulatory mechanism underlies Hoxd gene 
expression in both developing genitals and digits 

3.1 Results 

3.1.1 Hox genes expression in external genitalia 

Hox genes are critical for the morphogenesis of developing digits and external genitalia 
(Kondo et al., 1997; Zákány et al., 1997a) and the same genes are colinearly expressed in both 
structures (Dollé et al., 1991b; Montavon et al., 2008a) (see Hoxd13 in Figure 2). To further 
characterize the HoxD cluster transcription profile in GT, we extracted RNA from a pool of 
10 GT dissected from females at embryonic day E15.5 and the corresponding generated 
cDNA was hybridized to a high-density custom-made tiling microarray centered on Hoxd 
genes (Soshnikova and Duboule, 2009) (Figure 3A).  
 

 
 
Figure 3: Hox transcription in developing GT 
A: transcription profiles of Hoxd genes in presumptive digits at E12.5 (top, data taken from (Montavon et al., 
2011)) compared to GT at E15.5 (bottom). The same posterior Hoxd genes are expressed in both tissues with a 
comparable quantitative colinearity of transcription, starting from Hoxd8 in GT, or Hoxd9 in digits, up to Hoxd13 
that is the most expressed gene. The neighboring gene Evx2 is also active in both tissues. The y-axis indicates the 
linear ratio of cDNA/genomic DNA signal intensity. B: relative expression of all Hox genes in GT at E13.5, 
relative to Hoxd13, using RNA-seq. Posterior Hoxd and Hoxa genes are strongly expressed whereas on other Hox 
clusters, only Hoxc11 is active. Hoxa11 is not transcribed but the antisense transcript Hoxa11as is expressed at 
similar level than Hoxa13. C: expression patterns of Hoxd genes are not sex specific. RT-qPCR on mRNA from 
E15.5 GT of either males or females shows similar posterior Hoxd expression levels (n=6). 
 
 
We then compared these data with the available transcripts profile (Montavon et al., 2011) 
from digits at E12.5 (Figure 3A), as the GT develops at a later stage than the forelimb and 
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because a delay is also observed at the level of Hoxd target genes in both structures (Cobb 
and Duboule, 2005). As expected, anterior Hoxd genes were not expressed in the GT while 
more posterior genes were active, similar to the expression dynamic of Hoxd genes in digits 
(Figure 3A). Transcription starts with Hoxd8 and continues up to Hoxd13, which is the most 
expressed gene in the GT, thus confirming quantitative colinearity of transcription described 
before (Dollé et al., 1991b; Montavon et al., 2008a). We also performed an RNA sequencing 
study on the GT from a female E13.5 WT embryo to study the expression of other Hox 
clusters in this tissue (Figure 3B). At E13.5, Hoxd9 was almost not expressed whereas Hoxd8 
was active at a similar level of transcription compared to Hoxd10 and Hoxd11 (Figure 3B). 
As already reported, Lnp and Evx2 were co-expressed with posterior Hoxd genes in the GT 
(Figure 3A,B) (Gonzalez et al., 2007; Spitz et al., 2003).  
 
Analysis of the HoxA cluster also confirmed the importance of Hoxa13 in GT development 
and Hoxa9 and Hoxa10 were expressed at similar intensities (Figure 3B). While Hoxa11 was 
almost not active, as previously described in WT E12.5 genital bud (Cobb and Duboule, 
2005), Hoxa11as was strongly transcribed in the distal GT (Figure 3B) (Hsieh-Li et al., 
1995). This complementarity of expression was also reported during limb development were 
the antisense transcripts are found in the future digits but not the Hoxa11 RNA which is found 
more proximal (Hsieh-Li et al., 1995). Evx1, which is expressed in the GT at E11.5 
(Lehoczky et al., 2004), was not active at E13.5, consistent with a decrease of expression 
described before (Dollé et al., 1994). 
 
While Hoxa13 and Hoxd13 were both strongly expressed in the distal GT, our genome wide 
data confirmed that Hoxb13 and Hoxc13 paralogous genes are silent in this tissue (Peterson et 
al., 1994; Zeltser et al., 1996) (Figure 3B). No other gene was expressed from the HoxB 
cluster whereas for the HoxC cluster, Hoxc11 was expressed at similar level than Hoxd11 and 
Hoxc10 was also detected (Hostikka and Capecchi, 1998; Hostikka et al., 2009) (Figure 3B). 
 
A sexual subtle differentiation of the morphology of the external genitalia is discernible at 
around stage E16 in the mouse embryo, while earlier development of this appendage shows 
no dimorphism between males and females (reviewed in (Wilhelm and Koopman, 2006)). 
Expression patterns of Hoxd genes are not sex specific (Dollé et al., 1991b) and we thus 
wanted to quantify it by RT-qPCR. Our results using mRNA from distal GT from 6 males and 
6 females at E15.5 indeed showed that the patterning encoded by Hox genes of the external 
genitalia is proceeding identically in males and females (Figure 3C). 
 
This analysis confirmed that posterior genes of the HoxD cluster show a quantitative colinear 
expression dynamic in both digits and GT (Dollé et al., 1991b; Montavon et al., 2008a), and 
that posterior HoxA genes except Hoxa11 are also expressed in the GT. Furthermore, the 
transcriptional activity of Hoxd genes was equivalent between males and females, at least 
before the hormonal-dependent sexual differentiation of the GT (Glucksmann and Cherry, 
1972).  
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3.1.2 Epigenetic profile of the HoxD cluster in external genitalia 

We then wanted to define the epigenetic profile of the HoxD cluster in external genitalia as 
modifications of histones over the Hoxd genes were shown to correlate with their 
transcriptional activation (Soshnikova and Duboule, 2009) and to demarcate active and 
inactive genes in digits (Montavon et al., 2011). We thus performed chromatin 
immunoprecipitation (ChIP) on DNA from GT at E13.5 and E15.5, using antibodies directed 
against H3K27ac and H3K27me3 histone marks, associated with both active enhancers or 
promoters and with inactive genes, respectively (Creyghton et al., 2010; Rada-Iglesias et al., 
2011; Soshnikova and Duboule, 2009).  
 

 
 
Figure 4: epigenetic status of the HoxD cluster in GT compared to digits 
Histone H3K27ac (blue) and H3K27me3 (red) profiles show active and inactive domains within the HoxD cluster, 
respectively. Top: profiles in E12.5 digits taken from (Montavon et al., 2011). Bottom: ChIP-chip profiles from 
GT at E13.5 and E15.5. Both tissues show very similar epigenetic status of the HoxD cluster, yet with a posterior 
shift of the limit of the active/inactive chromatin domain in GT. The y-axis indicates the log2 ratio of ChIP-
enriched/input signal intensity. 
 
 
We compared the histone modification profiles from these two developmental stages of the 
GT with data from similar experiment on presumptive E12.5 digits (Montavon et al., 2011), 
looking first at the scale of the HoxD cluster (Figure 4). As expected, the enrichments for both 
active and inactive marks were broadly the same in both tissues. Acetylation of histone H3 
lysine K27 in GT was mostly present on active posterior Hoxd genes whereas H3K27me3 
covered the anterior inactive genes, at E13.5 and E15.5. A major difference in the HoxD 
epigenetic status in GT compared to digits (Figure 4) was the posterior shift of the border 
between the active and inactive chromatin domains, from Hoxd9 to Hoxd11.  
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These data showed that the HoxD locus in GT is separated in two distinct epigenetic domains 
for active and inactive genes, suggesting a very similar expression dynamic to digits, and we 
next further wanted to explore the similarities in the regulatory circuitry. 
 

3.1.3 Regulatory elements in the gene desert 

Coordinate expression of Hoxd genes in GT was previously shown to be controlled by at least 
two long-range cis-acting elements located centromeric to the cluster, referred to as GCR and 
Prox (Gonzalez et al., 2007; Spitz et al., 2003; Spitz et al., 2001; Spitz et al., 2005) (Figure 
5A) whereas a regulatory archipelago of enhancers, including these elements but also 
spanning all the gene desert centromeric to the cluster controls Hoxd genes transcription in 
developing digits (Montavon et al., 2011). To assess whether GCR and Prox are the sole 
enhancers regulating Hoxd genes in GT or if the gene desert is also contributing to this 
control, we used a large chromosomal inversion (Montavon et al., 2011) between a loxP site 
containing a Hoxd9lacZ transgene immediately upstream the GCR (rel5 position, Figure 5A) 
that is expressed in the developing GT and digits (Figure 5B), and another loxP site in the 
Itga6 locus (Gimond et al., 1998) (Figure 5A). While in this configuration, the gene desert is 
repositioned 2.7Mb away of GCR, the Hoxd9lacZ transgene could still elicit strong 
expression in the GT (Figure 5B). Although it could not be excluded that GCR and Prox were 
still interacting with the reporter, this was unlikely (Montavon et al., 2011). This result thus 
suggested that the transgene expression was under the control of enhancer sequences lying in 
the gene desert centromeric to rel5, similar to the situation observed in digits (Montavon et 
al., 2011).  
 

 
Figure 5: putative regulatory role of the HoxD centromeric gene desert 
Putative distal regulatory sequences contributing to expression of a Hoxd9lacZ transgene in GT are found in the 
centromeric gene desert. A: scheme of the HoxDInv(rel5-Itga6) inversion, repositioning a Hoxd9lacZ reporter 
transgene in the Itga6 gene, 2.7Mb away from GCR and Prox (green circles) located telomeric to its original 
insertion site (rel5loxP). GCR and Prox were able to drive expression of a reporter transgene in digits and GT 
(Gonzalez et al., 2007; Spitz et al., 2003). B: after inversion, whole-mount staining of ß-Gal activities still show 
lacZ expression in digits (open arrowhead) and GT (arrowheads), suggesting that putative sequences between 
Itga6 and rel5 are controlling the transgene expression and may regulate Hox genes in GT. 
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We thus looked at histone profiles at a broader scale to assess the presence of active 
chromatin marks in the gene deserts surrounding the HoxD cluster (Figure 6). H3K27ac was 
scored mainly centromeric to the cluster, with a strong enrichment over the gene desert 
(Figure 6). In contrast, H3K27me3 repressive mark enrichment was biased for the telomeric 
gene desert, mostly between Mtx2 and the conserved non-coding sequence CNS 39 (Andrey 
et al., 2013), very similar to the profile observed in digits for this mark (Figure 6). 
 

 
Figure 6: epigenetic status of the gene deserts surrounding the HoxD cluster 
Active chromatin mark H3K27ac covers the centromeric gene desert. In both digits (top) and GT (bottom), 
histone H3K27ac (blue) active domain extends from posterior Hoxd genes up to Atp5g3, covering the whole 
centromeric gene desert, whereas H3K27me3 repressive marks are decorating the anterior Hoxd genes and the 
telomeric gene desert, mostly up to region CNS 39. These results further highlight the regulatory potential of the 
centromeric sequences in GT. The y-axis indicates the log2 ratio of ChIP-enriched/input signal intensity. Data for 
digits are taken from (Montavon et al., 2011). 
 

3.1.4 Organization of the HoxD locus in external genitalia 

The three-dimensional organization of the chromatin is also tightly linked to Hox genes 
activity, as remote enhancers are thought to regulate their target genes through chromatin 
folding, favoring enhancer-promoter communication (reviewed in (Montavon and Duboule, 
2012, 2013)). We thus wanted to assess the spatial conformation of the HoxD locus in the 
developing GT. Circular chromosome conformation capture (4C) technique measures the 
frequency with which genomic loci are in close proximity within the nucleus (Simonis et al., 
2006; Zhao et al., 2006) and we produced the interactions profiles for both Hoxd13 and 
Hoxd4 viewpoints in GT and digits, as a shared ancestral regulation was proposed for both 
these structures (Dollé et al., 1991b; Montavon et al., 2008a). 
 
4C analysis (Noordermeer et al., 2011; Van De Werken et al., 2012b) on cells from GT 
collected at E15.5 showed for both genes very similar results to that observed in presumptive 
digits at E12.5 (Figure 7B), reproducing data already published (Andrey et al., 2013; 
Montavon et al., 2011). DNA segments interacting with transcriptionally active Hoxd13 were 
strongly associated with HoxD centromeric sequences whereas the silent gene Hoxd4 
interacted mainly with the telomeric region (Figure 7B), mostly between the HoxD cluster 
and the region CNS 39 that showed the most coverage of histone H3K27me3 repressive 
marks (Figure 6). These biased interactions profiles already described in digits (Montavon et 
al., 2011) matched topological domains reported on both sides of the cluster (Dixon et al., 
2012) (Figure 7A). Hox genes are not expressed in the forebrain, and profiles for the same 
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viewpoints published before (Noordermeer et al., 2011) at E10.5 served as control for the 
analysis of enhancer-promoter interactions at the HoxD locus in GT. Interestingly, although 
the enrichment over all Hoxd genes suggested a tight compacted organization of the cluster in 
this tissue, a bias for the centromeric sequences as partners for Hoxd13 was also scored, 
whereas like in the GT, Hoxd4 interacted more with the telomeric neighborhood of the cluster 
(Figure 7C). These data suggest that some interactions are independent of gene activity, in 
agreement with another 4C study of Hoxd genes in the brain (Montavon et al., 2011). 
 

 
Figure 7: distinct 3D domains for active and inactive genes in the HoxD locus 
The 3D organization of the cluster shows separation of active and inactive compartments corresponding to 
topological domains. A: topological domains described in (Dixon et al., 2012) are indicated. B: circular 
chromosome conformation capture (4C) technique measures the frequency with which genomic loci are in close 
proximity within the nucleus. 4C analysis on dissected GT at E15.5 and digits at E12.5 identified DNA regions 
that interact with transcriptionally active Hoxd13 (red bar, top) and inactive Hoxd4 (red bar, bottom) in GT and 
digits. In both tissues, Hoxd13 strongly associates with centromeric sequences, whereas the silent gene Hoxd4 
interacts mainly with telomeric regions, suggesting the compartmentalization of 3D discrete active and inactive 
domains, within topological described before (Dixon et al., 2012). C: control 4C in forebrain at E10.5 where Hox 
genes are not expressed (data taken from (Noordermeer et al., 2011)) using same viewpoints Hoxd13 and Hoxd4 
(red bar). In this configuration, Hoxd13 also interacts mostly with the centromeric side of the cluster and Hoxd4 
with the telomeric side, suggesting that some interactions are independent of gene activity, in agreement with the 
presence of constitutive topological domains in genomes. The fragment counts were normalized per one million 
reads. 
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We then focused on the gene desert between Atp5g3 and Lnp (600kb large) that showed 
multiple significant interactions with Hoxd13 in GT and that was able to drive expression of 
the Hoxd9lacZ transgene in this tissue. This region contains regulatory elements, labeled 
Island I to Island V, controlling transcription of Hoxd genes in the developing digits 
(Montavon et al., 2011) along with Prox and GCR sequences (Gonzalez et al., 2007). We 
performed 4C experiments on GT at E13.5 and we compared 4C profiles from the GT at both 
stages (Figure 8C,D), with profile of the digits we generated (Figure 8F) or that were 
published before (Figure 8E) (Andrey et al., 2013), and from the brain (Noordermeer et al., 
2011) (Figure 8A). When looking at Hoxd13 interacting partners in GT, strong peaks were 
found on the Island II and Island V (Figure 8C,D) and these contacts were also present in the 
brain (Montavon et al., 2011; Noordermeer et al., 2011) (Figure 8B). Island I and Island IV 
did show some interactions but at much lower frequency whereas Island III was showing 
strong contacts with Hoxd13 only at E15.5 and none at E13.5 (Figure 8C,D). We also 
identified some other strong islands of interactions in the GT not found in the digits. Some 
were present in the forebrain but other strong peaks of interactions were not scored in the 
other tissues, and were thus specific to GT. The regions between Atf2 and Island II and 
between Island V and Lnp were globally interacting more frequently with Hoxd13 in GT than 
brain or digits. 
 
