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2. Summary 
 

The limb bud is an outstanding model to study the precise control of the spatial and temporal 

developmental genes expression and its alterations resulting in phenotypic manifestations. 

The limb bud outgrowth and patterning is governed by a mesenchymal organizing center 

called the zone of polarizing activity (ZPA). The ZPA secrets the Sonic Hedgehog (SHH) 

morphogen that patterns the limb bud mesenchyme along its anterior-posterior (AP) axis. 

However, the limb bud mesenchymal AP polarity is already set before Shh expression is 

activated. The AP polarity in the nascent mesenchyme is established by a mutually 

antagonistic interaction which restricts the GLI3 repressor isoform to the anterior and the 

HAND2 transcription factor to the posterior mesenchyme (Galli et al., 2010; Osterwalder et 

al., 2014; te Welscher et al., 2002). However, HAND2 itself is not sufficient to establish a 

sharp boundary between the Hand2 and Gli3 expression domains but also requires Tbx3, 

which is itself a direct transcriptional target of HAND2. Genetic analysis has shown that 

TBX3 participates in positioning the posterior Gli3 expression boundary by inhibiting its 

expression in the posterior mesenchyme (Osterwalder et al., 2014). Prior to my study, the 

transcriptional target and networks governed by TBX3 during the establishment of AP limb 

bud polarity were mostly unknown. Thus, to identify the trans-acting interactions of TBX3 

with the cis-regulatory modules (CRMs) located in the genomic landscapes of candidate 

target genes, I performed an unbiased genome-wide ChIP-seq analysis. As there is no ChIP-

seq grade antibody, I first had to insert a 3xFLAG epitope tag into endogenous TBX3 protein 

using CRISPR/Cas9 genome editing in the mouse. The resulting Tbx3
3xF

 allele provided me 

with a highly sensitive tool to detect TBX3 in embryonic stem cells and embryonic tissues. 

Therefore, I was able to use this allele for TBX3
3xF

 ChIP-seq analysis during the critical 

stages of early mouse forelimb bud development. By intersecting different genome-wide 

TBX3
3xF

 and HAND2
3xF

 ChIP-seq with ATAC-seq and RNA-seq datasets, I was able to 

identify both TBX3-specific gene regulatory networks (GRNs), and GRNs shared with 

HAND2. Follow-up analysis identified the TBX3-specific and shared target genes that 

function in mesenchymal AP polarity establishment during the onset of limb bud 

development. By combining gene regulatory network analysis with a whole-mount in situ 

hybridization (WISH) screen, I gained insights into Tbx3-deficiency-related limb skeletal 

phenotypes that affect AP and proximal-distal (PD) axis patterning. Furthermore, my analysis 

showed that TBX3 transcriptional complexes interact with CRMs in the Gli3 cis-regulatory 

landscape, possibly contributing to repression to its expression from the posterior limb bud 
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mesenchyme. In addition, my analysis reveals the existence of the TBX3 autoregulatory loop. 

Finally, the in-depth analysis showed that both TBX3 and HAND2 interact with CRMs in the 

Tbx2, Lmo1, and Gli3 cis-regulatory landscapes. I was also involved in a second project, 

which revealed an unexpected essential function of HAND2 in heart valve development. In 

particular, HAND2 is a key regulator of the endothelial-mesenchymal transition (EMT) of 

atrioventricular canal (AVC) cells that initiate cardiac cushion formation, which subsequently 

will give rise to the mitral and tricuspid valves. 

Taken together, my PhD project sheds light onto the TBX3-specific and HAND2 shared 

GRNs that have essential morpho-regulatory functions during mouse embryonic 

development. 
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3. List of abbreviations 
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AB  antibody H3K4me3 histone 3 lysine 4 trimethylation 
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DPBS  desalinated PBS PK  Proteinase K 

DV  dorso-ventral plDNA  plasmid DNA 

E  embryonic day polyA  polyadenylation 

ECM  extracellular matrix qPCR  quantitative PCR 

EDTA  Ethylenediaminetetraacetic acid RA  Retinoic Acid 

EMFI  embryonic mouse fibroblast RNA-seq  RNA Sequencing 

EMT  Epithelial-Mesenchymal Transition rpm  revolutions per minute 

ES cells  Embryonic Stem Cells RT room temperature 

FCS Fetal Calf Serum RT-qPCR  Real-time quantitative PCR 

FGF  Fibroblast Growth Factor s  somites 

FL  forelimb SAN sinoatrial node 

FLB  forelimb bud SDS  Sodium Dodecyl Sulfate 

g g-force sgRNA  single guided RNA 

gDNA  genomic DNA SHH  Sonic Hedgehog 

GLI3 Kruppel family member GLI3 SNAI1  Snail family zinc finger 1 

GO  Gene Ontology ssODN  single stranded ultramer DNA oligo 

GREAT  
Genomic Regions Enrichment 

Annotation Tool 
TAD  Topologically Associated Domain 

GRN  Gene Regulatory Network TF  Transcription Factor 

h  hours TSS  Transcriptional Start Site 

HAND2  
Heart, Autonomic nervous system 

and Neural crest Derivatives 2 
UMS Ulnar-mammary syndrome 

HBSS  Hank’s buffer VEGF Vascular Endothelial Growth Factor 

hCG  human chorionic gonadotropin WISH  Whole-mount in situ hybridization 

HDR  Homology Directed Repair WT  Wild-type 

H3K27ac histone 3 lysine 27 acetylation ZPA  Zone of Polarizing Activity 
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4. Introduction 
4.1 Limb development 

4.1.1 Basic concepts of limb development  

 

The fundamental question in developmental biology is how differential gene expression is 

controlled and implemented into sculpting of complex tissues and organs during 

morphogenesis. As differentiated cells are organized into defined structures and tissues, the 

limb bud serves an excellent model to study how alterations in gene expression impact 

morphological outcomes. Mouse fore- and hindlimbs originate from lateral plate mesoderm 

(LPM) at defined positions around embryonic day (E) 9.5. The limb bud (LB) consists of a 

pocket of proliferative mesenchyme enveloped by an ectodermal layer that grows out 

perpendicular to the primary body axis (Zeller et al., 2009) (Fig. 1). The developing limb bud 

is patterned along the proximo-distal (PD), antero-posterior (AP) and dorso-ventral (DV) 

axes. Fore- and hindlimbs are homologous structures that contain morphologically and 

functionally distinct skeletal elements arranged along the PD axis: stylopod (humerus/femur), 

zeugopod (ulna/radius and tibia/fibula) and autopod (carpals/tarsals, metacarpals/metatarsals, 

phalanges). The AP axis patterning defines the identity of the autopod from the most anterior 

digit 1 (thumb) to the most posterior digit 5 (pinky) and zeugopodal elements(radius/ulna). 

DV axis patterning creates nail to finger-pad polarity and is relevant for extensor and flexor 

muscle attachment and innervation. 

 

Figure 1. Vertebrate limb patterning along its three anatomical axes in the embryo. (A) 

A mouse embryo at E10.5 with an enlargement of the forelimb bud (FLB). Two crucial 

signaling centers controlling LB outgrowth and patterning are indicated. The apical 

ectodermal ridge (AER), which is the main center producing FGFs, is labeled in green. The 

zone of polarizing activity (ZPA) corresponds to the cells producing the SHH signal is 

marked in blue. Adapted from Zeller et al. 2009. (B) Newborn mouse forelimb showing the 

proximo-distal (PD), antero-posterior (AP) and dorso-ventral (DV) axes. Limb skeletal 

preparation shows cartilage in blue and bone in red. Skeletal elements indicated: Sc, Scapula; 
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Cl, clavicle; Hu, humerus; Ra, radius; Ul, ulna; digits are numbered 1-5. Adapted from 

Bénazet & Zeller, 2009. 

4.1.2 Signaling centers controlling limb bud development 

 

Vertebrate limb growth and patterning relies on coordinated development that is precisely 

orchestrated by the activity of two main signaling centers. The early chicken LB 

transplantation experiments by Saunders & Gasseling in 1968 revealed that transplantation of 

groups of cells from the posterior into the recipient's anterior limb mesenchyme causes cell 

re-specification and produces mirror digit duplications. This group of cells organizer activity 

was called the zone of polarizing activity (ZPA). Only a few decades later, Riddle et al., 1993 

identified Sonic Hedgehog (SHH) as diffusible and the concentration-dependent morphogen 

secreted by ZPA that patterns the AP limb bud axis. The ectodermal thickening at the distal 

margin of the LB defines the second signaling center which is called the apical ectodermal 

ridge (AER). Saunders et al., 1957 performed surgical ablations of AER, which resulted in 

severe limb truncations indicating that AER functions in distal limb bud patterning and 

outgrowth. AER is an essential signaling center that produces fibroblast growth factors 

(FGFs) that control PD limb axis outgrowth and patterning. Individually AER FGF family 

ligands (Fgf4, Fgf8, Fgf9, and Fgf17) are dispensable for the limb bud development as they 

function in a combinatorial manner with Fgf8 to control PD outgrowth and patterning in a 

dose-dependent manner (Mariani et al., 2008; Niswander et al., 1993). Nearly 50 years ago, 

Saunders and his colleagues showed that the ectoderm governs limb DV patterning by 

instructing the underlying mesoderm (MacCabe et al., 1974, MacCabe et al., 1973). DV 

interactions were linked to the formation of the AER as it defines the border between dorsal 

and ventral ectoderm (Altabef et al., 1997; Kimmel et al., 2000; Michaud et al., 1997; Tanaka 

et al., 1997) and produces the WNT signals required for DV patterning (Fernandez-Teran & 

Ros, 2008). DV patterning is orchestrated by BMP signaling from the ventral ectoderm, 

which activates Engrailed-1 (En1) expression. En1 restricts Wnt7a to the dorsal ectoderm 

expression and dorsal WNT7A induces the expression of Lmx1b transcription factor (TF) in 

dorsal mesenchyme, which is necessary and sufficient to establish DV polarity of the limb 

bud (Chen & Johnson, 2002). 

 

4.1.3 Limb bud initiation 

 

The first step during the vertebrate limb development is the specification of cells within the 

lateral plate mesoderm (LPM) that give rise to the limb primordium. Forelimbs always 

develop at the cervical-thoracic junction while hindlimbs develop at the lumbar-sacral 
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intersection. Therefore this implies that limb location along the rostro-caudal axis is fixed in 

tetrapod embryos (Burke et al., 1995). The mechanism responsible for forelimb initiation is 

still elusive. Previous experiments with chicken embryos suggested that FGF8 can be 

considered as a candidate signal for limb induction as it is transiently expressed by the 

intermediate mesoderm (IM) at the prospective forelimb and hindlimb levels during initiation 

(Cohn et al., 1995; Crossley et al., 1996; Vogel et al., 1996; Yonei-Tamura et al., 1999). 

