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Abstract

An accelerating accumulation of recent data suggests that enhancers, the principal
architects of transcriptional regulation, are as important as protein-coding sequences in the
etiology of developmental diseases. Conditional knockout of murine Shox2 in limbs
specifically disrupts chondrogenesis and the development of the humerus and femur, and is
phenotypically similar to human SHOX-deficient patients, albeit different proximodistal
locations are affected. Although we now have some understanding of the mechanism of
Shox2 function in limb patterning, the molecular underpinnings of the cis-regulation of Shox2
to instruct stylopod development are unknown. We wished to identify enhancers that
regulate Shox2 expression in limbs and subsequently delineate the limb-specific cisregulatory topology of Shox2 utilizing a combination of different criteria for enhancer
identification. In addition to enhancer-associated epigenetic signature profiling, we have
utilized circular chromosome conformation capture (4C-seq) technology to probe the entire
cis-regulatory organization of the Shox2 gene during limb development. We show five of
numerous genomic regions within a 1.5 megabase (Mb) chromosomal territory surrounding
the Shox2 gene that interact with this gene during limb development to drive similar Shox2like limb lacZ activity in transgenic mice. The sequences we have identified will facilitate the
search for transcription factors regulating Shox2 expression. Indeed, we found several
previously determined GLI3 binding regions (Vokes et al., 2008) to overlap with a subset of
characterized Shox2 limb enhancers and with the Shox2 gene, suggesting that hedgehog
signalling may be a regulatory input for this gene’s expression. Genetic examination of
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composite Shox2/Gli3 and Shox2/Shh mutations show Shox2 to cooperate with Gli3 and Shh
to pattern the stylopod.
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Chapter One: Introduction

1.1 Introduction to transcriptional enhancers and thesis summary

The overall development of an organism is dependent on the utilization of stored
genetic information to execute complex developmental programmes by regulating gene
expression in time and space. In addition to the minimal gene promoter, which provides
insufficient information for the transcription of most genes, distant-acting transcriptional
enhancers are critical determinants of the spatiotemporal regulation of gene transcription.
Transcriptional enhancers are non-coding DNA sequences that activate target gene
transcription by integrating genetic information from multiple transcription factors (TFs)
and co-activator binding (reviewed in Panne, 2008). Cis-acting transcriptional enhancers can
positively activate gene transcription independent of their orientation and at distances as
far as 1 Mb from their target promoter (Banerji et al., 1981; Banerji et al., 1983; Lettice et al.,
2003).
Mechanistically, enhancers positively regulate target genes by assembling multiple
TF proteins. For each particular tissue-specific enhancer, clustering of obligatory TFs is
required for the recruitment of transcriptional co-activators (reviewed in Visel et al., 2009).
Thus, for an enhancer-regulated gene to be transcribed, two recruited co-activators, the
Mediator and Cohesin complexes (Kagey et al., 2010; Muto et al., 2014) act as a scaffold for
the protein bound enhancer to make physical contact with the target gene promoter through
DNA looping, to activate RNA polymerase II (RNAPII).
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Enhancers acting upstream and downstream of genes have been implicated in many
developmental diseases. Despite the fact that the molecular fundamentals of diverse human
pathologies have been attributed to perturbed protein-coding sequences, enhancer
association with human disease is only beginning to be appreciated. Specifically, an emerging
area of investigation focuses on the following two broad themes. First, DNA elements that
bind transcription factors to regulate expression of specific genes are being identified and
characterized. These so-called cis-regulatory modules (CRMs) include positive regulators
(enhancers), boundary elements (insulators) and negative regulators (silencers) (reviewed
in Jeziorska et al., 2009). Secondly, the link between disruptions in such non-coding
sequences and developmental diseases is becoming established (reviewed in Kleinjan and
Lettice, 2008). For example, the ZPA regulatory sequence (ZRS) modulates posterior limbspecific expression of Sonic hedgehog (Shh). Humans and mice that harbour single-base
substitution within the ZRS develop extra digits, a condition known as preaxial polydactyly
(PPD). These superfluous digits arise as a result of anterior ectopic expression of Shh upon
ZRS point mutation (Lettice et al., 2003). Conversely, deletion of the ZRS in mice abrogates
Shh limb activity and causes limb truncations (Sagai et al., 2005).
The involvement of enhancers in the etiology of diseases is further highlighted by a
recent finding that suggests disruptions in large scale enhancer-promoter interacting
genomic regions, known as topologically associated domains (TADs), may form the basis for
several digit patterning conditions in mice and humans (Lupianez et al., 2015). For instance,
deletion of Epha4 and its flanking sequences, inversion of Ihh, and multiple gene deletions
telomeric to Ihh in mice and humans can restructure the Epha4 containing TAD. In all cases,
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the restructured TADs allow ectopic chromosomal interactions of a region containing four
Epha4 limb enhancers with the neighboring Pax3, Wnt6 and Ihh genes that are ordinarily
inaccessible to these elements due to their locations in distinct TADS. In mice mutants
engineered to mimic the human chromosomal rearrangements, gained expression of Pax3,
Wnt6 and Ihh are similar to that of endogenous Epha4, resulting in deformities of the distal
limb similar to those of the human cases (Lupianez et al., 2015).
More generally, in addition to Epha4, several other genes or gene clusters involved in
limb development are known to be regulated by multiple enhancers spread over large
genomic regions defined by TADs (Andrey et al., 2013; Marinic et al., 2013). However, we
have little understanding of how these complex cis-regulatory regions integrate
developmental patterning information through the binding of their cognate TFs. In most
cases, this is because the relevant upstream TFs have not yet been identified. Within this
context, the work in this thesis sought to establish the short stature homeobox gene 2
(Shox2) as a model for understanding how cis-regulatory elements control the
development of a specific segment of the limb. Shox2 is particularly well-suited for this
work since it is the only gene known to be specifically required for the development of the
proximal portion of the limb, the humerus in the forelimb and the femur in the hindlimb
(Cobb et al., 2006; Yu et al., 2007; Figure 1A).
To delineate the limb-specific cis-regulatory topology of Shox2, we utilized a
combination of criteria for enhancer identification. In addition to enhancer-associated
epigenetic signature profiling (ENCODE project consortium, 2012) and comparative
genomics (Bray et al., 2003), circular chromosome conformation capture (4C- seq)
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Figure 1 Conditional Shox2 deletion in limb mesenchyme and chondrocytes
6-week (A) and 12- week old (B) Alizarin red stained limb bones.
(A) Prxx1-Cre mediated deletion of Shox2 in the limb bud mesenchyme. The mutant humerus
(h) is severely truncated compared to wild type (WT) control. Hindlimb femur (f) is almost
absent and tibia (t) reduced and bowed.
(B) WT and Col2a1-Cre Shox2 mutant limbs. Chondrocyte deletion of Shox2 with Col2a1-Cre
reduces stylopods (humerus/femur) and zeugopods (radius and ulna/tibia and fibula) 12
weeks after birth. Both fore and hindlimb stylopod and zeugopod are significantly shortened
(red arrowheads).

(A) Modified from Cobb et al., 2006.
(B) From Bobick, B., unpublished.
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technology was employed to probe the entire cis-regulatory organization of the Shox2 gene
during limb development. We found numerous genomic regions within a 1.5 megabase (Mb)
chromosomal territory that interact with the Shox2 gene during limb development. We also
report that five of the 4C-seq Shox2-interacting regions have Shox2-like limb enhancer
activity in transgenic mice. Strikingly, the observed 1.5 Mb limb Shox2-enhancer interaction
area corresponds to the 1.5 Mb TAD containing Shox2, as reported by Dixon et al. (2012) for
mouse embryonic stem cells (ESCs). Furthermore, from our 4C-seq data, we found one
enhancer to associate with two other enhancers suggesting the possibility of cross enhancer
communication in regulating Shox2 limb expression.
Interestingly, we observe that most Shox2 proximal limb 4C-seq interacting peaks are
enriched for the limb transcription factor GLI3, previously identified in an elegant genome
screen for GLI3 binding regions in developing mouse limbs by Vokes et al., 2008. Considering
Gli3 mutant mice, as well as Shox2 limb-chondrocyte-specific ablated mice all, have
significant reductions of the humerus and femur (Mo et al., 1997; Bobick and Cobb, 2012),
we questioned if Gli3 genetically interacts with Shox2 to pattern the limbs. We show Shox2 to
genetically interact with Gli3 and Shh to pattern the developing humerus.
In conclusion, our findings suggest mouse Shox2 limb expression is likely regulated
by at least five enhancers dispersed within a TAD spanning 1.5 Mb surrounding Shox2 with
the likelihood of some cross enhancer interaction to control Shox2 expression. Finally, we
present evidence in support of Shox2/Gli3 and Shox2/Shh genetic interactions during
proximal-distal (PD) limb development.
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1.2 Background and review of related literature

Mice with mutated Shox2 exhibit a severe short stature phenotype characterized by
loss of the humerus and femur and deformed hindlimb zeugopods due to defective stylopod
chondrocyte differentiation and subsequent maturation (Cobb et al., 2006). Perturbation of
some members of the HH signalling pathway lead to limb abnormalities that have similarities
to Shox2 PD limb patterning defects. For instance, the stylopod of the Ihh mutant mouse is
severely shortened like that of Shox2 limb mesenchyme conditional mutants (Figure 1A) (StJacques et al., 1999; Cobb et al., 2006). Also, compound Gli3/Gli2 null and Col2a1- Cre Shox2
mutants have significant truncation of the humerus (Mo et al., 1997; Bobick and Cobb, 2012)
suggesting a possible HH signalling and Shox2 interaction in patterning the PD limb.
Typical of most transcription factors with developmental functions in limb patterning
(Andrey et al., 2013; Marinic et al., 2013), Shox2 limb expression likely requires inputs from
multiple cis-regulatory elements in addition to the two transcriptional enhancers already
identified (Rosin et al., 2013). In vertebrates, genomic regulation of a gene is facilitated to
some extent by binding of appropriate TFs to enhancers to direct gene expression in time
and space (reviewed in Visel et al., 2009). Identifying enhancers with appropriate roles in a
particular developmental process, which is a valuable tool to establish binding TFs, have
been hampered by the mechanistic, structural and functional diversity of enhancers
(reviewed in Visel et al., 2009). In this study, we took advantage of limb-specific enhancer
unique epigenomic data sets from Encyclopedia of DNA Elements (ENCODE project
consortium, 2012) in addition to 4C-seq and comparative genomics (Bray et al., 2003) to
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interrogate the cis-regulatory landscape of Shox2 in the developing limb. The interaction of
GLI3, SHH and SHOX2 in PD limb specification was also tested genetically.
Since the experiments of this thesis focus primarily on the genomic control of Shox2
during limb development, first, the processes that form the limb elements, as well as the
function of SHOX proteins in limb development are reviewed. Also, current techniques and
established enhancer discriminative features that are necessary for the identification of
developmental enhancers are discussed. Because transcription control is dictated in part by
TF binding to cis-regulatory elements, the role of transcriptional mediators of HH signalling,
GLI and HH signalling in general during PD limb patterning are also reviewed.

1.3 The role of SHOX/SHOX2 in endochondral bone formation

During mammalian embryonic development, mesodermal and neural crest
multipotent mesenchymal cells are specified to an osteogenic fate by instructive secreted
signalling proteins and transcription factor cues (reviewed in Shum et al., 2003;
Kozhemyakina et al., 2015). Osteogenesis is accomplished by either endochondral or
intramembranous ossification. The latter transforms mesenchymal cells directly into
osteoblasts. Endochondral ossification, however, involves the construction and subsequent
substitution of a transient cartilage layout of prospective bones with bone cells. A multi-step
process typifies endochondral bone development: undifferentiated mesenchymal cells
coalesce to form chondrocytes, differentiated mesenchymal chondrocytes proliferate and
mature into hypertrophic chondrocytes, and hypertrophic chondrocytes mineralize the

8

surrounding matrix, undergo apoptosis, and are replaced by osteoblasts (reviewed in
Kronenberg, 2003; Figure 2).
In mammals, the appendicular and axial skeletons are formed through the process of
endochondral ossification. The endochondral skeletal elements are primarily composed of
three distinct cell types: osteoclast, osteoblast and chondrocyte. The latter two are
apparently derived from the same population of osteochondral mesenchymal progenitors
(reviewed in Kronenberg, 2003; Kozhemyakina et al., 2015). Therefore, careful control of cell
fate decisions of osteochondroprogenitors is crucial for the proper development of bone. Our
understanding of the cellular and transcriptional events that govern the regulation of
endochondral bone formation have significantly improved as a result of evolving molecular
biology techniques, mouse genetics and various animal disease models. For example, the
high mobility group (HMG) and Runt-domain transcription factors SOX9 and RUNX2
respectively, have been implicated in lineage decisions of osteochondroprogenitors.
Chondrocyte differentiation is arrested by conditional inactivation of Sox9 in
undifferentiated mesenchymal progenitors (Akiyama et al., 2002). Ultimately, Sox9determined mesenchymal chondrocytes proliferate, undergo hypertrophy, mineralize the
extracellular matrix (ECM) and undergo apoptosis before being replaced by osteoblasts
(Akiyama et al., 2002). Runx2 functions after Sox9 where it is required for chondrocyte
hypertrophy and osteoblast differentiation (Komori et al., 1997; Yoshida et al., 2004).
The full growth of long bones and subsequent height of individuals are governed by
ordered processes that remodel chondroprogenitor cells into condensed chondrocytes, as

9
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Figure 2 Developmental processes of endochondral ossification
(A) Condensation of mesenchymal cells originating from limb mesenchyme.
(B) Differentiation of innermost condensed mesenchymal cells into chondrocytes. Cells
bordering the centralized differentiated chondrocytes are transformed into the
perichondrium which outlines the figure of the prospective bone.
(C) Centralized chondrocytes differentiate into prehypertrophic and later hypertrophic. At
the same time, cells close to the perichondrium proliferate. Proliferation and differentiation
cause an increase in cell volume to establish growth.
(D) Hypertrophic chondrocytes are replaced by osteoblasts and subsequently vascularized.
Periarticular regions maintain chondrogenic cells.
(E, F) At the growth plate, proliferation and differentiation of chondrocytes promote the
longitudinal growth of the bone.

Modified from Zelzer and Olsen 2005
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well as developments within the growth plate, all of which are under strict regulation by a
host of transcription factors and signalling molecules. The growth plate maintains
chondrocytes at three different stages of maturation: resting, proliferating and hypertrophic
chondrocytes (reviewed in Hunziker, 1994; Kronenberg, 2003; Figure 2). Consequently,
various transcription factors including SOX9 and RUNX2, as well as ECM components and
signalling pathways including transforming growth factor-beta (TGF-β), notch, canonical
and non-canonical WNT, fibroblast growth factor (FGF) and hedgehog are well-known
regulators of the various stages of endochondral bone formation and perturbation of these
factors have been implicated in numerous bone diseases. For instance, mutant mice in which
Sox9 was ablated in early limb bud mesenchymal cells with Prrx1-Cre have severely
truncated limbs (Akiyama et al., 2002). Prrx1-Cre Sox9 mutant limbs have insignificant
skeletal elements as a result of failure to initiate chondrogenic condensation. Furthermore,
when Sox9 was deleted later in condensed chondrocytes with Col2a1-Cre, mutants also
showed severe limb defects characterized by interruption of chondrocyte differentiation and
proliferation (Akiyama et al., 2002). These together with data from embryonic cell culture
suggest SOX9 is necessary for growth plate chondrocyte differentiation and proliferation in
addition to early chondrocyte lineage specification (Bi et al., 1999; Akiyama et al., 2002).
The list of factors involved in the regulation of chondrogenic processes culminating
in endochondral bones continues to expand. Notably, data from human, chicken and mice
have uncovered a function for the SHOX/SHOX2 transcription factors during chondrogenesis
in developing limbs (Belin et al., 1998; Evans et al., 1998; Cobb et al., 2006). Non-functional
human SHOX results in skeletal diseases characterized by diminished height, including the
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short stature of individuals with Turner syndrome, Léri-Weill dyschondrosteosis (LWD), a
subset of idiopathic short stature patients and the more severe Langer mesomelic dysplasia
(Belin et al., 1998; Rappold et al., 2002; Zinn et al., 2002). Heterozygous and homozygous
SHOX mutations result in LWD and Langer mesomelic dysplasia, respectively (Belin et al.,
1998; Zinn et al., 2002). Individuals with mutated SHOX have compromised and deformed
zeugopodial (middle) elements which are attributed to an aberrant organization of the
growth plate (Munns et al., 2001; Munns et al., 2004). Histological sectioning of the growth
plate of individuals with LWD compared to unaffected controls revealed a disorganized
growth plate: advanced chondrocytes maturation and hypertrophy with a concomitant
reduction in proliferating chondrocytes leading to premature growth plate fusion (Munns et
al., 2001). Thus, the study by Munns et al., 2001 suggests the truncated zeugopodial elements
of patients with LWD to be a result of accelerated chondrocyte differentiation and hastened
mineralization of hypertrophic chondrocytes. The importance of SHOX in growth plate
development is in agreement with the defined pattern of SHOX expression in infant and foetal
growth plates (Munns et al., 2004).
A large portion of the pseudoautosomal region 1 (PAR1) of the sex chromosomes
containing the Shox gene was lost during the evolution of rodents (Graves et al., 1998).
Therefore, unlike all other vertebrates, rodents maintain only the Shox2 paralog (Blaschke
et al., 1998). Ablation of Shox2 in mouse limb mesenchyme, chondrocytes and recently in
osteogenic cells produces phenotypes reminiscent of human SHOX mutations (Cobb et al.,
2006; Yu et al., 2007; Bobick and Cobb, 2012; Ye et al., 2016). Most importantly, the latter
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two cell-specific deletions of Shox2 has considerably contributed to understanding the
cellular mechanism underlying the acute truncated stylopod of mesenchyme deleted Shox2.
Conditional targeting of Shox2 in limb mesenchyme with the Prrx1-Cre transgene
(Logan et al., 2002) before the onset of mesenchymal condensation at E10.5 results in
newborn and adult mice with severely truncated fore- and hindlimb stylopods and
moderately reduced hindlimb zeugopods (Cobb et al., 2006; Figure 1A). E16.5 profiling of
Col2a1 and Col10a1, which are markers of early differentiating and terminal hypertrophic
chondrocytes respectively, of Prrx1-Cre Shox2 mutants, attributed the short bones to the
delay of chondrocyte differentiation and subsequent maturation; this was characterized by
sustained Col2a1 expression and a lack of Col10a1 expression when cells should be
hypertrophic (Cobb et al., 2006).

This finding correlates well with a recent in vitro

micromass study using cultured E11.5 and 12.5 Prrx1-Cre Shox2 mutant limb buds (Bobick
and Cobb 2012). Compared to cultured controls, E11.5 mutant cultures stained strongly with
Alcian blue and contained bigger cartilaginous nodules derived from primordial
mesenchymal progenitor cells (MPCs) with greater expression of Collagen II and minimal
Collagen X expression. Thus, in limb bud micromass cultures, Prrx1-Cre Shox2 mutants
transform MPCs into chondrocytes that produce increased amounts of cartilaginous
extracellular matrix compared to wild type cultures. However, these mutant chondrocytes
fail to mature into terminal hypertrophic chondrocytes (Bobick and Cobb 2012).
Additionally, the expression of the principal controller of chondrocyte maturation Runx2 in
the stylopod is significantly downregulated in Shox2 mutants. Hence Shox2 controls
chondrocyte maturation at least in part by regulating stylopod Runx2 (Cobb et al., 2006, Yu
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et al., 2007). A recent study provided evidence that this regulation is controlled by direct
binding of SHOX2 to the Runx2 genomic region (Ye et al., 2016).
The contribution of chondrocytes expressing Shox2 to the development of the
stylopod was assessed by deleting Shox2 in limb chondrocytes with Col2a1-Cre. Newborn
and 4-week old Col2a1-Cre Shox2 limb conditionals have shortened stylopods similar but less
severe than those of Prrx1-Cre Shox2 conditional mutants (Cobb et al., 2006; Bobick and Cobb
2012). Also, 12-week old Col2a1-Cre Shox2 limb mutant mice exhibit somewhat more severe
limb defects relative to newborn and 4-week old mutants; notably at this stage both
stylopods and zeugopods are truncated (Bobick, B., unpublished; Figure 1B). Despite the
appreciable stylopod and zeugopod reduction, perturbation of Shox2 in limb chondrocytes
failed to fully recapitulate the drastic stylopod reduction of Prrx1-Cre Shox2 mutants (Cobb
et al., 2006; Yu et al., 2007; Bobick and Cobb 2012).
Recently, Shox2 expression has been reported in osteogenic cells and dermal
fibroblasts in addition to chondrocytes in the developing stylopod. Remarkably, at the
chondrogenic center of the E12.5 stylopod, Shox2 expression is significantly higher in the
perichondrium than in chondrogenic cells (Ye et al., 2016). Mice harbouring osteogenic
ablated Shox2 (Col3.6-Cre-Shox2c/-) (Ye et al., 2016) have a harshly truncated stylopod
similar to Prrx1-Cre Shox2 mutants (Cobb et al., 2006). Indeed, the complete loss of femur of
Col3.6-Cre Shox2 limb conditional is identical to the Prrx1-Cre Shox2 femur phenotype (Cobb
et al., 2006; Ye et al., 2016). Considering that Col2a1-Cre Shox2 limbs failed to recapitulate
the limb stylopod phenotype of Prrx1-Cre Shox2 mutants, it appears Shox2 promotion of
chondrogenesis in the stylopod is due more to cues emanating from the perichondrium
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rather than from the chondrocytes themselves (Cobb et al., 2006; Yu et al., 2007; Bobick and
Cobb 2012; Ye et al., 2016).

1.4 Stylopod patterning by Shox2 and Hox homeobox genes

The molecular techniques and mouse targeting studies discussed in the previous
section demonstrate the positive requirement of Shox2 during limb chondrogenic events to
establish the growth of stylopodial elements (Cobb et al., 2006; Yu et al., 2007; Bobick and
Cobb, 2012; Ye et al., 2016). The humerus and femur, as well as the other two PD segments,
are also patterned by the Hox family of homeobox genes (Figure 3A). Expression of the
individual genes at the 5’ ends of the HoxA and HoxD clusters function in the development of
distinct PD segments according to their order along their respective chromosomes (Zakany
and Duboule, 2007; Figure 3A). For example, the significantly reduced stylopod and the
absence of a femur of Hox10aaccdd mutants are notably similar to mice with perturbed Shox2
(Wellick and Capecchi, 2003; Cobb et al., 2016), suggesting a potential Shox2 and Hox genetic
association in stylopod patterning. Indeed, Shox2 is downregulated in early HoxA/D null
forelimb buds (Figure 3B, Neufeld et al., 2014), and an epistatic interaction between Shox2
and HoxD genes has been detected in the developing humerus and femur (Neufeld et al.,
2014). A functional relationship between Shox2 and Hox genes is also supported by the ~10fold
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zeugopodial
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chondrocytes/perichondria in which all Hox9/10/11 paralog function is removed (Raines et
al., 2015). Therefore, HOX proteins, like the GLI transcription factors described below, are
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Figure 3 Gene expression and PD limb segment patterning by 5’ HoxA/D genes
(A) The proper development of the three PD limb elements, stylopod (humerus/femur),
zeugopod (radius and ulna/tibia and fibula) and autopod (digits) require HoxA/D genes.
HoxA/D gene pattern PD segments according to the position of each gene on the
chromosome. The 5’ most HoxA/D13 specify distal autopod, the zeugopod by HoxA/D11 and
the proximal stylopod by HoxA/D9 and HoxA/D10.
(B) Shox2 expression is significantly reduced in E10.5 HoxA/D mutant limb but not in
individual HoxA and HoxD mutants.

(B) From Neufeld et al., 2014.
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promising candidates for binding and regulating Shox2 enhancers whose activity is
necessary to generate the humerus and femur.
Importantly, the control of HoxD genes in distinct PD limb segments is imposed by
multiple enhancers distributed over two separate, adjacent topological domains (TADs) with
a boundary within the HoxD cluster (Montavon et al., 2011; Andrey et al., 2013). While the
autopods are specified by several enhancers distributed in an 800 kb gene desert
centromeric to Hoxd13 (Montavon et al., 2011), the stylopod and zeugopod are instructed by
two enhancers found in another TAD telomeric to HoxD (Andrey et al., 2013). Strikingly, the
HoxA cluster contains a similar boundary between two TADs, a genomic arrangement which
functions during development to control the expression of distinct HoxA genes in different
limb segments (Woltering et al., 2014). As the results of this thesis accumulated, we
discovered parallels in how Shox2 and Hox genes are controlled in limbs, particularly in their
regulation by multiple enhancers whose activity is constrained within TADs. This is
especially interesting given the similar function of these genes in the development of the
limbs. Since we did not previously know the nature and the cis-regulatory architecture of
Shox2 limb regulation, the next section examines current techniques employed in the
identification of developmental enhancers in general to classify the limb enhancer topology
of Shox2.
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1.5 Enhancer sequence, chromatin configuration and epigenomic signatures – tools
for predicting enhancers

The differentiation of a fertilized egg into specialized organs and tissues in the course
of vertebrate development is dependent on the spatiotemporal expression of genes. In
eukaryotic cells, the recruitment and integration of general and specific TFs by cis-regulatory
elements (CREs) such as promoters, insulators, silencers and enhancers are needed for the
control of gene expression (reviewed in Smale and Kadonaga, 2003; West and Fraser, 2005).
The binding of TFs to a promoter at the transcription start site (TSS) of a gene triggers a
cascade of molecular events that initiate gene transcription by activating RNAPII. However,
the spatiotemporal control of gene expression is dictated by enhancers often located at large
distances (up to 1 Mb and more) from the TSS of target genes. Enhancers modulate gene
expression independent of their position in relation to the direction of the target gene’s
transcription (Banerji et al., 1981; Banerji et al., 1983).
Enhancer-mediated transcription by RNAPII involves looping and contact of distal
enhancers with promoters upon TFs binding and subsequent recruitment of cofactors
(reviewed in Smith and Shilatifard, 2014). In contrast to comprehensive studies centered on
characterizing the structure and core functions of gene promoters to the overall regulation
of gene expression (reviewed in Lenhard et al., 2012), annotating enhancers has been
hampered by their differing genomic locations and varying positions relative to the TSS of
genes they regulate (Banerji et al., 1983; Smith and Shilatifard, 2014). For instance, an
enhancer within intron 5 of the Lmbr1 gene situated approximately 1 Mb 5’ to the Shh
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promoter has been shown to be the exclusive controller of expression of the Shh gene in
limbs (Sagai et al., 2005). In contrast to the remote ZRS, five CREs distributed in a 200 kb
region 3’ to TSS of Fgf8 are essential for Fgf8 limb expression (Marinic et al., 2013). Although
enhancer topology is divergent, continuing studies indicate a number of accepted structural
organisations in addition to a standard mode of action. Developmental enhancers are
generally conserved, have multiple TF binding regions and occupy nucleosome depleted
regions. Identification and description of features and transcriptional mechanisms that are
common to transcriptional enhancers are necessary for the prediction of developmental
enhancers.