 

 
Figure 8: centromeric profile of interactions for Hoxd13 
Comparison of Hoxd13 interactions profiles within the centromeric side of the HoxD cluster between GT, digits 
and brain. The regulatory elements controlling Hoxd13 expression in digits (labeled I to V, GCR and Prox) are 
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indicated in the x-axis A: topological domains described in (Dixon et al., 2012) are indicated. (B-F): 4C analysis 
using Hoxd13 as a fixed viewpoint (red bar). Profiles are smoothed using a window size of 11 fragments. B: 
control 4C using forebrain where Hoxd13 is inactive (data taken from (Noordermeer et al., 2011)). (C-D): 4C 
profiles in GT at E15.5 and E13.5, respectively, show the presence of strong interaction partners in the centromeric 
region, some shared with digits such as Prox, Island II and IV, whereas others are specific to GT. Island III is only 
contacted at E15.5. (E-F): duplicate 4C profiles from Hoxd13 in digits at E12.5 ((E) data are taken from (Andrey 
et al., 2013)) show contacts with the regulatory archipelago described in (Montavon et al., 2011).  

 
On a wider scale, centromeric interactions with Hoxd13 in GT were found with Chn1, 
Chrna1, Wipf1 and Sp9 genes (Figure 8C,D). The level of interactions with these genes was 
much higher than in digits (Figure 8E,F) whereas brain sample showed similar contacts with 
less intensity for Chrna1 (Figure 8B). Using the data from the RNA-seq on GT at E13.5, we 
could define that Chn1, Wipf1 and Cir1 just next to Sp9 are active in GT while Chrna1 is 
almost not expressed. In the telomeric side of the cluster, Hoxd13 was displaying little 
contacts, except with region CNS 39, which is a major enhancer of Hoxd transcription in 
early phase of limbs development (Andrey et al., 2013) that also interacted with Hoxd13 in 
brain. 
 
 

 
Figure 9: distinct 3D domains for active and inactive genes in the HoxA locus 
The 3D organization of the HoxA locus shows a similar separation of active and inactive compartments as 
described in fig. 7 for HoxD cluster. Profiles are smoothed using a window size of 11 fragments. A: topological 
domains (Dixon et al., 2012) are indicated. B: 4C analysis on dissected GT at E15.5 (top) and digits at E12.5 
(bottom) identified strong interacting partners with transcriptionally active Hoxa13 (red bar) on the telomeric side 
of the HoxA cluster. C: interactions with the inactive Hoxa4 gene (red bar, bottom) are biased for the centromeric 
side in both tissues. D: control 4C in forebrain at E12.5 where Hoxa genes are not expressed (data kindly provided 
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by J. Woltering, unpublished results) using same viewpoints Hoxa13 and Hoxa4 (top and bottom, respectively) 
show a strong compaction of the cluster, while the bias in contacts distribution for both genes is also observed. 

 
Hoxa13 is also crucial for the morphogenesis of the external genitalia (Fromental-Ramain et 
al., 1996b; Kondo et al., 1997) and we studied the chromatin organization at this locus by 
performing 4C analysis on cells from the genital tubercle and from digits (Figure 9B,C). 
Using Hoxa13 and Hoxa4 viewpoints, expressed and silent genes in both tissues, respectively, 
we found a similar compartmentalization of the HoxA cluster, with an active domain 
telomeric to Hoxa13 and an inactive domain centromeric to the cluster, both corresponding to 
topological domains (Dixon et al., 2012) (Figure 9). Like for the HoxD cluster, this bias was 
also found in the brain (Figure 9D) (HoxA data for the brain kindly provided by J. Woltering, 
unpublished results) where HoxA is silent. Indeed Hoxa4 showed interactions with other 
genes from the HoxA cluster and a preference in contacting its centromeric surrounding, 
whereas Hoxa13 contacted the cluster and very frequently the telomeric region, yet keeping 
strong interactions with the 3' end of the cluster (Figure 9D). 
 
Unlike for the HoxD cluster where the contacted domains cover a gene desert, the region 
interacting with Hoxa13 is a gene neighborhood (Evx1, Hibadh, Tax1bp, and Jaz1) that was 
proposed to be co-regulated with Hoxa13 by remote enhancers in both digits and genital 
(Lehoczky and Innis, 2008; Lehoczky et al., 2004). When focusing on the 5' side of the HoxA 
cluster, we found enrichment specific for either the GT or the digits as well as shared regions 
of interactions (Figure 10) that correlated with the putative regulatory activity of sequences 
described before using BAC transgenic analysis (Lehoczky and Innis, 2008) (annotated in 
Figure 10).  
 
 

 
Figure 10: Hoxa13 interactions profile in the telomeric side of HoxA 
4C analysis on dissected GT at E15.5 (top) and digits at E12.5 (bottom) using Hoxa13 (red bar) viewpoint identify 
interacting partners in the telomeric side of the HoxA cluster. Profiles show specificity for both tissues, yet with a 
very similar global organization. Remote enhancers controlling Hoxa13 in GT and digits previously proposed in 
this region using BAC transgenic (black boxes indicated in the x-axis) are also contacted (Lehoczky and Innis, 
2008). 

 
The chromatin organization in GT and digits thus showed very similar conformations, 
confirming the regulatory potential of the topological domains containing Hoxd13 and 
Hoxa13 to control Hox genes in both tissues. 
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3.1.5 Function of the centromeric landscape  

The long-range interactions found over the centromeric gene desert with Hoxd13 gene and the 
presence in this region of active chromatin marks H3K27ac further suggest that this region is 
indeed important for the regulation of Hoxd genes in the developing GT. We thus investigated 
the effect of targeted deletions in vivo within this region that is required for Hoxd genes 
transcription in digits (Montavon et al., 2011). We took advantage of a collection of deletions 
that were engineered via TAMERE (Hérault et al., 1998), using various loxP sites throughout 
the centromeric gene desert, resulting in the dissection of this genomic interval in 
approximately three equal parts between Atf2 and the HoxD cluster (Montavon et al., 2011) 
(Figure 11A). We used these established lines to monitor the expression of Hoxd13 gene for 
each of these deletions by whole mount in situ hybridization (at E13.5) and RT-qPCR (at 
E15.5), using RNA extracted from GT of homozygous embryos. Data used for comparison 
with digits are taken from (Montavon et al., 2011) where each deletion was balanced with a 
chromosome carrying a deletion of Hoxd8 to Hoxd13. 
 
 

 
Figure 11: the centromeric gene desert is required for Hoxd genes transcription in GT 
In vivo, targeted deletions within the centromeric gene desert confirm the requirement of these sequences for Hoxd 
genes transcription in external genitalia. (A-G): each panel represents a different deletion with a map of the allele, 
the corresponding Hoxd13 expression pattern (in situ hybridization) and the Hoxd13 relative expression level (RT-
qPCR, on the right). Data for digits are taken from (Montavon et al., 2011). A: wild-type chromosome, with the 
position of the various loxP sites (red arrowheads). (B-G): homozygous deletions are represented by a dashed line 
in the maps. (C,D and F): Del(SB-Atf2) shows no Hoxd13 downregulation in the developing genital tubercle when 
region (rel5-SB) is present, showing some possible redundancy of enhancers. G: deletion of the full gene desert 
abolishes Hoxd13 expression in genitalia by 80%. H: a 3Mb large inversion (Tschopp and Duboule, 2010a) 
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disconnects all putative enhancers from Hoxd13 lying upstream of the cluster, Prox and GCR included. The effect 
is surprisingly milder than the complete deletion of the full gene desert. I: Hoxa11 and Evx1 expression is affected 
in the absence of the HoxD centromeric genes desert (Del(nsi-Atf2)) with an upregulation of about 40%.The level 
of expression for Hoxd13 are compared in digits and GT, normalized to Rps9. 

 
The region deleted in Del(rel1-rel5) lies upstream Hoxd13 and contains the gene Lnp and 
both highly conserved elements GCR and Prox. This deletion resulted in a similar 
downregulation in both GT and digits, with Hoxd13 expression at 61% of the wild-type 
(Figure 11B). When the second half of the gene desert (300kb) was deleted in Del(rel5-SB) 
mice, the level of Hoxd13 expression was 56% compared to the wild-type. This effect is 
slightly stronger than the one scored in digits where 69% of expression remains (Figure 11C). 
The deletion Del(SB-Atf2) removes the most distant part of the gene desert (290kb) and while 
this leads to approximately 50% reduction of Hoxd13 in the presumptive digits (Montavon et 
al., 2011), we could not see any down-regulation in GT for Hoxd13 (Figure 11D), Hoxd12, 
Hoxd11 and Hoxd10 that even showed some upregulation (Figure S1).  
 
To further characterize the importance of the centromeric side of the cluster, we then checked 
the effect of compound deletions. When deleting the full gene desert from rel5 to Atf2, about 
80% of Hoxd13 expression was lost in both GT and digits (Figure 11F). This was unexpected 
because the deletion Del(rel5-Atf2) is comprising the region deleted in Del(SB-Atf2) which 
showed no effect on Hoxd13 transcription in genitals upon removal (Figure 11D), and the 
region between rel5 and SB only showed about 46% decrease of Hoxd13 expression when 
absent (Figure 11C). Del(nsi-SB) is a combination of the deletions Del(rel5-SB) with 
Del(rel1-rel5) and it also removes the gene Evx2 lying between rel1 and nsi. Analysis of GT 
from embryos homozygous for this deletion showed that expression of Hoxd13 was 
downregulated to 17% of the WT (Figure 11E), similar to the impact of Del(rel5-Atf2). A 
largest deletion Del(nsi-Atf2) removes the complete HoxD centromeric region and it 
abolished Hoxd13 expression in genitalia by approximately 20% of the wild-type (Figure 
11G). The same genomic rearrangement in digits leaded to 95% decrease of Hoxd13, 
suggesting that almost all regulatory sequences were located in that region, whereas data in 
the external genitalia indicate that some more enhancers for this tissue may be found further 
than Atf2, within the HoxD cluster or in the telomeric gene desert. In situ hybridizations for 
Hoxd13 were performed at E13.5 on the different lines presented here and, while the decrease 
of approximately 50% were not easily discernable, the compound deletions clearly displayed 
a loss of expression (Figure 11A-G). 
 
To assess the regulatory role of the region centromeric next to Atf2, we collected GT from 
embryos homozygous for a large inversion (3Mb) between nsi and the Itga6 gene (Tschopp 
and Duboule, 2010a), thus disconnecting the Hoxd genes from all putative enhancers lying 
upstream the cluster, Prox and GCR included. Surprisingly, the level of expression of Hoxd13 
in the GT from such embryos was about 34% of the WT (Figure 11H), thus the inversion 
showed a smaller effect on its transcription compared to Del(nsi-Atf2). 
 
The expression of Hoxa11 in the GT is increasing 2-3 folds in the absence of Hoxd genes 
(Cobb and Duboule, 2005), we thus wanted to quantify this effect upon deletion of the 
centromeric gene desert while keeping the HoxD cluster intact. The level of expression of 
Hoxa11 was measured using RT-qPCR from GT of embryos homozygous for Del(nsi-Atf2) 
and only a 1.4-fold increase was detected (Figure 11I). This was however corresponding to 
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the upregulation scored in the digits at E12.5 when Hoxd genes were deleted (Cobb and 
Duboule, 2005), in agreement with the fact that the molecular mechanisms shared between 
digits and GT are delayed in time (Cobb and Duboule, 2005). When normalized to Rps9, 
Hoxa11 showed more expression in GT compared to digits, whereas Hoxd13 was much more 
abundant in digits  (Figure 11I). 
 
These data indicated that digits and GT share a similar regulatory landscape and that the 
control elements regulating Hoxd genes in GT are located centromeric to the HoxD cluster. 
 

3.1.6 In vivo evaluation of enhancer activity 

As H3K27ac histone modification is a chromatin mark associated with both active enhancers 
and promoters (Creyghton et al., 2010; Rada-Iglesias et al., 2011), we thus overlapped 4C and 
acetylation profiles in the centromeric gene desert to further identify putative regulatory 
elements of Hox genes in external genitalia. This approach was successful in previous studies 
to localize enhancer sequences (Andrey et al., 2013; Montavon et al., 2011) and we found 
several regions of interactions with Hoxd13 as potential regulatory islands for the GT that we 
labeled Island A to Island F (Figure 12A). These elements were enriched for H3K27ac marks 
and were usually corresponding to well evolutionary conserved noncoding sequences that are 
often indicator of regulatory potential (Pennacchio et al., 2006) (Figure 12B,C).  
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Figure 12: identification of putative regulatory elements 
Overlapping of 4C and acetylation profiles along with evolutionary conserved noncoding sequences are used to 
identify putative regulatory elements of Hox genes in GT. Selected regions are indicated in green and labeled 
Island A to Island F. A: top to bottom: 4C interactions profiles using Hoxd13 viewpoint in GT at E13.5 and E15.5, 
H3K27ac (blue) enrichment profiles. B: highly conserved noncoding elements (HCNE) from the Ancora Genome 
Browser (Engström et al., 2008). C: multiple alignments of 30 vertebrate species from UCSC are displayed. 

 
Island A that is not interacting with Hoxd13 in the digits was 20kb telomeric to the promoter 
of the Atp5g3 gene, which is also interacting with Hoxd13. Island B and Island D were also 
specific to GT, with strong peaks of interactions not scored in the other tissues (Figure 8, 
Figure 12A, Figure 13). Island C was stronger at E15.5 compared to E13.5 but on both stages 
the intensities of the contacts were bigger than in the digits or in the brain where some 
interactions were also found (Figure 8). Island E also displayed specific, yet weaker, contacts 
in GT, and showed high conservation across species and it was marked with some H3K27ac. 
Enhancers can also be found within introns of other genes (Noonan and McCallion, 2010) and 
we identified an intragenic region of Lnp with strong 4C peaks, acetylation and presence of 
conserved sequences that we called Island F (Figure 12A).  
 
 

 
Figure 13: in vivo evaluation of regulatory elements located in the gene desert 
We used lacZ lentivirus-based reporter transgenesis to evaluate in vivo the enhancer activity of the identified 
regulatory elements. A: interactions profiles between Hoxd13 (red rectangle) and DNA fragments in the gene 
desert in digits and genitalia. The locations of loxP sites used for deletions (see Figure 11) are indicated on the top 
(red arrowheads). The islands forming the regulatory archipelago in digit cells are indicated in black and the 
putative islands of interactions with Hoxd13 in GT are in green. B: transgenic analysis of fragment isolated within 
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Islands B, II, D, E, along with a CsClacZ transgene (Prox) are shown. lacZ expression at E14.5 showed patterns in 
both digits and GT for Island B and Prox, or specifically for either one of these two structures for Island II, D and 
E. Island D strongly recapitulates the endogenous Hoxd13 expression pattern during external genitalia 
development. 
 