However, Fgf8 deletions in the mouse IM and before limb initiation, had no effect on 

initiation of the limb bud outgrowth (Boulet & Capecchi, 2004). In addition, Wnt family 

members have been implicated in the limb bud initiation (Kawakami et al., 2001). In 

particular, Wnt2b was implicated in FLBs initiation as it is expressed in the IM and later in 

the LPM at the level of the forelimb, while Wnt8c is detectable in the IM and later in the 

LPM at the level of the hindlimbs in chicken embryos.  

However, these WNT ligands are not expressed during mouse LBs induction (Agarwal et al., 

2003). During the early stages of mouse development Fgfl0 is expressed by the LBs 

mesenchyme. Experiments in both chicken and mouse revealed that FGF10 is required for 

the induction of Fgf8 expression in the forming AER (Min et al., 1998; Ohuchi et al., 1997; 

Sekine et al., 1999; Yonei-Tamura et al., 1999). This results in the establishment of a growth-

promoting feedback loop between AER and mesenchyme (Ohuchi et al., 1997). The essential 

role of FGF10 in limb initiation is highlighted by Fgfl0-deficiency in mice, which results in 

severe limb truncations (Min et al., 1998; Sekine et al., 1999). In addition, formation of the 

nascent limb mesenchyme requires TBX5 and FGFs as they control a localized epithelial-to-

mesenchymal transition (EMT) in the coelomic epithelium that gives rise to the limb bud 

primordia (Gros & Tabin, 2014). Furthermore, TBX5, TBX4 and retinoic acid (RA) are also 

required for initiation of fore- and hindlimb buds.  

 

4.1.4 Proximo-distal limb axis patterning 

4.1.4.1 The FGF feedback loop controls PD limb outgrowth 

 

PD axis formation starts as the fore- and hindlimb fields are defined. During the onset of 

mouse FLBs formation, the T-box transcription factor TBX5 initiates Fgf10 expression in the 

limb bud mesenchyme (Naiche & Papaioannou, 2007; Rallis et al., 2005). In hindlimb buds 

(HLBs) Pitx1 is necessary for normal expression of TBX4 and to initiate the limb outgrowth 

(Duboc & Logan, 2011). Mesenchymal Fgfl0 signals to the overlying ectoderm and induces 

Fgf8 expression, which signals back to the mesenchyme to maintain Fgfl0 expression 
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(Ohuchi et al., 1997; Sun et al., 2002). This positive-feedback loop between AER and limb 

mesoderm is essential for limb bud outgrowth and cell survival. Genetic inactivation of Fgf8 

in mouse results in smaller LBs and delayed Shh activation, which causes skeletal 

abnormalities (Lewandoski et al., 2000), while early inactivation of Fgf10 causes complete 

limb agenesis (Min et al., 1998; Sekine et al., 1999). This reciprocal regulatory interaction is 

mediated by the FGF receptors expressed in ectoderm and mesenchyme. Inactivation of the 

ectoderm expressed Fgfr2 or FGFR2-IIIb isoform results in absence of the forelimbs, (Arman 

et al., 1999; De Moerlooze et al., 2000; Revest et al., 2001; Xu et al., 1998) while mice 

lacking mesodermal FGFR2-IIIc isoform have limbs with growth and ossification defects 

(Eswarakumar et al., 2002). 

  

4.1.4.2 The functions of retinoic acid in PD limb bud outgrowth 

 

Retinoic acid (RA) is a morphogen crucial for embryonic development (Conlon, 1995; Ross 

et al., 2000; Stratford et al., 1999). In the mouse, RA is synthesized by the Raldh2 enzyme 

expressed in the lateral mesoderm at E7.0–7.5 and then in the condensing somites and 

adjacent LPM (Niederreither et al., 1999; Rosello-Diez et al., 2011). During FLBs 

development, RA induces the expression of Meis genes (Niederreither et al., 1999). Meis1/2 

are RA-responsive genes that are initially expressed through the limb bud mesenchyme. 

Subsequently, FGF activity emanating from the AER restricts Meis genes expression to the 

proximal limb bud mesenchyme and creates a proximal high, distal low Meis2 expression 

gradient (Mercader et al., 2000; Oulad-Abdelghani et al., 1997). Recent studies indicate that 

these polarized levels of Meis2 in the mouse FLBs are generated by the antagonism between 

Polycomb group factors and RA signaling (Yakushiji-Kaminatsui et al., 2018). This polarized 

expression creates a temporal and spatial dynamic RA/FGF ratio (Fig. 2) (Cooper et al., 

2011; Rosello-Diez et al., 2011), where the distal domain of the LB is RA-free. The 

observation of these two, PD gradient-like, mutually opposing diffusible signals, gave rise to 

the "two-signal model" for patterning the PD limb bud axis (Mercader et al., 2000). 

The graded RA distribution along the PD axis is created by the AER-FGF induced Cyp26b1 

enzyme that metabolizes RA expression in the distal ectoderm and sub-ectodermal zone 

(MacLean et al., 2001; Yashiro et al., 2004). Genetic inactivation of Cyp26b1 results in 

reduced Hoxd12/d13 and Hoxa13 expression as the Meis1/2 genes expand into distal regions 

of the limb mesenchyme, where it causes distal to proximal transformations (Mercader et al., 

2009). Subsequently, this manifests as digit loss and long bones fusion due to increased 
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mesenchymal cell death (Yashiro et al., 2004). While RA is required during limb bud 

formation, distal outgrowth only proceeds if RA levels are kept low by AER-FGF mediated 

up-regulation of Cyp26b1. In case of excess, RA forelimbs exhibit a range of AP and PD axis 

defects correlated with RA dose and timing, whereas the hindlimbs are normal (Mic et al., 

2004). 

 

Figure 2. GRN controlling early 

PD axis specification. Meis2 is 

activated by RA-related signals (i), 

while FGFs are signal from AER to 

activate CYP26B1 expression (ii). 

CYP26B1 degrades RA, while Meis2 

suppresses the proximal expression 

of Cyp26b1 (iv) and Fgf8 (v). Meis2 

also represses Hoxa13 in the 

presumptive autopod region (vi). 

Polycomb factors inhibit Meis1/2 

(vii). Taken from Yakushiji-

Kaminatsui et al., 2018.  

 

4.1.4.3 Hox genes and their role in PD axis formation 

 

Hox genes are homeodomain-containing transcription factors required for proper embryonic 

development. In the mammalian genome, HoxA, HoxB, HoxC, and HoxD gene clusters are 

found. These clusters share redundant functions with the paralogous group members, and 

their temporal and spatial collinearity describes the correlation between the expression 

pattern along the main body axis with their order within the gene cluster (Mallo & Alonso, 

2013). Practically, this means the more 5' the Hox gene is located, the more distal and later it 

is expressed during LB development (Dolli et al., 1989). During limb bud development Hox 

genes are expressed in two waves. During the first wave, 5' Hoxd expression is restricted to 

the posterior limb bud mesenchyme by the zinc finger TF GLI3 where it is required to initiate 

Shh expression (Deschamps, 2004; A. Zúñiga & Zeller, 1999). During the second phase of 

Hoxd genes are expressed in the distal part of the limb bud mesenchyme, where they 

participate in formation of the autopod (Zakany & Duboule, 2007). 

Genetic studies in mice revealed that Hox genes are required for PD limb patterning. 

Inactivation of either of the Hox9 or Hox10 paralogues, proximal skeletal development 

(stylopod) is perturbed (Fromental-Ramain et al., 1996; Wellik & Capecchi, 2003). The 

combined inactivation of the distally expressed Hoxa11 and Hoxd11 genes perturbs zeugopod 
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morphogenesis, while the inactivation of the Hoxa13 and Hoxd13 paralogues disrupts 

autopod and digit development (Davis et al., 1995; Fromental-Ramain et al., 1996). 

 

 

4.1.5 AP axis patterning in mouse limb buds 

4.1.5.1 Shh activation in the limb bud mesenchyme 

 

Several transcriptional regulators were implicated in Shh activation in the posterior LB. In 

particular, RA was shown to position ZPA in the posterior limb bud mesenchyme, while Fgf8 

signaling was associated with Shh maintenance (Lewandoski et al., 2000; Niederreither et al., 

2002). Also, members of 5' Hoxa and Hoxd gene cluster are required for activation of the far 

upstream located ZRS enhancer that regulates Shh expression (Tarchini & Duboule, 2006). 

Previous studies implicated the key basic helix-loop-helix (bHLH) transcription factor 

HAND2 in activation of Shh expression in the posterior limb bud mesenchyme (Charité et al., 

2000; Galli et al., 2010; Yelon et al., 2000). Hand2 expression in the posterior mesenchyme 

is induced by the activity of the four Hox9 paralogs (Xu & Wellik, 2011) and HoxA and 

HoxD genes in forelimb buds (Sheth et al., 2013). In the hindlimb field, Hand2 expression is 

activated by the ISL1 transcription factor (Itou et al., 2012; Xu & Wellik, 2011) and PBX 

proteins participate in the early transcriptional upregulation of Hand2 (Capellini et al., 2006). 

HAND2 directly interacts with E-box consensus binding regions in the ZRS enhancer to 

activate Shh expression (Dai & Cserjesi, 2002; Galli et al., 2010). In addition, HAND2 

regulates other target genes in the posterior limb mesenchyme by functioning either as a 

transcriptional activator or repressor by forming heterodimers with other transcriptional 

regulators (Zhang et al., 2010). Overexpression of Hand2 in the anterior mesenchyme result 

in ectopic Shh expression and associated preaxial polydactyly and/or mirror image digit 

duplications (Fernandez-Teran et al., 2000; McFadden et al., 2002). 

 

4.1.5.2 SHH protein and SHH pathway in the limb 

 

Digit numbers and identities are determined as a result of the AP limb bud patterning by SHH 

signaling, which is expressed from E9.5 to E12 in mouse forelimb buds (Platt et al., 1997). 