1.5.1 Sequence constraint comparison
Enhancers are non-coding DNA sequences with functional biological activities
(Banerji et al., 1983). Genome-wide multiple species alignment of orthologous non-coding
DNA sequences (comparative genomics) shows a significant proportion to have been
conserved during evolution (reviewed in Pennacchio and Rubin, 2001). Such extreme
conservation within non-coding DNA sequences suggests potential gene regulatory function.
Comparative genomics has been instrumental in validating regulatory regions found in
proximal promoter regions in mammals (Xie et al., 2005). By extension, comparative
genomics has also been applied to the identification of enhancers on the premise that
enhancers, like promoters, have been preserved over non-regulatory sequences during
evolution. Beginning with the identification of immunoglobulin enhancers from the
sequence alignment of mouse and human genomic regions only (Emorine et al., 1983),
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comparative genomic methods have predicted several in vivo validated CRMs from divergent
multispecies sequence alignments (Woolfe et al., 2005; Pennacchio et al., 2006).
However, prediction of enhancers by evolutionary constraint is limited by several
factors. For instance, comparative genomics cannot identify enhancers that have
evolutionarily diverged. Indeed, some enhancers have conserved function that is not
apparent at the sequence level, presumably due to TF binding site turnover or
rearrangement (Odom et al., 2007; Yang et al., 2015). Therefore, many genomic regions with
enhancer activity cannot be detected by analysis of sequence conservation. For example,
mouse transgenics have shown that a poorly conserved 1.3 kb sequence is a limb enhancer
that likely functions in the regulation of the human SHOX gene (Cobb, J., unpublished and
Rosin et al., 2013).

1.5.2 Nucleosome depletion, epigenomic signatures and 3D promoter-enhancer structure
build-up
Enhancers acquire unique epigenomic modifications when bound by TFs (reviewed
in Smith and Shilatifard, 2014; Figure 4). First, resultant histone modifications restructure
the nucleosome thereby facilitating additional recruitment of TFs and co-factors to affect
gene transcription (reviewed in Ruthenburg et al., 2007). The consistency with which these
features mark enhancers has led to their use to annotate enhancers genome-wide. For
example, DNase-ChIP genomic screens for DNase I hypersensitivity (DNase I HS) regions in
different cell types pinpoint nucleosome depletion as a characteristic feature of TF-bound
enhancers, although DNase I HS also defines all genomic regions with regulatory capabilities
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Figure 4 Enhancer epigenomic features and mode of action of enhancer regulation
(A and D) Two downstream enhancers control distal limb and forebrain expression of gene
X in the mouse embryo; enhancers A and B. Enhancers A and B have multiple binding sites
for TF binding. Binding of appropriate TFs to each enhancer is essential for proper
expression of gene X in both forebrain and limbs.
Activation of enhancers A and B in the limbs (B and E) and forebrain (C and F) respectively
at a particular time point is defined by multiple factors which restructure local chromatin
structure and configuration; binding of TFs to TF binding sites (TFBS) within each enhancer
sequence, nucleosome depletion (not shown), recruitment of coactivators (e.g. Cohesin
complex) to stabilise the 3D conformation between the promoter and enhancer established
by looping of distal enhancers, and unique epigenomic signatures (H3K4me1, H3K27ac) that
are deposited at nucleosomes of active enhancers.

Modified from Shlyueva et al., 2014
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(Xi et al., 2007).
Interestingly, local disruptions of nucleosomes at enhancers result from weakened
DNA-histone and histone-histone contacts induced by acetylated histones (Jin and
Felsenfeld, 2007). The finding by Jin and Felsenfeld, 2007 is supported by several reports
indicating the occupancy of enhancers with acetylated histones and other exclusive variants
of histone modifications. For instance, enhancers are marked by H3K4me1 (Heintzman et al.,
2007), H3K27ac (Heintzman et al., 2009) and histone acetyltransferase p300 (Visel et al.,
2009). These enhancer-associated epigenomic marks are now being utilized for a large-scale
prediction and annotation of enhancers, facilitated by the availability of ChIP-seq data for
chromatin signatures and accessibility states that are characteristic of enhancers. Currently,
two such data sets are available from ENCODE and Roadmap Epigenomics. The two
databases, ENCODE project consortium, 2012 (http://www.genome.ucsc. edu/ encode/)
and Roadmap Epigenomics Consortium, 2015 (http://www.roadmapepigenomics.org/) are
ChIP-seq data platforms for open chromatin and enhancer epigenomic signatures from
different cell lines, mouse cells and tissues (Maurano et al., 2012; Shen et al., 2012). A
potential drawback in applying epigenomic signatures to predict enhancers is their ability to
mark other regulatory regions (Heintzman et al., 2009).
Secondly, the binding of appropriate TFs to enhancers also facilitates the “looping” of
distant enhancers to their target promoters. The interaction between a gene and potential
CRMs establishes a 3D chromosome conformation (Figure 4). Unidentified CRMs contacting
a known regulatory locus can be quantified and sequenced by chromosome conformation
capture methods. Technological improvement of chromosome conformation capture (3C)
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technology (Dekker et al., 2002), has led to the development of circularized chromosome
conformation capture (4C) (Simonis et al., 2006). The amalgamation of 4C with next
generation sequencing (NGS) technology (4C-seq) has allowed for the systematic probing
and quantifying of interactions made by a particular genomic locus, with all cis-regulatory
regions in a restrained genomic area (Simonis et al., 2006; see Chapters 2.10 and 5.2 for
methods and principles of 4C-seq). This high-resolution technique has identified and
mapped several enhancers to target genes with high accuracy (Simonis et al., 2006; Andrey
et al., 2013; Lupianez et al., 2015). 4C-seq has an advantage over other enhancer predicting
approaches by directly connecting enhancers to target genes. Additionally, 4C-seq can
interrogate the entire cis-regulatory architecture of a selected genomic locus (Andrey et al.,
2013; Lupianez et al., 2015). Notably, however, 4C-seq resolution is limited to 50 kb and
does not give any information about the regulatory outcome, repression or activation for
example, of the interactions it detects. Therefore, genetic and molecular techniques must be
used to test the involvement of specific proteins in the function of sequences detected by 4Cseq. Among such regulatory proteins, components of the hedgehog pathways, reviewed next,
are prominent candidates for controlling Shox2 expression during limb patterning and
chondrogenesis.

1.6 Hedgehog signalling in vertebrate limb development and morphogenesis

The patterning of the vertebrate limb is accomplished by the transformation of the
limb bud, originating from the lateral plate mesoderm, into a three-dimensional pattern.
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Lateral plate mesoderm-derived mesenchymal progenitors condense and differentiate into
a chondrocyte model of the prospective bone. The functionally mature limb develops
progressively through three distinct stages – initiation of the limb bud, limb patterning and
morphogenesis (reviewed in Kronenberg, 2003). During the past four decades, multiple
families of signalling molecules and their cell-surface receptors have been found to play
significant roles during the different phases of limb development. For instance, the threedimensional vertebrate limb axes; proximal-distal (PD), dorsal-ventral (DV) and anteriorposterior (AP) established during early limb patterning, are integrated by fibroblast growth
factors (FGFs), Wnt and hedgehog signaling respectively (reviewed in Niswander, 2002).
Hedgehog (HH) is a highly conserved signalling pathway in which secreted ligands
bind membrane receptors to ultimately modulate gene expression. Vertebrates have three
homologs of Drosophila hedgehog: Indian hedgehog (Ihh), Desert hedgehog (Dhh) and Sonic
Hedgehog (Shh) (Nusslein- Volhard and Wieschaus, 1980; Riddle et al., 1993). They function
primarily to stimulate both embryonic and adult tissue proliferation (Grachtchouk et al.,
2000; Mill et al., 2003) through modulation of gene expression. The role of HH signalling is
not only limited to proliferation, but members of the HH protein family are also involved in
multiple developmental and cellular processes, including but not limited to, preservation of
stem cells in adult tissues (Watkins et al., 2003) and tumorigenesis (reviewed in Wicking et
al., 1999). Others are neural progenitor patterning and survival (Litingtung and Chiang,
2000) as well as limb patterning and long bone development (Riddle et al., 1993; St-Jacques
et al., 1999). Predictably, dysregulation of HH signalling has been implicated in several
disease conditions including cancers, bone and metabolic diseases. For instance,
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perturbation of an intracellular transcriptional effector of HH signaling, glioma-associated-2
oncogene (Gli1) is associated with breast tumorigenesis (Fiaschi et al., 2009). Additionally,
mutations leading to a loss of Gli3 function in mice result in aberrant limb patterning and
morphogenesis: AP limb axes are disrupted with the development of polydactylous
autopods, whereas stylopods and zeugopods are significantly reduced and widened (Mo et
al., 1997).
The HH signalling pathway is made up of a dual-receptor unit of two transmembrane
proteins, Patched (PTCH) and Smoothened (SMO), which function as a receptor for the HH
ligand and signal transducer, respectively (Stone et al., 1996). In vertebrate cells, all three
Hh homologs utilize a highly conserved signal transduction pathway in which the signal
induced by ligand-receptor binding is transmitted to the nucleus by three GLI proteins: GLI1,
GLI2 and GLI3. Depending on cellular conditions, full-length GLI2/GLI3 are processed
proteolytically into either an activator (GLIA) or repressor (GLIR) form. Maintenance of
cellular equivalence of GLIA and GLIR forms is a key regulatory point in HH signaling
(reviewed in Hui and Angers, 2011). Binding of HH to its receptor PTCH, triggers Casein
kinase I (CKI) and G protein-coupled receptor kinase 2 (GRK2) combined phosphorylation
of SMO. Phosphorylation of SMO relieves the initial inhibitory effects of PTCH on SMO in the
absence of HH ligand. Phosphorylated SMO is subsequently withdrawn into primary cilia and
molecularly configured into an active SMO structure (Chen et al., 2011; Figure 5).
Additionally, intracellular suppressors of GLI protein, KIF7 and most importantly, SUFU are
recruited by activated SMO. SUFU and SMO association disrupts GLI phosphorylation by
glycogen synthase kinase (GSK-3β), CKI and protein kinase A (PKA) (Humke et al., 2010) to

28

29

Figure 5 HH signal transduction pathway in mammals
(A) HH signalling pathway when HH is absent. When HH signalling is down, PTCH represses
SMO. The repression is thought to involve the prevention of SMO’s accumulation in the
primary cilium. In the absence of phosphorylated SMO in the cilium, SUFU and KIF7 act as a
platform and recruit GLI, PKA, GSK3β and CK1. The SUFU assembled complex triggers the
phosphorylation of GLI. Subsequently, intracellular phosphorylated GLI is processed for
degradation by β-TrCP into GLIR. In the nucleus, GLIR represses HH target genes.
(B) HH signalling in the presence of HH ligand. All three vertebrate HH ligands bind to PTCH
to immobilize PTCH to the plasma membrane leading to the phosphorylation and release of
SMO into the primary cilium (not shown). GRK2 and CK1 phosphorylated SMO (activated
SMO) sequesters the destructive GLI phosphorylating complex made of SUFU, GSK3β, PKA
and CK1. Phosphorylation and processing of GLI into GLIR are inhibited, and full-length GLI
proteins build up in the cytoplasm as GLIA and are translocated into the nucleus.
Accumulated nuclear GLIA activate the transcription of HH target genes.

Modified from Chen et al., 2013.
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abolish the phosphorylation of GLI by GSK-3β, CKI and PKA. Nuclear accumulated full-length
GLI is thus converted to GLIA to activate HH target genes. However, when HH signaling is
down, SMO is inhibited by PTCH. SMO repression triggers collective phosphorylation of fulllength GLI by PKA, CKI and GSK-3β. Phosphorylated cytoplasmic GLI is processed by betatransducin repeats containing proteins (β-TrCP) for proteosome degradation into GLIR.
Accumulated cellular GLIR does not allow the transcription of HH target genes such as PTCH1
and GLI1 (reviewed in Chen et al., 2013, Figure 5).

1.6.1 HH signalling is active in PD limb outgrowth and patterning
FGFs originating from the AER in addition to FGF10 in the limb mesenchyme are the
primary determinants of PD limb initiation, subsequent prolongation and ultimate
patterning. The failure of limb elements to form upon Fgf10 perturbation demonstrates the
necessity of Fgf10 for PD limb development (Sekine et al., 1999). Although the constitution
of a functional AER is dependent on the sequential expression and interplay of Fgf10 and
Fgf8 (Ohuchi et al., 1997), its conservation is also known to involve multiple signalling
molecules including BMPs, Wnts, FGF receptor 2 (Pizette et al., 2001; Revest et al., 2001;
Barrow et al., 2003) and SHH (Bouldin et al., 2010).
SHH, produced by the distal-posterior mesenchyme of the zone of polarizing activity
(ZPA), is necessary for sustaining the overall growth of the AER (Bouldin et al., 2010) in
addition to its predominant role in AP limb patterning (Riddle et al., 1993). Shh and Fgf10
expression colocalize in the posterior limb bud (Riddle et al., 1993; Ohuchi et al., 1997). Fgf10
expression is activated at the posterior AER by Shh, and in return, Shh expression is sustained
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by Fgf10 (Ohuchi et al., 1997). The requirement for Shh in distal limb outgrowth is evident
from the reduction in zeugopod and autopod skeletal elements, following the excision of
posterior AER and consequent loss of Shh expression in developing chicken limbs (Ohuchi et
al., 1997). Mispatterned zeugopods and autopods are also evident in mice with ablated Shh,
suggesting the essential role of SHH in patterning PD limb structures (Chiang et al., 1996;
Litingtung et al., 2002). Thus, in the course of vertebrate limb development, limb bud
outgrowth (PD) is coupled to AP axis (digit) patterning by the interplay of two signalling
molecules: FGFs, emanating from the distal restricted apical ectodermal ridge (AER)
(Verheyden and Sun, 2008), and SHH, produced at the ZPA (Riddle et al., 1993).
Like SHH, two prominent members of the HH signalling pathway, IHH and GLI3 have
also been implicated in distinct PD limb segment deformities (Mo et al., 1997; St-Jacques et
al., 1999). In the developing limb, Ihh expression is localized to prehypertrophic
chondrocytes of the growth plate (Bitgood and McMahon, 1995; St-Jacques et al., 1999). Mice
with defective Ihh have an extreme reduction of all PD limb elements, resulting from
compromised chondrocyte proliferation, as well as osteoblast maturation mediated by Ihh
and parathyroid hormone-related protein (PTHrP) (St-Jacques et al., 1999). Knockout of
Smo, an Ihh-transducing molecule, in chondrocytes produces a phenotype identical to Ihh
null mice; all long bones are significantly truncated (Long et al., 2001). However, unlike the
Ihh perturbation study by St-Jacques et al. (1999), the chondrocyte-specific Smo knockout
suggests that Ihh participates only in chondrogenic proliferation processes, and is thus
dispensable for chondrocyte hypertrophy on its own (Long et al., 2001).
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All three vertebrate HH signalling ligands including SHH and IHH utilize differential
cellular compartmentalization and processing of three GLI intracellular mediators to affect
HH responding genes. Of the three GLI transcription factors, all but GLI1 are known to have
significant functions during limb development (Mo et al., 1997; Bowers et al., 2012). While
Gli2 mutants are characterized by 25%, 15 % and 50 % reductions of the humerus, radius
and ulna respectively; Gli3 mutant mice have marginally smaller stylopod and zeugopod
elements (Mo et al., 1997). Analyses of Gli3 knockout mouse models have shown Gli3 – whose
expression is restricted to proliferating chondrocytes – to facilitate the maturation of
proliferating chondrocytes (Koziel et al., 2005), a function reminiscent of that of Shox2.
Therefore, the objectives of this thesis include experiments that test for links between the
hedgehog pathways and Shox2 expression and function.

1.7 Objectives

Shox2 is expressed in the proximal domain of the developing limb and this thesis
focuses on how this critical expression pattern is generated. Null mutations have established
a requirement for Shox2 for the development of forelimb and hindlimb stylopods as well as
hindlimb zeugopods (Cobb et al., 2006). In contrast to comprehensive studies centered on
the function of Shox2 in chondrogenesis and limb development (Cobb et al., 2006; Bobick
and Cobb, 2012), the TFs that govern Shox2 limb expression have remained elusive partly
because of a lack of characterized cis-regulatory elements that dictate the spatiotemporal
expression of Shox2. Thus, we first aimed at identifying Shox2 limb enhancer(s). The
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following objectives were designed to characterize the cis-regulatory topology of the mouse
Shox2 gene during limb development:
i.

Employ comparative genomics and mouse transgenics to identify and
functionally characterize a candidate enhancer element (referred to as Limb
Hindbrain element, LHB) for the regulation of Shox2 limb expression (Chapter
3).

ii.

Utilize genomic targeting to assess the overall contribution of the LHB to
endogenous Shox2 limb expression and regulation (Chapter 3).

iii.

Identify other limb enhancers of Shox2 and subsequently delineate the entire
limb-specific cis-regulatory topology of Shox2 utilizing a combination of
different criteria for enhancer identification and techniques including 4C-seq
(Chapters 4 and 5).

The identification of cis-regulatory elements of Shox2 can be exploited to identify TFs
(specifically GLI proteins) that potentially bind and control Shox2 enhancers. The belief that
GLI proteins likely regulate a subset of Shox2 enhancers is grounded on the observation that
a fraction of our transgenically tested Shox2 limb control sequences are enriched for
sequences bound by GLI3 (Vokes et al., 2008). Additionally, the similarities between
members of the HH signaling pathway –Gli3 and Ihh – and Shox2 during limb chondrogenesis
(Mo et al., 1997; St-Jacques et al., 1999; Cobb et al., 2006; Bobick and Cobb, 2012) suggest a
likely regulatory contribution from HH signalling in Shox2 limb expression. Given that
transcriptional regulation of GLI target genes involves the binding of GLI proteins to CRMs,
notably enhancers (Peterson et al., 2012), we hypothesized that a subset of Shox2 limb
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enhancers integrate positional information from GLI (HH signaling) to regulate the
expression of Shox2 in proximal domains of the developing limb. We tested this
hypothesis as follows:
iv.

Assess whether Shox2 genetically interacts with Shh and Gli3 during limb
development (Chapter 6).

v.

Investigate if GLI3 regulates Shox2 limb expression through a set of dispersed
regulatory elements surrounding the Shox2 gene (Chapter 6).
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Chapter Two: Materials and methods

2.1 Mice

The following mice were used: Shox2flox/flox (Cobb et al., 2006), Prrx1-Cre (Logan et al.,
2002), Shh flox/flox (Lewis et al., 2001), LHB-/- (SAO unpublished) and Gli3flox/flox (Blaess et al.,
2008). Dr. John Cobb provided Shox2flox/flox and Prrx1-Cre mice. The LHB-/- mouse was made
by Samuel Abassah-Oppong as described below. Gli3flox/flox and Shh

flox/flox

mice were

purchased from the Jackson Laboratory, Bar Harbor, Maine, USA. In addition, enhancer
reporter lines were produced by pronuclear injection as described below. Approval was
obtained from the Life and Environmental Sciences Animal Care Committee of the Unversity
of Calgary for all animal experiments.

2.2 Prediction of enhancer sequences in silico

Alignment of sequences surrounding mouse Shox2 with multiple species was
performed by mVista tools (Bray et al., 2003).

Conserved

non-coding

elements

or

sequences (CNE/CNS) were identified and selected for transgenic characterization by
aligning sequences from the mouse Shox2 genomic region with syntenic regions from
multiple species. The VISTA enhancer browser was used to search for transgenic mouse
embryos with human enhancer sequences that show limb activity characteristic of Shox2
limb expression (Visel et al., 2007). The area surrounding the mouse Shox2 genomic region
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was examined for open chromatin and enhancer-associated epigenomic signature
enrichments in limb buds from the ENCODE database (ENCODE project consortium, 2012).
Genomic regions with sensitivity to DNase I and those with enrichment for chromatin marks
that are unique to enhancer regions were identified as candidate regions with cis-regulatory
potential.

2.3 Polymerase chain reaction (PCR) amplification of genomic sequences

All genomic sequences for making Southern blotting probes, LHB targeting
recombineering, genotyping and cloning of enhancers were PCR amplified using TopTaq®
DNA Polymerase (Qiagen), except Shox2 limb elements (SLEs) 2 and 8 which were amplified
with the proofreading polymerase in the SequalPrepTM Long PCR Kit (Invitrogen).
A 25 µL PCR reaction for each fragment was set up as follows: 2.5 µL 10 X Buffer
(Qiagen), 5 µL Reagent Q (Qiagen), 0.25 µL Taq Polymerase (Qiagen), 13.25 µL sterile water,
0.5 µL dNTP mix (New England Biolabs), 1.25 µL each of 10 µM forward and reverse primers
and 1 µL of DNA template of interest. Specific DNA sequences were amplified by PCR under
the following conditions: Pre-denaturation at 94 oC for 4 minutes, denaturation at 94 oC for
45 seconds, annealing at 55 oC for 45 seconds, elongation at 72 oC for 1 minute, postelongation at 72 oC for 9 minutes and a final temperature of 20 oC. Under these conditions,
PCR was run for 35 cycles of denaturation, annealing and elongation.
A 20 µL reaction was set up as follows to amplify SLE 2 and 8 with reagents supplied
from the SequalPrepTM Long PCR Kit (Invitrogen); 2 µL SequalPrep 10X reaction buffer, 0.4
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µL DMSO, 1 µL SequalPrep 10X Enhancer A, 1 µL SequalPrep 10X Enhancer B, 0.36 µL Sequal
long polymerase, 1 µL each of 10 µM forward and reverse primers, 1 µL of template DNA and
12.24 µL H2O. The conditions below were programmed to amplify sequences:
93 oC

3 minutes

10 cycles of:

30 cycles of:

Final extension:
68 oC

93 oC

15 seconds

93 oC

15 seconds

68 oC

30 seconds

60 oC

30 seconds

68 oC

9 minutes

68 oC

9 minutes

9 minutes

Hold at 20 oC

2.4 Cloning of enhancer sequences

All enhancer fragments were PCR amplified with TopTaq® DNA Polymerase (Qiagen)
unless otherwise specified. PCR amplified sequences were cloned into pβlacZFrtKanFrt
(Spitz et al., 2003). Primer pairs used for PCR amplification are shown in Appendix 2. SLEs 5
and 9 were amplified from bacterial artificial chromosomes (BACs) RP23-431J10 and RP2320F15, respectively. SLEs 2 and 8 were amplified from BACs RP23-191B21 and RP23-20F15,
respectively, using SequalPrepTM Long PCR Kit (Invitrogen). PCR-amplified sequences were
digested with Acc651/SalI and ligated into pβlacZFrtKanFrt (Morgan et al., 1996; Spitz et al.,
2003). 741-βlacZ (obtained from Dr. Stanley Neufeld) was digested with KpnI and NotI
whereas all other enhancer fragments were excised with ApaI/NotI and purified with
Geneclean Turbo kit (MP Biomedicals) and dissolved in standard DNA injection buffer (5 mM
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Tris at pH 7.4, 0.1 mM EDTA made in ultrapure H2O and filtered through 0.2 µm filter) for
pronuclear injection (Nagy et al., 2003). BAC105B3lacZ was obtained from Dr. Stanley
Neufeld, purified with Geneclean Turbo kit (MP Biomedicals) and dissolved in injection
buffer for BAC DNA (0.01 M Tris-HCl, 100 µM EDTA pH 8, 0.1 M NaCl made up in H2O, 0.2 µm
filtered with added 50 µL polyamine mix1) for pronuclear injection (Nagy et al., 2003). All
enhancer constructs were sequenced to confirm their sequence. The following regions on
BAC105B3lacZ were sequenced: 2 kb and 8 kb regions encompassing 741 and Shox2,
respectively. Mice transgenic for LHB-A-βlacZ were obtained from Dr. J. Cobb (Rosin et al.,
2013).

2.5 β-galactosidase (lacZ) embryo staining

LacZ embryo staining was done according to standard protocol (Nagy et al., 2003).
Briefly, embryos were dissected in sterile ice-chilled 1 X phosphate buffered saline (PBS) (for
10 X PBS: 0.03 M KCl, 0.02 M KH2PO4, 1.37 M NaCl, 0.1 M Na2HPO4 made in H2O with a final
pH of 7.4) and the embryonic membranes, placed in 0.5 mL tail buffer (100 mM HCl, 50 mM
TrisHCl pH 8, 100 mM EDTA pH 8 and 1 % SDS in sterile H 2O) containing 10 µL 10 mg/mL
proteinase K for genotyping when necessary. The dissected embryos were then placed in 1
mL of PBS in a 24 well dish on ice and fixed with 4 % paraformaldehyde (PFA)in PBS for 15
minutes. Following fixation, the embryos were washed thrice at room temperature for 30

1Polyamine

mix (30 mM spermine and 70 mM spermidine)

39

minutes, while rocking in detergent buffer (0.01 % sodium deoxycholate, 0.02 % NP-40, 2
mM MgCl2 made in 1X PBS pH 7.4) One millilitre of staining solution (4.2 mg/mL
K4(Fe(CN)6)*3H2O, 3.3 mg/mL K3(Fe(CN)6), 0.8 mg/mL X-gal/DMSO made in detergent
buffer) was applied to each embryo and they were incubated at 37 oC for several hours to
overnight. Following overnight incubation, embryos were washed twice in ice-chilled PBS,
post-fixed in 4 % PFA overnight, rinsed several times with PBS and photographed on top of
2 % agarose in petri plates.