 
We then used lacZ lentivirus-based reporter transgenesis (Friedli et al., 2010) to evaluate in 
vivo the enhancer activity of some of these sequences. Fragments of approximately 3kb were 
isolated within these regions and cloned upstream a ß-globin promoter and lacZ reporter for 
transgenic analysis (see Table 1). Embryos were then collected at E14.5 and two sequences, 
Island B and Island D, displayed strong lacZ activity in the genital tubercle (Figure 13B). 6 
out of 7 embryos positive for the Island D showed a Hoxd13-like pattern (Figure 13B, Figure 
2) in the GT, two showing signal restricted to the glans and the urethral plate and the others 
having expression in the entire genital tubercle (Figure S2). While Island D domain of 
expression was specific to the external genitalia only, the staining of embryos positive for the 
Island B transgene was also scored in the future digits, suggesting Island B may be part of the 
regulatory archipelago regulating Hoxd genes in digits (Montavon et al., 2011). 16/19 
embryos displayed strong activity in the dorsal part of the GT whereas the pattern in the digits 
was also robust, yet with some variations. Both expression specificities were nevertheless 
almost always observed together, since embryos stained positively in the GT also showed 
lacZ activity in digits (2 exceptions). 4/15 embryos positive for Island E and also showed 
some activity in the GT, but the signal was less consistent than for Island B and D. The lacZ 
was expressed in more dorsal part of the GT, in a region proximal to the glans and the 
urethral opening was also stained in two of these embryos. For Island C, only 1 embryo out of 
9 transgenics showed some activity, in the forebrain. The Island F construction was not 
studied further, since only 1 transgenic embryo was obtained out of 29 collected. 
 
The islands I to IV of the regulatory archipelago controlling Hox genes transcription in digits 
(Montavon et al., 2011) did not show any activity in the GT when tested in lentivirus-based 
lacZ reporter assay on E12.5 embryos. As these regions except Island I were also enriched for 
H3K27ac marks in GT (Figure 12), and because Island III showed some dynamic in the 
contacts with Hoxd13 between E13.5 and E15.5, maybe due to the developmental delay 
between these structures, we thus decided to reassess the role of these islands in the GT at 
E14.5. None of these sequences was able to drive a consistent lacZ expression in the GT as 
only 2 embryos, positive for Island I and II, displayed ß-Gal activity in this structure (see 
Table 2). Interestingly, the Island II identified in Montavon et al. (Montavon et al., 2011) is a 
large region of approximately 20kb that contains two peaks of interactions in digits (Island II-
1 and Island II-2) (Figure 13A), and the transgene tg2 described in that study corresponded to 
the first one only. Because in the GT, only the peaks in Island II-2 were present along with 
H3K27ac marks (Figure 13A), we thus tested the enhancer activity of this region. We 
obtained only 5 transgenic embryos out of 24 collected, and only 1 of these showed some 
staining in the epidermis. We also re-investigated the activity of the region Prox by crossing a 
WT female with a male carrying a CsClacZ transgene (Gonzalez et al., 2007) and the activity 
of the ß-Gal was strong in both digits and GT (Figure 13B). 
 
As the Island D was recapitulating endogenous Hoxd13 expression, we created a stable mouse 
strain for this transgene. 6 transgenic males were crossed with WT females and whole-mount 
staining of ß-Gal activity on embryos collected at E14.5 showed a strong expression in the 
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GT for all crosses, further validating this Island D as a robust GT enhancer. We then selected 
2 males to pass the transgene over 2 more generations and F3 animals were crossed with WT 
to analyze the expression of the Island D transgene at different time points (Figure 14). While 
the domain of expression was restricted to the genital tubercle from E12.5 to E16.5, staining 
in earlier stages showed a strong expression in the cloacal membrane and the peri-cloacal 
mesenchyme (Pennimpede et al., 2012; Wang et al., 2011), overlapping with Hoxd13 pattern 
(Dollé et al., 1991b; Warot et al., 1997). 
 
 

 
Figure 14: stable mouse strain for Island D 
A stable mouse strain was established for Island D. Embryos were collected at different stages, from E10.5 to 
E16.5 and were stained for ß-Gal activity. The pattern of expression in the cloacal field and in the growing GT 
were nicely recapitulating endogenous Hoxd13 domain of expression. Due to random integration site of the 
transgene, some activity was also scored in other regions. 
 

3.1.7 Dissection of the Island D sequence 

The activity associated with Island D was robust and specific to the GT and we thus wanted 
to further dissect the regulatory potential of this enhancer. Using noncoding sequence 
conservation alignment, we identified the two extremities of Island D as highly conserved 
whereas the central 1kb was not (Figure 15A). We then tested separately their activity in vivo 
using the same transgenic assay as before.  
 

 
Figure 15: dissection of the Island D sequence 
Two regions highly conserved within Island D are able to drive expression of the transgene. A: the two extremities 
are well conserved across species and the Island D was cut in 4 sub-regions Db1 to Db4. B: transgenic analysis 
showed that Db1 is responsible for the ventral activity of the Island D enhancer whereas Db2 and Db3 are 
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sufficient to recapitulate the total domain of expression of Island D, yet with more activity usually scored on the 
dorsal side of the GT. 
The analysis of Db1, the first 1kb of Island D, showed that this region was only partially 
recapitulating the signal from the global fragment. Indeed 16/25 embryos displayed a ventral 
lacZ expression in the GT, from the tip to the base of the GT, with no expression on the 
dorsal side (Figure 15B). The second fragment Db2 was however showing a strong staining in 
the GT, recapitulating the pattern of total Island D, with 12/17 embryos showing a staining in 
the GT (Figure 15B). We then further explored this smaller sequence by generating 
transgenics for either the centromeric first 650bp of the fragment Db2, called Db4, or the next 
375bp corresponding to the telomeric end of the Island D (Db3). Out of 28 embryos positive 
for Db4, only 1 displayed a staining in the genitalia, whereas for Db3 16/20 embryos showed 
expression of lacZ in the GT (Figure 15B). While the majority of these embryos were having 
a very strong signal some showed a weaker expression restricted to the glans similar to what 
was observed with the complete Island D sequence (Figure S2). These results indicated that 
the 375bp long Db3 was sufficient to elicit a Hoxd-like pattern of expression in the GT, while 
other parts of Island D also displayed some limited activity. 

3.1.8 Identification of upstream regulators 

We next wanted to investigate the trans-regulatory network of this element by identifying 
putative transcription factors recruited to the sequence Db3 to initiate transcription of the lacZ 
reporter transgene in the GT. For this purpose, we used a yeast one-hybrid system that 
enabled the study of specific interactions between a large library of 745 mouse transcription 
factors and DNA (Gubelmann et al., 2013). We performed this assay in parallel on two 
sequences, Db2 and Db3, which were both able to drive expression of the lacZ transgene in 
the GT. Yeasts containing either Db2 or Db3 were tested for interactions with the whole 
mouse transcription factors (TFs) library from Gubelmann et al. (Gubelmann et al., 2013) and 
we first used their mating protocol (see materiel and methods and (Gubelmann et al., 2013; 
Hens et al., 2011)). To identify the putative positive protein-DNA interactions we used an 
automatic tool called TIDY (Hens et al., 2011) and we analyzed the selective plates for 
positives hits. This screen done in duplicate provided us with 4 TFs potentially regulating 
both Db2 and Db3: Tead1 and Tead2, Barx1 and Cdx2.  
 
To further validate these results, we then used a second approach, performing direct 
transformation of candidates Barx, Tead and Cdx TFs into haploid yeast containing our baits 
(Gubelmann et al., 2013), along with some other potential factors know to be involved in 
pathways important for the morphogenesis of the GT or other tissues, and that did not showed 
significant interactions using the mating protocol. This analysis confirmed the importance of 
Barx1, Barx2, Tead2 and Cdx2 for both Db2 and Db3 (Figure 16A). The TF Gli1, not found 
using the mating approach, is an effector of Shh signaling that is crucial for both digits and 
GT development (Haraguchi et al., 2007). It was specific to Db2 only, indicating a putative 
binding site in the centromeric part of the sequence, corresponding to Db4 that however never 
elicited expression in the GT. Etv1 was surprisingly only a hit for Db3 and not in the 
containing sequence Db2 (Figure 16A).  
 
We thus focused on the Barx, Tead and Cdx family genes as putative transcription factors 
binding with Island D, and more particularly the sub-sequence Db3. 
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Figure 16: Cdx as an upstream regulator 
A yeast one-hybrid screen combined with computational prediction of transcription factor binding site within Db3 
revealed Cdx2 as a putative upstream regulator of Island D. A: 745 TFs were screened using a yeast one-hybrid 
assay (Gubelmann et al., 2013) for their potential to bind and regulate Db2 and Db3 activity using a mating 
approach. The list of candidates TFs was re-evaluated by transformation and only yeast with positive TF-DNA 
interactions could grow on an appropriate selective medium. Barx1, Barx2, Cdx2, Tead2 were strong hits. B: 
computational prediction of Barx, Tead and Cdx binding site within Island D, Db2 and Db3. Only Cdx and Tead 
are found in Db3. C: transgenic analysis of the Db3 sequence without Tead binding site still showed a strong lacZ 
expression in GT, indicating that Tead TF may not be required for Db3 activity. D: mutation of the Cdx binding 
site however resulted in the almost complete absence of expression in GT, yet with some embryos still showing 
some weak expression in the distal GT (right). E: combined mutation of Cdx and Tead binding sites confirmed the 
role of Cdx as no embryo could elicit strong expression in GT. 
 
Using computational prediction of transcription factor binding sites within Db3 using 
MatInspector (Cartharius et al., 2005), we could define the putative positions where Cdx and 
Tead were binding, whereas no binding site for Barx was found in this fragment (Figure 
16B). We investigated in vivo the importance of these binding sites by measuring the effect of 
removing them from Db3 in transgenic assay. We thus prepared three new constructs to be 
cloned upstream of the lacZ reporter, either by removing the predicted Tead2 binding site 
found at the end of the Db3 (Db3 T2-), or by mutating the Cdx binding site (Db3 C1-) or by 
combining both (Db3C1-T2-).  
 
On the 25 Db3 T2- embryos displaying some ß-Gal activity, 23 showed expression in the GT 
(Figure 16C, left), yet with variable strength of expression (Figure 16C, Figure S5), indicating 
that Tead is not required for Db3 activity. The mutation of Cdx binding abolished the 
expression of the transgene in the external genitalia for 11 out of 20 embryos displaying ß-
Gal activity (Figure 16D, left), whereas for 7 of them we could still score a very weak activity 
in the distal dorsal side of the glans up to the entire genital tubercle, in the urogenital sinus or 
in the urethral plate (Figure 16D, right). But none could recapitulate the common strong 
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pattern from Db3 or Db3 T2-. The combination of both Cdx mutation and Tead2 removal 
confirmed the importance of the presence of the Cdx binding site as 10 embryos were lacking 
the usual signal in the GT and 2 embryos showed some lacZ activity (Figure 16E), yet again 
significantly weaker than the strong expression scored in Db3 T2- or Db3. Therefore, Cdx 
transcription factor may be an upstream regulator of the Db3 enhancer of Hoxd13 in GT.  
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3.2 Supplementary figures & tables 

 

 
Figure S1: centromeric deletions affect posterior genes expression 
Deletions within the centromeric gene desert also affect Hoxd10 to Hoxd12 transcription in GT. (A-D): each panel 
represents a different gene and the effect of centromeric homozygous deletions is given relative to WT (RT-qPCR, 
n=2). Data for digits are taken from (Montavon et al., 2011). 

 
 

 

 
Figure S2: Island D expression 
Whole mount staining for ß-Gal activity of embryos positive for the transgene Island D. All embryos showed 
expression in the GT, yet 2 were having a weaker staining. 
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Figure S3: Db3 T2- expression 
Whole mount staining for ß-Gal activity of embryos positive for the transgene Db3 T2- where binding site Tead 
was removed. All embryos showed expression in the GT and the pattern was often restricted to the dorsal side of 
the GT. Tead is thus not important for the activity of Db3. 
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Figure S4: Db3 C1-T2- expression 
Whole mount staining for ß-Gal activity of embryos positive for the transgene Db3 C1-T2- where binding site for 
Tead and Cdx were deleted or mutated, respectively. No embryo showed a strong expression in the GT while two 
animals were having a staining reminiscent of Db3, suggesting an important role for this binding site for the proper 
activity of the transgene. 

 

 
Figure S5: Db3 T2- GT with weaker staining 
The staining of the different transgenes was showing some variable strength of expression and here we present a 
few of these examples, from embryos positive for the transgene Db3 T2-. 
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Table 1: statistics for Islands B-F and sub-sequences of Island D transgenics 
 

 
Table 2: statistics for Islands I, II, III and IV transgenics 
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3.3 Discussion & perspectives 

Acquisition of digits and external genitalia was crucial for tetrapod adaptation to a terrestrial 
life (Kondo et al., 1997), providing animals to live on land with efficient locomotion and 
internal fertilization systems. The mechanisms of limb and GT development show intriguing 
similarities, both appendages budding as secondary axes of the embryo in a coordinated and 
polarized proximodistal outgrowth under the control of analogous signaling centers, the AER 
and the ZPA in digits (Saunders, 1948; Tickle, 1981), the distal urethral epithelium in genitals 
(Haraguchi et al., 2000; Suzuki et al., 2003; Yamada et al., 2006). This comparison also 
extends at the molecular level as essential regulatory genes such as members of the Fgf, Bmp, 
Wnt, Shh signaling pathways have similar functions in the morphogenesis of both structures 
(reviewed in (Yamada et al., 2006)), and Hoxd gene expression in the digits and the GT was 
proposed to be co-regulated under a coordinated shared mechanism (Kondo et al., 1997; Spitz 
et al., 2003; Spitz et al., 2001; van der Hoeven et al., 1996). The Hand-foot-genital human 
syndrome in which limbs and genital development are affected upon a mutation of Hoxa13 
(Mortlock and Innis, 1997) is another evidence of a common role for Hox genes in both 
structures. Our data suggest a similar developmental strategy for both tissues, and we show 
here that the mechanisms controlling Hox genes transcription are conserved between limb and 
external genitalia development, yet with specific fine-tuning. Our results thus indicate a 
possible common phylogenetic origin in the patterning of both digits and the GT. We also 
identified Cdx2 genes as a putative upstream regulator of Hoxd genes in external genitalia. 
 

3.3.1 A centromeric regulatory landscape controls Hoxd genes in GT 

3.3.1.1 Similar dynamic of Hox expression in GT and digits 

The dynamic of Hoxd genes expression in GT and digits resemble each other and our results 
confirm that their transcription follow a very similar reverse colinearity, with Hoxd13 being 
the most expressed gene in GT while Hoxd12 to Hoxd8 show progressively lower level of 
expression (Montavon et al., 2008). As described before in the limbs (Andrey et al., 2013; 
Montavon et al., 2011) as well as in the trunk (Noordermeer et al., 2011), there is a 
relationship between the activity of Hox genes and the global chromatin organization of Hox 
loci (reviewed in (Montavon and Duboule, 2013)). Active and inactive genes occupy distinct 
spatial compartments that are covered by H3K27ac or by repressive H3K27me3 histone 
marks, respectively. Our results from 4C and ChIP experiments indicate that such global 
regulation of Hox genes is also at work in the GT, with Hoxd active genes contacting the 
centromeric gene poor region labeled with H3K27ac to form an active domain, while inactive 
genes interacted with the telomeric gene desert that is enriched in H3K27me3, thus forming 
an inactive domain. The HoxA cluster 4C analysis also showed a similar clustering of 
contacts, defining two independent interactions domain for active and inactive genes in both 
digits and GT.  
 