Before secretion, the SHH C-terminal domain is cholesterated and cleaved (Lee et al., 1994), 

while the N-terminal domain gets post-translationally palmitoylated (Y. Li et al., 2006). The 

precise SHH post-translation modifications (PTMs) of SHH are essential for digit patterning 
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as disruptions lead to digit malformations (Chen et al., 2004; Li et al., 2006). The secreted 

mature SHH polypeptide diffuses to form a posterior to anterior gradient in the limb bud 

mesenchyme that reaches cells up to ~300 μm away from its source (Li et al., 2006; Zeng et 

al., 2001; Zhu & Scott, 2004). The transmembrane receptor PTCH1 restricts the spread of the 

SHH morphogen and promotes its internalization and lysosome-mediated degradation by 

responding cells (Varjosalo & Taipale, 2008). The "French Flag model" proposed by Lewis 

Wolpert few decades ago predicted that the posterior mesenchyme secreted morphogen 

would form the posterior-to-anterior gradient and would lead to the different digit identities 

specification. Indeed, the descendants of the SHH-producing ZPA cells form a broad 

posterior limb domain that includes the mesenchymal cells giving rise to digits IV, V, the 

posterior part of digit III and the posterior part of the zeugopod. The duration of the exposure 

to SHH signaling may be critical to specification of posterior and anterior digit identities. 

This suggests that morphogenetic SHH signaling patterns limb bud mesenchymal cells by 

both temporal and spatial gradients (Harfe et al., 2004), (Fig. 3).  

The SHH pathway is activated by the interaction of the SHH ligand with its receptor PTCH1. 

This interaction weakens the inhibition of smoothened (SMO) at the primary cilia and leads 

to the activation of signal transduction via GLI transcription factors (Goetz & Anderson, 

2010). In vertebrates Gli1 and Gli2, are dispensable for limb development, while Gli3 is 

essential for AP limb patterning before and during SHH expression (Ahn & Joyner, 2004; te 

Welscher et al., 2002; Wang et al., 2000). At primary cilia of limb bud cells, GLI3 is 

processed into either activator (GLI3-A) or repressor isoforms (GLI3-R). In the absence of 

SHH signaling, GLI3 is proteolytically cleaved, and the truncated GLI3R protein isoform 

acts as a transcriptional repressor. SHH signaling inhibits the proteolytic processing of GLI3, 

which results in an AP gradient in the limb mesenchyme (Litingtung et al., 2002; Wang et al., 

2000; Wen et al., 2016). 
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Figure 3. SHH activation and AP limb bud axis development. (A) The scheme represents 

the gene regulatory network (GRN) involved in the Shh activation, posterior restriction and 

maintenance during the early stages of LB outgrowth. (B) Mouse limb bud AP axes identity 

is specified by a spatio-temporal gradient of SHH signaling. Digit 1, humerus and radius are 

specified in a SHH-independent way, while digit 2 and part of digit 3 are specified by long-

range SHH signaling. The mesenchymal cells that give rise to digit 5, 4, and part of digit 3 

are derived from Shh descendants. Adapted from Zeller et al., 2009. 

4.1.5.3 The SHH pathway in AP digit patterning 

 

The Shh-deficiency (Chen & Struhl, 1996; Gallet & Therond, 2005; Incardona et al., 2000) 

leads to the formation of hypoplastic limbs with only one rudimentary anterior digit and a 

single zeugopodal bone (Litingtung et al., 2002; Riddle et al., 1993; Tabin, 1991). This is a 

result of extensive apoptosis of the progenitors giving a rise to these limb skeletal structures 

(Sanz-Ezquerro & Tickle, 2000; Zhu et al., 2008) and due to the loss of the mitogenic 

function of Shh (Lopez-Rios et al., 2012). 

In contrast, Gli3-deficient mice exhibit severe 

polydactyly and loss of digit identities, while the 

proximal skeletal elements are normal (Büscher 

et al., 1997; Büscher & Rüther, 1998; Litingtung 

et al., 2002). Shh
∆/∆

, Gli3
∆/∆ 

mice develop 

polydactylous limbs which are indistinguishable 

from Gli3
∆/∆ 

limbs (Litingtung et al., 2002; te 

Welscher, 2002). This highlights an important 

role of Shh to restrict GLI3R activity to the 

anterior limb bud mesenchyme during limb 

development. In Shh
∆/∆

, Gli3
∆/+

 limb two 

identifiable zeugopod elements with clear AP 

asymmetry are formed, while only 3-4 digits are 

formed (Fig. 4). Furthermore, the balance 

between GLI3A and GLI3R is critical as mice 

that express only the truncated GLI3R isoform 

exhibit central polydactyly as a result of 

excessive repressor activity (Bose, 2002). This 

direct correlation between Gli3 levels and digit 

numbers suggested that Gli3, rather than Shh is Figure 4. Shh and Gli3 regulate digit 

number and identity 

Skeletal analysis of E16.5 WT (a), Shh
-/-

 

(b), Gli3
-/-

 (c), Shh
-/-

 Gli3
-/-

 (d) and Shh
-/-

 

Gli3
+/-

 (e) limbs. Skeletal elements: hu, 

humerus; fe, femur; ra, radius; ul, ulna; ti, 

tibia; fi, fibula and autopod (digits 1-5) 

(Litingtung et al., 2002). 
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critical for digit number (Litingtung et al., 2002). Indeed, GLI3 controls digit morphogenesis 

and restrains the number of digits by regulating cell cycle transition and by terminating 

Grem1 expression in a spatiotemporally controlled manner in the anterior autopod 

mesenchyme. This promotes the BMP-dependent exit of progenitors from proliferation to 

chondrogenic differentiation (Lopez-Rios et al., 2012). Keeping in mind the tremendously 

complex limb patterning, a new model for the digit formation was proposed. Sheth et al. 

(2012) proposed that digit formation is controlled by a Turing‐type mechanism based on FGF 

and HOX modulated WNT, BMP, and SOX9 interactions. This model relies on the interplay 

of diffusible activators and inhibitors that determine pattern of the digit condensations, which 

then undergo chondrogenic differentiation. Thus, SHH appears to control the AP 

specification and proliferation of handplate progenitors by modulating the cell cycle and 

patterning by 5'Hoxd genes. In contrast, the number and periodicity of digits depend on the 

Turing-type mechanism that is modulated by the 5'Hoxd and AER-FGFs (Delgado & Torres, 

2016; Lopez-Rios, 2016; Raspopovic et al., 2014; Sheth et al., 2012). 

  

4.1.6 The self-regulatory feedback signaling system links AP and PD limb bud axis 

development 
 

Coordinated limb bud growth and patterning is controlled by the cooperative interactions of 

AER and ZPA in a largely self-regulatory manner (Fig. 5) SHH signaling from the polarizing 

region is required for maintenance of AER-FGF expression (Laufer et al., 1994; Niswander et 

al., 1994). In turn, FGFs maintain Shh expression, which results in both organizers 

maintaining each other’s activity by an epithelial-mesenchymal feedback loop. Another key 

player in this feedback signaling system the bone morphogenetic protein (BMP) antagonist 

Gremlin1 (GREM1; Capdevila et al., 1999; Zúñiga et al., 1999). Grem1 is activated in the 

posterior limb bud mesenchyme and expands anteriorly during LB outgrowth. During limb 

bud formation high levels of BMP signaling establish the AER and activate Grem1 

expression (Ahn et al., 2001; Benazet et al., 2009; Nissim et al., 2006). During limb bud 

outgrowth, GREM1 antagonizes BMP signaling, which restricts the length of the AER 

(Benazet et al., 2009) and these interactions result in establishment of the SHH/GREM1/FGF 

epithelial-mesenchymal feedback signaling system that controls distal progression of LB 

outgrowth (Niswander et al., 1994; Scherz et al., 2004; Zúñiga et al., 1999). GREM1 plays a 

crucial role in this loop, as its genetic inactivation in mouse embryos leads to metacarpal 

fusion and loss of digits (Michos et al., 2004). During distal limb bud outgrowth, autopod 
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progenitors are prevented from acquiring proximal fates. Ultimately, the gap between Grem1 

and Shh expressing cells in the posterior limb bud and increasing AER-FGF levels start to 

repress Grem1 in the underlying mesenchyme (Benazet et al., 2009; Nissim et al., 2006; 

Scherz et al., 2004; Verheyden & Sun, 2008). This leads to termination of Grem1 expression 

and the epithelial-mesenchymal signaling system, which results in a rise of BMP activity that 

induces chondrogenesis (Lopez-Rios et al., 2012). 

 

Figure 5. The SHH/GREM1/AER-FGF signaling system controls limb bud 

development. (A) High levels of BMP (in blue) activates Grem1 and AER-FGF expression 

during the initiation of limb bud outgrowth. (B) During the propagation phase, SHH ensures 

Grem1 expression, which is required to antagonize BMPs to sustain proliferation. (C) As LB 

outgrowth progresses, SHH is no longer able to upregulate Grem1 and the rising levels of 

AER-FGFs terminate Grem1 expression and feedback signaling. Taken from Zeller et al., 

2009. 

 

4.1.7 Limb mesenchymal polarization upstream of morphogenetic signaling 

 

The first pre-patterning regulators, HAND2 and GLI3, were identified in mouse genetic 

studies and provided the first insights into the AP compartmentalization of the limb bud 

mesenchyme before activation of SHH signaling. Initially, GLI3 and HAND2 are co-

expressed in the nascent limb mesenchyme, but subsequently their mutually antagonistic 

interactions establish the anterior GLI3R and posterior HAND2-positive mesenchyme 

domains (Galli et al., 2010; Osterwalder et al., 2014; te Welscher et al., 2002). During the 

early stages, GLI3R restricts 5′Hoxd expression to the posterior limb mesenchyme (Galli et 

al., 2010) and polarizes nascent limb mesenchyme by restricting the ZPA to the posterior of 

the limb bud mesenchyme (Zakany et al., 2007; te Welscher et al., 2002). The precise AP 

polarity is crucial for the limb patterning. The anterior expansion of Hand2 expression into 

Gli3-deficient mice anterior limb mesenchyme causes preaxial polydactyly. Conversely, Gli3 
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expansion into the Hand2-deficient mice posterior causes disruption of Shh activation (Galli 

et al., 2010; te Welscher, Fernandez-Teran, et al., 2002) and this manifests as only one 

rudimentary digit. Ultimately, mouse FLBs lacking both Gli3 and Hand2 lack AP polarity 

and limbs are severely polydactylous (Galli et al., 2010), (Fig. 6). 

 

Figure 6 Hand2 and Gli3 functions in the establishment of AP polarity in mouse 

forelimb buds. Skeletal preparations of WT and H2
∆/∆

, Gli3
Xt/Xt, 

and H2
∆/∆

 Gli3
Xt/Xt 

forelimbs 

at E14.5. (Gli3
Xt 

represents Gli3 null allele). The black arrowheads point to the duplicated 

elbow-like structure while the white arrowheads point to the symmetrical zeugopodal skeletal 

elements. Taken from Galli et al., 2010. 