2.6 Whole-mount in situ hybridization (WISH)

2.6.1 DIG RNA labelling of Shox2 in situ riboprobe
pGEMT-Shox2 full-length cds (Cobb and Duboule, 2005) was linearized with SalI as
follows: 5 μL 1211.92 μg/mL of plasmid DNA was mixed with 2.5 μL 10X NEB buffer 3.1, 11
μL water and 1.5 μL SalI and incubated for 2 hours at 37 oC. SalI-digested Shox2 DNA was
purified with QIAEX II Gel Extraction Kit (Qiagen) and purified DNA was eluted with 20 μL
RNase-free water. The concentration was determined to be 83.7 ng/μL. The following
reaction was set up on ice to transcribe pGEMT-Shox2 full-length cds with T7 polymerase
(Promega) and DIG-label the resultant Shox2 RNA; 8.37 μL of 83.7 ng/μL of linearized
pGEMT-Shox2 full length cds (700 ng DNA), 2 μL Roche 10 X DIG RNA Labelling Mix, 4 μL
Promega 5X transcription buffer, 2 μL Promega 100 mM DTT, 1 μL RNasin RNase inhibitor,
0.63 μL sterile water and 2 μL T7 RNA polymerase 20 U/ μL. The reaction was mixed by
pipetting and centrifuged at 2000 rpm for 1 minute, followed by incubation at 37 oC for 2

40

hours. Subsequently, the transcription reaction was attenuated by the addition of 2 μL 0.2 M
EDTA pH 8. DIG-labelled Shox2 RNA was purified from unincorporated nucleotides using
MicroSpinTM G-50 Column (GE Healthcare) as follows:
i.

28 μL of RNase-free water were added to the transcribed and DIG-labelled
Shox2 RNA probe reaction mix, making a total of 50 μL.

ii.

The resin in the G-50 column was resuspended by vortexing while the bottom
closure was twisted off. The column was placed in a microfuge tube and
centrifuged at 4400 rpm for 1 minute in an Eppendorf Centrifuge 5424.

iii.

The 50 μL sample was pipetted carefully onto the prepared slanted surface of
the G-50 column.

iv.

The column was placed in a fresh 1.5 mL tube and centrifuged for 1 minute at
4400 rpm.

To confirm the quality of the DIG-labelled Shox2 RNA in situ probe, 10 μL of probe
together with 2 μL of linearized pGEMT-Shox2 cds were run on a 1.5 % agarose gel in a newly
cleaned gel apparatus. The transcribed RNA was determined to be about eight times the
concentration of the template DNA.

2.6.2 Harvesting and dehydration of embryos
WISH with mouse DIG-labelled Shox2 riboprobe was performed according to a
standard protocol as described by Cobb and Duboule, 2005. Embryos were dissected in
sterile PBS and then immediately fixed in 4 % PFA in PBS in a 24-well plate overnight at 4 oC.
The membranes were placed in a tail buffer for genotyping. Following overnight fixation, the
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embryos were dehydrated through a methanol series on ice at 5-minute intervals using 100
% PBST (0.1 % Tween-20 in PBS), 30 % methanol in PBST, 50 % methanol in PBST, 70 %
methanol in PBST, 100 % methanol and an additional 100 % methanol. The embryos were
stored in methanol when necessary at -20 oC in a well-sealed 24-well plate.

2.6.3 Day 1: Embryo rehydration and RNA hybridization
After genotyping embryonic membranes, the embryos (wild-type and mutant) were
placed together in the same well. Wild-type embryos were distinguished from mutant
embryos by removing one eye. They were then serially rehydrated on ice at 5-minute
intervals using 70 % methanol in PBST, 50 % methanol in PBST, 30 % methanol in PBST, 100
% PBST and an additional 100 % PBST. The embryos were then bleached for 1 hour in 6 %
H2O2 on ice (2 mL of 30 % H2O2 diluted in 8 mL PBST), shielding the embryos from light. They
were subsequently washed twice in PBST for 5 minutes each on ice and then finally washed
at room temperature for 5 minutes. The embryos were then permeabilized with 0.01 mg/mL
proteinase K and then incubated at room temperature for 13 and 14 minutes for E11.5 and
E12.5 embryos, respectively. Proteinase K activity was quenched with a 5-minute wash with
2 mg/mL glycine in PBST. Embryos were rinsed twice with PBST on ice and then post-fixed
for 20 minutes at room temperature with 4 % PFA in PBS. Embryos were further washed 5
times with PBST at 5-minute intervals on ice, except the last wash which was carried out at
room temperature. The embryos were subsequently incubated for 5 minutes in preheated
Buffer H1 (50 % deionized formamide, 1 % SDS, 0.1 % Tween-20, 5 X saline-sodium citrate
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(SSC)1 of pH 4.5 made in H2O) at 68 oC. Embryos were incubated for 2 hours at 68 oC in
preheated Buffer H2 (50 µg/mL Heparin and 5 mg/mL Torula RNA made in Buffer H1).
Mouse DIG-labelled Shox2 probe (3 µL in 1 mL buffer H2) was denatured at 80 oC for 10
minutes. The embryos were then treated with denatured DIG-labelled Shox2 riboprobe and
incubated overnight at 68 oC. During overnight incubation, embryos were covered with a
heat-resistant plastic sheet.

2.6.4 Day 2: Excess probe washing and incubation with antibody
The next day, embryos were washed thrice for 30 minutes each in 68 oC Buffer H1 at
68 oC after probes had been recovered. They were washed again thrice at 30-minute
intervals at 68 oC in Buffer L2 (50 % deionized formamide; 2X SSC, of pH 4.5, 1 % SDS, 0.1 %
Tween-20, made in H2O) and finally in Buffer L3 (2 X SSC, of pH 4.5, 1 % SDS, 0.1 % Tween20, made in H2O). Following Buffer L3 washing, embryos were incubated at room
temperature for 15 minutes and then washed thrice at 5-minute intervals in 1 % Tween-20
in sterile 1 X Tris-buffered saline (TBS) (for 10 X TBS 0.03 M KCl, 1.37 M NaCl, 0.25 M Tris
made in H2O with a final pH of 7.4). After 2 hours of incubation with blocking solution (20
µL/mL heat-inactivated fetal calf serum, 2 mg/mL Bovine serum albumin (BSA) made in
TBST) at room temperature, embryos were incubated with rocking at 4 oC overnight with
3.3 µL Anti-DIG-AP antibody (Roche) diluted in 10 mL blocking solution.

120 X SSC pH

4.5 (3 M NaCl, 0.3 M Trisodium citrate dehydrate made in H2O. Adjust pH to 4.5

with 0.5 M citric acid)
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2.6.5 Day 3: Embryo washing
On the third day, embryos were washed 3 times at 5-minute intervals in sterile TBST
at room temperature on a rocking table. They were then washed 5 times for a period of 1 hr
30 minutes each in TBST with continuous rocking. Washing of embryos continued overnight
at 4 oC.

2.6.6 Day 4: Development of chromogenic signal
Prior to chromogenic signal development, embryos were washed 3 times at 10-minute
intervals in NTMT (1 % Tween-20, 100 mM NaCl, 100 mM Tris pH 9.5 made in H2O). BM
Purple AB Substrate (Roche) was added to embryos at room temperature. The chromogenic
signal was developed in the dark. After the desired staining had been achieved (between 2.5
and 3 hours), excess colouration was washed off with several washes in PBST after which
embryos were fixed in 1 % PFA.

2.7 Genomic Southern blotting with DIG-labelled probes

2.7.1 Cloning of Southern blotting probes
A 731 bp internal and a 750 bp 3’-external LHB Southern blotting probe were PCR
amplified from pL253-LHB and BAC RP-103D17lacZ, respectively (see Appendix 2 for
primers). Amplified internal and external LHB probes were each ligated into pGEM®-T easy
vector (Promega). One Shot® TOP 10 competent cells (ThermoFisher Scientific) were
transformed with pGEM®-T ligated internal and 3’-LHB probes, respectively. Both probes
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were excised with EcoRI and purified with QIAquick Gel Extraction Kit (Qiagen). 5’- external
LHB Southern blot probe (721 bp) was cut from pGEMT-LHB 5’-probe (obtained from Dr. J.
Cobb) with SpeI and SphI and purified with QIAquick Gel Extraction Kit (Qiagen).

2.7.2 Labelling and purification of Southern blotting probes
16 µL of each probe was denatured for 10 minutes in a boiling water bath (100 oC)
and cooled rapidly in a chilled water bath. To 16 µL of the denatured probe, 4 µL of
resuspended DIG-High Prime (Roche) were added and the mixture was centrifuged at 8,500
rpm for 1 minute with Eppendorf Centrifuge 5424. The reaction was incubated at 37 oC
overnight. Following incubation, labelling was stopped by adding 2 mL of 0.2 M EDTA. DIGlabelled DNA probes were purified using MicroSpinTM G-50 Column (GE Healthcare) (see
2.6.1). The yields of the DIG-labelled probes were estimated by the dot blot method.

2.7.3 Digestion and blotting of genomic DNA
10 µL of the tail or embryonic membrane DNA sample were digested with the
appropriate restriction enzyme. 15 µL of restriction digest were run on a 0.75 % agarose gel
with 1 kb ladder. To avoid ‘smiling’ of bands, the gel was ran slowly at 100 V. The gel was
carefully photographed with a ruler, ensuring the ladder was visible. The gel was then
treated for 30 minutes with a denaturation solution (0.5 M NaOH and 1.5 M NaCl made in
H2O) on a MaxQ 200 (Thermo Scientific) shaking platform (50 rpm). Following denaturation,
the gel was treated with a sterile neutralization solution (1.5 M NaCl pH 8, 1 mM EDTA and
0.5 M Tris-HCl pH 7.4 made in H2O) for 30 minutes and an additional 15 minutes at 50 rpm.
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The DNA was transferred from the agarose gel to a membrane overnight by capillary action
with sterile 10 X SSC buffer pH 7 as follows:
i.

A tray was filled with 500 mL of 10 X SSC buffer.

ii.

On a plastic plate to support gel, a wick made of 3M paper with one end soaking
in the 10 X SSC was made, eliminating bubbles at each step with a glass pipette.

iii.

The gel was drained and left on the tray. Two pieces of 3M paper cut to gel size
(10.2 x 7 cm, 10.2 x 15.1 cm or 10.2 x 23.4 cm) were soaked in the 10 X SSC.
SCC soaked two 3M papers were placed on top of the gel, carefully inverting
the gel and finally placed on the wick platform.

iv.

A hybond-N membrane, cut to the size of the gel (sizes in iii) was soaked in 10
X SSC and then carefully placed at the back of the gel.

v.

Strips of parafilm were placed around the exterior of the membrane to prevent
the top layers from contacting the bottom layers.

vi.

The membrane was covered with two more pieces of 3M paper soaked in 10 X
SSC.

vii.

The entire stack was then covered with a generous stack of dry paper napkins
and completed with another plastic plate and a weight on it.

2.7.4 Hybridization with DIG-labelled DNA probes
The stack was disassembled the next day and the position of the wells on the
membrane carefully marked with a pencil. The membrane was later bathed in sterile 0.2 M
sodium phosphate with a pH of 7.2 for 5 minutes. The membrane was subsequently dried
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between two pieces of 3M paper and baked for 2 hours at 80 oC. The baked membrane was
then placed in a hybridization bottle and prehybridized for 1 hour with 50 mL CHURCH
buffer (0.5 M Sodium phosphate pH of 7.2, 7 % Sodium dodecyl sulphate (SDS) and 1 mM
EDTA made in sterile H2O) at 68 oC with rotating. Detection probe was denatured for 10
minutes in boiling water bath and then diluted in preheated CHURCH buffer to a final
concentration of 1 µL/10 mL. (If reusing probe, denature diluted probe for 10 minutes). The
membrane containing denatured DNA was hybridized to the denatured probe overnight at
68 oC.

2.7.5 Post-Hybridization washes and signal development
The probe was recovered the next morning and stored in a 50 mL tube at -20 oC. The
membrane was washed in a preheated freshly-made Southern Washing Solution (40 mM
Sodium phosphate pH of 7.2 and 7 % SDS made in H2O) at 68 oC twice for 5 minutes. The first
wash was carried out in a bottle and the subsequent wash on MaxQ 200 (Thermo Scientific)
shaker at 50 rpm. The membrane was again washed for 5 minutes in sterile 1 X Southern
Buffer 1 (for 20 X Buffer 1, 1 M Maleic acid, 1.5 M NaCl and 2 M NaOH made in H 2O and
adjusted to pH of 7.5) containing 0.3 % Tween-20. The membrane was incubated for another
30 minutes in 1 X Southern Blocking Solution (5 g of blocking reagent (Roche) in 495 mL 1 X
Buffer 1) by shaking rapidly (300 rpm) in a sealed plastic bag. The solution in the sealed bag
was replaced with 1 µL AP-Anti-DIG antibody (Roche), diluted in 20 mL 1 X southern
blocking solution, and then the contents were shaken rapidly (300 rpm) for 30 minutes. The
blocked membrane was removed from the bag and washed twice for 30 minutes with Buffer
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1 containing 0.3 % Tween-20. It was subsequently washed for 5 minutes in Buffer 3 (0.1 M
Tris-HCl pH 9.5 and 0.1 M NaCl made in H2O). The membrane was then covered with 30 µL
of 25 mM CDP-star (Roche) diluted in 10 mL Buffer 3, and then incubated for 5 minutes in a
sealed bag. Following the incubation, the membrane was immediately exposed to Amersham
HyperfilmTM ECL (GE Healthcare), and developed after 2 hours and after overnight
exposure.

2.8 Targeted deletion of the LHB element in mice

2.8.1 Cloning of the LHB mini-targeting vector
The 5’ fragment (262 bp CD) for homologous retrieval of the LHB fragment was PCR
amplified from pL253-LHB (obtained from Dr. J. Cobb. See Appendix 2 for primers).
Neomycin cassette and 3’-homologous arm (EF) fragments that had been ligated into a
pL253 vector (Liu et al., 2003) pL253-Neo-EF, was obtained from Dr. J. Cobb. NotI and EcoRIdigested CD PCR product was ligated into NotI and EcoRI linearized pL253-Neo-EF (obtained
from Dr. J. Cobb). One Shot® TOP 10 chemically competent cells (ThermoFisher Scientific)
were transformed with pL253CD-Neo-EF (mini-targeting vector).

2.8.2 Retrieval of LHB region unto pL253
5’ LHB WX homology arm was amplified from pL253-LHB (see Appendix 2 for
primers). HindIII and NotI digested WX was ligated into HindIII and NotI-cut pL253-YZ
(obtained from Dr. J. Cobb) and then transformed into One Shot® TOP 10 chemically
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competent cells (ThermoFisher Scientific). HindIII-linearized pL253WX-YZ was purified
with QIAquick Gel Extraction Kit (Qiagen). The LHB region to be targeted was retrieved
(recovered) unto pL253WX-YZ as follows:
A single colony of recombinogenic SW102 (Warming et al., 2005) cells containing BAC
213a24lacZ was inoculated into 2 mL LB media containing 50 µg/mL kanamycin and
incubated overnight at 30 oC. The next morning, 2 mL SW102 overnight cultured cells were
inoculated into 100 mL 50 µg/mL kanamycin LB media. Cultured cells were grown at 30 oC
for about 4 hours to an OD600 = 0.52. The culture was split equally into 500 mL flasks and
incubated under two different conditions; 50 mL uninduced control cells at 30 oC and Red
genes activated in 50 mL cells at 42 oC for 15 minutes on a water bath with shaking. Red
genes were induced in the SW102 cells which shall allow for a later homologous
recombination of the LHB region to be retrieved (Liu et al., 2003). After 15 minutes, 30 oC
and 42 oC flasks were immediately placed in ice water and shook gently for 5 minutes. Both
flasks were incubated again for 10 minutes on ice without shaking. To keep cells cold, the
rest of the procedure was carried out in a cold room (4 oC). Both uninduced and induced cells
were centrifuged in pre-cooled 50 mL falcon tubes at 3500 rpm for 15 minutes at 4 oC in a
multifuge 3SR+ tabletop centrifuge (Thermo Scientific). Supernatant was discarded and cells
were resuspended in 10 mL sterile ice-cold water with gently swirling for about 10 minutes.
This was performed in the cold room. Resuspended cells were centrifuged again in 3SR
tabletop centrifuge at 3500 rpm for 15 minutes at 4 oC. After the supernatant had been
discarded, pellets were resuspended in 2 mL sterile water. Cells were completely suspended
after 2 minutes of gentle swirling. The 2 mL suspended cells were dispensed equally into 1.5
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mL pre-cooled Eppendorf tubes on ice. Suspension of cells was done in the cold room. Cells
were centrifuged in a cold 4 oC microfuge for 30 seconds at 14 000 rpm. Cells were washed
a second time by discarding and resuspending each pellet in 1 mL cold, sterile water followed
by spinning in a cold 4 oC microfuge 22R (Beckman Coulter) for 30 seconds at 14 000 rpm.
Cells were finally suspended in 25 µL of water to a final volume of 50 µL of cells for each tube.
This resulted in two tubes each of both induced and uninduced cells which were transferred
to ice. Gel purified HindIII-linearized pL253WX-YZ DNA was added to cells on ice as follows;
2 uL each to 1 tube each of induced and uninduced cells. To the second pair of uninduced and
induced cells, 3 µL each of the linearized DNA were added. Each tube of cells and DNA were
transferred to a sterile electroporation cuvette on ice. Micropulser electroporation was done
under the following conditions; Ec1, 1.8 kV, 25 µF and 200 Ω. Immediately, 900 µL of LB were
added to each cuvette and transferred to 14 mL tubes and cultured for 1 hour at 30 oC with
shaking. The recorded time constants for each electroporation ranged from 3.7 to 4.1. A total
volume of 100 uL of cultured cells was each plated on 100 µg/mL ampicillin LB plates to
select for cells in which the LHB region has been retrieved unto pL253-WX-YZ. Plates were
incubated for 24 hours at 30 oC. The LHB region was thus recovered on pL253 (Liu et al.,
2003) as pL253-WX-LHB-YZ.

2.8.3 Targeting LHB with a mini-targeting vector (LHB targeting vector construct)
CD-Neo-EF fragment was excised with NotI and SalI from the mini-targeting vector
(pL253CD-Neo-EF) and purified with QIAquick Gel Extraction Kit (Qiagen). CD and EF are
LHB homologous arms flanking the floxed Neo cassette. The retrieved LHB plasmid
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(pL253WX-LHB-ZY) contains the LHB region to be deleted and is carried in
electrocompetent SW102 cells. Targeting of LHB was performed according to the same
procedure for retrieval in 2.8.2 except for the growth media used to culture SW102 cells
containing pL253WX-LHB-YZ.
100 µg/mL ampicillin LB media was used to culture SW102 cells containing
pL253WX-LHB-YZ. The average time constant was 4.4. The resultant LHB targeting plasmids
(pL253WX-CD-Neo-EF-YZ) were selected on 100 µg/mL ampicillin LB plates. Sequenced
pL253WX-CD-Neo-EF-YZ was linearized with NotI and purified with QIAquick Gel Extraction
Kit (Qiagen).

2.8.4 Purification of NotI-linearized pL253WX-CD-Neo-EF-YZ for electroporation into mouse
embryonic stem cells (ESCs)
i.

300 µL of phenol-chloroform were added to 300 µL of NotI-linearized
pL253WX-CD-Neo-EF-YZ and mixed by vortexing.

ii.

The reaction was centrifuged at 23 oC for 5 minutes at 14 000 rpm in microfuge
22R (Beckman Coulter).

iii.

Supernatant (250 mL) was transferred to a fresh 1.5 mL Eppendorf tube while
avoiding phenol.

iv.

25 mL of 3 M sodium acetate and 500 mL 100 % ethanol were added to the
reaction tube and the reaction mixture was inverted several times until
precipitate was visible.
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v.

After spinning the solution at 14 000 rpm for 5 minutes at 23 oC, the
supernatant was removed and the pellet recovered.

vi.

The pellet was washed with 700 mL 70 % ethanol, centrifuged at 14 000 rpm
for 5 minutes at 23 oC and supernatant decanted.

vii.

Rewashed pellet for a second time by repeating vi.

viii.

The pellets were air-dried and resuspended in 40 µL sterile water aseptically.

2.8.5 Targeting of mouse ES Cells with an LHB targeting vector
LHB targeting in ESCs was conducted at the transgenic mouse facility at the University
of Calgary Medical School by Eileen Rattner. Our linearized targeting vector (pL253WX-CDNeo-EF-YZ) was electroporated into G4 ES cells (a hybrid of 129 and C57BL/6 lines) (George
et al., 2007). The targeting vector was expected to replace the ES cell LHB locus by
homologous recombination with a neomycin cassette flanked by loxP sites. Targeted ES cell
clones were selected on 300 µg/mL G418 media. The Medical School facility handed over the
lysed, LHB-targeted ES cells to our laboratory, and we extracted DNA and confirmed positive
clones using the 5’-Southern blotting probe on SacI digest. We tested one positive LHBtargeted clone. The transgenic mouse facility at the Medical School expanded the positive
clone, and we confirmed the occurrence of targeting with 5’ and 3’ probes on SphI and SacI
digests, respectively. The correctly targeted ES cell clone was aggregated with CD1 morulae
overnight and subsequently transferred to a pseudo-pregnant mouse to generate chimeric
mice (Wood et al., 1993). Seven out of twelve male chimeric mice with a high incidence of
brown patches were bred to CD1 (white) wild-type females and heterozygous LHB mutants
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screened by Southern blotting using the 5’-probe on EcoRV digest and PCR. All but one
transmitted the targeted LHB allele in the germline. The final stage of the breeding scheme
involved the selfing of floxed neomycin LHB targeted heterozygotes to generate LHB
homozygous mutants. We then crossed Prxx1-Cre (Logan et al., 2002) females to LHBflox
neo/flox neo males

to delete the neomycin cassette in all tissues.

2.9 Skeletal staining and measurements

2.9.1 Alcian blue and Alizarin red staining of cartilage and bone
Internal organs and skin of decapitated newborn mice were carefully removed with
forceps. Mice were fixed in 14 mL snap cap tubes sealed with parafilm in 1 % Glacial acetic
acid in ethanol for one day. Cartilage was stained in freshly filter-prepared 1 mg/mL Alcian
blue 8GX (Sigma) in 1 Glacial acetic acid: 4 ethanol (v/v) for 24 hours with rocking at room
temperature. Alcian blue cartilage-stained mice were washed 3 times in absolute ethanol for
12 hours. Bones became visible after dissolving soft bones in 1.5 % potassium hydroxide
(KOH) for 4 hours. Bones were stained in 0.5 % KOH with 0.15 mg/mL Alizarin Red S (Sigma)
at room temperature with rocking for a maximum of 4 hours. Bones were destained in 20 %
glycerol in 0.5 % KOH for 2 days and ultimately stored in 40 % glycerol at room temperature.

2.9.2 Adult skeleton staining with Alizarin red
Adult mice were sacrificed by CO2 asphyxiation. The mice were skinned and
eviscerated, and internal organs were carefully removed. Subsequent steps were done in 50

53

mL tubes and with gentle rocking on a platform. The mice were fixed in ethanol for 4 days,
and then in acetone for 3 days to remove fat. The bodies were incubated in 2 % KOH for 5
days to dissolve tissue. The digestions of the tissues were monitored to prevent deep
digestion. The skeletons were subsequently stained with 0.005 % Alizarin red (SigmaAldrich A5533) in 2 % KOH for 3 days until the bones were red. Following staining, the
skeleton was destained with 20 % glycerol in 1 % KOH to remove excess stain followed by
100 % glycerol.

2.9.3 Limb measurements
Under the microscope, a square grid chart comprising of uniformly placed lines with
each square measuring 0.5 mm was used to measure Alizarin red stained bones of the
stylopods and zeugopods (i.e. length of ossifications), of newborns. The skeletal elements of
adult mice were measured with a 10 mm graded ruler. In all determinations, no difference
was observed in body length of mice.

2.9.4 Statistical analyses
To assess any statistical differences between WT and LHB mutant limbs, the Student’s
t-test was used to test the means of measured lengths. Genetic interactions between
Shox2/Gli3 and Shox2/Shh during stylopod patterning was determined as follows:
i.

For each of the two interactions studied, we designed a two-factor design
comprising two alleles of Shox2 and two alleles of Gli3 (Shox2/Gli3 interaction)
and two alleles of Shox2 and two alleles of Shh to detect Shox2/Shh interaction
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(2 X 2 factorial analysis of variance (ANOVA)) (Jaccard, 1998). Alleles
represents independent variables. Two-way ANOVA was performed with the
GraphPad Prism program. Furthermore, the effect of the independent alleles on
the length of each PD limb segment was analysed for genetic interactions on 2 x
2 interaction plot with GraphPad Prism.

2.10 Circular chromosome conformation capture coupled with next-generation
sequencing (4C-seq)

The procedure for 4C-seq was adapted from the methods of Noordermeer et al., 2011
and Andrey et al., 2013. Two independent replicates for each of the three viewpoints were
generated and analyzed after a preliminary replicate for the Shox2 viewpoint (performed by
Dr. Guillaume Andrey, laboratory of Denis Duboule, EPFL, Lausanne, Switzerland) validated
the approach. To obtain training in the 4C-seq technique, the initial replicate using all three
viewpoints, was performed at the University of Geneva, laboratory of Denis Duboule, by John
Cobb under the direction of Edgardo Rodriguez-Carballo (the ‘Geneva replicate’ or ‘replicate
2’). The second replicate was then performed in Calgary by Samuel Abassah-Oppong and
Anja Ljubojevic as directed by John Cobb (the ‘Calgary replicate’ or ‘replicate 3’).

2.10.1 Cross-linking and isolation of nuclei
13 pairs of E12.5 wild-type proximal forelimbs (site of Shox2 expression) were
dissected in cold 10 % filtered Fetal Calf Serum (FCS) made in sterile 1X PBS. A total of 11
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pairs of distal forelimbs (the portion with no Shox2 expression) from 11 embryos and 5
forebrains were also dissected and used as controls. To each tube with cells that have been
isolated in 500 μL of cold 10 % FCS/PBS, 10 μL of 50 mg/mL collagenase was added and
incubated for 45 min at 37 oC at 750 rpm while inverting tubes at every 5-minute interval.
Cells were resuspended by pipetting and transferred unto 35 µm 5 mL Falcon® cell strainer
to make single cells. Single cells were fixed by transferring into 15 mL Falcon tubes with
addition of 9.8 mL 2 % fixing solution (10 mL of fixation solution = 11.351 mL 10 % FCS in
PBS + 0.649 mL 37 % formaldehyde). DNA was cross-linked by tumbling for 10 min at room
temperature. Tubes were immediately transferred to ice and 1.425 mL of 1 M Glycine added.
The reaction was centrifuged at 225 g for 8 minutes at 4 oC. Supernatant was removed and
cells were suspended in 5 mL of freshly prepared cold Lysis Buffer (20 mL Lysis Buffer = 1
mL 1 M Tris-HCl pH 7.5, 0.6 mL 5 M NaCl, 0.2 mL 0.5 M EDTA, 0.5 mL 20 % NP-40, 1 mL 20
% Triton, 0.4 mL Complete Protease Inhibitors (Roche, 1 tablet in 1 mL PBS) and 16.3 mL
sterilized double distilled water), by pipetting. Subsequently, cells were incubated for 10 min
on ice, with periodic inversion during the incubation, after which tubes were centrifuged at
4 oC for 5 min at 400 g. The supernatant was removed and the resultant nuclei were carefully
resuspended in 500 μL PBS and picked up in a 1.5 mL Eppendorf tube. Tubes were
centrifuged for 1 min at 800 g. The supernatant was removed. Liquid N2 frozen nuclei were
stored at -80 oC.
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2.10.2 First digestion with NlaIII
i.