Hoxd8 is silent in the forelimb digits while its transcription in GT is active both at E13.5 and 
E15.5, suggesting that Hoxd8 may be part of this regulatory landscape controlling posterior 
genes. The budding of the GT starts from progenitors at a time and position along the main 
anteroposterior axis of the embryo where Hoxd8 is already active whereas this is not the case 
for the forelimb progenitors where the chromatin is not yet open. We could thus not exclude 
that Hoxd8 expression measured in the GT comes from cells inherited from the trunk, but the 
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strong presence of the gene at E15.5 compared to E13.5 make it less likely. Interestingly, 
Hoxd8 and Hoxd4 could respond to digits enhancers upon deletions of more 5' located Hoxd 
genes (Tarchini and Duboule, 2006), suggesting there is no promoter specificity for this 
regulation. This may thus indicate that Hoxd8 is able to respond to the centromeric regulation 
in GT where the landscape could be larger compared to forelimb digits. 4C experiments from 
Hoxd8 viewpoint in forelimb versus hindlimb digits compared to similar profiles in GT would 
give more insight into this question.  
 
As Hoxc11 is transcribed in the GT and in the caudal part of the embryo, showing expression 
in the posterior half of the proximal hindlimb (Hostikka and Capecchi, 1998) as well as in the 
distal posterior domain of the hindlimb in chick (Logan and Tabin, 1999), it would also be of 
interest to compare the regulation of Hoxc11 in both tissues to further assess the similarities 
between digits and GT. 

3.3.1.2 Centromeric gene desert: gene poor, enhancer rich 

As for digits (Montavon et al., 2011), Hoxd transcription in GT relies in the presence of the 
region centromeric to the HoxD cluster that acts as a large regulatory landscape. Indeed, the 
removal of the region between Atf2 and the HoxD cluster leaded to an 80% loss of Hoxd13 to 
Hoxd10 expression in GT, highlighting a crucial regulatory role for this region. Serial 
deletions along the gene desert together with GCR and Prox showed that the region contains 
several elements required for the control of Hoxd gene expression in developing GT, that 
mostly act synergistically as their deletion results in partial downregulation that are not 
completely cumulative.  
 
Contrasting with the situation in digits, the first half of the gene desert between Atf2 and SB 
showed no impact on Hoxd13 transcription upon deletion in Del(Atf2-SB) homozygous 
embryos. Indeed, the expression of Hoxd genes was affected only in the combined absence of 
this sequence with its telomeric neighboring region Del(rel5-Atf2), resulting in a stronger 
effect than Del(rel5-SB) alone. This indicate that the first half of the centromeric gene desert 
should also contains regulatory elements, but the fact they can be deleted without loss of 
expression suggests that some redundancy of these enhancers may exist within rel5-SB, 
where independent regulatory elements are also present. Interestingly, while further 
characterization is still needed, these different deletions showed that Hoxd12, Hox11 and 
Hoxd10 expression in GT is less dependent on the sequence between SB an Atf2, suggesting 
that the enhancer found in this region may mainly control Hoxd13. 
 
The remaining 20% activity of Hoxd13 in the absence of the region between Atf2 and nsi in 
GT may rely on the presence of control elements either further centromeric, in the cluster 
itself or in the telomeric gene desert. However, transgenic mice carrying an additional human 
HoxD complex without surrounding sequences did not expressed human Hoxd posterior 
genes in the developing genitalia (Spitz et al., 2001). As the transgene was correctly 
expressed during trunk development, with similar domain of expression compared to 
endogenous genes, this data indicated that regulatory sequences controlling Hoxd gene 
expression in GT should localize outside of the cluster (Spitz et al., 2001). Almost all 
interacting partners identified by 4C with Hoxd13 in GT reside centromeric to the cluster up 
to Sp9 gene and very little were found in the telomeric side, indicating that some enhancers 
specific for the GT could be located between Atf2 and Sp9. This could also explain the 
upregulation of posterior Hoxd genes in Del(SB-Atf2) embryos, these putative regulatory 
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element getting closer to the cluster. As Sp9 is halfway between Itga6 and Hoxd13, the 
inversion between nsi and Itga6 dissociates Hoxd genes from all these centromeric sequences, 
relocating them at further distance after inversion, except Sp9. Surprisingly, this genomic 
reorganization had lower impact on Hoxd13 level of expression in GT compared to the effect 
of the deletion Del(nsi-Atf2). While we could not exclude that some regulatory elements 
centromeric to Sp9 are reinforced after inversion, it remains difficult to interpret this result 
because this large genomic rearrangement was shown to alter topological domains by 
disrupting centromeric and telomeric equilibrium of interactions in proximal forelimbs 
(Andrey et al., 2013). Furthermore, ectopic activation of Hoxd13 was shown in the caudal end 
of mutant embryo for the inversion (Tschopp and Duboule, 2010a) from where the GT 
develops. It is also important to note that this inversion carry a Hoxd11lacZ transgene that we 
showed to be imprinted, potentially leading to some regulatory side effects by inducing 
significant reorganization of the chromatin (Lonfat et al., 2013). The use of a large 
centromeric deletion between Dlx1 and GCR we generated recently would be of interest to 
further assess if other enhancers regulating HoxD genes in GT are located centromeric to 
Atf2. 4C experiments from the Island B or D will also show if their contacts are restricted 
within the centromeric gene desert, as described in the digits (Montavon et al., 2011). 

3.3.1.3 Common mechanisms of regulation for appendages 

Interestingly, such a control of Hoxd genes by cooperation of multiple enhancers spanning a 
large regulatory landscape is not only present in the centromeric gene desert for GT and digits 
(Montavon et al., 2011). Indeed a landscape containing several distinct regulatory regions on 
the telomeric side of the cluster controls Hoxd transcription in the early limb bud (Andrey et 
al., 2013) and in the developing cecum (Delpretti et al., 2013). The budding of these two 
different morphological and functional structures has been proposed to rely on a same genetic 
toolkit (Delpretti et al., 2013). Many similar molecular mechanisms are shared between digits 
and GT formation and further comparison with cecum and early limb would be of interest to 
understand the evolution of these regulations. 

3.3.2 Novel external genitalia enhancers 

Our analyses have identified different regions regulating Hoxd genes in the GT and several 
enhancers were further characterized by in-vivo evaluation of their activity in addition to 
Prox. While the Island D sequence can fully recapitulate the Hoxd13 domain of expression in 
GT, its deletion in Del(rel5-SB) embryos showed that although necessary, this element was 
not sufficient to properly regulate Hoxd genes in GT.  

3.3.2.1 Dissection of an external genitalia-specific enhancer 

The dissection of the Island D revealed that at least two sub-sequences were able to drive 
expression in the GT. While Db1 expression was restricted to the ventral part of the tubercle, 
Db2 and Db3 mostly showed staining in the full tubercle recapitulating the global Island D 
whereas Db4 showed staining in the GT of only one embryo. Many embryos transgenic for 
Db2, Db3 or mutated for Tead binding site showed a stronger expression along the dorsal side 
of the GT. This variable expression of the lacZ reporter, probably due to the copy number, the 
integration sites and the stability of the reporter gene product was somehow complementary 
to the pattern of expression of Db1. The presence of both sequences may thus lead to the 
stabilization or re-enforcement of the expression domain. Interestingly the dorsal swelling of 
the glans grows faster than the ventral side to eventually form most of its distal part, and time 
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laps analysis of ß-Gal activity in embryo eventually having a staining over the full GT started 
to express the transgene in the dorsal side of the GT first. 

3.3.2.2 Cdx as an upstream regulator? 

The dissection of the Island D enhancer into a small fragment Db3 of 340bp, sufficient to 
recapitulate Hoxd13 expression in GT, gave us the opportunity to search for upstream 
regulatory transcription factors interacting with this sequence. Little is known about the trans-
acting factors involved in the activation of Hox genes and isolation of such elements would 
help understanding the process of GT ontogenesis. We used a yeast one-hybrid system 
(Gubelmann et al., 2013) to map the trans-acting factors binding to Db2 and Db3 and Cdx2, 
Barx1/2 and Tead1/2 genes were found as candidates. While none is known to be involved in 
the development of the GT, Cdx2 was an interesting hit as Cdx family encodes homeobox 
factors that are also important for the anteroposterior patterning of the embryo (reviewed in 
(Deschamps and van Nes, 2005)) and that were shown to regulate Hox genes (Subramanian et 
al., 1995; van den Akker et al., 2002). Tead transcription factors are part of the Hippo 
signaling pathway that controls organ size, regulating cell proliferation and survival, and they 
are important for the notochord development (Pan, 2007; Sawada et al., 2008). Barx1 and 
Barx2 are homeobox-containing genes that are expressed in restricted areas of head and 
neck and in proximal limbs at low level (Jones et al., 1997) to regulate chondrogenesis 
(Meech et al., 2005) and they are also involved in foregut development by suppressing Wnt/β-
catenin signaling pathway (Woo et al., 2011). Using our RNA-seq data, we could define that 
Barx1 and Cdx1/2/4 genes are not expressed in the GT whereas Barx2 and Tead1 are 
transcribed at similar level than Hoxd11 and Tead2 is strongly expressed.  
 
A computational approach could isolate putative binding sites for Cdx and Tead genes in Db3 
and mutations in either Cdx, Tead or both binding sites revealed that the presence of Cdx core 
recognition site was necessary for proper transgenic lacZ expression in GT, suggesting that 
Cdx may indeed act upstream of Hox genes in this tissue. However, Cdx genes are not 
expressed in the GT, indicating either that another homeobox gene is actually binding the 
sequence that was not detected with the yeast one-hybrid screen, or that Cdx is affecting Hox 
expression at an early stage. Mutation of Cdx2 was shown to affect Hox genes in regions were 
Cdx2 is not expressed (van den Akker et al., 2002), suggesting that Cdx genes may modulate 
the future expression boundaries of Hox genes during Cdx-Hox interactions earlier in 
development (van den Akker et al., 2002). Interestingly, a recent study proposed that Cdx2 
binding could control the modification of Hox chromatin by inducing removal of repressive 
marks, thus assigning positional identity to dividing neural progenitors that will be retained in 
postmitotic motor neurons later in development (Mazzoni et al., 2013). Furthermore, while 
Cdx genes are not expressed in the GT, Cdx2/4 mutants showed upregulation of Raldh2 in the 
anlage of the genital tubercle, suggesting an early impact in caudal progenitors of cloacal 
tissues (van de Ven et al., 2011) from where the GT is budding. 
 
We could not exclude the possibility that Barx can still bind to Db3 as this negative result 
may be due to the use of default parameters of the computational tools that were to stringent. 
It is important to note also that both Barx and Cdx are homeobox genes and their core 
recognition sequence is the standard homeobox consensus TAAT, such that it is still possible 
they compete to bind the same site. Any other homeobox showing a similar staining in the GT 
compared to Db3 would in fact be a good candidate (such as Tbx4 or Alx4: personal 
communication of Martin Cohn, Pitx1 is as another example) and we could also not exclude 
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an auto- or cross-regulation effect of Hoxd13 or Hoxa13, yet this gene showed no interaction 
when the TF was transformed in our yeast. Interestingly, Bmp4 shows a very similar pattern 
of expression compared to the Island D and this gene was shown to be upstream of the Cdx-
Hox pathway during blood formation (Lengerke et al., 2008). While we focused only on Db3 
so far, it would be of interest to also analyze the binding sites present in the other islands 
described in this study and also check for the presence of Cdx2, either computationally or 
using ChIP experiment. 
 

3.3.3 A shared and potentially ancestral regulatory circuitry  

Previous studies reported the importance of the regulatory landscape centromeric to the HoxD 
cluster for coordinated expression of posterior Hoxd genes in digits and GT (Gonzalez et al., 
2007; Montavon et al., 2011; Spitz et al., 2003; van der Hoeven et al., 1996), suggesting a 
shared regulatory circuitry in both tissues. This region contains an archipelago of distinct 
remote enhancers controlling Hoxd genes transcription in digits (Montavon et al., 2011) and 
here we characterized different regulatory elements important for the transcription of Hoxd 
genes in the developing GT, using 4C and histone modifications profiles to identify them. 
Transgenic analysis of these sequences compared to the digits enhancers described before 
(Montavon et al., 2011) showed that not only the entire gene desert along with Prox and GCR 
is important for the expression of Hoxd genes in the digits and GT, but also that a global 
regulatory organization of the murine HoxD locus is shared in these secondary embryonic 
structures that were crucial for the adaptive radiation of tetrapods (Kondo et al., 1997). 
 
The multiple dispersed enhancers found in the centromeric gene desert, that confer robustness 
to the system, showed specific expression for the GT or the digits (Montavon et al., 2011). 
While some elements such as Island D or Island II were able to drive lacZ reporter gene 
specifically in GT or digits, respectively, analysis of other sequences showed that some 
regulatory modules were associated with expression in both structures (Prox or Island B).  
 
The comparison of the mechanisms controlling Hox genes transcription in digits and GT 
suggests a common phylogenetic origin of these regulations and this shared regulatory 
circuitry evolved specific fine-tuning for both tissues, by recruiting specific enhancers for 
their own adaptive values (Montavon et al., 2008b). While we have not yet studied in detail 
the regulatory role of the HoxA distal regulation in GT and digits, comparison of our 4C data 
using Hoxa viewpoints for both tissues also showed similar profiles of interactions, further 
suggesting a common evolutionary history.  