However, genetic evidence revealed that HAND2 itself is not sufficient to establish a sharp 

Gli3 expression boundary. HAND2 activates its transcriptional target TBX3, which also 

functions in defining the anterior Gli3-positive and posterior Gli3-negative limb 

mesenchymal boundary (Osterwalder et al., 2014). In fact, that TBX3 functions downstream 

of HAND2 is verified as in Hand2 deficient mouse limb buds the expression of Tbx3 and 

Tbx2 is lost in fore, but not in the hindlimb buds (Galli et al., 2010; Osterwalder et al., 2014). 

However, Hand2 expression is also downregulated in Tbx3-deficient limb buds, which points 

to cross-regulation between TBX3 and HAND2 (Davenport et al., 2003; Osterwalder et al., 

2014). The major transcriptional interactions and GRNs controlled by TBX3 and its 

functionally relevant interactions with HAND2 during AP axis patterning in mouse limb buds 

are still unknown.  

 

4.2 TBX3 is a key regulator of embryonic development 

4.2.1 T-box transcriptional regulators  

 

The T-box genes comprise a unique and versatile ancient TF family conserved across species. 

The T-box family members have crucial roles in early cell-fate decisions necessary for basic 

vertebrate body patterning, specification and proliferation during development (Papaioannou 

& Silver, 1998; Wilson & Conlon, 2002). The pioneering member of the family, Brachyury 

(Greek for short tail, also known as T) was described nearly a century ago in a study that 

reported short-tailed mice carrying a mutation that affected embryonic viability and tail 
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development in heterozygotes (Dobrovolskaïa-Zavadskaïa, 1927). However, the T gene was 

cloned only about 60 years later (Herrmann et al., 1990). Subsequently, it was shown that T 

is able to recognize and bind a consensus DNA binding site, called the T-box (Kispert & 

Herrmann, 1993) and functions as a TF (Kispert et al., 1995). As more diverse animal 

genomes were sequenced, other T-box orthologs and homologs across metazoans were 

discovered based on the similarity of the DNA binding domain (Bollag et al., 1994; 

Papaioannou & Silver, 1998). The T-box gene family consists of more than 100 members 

(Bruce, 2014) that are grouped into five subfamilies: T, Tbx1, Tbx2, Tbx6, and Tbr1 

(Papaioannou, 2014; Papaioannou & Silver, 1998). Interestingly, the majority of the T-box 

genes are randomly dispersed through the chordate genomes. However, several gene clusters 

were discovered. The linkage between Tbx8 and Tbx9 was observed in C. elegans (Agulnik et 

al., 1994), while the linkage between the gene pairs Tbx2 - Tbx4 and Tbx3 - Tbx5 was first 

observed in the mouse genome. It is 

thought that the robust chromosomal 

linkage of these gene pairs has arisen due 

to an ancestral tandem duplication that was 

followed by cluster duplication and 

dispersion (Agulnik et al., 1996), (Fig. 7). 

The tight genome linkage between the 

Tbx2 - Tbx4 and Tbx3 - Tbx5 contiguous 

gene pairs is preserved in most animal 

lineages before the divergence of 

protostomes and deuterostomes ~600 

million years ago. These T-box gene pair 

are functioning in evolutionary conserved developmental programs that regulate paired 

fin/limb outgrowth and patterning, eye and heart development. In addition, these linkages are 

maintained in the primitive basal chordate amphioxus (Branchiostoma floridae) that lacks 

paired appendages. Conservation of this ancient linkage points the presence of essential cis-

regulatory modules in the intragenic or flanking regions, likely located in the close proximity 

of these loci (Horton et al., 2008). 

 

4.2.2 T-box domain  

 

Figure 7. Evolutionary model of Tbx 2/3/4/5 

gene family. Scheme based on Agulnick et al., 

1996. Taken from Ballim and Prince 2013. 
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The T-box domain is defined as a minimal region that is necessary and sufficient to bind 

DNA in a sequence-specific way. All T-box family members bind to the 20–24 nucleotide 

near-palindromic, DNA consensus half-site (AGGTGTGAAA) called the T-box binding 

element (TBE) (Kispert & Herrmann, 1993). Crystallographic analysis showed that the T-box 

domain contacts DNA in the major and minor grooves at the half-sites (Herrmann & Müller, 

1997). 

The T-box DNA-binding domain makes up one-third of the protein and is highly conserved 

(Herrmann & Müller, 1997). The T-box domain position in the protein is not conserved and 

can vary among different family members. Sequence conservation outside the T-box domain 

can help to identify closely related family members, e.g., human TBX3 and TBX2 exon 6 and 

7 encoded sequences share 70% similarity (Bamshad et al., 1999; Papaioannou & Silver, 

1998). Binding specificity to different TBE sites is achieved by variations in the palindromic 

sequences and the different T-box domains have slightly different affinities for the same T-

sites (Naiche et al., 2005). Thus, varying binding site orientations, numbers and spacing 

controls target specificity in vivo (Conlon et al., 2001).  

 

4.2.3 T-box family members in limb development 

 

During limb development, several T-box family genes are expressed with distinct expression 

patterns and dynamics. T (Brachyury) is an activator that plays a role in the WNT and FGF 

signaling between the limb bud ectoderm and the sub-ridge mesenchyme, which results in 

formation and maintenance of a functional AER (Liu et al., 2003). In the limb bud 

mesenchyme, Eomes expression is detected from E11.5 onward at the base of digit 4 and 

functions in delineating progenitors as genetic inactivation of Eomes leads to digit 4 loss 

(Farin et al., 2013). Furthermore, Tbx18 and Sox9 expression in the pre-cartilaginous 

condensations at E12.5 controls the mesenchymal cell differentiation into hypertrophic 

chondrocytes (Haraguchi et al., 2015). However limb development is not altered in Tbx18-

deficient mouse embryos (Bussen et al., 2004). Tbx15 functions in controlling the number of 

mesenchymal precursor cells and chondrocytes (Candille et al., 2004). A homozygous Tbx15-

deficiency in humans causes Cousin syndrome, which is characterized by complex 

craniofacial dysmorphism, scapula and pelvis hypoplasia and short stature (Lausch et al., 

2008). Deletion of Tbx15 in the mouse results in limb skeletal bone reductions and the hole in 

the center of the scapula blade.  
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4.2.4 TBX4 and TBX5 mark the forelimb and hindlimb field  

 

The Tbx2 subfamily paralogous gene pair Tbx4 and Tbx5 mark the presumptive limb fields, 

with Tbx5 being expressed FLBs and Tbx4 in HLBs (Gibson-Brown et al., 1996). The link 

between Tbx5 and Tbx4 expression of and the corresponding limb-type morphologies was 

demonstrated by FGF-soaked beads implantation induced ectopic limbs in chick embryos the 

interlimb flank mesenchyme. The limb-type specific expression patterns, evidence from 

manipulating chicken limb development and gene misexpression studies led to the proposal 

that Tbx4 and Tbx5 determine fore and hindlimb identity, respectively (Isaac et al., 1998; 

Logan et al., 1998; Rodriguez-Esteban et al., 1999; Takeuchi et al., 1999). However, 

subsequent loss-of gain of function experiments showed that Tbx5 and Tbx4 have a common 

function in controlling LB outgrowth, but do not determine the limb-type specific 

morphologies (Duboc & Logan, 2011; Minguillon et al., 2005). The proposed role in 

outgrowth is supported by the ancestral amphioxus T-box gene Amphi4/5, which can rescue 

forelimb bud formation in Tbx5 conditional mutant mice. This showed that the ancestral T-

box gene from amphioxus (lacking paired appendages) can induce limb bud outgrowth  in 

mouse embryos, but does not alter limb-type morphology (Minguillon et al., 2009).  

Inactivation of Tbx5 and Tbx4 in mouse embryos leads to perinatal lethality. In particular, the 

Tbx4 homozygous mutation leads to embryonic lethality at E10.5 due to allantois defects. At 

this stage, mutant embryos have normally initiated hindlimb buds, but as outgrowth is not 

maintained limb bud development arrests (Naiche & Papaioannou, 2003). The human 

haploinsufficiency for Tbx4 leads to an autosomal dominant skeletal dysplasia called Small 

Patella syndrome. This syndrome is characterized by patella aplasia, abnormal or absent 

pelvis ossification and foot abnormalities including short 4th and 5th metatarsals (Bongers et 

al., 2004). 

The Tbx5 deficiency in mice results in embryonic lethality at E10.5 due to cardiac 

morphogenesis defects. Conditional deletion of Tbx5 in the mouse forelimb bud mesenchyme 

leads to the loss of the forelimb and pectoral girdle skeleton (scapula and clavicle) (Rallis et 

al., 2003). A Tbx5 haploinsufficiency in humans causes the Holt-Oram syndrome (HOS): a 

rare disorder, also called heart-hand syndrome due it to its typical manifestation. Affected 

individuals present sloping shoulders, radial ray defects in combination with defects in the 

cardiac conduction system. In addition, the atrial and ventricular septation can also be 

affected. The HOS limb phenotypes are pleiotropic and can range from subtle digit 

abnormalities to phocomelia (Packham, 2003).  
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Also, Tbx5 and Tbx4 are expressed in muscle connective tissue cells surrounding the muscle 

progenitors, where they regulate limb muscle patterning by controlling cell adhesion 

molecules such as β-catenin and N-cadherin that required for the integrity of the connective 

muscle tissues (Hasson et al., 2010). Deletion of Tbx5 in forelimbs and Tbx4 in hindlimbs 

between E9.5 and E10.5 disrupts the organization of the muscle connective tissues and results 

in abnormal muscle and tendon patterning without disrupting skeletal development (Hasson 

et al., 2010).  

 

4.2.5 Tbx2 and Tbx3 function in limb bud development 

 

The expression patterns of transcriptional repressors Tbx2 and Tbx3 in developing mouse 

limb buds are highly similar. As the forelimb bud emerges at E9.5, Tbx2 and Tbx3 are 

expressed in the posterior domain. At E10.5, Tbx2 and Tbx3 expression domains become 

restricted to two proximal-to-distal stripes of expression in the anterior and posterior limb 

bud mesenchyme. By E12.5-13.5, expression becomes restricted to the interdigital domains 

and fades away (Farin et al., 2008; Gibson-brown et al., 1998; Gibson-Brown et al., 1996), 

(Fig. 8). Tbx2 and Tbx3 are expressed in overlapping domains in the limb bud mesenchyme, 

whereas unique Tbx3 expression is detected in the AER. Tbx3 is the only T-box gene 

expressed by the AER signaling center (Farin et al., 2013), but Tbx3 AER-specific 

inactivation does not alter limb bud development (Emechebe et al., 2016).  