To nuclei-containing tube, 500 μL 1.2 X restriction buffer (60 μL 10 X CutSmart
Buffer (New England Biolabs), 440 μL ultrapure H2O) were added. Tube was
incubated at 55 oC for 10 minutes and 37 oC with Thermomixer (Eppendorf)
for 50 minutes at 600 rpm after 15 μL of 10 % SDS has been added. 50 µL of
20 % of Triton X-100 were added and the mixture was incubated at 37 oC for
1 hr at 600 rpm.

ii.

5 μL was aliquoted as undigested control. To 5 μL of undigested control, 10 μL of
10 mg/mL proteinase K and 85 μL of 10 mM Tris (pH 7.5) were added and
incubated at 65 oC for 1 hour and subsequently ran on a 1.5 % agarose gel.

iii.

40 µL of NlaIII were added to the digestion reaction, incubated at 37 oC for 6
hours at 600 rpm.

iv.

After 2 hours of digestion, 5 μL of first day’s digested control was digested with
proteinase K and ran on an agarose gel as outlined in step ii above.

v.

To the main digestion reaction, another 20 µL of NlaIII were added and
incubated on Thermomixer (Eppendorf) at 37 oC at 600 rpm overnight.

vi.

5 μL was aliquoted as second digested control and taken through the steps
outlined in ii.

2.10.3 Ligation
80 µL of 10 % SDS was added and the reaction mixture was incubated for 25 minutes
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at 65 oC. Contents were transferred to 50 mL tube and 6.125 mL of 1.15 X ligation buffer (705
µL 10 X buffer1 and 5.42 mL ultrapure H2O) were added. 375 µL of 20 % Triton X-100 was
added to the reaction and incubated for 1 hour at 37 oC at 87 rpm. At room temperature, 5
µL of T4 DNA ligase (New England Biolabs) was added to the reaction and incubated at 16 oC
for 4 hours and at room temperature for 30 mins. During the 4-hour incubation period, the
reaction was resuspended at 1-hour intervals. 30 µL of 10 mg/mL proteinase K was added
and incubated at 65 oC overnight. 30 µL of 10 mg/mL RNaseA were added and incubated at
37 oC for 45 minutes after which contents were transferred to a previously centrifuged (1500
g at 22 oC for 2 minutes) 50 mL Phase Lock Gel tube (5 PrimeTM). 7 mL of phenol at room
temperature were added. The reaction was mixed vigorously and centrifuged for 15 minutes
at 2200 g at 22 oC. After transferring the supernatant into a new 50 mL tube, the following
were added and mixed gently by inverting the tube and incubated at -20 oC for 2 hours; 7 mL
H2O, 1.5 mL 2 M sodium acetate pH 5.6 and 35 mL 95 % ethanol. After 2 hours, the reaction
was centrifuged at 2200 g at 4 oC for 45 minutes. The supernatant was removed after which
10 mL of 70 % ethanol were added and centrifuged for 15 minutes at 2200 g at 4 oC. The
supernatant was removed, pellets air-dried and dissolved in 150 µL 10 mM Tris pH 7.5.
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X ligation buffer (13.2 mL 1 M Tris-HCl pH 7.5, 1 mL 1 M MgCl2, 1 mL 1 M DTT, 2 mL 0.1

M ATP. Adjust to a final volume of 20 mL with 2.8 mL ultra pure H2O).
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2.10.4 Second digestion (DpnII) and ligation
i.

To quantify the DNA, a sample was prepped with the Qubit® dsDNA HS Assay
Kit (Life Technologies). DNA concentration was read with the Qubit® 2.0
Fluorometer (life technologies). The concentration of 4C DNA was determined
to be 113 ng/µL (Calgary replicate) using the Qubit® dsDNA HS Assay Kit (life
technologies) as follows: DNA was diluted 1:10 with 10 mM Tris pH 8. Three
0.5 mL Qubit® assay tubes were set up for the two Qubit® dsDNA Standards
1, 2 (S1 and 2) and the 4C DNA sample. 190 µL of working solution (5 µL 200
X Qubit® dsDNA HS Reagent in 1 mL Qubit® dsDNA HS buffer) was added to
the two tubes containing 10 µL each of Qubit® dsDNA Standards 1 and 2. To
2 µL of diluted 4C DNA sample, 198 µL of working solution was added.
Concentration was measured using the Qubit® 2.0 Fluorometer.

ii.

The following reaction was set up to dilute DNA to a final concentration of 100
ng/µL: 147 µL 113 ng/µL DNA, 16.6 µL 10 X NEBuffer DpnII, 1.6 µL of DpnII
and 0.8 µL of H2O. The reaction was mixed by pipetting and incubated
overnight at 37 oC at 600 rpm shaking on Thermomixer (Eppendorf).

iii.

The reaction was incubated at 65 oC for 20 minutes and transferred to a precentrifuged (1500 g for 30 minutes at 22 oC) 1.5 mL Phase Lock Gel (5 PrimeTM)
tube.

iv.

166 µL of phenol at room temperature were added. The reaction was mixed
vigorously by shaking and centrifuged for 5 minutes at 2200 g at 22 oC.

v.

The upper phase of the liquid was transferred to a new 1.5 mL tube.
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vi.

The following were added sequentially, mixed gently by the inverting tube and
incubated at -20 oC for 2 hours; 17 µL of 2 M sodium acetate pH 5.6 and 374
µL 100 % ethanol.

vii.

The reaction was centrifuged using microfuge 22R (Beckman Coulter) at
13,000 rpm at 4 oC for 20 minutes.

viii.

The supernatant was removed after which 1 mL of 70 % ethanol were added
and centrifuged for 5 minutes at 13,000 rpm at 4 oC.

ix.

The supernatant was removed, pellets air-dried at 22 oC for 1 minute and
dissolved in 100 µL ultrapure distilled water.

x.

5 μL was aliquoted as digested control and visualized on 1.5 % gel (refer to
section 2.10.2).

xi.

Contents (95 µL) were transferred to 50 mL Falcon tube containing 12.46 mL
H2O, 1.4 mL 10 X ligation buffer and 10 µL T4 DNA ligase (New England
Biolabs®). Reaction was incubated at 16 oC for 4 hours. The tube was inverted
every 1 hour. Reaction was moved to 22 oC for 30 minutes.

xii.

Contents were transferred to a pre-centrifuged (1500 g at 22 oC for 2 minutes)
50 mL Phase Lock Gel (5 PrimeTM) tube. 14 mL of phenol were added and the
tube was centrifuged for 10 minutes at 2200 g at 22 oC.

xiii.

The upper phase was pipetted into a new 50 mL tube containing 14 mL of
water, 112 µL of 5 µg/ µL glycogen, and 2.8 µL 2M sodium acetate pH 5.6 and
contents were mixed.
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xiv.

The sample was divided equally (approximately 15.4 mL each) into two 50 mL
tubes.

xv.

Into each tube, 30.8 mL each of 100 % ethanol were added and the contents
were mixed, and then incubated at -20 oC overnight.

xvi.

The reaction was centrifuged for 45 minutes at 2200 g at 4 oC.

xvii.

The supernatant was removed and 15 mL of 70 % ethanol were added to each
tube.

xviii. The reaction was centrifuged at 2200 g for 15 minutes at 4 oC.
xix.

Pellets were air dried at 22 oC for 10 minutes after the supernatant has been
extracted. Each pellet was dissolved in 200 µL 10 mM Tris pH 8 and incubated
at 37 oC for 1 hour.

xx.

Each 200 µL DNA sample was purified with 4 QIAquick Nucleotide Removal
Kit (Qiagen) columns. DNA on each QIAquick Nucleotide Removal Kit(Qiagen)
column was eluted with 40 µL 10 mM Tris (pH 8), for a total volume of 160 µL.

xxi.

Final concentration was determined to be 52.5 ng/µL (Calgary replicate) with
Qubit® dsDNA HS Assay Kit (life technologies) (see i)

2.10.5 PCR amplification of Shox2, LHB and SLE 5 regions of interaction
All unknown genomic sequence association with Shox2, LHB and SLE 5 viewpoints
were amplified with Expand Long Template Polymerase (Roche). Primers for all three
viewpoints are shown in Appendix 2. 100 ng of 4C DNA material were diluted to 24.85 ng/µL
with H2O. For each viewpoint 16 separate 50 µL PCR reactions were set up as shown in Table
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1. Multiple (16) reactions were performed to reduce PCR bias that can be present in
individual reactions. Interacting genomic sequences with each viewpoint were amplified as
follows: 94 oC for 2 minutes, 30 cycles of 94 oC (15 minutes), 55 oC for (60 seconds) and 68
oC (3 minutes) and 68 oC for 7 minutes. Amplified sequences were held at 20 oC. PCR products

from each viewpoint were pooled resulting in three 4C-seq libraries: Shox2, LHB, and SLE 5.
Pooled 4C-seq libraries from all three viewpoints were each purified with the Qiaquick PCR
Purification Kit (Qiagen) and eluted with 100 µL H2O. Concentrations of 4C-seq libraries as
determined with Qubit® dsDNA HS Assay Kit (life technologies) were recorded as follows:
Shox2 63.4 ng/µL, LHB 10.5 ng/µL and SLE 5 59.1 ng/µL (Calgary replicate).

Table 1 PCR reaction mix for Shox2, LHB and SLE 5 viewpoints
Component

Amount (µL)

Amount (µL)

1X

16.5 X

Buffer 10 X

5

82.5

dNTPs 10 µM

1

16.5

Primer forward 100 µM

0.25

4.125

Primer reverse100 µM

0.25

4.125

DNApol (Expand Long Template)

0.75

12.375

38.75

639.375

H2O
Sample mix (24.85 µg/mL)

4
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2.10.6 Preparation of pooled PCR-amplified Shox2, LHB and SLE 5 interacting genomic
sequences for NGS sequencing
Equimolar 4C-seq libraries containing 630 ng of DNA from each viewpoint were
prepared as follows for the Calgary replicate (identical concentrations were used for the
Geneva replicate):
i.

On ice, 10 µL, 60 µL, and 10.7 µL of purified PCR products from Shox2, LHB and
SLE 5, respectively, were added to 1.64 µL sterile 0.5 M Tris pH 8.5 (final
concentration of Tris 10 mM).

ii. The samples were mixed by pipetting and the concentration was determined to
be 37.8 ng/ µL using the Qubit® dsDNA HS Assay Kit (Life Technologies)

2.10.7 Next-generation sequencing
The pooled 4C-seq PCR-amplified samples were sequenced in a single lane with 100
bp single-end reads using an Illumina HiSeq 2500 machine. The sequencing in Geneva was
performed at the iGE3 Genomics Platform, University of Geneva and the Calgary replicate
was sequenced by Genewiz, LLC (South Plainfield, NJ, USA). The sequences were
demultiplexed using the viewpoint primer sequences to distinguish between samples.
Demultiplexing was performed by the Geneva platform and Genewiz, respectively The
resulting three individual FASTQ files (one per viewpoint) were uploaded to the HTS 4C-Seq
pipeline http://htsstation.epfl.ch/pipeline_builder/jobs/new as described in David et al.,
2014. In Calgary, the files were uploaded from a URL from a server at Xenbase at the
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University of Calgary (http://www.xenbase.org/entry/), access kindly provided by Dr. Peter
Vize.

2.10.8 Analysis of NGS sequence results to identify 4C-seq interacting fragments
The HTSstation pipeline was used to map the FASTQ files to the mouse genome,
version mm9, using Bowtie (Langmead et al., 2009) to generate a BAM file. The BAM files
were then analyzed with the 4C-seq module of the pipeline, which generates contact profiles
for each viewpoint (Shox2, LHB and SLE 5) by an algorithm that compares the sequences to
a library file of computed NlaIII fragments available from within the module (library name
mm9_Nla_30bp_exclCATG). Using this library, the algorithm considers 30 bp beyond the
restriction site in generating the interaction profile.

The profile was smoothed using a

moving average of 11 bp per window, an option within the pipeline, and normalized to
fragment counts per one million reads.
The 4C-seq module within the pipeline uses user-provided primer files (Appendix 3)
to exclude sequences near and within the viewpoints from the analysis since these sequences
are overrepresented in the ligation reactions simply due to their proximity to the viewpoints
(Noordermeer et al., 2011). The pipeline algorithm also excludes reads that are not
informative, for example those within repeats and from NlaIII fragments that are either too
short or do not contain a secondary restriction enzyme site (DpnII) as described in detail in
Noordermeer et al., 2011. The results are then viewed by uploading into the UCSC genome
browser from a link within the results generated by the pipeline.
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Chapter Three: Characterization of a highly conserved cis-regulatory element
downstream of mouse Shox2

3.1 Introduction

The generation of diverse cell types in eukaryotes requires the function of
transcriptional enhancers and their cognate transcription factors. These DNA sequences are
often extensively conserved among various species suggesting their crucial regulatory and
developmental roles. Consequently, enhancers, like genes, have been implicated in diverse
developmental diseases. Indeed, deletions of putative enhancers downstream of the human
SHOX gene (Benito-Sanz et al., 2005), result in similar phenotypes as in individuals with
perturbed SHOX coding sequences (Zinn et al., 2002). Currently, no human disease condition
has been associated with SHOX2. Perhaps to make up for the evolutionary loss of Shox in
mice, the mouse Shox2 expression pattern in limbs coincides with human SHOX and SHOX2
(i.e. the zeugopodal and sytlopodal portions of the developing limb) (Clement-Jones et al.,
2000). Conditional knockout of murine Shox2 in limbs specifically disrupts development of
the humerus and femur, and is phenotypically similar to human SHOX-deficient patients,
albeit different PD locations are affected (Cobb et al., 2006).
Shox2 functions primarily during appendicular skeletogenesis to facilitate chondrocyte
growth and hypertrophy in the stylopod elements (Cobb et al., 2006; Yu et al., 2007). The
intricate roles of Shox2 during chondrogenesis in developing limbs are likely controlled by a
corresponding elaborate regulatory landscape. The cellular underpinnings of Shox2 during
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limb development has been well described (Cobb et al., 2006; Yu et al., 2007; Bobick and
Cobb, 2012; Ye et al., 2016). In contrast, the molecular mechanisms underlying Shox2
expression and regulation remain elusive. Thus, at the time this work was started, we had
little knowledge of upstream regulatory events, specifically the cis-regulatory network that
controls the spatiotemporal limb expression of mouse Shox2.
The experiments described in this Chapter used mouse transgenics and genomic
targeting to characterize the limb regulatory role of a highly CNE we have termed the limb
hindbrain control element (LHB), 45 kb downstream of mouse Shox2. We show that the LHB
actively drives Shox2-like expression in the proximal limbs and the hindbrain of transgenic
embryos. We also report, surprisingly, that the highly conserved LHB is sufficient but not
necessary to drive a Shox2 expression pattern in proximal limbs. It appears, therefore, that
Shox2 integrates information from other CRMs in addition to the LHB to regulate gene
expression in limbs.

3.2 Groundwork for LHB transgenic characterization

A previous study in our laboratory, which provided the foundation for my Ph.D. work,
used mouse transgenics to identify an enhancer element that was a promising candidate for
controlling the expression of Shox2 in developing limbs (Rosin et al., 2013). Recombineering
was used to introduce a lacZ reporter into the bacterial artificial chromosome (BAC) RP23103D17 (abbreviated as 103D17) containing the entire mouse Shox2 gene and flanking
sequences. The lacZ reporter was inserted at the start codon of Shox2 without deleting any
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sequence. The chromosomal location of the BAC 103D17 is shown in Figure 6A. The mouse
Shox2 gene is centrally located within 103D17. Three of four transient transgenic embryos
positive for 103D17lacZ BAC showed strong transgene expression in the proximal limbs,
dorsal root and trigeminal ganglia and hindbrain (Figure 7A; Rosin et al., 2013). These are
all regions where mouse Shox2 is expressed in a similar pattern as shown by whole-mount
in situ hybridization (Figure 8B).
To identify candidate sequences that may be responsible for the forelimb expression
pattern generated by the 103D17 transgene, the investigators searched for evolutionarily
conserved sequences within the BAC interval (Figure 6B). A comparison of the mouse
sequence with its human, chicken, frog and Fugu orthologs revealed three areas of noncoding
sequence that are highly conserved from mice to fish. The human orthologs of two of these
elements (636 and 1251 in Figure 6B) have been analyzed in transgenic embryos and results
posted on the VISTA enhancer browser (Visel et al., 2007). Element hs636 (as designated on
the VISTA enhancer browser) located 5’ to SHOX2 and within an intron of the RSRC1 gene,
showed only weak limb expression, whereas element hs1251 drove only neural expression.
In an attempt to identify the limb enhancer on BAC 103D17, the study focused on the
region downstream of mouse Shox2 containing two peaks of highly conserved sequence,
including the mouse ortholog of hs1251 (Figure 6B,D). The study found this to be a region of
interest partly because it contained homology to CNE5 downstream of human SHOX (the
sequence homology between the two regions is shown in Figure 6C). Such duplicated CNEs
are assumed to have existed before duplication events produced paralogs such as SHOX and
SHOX2 from a single ancestral gene (Vavouri et al., 2006). In addition, the corresponding
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Figure 6 Sequence conservation in the mouse Shox2 genomic region and homology to
a region downstream of human SHOX
(A) Telomeric (tel) to centromeric (cen) maps of mouse Shox2 genomic region. 1 Mb of the
indicated chromosomes is depicted with genes in blue and the location of the BACs used in
this study shown below the corresponding maps. The location of the LHB (limb-hindbrain)
element described below is indicated as well as a limb enhancer (element 741) whose
activity is depicted on the VISTA enhancer browser (Visel et al., 2007).
(B) Evolutionary conservation of sequence from the 181 kb mouse BAC RP23-103D17
compared to the indicated species. The relative location of BAC RP23-105B3 is indicated
schematically above, with the magenta rectangle showing the location of element 741. The
exons of mouse Shox2 and Rsrc1 are shown above the mVISTA plot. (The Rsrc1 gene codes
for an RNA splicing factor (Cazalla et al., 2005), and is transcribed in the opposite direction
from mouse Shox2.) Three peaks of greater than 70 % conservation from mouse to Fugu are
apparent. Human orthologs of elements 636 and 1251 (positions as indicated) have been
tested previously for enhancer activity (Visel et al., 2007).
(C) Alignment of the region of homology between the dCNEs downstream of mouse
Shox2/human SHOX2 (labelled LHB) and human SHOX (CNE5) (Vavouri et al., 2006). (The
sequence labelled LHB is identical in mouse and human).
(D) Close-up of the evolutionary conservation within a 5,478 bp interval downstream of
mouse Shox2, with additional species added to illustrate the region at left that is only
conserved in mammals. The blue and orange rectangles indicate the locations of the dCNE
and ultraconserved sequences respectively. The schematics below show the location and
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names of constructs analyzed for enhancer activity in the figures that follow with the
separate areas of conservation indicated as coloured rectangles. The LHB-Core represents
the most highly conserved sequence.

Taken from Rosin et al., 2013.
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CNE near mouse Shox2 also contains a sequence that has been termed an ultraconserved
CNE (defined by 100 % conservation between the human, mouse and rate genomes over a
span of at least 200 bp; orange box, Figure 6D) (Bejerano et al., 2004). Most notably, the
sequence of this ultraconserved CNE overlaps with the dCNE common to SHOX and SHOX2
(Figure 6C, D). The study first analyzed the interval containing one of the two peaks of highly
conserved sequences downstream of mouse Shox2 whose evolutionary conservation is
shown magnified in Figure 6D.
To address the significance of the conserved region downstream of mouse Shox2, a
103D17-lacZ transgene in which the most conserved 4,378 bp shown in Figure 6D was
deleted was produced. Five of five transient transgenic embryos produced from this
construct showed no hindbrain expression and reduced or absent limb expression,
prompting the researchers to name the element the limb hindbrain control region or LHB
(Figure 7B). The most highly conserved portion of this interval is referred to as the LHB-Core
(position indicated in Figure 6D).

The 103D17-lacZ ΔLHB-Core transgenic embryos

maintained lacZ expression in the dorsal root and trigeminal ganglia similar to transgenic
embryos carrying the intact BAC (compare Figure 7B to Figure 7A). In order to determine if
this sequence was sufficient for limb and hindbrain expression, The LHB-core was cloned
upstream of a minimal β-globin promoter-lacZ cassette (βlacZ) (Morgan et al., 1996; Spitz et
al., 2003) from which transient transgenic embryos were produced (Figure 7C). Five of six
transient transgenic embryos (E11.5-E12.5) showed neural and limb expression. However,
the limb expression was limited to a spot of expression in the proximal limb that did not fully
recapitulate the expression of the BAC transgene. In contrast, the hindbrain expression was
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Figure 7 Identification of a limb enhancer ~45 kb downstream of mouse Shox2
(A) Transient transgenic embryos (E10.5-E12.5) made with mouse BAC 103D17 targeted
with a lacZ reporter in the mouse Shox2 gene. The transgene is expressed in the limbs
(arrows), dorsal root and trigeminal ganglia (d and t) and the hindbrain (arrowhead).
(B) Four transient transgenic embryos (ranging from ~E10.5-E12.5) produced with the
RP23-103D17-lacZ BAC with the LHB-Core deleted. The staining in the sensory neurons is
similar to that of the same BAC with an intact LHB-Core sequence, but the limb (arrows) and
hindbrain expression is absent or greatly diminished (compare to figure 6A above).
(C - E) Representative transient transgenic embryos positive for the LHB-Core-βlacZ, LHBB-βlacZ and LHB-A-βlacZ constructs.
(C)The LHB-Core is sufficient for strong hindbrain (arrowhead) and neural tube staining, but
it produces only a spot of activity in the limbs (arrow).
(D) The LHB-B construct (corresponding to hs1251) drives lacZ expression only in the
hindbrain (arrowhead) and neural tube.
(E) The LHB-A transgene drives strong expression in the hindbrain (hollow arrowhead) and
fore and hindlimbs (arrow).

Taken from Rosin et al., 2013.
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similar to that of the 103D17-lacZ BAC.
To further localize the enhancer activities within this element, the LHB was
subdivided into two segments (Figure 6D). First, transient transgenics were produced from
a clone of the second peak of homology that was named LHB-B, which contains the ortholog
of hs1251 and shows homology to CNE5. In four of four LHB-B-βlacZ transgenic embryos,
only hindbrain and neural tube expression were scored, and no limb expression was noted
(Figure 7D). The lack of lacZ staining in limbs of embryos transgenic for LHB-B-βlacZ
suggests the likelihood that limb activity of the LHB regulatory element likely resides in LHBA.
The above LHB transgenic findings (Section 3.2), served as the foundation for this
thesis and all work described from this point (from Section 3.3) was performed by myself
(S.A.O.) unless otherwise noted.

3.3 Results: LHB-A characterization

3.3.1 LHB-A, 45 kb downstream of mouse Shox2 gene maintains proximal limb-specific
regulatory activity
Since the LHB-core sequence was not sufficient to drive expression in the limbs in a
complete Shox2-like pattern, when we cloned the first peak of homology, LHB-A, we decided
to include a further 773 bp of flanking telomeric sequence that was only conserved in
mammals (yellow segment in Figure 6D). When ENCODE data from this region became
available for E11.5 limb buds, we noted that the flanking 773 bp region contained the most
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DNase I HS segment in limb buds in the 5478 bp LHB interval (Figure 6D) (ENCODE project
consortium, 2012). Strikingly, two of two transient transgenic embryos carrying the LHB-AβlacZ transgene showed strong expression in limb buds as well as the hindbrain and neural
tube (Figure 7E; Rosin et al., 2013).
To characterize the LHB-A-βlacZ enhancer over a developmental time course, we
produced three permanent transgenic lines, all of which showed a similar expression in
limbs and the hindbrain. Figure 8A shows embryos from one LHB-A-βlacZ transgenic line.
The proximal limb expression of the LHB-A-βlacZ transgenic embryos was similar to mouse
Shox2 from 9.5 to E12.5 (Figure 8B).

3.4 LHB genomic targeting results

The correspondence of the LHB-A transgene activity with Shox2 expression is striking.
At each developmental time point studied, LHB-A showed overlapping expression with
endogenous Shox2 expression in forelimbs (Figure 8B). The co-localization of Shox2
transcript and LHB-A transgene expression in limbs raise the possibility that the LHB may
act singularly on Shox2 promoter to actively drive Shox2 limb expression. We hypothesized
that the LHB limb regulatory element is the unique limb enhancer of Shox2. Therefore, we
tested this hypothesis by deleting the LHB from the mouse genome.

3.4.1 Construction of LHB targeting vector
To investigate whether the LHB is indeed necessary for Shox2 limb expression, we
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Figure 8 Developmental time course of LHB-A-βlacZ transgene
(A) Permanent transgenic embryos carrying the LHB-A-βlacZ transgene at different
development time points. Staining is strong in the hindbrain and limbs. Some
uncharacteristic Shox2 staining is seen in the distal limb at later stages (at E13.5).
(B) Forelimb staining in a permanent LHB-A-βlacZ transgenic line at the indicated stages. All
images at the same magnification. The expression is similar to endogenous mouse Shox2
(Shox2 WISH) including similar distal borders of expression and an area that is negative for
expression in the anterior-proximal region (at E10.5).