3.3.4 Chromatin organization and evolution of the regulations 

Recent genome wide studies of chromatin interactions revealed that mammalian genomes are 
organized into topological domains (Dixon et al., 2012; Nora et al., 2012) of preferential 
enhancer-promoter interactions (Shen et al., 2012). All genes tested in our 4C experiments are 
consistent with this observation as they showed preferential interactions within the 
surrounding defined topological domains. Interestingly, these structural distinct domains are 
often constitutive, regardless of the tissue (Dixon et al., 2012; Nora et al., 2012), and analysis 
of the Hox genes interactions profiles in the GT compared to brain, proximal or distal limbs 
and cecum shows that they are also mostly independent of the gene activity (Andrey et al., 
2013; Delpretti et al., 2013; Montavon et al., 2011). The chromatin organization may thus 
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foster the apparition of novel regulations via the accumulation of cis-regulatory elements 
within these domains that further stabilize or enhance the system, a process called "regulatory 
priming" (Gonzalez et al., 2007). 
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4 Transgene- and locus-dependent imprinting reveals 
allele-specific chromosome conformations 

4.1 Abstract 

"When positioned into the integrin α-6 gene, an Hoxd9lacZ reporter transgene displayed 
parental imprinting in mouse embryos. While the expression from the paternal allele was 
comparable with patterns seen for the same transgene when present at the neighboring HoxD 
locus, almost no signal was scored at this integration site when the transgene was inherited 
from the mother, although the Itga6 locus itself is not imprinted. The transgene exhibited 
maternal allele-specific DNA hypermethylation acquired during oogenesis, and its expression 
silencing was reversible on passage through the male germ line. Histone modifications also 
corresponded to profiles described at known imprinted loci. Chromosome conformation 
analyses revealed distinct chromatin microarchitectures, with a more compact structure 
characterizing the maternally inherited repressed allele. Such genetic analyses of well-
characterized transgene insertions associated with a de novo-induced parental imprint may 
help us understand the molecular determinants of imprinting." 
 
 
published as: Lonfat et al. Transgene- and locus-dependent imprinting reveals allele-specific 
chromosome conformations. Proc Natl Acad Sci USA (2013) vol. 110 (29) pp. 11946-51 
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When positioned into the integrin α-6 gene, an Hoxd9lacZ reporter
transgene displayed parental imprinting in mouse embryos. While
the expression from the paternal allele was comparable with pat-
terns seen for the same transgene when present at the neighbor-
ing HoxD locus, almost no signal was scored at this integration site
when the transgene was inherited from the mother, although the
Itga6 locus itself is not imprinted. The transgene exhibited mater-
nal allele-specific DNA hypermethylation acquired during oogene-
sis, and its expression silencing was reversible on passage through
the male germ line. Histone modifications also corresponded to
profiles described at known imprinted loci. Chromosome confor-
mation analyses revealed distinct chromatin microarchitectures,
with a more compact structure characterizing the maternally
inherited repressed allele. Such genetic analyses of well-character-
ized transgene insertions associated with a de novo-induced paren-
tal imprint may help us understand the molecular determinants
of imprinting.

epigenetic | architecture | enhancer | Hox genes

Genomic imprinting is a phenomenon observed in mammals
and marsupials, where some genes are expressed in a par-

ent-of-origin–specific manner, with one of two alleles being sta-
bly silenced during its passage through the germ line (1). As
such, imprinting can be considered as a regulatory process to
control gene expression, and the dysfunction of this mechanism
in humans leads to severe conditions, such as Angelman and
Prader–Willi syndromes. Although this allelic silencing is, thus,
admittedly of great benefit for the organism, both the evolu-
tionary and ontogenetic origins of this parental-specific gene
dosage remain unclear. Imprinted genes are usually associated
with differentially methylated regions, a DNA mark that acts as
the imprint to distinguish the parental alleles. In the mouse,
many imprinted genes seem to cluster together at particular
genomic loci under the regulation of a single major differentially
methylated region called the imprinting control region (ICR).
The ICR may, thus, control the imprinting for the full gene
cluster, which can contain both maternally and paternally
expressed genes as well as genes transcribed irrespective of pa-
rental origin (2, 3).
Several mechanisms have been proposed to account for im-

print-associated gene silencing. One possibility is to directly
trigger monoallelic DNA methylation followed by a repressive
chromatin environment over one allele, whereas the other allele
remains active. Gene transcription may be another mechanism
used when the ICR contains the promoter for a noncoding RNA,
which may target methylation and repressive histone mod-
ifications to imprinted genes (4–7). Imprinting may also rely on
the presence of an insulator within the ICR, which restricts the
activity of shared enhancers to either one of the target genes (8).
The specificity of DNA methyltransferases (9) for ICRs and the
maintenance of these marks throughout development at a time
when the embryo undergoes genome-wide demethylation (10,
11) is poorly understood. Although some chromatin modifica-
tions can prevent de novo DNA methylation, others facilitate the
recruitment of DNA methyltransferases (12–16). DNA or chro-
matin marks at ICRs are acquired in the germ line and persist

after fertilization in the developing embryo; eventually, they are
erased during gametogenesis. This epigenetic reprogramming
ensures a proper transmission of imprinted loci to the following
generation, with appropriate parent-of-origin–specific gene ex-
pression. Defects in these processes have been reported to lead to
severe congenital syndromes as well as cancer and obesity (17).
The HoxD locus is a cluster of genes with important functions

during embryonic patterning. These genes are regulated through
both local and long-range mechanisms, including regulatory
sequences located within large flanking centromeric gene
deserts. Although no imprinted region has been identified on this
large genomic landscape on mouse chromosome 2 (18–20), some
reports mention that the human syntenic region 2q31 may con-
tain imprinted genes involved in bipolar affective disorder (21)
and obesity (22). By studying long-range gene regulation at this
locus, we noticed that a lacZ reporter transgene inserted into the
Itga6 gene displayed a clear parent-of-origin transcription.
Transgene-induced imprinting was previously reported in several
cases but generally in a position-independent manner (23–27).
Here, we show that lacZ expression is silenced when the trans-
gene is inherited from the mother and that this silencing is
position-dependent, because the same transgene relocated
nearby was not imprinted. We also show that the two alleles
adopt different 3D conformations, and we describe how this
local imprint impacts on the enhancer activity and expression of
neighbor genes.

Results
Allele-Specific and Position-Dependent Expression of a lacZ Reporter
Transgene. The mouse HoxD gene cluster is flanked by a centro-
meric gene desert (28) containing remote enhancer sequences
necessary to control Hoxd gene transcription in developing digits
(29). To investigate this complex regulation, we undertook a tar-
geted transgenic approach, where an Hoxd9lacZ reporter trans-
gene was inserted into several sites upstream of HoxD to capture
regulatory influences. Whenever this transgene was inserted
within 1 Mb of centromeric DNA, lacZ expression in developing
digits was observed, showing its capacity to respond to the in-
fluence of the strong enhancers located nearby (30). We induced
a large inversion by using a loxP site contained in the Hoxd9lacZ
transgene targeted to the rel5 position (Fig. 1A) and another loxP
site located in the Itga6 locus (31). This 2.7-Mb large inversion
[HoxDInv(rel5-Itga6)] repositioned both the lacZ reporter transgene
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and the whole centromeric gene desert into the Itga6 locus
(Fig. 1B). Because enhancer sequences were inverted, lacZ ac-
tivity was still scored in presumptive digits (Fig. 1C), whereas
the endogenous, noninverted Hoxd13 gene was severely down-
regulated, because it was disconnected from the inverted
enhancers (29).
When males were used to propagate the transgene, a strong

lacZ staining was scored. In contrast, when the transgene was
transmitted through the mother, F1 progenies surprisingly
revealed either a very weak or no lacZ staining at all (Fig. 1C,
Right). Females and males carrying the HoxDInv(rel5-Itga6) allele
were, thus, crossed to WT mice, and 309 embryos were stained
between embryonic day 10.5 (E10.5) and E13.5. Of 87 embryos
with the transgene inherited from the father (+/Paternal), 76
(87%) embryos showed the expected signal, whereas only 8 of 92
(9%) embryos carrying a transgene transmitted by the female
(Maternal/+) displayed the expected lacZ activity (Fig. S1), thus
suggesting that the Hoxd9lacZ transgene was maternally
imprinted at this locus. This silencing on the maternal chro-
mosome was not always complete, and some embryos escaped
to different extents; 33% of Maternal/+ transgenic animals
showed intermediate expression of the lacZ gene from little
staining to almost no repression at all with a β-gal pattern
comparable with +/Paternal transgenic animals (Fig. S1).
These escapers, which were often littermates, usually showed
distinct reduced patterns of expression, with clonal patches of
cells and streaks showing lacZ activity. Likewise, some +/Paternal

transgenic animals showed little or no expression but with a much
lower frequency (12%).
When located at its rel5 position, before the inversion, the

transgene showed no expression bias (Fig. 1C, Left), indicating
that the imprinting was site-specific. We next assayed whether
imprinting was transgene-specific by introducing another trans-
gene into Itga6. We used an Hoxd11lacZ transgene inserted
upstream of Hoxd13 (32) to induce an inversion repositioning
the transgene within the exact same breakpoint in the Itga6 locus
[HoxDInv(TgHd11lacNsi-Itga6)] (33) (Fig. S2). As for Hoxd9lacZ, the
inverted Hoxd11lacZ was strongly repressed when inherited from
the mother, while active when inherited from the father. Before
inversion, imprinting was again not observed (Fig. S2). We
assessed whether the parent-of-origin trait of these transgenes
was dependent on the integration site by analyzing other rear-
rangements where a lacZ transgene was inserted at various
positions within the HoxD centromeric landscape. None of them
revealed any parental-specific expression (Fig. S2) (29, 32, 34–36).
Altogether, these results indicated that maternal repression was
position-dependent and only occurred at the Itga6 locus.

lacZ-Specific and Itga6 Locus-Specific Imprinting. We next in-
vestigated whether the lacZ sequence was required to initiate
maternal imprinting and analyzed the HoxDInv(HoxDRVIII-Itga6)

inversion, which carries no transgene but breaks the HoxD cluster
between Hoxd11 and Hoxd10 and thus, relocates the native
Hoxd11 gene into the Itga6 locus (Fig. S3) (37). As a conse-
quence, Hoxd11 was placed at the same position as the imprinted
Hoxd11lacZ transgene but without any lacZ sequence. We
crossed mice carrying this inversion with mice lacking Hoxd11
(38) to compare the expression of Hoxd11 after either paternal or
maternal inheritance. In situ hybridization and quantitative RT-
PCR (RT-qPCR) quantifications revealed no significant variation
in Hoxd11 expression levels when derived from either parental
allele (Fig. S3). Therefore, the presence of lacZ sequence was
required to elicit maternal repression.
Because exogenous sequences may acquire the imprinted

status of their insertion sites or potential imprinted genes located
nearby (39), we assessed the allelic expression of the Itga6
gene by RT-qPCR. E12.5 digits mRNA was collected from either
+/Paternal or Maternal/+ HoxDInv(rel5-Itga6) embryos. For each
embryo, remaining body parts were separately stained for β-gal
activity to ascertain that limbs from escaper embryos were not
included. Because this modified allele carries an in cis deletion of
exon 25 (31), we distinguished the parental origin of the Itga6
alleles by using this polymorphism (Fig. S4). We used specific
primers for this exon and did not detect any difference in ex-
pression levels between the paternal and maternal copies of Itga6
(Fig. S4). This result suggested that the Itga6 gene is not
imprinted (at least for transcripts including exon 25), although
the repression of both the Hoxd9lacZ and Hoxd11lacZ trans-
genes, when coming from the mother, was specific to this locus.

Methylation Status of the Transgene and Chromatin Marks. Both
DNA methylation and the methylation of specific histone resi-
dues are associated with imprinting. Transgenes can drive par-
ent-of-origin–dependent methylation (25), and repressed genes
are generally methylated at their promoters. We compared DNA
methylation profiles of Maternal/+ vs. +/Paternal HoxDInv(rel5-Itga6)

heterozygous embryos by performing bisulfite sequencing on
DNA isolated from developing digits using a set of primers
specific for the transgene. DNA methylation over this region
corresponded to the activity of the transgene; the maternally in-
herited transgene showed almost 100% of methylation, whereas
the paternal copy showed no methylation at all (Fig. 2A). Ma-
ternal escaper embryos showed a variable but lower rate of
methylation (Fig. 2B). We also looked at the DNA methylation
in germ cells of animals heterozygous for the transgene, and
methylation was scored in oocytes but not sperm cells, illustrat-
ing a genuine maternal imprinting (Fig. 2C). The germ cells
samples displayed the expected control patterns of methylation
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Fig. 1. Allele-specific expression of a lacZ transgene positioned inside the
Itga6 locus. (A) Scheme of the HoxDrel5 allele. An Hoxd9lacZ transgene (blue)
was inserted into the rel5 site along with a loxP site (red). On the same
chromosome, another loxP site with an opposite orientation is present
within the Itga6 gene (red) substituting for a deletion of exon 25 (31). (B)
Scheme of the same locus after the HoxDInv(rel5-Itga6) inversion was induced.
As a result, the Hoxd9lacZ transgene is repositioned within Itga6 2.7 Mb
away from its original insertion site. Digit enhancer sequences (green) active
on HoxD cluster genes are inverted along with the reporter transgene. (C)
Whole-mount staining of β-gal activities of embryos heterozygous for the
transgene (Left) before and (Right) after the inversion. Embryos carrying
either a paternally or a maternally inherited transgene are marked +/Paternal
or Maternal/+, respectively. In Left, β-gal reporter activities show strong and
comparable patterns independent of parental inheritance. Staining is observed
in the brain and the spinal cord (open arrowheads) as well as in the developing
digits in response to the nearby-located enhancers. Right shows the imprinting
of the Hoxd9lacZ transgene after inversion when inherited from the mother
with an almost complete absence of staining. In HoxDInv(rel5-Itga6) +/Paternal
fetuses, staining persists in both the CNS and the digits (arrowheads), with
some expression sites likely imposed by the unique transgene environment.
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for H19 and Snprn (Fig. S5) (40). In addition, differential
methylation was (as expected) not detected on the transgene in
noninverted HoxDrel5 animals (Fig. 2D), and the analysis of the
Hoxd11 gene without the lacZ component when positioned within
the Itga6 locus [HoxDInv(HoxDRVIII-Itga6)] (Fig. S5) also showed no
difference in DNA methylation patterns.
We investigated the trimethylation of H3K9, which usually

covers repressive heterochromatin. This mark was described at
most known ICRs (41) along with other specific inactive marks,
such as H4K20me3 (42). We performed ChIP on HoxDInv(rel5-Itga6)

heterozygous mutant brains and digits using antibodies directed
against these repressive marks as well as H3K27me3. A com-
parison between maternally and paternally inherited transgenes
showed an enrichment of both H3K9me3 and H4K20me3 over
the Hoxd9 promoter and lacZ on the repressed allele compared
with the active allele in both tissues (Fig. S6). The transgene was
not active in the brain and covered by repressive H3K27me3
marks in +/Paternal heterozygous embryos, whereas H3K9me3
decorated the transgene in Maternal/+ embryos (Fig. S6). These
results emphasized that maternal imprinting likely occurred in all
embryonic cells. Studies of the offspring from a second genera-
tion of Hoxd9lacZ heterozygous mice showed that the imprint
was reversible after passage through the germ line, such that
males who had received a silent allele from their mother gave
rise to lacZ-positive progeny (12 of 12), whereas female mice
transmitted a silenced transgene (3 of 3). These epigenetic marks
were, thus, correctly reset at each generation, such as for en-
dogenous imprinted genes.

Allele-Specific 3D Conformations. We could assess potential allelic
differences in 3D architectures by using the lacZ as a bait in
chromosome conformation capture experiments. We previously
showed that the enhancer elements controlling Hoxd13 tran-
scription in digits physically interact with the HoxD cluster (29)
and that some of these contacts exist in tissues where Hox genes

are inactive, suggesting the presence of a preformed regulatory
structure independent from the state of activation (29, 43) and
matching a reported topological domain (44, 45). We could,
thus, analyze the 3D conformation of this locus in either tran-
scriptionally active or silenced states in the same cellular pop-
ulation. Allele-specific chromosome conformation capture was
first performed on digits dissected from HoxDrel5 embryos (i.e.,
specimen carrying the transgene before inversion). In these
animals, the lacZ pattern correlates with the WT Hoxd13 ex-
pression domain, regardless of parental origin. Primers within
the lacZ reporter gene were used to identify interacting DNA
sequences. As expected, most of these interactions involved
sequences located within the gene desert centromeric to HoxD,
and strong contacts were scored with the various enhancers
previously described to control Hoxd13 transcription in this
embryonic tissue (Fig. 3A). The interaction profiles were in-
distinguishable when established from either a paternally or
a maternally inherited transgene.
We next used the same bait to assess the spatial conformation

of the locus in HoxDInv(rel5-Itga6) inverted animals. In +/Paternal
heterozygous embryos, the Hoxd9lacZ exogenous DNA con-
tacted again all of the regulatory islands, which had been
inverted along with the transgene (Fig. 3 B and C). In contrast,
the interactions with either HoxD cluster genes or other digits
enhancers located between the HoxD cluster and the rel5 in-
version breakpoint were absent as expected. However, new
contacts were gained in the other side of the integration site,
reflecting spontaneous interactions between the transgene and
its novel genomic environment. We then looked at chromosome
conformation when the inverted allele was inherited from the
mother (i.e., when lacZ staining was not detected in digits). The
silenced allele showed a more compact domain of interactions
(ca. 70-kb large and equally distributed on both sides of the
breakpoint), suggesting a tight folding of the transgene with
closely neighboring DNA unlike the paternally inherited allele,
where the bulk of contacts was mostly biased to the inverted gene
desert and its enhancers (Fig. 3B). Noteworthy, the contacts
established between the paternally inherited transgene with the
digit enhancers were no longer observed in the maternally
inherited copy (Fig. 3C). In fact, this allelic difference in chro-
mosome conformations was more marked than the difference
observed at the same HoxD locus between active and inactive
tissues (29), suggesting that imprinted loci may generally display
distinct allelic conformations associated with the two alleles (45).