The largely overlapping expression suggest that Tbx2 and Tbx3 might have redundant 

functions during limb development. However, human disease association studies and the 

analysis of mouse embryos lacking Tbx2 or Tbx3 established that Tbx3 is the dominant factor 

as its inactivation causes striking limb bud phenotypes (Bamshadl et al., 1997).  

 

Figure 8. TBX3 expression during limb bud development. At the beginning of the limb 

outgrowth, Tbx3 (in blue) is expressed in the posterior limb bud mesenchyme. Subsequently, 

the expression expands to the anterior mesenchyme and the AER. Finally, Tbx3 expression 
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gets restricted to the tips of the developing digits by E12.5. Adapted from Washkowitz et al., 

2012. 

 

4.2.5.1 TBX2 regulates limb bud outgrowth 

 

Mutations in Tbx2, unlike Tbx3, are not implicated in any systematic human developmental 

disorders. However, TBX2 overexpression in humans is linked to mild mental retardation, 

prenatal growth retardation and complex heart septation defects. In addition, minor skeletal 

anomalies with hypoplasia of the distal phalanges are also observed (Radio et al., 2010). 

Mice lacking Tbx2 display bilateral distal duplication of the hindlimb digit 4, while forelimbs 

are normal (Farin et al., 2013). This digit 4 phenotype could be a consequence of the 

posterior Tbx2 expression in the limb bud mesenchyme giving rise to the interdigital region 

between digits 4 and 5. This duplication of digit four arises due to reduced apoptosis of the 

interdigital mesenchyme and prolonged-expression of AER-Fgf4/9/17 and Shh. These studies 

showed that TBX2 participates in termination of the SHH/GREM1/AER FGF feedback 

signaling system by repressing Grem1 expression in the posterior limb bud mesenchyme at 

late stages (Farin et al., 2013). At earlier stages, TBX2 positively regulates Shh and represses 

posterior Gli3 expression in the posterior limb bud mesenchyme, which suggests that it 

participates in establishment of the AP axis (Nissim et al., 2007; Suzuki et al., 2004). 

 

4.2.5.2 TBX3 is essential for limb bud development 

 

The human TBX3 gene is composed of 7 exons, which encode a 743 amino acid (a.a.) 

protein, while the mouse Tbx3 locus (on chromosome 4) encodes a 741 a.a.  protein 

(Bamshadl et al. 1997; www.uniprot.org, last entry modified on 11/12/2019). Several human 

TBX3 transcripts were identified in various adult and fetal tissues (Bamshad et al., 1999), 

while only two Tbx3 transcripts were identified in mouse (Uniprot, last modified December 

11, 2019). In both species, alternative splicing of the 60bp from 2a exon produces two TBX3 

coding transcripts: TBX3 and TBX3 + 2a protein isoforms, there the TBX3 + 2a isoform has 

20 a.a. in-frame insertion in the T-box DNA binding domain (Bamshad et al., 1999). Both 

TBX3 protein isoforms are broadly expressed, binds to DNA and are functionally equivalent 

(Hoogaars et al., 2008). The TBX3 protein is the dominant isoform, but the isoforms ratio is 

tissue and species specific (Fan et al., 2004). The TBX3 + 2a isoform is conserved in 

mammals but absent in avian genomes (DeBenedittis & Jiao, 2011). Both TBX3 protein 

isoforms interact with RNA binding proteins and bind to mRNAs to promote or inhibit 
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splicing in a context-dependent manner (Kumar et al., 2014). Two additional human isoforms 

encode an interrupted T-box domain or are produced by joining exon 1 to exon 7 in frame 

which eliminates the T-box domain (Uniprot, last modified December 11, 2019). In addition 

to the DNA binding T-box domain, the TBX3 protein encodes a nuclear localization signal, 

two repressive domains (R1/R2) and an activation domain. The R1 domain is located in the 

C-terminal part of TBX3 is essential and functions as a weak repressor. The nuclear 

localization domain is located in the N-terminal domain and mutation alter the predominant 

perinuclear localization. A putative activation domain resides in the C-terminal domain and 

several PTM sites were predicted for ubiquitination, acetylation, and methylation, but only 

few phosphorylation sites were validated (Carlson et al., 2001). The serine-proline 

phosphorylation motif at a.a. 190 within the DNA binding domain is highly conserved. This 

pseudo-phosphorylation site regulates the ability of TBX3 to promote proliferation (Willmer 

et al., 2016), controls protein stability and nuclear localization (Peres et al., 2014), (Fig. 9).  

 

Figure 9. Schematic representation of the human TBX3 protein. The highly conserved 

human TBX3 protein shares 98% a.a. identity with mouse TBX3 (Bamshad et al., 1999). 

TBX3 protein binds to DNA via its N-terminally located T-box domain (yellow). Two 

repression domains, R1 and R2, are represented by red boxes and the activation domain is 

labeled in green. The +2a splice variant in exon 2 is depicted as a blue box. The green circles 

above the protein indicate phosphorylation sites and their a.a. positions (adapted from 

Willmer et al., 2017). 

TBX3 is an essential transcription factor that plays an important role in limb bud pre-

patterning and mesenchymal polarization (chapter 4.1.7). Tbx3-deficient embryos die due to 

yolk sack defects between E11.5 and E16.5 (Davenport et al., 2003). In contrast to Tbx2, 

heterozygosity for Tbx3 does not cause abnormalities in mice, while in humans it underlies 

Ulnar-mammary syndrome (chapter 4.2.6.3). Analysis of mouse embryos showed that Tbx3 is 

expressed in the presumptive limb field of the LPM and in nascent limb buds prior to 

initiation of outgrowth (Emechebe et al., 2016; Rallis et al., 2005). Tbx3 expression in LPM 

is activated by the RA signaling and the RA–receptor complex binds to a retinoic acid 
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response element (RARE) in the Tbx3 promoter (Ballim et al., 2012). Misexpression in 

chicken limb buds revealed that TBX3 participates in positioning the limb bud along the 

rostro-caudal embryonic axis. Ectopic expression of the TBX3 repressor form throughout the 

forelimb bud mesenchyme leads to an expansion of the Hand2 expression domain and causes 

a rostral shift in the limb bud position. The transcriptional activator form of TBX3 induces 

Gli3 expansion and the Hand2 expression domain and limb position are shifted to more 

caudal positions (Rallis et al., 2005). TBX3 is indirectly required to upregulate Hand2 

upstream of Shh via maintaining Tbx5 expression (Emechebe et al., 2016). Furthermore, Tbx2 

and Tbx3 appear to function in a feedback loop with SHH, whereby they contribute to 

maintaining the ZPA (Nissim et al., 2007; Davenport et al., 2003), while the posterior Tbx3 

and Tbx2 expression domains are maintained by SHH signaling (Galli et al., 2010).  

While the complete absence of the TBX3 protein in mouse embryos leads to variable lethality 

in combination with severe posterior hindlimb skeletal defects (absent ulna, and digits 4 and 

5) and heart phenotypes. Mutations truncating the TBX3 protein resulting in cytoplasmic 

accumulation results in lethality already by E12.5, which suggests that the truncated protein 

is pathogenic (Farin et al., 2013).  

It is important to realize that the posterior Tbx3 expression depends on SHH and BMP 

signaling that is linked to AP digit specification (Tümpel et al. 2002) and experiments in 

chicken limb buds showed that Tbx3 (and Tbx2) specifies hindlimb digit 3 and 4 in 

cooperation with interdigital BMP signaling and 5' HoxD genes (Suzuki et al., 2004).  

Anterior Tbx3 expression depends on the balance between anterior BMP signaling and 

inhibition by SHH signaling from the posterior limb bud (Tümpel et al. 2002). In the anterior 

mesenchyme, TBX3 functions in the SHH-independent, cilium-based patterning of anterior 

digits. In particular, TBX3 is an essential component of a protein complex with KIF7 and 

SUFU, which control GLI3A and GLI3R processing and stability, respectively. In Tbx3-

deficient limb buds, the KIF7-SUFU interactions are reduced which results in excess GLI3 

processing and reduced levels of both the GLI3A and GLI3R isoforms that manifests itself as 

preaxial polydactyly (Emechebe et al., 2016).  

Also, TBX3 promotes chondrocyte cell proliferation and suppresses/delays osteoblast 

differentiation, which results in elongation of the posterior skeletal elements (Govoni et al., 

2009). In particular, TBX3 upregulates the expression of BMP expression (Suzuki et al., 

2004), including BMP2, which is known to stimulate cartilage proliferation and increases 

digit length in embryonic bat forelimbs (Sears et al., 2006).  
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4.2.6 TBX3 functions in embryonic development and disease 

 

TBX3 is expressed in various embryonic and adult tissues. The particular importance of the 

TBX3 functional role is highlighted in the human haploinsufficiency called Ulnar-mammary 

syndrome that severely affects limbs and mammary glands. Interestingly, other TBX3 

expressing organs display no phenotypes in TBX3 haploinsufficiency, which indicated that 

different tissues require different TBX3 levels or that other T-box genes with overlapping 

expression domains compensate the reduction in TBX3 (Bamshad et al., 1999). 

4.2.6.1 TBX3 functions during mammary gland development 

 

The development of mammary glands starts at E10.5 in mouse embryos. First, an ectodermal 

ridge expressing Wnt10b, the so-called a mammary line, forms between the forelimb and 

hindlimb buds (Veltmaat et al., 2004). At E11.5 the mammary placodes form and by E14.0 

the mammary buds arise. Perinatally (E18.5), the branching ductal system develops and five 

individual mammary glands are formed. Tbx3 expression is detected during all stages of 

mammary glands development (Davenport et al., 2003; Douglas & Papaioannou, 2013; 

Richert et al., 2000), (Fig. 10). In Tbx3-deficient mutant mice, the induction of placode 

formation is disrupted (Davenport et al., 2003) while a reduced ductal tree development and 

nipple formation are disrupted in heterozygous mice (Jerome-Majewska et al., 2005). 

Previous experimental data placed TBX3 upstream of the earliest known markers of placode 

induction which are FGF and WNT signaling (Davenport et al., 2003). Inhibition of WNT or 

FGF signaling during early mammary bud formation disrupted Tbx3 expression, which points 

to the existence of a WNT, FGF, and TBX3 regulatory feedback loop during mammary gland 

development (Eblaghie et al., 2004). 

 

Figure 10. TBX3 expression during mammary gland development. During mouse 

mammary gland development, Tbx3 expression (blue) is first detected at E10.5 in the 

mesenchymal milk lines. Later on, Tbx3 expression marks the mammary placodes, and 

subsequently, its expression continues in the epithelium as the placode expands into the 

mammary bud. Finally, the branching ductal system forms and Tbx3 expression is still 
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detectable in the mesenchyme surrounding the nipple at E18.5. Taken from Washkowitz et al. 