Figure 8B LHB-A (limb close-up) taken from Rosin et al., 2013.
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employed the recombineering technique to construct an LHB targeting vector. This method
presents many advantages over conventional techniques (Liu et al., 2003). Essentially, the
E.coli strains used possess endogenous Red genes of bacteriophage λ (λ phage Red) proteins
with ligase (redα/exo) and restriction (redβ/bet) activities under the control of a heatinducible promoter. (Copeland et al., 2001; Liu et al., 2003). Recombineering utilizes
homologous recombination (gap repair) which allows for easy integration and modification
of DNA into BACs and plasmids. This saves that the laborious search for ligases and
restriction cut sites associated with the conventional targeting techniques. Overall,
recombineering methods are amenable, versatile, quick, and efficient (Copeland et al., 2001;
Liu et al., 2003).
To generate a locus-specific knockout, a targeting vector was first generated using
recombineering techniques. BAC RP23-213a24lacZ, which includes the LHB sequence, was
transformed into electrocompetent E. coli of the SW102 strain which contains the Red genes
necessary for recombineering (Warming et al., 2005). Plasmid pL253 (Liu et al., 2003) was
ligated with PCR amplified sequences WX and YZ that set the perimeter for LHB retrieval
(Figure 9B). LHB was subsequently retrieved onto a linearized pL253WX-LHB-YZ. Finally, a
floxed neomycin resistance (Neo) cassette (mini-targeting vector) which contained CD and
EF arms homologous to the LHB region was electroporated to delete the LHB in the targeting
vector (Figure 9D; Liu et al., 2003; see Chapter 2.8 for detailed procedure). The targeted
plasmid was used to delete the same region in mouse embryonic stem cells.
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Figure 9 Generalized schematics of recombineering strategy for the design of
targeting vector
(A) BAC containing the region to be deleted. BAC has WX and YZ sequences which are
homologous to WX and YZ on the retrieval plasmid pL253WXYZ to facilitate homologous
recombination during retrieval. LHB targeting vector WX (360 bp) and YZ (245 bp) (see 2.8.2
for details).
(B) The region to be deleted homologously recombines with WX and YZ arm on pL253.
(C) Mini-targeting vector with CD and EF arms homologous to the region to be targeted. It
has loxP sites flanking a neomycin cassette. Neo was floxed to permit later removal of Neo in
vivo with Cre. For the LHB mini-targeting vector, fragment CD (262 bp) and EF (293 bp) were
amplified by PCR and cloned into pL253 (see 2.8.1 for a detailed description).
(D) Targeting vector construct. The region of interest has been substituted with Neo.
(E) Targeting vector homologously recombines to delete the targeted region in mouse ESC
All figures are not drawn to scale. Modified from Liu et al., 2003.
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3.4.2 LHB mutants have normal limb development
We used our targeting vector to produce an LHB genomic deletion by standard
techniques. Gene targeting in mouse ES cells was conducted at the Centre for Mouse
Genomics, the University of Calgary Medical School by Eileen Rattner. Before gene targeting,
we designed and tested 5’ and 3’ external Southern blotting probes (see Chapter 2.7 for the
procedure). These probes were used to screen for the targeted ESC clones. NotI linearized
targeting vector was electroporated into G4 ESCs (a hybrid of 129/Sv and C57BL/6 lines)
(George et al., 2007). Targeted ESCs clones were selected on G418 neomycin media and DNA
extracted for genotyping by Southern blotting. We screened LHB targeted ESC clones with a
5’-probe on SacI digests. Out of a total of 358 G4 ESCs screened, only one clone tested
positive. Clone number 303-58 had the expected 6.7 kb (targeted) and 9.7 kb (wild-type)
bands (Figure 10B). We further confirmed the LHB targeting on an expanded clone 303-58
with 5’- and 3’-Southern blotting probes on SphI and SacI digests, respectively (Figure 10C).
To generate chimeric mice, the correctly targeted ESC clone was aggregated with CD1
morulae overnight and subsequently transferred to pseudo-pregnant mice (Wood et al.,
1993). Chimeric mice were discriminated from other progeny by patches of the brown colour
coat. This is because ESCs were derived from pigmented mice and host morulae were from
white mice. Seven male LHB chimeric mice with prominent patches of brown fur
pigmentation were bred to CD1 (white) wild-type females and heterozygous LHB mutants
screened by Southern blotting and PCR. Six chimeras faithfully transmitted targeted LHB to
the germline. LHB heterozygous progeny from LHB chimera and CD1 cross had both wildtype and LHB deleted bands. PCR and 3’-probe on EcoRV Southern blotting screens of wild-
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Figure 10 Genomic LHB deletion design and LHB genotyping
(A) The design of LHB genomic deletion. Restriction digest map showing 5’-probe on SphI
and 3’-probe on SacI. Homologous integration arms are indicated as WX and YX for both WT
and targeted alleles. Relative positions of 5’ and 3’ Southern blotting probes used to screen
and genotype targeted clones and chimeric mice are shown as pink boxes. Genomic fragment
sizes in kb generated from 5’ probe on EcoRV and SacI digest are also shown. Diagrams are
not drawn to scale.
(B) Genotyping of a subset of the 358 LHB targeted ESC clones with 5’ Southern blot probe
on SacI digest. Expected WT and targeted allelic sizes are 9.7 and 6.7 kb respectively. Only
one clone (#303-58) tested positive for LHB targeting.
(C) 5’ and 3’ Southern blotting confirmation of LHB targeting. Genomic sizes in kb of 5’-probe
and 3’-probe on SphI and SacI digests are indicated.
(D) PCR and Southern blot genotyping of LHB chimera progeny. Expected WT and LHB
targeted sizes are shown.
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type and LHB heterozygote chimera progeny are shown in Figure 10D.
We utilized Prrx1 limb enhancer Cre Recombinase transgenic mice (Prrx1-Cre) to
delete the floxed neomycin selection cassette (Figure 9D). Although normally used for limbspecific Cre expression, Prxx1-Cre heterozygote females also have early germline Cre activity
(Logan et al., 2002) allowing global deletion. This allowed deletion of the neomycin selection
cassette in the germline. The resulting LHB+/- mice were interbred to generate homozygotes
with LHB deleted in all tissues (LHB-/-).
Surprisingly, we observed no overt developmental phenotype in newborn and 6week old LHB-/- mice. These mice were fertile and appeared normal and healthy.
Definitively, no structural anomalies were scored for all three PD segments of the limb of
LHB-/- mice. Stylopod, zeugopod and autopod morphology of newborn and 6-week old mice
LHB-/- mutants were indistinguishable from wild-type littermate controls (Figure 11B). Fore
and hindlimb stylopodial and zeugopodial skeletal measurements for newborn and adult
mice are shown in Figure 11C. In each PD limb segment determination, Student’s t-test was
used to determine any significant differences between the means of LHB mutant and WT. At
the 0.05 significance level, there was not enough evidence to reject the null hypothesis that
means of PD segmental lengths of WT and LHB mutants are not significantly different. Hence,
we concluded that in all PD limb segmental length determinations, WT and LHB mutants
were not significantly different. Furthermore, we also performed WISH using a Shox2
riboprobe to examine if deleted LHB alters Shox2 expression during limb development.
Consistent with the normal limb phenotype of LHB-/- mice, E11.5 LHB mutant embryos had
similar levels of Shox2 expression with wild-type controls (Figure 11A).
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Figure 11 Shox2 expression and limb phenotypes are normal upon LHB perturbation
(A) Shox2 WISH. E11.5 LHB mutant and WT limbs expressing Shox2 mRNA transcript.
Disruption of LHB does not obviously alter Shox2 expression in limbs. n = 3.
(B) Newborn and adult LHB mutant limb morphology are comparable to the similar age of
WT mice.
(C) WT and LHB mutant ossification lengths of fore and hindlimb stylopods and zeugopods.
Newborn and adults are indicated. For each limb segment length determinations, Student’s
t-test was used to test differences between means of WT and mutants at p ≤ 0.05. Error bars
represent mean standard deviations (SD). No statistically significant differences were
observed. For newborns (n=4), adults (n=3).
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We also considered the possibility that any effect of LHB deletion on Shox2 expression
may be revealed by reducing the dose of Shox2 in developing limbs. We tested this by
combining our LHB and Shox2 deletion alleles to produce transheterozygotes i.e. Shox2+/;LHB+/- which we will refer to as Shox2∆LHB/- since the Shox2 gene and the LHB are tightly
linked. All PD limb elements of Shox2+/- and LHB-/- animals are indistinguishable from
Shox2∆LHB/- mice (Appendix 4). We found that the limb morphology of 6-week old Shox2∆LHB/mutants was not statistically different from that of LHB-/- and Shox2+/-. All three genotypes
had stylopods and zeugopods of similar lengths (Appendix 4). These analyses reveal typical
patterning of individual PD limb segments independent of combined single doses of LHB and
Shox2. Therefore, even a single functional Shox2 allele without an LHB enhancer produces
sufficient SHOX2 for normal limb development.

3.5 Discussion

3.5.1 The cis-regulatory code controlling Shox2 limb expression must require other CRMs in
addition to the LHB
We have used a targeting vector to delete the LHB enhancer from the mouse genome.
Our results show that deletion of the highly conserved LHB sequence is not sufficient to alter
endogenous Shox2 limb expression significantly. Consistent with this finding, perturbation
of the LHB resulted in viable, fertile mice with no detectable morphological limb
abnormalities. This result was unexpected considering the conservation of much of the
sequence in all vertebrates and considering the result that at each developmental time point
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studied, mice transgenic for LHB-A recapitulated the characteristic endogenous Shox2 limb
expression.
It is noteworthy that a previous study in mice in which four known enhancers
containing ultraconserved non-coding sequences in the vicinity of important developmental
genes were separately ablated, also failed to produce individuals with abnormal phenotypes
(Ahituv et al., 2007). Our observed unexpected results and that by Ahituv et al., 2007 are
likely due to the presence of secondary (shadow) enhancers that map relatively distant from
the target genes and drive overlapping expression with the deleted primary enhancers
(Hong et al., 2008). The control of tissue-specific gene expression by two or more enhancers
with similar regulatory inputs and overlapping expression patterns is further corroborated
by studies in several model organisms. Results from these studies were mostly just
beginning to appear after our LHB deletion studies were underway. For example, five limb
enhancers dispersed in a 220 kb gene dense region downstream of Fgf8 drive lacZ staining
that is similar to Fgf8 expression in the apical ectodermal ridged (AER) (Marinic et al., 2013).
A similar trend is also noted in limb regulation of Hoxd13 in mice. Mice embryos transgenic
for CNS 39 and 65 show that these two enhancers are active in distal limb bud domains in a
fashion characteristic of Hoxd11 in limbs (Andrey et al., 2013). Additionally, in Drosophila,
the Snail, Twist and Dorsal genes have been shown to be regulated by secondary enhancers
that map relatively distant from known primary enhancers in ChIP-chip analysis (Zeitlinger
et al., 2007).
Our LHB transgenic analyses indicate the necessity of the LHB regulatory sequence
for a BAC transgene consisting of DNA only in the immediate vicinity of the Shox2 gene
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(Figure 6B). However, our genomic deletion study showed that the LHB, is not required to
generate endogenous Shox2 expression in the limbs. We propose that the limb regulation of
Shox2 likely requires multiple cis-regulatory elements found distant from the gene and
therefore not included on the 103D17 BAC. Thus, our findings, coupled with other studies in
both invertebrate and vertebrate systems, lend credence to a developing concept in gene
regulation and expression whereby a large number of genes integrate multiple
transcriptional regulatory inputs to control gene expression in time and space (Ahituv et al.,
2007; Zeitlinger et al., 2007; Andrey et al., 2013; Marinic et al., 2013; Rosin et al., 2013).
Consequently, we sought to determine if Shox2 limb expression may similarly be regulated
by two or multiple enhancers, as described in the following two Chapters.

3.6 Contributions

i.

BAC RP23-103D17lacZ transgenic analysis and LHB-core and LHB-B
characterization were performed by Dr. John Cobb (Section 3.2).

I performed all subsequent experiments starting from Section 3.3 except the following;
i.

pronuclear injections for generating LHB-A mouse transgenes and

ii.

electroporation of LHB targeting vector in mouse ESCs to produce LHB targeted
mice

were conducted at the Centre for Mouse Genomics, the University of Calgary Medical
School by Eileen Rattner.
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3.7 Contributions from publications

Transgenic characterization of the LHB and portions of this Chapter have been
published as:
Rosin JM, Abassah-Oppong S, Cobb J. (2013). Comparative transgenic analysis of enhancers
from the human SHOX and mouse Shox2 genomic regions, Hum Mol Genet. 22(15):30633076.

Reproduced with permission from Oxford University Press.
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Chapter Four: Characterization of enhancers upstream and downstream of mouse
Shox2

4.1 Introduction

The preceding Chapter’s LHB transgenic characterization and analyses of genomically
targeted LHB mice suggest the existence of multiple enhancers regulating Shox2 limb
expression. The evidence that at least two or more limb regulatory elements control Shox2
expression is underscored by several studies in vertebrates and invertebrates with similar
conclusions to our findings in Chapter 3 (Ahituv et al., 2007; Zeitlinger et al., 2007; Andrey
et al., 2013; Marinic et al., 2013; Rosin et al., 2013). In this Chapter, we searched for Shox2
limb enhancer candidates among publicly available data using a combination of three
predictive approaches– comparative genomics (Bray et al., 2003), GLI3 binding sites within
non-coding sequences (Vokes et al., 2008) and limb bud ChIP-seq chromatin enhancer
discriminative data (ENCODE project consortium, 2012). The combinatorial use of different
enhancer predictive methods to identify cis-regulatory elements has the advantage of
ensuring high accuracy in enhancer prediction and at the same time compensates for
specificity and sensitivity shortfalls associated with individual enhancer predictive tools.
We also selected a potential Shox2 limb enhancer from the VISTA enhancer browser, a
database of human CNEs that were positive for enhancer activity in a transgenic mouse assay
(Visel et al., 2007). Among those tested in that study, one enhancer near the SHOX2 gene
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recapitulated a substantial portion of a Shox2 expression pattern in the limbs. We assayed
the mouse ortholog of this human enhancer sequence in transgenic mouse embryos.
We found a total of twelve candidate Shox2 limb enhancers interspersed within a
genomic area of 0.8 Mb around Shox2, including the previously characterized LHB Shox2 limb
element (Figure 14). Of the twelve short-listed enhancer candidates, we selected three for
transgenic testing; all three drove lacZ expression in a domain overlapping with Shox2
expression in several tissues. Of interest to us, two out of the three transgenically
characterized enhancers in mice showed robust lacZ expression in the proximal limb.

4.2 Results

4.2.1 Numerous limb enhancers and potential cis-regulatory elements are found upstream
and downstream of Shox2
In Chapter 3, we utilized evolutionary conservation of non-coding genomic sequences
to identify the LHB limb enhancer of Shox2.

Although such in silico comparisons of

evolutionarily conserved sequences have conclusively identified several non-coding regions
as enhancers, reliance on this sole criterion to predict developmental enhancers also poses
several limitations. For instance, several tested CNEs were found to have no enhancer
activity, despite their deep conservation over vast evolutionary distances (Ahituv et al.,
2007). In contrast, numerous non-coding sequences with established biological activities
are deficient in sequence conservation (Odom et al., 2007; Yang et al., 2015). For example,
Yang et al., 2015 reported multiple homologous enhancers in three evolutionarily divergent
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vertebrate species. Although these enhancers showed no obvious sequence conservation,
their orthologous functions had been preserved, likely through TF binding site turnover
(Yang et al., 2015).
Considering the shortfalls associated with the comparative genomics approach to
identify functional developmental enhancers, we proceeded to identify additional Shox2 limb
enhancers by employing a combination of enhancer prediction methods. These included
chromatin accessibility, enhancer unique histone modification signatures on chromatin, and
GLI3 transcription factor enrichment, in addition to comparative genomics.
To achieve our goal of identifying other Shox2 limb enhancers, we first searched the
VISTA enhancer browser database, for human non-coding sequences that recapitulated the
proximal limb expression of mouse Shox2. The VISTA enhancer browser is a collection of
positively tested human DNA enhancer sequences in E11.5 transgenic mice. The database
describes and shows photographs of positively tested enhancers that have been predicted
either by vertebrate conservation and or ChIP-seq enhancer epigenetic discriminative marks
(Visel et al., 2007). We selected a limb enhancer named human element hs741 from the
VISTA enhancer (Figure 12C; Visel et al., 2007), because its limb expression was similar to
and overlapped with Shox2 limb expression. hs741 is located in the third intron of the nineexon 362 kb Rsrc1 gene (Figure 12A-B). Over 1.3 kb, mouse and human 741 are 85 %
identical and conserved among various vertebrate species (Figure 12E). In both forelimb
(Figure 12D; ENCODE project consortium, 2012) and hindlimb buds (ENCODE data not
shown), mouse 741 has open chromatin conformation as detected by DNase I HS.
Additionally, we observe that mouse 741 has an enrichment for H3K4me1 in E14.5 limbs
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Figure 12 Sequence conservation in the mouse Shox2 genomic region
(A) Telomeric (tel) to centromeric (cen) maps of mouse Shox2 genomic region. 1 Mb of the
indicated chromosomes is depicted with genes in blue and the location of the bacterial
artificial chromosomes (BACs) employed in this study shown below the corresponding
maps. The location of the LHB (limb-hindbrain) element described in Chapter 3 is indicated
as well as a limb enhancer (element 741) whose activity is depicted on the VISTA enhancer
browser (Visel et al., 2007).
(B) Schematic representation of BAC RP23-105B3. Magenta rectangle indicates the location
of element 741.
(C) Mouse E11.5 embryo transgenic for human hs741. Proximal LacZ staining in both fore
and hindlimbs. 741 proximal limb expression is restricted posteriorly (Visel et al., 2007).
(D) Close-up of the 1,674 bp mouse 741 sequence. Mouse 741 is conserved in vertebrates
(Bray et al., 2003) has open chromatin and is enriched for H3K4me1 in limb buds (ENCODE
project consortium, 2012). GLI3 binding sites from E11.5 forelimb buds are indicated at the
top of the figure (Vokes et al., 2008).
(E) Sequence alignment of mouse and human 741. Mouse and human 741 are about 85 %
identical.

Figure 12 A and B were taken from Rosin et al., 2013.
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(Figure 12D; ENCODE project consortium, 2012). We also noted that Vokes et al., 2008 found
GLI3 to bind to mouse element 741 (Figure 12D, Vokes et al. 2008).
To characterize the enhancer activity of mouse 741, we first used a BAC (RP23105B3) containing element 741 90 kb upstream of the mouse Shox2 gene. A lacZ reporter
gene was introduced by recombineering into the start codon of Shox2, leaving the Shox2 gene
intact. The genomic locations and position of regulatory sequences on the RP23-103D17
(contains LHB) and RP23-105B3 (includes element 741) BACs are shown in Figure 12A).
Both RP23-103D17 and RP23-105B3 maintain the Shox2 gene, yet they have different
adjoining genomic sequences (Figure 12A). The RP23-105B3-lacZ (105B3) BAC was used to
help locate the regulatory sequences in the region that are distinct from LHB, which is not
contained on this BAC. Two permanent transgenic lines made from this lacZ-targeted BAC
105B3 showed limb, dorsal root and trigeminal ganglia expression. Furthermore, they
showed diencephalon and midbrain expression (Figure 13A). However, these lines did not
show hindbrain or anterior limb expression, but they were positive for diencephalon and
midbrain expression not seen in the 103D17 embryos (Figures 7A and 13A). The staggered
location of 105B3 relative to 103D17 helped reveal the probable location of specific
regulatory elements. The diencephalon/midbrain expression shown in the 105B3 embryos
appears to require the more 5′ sequences only found in that BAC, whereas hindbrain
expression apparently depends on the 3′ sequences unique to 103D17. The different limb
expression patterns generated by the two BACs suggest that each BAC contains unique limb
regulatory sequences. Specifically, the 105B3-lacZ transgene drove stronger expression in
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Figure 13 Mouse element 741 limb lacZ expression is active in proximal posterior
limbs
Developmental time course (E10.5-E13.5) from permanent lines of the indicated transgene
constructs.
(A) BAC 105B3 has Element 741 centrally placed and 90 kb upstream of Shox2. Embryos
generated from BAC 105B3 in which a lacZ reporter is targeted in the mouse Shox2 gene.
105B3lacZ transgene is expressed in proximal posterior limbs (arrows), dorsal root and
trigeminal ganglia (d and t) and the midbrain (arrowhead).
(B) Four embryos produced with the 741-βlacZ construct. 741-βlacZ limb expression is
similar to that of BAC 105B3lacZ transgenic embryos (arrows). BAC 105B3 midbrain and
trigeminal ganglia staining are completely absent in 741-βlacZ embryos (compare to figure
13A above).
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the hindlimbs (Figure 13A), while the 103D17-lacZ transgene most closely recapitulated the
endogenous Shox2 pattern in the forelimbs (Figure 7A).
To further examine if the conserved mouse ortholog of human hs741 is sufficient to
drive limb expression similar to that of hs741, we cloned mouse 741 (mm9.chr3:
66,874,085_66,875,758) into βlacZ (Morgan et al., 1996; Spitz et al., 2003). We generated
four permanent mouse 741 transgenic lines. Embryos harvested from three lacZ positive
lines show proximal limb activity similar to BAC 105B3-lacZ (Figure 13B; Table 2B).
Expression in the dorsal root ganglia, diencephalon and midbrain observed with BAC 105B3lacZ was absent from 741-βlacZ embryos (Figure 13B). The observation that our mouse 741βlacZ limb transgene expression domain (Figure 13B) is comparable to hs741 (Figure 12C;
Visel et al., 2007) and the 105B3 BAC transgene, suggesting that the conserved 1.67 kb
mouse 741 sequence is the limb enhancer found on that BAC.
Epigenetic chromatin modification, transcriptional coactivator DNA binding and
DNase I HS have been used to identify enhancers that are not necessarily conserved
(reviewed in Spicuglia and Vanhille, 2012). Chromatin immunoprecipitation (ChIP-seq)
detection of EP300 (p300) binding sites and acetylation of H3K27 (H3K27ac) have identified
thousands of enhancer candidates in developing mouse limbs (Visel et al., 2009; Blow et al.,
2010). Consequently, in our desire to identify other limb enhancers of Shox2, without relying
entirely on evolutionary conservation, we took advantage of the availability of tissue and
cell-type specific DNase I HS profiles and ChIP-seq data of enhancer-associated chromatin
signatures (ENCODE project consortium, 2012). The ENCODE project was established to
generate a genome-wide public database (ENCODE data) of regulatory regions - notably
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Table 2 Summary of BAC 105B3, 741, SLEs 5 and 9 permanent transgenes analysed
(A) Total number of 105B3lacZ founders 2
105B3-lacZ
Tissue of expression

Number of transgenic lines

Proximal forelimb

2/2

Proximal hindlimb

2/2

Trigeminal ganglia

2/2

Dorsal root ganglia

2/2

(B) Total number of 741-βlacZ founders 4
741-βlacZ
Tissue of expression

Number of transgenic lines

Proximal forelimb

3/4

Proximal hindlimb

3/4

(C) Total number of SLE5-βlacZ founders 7
SLE5-βlacZ
Tissue of expression

Number of transgenic lines

Proximal forelimb

3/7

Proximal hindlimb

3/7

Fore and hindlimb (entire limb bud)

1/7

Forebrain

4/7

Palate

4/7

Trigeminal ganglia

4/7
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(D) Total number of SLE9-βlacZ founders 4
SLE9-βlacZ
Tissue of expression

Number of transgenic lines

Hindbrain

2/4

Eyes

2/4

Trigeminal ganglia

2/4
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enhancers - in the human genome (ENCODE project consortium, 2007). Recently, the
ENCODE project has made available numerous mouse tissue-specific ChIP-seq datasets of
enhancer-associated epigenetic marks (Shen et al., 2012) as well as DNase I HS sites
(Maurano et al., 2012; Thurman et al., 2012). DNase I HS and enhancer-associated chromatin
signatures are useful in predicting potential genomic regulatory regions, for example,
enhancers, silencers (or repressors), insulators and gene promoters (Maurano et al., 2012;
Shen et al., 2012; Thurman et al., 2012).
We searched the genomic landscape surrounding the Shox2 gene for DNase I HS sites
and chromosomal sites enriched for enhancer unique epigenetic marks from ENCODE mouse
limb bud data sets (ENCODE project consortium, 2012). We found that the mouse Shox2
genomic region has several possible cis-regulatory elements likely dedicated to the
expression of Shox2 (Figure 14). Transgenically characterized LHB (Chapter 3; Rosin et al.,
2013) and element 741 (Figure 13) Shox2 limb enhancers, are two of the twelve potential
cis-regulatory regions dispersed in the Shox2 genomic neighbourhood. The mouse Shox2
genomic locus contains a 680 kb gene desert downstream of Shox2 extending to the Veph1
gene. Upstream of the Shox2 limb control region is the Rsrc1 and Mlf1 genes (Appendix 5B;
Figure 14A). Shox2 and Rsrc1 are transcribed in opposing directions and separated by only
4 kb (Figure 14A).
We selected two additional candidate enhancers (SLE 5 and 9) for characterization in
transgenic mice based on H3K4me1 and H3K27ac enrichment and DNAse I HS in limb buds.
We tested the enhancer activity of SLEs 5 (3.7 kb) and 9 (2.8 kb) by cloning each sequence
upstream of the βlacZ reporter (Morgan et al., 1996; Spitz et al., 2003). Of the seven SLE5-
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Figure 14 Enhancer and candidate enhancer sequences upstream and downstream
of Shox2 gene
(A) Schematic diagram of genomic position and size of genes and gene regulatory sequences
upstream and downstream of Shox2. Positions and sizes of indicated genomic sequences are
drawn to scale. Genes are shown in blue, characterized enhancers in gold, candidate
enhancers are in green and red (candidate enhancers in red were selected for transgenic
characterization).
(B) Enhancer discriminative limb ChIP-seq profiles. Forelimb DNase I HS (Upper panel), limb
E14.5 H3K4me1 (middle panel) and H3K27ac (lower panel) (ENCODE project consortium,
2012).
(C) Close-up of candidate enhancers SLE 5 and 9 showing enhancer discriminative limb ChIPseq profiles (B above) and vertebrate sequence conservation (Bray et al., 2003).
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βlacZ (mm9.chr3:66,376,175_66,379,892) founders that transmitted the transgene, four had
lacZ positive embryos. Four of seven SLE5- βlacZ embryos had lacZ staining in the palate,
trigeminal ganglia and forebrain. At E12.5, three embryos derived from SLE5- βlacZ had
proximal limb expression similar to Shox2 endogenous expression (Figure 15A; Table 2C),
whereas embryos from one founder had lacZ staining in the entire limb of both fore and
hindlimbs. The expression pattern of the SLE 9 transgene (mm9.chr3:66203726_66206480)
is detailed in Table 2D. Figure 15B highlights different developmental time points (E11.513.5) and tissues in which the SLE 9 transgene is active. Notably, our data indicate that SLE
9, unlike SLE 5, is a neural and eye enhancer rather than a limb enhancer.