Regulatory Side Effects of Imprinting. The comparison between
interaction profiles on both paternal and maternal HoxDInv(rel5-Itga6)

inverted alleles revealed an unexpected effect. In digit cells, the
active paternal Hoxd9lacZ transgene established significant
contacts with the Dlx1/Dlx2 locus, which is located ca. 300 kb
centromeric to the Itga6 breakpoint (Fig. 4A). In the maternal
allele, the imprinted configuration prevented these contacts from
occurring, which was seen by the absence of any 4C signal over
the Dlx genes. In this case, the compaction of the locus isolated
the transgene from both the digit enhancers (Fig. 3C) and the
Dlx locus. Dlx genes are expressed during limb development
mostly in the apical ectodermal ridge (i.e., where Hoxd genes are
not transcribed). Thus, we checked if the contacts between the
lacZ transgene and the Dlx locus initiated in the +/Paternal in-
version would lead to a transcriptional enhancement of Dlx genes
in digits after the inversion had positioned the digit enhancers
closer to the Dlx locus than in the WT situation (Fig. 1 A and B).
We assessed the expression of both Dlx1 and Dlx2 by RT-

qPCR in digits dissected from E12.5 embryos. In the paternally
transmitted inversion, an increase in both Dlx1 and Dlx2 mRNAs
levels was observed; these genes became regulated in digits along
with the lacZ transgene, which was anticipated from the 4C
profiles. This twofold increase was significant but not dramatic
(Fig. 4B), indicating that the digit enhancers may preferentially
target the Hoxd9lacZ transgene. Unexpectedly, however, the
transcriptional enhancement of Dlx genes was reenforced when
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Fig. 2. Transgene imprinting is associated with differential allelic DNA
methylation acquired in the germ line. (A) Methylation profiles on DNA
from E12.5 presumptive digits of nonescaper HoxDInv(rel5-Itga6) Maternal/+
or +/Paternal embryos using transgene-specific primers (Table S1). (B) Same
analysis using escaper embryos. The methylation rate is strongly reduced,
with variations between samples reflecting the variable expression of the
transgene. (C) Analysis of oocytes and sperm from the inverted allele shows
germ line-acquired methylation. (D) Differential methylation over the trans-
gene was not found in noninverted animals.
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the inverted allele was inherited from the mother, despite the
absence of 4C contacts between the lacZ reporter transgene and
the Dlx locus. In this case, the increase in transcripts levels was
between four- and sixfold (Fig. 4B). This result suggested that,
because the imprinting prevented contacts from occurring be-
tween the transgene and the enhancers, these enhancers were
free to be partially reallocated to the Dlx locus.

Discussion
Parental imprinting leads to the nonexpression of either the
maternal or the paternal allele, generally in all cells of the or-
ganism, and thus, it is an efficient regulatory mechanism to
properly dose gene products. Among the various approaches
used to understand the molecular bases of this epigenetic con-
trol, the analysis of imprinted transgenes can be instrumental
(23–27). The imprinting that we describe here displays the hall-
marks associated with this process. The silent version of the
transgene was highly methylated at both the DNA and the par-
ticular residues of histone, two features ensuring correct allelic
expression. Allele-specific silencing was reversible, because the
passage through the opposite germ line could reset the imprint,
and the epigenetic nature of the repression was confirmed by
the analysis of oocytes and sperm, showing maternal germ line-
specific DNA methylation.

Sequence-Specific and Position-Dependent Imprinting. However,
this imprinting was locus-dependent, because the same trans-
gene, which was maternally repressed when inserted at the Itga6
locus, was readily expressed by both alleles when located at
neighbor sites within a ca. 2-Mb-long DNA interval. Another
lacZ-containing transgene also showed imprinting when moved
into Itga6, showing that imprinting at this site was promoter-

independent. Also, when the same DNA sequence without the
lacZ gene was positioned at this site, imprinting was not ob-
served. From this information, we conclude that, in this instance,
(i) the imprinting is triggered by the lacZ sequence, and (ii) this
sequence must be positioned into the Itga6 locus, which is itself
not imprinted. The fact that the lacZ sequence may cause DNA
methylation is not surprising (46), and a generic mechanism at
work in the female germ line may recognize this sequence and
deposit an imprint. However, this process does not explain the
locus specificity reported in this work, a feature suggesting that
particular DNA regions may be more prone than others to be
imprinted if the right DNA sequences are there. Because some
genes expressed from both alleles have been described inside
imprinted clusters (47), another locus located nearby Itga6 could
be imprinted and impact on a transgene inserted in the vicinity.
Also, the biallelic expression of Hoxd11 when relocated into
Itga6 may be sustained by the neighboring of Hoxd13, which was
inverted along with all its digit enhancers. A robust transcription
of this latter gene remains in this inversion (48), which may
somehow counteract the imprinting process.

Allele-Specific Chromosome Conformation and Side Effects. By using
the lacZ reporter transgene as a viewpoint, we assessed the in-
teraction profiles of this exogenous DNA in an allele-specific
manner and showed the formation of clearly distinct, parent-
of-origin interaction domains, which are similar to what was
reported on the X chromosome (45, 49). In the imprinted ma-
ternal allele, contacts were mostly observed around the insertion
site, suggesting a compaction of the chromatin over a ca. 140-kb
large domain centered on the lacZ reporter transgene. The size
of this domain indicates the extent of endogenous DNA that can
be directly affected by the presence of the imprinted piece of
DNA. Whether these increased contacts were caused by the
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spreading of epigenetic marks (H3K9me3, H4K20me3, and DNA
methylation) from the lacZ reporter gene to flanking sequences
remains to be assessed. On the repressed allele, although some
contacts were still observed between the inverted gene desert and
the transgene, interactions with the digits enhancers were lost,
although their topological relationship with the target Hoxd9lacZ
promoter remained unchanged after inversion. This observation
was expected, because the imprinted transgene was no longer
transcribed in these cells. Interestingly, however, this result
showed that even such a robust regulatory mechanism (29), which
normally sustains one of the strongest transcriptional outcomes
during development (50), is unable to elicit any response from the
reporter transgene when imprinted, thus illustrating the re-
markable efficiency of the inherited repressive configuration.
The loss of contacts between digits enhancers and the trans-

gene in the imprinted allele likely favored a reallocation of these
regulatory elements to the Dlx1/2 locus (Fig. 4C). Some contacts
between this latter locus and the lacZ transgene were observed in
the paternal, nonimprinted allele in association with a slight gain
of expression of both genes in digits. We hypothesize that, after
inversion, the Dlx1/2 locus was included into a novel regulatory
landscape under the control of digit enhancers. In the paternal
allele, however, most of the contacts established by the lacZ
transgene were biased to the inverted gene desert (Figs. 3 and
4D). In the imprinted allele, the transgene and surrounding
sequences were excluded from this landscape because of the
repressive configuration, and hence, the digit enhancers in-
creased their interactions with the Dlx locus (Fig. 4).
Whether such enhancer reallocations routinely occur around

imprinted loci remains an open question. Although the induced
side effects may be functionally neutral in many instances, the
potential of imprinting as a way to globally regulate enhancer–
promoter interactions over large distances should not be over-
looked. High-throughput studies have revealed that chromo-
somes are organized into domains of preferential regulatory
interactions (44, 45), and our results suggest that the presence of
an imprinted locus within such a domain may lead to a significant

reorganization, which may not be visible until allele-specific
approaches are considered in the definition of such domains (45,
49). In any case, the potential role of imprinting in organizing
enhancer–promoter interactions may be difficult to evaluate,
because its benefit may occur in restricted cell populations that
are not yet amenable to genome-wide studies.

Variability in Transgene Silencing. The imprinting reported here
shows an unusual frequency of escapers with both the maternal
and paternal alleles. Maternal escapers (escaping repression)
came as a significant number and displayed patterns of variega-
tion different from one another. For example, some embryos
displayed staining in a given tissue but not in another tissue
rather than having a general increase of the β-gal staining every-
where. Such a tissue-specific variability can hardly be explained
by the sole defect in the initial imprinting process and must in-
volve cellular-specific component. In this view, it is possible that
enhancers can sometimes win over repressive configuration and
still elicit a transcriptional response from an imprinted locus. This
mechanism may be helped by a somehow weaker repression,
which would derive from the initial imprinting process, and such
escapers may, thus, reflect the combination of both factors. The
study of such escapers over several generations will be of interest
in this respect.
Paternal escapers were less frequent, but 1 of 10 embryos did

not express (or weakly express) lacZ. The low frequency and
variability of these escapers made their study difficult. One
possibility is that this repression was caused by other mechanisms
used to silence exogenous DNA. In fact, should the same fre-
quency of nonimprinted but silenced embryos be present within
the pool of maternally imprinted embryos, they would remain
unnoticed. Alternatively, the presence of the transgene may in-
duce either maternal or paternal imprinting but with different
frequencies. Finally, it is also conceivable that, after inversion,
the enhancer–promoter interactions were weakened because of
a new genomic topology leading to the weak or nonexpression of
the transgene in some cases. In this context, one should re-
member that the 4C approach shows an average of contacts
taken at a given time for a pool of cells, and hence, it merely
reflects a trend, thereby diluting potential distinct configurations
formed at low frequency.

Material and Methods
Mouse Strains, in Situ Hybridization, and lacZ Staining. All strains were de-
scribed before: HoxDrel5 (29), HoxDInv(rel5-Itga6) (29), HoxDTgHd11lacNsi (32),
HoxDInv(TgHd11lacNsi-Itga6) (33), HoxDInv(HoxDRVIII-Itga6) (37), HoxDDelRXIIDel(13-8) (38),
HoxDTpSB1 (36), HoxDDel(TpSB1-Atf2) (29), and HoxDInv(TpSB1-Itga6) (51). Geno-
typing conditions are found in the references mentioned above. Mice het-
erozygous for the inversion HoxDInv(HoxDRVIII-Itga6) were crossed with animals
carrying a deletion from Hoxd8 to Hoxd13 [HoxDDelRXIIDel(13-8) or ∆]. Whole-
mount in situ hybridization and lacZ staining were performed using stan-
dard protocols. The Hoxd11 in situ hybridization mouse probe has been
described previously (52).

Bisulfite Sequencing. Genomic DNA was isolated from E12.5 digits, and β-gal
activity was assessed on the remaining parts of the embryos to discard
escapers. Germ cells were collected directly in 40 μL DNA lysis buffer of 33 mM
Tris·HCl (pH 8), 1 mM EDTA, and 10 mg/mL SDS; 2.5 μL sperm were squeezed
from vas deferens, and oocytes (160 and 212 per tube) were collected from
superovulated females (3–6 wk postpartum). Sodium bisulfite conversion
and cleanup for methylation analysis of either 1 μg DNA (not digested) from
digits or total volume of germ cells in lysis buffer were performed using the
QIAGEN EpiTect Bisulfite Kit. For the analysis of the transgene, single-round
PCR amplification was performed using specific unbiased primers (Table S1)
for the converted DNA. H19 and Snrpnwere used as controls (40). Analysis of
clones was performed using the BISMA web interface (53) or the BiqAna-
lyzer software (54). Clones were accepted at a conversion rate of 95%, and
detection of clonal molecules based on nonconverted cytosine or base error
was used to avoid clones originating from same template DNA. For oocytes,
the conversion rate was around 80%. Lollipop methylation plots were
generated with BiqAnalyzer.
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(A) Dlx1 and Dlx2 located 300 kb upstream of the loxP site within Itga6
(Fig. 1B). Allele-specific 4C shows strong interactions between Dlx genes and
the transgene when active (+/Paternal) in contrast to the silenced state
(Maternal/+). (B) RT-qPCR on mRNA from E12.5 HoxDInv(rel5-Itga6) digits (here
n = 2). Dlx genes are up-regulated in both the paternal and maternal
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and D) Hypothetical conformations of the inverted Hoxd9lacZ allele when
(C) maternally or (D) paternally inherited. (C) On maternal repression,
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digits enhancers present in the inversion and the transgene. As a conse-
quence, these regulatory elements are hijacked by the Dlx locus. (D) In
contrast, in the active allele, the transgene interacts with the digits
enhancers, thus reducing the interaction with the Dlx locus.
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RNA Extraction, RT-qPCR, and ChIP. E12.5 digits were stored at −80 °C in
RNAlater RNA Stabilization Reagent (Ambion) before genotyping. RNA was
extracted using the QIAGEN RNeasy Plus Micro Kit after tissue disruption and
homogenization. Reverse-transcription qPCR analyses were performed using
the primers listed in Table S1. ChIP–RT-qPCR (55) was carried out on E12.5
digits and brains of nonescaper embryos. One-half of a forebrain or pools of
six pairs of distal limbs fixed for 15 min in 1% formaldehyde in PBS were
used for each ChIP using 4 μL anti-H3K9me3 (pAb-056-050; Diagenode),
H3K27me3 (17–622; Millipore), or H4K20me3 (ab9053; abcam) antibodies
and immunoprecipated with EZview Red Protein G/A Affinity Gel Beads from
Sigma (primers for RT-qPCR are in Table S1).

Chromosome Conformation Capture and Tiling Array Analysis. 4C analysis was
as described (29) using E12.5 digits; 2% formaldehyde-fixed nuclei from
collagenase-dissociated tissues were stored at −80 °C before genotyping.
Pools of 10 pairs of mutant digits were used for each 4C analysis using DpnII
restriction enzyme to identify interacting partners of the lacZ sequence

from the transgene (primers are in Table S1), allowing for an allele-specific
conformation capture. 4C libraries were fragmented, and then, they were
labeled and hybridized on chromosome 2 Affymetrix tiling arrays. For
HoxDInv(rel5-Itga6) heterozygous embryos, two independent experiments were
conducted for both parental transmissions. Tiling Analysis Software from
Affymetrix was used to extract and analyze raw hybridization using gDNA
input to normalize (29). Log2 data were plotted on University of California
Santa Cruz genome browser after genome conversion (mm5 to mm9).

ACKNOWLEDGMENTS. We thank B. Mascrez and S. Gitto for their help with
mice as well as P. Schorderet for his advice for the ChIP and all members of
the D.D. laboratories for discussions and reagents. We also thank M.
Docquier, C. Barraclough, and D. Chollet from the National Centre of
Competence in Research genomic platform, the D. Trono laboratory for
sharing primers, and Anne Ferguson-Smith for her advice and helpful
comments on the manuscript. This work was supported by funds from the
University of Geneva; the Ecole Polytechnique Fédérale, Lausanne; the Swiss
National Research Fund; and the European Research Council (ERC).

1. Ferguson-Smith AC, Surani MA (2001) Imprinting and the epigenetic asymmetry be-
tween parental genomes. Science 293(5532):1086–1089.