2012. 

 

4.2.6.2 TBX3 in heart development 

 

Cardiogenesis in mouse embryos starts at E7.5 when the mesodermal myocardial progenitors 

form first and second heart fields. At E8.0, the first heart field undergoes morphogenesis to 

form an early tubular heart. Tbx3 expression is first detected by E8.5 when cells from the 

second heart field move into inflow and outflow poles of the heart and the heart tube begins 

to loop (Brade et al., 2013). Starting at E9.5, the linear heart tube transforms into the four-

chambered heart, which consists of ventricular and atrial chambers and a non-chamber 

myocardium forming the inflow and outflow tract (OFT), atrioventricular canal (AVC) and 

the inner curvatures. By E10.5, Tbx3 is expressed in the developing conduction system where 

its expression delineates the sinoatrial (SAN) and atrioventricular nodes (AVN), endocardial 

cushions in the AVC and OFT (Christoffels et al., 2004), (Fig. 11). During heart 

development, myocardial cells divide rapidly and sustained proliferation results in formation 

of ventricular and atrial chambers of the heart. During this period, the primary cells of the 

cardiac conduction system remain mitotically relatively inactive and form the constrictions 

between the chambers (Bakker et al., 2008; Boogerd et al., 2008; Hoogaars et al., 2007; 

Washkowitz et al., 2012). TBX3 controls cell proliferation and represses the chamber-

specific genetic program in the non-chamber myocardium (Boogerd et al., 2008; Hoogaars et 

al., 2007; Ribeiro et al., 2007). Previous studies implicated Tbx3, alongside with Tbx18 and 

Shox2, in the development of the SAN-a pacemaker of the heart that initiates the heartbeat 

and controls the rate and the rhythm of contraction (Protze et al. 2017; Espinoza-Lewis et al. 

2009; Hoogaars et al. 2007). Therefore, it is not surprising that the human TBX3 

haploinsufficiency results in cardiac rhythm abnormalities (Bogarapu et al., 2014). In Tbx3-

deficient mouse embryos, heart looping is delayed, the ventricular septation is incomplete, 

the morphology of double outlet right ventricle is altered, OFT is malformed and aortic arch 

formation is delayed (Bakker et al., 2008; Mesbah et al., 2008; Ribeiro et al., 2007). Also, the 

ectopic expression of chamber myocardial genes was detected in Tbx3-deficient embryonic 

hearts AVC (Bakker et al., 2008; Hoogaars et al., 2007). Conversely, ectopic TBX3 

expression induces ectopic conduction tissue development (Hoogaars et al., 2007). To date, 

not much is known about the upstream regulators of Tbx3 during heart development. I 

participated in a study that established that HAND2 acts upstream of Tbx3, as in Hand2- 

deficient mouse embryonic hearts Tbx3 expression is lost and AVC cardiac cushion 
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formation is disrupted (Laurent et al. 2017). In addition, the BMP signaling pathway has been 

implicated in modulation of Tbx3 expression during heart formation (Yamada et al., 2000; 

Yang et al., 2006). 

 

4.2.6.3 The human ulnar-mammary syndrome (UMS) 

 

The ulnar-mammary syndrome (UMS or Pallister UMS, Pallister, 1976, OMIM #181450) is a 

rare (∼1 out of 25 000 births, Koskimies et al. 2011) autosomal dominant disorder caused by 

mutation resulting in TBX3 haploinsufficiency in humans (Bamshad et al., 1997). For nearly 

20 years, the underlying cause of the syndrome was unknown until the gene for UMS was 

mapped by linkage analysis to the human 12q23-q24.1 locus (Bamshad et al., 1995). This 

genomic region encodes two T-box family members: Tbx3 and Tbx5 and further analysis 

showed that mutations in TBX3 are the underlying genetic cause of UMS (Bamshadl et al., 

1997). 

UMS is a pleiotropic disorder that has different intrafamilial and interfamilial phenotypic 

manifestations. To date at least 22 pathogenic TBX3 variants or big deletions/insertions have 

been reported (Alby et al., 2013; Bamshad et al., 1999; Bogarapu et al., 2014; Joss et al., 

2011; Klopocki et al., 2006; Linden et al., 

2009; Meneghini et al., 2006; Tanteles et al., 

2017; Wollnik et al., 2002). Different 

phenotypic manifestation among individuals 

carrying the same mutation implies that so far 

unidentified modifiers cause variable 

expressivity.  

 

Figure 12. Tbx3-deficiency-related 

phenotypes in humans and mice. 

(A) Limb defects observed in an adult male 

with UMS. The limb picture on the left 

shows a shortened forearm and 

absence of digits 3-5. The right 

picture reveals the lack of the 

Figure 11. Tbx3 expression during 

mouse heart development. 

Tbx3 is expressed (in blue) in the 

mouse AVC, SAN and OFT. Tbx3 

expression delineates the cardiac 

conduction system at E14.5. Taken 

from Washkowitz et al. 2012. 
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axillary hair and the hypoplastic right areola. (B) The ventral surface of the right and left 

hands shows the dorsalized ventral surface of digit 5, including a duplication of their nailbed 

on the ventral side. Pictures from (Bamshad et al., 1999). (C) Skeletal preparations of limbs 

from Tbx3-deficient mouse embryos at E17.5. Forelimbs exhibit variable abnormalities of the 

posterior elements, including ulna and digits. Hindlimbs show severe posterior truncations 

affecting the zeugopod and the absence of the autopod. (D) Higher magnification of the right 

hindlimb shows the single-digit attached to the single zeugopod element. (E) Skeletal 

preparation of age-matched WT animals. Pictures from Bamshad et al., 1999; Davenport et 

al., 2003. 

One of the mechanisms underlying the phenotypic variability of UMS could be an aberrant 

TBX3 pre-mRNA splicing activity. Unbiased proteomic screening identified that TBX3 

interacts with multiple RNA splicing factors, RNA binding proteins, which indicates that 

TBX3 function in regulation of splicing. Indeed, mutated TBX3 proteins exhibit different 

splicing functions and interfere with the splicing regulatory activity of the endogenous TBX3 

protein (Kumar et al., 2014). 

UMS is typically characterized by asymmetrical defects ranging from shortening of the fifth 

digit to complete absence of ulna/radius and autopod (Tanteles et al., 2017). In a small 

fraction of UMS patients upper arm (humeri, scapulae, clavicles) and shoulder girdle 

abnormalities are observed together with hypoplasia of pectoralis major muscles (Bamshadl 

et al., 1997). The associated postaxial limb defects in UMS patients vary from hypoplasia of 

the distal phalanges of digit V to complete loss of digits III–V. Hypoplasia of the little finger 

may be combined with incomplete duplication and is often different between the left and 

right limb. Also, UMS patients exhibit dorsalization of the ventral surface of the digits (the 

most commonly the V digit is affected), stiff distal interphalangeal joints, and forearms may 

have bowed radius and stiff elbow. Feet of UMS patients show hypoplasia of the little and 

fourth toes, including nails. The overall penetrance of limb defects in UMS patients is > 85% 

(Meneghini et al., 2006), (Fig.12). Furthermore, Emechebe et al. 2016 provided additional 

insight into the posterior limb digit number of defects observed in human UMS patients by 

ablating Tbx3 at different stages of mouse limb development. In the case of an early Tbx3-

deficiency, SHH signaling is perturbed, and it results in a failure to initiate limbs and leads to 

extensive limb abnormalities. However, later ablation of Tbx3 expression in the posterior 

limb mesenchyme caused digit 5 loss. 

Another key feature of UMS is hypoplasia or aplasia of the mammary glands and nipples, 

hypoplasia of axillary apocrine glands that manifests as an absence of axillary hair, reduced 

or absent perspiration, sparse body hair (Schinzel, 1987) and dental abnormalities (Bamshadl 

et al., 1997). Male UMS patients typically have a delayed onset of puberty, exhibit 

hypoplasia of the external genitalia, and reduced fertility (Packham, 2003; Schinzel, 1987). In 
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contrast to females, males are obese and experience delayed growth and skeletal maturation. 

Short stature is predominantly caused by anatomical pituitary gland anomalies (Linden et al., 

2009; Tanteles et al., 2017). Rare cases of UMS exhibit cardiac defects (Meneghini et al., 

2006) manifesting themselves as septal defects or conduction abnormalities and are usually 

linked to large deletions that also affect Tbx5 genes (Bogarapu et al., 2014; Forzano et al., 

2017), which in rare cases can lead to death (Alby et al., 2013; Shamseldin et al., 2016).  

Although Tbx3 mutations are the only ones causally linked to UMS, the variable phenotypic 

manifestation points to the involvement of other genes, regulatory elements or environmental 

factors. In case of large deletions covering the TBX3 locus nearby genes could also be deleted 

or affected as is the case for TBX5 (Alby et al., 2013; Bogarapu et al., 2014; Forzano et al., 

2017; Shamseldin et al., 2016). Klopocki et al. (2006) proposed that large deletions harboring 

TBX3 also alter or remove cis-regulatory elements required for transcriptional regulation of 

THRAP2 (thyroid hormone receptor-associated protein 2). THRAP2 is known to be 

expressed in a sub-region of the brain, and therefore the case in which UMS is linked to 

mental retardation could be caused by the Tbx3 haploinsufficiency removing or altering the 

cis-regulatory elements of THRAP2. 

Interestingly, the forelimbs of Tbx3-deficient mice bear resemblance to the human UMS 

forelimb phenotype but a few striking differences are apparent. In humans, the TBX3 

haploinsufficiency most often leads to severe forelimbs abnormalities, while mice 

heterozygous for Tbx3 are normal and in Tbx3-deficient mice, the hindlimb phenotypes are 

more severe than forelimb phenotypes (Davenport et al., 2003).  

 

4.2.7 Cis-regulatory modules in embryonic development 

 

Cis-regulatory modules (CRMs) are non-coding DNA sequences that regulate the spatio-

temporal kinetics of gene expression. CRMs provide a structural scaffold for TFs and 

cofactors and bridging them to promoters results in precise control of gene expression 

(Davidson, 2006). CRMs, such as enhancers, promoters, and anchors, are predicted to 

encompass 20%–40% of all non-coding sequences in the human genome (Kellis et al., 2014). 