4.3 Discussion

We have applied multiple enhancer identification tools to map potential cis-regulatory
regions that direct Shox2 limb expression during embryogenesis. We report at least twelve
cis-regulatory regions that are likely to contribute to the expression of Shox2 in proximal
limbs (Figure 14). We tested four of these Shox2 enhancer candidates and found that three
(LHB, 741 and SLE 5) were confirmed to drive gene expression in developing limbs with
activity similar of endogenous Shox2 expression.
We have shown LHB to recapitulate the Shox2 limb expression pattern in transgenic
mice (Chapter 3). We have also identified hs741 from the VISTA enhancer browser. Mice
embryos transgenic for human hs741 showed active proximal limb expression at E11.5
(Figure 12C; Visel et al., 2007), the same stage and tissue where mouse Shox2 is expressed.

105

106

Figure 15 Characterization of two enhancers downstream of Shox2
(A) Representative embryos positive for the SLE5-βlacZ. All embryos are from the same
permanent line. The SLE5-βlacZ transgene drives limb expression.
(B) SLE9-βlacZ transgenic embryos. There is no limb staining, but the enhancer is active in
the midbrain (arrowhead), trigeminal ganglia (t) and eyes (e).
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Our mouse 741 transgenics together with 105B3lacZ and 741-βlacZ transgenesis results
implicate an upstream enhancer, mouse 741 (the second of four transgenically analyzed
sequences), as another element controlling mouse Shox2 limb expression (Figure 13). While
mouse 741 lacZ expression is posteriorly restricted in proximal limbs (Figure 13B), SLE 5
drove lacZ expression in the proximal limb in addition to the forebrain (Figure 15A). The
proximal limb expression of mouse 741 and SLE 5 transgenes are similar to that observed in
LHB lacZ transgenic mice. Furthermore, the expression of 741, SLE 5 and LHB transgenes
overlapped with mouse Shox2 expression as detected by WISH (Figure 8B). While the SLE 9
transgene lacked limb expression, it maintained lacZ expression in the eyes, midbrain and
trigeminal ganglia (Figure 15B), characteristic of Shox2 expression in comparable tissues
(Rosin et al., 2013).
Of note, one of two enhancers predicted largely by limb bud-specific open chromatin
accessibility and enrichment for enhancer-associated chromatin marks, showed limb
enhancer activity (Figures 14 and 15; ENCODE project consortium, 2012). SLE 5 had limb
activity, in addition to lacZ expression in other tissues, that overlapped with the Shox2
expression domains (Figure 15A). Although SLE 5 had moderate DNase I HS activity, it is
highly enriched for H3K4me1 and H3K27ac. SLE 5 is also conserved across vertebrate
species. Comparatively, SLE 9 scored better than SLE 5 on the two criteria we employed to
screen for enhancers. As a result, we expected SLE 9 to drive robust limb expression.
Conversely, despite the enrichment of H3K4me1 and H3K27ac active marks at SLE 9 and
being transcriptional active in developing limbs (Figure 14; ENCODE project consortium,
2012), SLE 9 failed to show limb enhancer activity (Figure 15B). One possibility is that our
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transgene construct did not include all sequences required for limb enhancer activity.
Nonetheless, it is surprising to note that SLE 9 with such high enrichment for enhancerassociated epigenetic signatures as well as ease of access to transcription factor binding (i.e.
DNase I HS) in limb buds failed to show limb enhancer activity. This observation highlights
the limitations associated with the use of DNase I HS and epigenomic signature enrichment
for enhancer prediction and indicates the need for alternative methods, such as 4C-seq
described in the following Chapter, to identify regulatory elements more definitively. The
high enrichment of limb bud SLE 9 with H3K4me1 and H3K27ac and open chromatin
accessibility likely indicate regulatory potential, but certainly not in limbs. Indeed, we
observed lacZ staining in the hindbrain and eye in embryos transgenic for SLE 9 (Figure
15B).
It is remarkable that three out of four enhancers analyzed so far are active in proximal
limbs. Altogether, our current findings support our results from Chapter 3, that Shox2
expression in the proximal limbs likely involves the integration of transcriptional signals
from multiple enhancers. However, we do not know the genomic scope within which these
enhancers interact to regulate Shox2 limb expression. In Chapter 5, we used the 4C-seq
technique to compliment the enhancer identification tools discussed so far, first to
comprehensively determine all potential Shox2-cis-regulatory contact regions, and secondly
to map the genomic scope within which Shox2 limb regulatory elements function.
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4.4 Contributions

I performed all experiments in this Chapter except the following;
i.

BAC 105B3lacZ and 741-βlacZ were engineered by Dr. Stanley Neufeld.

ii.

Pronuclear injections for generating BAC 105B3, 741 and SLEs 5 and 9 mouse
transgenes were conducted at the Centre for Mouse Genomics, the University of
Calgary Medical School by Cameron Fielding.

4.5 Contributions from publications

Portions of the introduction, results, and discussion of transgenic characterization of
105B3-lacZ have been published as:
Rosin JM, Abassah-Oppong S, Cobb J. (2013). Comparative transgenic analysis of enhancers
from the human SHOX and mouse Shox2 genomic regions, Hum Mol Genet. 22(15):30633076.

Reproduced with permission from Oxford University Press.
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Chapter Five: Delineating the Shox2 limb cis-regulatory architecture

5.1 Introduction

Recent studies suggest that the spatiotemporal control of gene expression is
governed by two broad mechanisms - multiple and single enhancer regulation (Sagai et al.,
2005; Montavon et al., 2011; Andrey et al., 2013). Mice with a homozygous deletion of the
LHB limb enhancer progress through normal limb development (Chapter 3). Our LHB
targeting results (Chapter 3) in addition to two other transgenically assessed limb enhancers
that were chosen based on an open chromatin conformation, enhancer unique epigenomic
signatures (ChIP-seq) and sequence conservation (Chapter 4), all support a model in which
Shox2 limb expression is controlled by multiple enhancers. Considering that Shox2 limb
expression is likely regulated by more than the three enhancers already characterized, we
first sought to identify all such potential mouse Shox2 limb CRMs and to determine if these
elements actually interact with the Shox2 gene. We also wanted to quantify the genomic
range within which these enhancers interact with Shox2.
Traditionally, developmental enhancers have been identified through comparative
evolutionary conservation, distinctive enhancer epigenetic signature marks and DNase I HS
profiling. Despite the successes achieved with the use of these techniques to describe
developmental enhancers, the above methods also present several sensitivity and specificity
deficits. For example, all three methods do not directly connect enhancers to their target
genes (reviewed in de Laat and Duboule, 2013). Thus, enhancers are often assumed to
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contact target genes because of an enhancer activity that either completely or partially
overlaps with the expression domains of the gene in question. Also, DNase I HS regions
directly correlate with all DNA localities with potential transcriptional activity. In effect, a
possible drawback to the utilization of DNase I HS to predict enhancers is the likelihood of
marking other cis-DNA regions with regulatory potentials including silencers, promoters and
insulators (Thurman et al., 2012). The lack of specificity of these techniques in predicting
enhancers is exemplified by our transgenic assessment of SLE 9 which showed no limb
activity although limb buds were highly enriched for putative enhancer-associated histone
modification signatures (Chapter 4).
We further wanted to examine whether these enhancers that are positioned at
different distances from the Shox2 promoter on the same linear chromosome do indeed
interact exclusively with Shox2 or possibly also with other Shox2 enhancers to drive Shox2
limb expression. Distal regulatory enhancers and silencers are believed to ‘loop’ to interact
physically with proximal promoter elements to generate robust gene expression (reviewed
in Visel et al., 2009). Thus, it appears that the specificity with which a distant-acting DNA
regulatory element acts to either impede or promote gene transcription is dependent on the
3-dimensional (3D) construction of the genome. However, none of the methods we employed
thus far in this thesis had the capacity to map 3D genome architecture and hence measure
the genomic scope within which a particular gene promoter physically interacts with cisregulatory enhancers.

Therefore, in order to interrogate how multiple CRMs of Shox2

cooperate to regulate Shox2 limb expression, we employed 4C-seq, which is a modification
of 3C technology to probe the entire 3D limb cis-regulatory landscape of Shox2.
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This Chapter describes the use of 4C-seq, together with other enhancer discriminative
epigenomic chromatin marks to delineate comprehensively the length of chromosomal
territory as well as all interacting genomic regions that are involved in the cis-regulatory
control of Shox2 limb expression. We report multiple Shox2 contacts with sequences
dispersed over the 680 kb gene desert downstream of Shox2. The two most prominent
Shox2-interacting genomic regions named SLE 2 and SLE 8, which were selected for
enhancer characterization, were found to have an activity that overlapped with Shox2
expression at similar developmental time points. Additionally, we show that SLE 5 interacts
with Shox2 and another Shox2 limb enhancer, Element 741. Finally, we report that in all three
viewpoints we tested (Shox2, LHB and SLE 5), chromosomal interactions were restricted to
the same 1.5 MB genomic region which corresponds to the 1.5 Mb topologically associated
domain (TAD) containing Shox2, as reported by Dixon et al., 2012 for mouse ESCs.

5.2 Background to the use of the 4C-seq technique to characterize limb cis-regulatory
topology of Shox2

The recent development of 3C (Dekker et al., 2002) and complementary 3C
technologies (reviewed in de Wit and de Laat, 2012), allow for quantification of chromosome
contact frequencies in vivo. Briefly, 3C methods establish a 3D chromatin structure by
freezing all chromosomal interacting genomic regions by mild formaldehyde cross-linking
(Figure 16). Cross-linked extracted chromatin is digested with an intermittent cutting
restriction enzyme. Resultant digested DNA is ligated under dilute conditions to promote
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preferentially the ligation of cross-linked DNA molecules (Dekker et al., 2002). This singular
step is pivotal during 3C because it facilitates the joining of only digested captured looped
DNA interacting sequences. Subsequently, a recombinant DNA which is an amalgam of two
distant associating genomic sequences and foreign to the endogenous linear genome is
produced. Thus, the dilute ligation condition results in unique DNA confluence that is
amenable to PCR quantification (Dekker et al., 2002; Figure 16D).
The 4C method is a high-throughput modification of 3C technology to refine 3C
resolution and sensitivity. 3C interrogates one selected genomic site with one interacting
genomic fragment at a time (Dekker et al., 2002). 4C, on the other hand, probes contacts
made by a viewpoint (specific genomic region of interest) with all associating chromosomal
regions (Simonis et al., 2006). The ligated interacting sequences are detected by PCR and
quantified either by next-generation sequencing (NGS) or on DNA microarrays (Simonis et
al., 2006; Splinter et al., 2011). For 4C-seq, ligated products generated from 3C are digested
and religated a second time with a high-frequency enzyme with a four bp recognition
sequence (secondary enzyme) to produce smaller circularized DNA. All contacting fragments
are thus PCR amplified with designed inverse primers oriented outwards on each side of the
viewpoint (Figure 16). To improve the resolution and sensitivity of 4C that was first used
with microarrays, NGS is now applied to quantify amplified sequences so as to generate
profiles of all contacts with the viewpoint (reviewed in de Wit and de Laat, 2012). In
summary, a 4C profile data shows the extent of the ligation between the viewpoint (bait) and
all captured fragments, as a direct measure of the contact frequency between those
interacting fragments (Simonis et al., 2006).
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Figure 16 Generalized outline of the 4C-seq technique
(A) In our experiments, DNA was extracted from the proximal part of E12.5 limb buds where
Shox2 is expressed, as shown here on a whole mount in situ (WISH) for Shox2.
(B) Transcription factors (TF) bind to enhancers. Binding of enhancer by appropriate TFs
physically brings enhancers into contact with target promoters.
(C) Enhancer-promoter interactions (interaction of a gene of interest with all associating cisregulatory sequences) are captured by formaldehyde cross-linkage of the isolated nuclei
from E12.5 proximal limb buds. Cross-linked DNA are digested with NlaIII and ligated under
dilute conditions to facilitate exclusive ligation of DNA molecules that have been crosslinked. Ligated DNA are taken through another cycle or digestion (with DpnII) and ligation.
(D) Inverse PCR amplifies resultant small circularized DNA that has an unknown genomic
associating sequence (e.g. enhancer) flanked by known sequence, i.e. the viewpoint, in this
case within the gene shown.
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5.3 Results

To generate a comprehensive map of the limb cis-regulatory topology of Shox2, we first
wanted to estimate the total number of putative CRMs, notably transcriptional enhancers,
that presumably regulate Shox2 limb expression. We had already identified and
characterized three Shox2 limb enhancers using a transgenic mouse assay and the
requirement for one of these was tested by genomic targeting (Chapters 3 and 4). Secondly,
we wanted to investigate if two selected Shox2 enhancers, LHB and SLE 5, make contact with
Shox2 and other genomic sites. Additionally, we wished to know the genomic territory
involved in Shox2, LHB and SLE 5 interactions with all chromosomal regions. The latter
objective has far-reaching gene control implications since current studies propose genome
compartmentalization into TADs, although only a few findings have reported this in different
tissues. TADs are thought to create permissible regions within which promoters can
associate with genomic regulatory regions, while excluding transcriptional inputs from
adjoining TADs (Dixon et al., 2012). To test if this is true for Shox2, we performed 4C-seq
using the Shox2 promoter, LHB and SLE 5 as baits (viewpoints) to capture all physically
associating sequences which likely form a transcriptional regulatory unit within a confined
chromosomal territory in proximal E12.5 limbs.
One important step towards the generation of tissue-specific 4C-seq interaction
profiles is a precise sampling of tissues. At E12.5, Shox2 expression is excluded from distal
limb buds but restricted only to the proximal portion of the limb (Figure 8B and 16A).
Chromatin was extracted from wild-type E12.5 proximal forelimbs where Shox2 is expressed
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to increase the specificity of Shox2 limb interactions (Figure 16A). Inverse PCR primers
designed within the first intron of Shox2, LHB and SLE 5 included NGS adapter sequences to
allow direct sequencing of the products. Captured sequences are amplified by inverse PCR
reactions (Figure 16) from individual viewpoints and then sequenced by Illumina technology
to generate genome-wide profile maps of interactions with each viewpoint (Andrey et al.,
2013) (see Chapter 2.10 for detailed methods).

5.3.1 Shox2 physically contacts multiple DNA elements spanning a 1.5 Mb genomic area
around the Shox2 gene
In each of three replicates, the Shox2 viewpoint interacted with sequences spanning
approximately 1.5 Mb upstream and downstream of Shox2 (Appendix 5A-B). Upstream
interactions diminished at approximately 450 kb from the Shox2 promoter (Figures 17 and
18C). This upstream interaction area overlaps with the Rsrc1 and Mlf1 genes. Interestingly,
we find that the only prominent upstream peak approximately 90 kb from Shox2 and within
the third intron of Rsrc1, to be one of our previously characterized Shox2 limb enhancer
candidates, element 741 (Figure 17). The downstream Shox2-contacting genomic area
comprises an enormous 1.06 Mb region with a large gene desert as well as the Veph1, Ptx3
and Ccnl1 genes. Intriguingly, except for the upstream 741 element, the 680 kb gene desert
downstream of Shox2 is populated with the majority of the detected interactions. Indeed,
about ten associating regions with varying degrees of interactions and sizes of genomic
fragments are noticed. Here again, we strikingly observe moderate and conspicuous Shox2
physical contact with two previously characterized Shox2 limb enhancers LHB and SLE 5
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Figure 17 Proximal Shox2 limb interaction profiles with characterized and candidate
enhancers surrounding Shox2
(A) Schematic diagram of genomic position and size of genes and gene regulatory sequences
including two genes and five characterized / candidate Shox2 limb enhancers. All sizes and
locations of indicated genomic sequences have been drawn to scale. Genes are shown in blue,
characterized enhancers in gold and candidate enhancers in red. The cis-regulatory
architecture bordering Shox2 comprise four tested (Chapters 3 and 4), and two novel
candidate enhancers analyzed in this Chapter (in red). Red arrows show the direction of
transcription of indicated genes.
(B) Limb 4C interaction profile above H3K4me1 and DNase I HS tracks from ENCODE. For
4C, interaction profiles were produced from E12.5 proximal forelimb buds where Shox2 is
expressed. H3K4me1 and DNase I HS profiles were from E14.5 limbs and forelimb buds,
respectively (ENCODE project consortium, 2012). From 4C-seq data, the selected five
enhancers show significant association with Shox2. Y-axis units are normalized reads per 106
total reads. Identified enhancers are enriched for either H3K4me1 signature binding or
DNase1 HS activity.
(C) Close-up SLE 2 and 8 showing GLI3 binding (Vokes et al., 2008), DNase I HS, H3K4me1
(ENCODE project consortium, 2012) enrichment and sequence conservation.
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Figure 18 Shox2, LHB and SLE 5 loci are all coordinated in the same 1.5 Mb TAD
(A) Mouse ESCs genome-wide chromosome conformation capture (Hi-C) interactions
frequencies for Chr3:64,000,000-69,000,000 (mm9) genomic region. (Dixon et al., 2012).
(B-C) Enrichment for CTCF insulator transcription factors within the 5 Mb region on
chromosome 3 (ENCODE project consortium, 2012; top panel). The genomic region with
limb E14.5 CTCF enrichment (ENCODE) and proximal 4C interaction profiles from replicate
2 from Shox2, LHB and SLE 5 viewpoints (lower three panels) have all been aligned to mouse
ESC Hi-C interaction region as defined by Dixon et al., 2012. Shox2 TAD boundaries are
defined by CTCF insulators as indicated by green broken lines. 4C interaction profiles
generated from Shox2, LHB and SLE 5 viewpoints are all constrained in the same 1.5 Mb
region. Y-axis units are normalized reads per 106 total reads.
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(Chapters 3-4; Figure 17).
To determine if the contacts made by LHB and SLE 5 were exclusive to the Shox2 gene
as well as to examine any possibility of cross-interactions between individual Shox2 limb
enhancers, we designed two additional viewpoints from LHB and SLE 5 and used these for
4C-seq from proximal limb tissue. We observed, interestingly, that all interactions of the
selected viewpoints were restricted to approximately the same 1.5 Mb TAD as was the Shox2
viewpoint. 4C interaction profiles for all three viewpoints significantly diminish outside this
1.5 Mb interaction perimeter (Figure 18). TADs have been hypothesized to segregate the
entire genome into transcriptional regulatory domains such that accidental transcription
signals from adjacent genomic sequences with regulatory potential are prevented. That is,
TADs are large scale permissible genomic territory within which cis-regulatory regions
cooperate with target gene promoter to activate gene transcription. TADs are thought to be
conserved across species and cell types (Dixon et al., 2012). The LHB interacted principally
with the Shox2 locus (Figure 19). The 4C interaction profiles generated with the SLE 5 bait is
noteworthy. Apart from the expected contact with Shox2, SLE 5 showed contact with Shox2
co-enhancer SLE 2 (arrow in the third panel of Figure 19B). It is interesting to note that the
association of SLE 5 with SLE 2 has a similar magnitude as the SLE 5 interaction with Shox2
(as visualized by the heights of the corresponding peaks). Additionally, SLE 5 makes
moderate association with Element 741 (arrowhead in the third panel of Figure 19B).
We had earlier predicted twelve candidate Shox2 limb enhancers (Figure 14)
including SLE 2 and SLE 8 using GLI3 binding (Vokes et al., 2008), DNase I HS and limbspecific enhancer unique chromatin modification signatures from ENCODE (ENCODE project
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Figure 19 SLE 5 interacts with Shox2 and two other Shox2 limb enhancers
(A) Schematic of limb regulatory landscape of Shox2. Genomic sizes of all-encompassing
interacting regions and genes are drawn to scale. Genes = blue, characterized enhancers =
gold. Red arrows point the direction of transcription of indicated genes.
(B) Alignment of E12.5 proximal forelimb 4C interaction profiles from three different
viewpoints. The upper 4C Shox2 contacts profile show five prominent chromosomal
interaction regions; upstream Element 741 and downstream LHB, SLE 2, 5 and 8. Interaction
profiles generated from LHB locus show a solitary contact of LHB with Shox2 (middle panel).
SLE 5 bait captured two additional chromosomal regions in addition to Shox2 association.
The lower 4C interactions profiles with SLE 5 interacts conspicuously with SLE 2. Moderate
contacts with Element 741 are also captured. Y-axis units are normalized reads per 106 total
reads.
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consortium, 2012; Figure 14A) together with sequence conservation. Interestingly, from our
4C-seq data, we note that the most prominent peak, 227 kb downstream of Shox2
corresponds with SLE 2. Although SLE 2 is highly labelled with H3K4me1 (Figure 17C), in
Chapter 4, we chose to assay SLE 5 and 9 due to their location relative to the Shox2 promoter.
Thus, testing SLE 5 and 9 which are located farther downstream of Shox2 than SLE 2 for
enhancer activity was important (before our 4C-seq results) in unraveling the genomic
distance within which these CRMs are able to direct Shox2 limb expression. Also, another
moderately interacting region, 550 kb downstream of Shox2 maps to SLE 8. SLE 8 is marked
poorly with chromatin signatures (Figure 17) and was therefore not originally selected for
transgenic testing based on those criteria. 4C-seq thus indicated a potentially greater
regulatory role for SLE 2 and SLE 8 than was predicted purely on DNase I HS, H3K4me1 and
H3K27ac. These downstream Shox2 4C interaction profiles taper off approximately 700 kb
from the Shox2 promoter just before the transcriptional start site (TSS) of Veph1 (Figure 18).
Importantly, we also observe that Shox2 interactions with all three characterized Shox2 limb
enhancers as well as various DNA elements including SLE 2 and SLE 8. The chromatin marks
at SLE 2 and 8 are not as prominent as SLE 5 and SLE 9, which suggests that 4C-seq is a better
criterion for identifying enhancers.
All three 4C-seq Shox2 replicates had interactions restricted to the same 1.5 MB
region (Appendix 5A) although some inconsistencies regarding the frequency of interactions
with unique chromosomal fragments were noted. For instance, while 741 made prominent
physical contact with Shox2 in the second and third replicates, no such contact was captured
in the first data even though 741 transgenic analysis implicate this sequence as a Shox2 limb
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enhancer (Chapter 3; Appendix 5B). Variations in the abundance of contact frequencies
between Shox2 and interacting genomic fragments were minimal for the second and third
replicates (Appendix 5B). The observed 1.5 Mb limb Shox2-enhancer interaction area
completely overlaps with the large 1.5 Mb Shox2 TAD (Dixon et al., 2012; Figure 18A).
In a search for other evidence for the location of boundaries restricting the
transcriptional control elements regulating the Shox2 gene, we searched the publicly
available data for limb-specific CTCF insulator transcription factor binding (ENCODE project
consortium, 2012) within the Shox2 region. CTCF has been shown to be involved in
autonomous locus-specific gene expression and at the same time, insulate the same locus
from unintended transcriptional control elements emanating from adjoining chromosomal
regions (reviewed in West et al., 2002). Indeed, in both mice and humans, each perimeter of
the two TADs within the HoxA cluster are defined by robust CTCF binding (Dixon et al., 2012).
We note two intriguing and prominent CTCF binding peaks in E14.5 limbs, at the boundaries
of the Shox2 TAD. Most importantly, these obvious CTCF binding enrichment sites possibly
set the borderline for ESC Shox2 TAD and Shox2 limb transcription interaction territory
(Figure 18B).

5.3.2 Two prominent 4C downstream interaction peaks assayed for enhancer activity exhibit
proximal limb expression
From our Shox2 4C-seq proximal limb data, we chose two prominent interacting
regions (SLE 2 and SLE 8) to test for enhancer activity. SLE 2 and 8 are situated 227 and 550
kb respectively downstream of Shox2. The 4C-seq data indicated that these regions,
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especially SLE 2, may have a more prominent enhancer function than suggested by our
previous criteria of DNase I HS, H3K4me1 and H3K27ac. That is, we wanted to determine if
4C-seq interactions were the most reliable predictor of regulatory activity. While SLE 2
interacts conspicuously with Shox2, SLE 8 on the other hand, associates moderately with
Shox2 (Figure 17B). Additionally, SLE 2 and SLE 8 show a high abundance of DNase I HS in
limbs along with significant enrichment for other enhancer exclusive chromatin
modification marks (ENCODE project consortium, 2012; Figure 17B). Furthermore, we
observe with interest, multiple binding regions of the limb patterning transcription factor
GLI3, within both SLE 2 and 8 (Vokes et al., 2008, Figure 17C). Based on the above-combined
criteria for predicting developmental enhancers, especially our high throughput 4C-seq
proximal Shox2 limb data, we selected and tested SLE 2 and SLE 8 using a transgenic mouse
assay.
We employed standard procedures to clone SLE 2 (mm9.chr3:66,544,357_66,553,47
7) and SLE 8 (mm9.chr3:66,213,651_66,222,165) by PCR amplification of these sequences
from BAC DNA followed by ligation upstream of βlacZ (Morgan et al., 1999; Spitz et al., 2003).
As for previous transgenes, the resulting constructs were injected into pronuclei of singlecell mouse embryos to produce transgenic mice. We found that at E12.5, SLE 2 and 8 drive
reporter expression in the proximal limb in addition to other embryonic tissues (Figure 20).
The SLE 2 transgene, in particular, produced an expression pattern very similar to
endogenous Shox2 in limbs. Specifically, of the six SLE 2 lacZ-positive permanent transgenic
lines tested, five showed proximal limb activity in both fore and hindlimb at E12.5 while no
limb lacZ expression was scored for one founder. We, however, noted that only three out of
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Figure 20 SLE2-βlacZ transgene activity increases during embryonic development
with pronounced limb enhancer activity relative to SLE8-βlacZ
(A, C) Schematic representation of transgene constructs used for screening SLE 2 and 8 for
enhancer activity in transgenic mice. For SLE 2 and SLE 8, respectively, 9.12 kb and 8.51 kb
fragments were each cloned upstream of the human β-globin minimum promoter.
(B, D) SLE2-βlacZ (B) and SLE8-βlacZ (D) permanent transgenic line reporter activity at
different developmental time points. B and D are lateral views of X-gal-stained embryos. (B)
Commencing from E11.5, SLE2-βlacZ drives robust lacZ expression in proximal parts of both
fore and hindlimbs in addition to expression in the midbrain (arrow). (D) SLE8-βlacZ
transgene lacZ expression is manifested as a speck in the midportion of the proximal
forelimb (arrowhead), with more prominent expression in the hindlimb (arrowhead).
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Table 3 Summary of SLE 2 and 8 permanent transgenes analysed
(A) Total number of SLE8-βlacZ founders 6
SLE8-βlacZ
Tissue of expression

Number of transgenic lines

Proximal forelimb

5/6

Proximal hindlimb

5/6

Midbrain

3/6

(B) Total number of SLE8-βlacZ founders 5
SLE8-βlacZ
Tissue of expression

Number of transgenic lines

Proximal forelimb

4/5

Proximal hindlimb

4/5

Hindbrain

1/5

Dorsal root ganglia

1/5
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the six stained for lacZ in the midbrain (Figure 20; Table 3). Enhancer activity in limbs is first
observed at E11.5. Enhancer expression of SLE 2 and 8, as assayed in transgenic mice at
different developmental embryonic stages are shown in Figure 20. A total of five screened
SLE 8 transgenic lines tested positive for lacZ. All but one drove expression in the proximal
fore and hindlimbs.