2. da Rocha ST, Edwards CA, Ito M, Ogata T, Ferguson-Smith AC (2008) Genomic im-
printing at the mammalian Dlk1-Dio3 domain. Trends Genet 24(6):306–316.

3. Ferguson-Smith AC (2011) Genomic imprinting: The emergence of an epigenetic
paradigm. Nat Rev Genet 12(8):565–575.

4. Kacem S, Feil R (2009) Chromatin mechanisms in genomic imprinting.Mamm Genome
20(9-10):544–556.

5. Chotalia M, et al. (2009) Transcription is required for establishment of germline
methylation marks at imprinted genes. Genes Dev 23(1):105–117.

6. Pauler FM, Koerner MV, Barlow DP (2007) Silencing by imprinted noncoding RNAs: Is
transcription the answer? Trends Genet 23(6):284–292.

7. Edwards CA, Ferguson-Smith AC (2007) Mechanisms regulating imprinted genes in
clusters. Curr Opin Cell Biol 19(3):281–289.

8. Verona RI, Mann MRW, Bartolomei MS (2003) Genomic imprinting: Intricacies of
epigenetic regulation in clusters. Annu Rev Cell Dev Biol 19:237–259.

9. Kaneda M, et al. (2004) Essential role for de novo DNA methyltransferase Dnmt3a in
paternal and maternal imprinting. Nature 429(6994):900–903.

10. Reik W, Dean W, Walter J (2001) Epigenetic reprogramming in mammalian de-
velopment. Science 293(5532):1089–1093.

11. Rougier N, et al. (1998) Chromosome methylation patterns during mammalian pre-
implantation development. Genes Dev 12(14):2108–2113.

12. Ooi SKT, et al. (2007) DNMT3L connects unmethylated lysine 4 of histone H3 to de
novo methylation of DNA. Nature 448(7154):714–717.

13. Feil R (2009) Epigenetics: Ready for the marks. Nature 461(7262):359–360.
14. Zhao Q, et al. (2009) PRMT5-mediated methylation of histone H4R3 recruits DNMT3A,

coupling histone and DNA methylation in gene silencing. Nat Struct Mol Biol 16(3):
304–311.

15. Ciccone DN, et al. (2009) KDM1B is a histone H3K4 demethylase required to establish
maternal genomic imprints. Nature 461(7262):415–418.

16. Jia D, Jurkowska RZ, Zhang X, Jeltsch A, Cheng X (2007) Structure of Dnmt3a bound
to Dnmt3L suggests a model for de novo DNA methylation. Nature 449(7159):
248–251.

17. Butler MG (2009) Genomic imprinting disorders in humans: A mini-review. J Assist
Reprod Genet 26(9-10):477–486.

18. Williamson CMBA, et al. (2010) Mouse Imprinting Data and References. Available at
http://www.har.mrc.ac.uk/research/genomic_imprinting/. Accessed May 10, 2013.

19. Luedi PP, et al. (2007) Computational and experimental identification of novel human
imprinted genes. Genome Res 17(12):1723–1730.

20. Luedi PP, Hartemink AJ, Jirtle RL (2005) Genome-wide prediction of imprinted murine
genes. Genome Res 15(6):875–884.

21. Cichon S, et al. (2001) A genome screen for genes predisposing to bipolar affective
disorder detects a new susceptibility locus on 8q. Hum Mol Genet 10(25):2933–2944.

22. Guo Y-F, et al. (2006) Assessment of genetic linkage and parent-of-origin effects on
obesity. J Clin Endocrinol Metab 91(10):4001–4005.

23. Swain JL, Stewart TA, Leder P (1987) Parental legacy determines methylation and
expression of an autosomal transgene: A molecular mechanism for parental im-
printing. Cell 50(5):719–727.

24. Surani MA, Reik W, Allen ND (1988) Transgenes as molecular probes for genomic
imprinting. Trends Genet 4(3):59–62.

25. Sasaki H, et al. (1991) Inherited type of allelic methylation variations in a mouse
chromosome region where an integrated transgene shows methylation imprinting.
Development 111(2):573–581.

26. Allen ND, et al. (1988) Transgenes as probes for active chromosomal domains in
mouse development. Nature 333(6176):852–855.

27. DeLoia JA, Solter D (1990) A transgene insertional mutation at an imprinted locus in
the mouse genome. Dev Suppl 1990:73–79.

28. Lee AP, Koh EGL, Tay A, Brenner S, Venkatesh B (2006) Highly conserved syntenic
blocks at the vertebrate Hox loci and conserved regulatory elements within and
outside Hox gene clusters. Proc Natl Acad Sci USA 103(18):6994–6999.

29. Montavon T, et al. (2011) A regulatory archipelago controls Hox genes transcription
in digits. Cell 147(5):1132–1145.

30. Kondo T, Duboule D (1999) Breaking colinearity in the mouse HoxD complex. Cell
97(3):407–417.

31. Gimond C, et al. (1998) Cre-loxP-mediated inactivation of the alpha6A integrin splice
variant in vivo: Evidence for a specific functional role of alpha6A in lymphocyte mi-
gration but not in heart development. J Cell Biol 143(1):253–266.

32. van der Hoeven F, Zákány J, Duboule D (1996) Gene transpositions in the HoxD
complex reveal a hierarchy of regulatory controls. Cell 85(7):1025–1035.

33. Tschopp P, Duboule D (2011) A regulatory ‘landscape effect’ over the HoxD cluster.
Dev Biol 351(2):288–296.

34. Spitz F, et al. (2001) Large scale transgenic and cluster deletion analysis of the HoxD
complex separate an ancestral regulatory module from evolutionary innovations.
Genes Dev 15(17):2209–2214.

35. Montavon T, Duboule D (2012) Landscapes and archipelagos: Spatial organization of
gene regulation in vertebrates. Trends Cell Biol 22(7):347–354.

36. Ruf S, et al. (2011) Large-scale analysis of the regulatory architecture of the mouse
genome with a transposon-associated sensor. Nat Genet 43(4):379–386.

37. Spitz F, Herkenne C, Morris MA, Duboule D (2005) Inversion-induced disruption of the
Hoxd cluster leads to the partition of regulatory landscapes. Nat Genet 37(8):889–893.

38. Tarchini B, Huynh THN, Cox GA, Duboule D (2005) HoxD cluster scanning deletions
identify multiple defects leading to paralysis in the mouse mutant Ironside. Genes
Dev 19(23):2862–2876.

39. Jones MJ, Lefebvre L (2009) An imprinted GFP insertion reveals long-range epigenetic
regulation in embryonic lineages. Dev Biol 336(1):42–52.

40. Market-Velker BA, Zhang L, Magri LS, Bonvissuto AC, Mann MRW (2010) Dual effects
of superovulation: Loss of maternal and paternal imprinted methylation in a dose-
dependent manner. Hum Mol Genet 19(1):36–51.

41. Dindot SV, Person R, Strivens M, Garcia R, Beaudet AL (2009) Epigenetic profiling at
mouse imprinted gene clusters reveals novel epigenetic and genetic features at dif-
ferentially methylated regions. Genome Res 19(8):1374–1383.

42. McEwen KR, Ferguson-Smith AC (2010) Distinguishing epigenetic marks of de-
velopmental and imprinting regulation. Epigenetics Chromatin 3(1):2–225.

43. Noordermeer D, et al. (2011) The dynamic architecture of Hox gene clusters. Science
334(6053):222–225.

44. Dixon JR, et al. (2012) Topological domains in mammalian genomes identified by
analysis of chromatin interactions. Nature 485(7398):376–380.

45. Nora EP, et al. (2012) Spatial partitioning of the regulatory landscape of the X-
inactivation centre. Nature 485(7398):381–385.

46. Chevalier-Mariette C, et al. (2003) CpG content affects gene silencing in mice: Evi-
dence from novel transgenes. Genome Biol 4(9):R53.

47. Bartolomei MS (2009) Genomic imprinting: Employing and avoiding epigenetic pro-
cesses. Genes Dev 23(18):2124–2133.

48. Soshnikova N, Duboule D (2009) Epigenetic temporal control of mouse Hox genes in
vivo. Science 324(5932):1320–1323.

49. Splinter E, et al. (2011) The inactive X chromosome adopts a unique three-dimensional
conformation that is dependent on Xist RNA. Genes Dev 25(13):1371–1383.

50. Montavon T, Le Garrec J-F, Kerszberg M, Duboule D (2008) Modeling Hox gene
regulation in digits: Reverse collinearity and the molecular origin of thumbness.
Genes Dev 22(3):346–359.

51. Montavon T, Thevenet L, Duboule D (2012) Impact of copy number variations (CNVs)
on long-range gene regulation at the HoxD locus. Proc Natl Acad Sci USA 109(50):
20204–20211.

52. Gérard M, et al. (1996) In vivo targeted mutagenesis of a regulatory element required
for positioning the Hoxd-11 and Hoxd-10 expression boundaries. Genes Dev 10(18):
2326–2334.

53. Rohde C, Zhang Y, Reinhardt R, Jeltsch A (2010) BISMA—fast and accurate bisulfite
sequencing data analysis of individual clones from unique and repetitive sequences.
BMC Bioinformatics 11:230.

54. Bock C, et al. (2005) BiQ Analyzer: Visualization and quality control for DNA meth-
ylation data from bisulfite sequencing. Bioinformatics 21(21):4067–4068.

55. Lee TI, Johnstone SE, Young RA (2006) Chromatin immunoprecipitation and microarray-
based analysis of protein location. Nat Protoc 1(2):729–748.

Lonfat et al. PNAS | July 16, 2013 | vol. 110 | no. 29 | 11951

G
EN

ET
IC
S



 69 

 
 
  Supporting Information

Lonfat et al. 10.1073/pnas.1310704110

HoxDInv(rel5-Itga6)

M
at

er
na

l/+

intermediate strong

B

A

0 
10 
20 
30 
40 
50 
60 
70 
80 

No Intermediate Strong 

Maternal/+ 
+/Paternal 

lacZ activity

nu
m

be
r o

f e
m

br
yo

s

Fig. S1. Variegation of transgene silencing on the maternal chromosome. (A) Summary of the strength of lacZ staining in heterozygous embryos carrying the
transgene after either maternal or paternal transmission. (B) A substantial percentage of Maternal/+ embryos carrying the HoxDInv(rel5-Itga6) inversion escapes
the repression of the reporter lacZ. These escapers show staining with variable extents (qualified as intermediate) ranging from almost no activity to no
repression at all (strong), which is similar to +/Paternal animals expression. They are characterized by distinct, heterogenous, and mostly clonal patterns of
expression, with patches and stripes of lacZ activity.
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Using another loxP site on the same chromosome within the Itga6 locus (1), we induced the HoxDInv(TgHd11lacNsi-Itga6) inversion, which repositioned the Hox-
d11lacZ transgene into Itga6 (on the bottom) at the same position where the Hoxd9lacZ transgene is located in the HoxDInv(rel5-Itga6) allele. (B) Whole-mount
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expression. Using a loxP in the Itga6 locus and the SB loxP (upstream the lacZ), a cre recombinase-mediated inversion relocated the last exon of Itga6 near the
reporter gene still located at the TpSB1 position. Neither the exon 26 nor the Itga6 telomeric landscape induced imprinting on SB transgenes. Both parental
inherited transgenes showed the same lacZ expression (Maternal/+ embryo for the inversion shown in D).

1. Gimond C, et al. (1998) Cre-loxP-mediated inactivation of the alpha6A integrin splice variant in vivo: Evidence for a specific functional role of alpha6A in lymphocyte migration but not
in heart development. J Cell Biol 143(1):253–266.

2. Ruf S, et al. (2011) Large-scale analysis of the regulatory architecture of the mouse genome with a transposon-associated sensor. Nat Genet 43(4):379–386.
3. Shah M, et al. (2010) A role for ATF2 in regulating MITF and melanoma development. PLoS Genet 6(12):e1001258.
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Table S1. List of primers used in the study

Gene Sequence

RT-qPCR
Itga6 1F AAG ATC ATT ACG ATG CCA CCT
Itga6 1R TGC ATC GGA AGT AAG CCT CT
Itga6 44F ATG CCA CCT ATC ACA AGG CTG
Itga6 84R AGA CGG CTG AGT ATG GAT CTC AG
lacZ F ATC AGG ATA TGT GGC GGA TGA
lacZ R TGA TTT GTG TAG TCG GTT TAT GCA
Dlx1 ex1-2 F GGC TAC CCC TAC GTC AAC TC
Dlx1 ex1-2 R TTT TTC CCT TTG CCG TTA AAG C
Dlx2 ex1-2 F AAC CAC GCA CCA TCT ACT C
Dlx2 ex1-2 R TGA CCT GAG TTT GGG TGA G
Dlx2 ex2-3 F ACA ATG TCT CCT ACT CCG C
Dlx2 ex2-3 R TCA AGG TCT TCC TTG TCC G
ZFP180-3′-F CCG TAC AGG TGC AAT CTG TG
ZFP180-3′-R GTT TGT AGC TCT GGC GGA AC
ZFP110-3′-F AAC GAC CGC TCA GCC ATC TC
ZFP110-3′-R GCC TGG TAA GGT GGG AAC TC
β-Actin F AGC CAA CTT TAC GCC TAG CGT
β-Actin R TCT CAA GAT GGA CCT AAT ACG GC
Gapdh F AGG TCG GTG TGA ACG GAT TTG
Gapdh R TGT AGA CCA TGT AGT TGA GGT CA

Bisulfite sequencing
hoxd9lacBS F AAG GGG GAT GTG TTG TAA GG
hoxd9lacBS R TCA CAA CAA CCC CCA ATT TA
d11BS F1 GGT TTG TAT TTT TGT TTT TGG TGT TA
d11BS R1 ATA TAA AAT TCC CAC CCC CAC

4C
lacZD2 F GTC GTT TGC CGT CTG AAT TT
lacZD2 R GAG GGG ACG ACG ACA GTA TC

HoxD primers for RT-qPCR were described in ref. 1.

1. Montavon T, Le Garrec J-F, Kerszberg M, Duboule D (2008) Modeling Hox gene regulation in digits: Reverse collinearity and the molecular origin of thumbness. Genes Dev 22(3):
346–359.
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5 Conclusion 

During development, genes expression needs to be tightly regulated in time and space to 
properly shape the embryo. In this work we aimed at understanding the transcriptional 
regulation of the Hox genes, a family of transcription factors critical for the patterning of the 
embryo, in the developing genital tubercle. Curiously, the same Hox genes are expressed in 
very similar fashion in both the developing digits and genital tubercle and we showed that the 
chromatin organization and global regulation of Hox clusters in both structures are really 
comparable. By identifying and characterizing the elements regulating Hoxd transcription in 
the genital tubercle, we could show that similar mechanisms are controlling Hox genes 
transcription in this secondary structure as well as in the digits, yet with specific adaptations 
in each developmental context. 
 
Our results suggest a common phylogenetic origin in the patterning of both digits and the 
genital tubercle, two evolutionary novelties for effective locomotion and internal fertilization 
that may have accompanied the transition from an aquatic towards a terrestrial life. This work 
should help understand and reconstruct the phylogenetic histories of such global regulations. 
 