CRMs are unevenly distributed and in particular their density is increased in super-enhancers 

or in enhancer regions associated with cell identity (Boeva et al., 2017). In cis-regulatory 

landscapes, CRMs are both found in close proximity to the transcription-starting site (TSS) or 

far up- or downstream to regulate gene expression. CRMs can be located within introns, 

intergenic regions, gene deserts or even be part of coding exons. The 3D chromatin 
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architecture plays an important role in gene regulation and enhancer specificity in mammals, 

where the genome is organized into different-sized topologically associating domains 

(TADs), (Fig. 13A). TADs are delineated by boundaries enriched in CTCF insulator proteins, 

which ensures specific interactions between enhancers and the promoter of the target genes 

(Dixon et al., 2012). Genetic alterations or deletions of TAD boundaries underlies different 

congenital limb malformations (Barrington et al., 2017; Lupiáñez et al., 2015). 

CRMs are bound by TFs, histones, and chromatin-remodeling complexes. Currently, the best 

methods to identify specific and likely functionally relevant CRMs are ChIP-seq for histone 

modifications (e.g., histone 3 lysine 27 acetylation, H3K27ac) (Heintzman et al., 2007) and 

chromatin-bound proteins (e.g., EP300, CTCF) (Bailey et al., 2015; Heintzman et al., 2007) 

or chromatin accessibility assays (DNase-seq and ATAC-seq) (Buenrostro et al., 2013; 

Thurman et al., 2012), (Fig. 13B). The activity of CRMs can be modulated by different PTMs 

of histones, which in turn will influence chromatin structure and transcriptional activities. 

H3K4me1 marks active and primed (poised) enhancers (Rada-Iglesias, 2018), while 

H3K27ac helps to distinguish active enhancers from primed ones (Voigt et al., 2013). 

Actively transcribed CRMs marked by H3K4me3 are enriched near the active promoters 

(Liang et al., 2004) and H3K36me3 modifications are detected in actively transcribed gene 

bodies (Schwartz et al., 2009). marks facultatively repressed chromatin (Barski et al., 2007). 

Bivalent chromatin domains are large segments of DNA enriched in H3K27me3, while a 

smaller region within is  
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Figure 13. TADs chromatin organization and its relevance for gene regulation. (A) 
Schematic representation of the chromatin architecture in the nucleus. At the chromosomal 

level, chromatin is organized in TADs by cohesin and CTCF complexes that promote 

formation of TADs and intra-TADs. The TAD organization is stable and conserved among 

tissues and species, while intra-TAD interactions can be highly dynamic. (B) TADs act as the 

regulatory units and the CRMs within a TAD can directly interact with gene promoters. Hi-C 

technique helps to reveal these interactions between CRMs within and neighboring TADs. 

ChIP-Seq, ATAC-seq and functional assays are used to characterize the CRM status within a 

particular TAD. Epigenetic histone marks are used to identify active or repressed enhancers 

and promoter regions (Nowosad et al., 2020).  

enriched in H3K4me3 marks. These elements tend to map to promoters and distal enhancers 

of key developmental regulator genes (Bernstein et al., 2006). Bivalent domains are 

particularly important as the target genes are repressed state, but poised for lineage-specific 

activation as long as the inducing signals are absent (Voigt et al., 2013).  

A genome-wide limb bud development studies identified and classified more than 400 limb 

associated cis-regulatory landscapes (Andrey et al., 2017). Almost nothing is known about 

TBX3 cis-target modules during limb development. Therefore, this project serves a stepping 

stone to provide insights into TBX3 role in limb development and diseases. 
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5 Aim of the thesis 
 

The highly complex limb morphology is the result of precise and tissue-specific spatio-

temporally controlled gene expression in the undifferentiated limb bud mesenchymal 

progenitors during embryonic development. The coordination of gene expression is achieved 

by integration of various inputs from signaling pathways and trans-acting transcription 

factors via the cis-regulatory modules (CRMs) located in the cis-regulatory landscapes of 

their target genes. The developing limb bud serves is an excellent model that provides often 

straight-forward phenotypical readouts for alterations affecting the molecular mechanisms 

that control growth and patterning. The analysis of these mechanisms provides novel insights 

into developmental processes and the alterations underlying human congenital diseases. 

TBX3 and HAND2 are essential transcriptional regulators during embryogenesis (see 

chapters before). In particular, HAND2 controls expression of genes in the proximal limb bud 

mesenchyme and establishes AP polarity by antagonizing Gli3 expression in the posterior 

mesenchyme (Galli et al., 2010; Welscher, Fernandez-Teran, Ros, & Zeller, 2002). However, 

HAND2 is itself not sufficient to precisely establish the posterior Gli3 expression boundary 

that defines the initial anterior and posterior limb bud mesenchymal territories. Genetic 

analysis indicated that this boundary formation is mediated by the developmental repressor 

Tbx3, which is itself a direct transcriptional target of HAND2 (Osterwalder et al., 2014). It is 

important to note that these early pre-patterning events occur prior to activation of SHH 

signaling in the posterior limb bud mesenchyme. Furthermore, TBX3 was identified as the 

main underlying cause of the human Ulnar-mammary syndrome (Basmshad et al., 1997). 

Despite its importance, little is known about the functions of TBX3 during limb bud 

development. 

Therefore, the research toward my PhD aimed:  

1. to generate a TBX3
3xF

 mice line as a new and highly sensitive tool to detect the 

endogenous TBX3 protein and its cistrome during early forelimb bud development; 

2. to identify the TBX3 target GRNs that orchestrate early limb bud development; 

3. to study how HAND2 and its direct transcriptional target TBX3 control 

transcriptional interactions and networks that govern early limb bud development to 

establish AP polarity in the nascent limb bud mesenchyme upstream of SHH 

signaling; 

4. to provide insight into the transcriptional functions of TBX3 at its cis-regulatory loci. 
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Besides its essential roles during early limb bud development, HAND2 is also required for 

normal heart development as Hand2-deficient mouse embryos display severe heart defects 

(Srivastava et al., 1997), which result in growth retardation and embryonic lethality around 

E10.5. Frederic Laurent, another PhD student in the group showed that in Hand2-deficient 

mouse embryos cardiac cushion development is also disrupted in addition to the already 

known heart defects that include the outflow tract malformations and the right ventricle 

hypoplasia. The cardiac cushions are normally formed by delaminating endocardial cells. 

These endocardial cells then migrate into the cardiac jelly in response to signals from the 

myocardium to give a raise to the cardiac cushions, which subsequently form the 

atrioventricular node and tricuspid valves. In addition to the HAND2
3xF

 ChIP-seq done by F. 

Laurent, I performed comparative RNA-seq from hand-dissected AVCs of wild-type Hand2-

deficient embryos. This analysis revealed Snai1 as one of the direct transcriptional targets of 

HAND2 in the AVC. Snai1 is known as a master regulator of endothelial to mesenchymal 

transition (EMT) and thus, we could establish that the loss of HAND2 perturbs a target GRN 

that controls the cardiac valve formation in the AVC (Laurent et al., 2017).  
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6 Results 
6.1 Identification of the direct targets of HAND2 during heart development 

 
“Identification of the direct transcriptional targets of the HAND2 transcription 

factor during heart development” 

 
“HAND2 Target Gene Regulatory Networks Control Atrioventricular Canal and 

Cardiac Valve Development” 

Laurent, F., Girdziusaite, A., Gamart, J., Barozzi, I., Osterwalder, M., Akiyama, 

J.A., Lincoln, J., Lopez-Rios, J., Visel, A., Zuniga, A., et al. (2017). Cell Rep. 19, 

1602–1613. 

 

Congenital malformations affecting the heart are among the leading conditions that cause 

birth defect-related deaths in humans. HAND2 is an essential transcription factor that is 

indispensable for normal heart development as Hand2-deficient embryos display severe heart 

defects that leads to embryonic lethality around E10.5. I participated in a study by Laurent et 

al. (2017) which establishes that in addition to the known outflow tract malformations and 

right ventricle hypoplasia, Hand2-deficient mouse hearts fail to form the cardiac cushions in 

the atrioventricular canal (AVC) that give rise to the atrioventricular node and tricuspid 

valves. In wild-type hearts, endocardial cells delaminate and migrate into the cardiac jelly 

and give rise to cardiac cushions in response to signals from the myocardium. We showed 

that in Hand2-deficient developing hearts, the AVC cardiac cushions agenesis is a likely 

result of losing the expression of the HAND2 direct transcriptional target Snai1, which is a 

master regulator of the endothelial to mesenchymal transition (EMT) in the embryonic heart. 

Thus, the absence of AVC cardiac cushions in Hand2-deficient hearts is due to a complete 

disruption of EMT of the endocardial cells. 

I contributed to the article of Laurent et al., 2017 by conducting diverse experiments such as 

lysotracker staining to evaluate cell death in Hand2
∆/∆

 mouse embryonic hearts at E9.5 

(Figure S1c). As part of the team, I performed an RNA-seq analysis of WT and Hand2
∆/∆

 

AVCs to identify the differentially expressed genes (DEGs) in WT and Hand2-deficient 

AVCs (Figure 4 and S4). Also, I performed a comparative spatio-temporal expression 

analysis of DEGs in WT and Hand2-deficient AVCs. For this purpose, I cloned and prepared 

riboprobes for an in-depth whole-mount in situ analysis of the Hhex, Kdr, Pitx2, Hey1, Gja5, 

Cyr61, Hnrnpab, Twist1, Lbh, Dkk3, Cyp26a1, Tmem100, Acvrl1and Tbx3 DEGs. These 

results are shown in Figure 5 and Supplementary Figures S5 and Thesis Supplementary Fig. 

42-47). 
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6.2 Identification of the genes regulated by TBX3 genes during mouse forelimb bud 

development 

 

Previous mouse genetic studies implicated TBX3 as a transcriptional repressor functioning in 

precisely defining the posterior boundary of the Gli3 gene expressed in the anterior limb bud 

mesenchyme downstream or in parallel to Hand2 (Osterwalder et al., 2014). Beyond that 

little is known about how TBX3 regulates gene expression during limb bud outgrowth. 

To identify the genes regulated by TBX3 during mouse forelimb bud development I used 

Tbx3
dVenus

 loss-of-function allele (Tbx3
∆
) for expression profiling. 

 

6.2.1 Validation of the Tbx3-deficient embryos as a tool for transcriptional profiling 

 

As it is has been reported that the variable 

lethality of Tbx3-deficient mouse embryos 

starts at E10.5 (Davenport et al., 2003), I 

initially performed Lysotracker staining at 

E10.25 to evaluate the cell death pattern (Fig. 