5.4 Discussion

This chapter details the use of 4C-seq to define the complete cis-regulatory landscape
of mouse Shox2 gene during limb development. We identified twelve regions of interactions
with Shox2 in developing limbs. We identified two new regulatory regions that likely function
as limb enhancers of Shox2 since both showed proximal limb enhancer activity in transgenic
mice. Additionally, we find that chromosomal interactions of Shox2, as well as two known
Shox2 limbs enhancers, are found within a 1.5 Mb region that coincides with Shox2 mouse
ESC TAD (Dixon et al., 2012).
4C-seq was first utilized to localize the genomic scope with which all genomic
interactions with the Shox2 gene occurs. Interestingly, the confinement of Shox2 interactions
to the 1.5 Mb corresponds to the 1.5 Mb Shox2 TAD (Dixon et al., 2012). In developing limb
buds, the boundaries of the 1.5 Mb TAD are highly enriched for CTCF insulator transcription
factors (Figure 18B; ENCODE project consortium, 2012). Thus, the Shox2 limb regulatory
circuit likely incorporates information from genomic sequences within this region only. Limb
bud Shox2 4C-seq connects about twelve cis-regulatory regions to Shox2 limb development
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within a region of 1.5 Mb. We have shown that mouse embryos transgenic for three of the
twelve Shox2 associating regions stain for lacZ in proximal limbs (Chapters 3-4). Consistent
with our findings that the Shox2 limb regulatory locus is restricted to a 1.5 Mb region with a
known Shox2 TAD, both Hoxd13 and Epha4 interactions with their associated chromosomal
regions show similar organisation within known respective TADs (Dixon et al, 2012; Andrey
et al., 2013; Lupianez et al., 2015). Our findings are therefore only the third example of how
regulatory genomic interactions are restricted to TADs during limb development.
We anticipated the remaining Shox2 chromosomal interaction sequences including
SLE 2 and 8 to also regulate Shox2 in the limb although we observed exiguous genomic
interactions in distal limb portions where the expression of Shox2 is excluded (Shox2 distal
limb 4C-seq data not shown). Indeed, other studies have shown that a small number of in
vivo validated limb enhancers make physical genomic contacts in other tissues in which
target genes are not activated (Montavon et al., 2011; Andrey et al., 2013). Two recent
findings underscore the likelihood that these sequences that interact with the Shox2 gene
promoter are likely to be limb enhancers of Shox2. Transgenic embryos for two Hoxd13 4Cseq interaction fragments CNS 39 and 65 drove robust limb expression that recapitulated
Hoxd13 expression in limb buds notwithstanding comparable physical contacts made by CNS
39 and 65 in brain tissues (Andrey et al., 2013). Also, four out of five regions that made
consistent interactions with the Epha4 promoter show distal limb enhancer activity in
transgenic embryos (Lupianez et al., 2015).
We investigated further whether the remainder of Shox2 interacting regions are indeed
involved with control of Shox2 limb expression as predicted by Shox2 4C-seq. Two prominent
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Shox2 associating regions (SLE 2 and 8) were analyzed transgenically for limb enhancer
activity. Consistent with results obtained by Andrey et al., 2013 and Lupianez et al., 2015,
embryos transgenic for SLE 2 and 8 showed varying degree of proximal limb activities. We
also performed one replicate of 4C-seq using a Shox2 viewpoint on tissue from distal limbs,
and this experiment showed similar genomic contacts as those found in proximal limbs (data
not shown). Therefore, our Shox2-like proximal limb lacZ expression of SLE 2 and 8
sequences with matching 4C contacts in proximal and distal limbs suggest Shox2, like
Hoxd13, to appropriate ‘3D permissive mode’ of gene control during limb patterning (Andrey
et al., 2012; de Laat and Duboule, 2013). Thus, particular Shox2 physical contacts with cisregulatory regions are probably conserved in several tissues during early development.
However, the distinctive proximal Shox2 limb expression is likely the result of the
engagement of restrictive proximal limb TFs to induce specific conformational chromosomal
changes (de Laat and Duboule, 2013).
Finally, we also showed that like Shox2, LHB and SLE 5 interaction was restricted to 1.5
Mb region. A potentially critical finding is the prominent interaction of SLE 5 with SLE 2. Also,
SLE 5 made a moderate association with element 741 (Figure 19). Thus, it appears that SLE
5 communicates with SLE 2 and element 741 while presumptively regulating the
transcription of Shox2. We have not shown whether this mechanistic trend applies to all or
only a subset of putative Shox2 limb enhancers. However, the interaction of SLE 5 with both
741, SLE 2 as well as Shox2 further alludes to the growing complexity of the control of Shox2
limb expression. Indeed, Shox2 proximal limb patterning appears to utilize ‘regulatory
archipelagos’, in which the 680 kb downstream gene desert is colonized by numerous
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regulatory sequences similar to the regulatory islands of the HoxD locus that interact with
one another while controlling HoxD gene expression in limbs. (Montavon et al., 2011). These
regulatory elements act exclusively on the Shox2 promoter and we have shown potential
cross-talk between some enhancers. The presence of numerous nearby limb enhancers likely
explains why the removal of LHB had no effect on Shox2 limb expression (Chapter 3). Our
studies so far suggest the 4C-seq technique to be a better predictor of enhancer location than
other methods of enhancer identification.

5.5 Contributions

All experiments in this chapter were performed by me except the following;
i.

pronuclear injections for generating SLE 2 and 8 transgenic were conducted at the
Centre for Mouse Genomics, the University of Calgary Medical School by Cameron
Fielding

ii.

Dr. Guillaume Andrey, Ecole Polytechnique Federale, Lausanne, Switzerland,
performed the first replicate of Shox2 4C-seq.

iii.

One of the two LHB and SLE 5 4C-seq replicates and the second Shox2 replicate
were conducted at the Department of Genetics and Evolution, University of
Geneva, Switzerland by Drs. John Cobb and Edgardo Rodríguez-Carballo.
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Chapter Six: Genetic interactions between Shox2 and hedgehog signalling genes
during the development of the humerus

6.1 Introduction

Proximal-distal patterning of the fore- and hindlimb stylopod, is dependent on a
cooperative circuitry involving SHOX2 and HOX homeodomain transcription factors (Cobb
et al., 2006; Fromental-Ramain et al., 1996; Neufeld et al., 2014) and probable transcriptional
input from cis-regulatory elements of the Shox2 genomic environs (Chapters 4 and 5). Gene
targeting studies implicate mouse Shox2 in the control of chondrocyte differentiation and
growth in the development of the humerus and femur. Mouse Shox2 mutants exhibit severe
shortening of limbs as a result of truncated humeri and femora as well as reduced hindlimb
zeugopods (Cobb et al., 2006; Yu et al., 2007; Bobick and Cobb, 2012). Also, perturbation of
Hoxa9/10 and Hoxacd10 cause a significant reduction of the humerus and loss of the femur,
respectively (Fromental-Ramain et al., 1996; Wellik and Capecchi, 2003). Thus, the loss of
femur of Hoxacd10 mutant phenocopies the severely truncated Shox2 mutant hindlimb
stylopod. Indeed, Shox2 expression overlaps with the Hox9/10/11 paralogs of the A and D
clusters through much of limb development (Neufeld et al., 2014). This is significant since
Shox2 and Hoxa/d genes are now known to exist in an enhancing epistatic interaction to
pattern the stylopod, radius and ulna (Neufeld et al., 2014).
Studies also suggest the critical role of GLI3, the intracellular intermediate of HH
signalling, primarily known for its role in anterior-posterior (AP) limb development, in PD
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limb patterning (Mo et al., 1997; Barna et al., 2005). In mice, Gli3 disruption slightly shortens
stylopods and zeugopods: a modest phenotype that is similar to conditional deletion of Shox2
specifically in chondrocytes (Mo et al., 1997; Bobick and Cobb, 2012). Interestingly, Gli3
function in the proximal limb is more apparent when Gli3 mutations are combined with loss
of function alleles of genes coding for other transcription factors. Specifically, Gli3 function
overlaps with that of Gli2 and Alx4 in the growth of the stylopod and zeugopod and with Plzf
in the formation of the femur (Mo et al., 1997; Barna et al., 2005; Panman et al., 2005). Given
the stylopodal phenotypes described in these studies, we hypothesized that SHOX2 may also
cooperate with GLI3 during stylopod development. Therefore, we used genetics to test
whether SHOX2 and GLI3 function together in a genetic and molecular network. Strikingly, a
subgroup of the enhancers comprising the Shox2 limb regulatory ‘archipelago’ that we
describe in Chapter 5 are enriched for GLI3 binding as analysed by Vokes et al., 2008 in a
genome-wide profiling for GLI3 rich sites in general and validated GLI-bound enhancers in
developing limbs (Figure 21C).
The Shox2 limb regulatory region includes numerous GLI3-rich regions some of which
co-localize with three of five limb enhancers which recapitulate Shox2 expression (Figure
21), suggesting the possible regulation of Shox2 limb expression through GLI3 binding. In
Chapter 6 of this thesis, we scrutinize the prospect of GLI3/HH signalling involvement with
Shox2 and Shox2 limb regulatory ‘archipelago’ enhancers to control Shox2 limb expression.
When enhancer activities of element 741 or SLE 2 were assessed in a Gli3-null background,
we found that expression of these transgenes are unexpectedly independent of GLI3.
However, we show opposing genetic interactions between Shox2/Gli3 and Shox2/Shh in
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Figure 21 Shox2 limb regulatory ‘archipelago’ is enriched for GLI3
(A) Schematic representation of the positions of genes and validated limb enhancers
surrounding the Shox2 gene. Blue rectangles are genes. Gold rectangles represent enhancers.
(B) Shox2 proximal limb 4C-seq interaction profile as described in Chapter 5. Y-axis units are
normalized reads per 106 total reads as described in Chapter 5.
(C) GLI3-binding regions aligned with the Shox2 genomic region, as detected by ChIP in E11.5
limb buds (Vokes et al. 2008). GLI3 is enriched in developing limbs at both the Shox2 gene
itself and at three of the limb enhancers we have described (741 and SLE 2 and 8).
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forelimb stylopod patterning revealing a complex, interplay between the hedgehog and
Shox2 pathways.

6.2 Results

The binding of GLI3 to the upstream element 741 limb enhancer as well as its binding
to many sites within the 680 kb enhancer-rich downstream gene desert (Vokes et al., 2008;
Figure 21), suggests the likely interaction of GLI3 with a subset of limb enhancers to
modulate Shox2 limb expression. Notably, multiple sites within the two downstream Shox2
limb enhancers SLE 2 and 8 show GLI3 enrichment (Figure 21). SLE 2 and 8 transgenes have
two and one GLI3 binding regions, respectively. The potential Shox2/HH association in PD
limb patterning is further underscored by the findings that Shox2 and some cardinal players
of the HH family are decisive in the growth of different PD regions (Mo et al., 1997; Barna et
al., 2005; Panman et al., 2005). Furthermore, Shox2 is appreciably downregulated in Shh null
mice (Probst et al., 2011). We hypothesized that Shox2 and HH pathway genes cooperate
to help specify the developing proximal limb. This could be accomplished in part by GLI
protein binding to enhancers to regulate Shox2 transcription.

6.2.1 The enhancer activities of element 741 and SLE 2 are independent of GLI3
We tested whether two of the limb enhancers we have characterised require the GLI3
protein to generate their characteristic expression patterns. First, the lacZ expression of
element 741 and SLE 2, which are enriched for GLI3 binding, were monitored in E11.5 limbs
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in which Gli3 was inactivated. We did not detect any altered lacZ expression when comparing
transgene activity in WT controls and Gli3-null limbs for each of the two enhancers tested
(Figure 22A). At this stage, GLI3 is not apparently required for the limb activity of 741-βlacZ
and SLE2-βlacZ transgenes even though GLI3 binds these elements. We also examined the
expression of Shox2 in Gli3-null mice by whole mount in situ hybridization (WISH). We find
Shox2 limb expression levels in WT to be comparable with mice mutant for Gli3 at the
resolution possible with WISH (Figure 22A). Taken together these data do not support the
hypothesized function of GLI3 as a direct regulator of Shox2 transcription at the stage
examined.

6.2.2 Shox2 genetically interacts with Gli3 and Shh in the development of the humerus
Considering the acute and moderate shortening of the stylopod upon perturbation of
Shox2 and Gli3, respectively (Mo et al., 1997; Cobb et al., 2006), we aimed at determining
whether combined loss of Shox2 and Gli3 would enhance stylopod reduction. To this end, we
generated compound Gli3/Shox2-mutant mice to determine if these genes cooperate during
stylopod development. The stylopods of Shox2 heterozygous mice (Shox2+/- or Shox2c/+) are
normal (Cobb et al., 2006). Again, Prrx1-Cre: Gli3 limb conditional mutants (Gli3c/-) have
stylopods of normal length (Figure 23) although Mo et al., 1997 observed a slightly reduced
humerus in mouse that are completely Gli3 deficient. Thus, Gli3 limb conditional stylopods
and zeugopods are not significantly different from those of WT and Shox2 heterozygotes.
However, when we combined the Gli3c/- and Shox2+/-genotypes, the resultant Gli3c/-;Shox2+/compound mutant mice had significantly truncated humeri (Figure 23A-C). No difference
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Figure 22 Shox2, element 741 and SLE 2 expression in WT and Gli3 null embryos
(A) Shox2 expression (Shox2 WISH) and lacZ expression of 741 and SLE 2 in limbs of WT and
Gli3 null E11.5 embryos. Shox2 expression in the limb is unaffected in Gli3 null embryos. lacZ
expression of 741 and SLE 2 in WT and Gli3 null limb are similar.
(B) lacZ expression of element 741 in WT and Shox2 null background. E13.5 limbs are shown.
The red arrowhead in Shox2 deleted limb (right) shows an increase in lacZ expression when
Shox2 is removed.

Figure 22B taken from Ye et al., 2016.
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Figure 23 Reduction of humerus in Gli3c/-; Shox2+/- composite mutant mouse
(A) Bones and cartilage of newborn forelimbs are stained with Alizarin red and Alcian blue,
respectively. Genotypes are shown.
(B) 12-week mice forelimb limb skeleton stained with Alizarin red. In A and B, the mean
humerus lengths of WT, Shox2-/+ and Gli3c/- are not significantly different. While the humerus
of Shox2 heterozygote mutant is normal, the removal of a single copy of Shox2 in a mouse
with deleted Gli3 significantly truncates the humerus (black and red arrowheads in A-B and
p-values in C).
(C) Bar graph of the mean humerus lengths of corresponding genotypes. P-values of a t-test
of means of Gli3c/- and Gli3c/-;Shox2+/- are shown (n=3).
(D) 2 X 2 factorial plot for the determination of epistatic genetic interactions. Plotted points
are averages of humerus lengths (n=3). In newborn and 12 week-old mice, the typical
humerus lengths of Shox2+/- in mice wild-type for Gli3 (black line) is shortened in Gli3
mutants (blue line). The resultant non-parallel lines indicate genetic interactions (epistasis).
Shox2 x Gli3 interactions: p= 0.0001 (newborn humerus) and p= 0.0369 (12-week humerus)
respectively as determined by two-way factorial analysis of variance (ANOVA) (Appendix
6A-B). Error bars in C and D represent standard deviations (SD) of the means.
(E) Shox2/Gli3 double mutant lacks the entire humerus and the zeugopod is attached directly
to the scapula by cartilage (black arrow) (n=3), whereas in Shox2c/- mutants a small humerus
is always present.
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was scored for hindlimb PD elements (data not shown) and forelimb zeugopods (Figure 23AB). The humeri of Gli3c/-;Shox2+/- were reduced by ~25 % and ~16 % in newborn and 12week old mice, respectively, as compared to Gli3c/- mice (Figure 23A-C). Given the significant
difference among humerus lengths of Shox2+/- in a Gli3c/- background as compared to WT,
Shox2+/- and Gli3 mutants, we sought to determine if Shox2 and Gli3 interact in a non-linear
fashion during humerus growth. Thus, we tested whether the reduction of the humerus of
Shox2+/- in a Gli3c/- background is greater than expected from the combined phenotypes of
Shox2+/- and Gli3c/-, which would indicate a genetic interaction and functional cooperativity.
We utilized 2 X 2 factorial design to detect any interactions between Shox2 and Gli3 during
stylopod development (Jaccard, 1998). Two levels of Shox2+/+ and Shox2+/- constituted the
Shox2 independent variable while Gli3+/+ and Gli3c/- alleles made up the Gli3 independent
factors. 2 X 2 graph plots for the humerus lengths of Shox2+/+ and Shox2+/- and Gli3+/+ and
Gli3c/- are shown in Figure 23D. For genetic interactions to be scored, lines should not be
parallel (Jaccard, 1998). The humerus length of Shox2 heterozygotes is significantly reduced
in a Gli3c/- background compared to a Gli3 WT background (blue lines in Figure 23D). Hence,
the significantly truncated forelimb stylopod of composite Gli3c/-;Shox2+/- mice demonstrate
a synergistic function for Shox2 and Gli3 during humerus growth.
GLI transcription factors function downstream of Shh since the SHH signal prevents
the processing of GLI proteins to their transcriptional repressor forms (reviewed in Chen et
al., 2013; Figure 5). Furthermore, Gli3 and Gli2 have some redundant function during limb
development (Mo et al., 1997). With the negative Shox2/Gli3 genetic interaction during
humerus development (preceding paragraph), we reasoned that combining Shox2 with Shh
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mutations might also produce a stylopod phenotype similar to Gli3c/-;Shox2c/- (Figure 23E).
Unexpectedly, we found an opposite effect: Shox2/Shh double mutant had a longer humerus
than a Shox2 mutant, demonstrating a partial rescue of the Shox2-mutant phenotype by loss
of Shh function, although with significant left-right disparities (Figure 24C) in the magnitude
of the rescue. The left humerus is consistently longer than the right, and both show
significantly longer humeri compared to Shox2c/- mice (Figure 24A, C; Appendix 6C). Unlike
the humerus truncation of Shox2/Gli3 compound mutant, deletion of Shox2 in a Shh-null
background partially suppressed the severely truncated humerus caused by loss of Shox2
function (Figure 24). Figure 24B displays 2 X 2 factorial plots for the indicated four
genotypes. Line graphs are non-parallel suggesting a suppressive epistatic interaction of Shh
over Shox2 during humerus growth. This surprising result highlights the complexity of the
genetic network regulating limb development through the Shox2, Gli3 and Shh gene products.
Since the Shh mutation partially rescues the effect of the Shox2 mutation, this result suggests
that Shh functions in the same pathway with Shox2 in the context of the humerus growth as
measured here (interpretation of epistatic effects reviewed in Guarente, 1993). This effect
was specific to the forelimb: removing Shh in Shox2 null mouse had no effect on the femur
(data not shown). However, this latter result may be due to the less-efficient function of the
Prrx1-Cre transgene in hindlimbs (Lewis et al., 2001).

6.3 Discussion

As reported in this chapter, our transgenic and WISH results did not uncover any
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Figure 24 Suppression of humerus truncation in Shox2/Shh double mutants
(A) Newborn forelimb skeletal elements stained with Alcian blue for cartilage and Alizarin
red for bones. Combined Shox2 and Shh limb conditional mutation partially restores (red and
black arrowheads) the severely truncated humerus of Shox2 mutant (arrow). Rescued
humerus of Shox2/Shh double mutation show left and right differences in length (p = 0.006
as shown in C. In four replicates, the right restored humerus (red arrowhead) is always
shorter than the left (black arrowhead).
(B) Shox2/Shh 2 X 2 interaction plot. Deletion of Shox2 in Shh mutant limbs partially rescues
humerus reduction, which is consistently more marked in the left than right limb. P-values
for interactions in both left and right humeri is p = ˂ 0.0001.
(C) Bar chart of length of left and right humeri of Shh/Shox2 double mutants. Computed ttest p-value is shown. n=4. Error bars are represented as standard deviations of the means
as shown in B and C.
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evidence that GLI3 regulates Shox2 expression or the activity of its putative enhancers.
Nonetheless, our genetic experiments revealed a synergistic function of Gli3 and Shox2
during humerus growth. This latter result is consistent with Gli3 having a function either
upstream or in parallel with Shox2 during limb patterning. Overall, our results so far are most
consistent with a parallel function for the SHOX2 and GLI3 transcription factors during limb
development (see the model in the next chapter). This is despite the intriguing GLI3 binding
regions within the presumed regulatory region of Shox2 and specifically within the element
741 and SLE 2. Future experiments should seek to determine if any upstream function may
be masked by a redundant function of GLI2 at GLI binding sites. This could be assessed by
measuring Shox2 expression or activity of its enhancers in Gli2/Gli3-double mutants.
Alternatively, a decrease in Shox2 expression is perhaps more localized in Gli3-mutants than
we first expected; for example, the decrease could be limited to the perichondrium based on
the results of Ye et al., 2016.
In summary, mice transgenic for each limb enhancer in a Gli3 null background were
assayed for modification of lacZ expression in limbs to test the regulatory requirement of
GLI3 on individual enhancer transgene expression. This qualitative strategy is a very fast and
efficient and has recently been used to dissect the repressive action of SHOX2 on element
741 (Ye et al., 2016; Figure 22B). ChIP-seq by our collaborators shows that SHOX2 binds to
all the limb enhancers we have characterised in this work (Ye et al., 2016). Notwithstanding,
we could not detect any role of GLI3 for either of the enhancers tested, although these
enhancers are enriched for GLI3-binding as detected by ChIP (Vokes et al., 2008). This result
could indicate that GLI3 binding to these regions has no regulatory function. Alternatively,
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this could be due to the redundancy of sequence motif recognition among GLI proteins (in
this case GLI2-3 in limbs) (Hallikas et al., 2006). Thus, the unchanged limb lacZ expression
in composite enhancer transgene/Gli3 null embryos could be the result of binding of GLI2 to
the GLI binding motif(s) of the limb enhancers.
Given that Shox2 and Gli3 are implicated in PD limb patterning (Mo et al., 1997; Cobb
et al., 2006), we also examined the potential cooperativity between Shox2 and Gli3 in the
developing limb. Composite mutant alleles of Shox2 and Gli3 were examined for genetic
interactions. Indeed, the limbs of compound Shox2+/-;Gli3c/- have truncated humeri (Figure
23A-B), a phenotype not consistent with the mere addition of the phenotypes of Shox2
heterozygotes and Gli3 mutants. This indicates the likely existence of a functional redundant
interaction between Shox2 and Gli3 in the humerus. Our Shox2/Gli3 genetic analysis thus
suggests Gli3 to function in parallel to Shox2, a finding that is consistent with the unchanged
proximal Shox2 limb expression in mice with perturbed Gli3 (Figure 22A).
Perhaps most surprisingly, our investigation also establishes that loss of Shh can
interrupt the drastic stylopod truncation mediated by Shox2 deficiency. Although Shox2
mutant stylopod is severely truncated (Cobb et al., 2006; Yu et al., 2007), combining Shox2c/with Shhc/- partially rescues the shortened humerus of Shox2 mutant. Compound Shox2c/;Shhc/- mice show a 150 % increase in humerus length compared with Shox2c/- mice (Figure
24). The rescued humeri of Shox2/Shh double mutants clearly indicate that Shh is partially
epistatic to Shox2. Furthermore, the partial rescue of the Shox2 phenotype by Shh mutation,
suggests that Shh may function in the same pathway with Shox2 whereby Shh primarily
works to regulate the amount of GLI3R during normal humerus development. However, this
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regulation is likely not at the transcriptional level since Shh expression is not detectably
altered in Shox2 mutants (Vickerman et al., 2011). The basis of this effect may be due to an
increase in the repressor form of GLI3 as expected in the absence of Shh function. In the next
Chapter, we explore potential models for Gli3/Shh function in cooperation with Shox2 within
the broader context of our results.

6.4 Contributions

I performed all experiments in this Chapter except the lacZ staining of 741 in Shox2 null
limbs (Figure 22B) by Anja Ljubojevic, Dr. Cobb Lab, Department of Biological Sciences,
University of Calgary.
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Chapter Seven: Perspective and future directions

Recent studies have underscored the complex molecular transcriptional controls and
elaborate gene interactions in the patterning of the vertebrate limb, in particular, the unique
segments of the PD limb structure. The transcription of genes coding for essential limb
patterning transcription factors and secreted signalling proteins, for example 5’ HoxD and
Fgf8, is regulated by the integration of signals from multiple CREs whose expression patterns
in mouse transgenics overlay that of their target gene(s) (Montavon et al., 2011; Andrey et
al., 2013; Marinic et al., 2013). Consequently, large-scale genomic deletions and
rearrangements of these cis-regulatory elements to generate genomic structural variation
(SV) in mice have indicated such perturbations to impinge on the robustness of limb
patterning (Montavon et al., 2011; Andrey et al., 2013; Marinic et al., 2013; Lupianez et al.,
2015). Further downstream of the transcriptional regulation by limb enhancers, it is also
common to find gene-gene interactions in specific limb segments. In this Chapter, we
emphasize these two advancing concepts in limb development in relation to the regulation
of Shox2 in proximal limb elements. Specifically, we summarize and provide an overview of
the cis-regulatory architecture of Shox2 in developing limbs. Additionally, we describe the
genetic interaction between Shox2 and two genes of the Hh family.