The regulation of Hox genes also relies on epigenetic controls and another work was 
addressing the mechanisms of genomic imprinting, a good paradigm for the epigenetic 
regulation of gene expression. We showed that a transgene could be stably silenced upon 
passage through maternal germline, and that this imprinting was sequence and locus 
dependent. While the mechanisms behind the initiation and maintenance of epigenetic allelic 
regulation are still elusive, we also showed that imprinting is reorganizing the chromatin 
architecture, resulting in side effects impacting the expression of nearby genes and the 
activity of enhancers.  
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6 Materials and Methods 

Mouse strains, in situ hybridization, lacZ staining 

The strains used for this work were described before, along with the conditions for 
genotyping: HoxDInv(nsi-Itga6) (Tschopp and Duboule, 2010b), HoxDrel5, HoxDInv(rel5-Itga6), 
Del(rel1-rel5), Del(rel5-SB), Del(SB-Atf2), Del(nsi-SB), Del(rel5-Atf2) and Del(nsi-Atf2) 
(Montavon et al., 2011).  

Standard protocols were used for whole mount in situ hybridization and detection of ß-Gal 
reporter activity. The probe Hoxd13 for ISH has been described previously (Dollé et al., 
1991b). 

RNA extraction and RT-qPCR 

E15.5 GT were stored at -80°C in RNAlater stabilization reagent (Ambion) before 
genotyping. RNA was extracted from tissues using QIAGEN RNeasy Plus Micro Kit after 
disruption and homogenization. cDNA was synthetized using Invitrogen Superscript III and 
random oligo hexamers for priming. 
 
Reverse-transcription quantitative PCR analyses were performed using Invitrogen SYBR 
green master mix in triplicate reactions and mean Ct value were normalized to Rps9 
housekeeping gene. Primers used for Rps9 and Hoxd genes were described before (Montavon 
et al., 2008b). Other primers are given here: 
 

 
 

RNA extraction and RNA-chip 

10 GT were dissected from E15.5 female embryos and stored and RNA was extracted as 
described above. RNA was depleted of rRNA using RiboMinus Human/Mouse 
Transcriptome Isolation kit (Affymetrix). Amplified cRNA was reverse transcribed to double-
stranded cDNA using the GeneChip Whole Transcript Amplified Double-Stranded Target 
Assay kit (Affymetrix). cDNA was then fragmented, labeled (GeneChip WT Double-
Stranded DNA Terminal Labeling Kit from Affymetrix) and hybridized to custom tiling array 
according to Affymetrix protocol. Control genomic DNA samples were fragmented with 
DNase I and used for normalization during tiling array analysis (Montavon et al., 2011).  

Chromatin immunoprecipitation ChIP-chip 

ChIP was carried out according to (Lee et al., 2006) on pool of 20 GT dissected at E15.5 or 
E13.5, fixed for 15 minutes in 1% formaldehyde and using 4µl of anti-H3K27me3 (Millipore, 
17-622) or H3K27ac (abcam ab4729) antibodies, immunoprecipated with EZview Red 
protein G/A affinity Gel beads from Sigma. ChIP were amplified using ligation mediated-

Hoxa11-ex2 AGGGTTGTGAATCAACAGAATGAA CCACACCCAGCTCAAAGCTT 

Evx1-ex1 GCCGAAAGGACATGGTTATG CGGCTTCGGACAAATTAGAG 

Table 3: primers for RT-qPCR analyses 
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PCR (Lee et al., 2006), then fragmented, labeled an hybridized to custom tiling array as 
described above. 

Tiling array analyses 

Data from array were normalized with cDNA/genomic DNA or ChIP/input taken from 
(Montavon et al., 2011) and scaled to medial feature intensity of 10 (RNA) or 100 (ChIP) 
using TAS software (Affymetrix). We used (PM-MM) pairs mapping within a sliding 
window of 75 bp (RNA) or 250 bp (ChIP). Average ratios were transformed from mm8 to 
mm9 assembly using a custom PERL script and data were plotted on UCSC. 

RNA-seq 

RNA was extracted as described above from E13.5 GT of a female embryo. Material was 
amplified according to standard Illumina protocol and sequenced on a Hi-seq sequencer (read 
length of 100, rRNA depleted). 
 
RNA-seq reads were aligned on the genome using TopHat2 (Kim et al., 2013), release 2.0.8, 
and Bowtie2 (Langmead and Salzberg, 2012), release 2.1.0. Gene expression levels were 
computed using Cufflinks (Trapnell et al., 2010), release 2.1.1, using as input the set of 
transcript structures annotated in Ensembl (Flicek et al., 2013), release 70. The expression 
levels were computed based on all mapped RNA-seq reads, using the probabilistic method for 
multi-mapped read correction and the fragment bias correction method implemented in 
Cufflinks. 

4C-sequencing 

High-resolution chromosome conformation capture 4C-seq was performed as previously 
described (Noordermeer et al., 2011; van de Werken et al., 2012a). 2% fixed nuclei from 
pools of 40 GT or 17 pairs of digits were digested with NlaIII and DpnII as primary, 
respectively secondary cutter enzymes and ligation steps were performed using high 
concentrated T4 DNA ligase from Promega. Inverse PCRs for amplification were done using 
primers for Hoxd13, Hoxd4, Hoxa13 and Hoxa4 viewpoints described before (Noordermeer 
et al., 2011). PCRs were multiplexed and sequenced using a Hi-seq sequencer from Illumina 
and post-processing (de-multiplexing, mapping and 4C analysis) was conducted on 
http://htsstation.epfl.ch (Noordermeer et al., 2011). Data were plotted on UCSC either raw 
(fragment counts normalized per one million reads) of smoothed with a window size of 11 
fragments. 
 

Lentivirus-based reporter transgenesis 

Sequences used for lentivirus-base reporter transgenesis were selected by overlapping 4C and 
acetylation profiles along with evolutionary highly conserved noncoding elements (HCNE) 
from the Ancora Genome Browser (Engström et al., 2008).  
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Candidate Primer Fw Primer Rw 
Island B 
(tg143) 

TCCGCTCGAGGAATTCGTTTTGCTGGTGGT TCCGCTCGAGAGCCTGCTCAAAATGCCTTA 

Island C  
(tg144) 

TCCGCTCGAGATCAACTCGGGAGGATTGGT TCCGCTCGAGGTCCTGGCTTCAGAGTCCTG 

Island D  
(tg151) 

TCCGGTCGACTGTCACCACCATCGACAAGT TCCGGTCGACATGCATTTCACCGTCTTTCC 

Island E*  
(tg186) 

TCCGCTCGAGTGGCGGGTTATCCAGGTAT TCCGCTCGAGGCCAGCTGACACACCACTTA 

Island V*  
(tg187) 

TCCGCTCGAGCCAAATGAGCTGGTCCTAAAA TCCGCTCGAGTGGAGAACTGAGACAACAGCA 

 Db1*  
(tg183) 

TCCGGTCGACTGTCACCACCATCGACAAGT TCCGGTCGACTCCATTCTGCCCTCTAAACC 

Db2  
(tg184) 

TCCGGTCGACATATTCGCGGACACCCAAAT TCCGGTCGACATGCATTTCACCGTCTTTCC 

Db3**  
(tg185) 

CGAGACTAGCCTCGACCTGGTTTAACGGGAAGCAG AATCAAGCTTCTCGAATGCATTTCACCGTCTTTCC 

Db4**  
(tg232) 

CGAGACTAGCCTCGAATATTCGCGGACACCCAAAT AATCAAGCTTCTCGACACCATCTGATAAACAAGCAATTTT 

Island F**  
(tg188) 

CGAGACTAGCCTCGATACAGCCCTGTGCTATAACG AATCAAGCTTCTCGACATGCACATAGCAGACCTAC 

Table 4: cloning primers 
 
Candidate sequences were PCR amplified with restriction sites adaptors on their edge (XhoI 
or SalI adaptors are underlined) from genomic DNA or BAC template using PFU Turbo Taq 
(Stratagene) for cloning into pRRLßLac vector in the corresponding unique restriction site 
(see primers Table 4). Sequences denoted with a * were subcloned into a TOPO-blunt vector 
(Invitrogen). Vectors marked with ** were cloned with the In-Fusion HD cloning kit from 
Clonetech according to manufacturer protocol, using 25ng of gel-purified linearized 
pRRLßLac vector and 5ng of insert (adaptors for the pRRLßLac vector are underlined). 
pRRLßLac vectors were amplified in HB101 cells (Takara). Primers for Island I to Island IV 
were described before (Montavon et al., 2011). 
 
Lentivirus were produced and injected in the perivitelline space of mice zygotes then 
transferred into foster mothers as described before (Friedli et al., 2010). Embryos were 
collected at E14.5 for detection of ß-Gal reporter activity in the GT and genotyped using a 
primer specific for the vector backbone (pRRL-Fw2: GTGAACGGATCTCGACGGTA) and specific 
primers for each sequence: 
- tg143: CTCCGACACAAAGTCGCTCT 
- tg144: CATGCCAAGACCAAACACATAG 
- tg151: ACAACTCCCAGGAGCCAAC 
- tg183: GCAATGCCTTGAATCACACA 
- tg184: TGAAGGCAACTTTGAAGCAA 
- tg186: TGAGTTGTTATTGCCGTTTCA 
- tg187: CTGAGACACCCAAGCGATG 
- tg188: TGTGAAATTGAGACAGTTAAATGGA 
- tg232: CTGAAGGCAACTTTGAAGCAA 
tg185 positive embryos were identified using pRRL-Fw2 and a primer within the beta globin 
minimal promoter of the vector, BGdown (Friedli et al., 2010). 
 
Mutation in Db3 for Tead or Cdx binding sites were generated using combination of primers 
adapted for downstream In fusion HD cloning (see above). For Tead, we simply removed the 
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15 last bp of the Db3 sequence by designing a new primer more telomeric. For Cdx, we 
mutated the binding site through the cloning of two DNA fragments, designing overlapping 
primer on Cdx core binding site with a random sequence (hereafter in grey highlight) of 15bp 
replacing the endogenous site. 
 
Db3 T2- (tg251) : Db3 Fw primer + AATCAAGCTTCTCGATTTCCTGAGTGGCCATAAAG 
Db3 C1- (tg253) : Db3 Fw primer + ATCCGGAATTCTCGAAGAAAGCCTCCCAGGAGCCG;  
TCGAGAATTCCGGATCTGCTAAAAGATCCAGGTCT + Db3 Rw primer 
Db3 C1-T2- (tg252): Db3 Fw primer + ATCCGGAATTCTCGAAGAAAGCCTCCCAGGAGCCG;   
TCGAGAATTCCGGATCTGCTAAAAGATCCAGGTCT + AATCAAGCTTCTCGATTTCCTGAGTGGCCATAAAG 
 
Here we give the endogenous Cdx binding site (before) and the mutated sequence (after). 
Before:  CGGCTCCTGGGAGGCTTTCTGAGAGCTTTAATGACTGTGGGCTGCTAAAAGATCCAGGTCTC 

After:  CGGCTCCTGGGAGGCTTTCTTCGAGAATTCCGGATCTGCTAAAAGATCCAGGTCTC 

 
To genotype embryo transgenics for these mutations, we use a combination of primers 
specific for either Tead deletion of Cdx mutation. 
pRRL-Fw1: ACAGGCCCGAAGGAATAGAA 
Db3 T2-: pRRL-Fw2 +TCAAGCTTCTCGATTTCCTGA 
Db3 C1-: pRRL-Fw1 + ATCCGGAATTCTCGAAGAAAG & pRRL-Fw2 + BGdown 
Db3 C1-T2-: combination of both 

Yeast one-hybrid screen 

The yeast one-hybrid screen was performed as described (Gubelmann et al., 2013; Hens et al., 
2011). Briefly, we PCR amplified Db2 and Db3 sequences with adaptors specific for the 
pENTRY-5' vector (see primers in Table 5) and cloned the fragment into the vector using the 
BP clonase from Invitrogen. We then transferred the baits into a pMW2-HIS3 vector using 
Gateway LR cloning (Deplancke et al., 2006). Positive vectors were linearized using XhoI 
enzyme and were integrated in the YM4271 yeast strain (Deplancke et al., 2004) using 
lithium acetate (LiAc)–polyethylene glycol (PEG) transformation. The selection of yeast was 
done on selective plates 
 
Candidate Primer Fw Primer Rw 
Db2entry GGGGACAACTTTGTATAGAAAAGTTGATATTCGCGG

ACACCCAAAT 
GGGGACTGCTTTTTTGTACAAACTTGACATGCATTTCACCG
TCTTTCC 

Db3entry GGGGACAACTTTGTATAGAAAAGTTGCCTGGTTTAA
CGGGAAGCAG 

GGGGACTGCTTTTTTGTACAAACTTGACATGCATTTCACCG
TCTTTCC 
 

Table 5: primers for cloning Db2 and Db3 in yeast 
 
We then mated the two yeast strains containing either Db2 or Db3 sequences along with a 
HIS3 reporter gene with the array of yeast strains expressing the different TFs (Gubelmann et 
al., 2013) which we prepared in four technical replicates as described before (Hens et al., 
2011). Briefly, after mating, the yeasts were grown on selective plates histidine-negative and 
containing different concentration of 3-amino-1,2,4-triazole (3-AT) such that only the mated 
yeasts for whose the transcription factor was interacting with the DNA bait (Db2 or Db3) 
were able to transcribe the reporter HIS3 gene and thus grow. We analyzed the plates after 4 
to 11 days of incubation. 
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To identify the putative positive protein-DNA interactions we used a semi-automated tool 
called TIDY (Hens et al., 2011) and we analyzed the selective plates for positives hits using 
default parameters. 
 
This screen was done in duplicate for either Db2 or Db3, which is a sub-sequence of Db2. 
TFs Tead1, Tead2, Barx1 and Cdx2 were overlapping hits for both constructs, suggesting Db3 
may be regulated through the interaction of these elements. We then performed a yeast 
transformation protocol (Hens et al., 2011) as a control of these experiments to further assess 
the potential binding of these TFs with our baits. We transformed these factors as well as 
other interesting genes or TFs (see the Table 6) that were at the limit of detection during the 
screen into haploid yeasts containing the fragment Db2 or Db3. After 3 days of growth on 
permissive plates, colonies were transferred on selective plates in quadruplicates. Plates were 
analyzed manually. 
 

A1 Ets1 B1 Hoxa13 C1 Tada2l 
A2 Hnf4a B2 Cdx4 C2 Yy1 
A3 Barx2 B3 Dlx6 C3 Hoxa3 
A4 Hnf1b B4 Mta1 C4 Tead1 
A5 Hnf1a B5 Pax2 C5 Cbx2 
A6 Smad4 B6 Cdx2 C6 Lef1 
A7 Tcf12 B7 Batf C7 Tcf7 
A8 Dlx3 B8 Ets2 C8 empty 
A9 Dlx1 B9 Etv1 

	   	  A10 Barx1 B10 Tead2 

	   	  A11 Thrb B11 Neurod2 

	   	  A12 Gli1 B12 Nfe2 

	   	  Table 6: transformation of TFs 
 

Genome alignments and TFs binding site prediction 

Island D sequence was blasted in 5 species compared to mouse (human, dog, cow, opossum, 
zebra finch) and aligned using mVISTA and AVID alignment program (Bray et al., 2003). 
The visualization of the alignment in Figure 15 were downloaded from VISTA program 
(Frazer et al., 2004). 
 
Prediction of binding sites for Barx, Tead and Cdx TFs was done using MatInspector 
(Cartharius et al., 2005) or Mulan (Ovcharenko et al., 2005) from the ECR Browser 
(Ovcharenko et al., 2004) that identifies TFs binding sites evolutionary conserved across 
multiple species. The public database PAZAR was also used to retrieve DNA binding motifs 
of TFs (Portales-Casamar et al., 2009) 
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