7.1 ‘Regulatory archipelagos’ and limb development

‘Regulatory archipelagos,' a phenomenon whereby multiple enhancers, often clustered
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Figure 25 Schematic of cis-regulation of Shox2 and model for control of mouse
stylopod development by Shox2, Shh, Ihh and Gli3
A non-coding sequence (element 741), 90 kb upstream of Shox2 and in the third intron of
Rsrc1 gene interacts with Shox2 in proximal limbs as shown by 4C-seq. Mouse (Chapter 4)
and human (Visel et al., 2007) 741 elements show positive proximal limb enhancer activity
in transgenic mouse assays. Eleven sequences spanning a region of 680 kb downstream of
Shox2 make prominent contact with Shox2 (see Shox2 4C-seq signals). Four transgenically
tested 4C-seq contacting sequences show lacZ limb activity that overlaps with Shox2
endogenous limb expression. Given that element 741, SLE 2 and SLE 8 bind GLI3 in
developing limbs (Vokes et al., 2008) and Shox2 limb expression is unaltered in embryos
with disruptions in Gli3 alone (Chapter 6), these suggest the likely participation of GLI3/GLI2
(GLI2 and GLI3 have same binding motif and are both important in limb patterning) in Shox2
limb transcription, probably via enhancer-binding. Shox2 facilitates chondrogenesis in the
developing humerus, and Gli3R also contributes to stylopod growth by regulating
chondrocyte differentiation (Mo et al., 1997; Koziel et al., 2005). Since GLI3 and SHOX2 bind
an overlapping set of over 1000 genomic sites (Vokes et al., 2008; Ye et al., 2016), we
hypothesize that SHOX2 and GLI3 cooperate to control stylopod growth by inhibiting a
common set of stylopod repressive genes as well as targets unique to each transcription
factor. Shox2/Gli3 and Shox2/Shh genetic interaction analyses suggest Shh to be partially
epistatic to Shox2 whereas Gli3 likely acts redundantly with Shox2 in humerus development
(Chapter 6). Purple arrows indicate insertion points of loxP sites for the deletion of all
regulatory elements scattered in the 680 kb gene desert (see 7.3.1 for discussion).
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in a gene desert, contribute and confer robustness to the transcription of a target gene was
first reported for Hoxd13 (Montavon et al., 2011). The 600 kb gene desert upstream of
Hoxd13 is populated with several regulatory elements. Three of four regions tested in
transgenic assays confer specific lacZ expression in digits similar to Hoxd13 expression.
Sequential deletions within the area suggest tight redundancy among cis-regulatory
sequences such that the effects of an enhancer deletion can be mitigated by inputs from the
other cooperating elements (Montavon et al., 2011). Lupianez et al., 2015 also report similar
control of Epha4 during limb development. Here again, Epha4 limb 4C-seq interaction
profiles show all Epha4 contacting regions to be coordinated within the Epha4 TAD,
consisting of the Epha4 gene, and a large gene desert surrounded by Pax3 on one side and
Ihh and Wnt6 centromeric to Epha4. Large deletions that include the Epha4 TAD boundary
result in ectopic interactions between the nearby Pax3 gene and the enhancer-rich region
dedicated to Epha4 expression, leading to an aberrant digit phenotype (Lupianez et al.,
2015). Our results also suggest Shox2 limb expression to be coordinated by multiple
elements in a sparse gene region. We, like Lupianez et al., 2015, also report that all Shox2
interactions are organized within a TAD.
Thus, the results of this thesis make an important contribution to our understanding
of how patterning genes are controlled during limb development. Only three regulatory
landscapes operating during limb development have been described in the literature thus
far (Epha4, Fgf8 and Hoxd genes) (Montavon et al., 2011; Andrey et al., 2013; Marinic et al.,
2013; Lupianez et al., 2015). Our results, together with Andrey et al., 2013 and Lupianez et
al., 2015 suggest that ‘regulatory archipelagos’ confined within TADs may be the standard
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mode of regulation of patterning genes during limb morphogenesis and not just an
idiosyncratic characteristic of the 5’ Hoxd and Epha4 genes. Description of the Shox2
regulatory landscape is an early contribution to what should eventually become a
comprehensive atlas of the interactions of genomic regions during development. This
mapping will be invaluable for understanding how genomic variations and perturbations
lead to disease.

7.2 Crosstalk between Shox2 and HH genes during stylopod development

Of the three HH ligands, SHH and IHH are known regulators of the key process of
endochondral ossification, with similarities to SHOX2 function. For instance, Shh is known
for its ability to polarize the early limb bud into anterior and posterior regions (Riddle et al.,
1993), and also inhibits the progression of differentiating chondrocytes into hypertrophy, in
mouse limb cultures (Pathi et al., 2001). The alternative HH ligand Indian hedgehog (IHH),
which is expressed by prehypertrophic chondrocytes later in limb development, may also
function in a genetic network with Shox2, especially considering the known role of IHH
during endochondral ossification with similarities to SHOX2 function. For instance, Ihh
mutant mice show acute truncations in all PD limb regions as a result of premature
chondrocyte hypertrophy and reduction in the number of proliferating chondrocytes (StJacques et al., 1999). Genetic interaction analyses of compound null mutations of Ihh and
PTHrP and Ihh-/- with constitutively active PTHrP suggest the direct function of Ihh in
chondrocyte proliferation while controlling chondrocyte maturation in partnership with
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PTHrP (Karp et al., 2000). Ihh functions in endochondral bone development to regulate
chondrocyte proliferation and hypertrophy (St-Jacques et al., 1999; Long et al., 2001).
Interestingly, the truncated stylopod phenotype of mesenchyme and osteogenic ablated
Shox2 are very similar to the shortened stylopods of Ihh mutants (St-Jacques et al., 1999;
Cobb et al., 2006; Ye et al., 2016). Furthermore, GLI3 repressor (GLI3R) downstream of Ihh
and Shh also regulates chondrocyte differentiation (Koziel et al., 2005).
Shox2 and Ihh regulate chondrocyte proliferation and maturation during bone
development (St-Jacques et al., 1999; Cobb et al., 2006). Also misexpressed Shh adopts the
Ihh chondrocyte differentiation regulatory role (St-Jacques et al., 1999; Tavella et al., 2004)
and most importantly, GLI3 binds within a number of limb enhancers that recapitulate Shox2
limb expression (Vokes et al., 2008). We hypothesized that a subset of Shox2 limb enhancers
integrate positional information from GLI (HH signalling) to regulate the expression of Shox2
in proximal domains of the developing limb (p. 34). Consequently, in Chapter 6, we tested
the regulatory role of GLI3 on two enhancer transgenes. We found no evidence that GLI3
either regulates the two enhancers studied (element 741 and SLE 2) or Shox2 expression.
Instead, our results suggest Gli3 and Shox2 work in parallel pathways instead of a repressive
or activating relationship. Indeed, our results support Shox2 crosstalk with HH signaling as
revealed by genetic interactions, but it is likely more complicated than originally
hypothesized (Chapter 6).
First, the genetic relationships between Shox2 and Gli3 in specific PD regions have been
investigated in Chapter 6. The composite Gli3c/-;Shox2+/- humerus is significantly shorter
than Gli3c/-. Thus a parallel relationship is established between Gli3 and Shox2 during
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humerus specification, a finding that is by supported by unaltered Shox2 limb expression in
E11.5 Gli3-/- mice. Secondly, our study also implicates Shh deletion to ameliorate the
truncated humerus of Shox2 mutants. Considering that the expression of Shh is unaffected
by removal of Shox2 in proximal limb buds as examined in microarray study by Vickerman
et al., 2010, the relationship between Shh and Shox2 is not likely to be transcriptional. A
plausible explanation for the different genetic interactions between Shox2/Gli3 and
Shox2/Shh is the role of Shh on GLI3, which is to convert GLI3 to GLI3 activator (GLI3A) while
repressing the predominant GLI3R form in limbs. Therefore in a Shh mutant, more GLI3R
accumulates and potentially rescue humerus growth by repressing common Gli3/Shox2
skeletogenic represssive targets.
Our results are summarized in Figure 25 together with a tentative model of how the
genes studied in this thesis form a genetic network necessary for the growth and
development of the stylopod. Overall, the findings in this thesis reveal Shox2 limb
transcription to be dictated by the likely incorporation of transcriptional signals originating
from complex upstream cis-regulatory modules. We have also shown that Shox2 and Gli3
function in a parallel genetic network. During normal stylopod patterning, the amounts of
GLI3R ostensibly facilitate humerus growth. This may be mediated in part by GLI3 and SHOX2
repression of known target genes common to Gli3 and Shox2 that suppress bone
development in the stylopod e.g. Bmp4 and Meis1 (Vickerman et al., 2011; Ye et al., 2016).

159

7.3 Future directions

7.3.1 Phenotypic consequences of deletion of the large enhancer region downstream of Shox2
with the CRISPR/Cas9
Given that Shox2 apparently incorporates regulatory inputs from the vast
downstream gene desert, deletion of the 680 kb region by genomic targeting will be crucial
for testing the importance of this gene desert for Shox2 transcription. The CRISPR/Cas9
system has proven remarkably effective in generating locus specific large genomic scale
modifications (SVs) in mice (Lupianez et al., 2015). To facilitate the targeting of this large
region, we will make use of our LHB null mutants (Chapter 3) which have a single loxP site
(purple arrow to the left of LHB; Figure 25). Another loxP site shall be inserted just upstream
of the Veph1 gene using the CRISPR/Cas9 method. Thus, all regulatory regions in the
downstream Shox2 gene desert shall be flanked by loxP regions for deletion (Figure 25).
Removal of the 680 kb regulatory region will determine if regulatory elements within the
gene desert are necessary for Shox2 limb expression. This deletion is also important to test
the contribution of the separate upstream element 741 to the overall expression of Shox2,
since this enhancer will remain after the genomic deletion.

7.3.2 Identifying specific transcription factors (TFs) that bind and regulate Shox2 enhancers
Although Shox2 is functional in the stylopod, where it controls chondrocyte
proliferation (Cobb et al., 2006), the proteins that are upstream of Shox2 to direct its
proximal limb expression domain remain elusive. As a result, the detailed description of the
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Shox2 limb cis-regulatory architecture (Chapters 3-6) is pivotal in the identification of
upstream regulatory events i.e. TFs that bind directly to enhancers to control limb
expression of Shox2. A strategy that has effectively identified TF-enhancer association is the
expression analysis of an enhancer transgene in mice null for candidate TFs. Even though
two enhancers with GLI3 enrichment failed to show any altered lacZ expression when
combined with Gli3 null mice (Chapter 6) perhaps due to GLI binding redundancy, recently,
this genetic approach has shown Shox2 to repress element 741 (Figure 22B; Ye et al., 2016).
Extending this strategy, combining Gli3/Gli2, HoxA and HoxD deficient mice with individual
enhancers transgenes from the Shox2 genomic region and monitoring for altered transgene
expression in mice mutant for the above limb patterning genes could indicate the role of the
HoxA, Gli3/Gli2 and HoxD on the activity of each enhancer.
An alternate approach to identify proteins that control CREs downstream of Shox2 is
to evaluate luciferase activity i.e. using the luc2 firefly luciferase gene as a reporter for
enhancer activity in cultured C3H10T1/2 (T1/2C) cells transfected with plasmids
expressing candidate binding proteins. The following candidate proteins with appropriate
PD patterning roles will be tested in T1/2C luciferase assay for their ability to regulate limb
enhancers of Shox2; GLI3, GLI2 and HOXD9. Indeed, our lab and others have found that while
LHB is repressed by SHOX2 (Ye et al., 2016), binding of HOXD9 to the LHB elicits significant
luciferase activation (Rosin, JM. unpublished). Dependent on the availability of quality ChIP
antibodies, protein binding to individual enhancers shall be confirmed by ChIP for proteins
that show promising results in the luciferase assay.
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7.3.3 Shox2/HH signaling ligand interactions
In Chapter 6, we report that a Shh conditional mutant partially rescues the shortened
humerus of Prxx1-Cre;Shox2c/- mice. However, the Prxx1-Cre driver is known to generate an
incomplete removal of Shh function from developing limbs (Lewis et al., 2001). We suspect
that complete ablation of Shh from developing limbs may suppress the Shox2 humerus
truncation to an even greater extent, and perhaps this mutation will have a similar effect on
the femur. Therefore, it will be interesting to examine if combined Shox2c/-;Shh-/- will rescue
the humerus even more than in the genetic combination we used. Here, late staged Shox2c/;Shh-/- embryonic limbs (i.e. E18.5) should be analysed to circumvent postnatal lethality of
Shh mutants.
Because of the explicit role of IHH in chondrogenesis (St-Jacques et al., 1999; Karp et
al., 2000), IHH is likely an even better candidate than SHH in the genetic pathway with SHOX2
(Figure 25). It will be necessary to determine if Ihh like Shh, may function in the same genetic
network with Shox2 to affect stylopod patterning. A similar approach as described for
detecting Shox2/Shh interactions could be utilized to test for potential Shox2/Ihh
cooperativity in limb development.

7.4 Summary and conclusion

In this work, we have examined the Shox2 genomic vicinity for cis-regulatory
sequences that act on Shox2 and contribute to the spatiotemporal expression of Shox2 during
limb development. Shox2 makes contact with at least twelve non-coding regions extending a
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total genomic area of 1.5 Mb that corresponds to a known TAD in ESCs as documented by
Dixon et al., 2012. Five transgenically tested non-coding sequences drive lacZ expression in
the proximal portions of the limb that coincide with endogenous Shox2 expression,
suggesting these enhancers commit to the overall limb expression of Shox2. Furthermore,
humerus patterning is dependent on an enhanced and suppressive genetic interaction
between Shox2/Gli3 and Shox2/Shh respectively.
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Appendix 2
Primers used
List of primers used for cloning enhancers, genotyping of mice and LHB targeting
Primer name

Sequence, 5’-3’

Usage and band size

LACZR

GATGTGCTGCAAGGCGATTAAG

Genotyping LHB-A transgene
424 bp

FlankgenF

ACTCAGGGAAATAGGTTGGGAATC

741F

ATCCAGGAGAAGGTGAACACACTC

Element 741 genotyping.

741R

TGTAAGCAATAGATGGCTCTGCC

322 bp.

LACZR

GATGTGCTGCAAGGCGATTAAG

Shox2 lacZ and 105B3lacZ

Shox2C

GCATCAGTTCCCATTTCCCTCTG

transgene genotyping. 392 bp

PeakA25

GAAGAGGGGGCAGATTGTGTTGACTG

10,351 bp product. Digested

PeakA23

TGCTTCTTCAAATATTGCTTTGCTAAT

with ApaI/SalI to 9,121 bp
SLE 2 cloned into
pβlacZFrtKanFrt.

PeakA2F

ATGTGCTCCCAAATACCCGC

SLE 2 genotyping.

PeakAB2R

TGCCCTGACTTTTATGCCCAGC

413 bp

ApaISLE11

AACGGGCCCGTGAATGAAGCACAAATTGCAA Cloning of SLE 5 into

SalISLE11

AACGTCGACAAAGCCCATGTGTTCATCCCAG

pβlacZFrtKanFrt. 3718 bp

SLE11F

TTGGCAGGCTTGCTCTCTCTACTC

SLE 5 genotyping.

SLE11R

TGGGAACAAACGGCGGATTG

582 bp.

PeakB15PacI

AACTTAATTAAGGTCTATCTTGTTGCATGTTT TGTT

9, 473 bp product. Digested

PeakB13SalI

AACGTCGACGGACAAACAGAGCTCAGAAGAGA

with ApaI/SalI to 8,515 bp SLE
8 cloned into pβlacZFrtKanFrt

PeakB2F

CACTTTCACCATCAGGAAGAGGG

SLE 8 genotyping. Used with
primer PeakAB2R
253 bp

193

ApaISLE16

ACCGGGCCCATCAGACTGGCTGGATGGTCAAAG Cloning of SLE 9 into

SalISLE16

ACCGTCGACTACCTGGGTGTCTCTCCAAGG

pβlacZFrtKanFrt. 2755 bp

SLE16F

TCTGTTTGGTGTCTGCTTCGG

SLE 9 genotyping.

SLE16R

GCGGATTGACCGTAATGGGATAG

681 bp

IntprobeF

CAAGGACAAAGCCCCTATTTTTC

731 bp LHB Southern blot

IntprobeR

GTTATACTGGGAGAAAGGGCGAT

internal probe

LHBprobeE

TCCTCTGCCTTGAGCTTGGG

LHB Southern blot

LHBprobeF

ATGAGTCGAGGTATGAAAAATCGT

3’-external probe, 750 bp

Not1FlankC

ATAAGCGGCCGCAAAGAACCCAGTCTTGTGGAATT

262 bp CD LHB mini-targeting

EcoRISacIFlankD

GTCGAATTCGAGCTCTTTGCTTCTGTGAATCCTTTTCTAC

vector homology arm

LHBE2

ATAGGATCCTGGTTTGTAGGGTGGTAAAAATGC 293 bp EF LHB mini-targeting

LHBF2

GTCGTCGACAGTTTGGTGGCAAGAATCCTTC

vector homology arm

LHBW

ATAAGCGGCCGCAGATAAGAAGCAGCATAGAGGGC

360 bp LHB WX fragment

LHBX

GTCAAGCTTTGGAGTATTTTGTGTGGGAGC

LHBY

GTCAAGCTTCCTCACGACTACTGCCCATTTC

LHBZ

TCTACTAGTCCAGCAAGACCACATCACCTC

LHBW1

TTCTTGCAAATCGCTTCCTT

LHB chimera genotyping

LHBD

GCATCGCATTGTCTGAGTAGGTG

Mutant 411 bp WT 287 bp

LHBR

CCATTTCTTGCTTCTAAGTCCCTG

LHBK

AAAATATGCGTTGGTGGGAA

LHB deleted genotyping

LHBL

GCCCAATTCCGATCATATTC

(removal of floxed Neo cassette)

LHBR

CCATTTCTTGCTTCTAAGTCCCTG

WT 600 bp Null 270 bp

oIMR8920

CTGGATGAACCAAGCTTTCCATC

Floxed Gli3 genotyping

oIMR8921

CTGCTCAGTGCTCTGGGCTCC

Mutant 500 bp, WT 195 bp

oIMR8922

CAGTAGTAGCCTGGTTACAG

Gli3 null genotyping (oIMR8922

245 bp LHB YZ fragment

and oIMR8920). Mutant 300 bp
oIMR1015

ATGCTGGCTCGCCTGGCTGTGGAA

Floxed Shh genotyping

oIMR1016

GAAGAGATCAAGGCAAGCTCTGGC

Mutant 483 bp WT 449 bp
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Shh

TGGGTAATGTGCTCTTACCATGTTG

negative1

Shh null genotyping
(Shh negative1 and oIMR1016)
Mutant 300 bp

Shox2C

GCATCAGTTCCCATTTCCCTCTG

Shox2 genotyping

Shox2J

TAAATCCCTCCCTCCCCCTT

WT 260 bp

Shox2F

CCCGCTCTTTTTTTCCTCCTTC

Null 533 bp

Cre1

TGATGGACATGTTCAGGGATC

Prxx1-Cre genotyping

Cre2

CAGCCACCAGCTTGCATGA

865 bp

Forward NlaIII CCAATTAAGAAAATATGTGGCATG

Floxed 358 bp

Shox2 4C-seq

(reading)
Reverse DpnII

AGAATGTGAAGTTTGGTCCC

(nonreading)
Forward NlaIII CAGGTATTTTAAGTCGTTAATTACATG

LHB 4C-seq

(reading)
Reverse DpnII CCAGTGATGGATTAGGGATC
(nonreading)
Forward NlaIII GGCTGATTCTCCTGCATG

SLE 5 4C-seq

(reading)
Reverse DpnII AGTTATAAAGATGATTAAGCTCTGATC
(nonreading)
Forward
Reverse

AATGATACGGCGACCACCGAACACTCTTTCCC

Illumina adapter sequences.

TACACGACGCTCTTCCGATCT

Combine with individual 4C-seq

CAAGCAGAAGACGGCATACGA

PCR primers.
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Appendix 3 4C-seq viewpoints primers files
>Shox2|CCAATTAAGAAAATATGTGGCATG|chr3:6678424366785185|CATG|ACAAGTTAATTGCTTGCTTAAATTTGTGATTCTACGCATG|CATGCGTAGAAT
CACAAATTTAAGCAAGCAATTAACTTGT|CGGGCTGCCGGGCTCCCTGCTCCGCTCCGCGGCTCCC
ATG|CATGGGAGCCGCGGAGCGGAGCAGGGAGCCCGGCAGCCCG|CATGCCACATATTTTCTTAAT
TGGAAAAATATGGCAGCAC|GTGCTGCCATATTTTTCCAATTAAGAAAATATGTGGCATG|Exclu
de=chr3:66781487-66787185
CCAATTAAGAAAATATGTGGCATG
>LHB|ACTGCTTAGTAAAGACTAATTATTCATG|chr3:6674240266743447|CATG|AATAGCCCTTCATATTAGTTTCCTAAAGTTAGGCACCATG|CATGGTGCCTAA
CTTTAGGAAACTAATATGAAGGGCTATT|TTCAGTTACAAAGCAGGTATTTTAAGTCGTTAATTA
CATG|CATGTAATTAACGACTTAAAATACCTGCTTTGTAACTGAA|CATGAATAATTAGTCTTTA
CTAAGCAGTTATTAAAGCTTC|GAAGCTTTAATAACTGCTTAGTAAAGACTAATTATTCATG|
Exclude=chr3:66740405-66745630
ACTGCTTAGTAAAGACTAATTATTCATG
>Element5|GGCTGATTCTCCTGCATG|chr3:6637750866378701|CATG|TGCCAGGCTGGGGGAAGTTTGAGGGGTTAGACTAGGCATG|CATGCCTAGTCT
AACCCCTCAAACTTCCCCCAGCCTGGCA|TCCGCTGAATTTTCTAACGGCAGATCACTGGGAACGC
ATG|CATGCGTTCCCAGTGATCTGCCGTTAGAAAATTCAGCGGA|CATGCAGGAGAATCAGCCATT
TCTTAAGGCCTGCCTTCCT|AGGAAGGCAGGCCTTAAGAAATGGCTGATTCTCCTGCATG|Exclud
e=chr3:66375512-66380697
GGCTGATTCTCCTGCATG
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Appendix 4 LHB/Shox2 genetic analysis
SS = sum of squares

df = degrees of freedom

MS = mean square

197

(A) Alcian red stained limb skeletons of 6-week Shox2 heterozygous, LHB null and Shox2∆LHB/mice.
(B) Single factorial ANOVA for the determination of mean difference among PD elements
among the three genotypes in A. In all the determinations (only humerus and femur shown),
no significant difference between means of the length of fore and hindlimb stylopods and
zeugopods were detected.
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Appendix 5A Mouse ESC Shox2 TAD as seen in all three Shox2 4C-seq replicates from Shox2 viewpoint

199

Appendix 5B Shox2 genomic neighbourhood

200

(A) Mouse ESC Hi-C generated TADs (Dixon et al., 2012). Green broken vertical lines
correspond with CTCF repressors (ENCODE project consortium, 2012) and indicate 1.5 Mb
TAD into which all three Shox2 limb 4C-seq replicate interaction profiles are organized.
(B) Comparison of Shox2 proximal limb 4C-seq. Y-axis units are normalized reads per 106
total reads.
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Appendix 6 Two-way ANOVA analyses of PD limb

SS = sum of squares

segments

MS = mean square

A

Newborn

B

Two-way ANOVA summary (humerus length)
Source of

SS

df

MS

df = degrees of freedom

F

12-week
Two-way ANOVA summary (humerus length)

P

Source of

variation

SS

df

MS

F

P

variation

Gli3

0.61

1

0.61

91.13

< 0.0001

Gli3

4.08

1

4.08

12.25

0.0081

Shox2

0.44

1

0.44

66.13

< 0.0001

Shox2

4.08

1

4.08

12.25

0.0081

Gli3 x Shox2 0.37
(interaction)

1

0.37

55.13

0.0001

Gli3 x Shox2 2.08
(interaction)

1

2.08

6.25

0.0369

Residual

0.05

8

0.01

Residual

2.67

8

0.33

Total

1.47

11

Total

2.91

11

Two-way ANOVA summary (radius length)
Source of

SS

df

MS

F

Two-way ANOVA summary (radius length)
P

Source of

variation

SS

df

MS

F

P

variation

Gli3

0.04

1

0.04

8.17

0.0212

Gli3

4.08

1

4.08

12.25

0.0081

Shox2

8x10-4

1

8x10-4

0.17

0.6938

Shox2

0.08

1

0.08

0.25

0.6305

Gli3 x Shox2 8x10-4
(interaction)

1

8x10-4

0.17

0.6938

Gli3 x Shox2 0.08
(interaction)

1

0.08

0.25

0.6305

Residual

0.04

8

0.01

Residual

2.67

8

0.33

Total

0.08

11

Total

6.91

11
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Two-way ANOVA summary (ulna length)
Source of

SS

df

MS

F

Two-way ANOVA summary (ulna length)
P

Source of

variation

SS

df

MS

F

P

variation

Gli3

0.02

1

0.02

2.50

0.7599

Gli3

3

1

3

9

0.0171

Shox2

8x10-4

1

8x10-4

0.10

0.6938

Shox2

0.33

1

0.33

1

0.3466

Gli3 x Shox2 8x10-4
(interaction)

1

8x10-4

0.10

0.7599

Gli3 x Shox2
(interaction)

0

1

0

0

1.0000

Residual

0.07

8

0.01

Residual

2.67

8

0.33

Total

0.09

11

Total

6

11

C Two-way ANOVA summary (left humerus length )

Two-way ANOVA summary (left humerus length )

Source of

Source of

SS

df

MS

F

P

variation

SS

df

MS

F

P

variation

Shh

1.73

1

1.73

59.63

< 0.0001

Shh

0.41

1

0.41

50.73

< 0.0001

Shox2

12.30

1

12.30

423.69

< 0.0001

Shox2

15.30

1

15.30 1892.85

< 0.0001

Shh x Shox2 1.57
(interaction)

1

1.57

54.16

< 0.0001

Shh x Shox2 0.49
(interaction)

1

0.49

< 0.0001

0.29

10

0.03

15.89

13

Residual
Total

Residual
Total
203

0.08

10

15.89

13

8x10-3

60.98

Two-way ANOVA analyses of PD limb segment lengths of WT, Shox2-/+, Gli3c/- and Shox2+/;Gli3c/- mice (A-B) and Shh/Shox2 interactions for the indicated genotypes (C). P-values
showing significant interactions between Shox2 and Gli3 and Shox2 and Shh are in red
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