14). Comparative analysis of WT and Tbx3
∆/∆

 

embryos (n=3) revealed no increase in the 

number of apoptotic cells in mouse forelimb 

buds at this embryonic stage. Therefore, 

forelimb buds could be used for 

transcriptional analysis. However, more 

apoptotic cells were detected in the first and 

second branchial arches at E10.25. 

 

6.2.2 Comparative transcriptome analysis of WT and Tbx3-deficient forelimb buds  

 

Comparative RNA-seq analysis was conducted using WT and Tbx3-deficient forelimb buds 

at E9.75-10.0 (28-31 somite stage) (Fig. 15A). One pair of forelimb buds was used per 

replicate (Fig. 15A). The comparative RNA-seq analysis revealed 494 differentially 

expressed genes (DEGs) between WT and Tbx3
∆/∆ 

forelimb buds at E9.75-10.0 (fold change 

(FC) ≥1.2, false discovery rate (FDR) <0.05; Fig. 15B). The in-depth analysis showed that 

137 of these genes were down-regulated, and 357 up-regulated (TOP50 up- and down-

regulated genes, Fig. 15D). The spatiotemporal expression changes of a few DEGs were 

assessed by whole-mount in situ 

Figure 14. Lysotracker staining to evaluate 

cell death in Tbx3-deficient embryos. Scale 

bar: 0.5mm. 
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Figure 15. WT and Tbx3-deficient mouse forelimb bud’s transcriptome analysis. (A) WT 

and Tbx3
∆/∆ 

mouse FLBs at E9.75-10.0 (28-31 somite stage) were used for transcriptome 

analysis. (B) The heat map represents the clustering of the 494 DEGs that were identified by 

comparing transcriptomes of WT and Tbx3
∆/∆ 

mouse embryos FLBs at E9.75-10.0 (n=3, FC 

1.2, p-value <0.05). (C) The MA scatter plot visualize log fold gene expression changes and 

mean expression counts (p-value <0.05) for WT and Tbx3
∆/∆

 FLBs. (D) The heat map 

represents the top 50 up- and down-regulated genes that were identified by comparing 

transcriptomes of WT and Tbx3-deficient mouse embryos. (E) Representation of GO 

enrichment analysis top 10 terms for biological processes for the 137 down-regulated and 357 

up-regulated genes in mutant FLBs (FDR <0.05).

hybridization (WISH, Fig. 16). It is worth to mention that 

majority of all DEGs being up-regulated supports the 

proposal that TBX3 primarily functions as a transcriptional 

repressor during limb bud development (Fig. 15C). DEGs 

were then subjected to GO biological functions analysis 

(Fig. 15E), which revealed that the TOP10 GO terms for 

up-regulated genes are linked to cell metabolism, while 

TOP10 GO terms for down-regulated genes are related to 

limb morphogenesis. MGI phenotype analysis (Sup. Figure 

38) revealed that most of the limb development and 

skeleton morphogenesis terms were linked to genes down-

regulated in Tbx3-deficient forelimb buds (Sup. Figure 37 

lists all GO terms). 

 

Figure 16. spatial expression patterns of Tbx3 DEGs in 

WT and Tbx3-deficient FLBs at E9.75. As it was 

predicted by RNA-seq, Wnt5a and Hoxa11 expression are 

reduced, while the Meox1 upregulation is not detectable by 

WISH. Scale bar: 100µm. 

 

6.2.3 Identification of the TBX3 target CRMs during limb bud pre-patterning: the 

necessity to develop a new tool 

 

RNA-sequencing advances our understanding about gene regulation at the genome-wide 

level. However, RNA sequencing alone cannot provide reliable insights into the underlying 

gene regulatory networks (GRNs) and pinpoint the TFs binding sites in specific CRMs and 

promoters. Currently, little is known about the TBX3 interactions with CRMs and the 

associated GRNs during limb bud development. Most previously published TBX3 ChIP-Seq 

studies used cultured murine fibroblast and different tumor cell lines (Krstic et al., 2019; 

Rodriguez et al., 2008; Willmer et al., 2016; Yao et al., 2014). Mouse ES cells expressing 

endogenous TBX3 or TBX3-overexpressing ES cells were used in combination with different 

types of antibodies (Dan et al., 2013; Van Den Boogaard et al., 2012). Few TBX3 ChIP-seq 

studies were done using tissues expressing endogenous TBX3 levels such as mouse lung 
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tissue at E14.5 (Lüdtke et al., 2016) or adult mouse hearts with conditional TBX3 

overexpression (Boogerd et al., 2011; Van Den Boogaard et al., 2012). One problem may be 

that there are no sensitive ChIP-grade TBX3 antibodies. Thus, we decided to identify the 

TBX3 cistrome in mouse limb buds by epitope tagging endogenous TBX3 protein. 

 

Figure 17. Insertion of a 3xFLAG epitope tag into the endogenous Tbx3 locus using 

CRISPR/Cas9 genome editing. (A) Insertion of a 3xFLAG sequence into 3’ part of the Tbx3 

locus conducted using CRISPR/Cas9-facilitated homologous recombination. This approach 

allowed to epitope tag all TBX3 protein isoforms in their carboxy terminus. (B) An agarose gel 

shows the PCR-analysis for genotyping ES cells and mice harboring WT, Tbx3
3xF/3xF, 

and 

Tbx3
3xF/+ 

alleles. (C) Precise C-terminal in-frame insertion of the 3xFLAG tag was verified by 

sequencing. Legend bellow shows the 3xFLAG and its A (alanine) V (valine) linker region and 

the STOP codon of the endogenous TBX3 Protein (–). Nucleotide sequence in color code (A: 

green, T: red, G: black, C: blue). The translated amino acid sequence is shown below. (D) 

Immunofluorescence detection of the TBX3
3xF

 protein in WT and C- or N-terminus tagged 

Tbx3
3xF/+ 

mouse G4 ES cells. Only the C-terminal 3xFLAG tag insertion into the endogenous 

TBX3 protein C-terminus leads to successful detection of the TBX3
3xF 

protein (magenta; blue 

represents nuclei stained by Hoechst). Scale bar: 100μm 
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6.2.3.1 Generation of Tbx3
3xFLAG

 mice by CRISPR/Cas9 genome editing technology 

 

The Tbx3
3XFLAG

 allele line was generated using a CRISPR/Cas9 strategy. In particular, a 

200bp single-stranded DNA oligonucleotides (ssODNs) repair template was used to insert the 

3xFLAG epitope tag in-frame into the endogenous TBX3 protein (Fig. 17A, C) in mouse G4 

ES cells. Mouse G4 ES cells were transfected with a mix containing the targeting vector 

encoding the Cas9 nuclease and its sgRNAs together with ssODNs repair template (Fig. 

18A). Subsequently, single G4 ES cell clones exhibiting the characteristic dome-like 

morphology after puromycin selection were picked for further screening (Fig. 17 B, C). In 

total 63 ES cells clones for the 3’ 3xFLAG tagged Tbx3 construct were picked, but only one 

clone had the desired in the frame insertion. However, 60% of the cells from this clone were 

aneuploid (20-40 metaphase spreads counted per clone, Fig. 18B). For N-terminally 3xFLAG 

tagged Tbx3 construct, 99 ES cells clones were picked, but immunofluorescence of TBX3
3xF

 

revealed that 5’ insertion of the epitope tag does not result in sensitive detection of the 

endogenously tagged protein (Fig. 17D). As the initial attempts were not successful, two 

different approaches were carried out in parallel to create the Tbx3
3xF

 mouse strain.  

First, mouse pronuclear zygote injections were used to introduce the 3xFLAG sequence into 

Tbx3 locus. In total, 146 embryos were implanted, 36 animals were born, but only 7 

transgenic animals were corrected targeted, but none of the insertions were precise due to in-

frame deletions and point mutations.  

In parallel, the CRISPR/Cas9 efficiency for genome editing in ES cells was optimized. 

Different amount of sgRNA (2.5µg-10µg) and ssODN (0.5µg-6µg) were used to transfect 

mouse G4 ES cells. After puromycin selection, ES cell DNA was extracted analyzed by 

qPCR, which identified the most optimal sgRNA (5µg) and ssODN (4 µg) conditions for 

targeting the Tbx3 locus (Fig. 18C). 

Using this optimized protocol 270 C-terminally tagged TBX3
3xF

 ES cell clones were isolated, 

processed for quality analysis and frozen. Out of these, 54 ES cells clones (20%) had the 

expected band size in the PCR screen (Fig. 17B) and 10 clones (3,7%) carried the desired 

3xFLAG in-frame insertion (Fig. 17C). Three of these ES cell clones were homozygous for 

Tbx3
3xF

 allele. Only 6 clones had an acceptable karyotype with euploidy ≥70%. 

To generate chimeric mice by aggregation a homozygous (43-5G) and heterozygous (53-3A) 

Tbx3
3xF

 ES cells clone were used. ES cell clones were expanded for aggregation with E2.5 

Swiss Albino blastocysts and the resulting blastocysts implanted into the uteri of pseudo-

pregnant females. Chimeric pups were identified by the coat color as G4 ES cells originated 
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from 129S6xB6 mice that have an agouti coat color (A
w
/a,

 
Tyr

+/+
). Successful incorporation 

of ES cells in chimeric albino embryos results in agouti or black fur. The percentage of agouti 

or black coat patches indicates the proportion of ES cells contributing to an animal. Only 

founder mice with ≥70% chimerism were used for matings to establish the Tbx3
3xF 

mouse 

stain by germline breeding. In addition to this, mice used to establish the Tbx3
3xF

 were 

sequenced to verify the in-frame insertion of the 3xFLAG in the Tbx3 locus (Fig. 18A). 

 

 

Figure 18. Pipeline of Tbx3
3xF

mouse strain establishment. (A) A scheme represents the 

workflow used to generate chimeric mice from Tbx3
3xF/3xF 

ES cells. (B) The image represents 

low, and high magnification of chromosome spreads used to count mouse chromosomes to 

determine the percentage of euploid cells. Scale bar: 50µm. (C) The bar plot represents the 

strategy used to increase the efficiency of CRISPR/Cas9 by using different amounts of 

sgRNA and ssODN. (D) The table represents the percentage of successful germline 

transmissions by four different Tbx3
3xF 

chimeric males derived from Tbx3
3xF/3xF 

(43-5G) and 

Tbx3
3xF/+ 

(53-3A) ES cells clones. 43-5G ESCs clone derived offspring were kept for Tbx3
3xF

 

mouse colony establishment. 

The table in Fig. 18D represents the germline transmission rates of 4 different Tbx3
3xF 

chimeric males derived from Tbx3
3xF/3xF 

(43-5G) and Tbx3
3xF/+ 

(53-3A) ES cells clones. 43-
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5G ESCs clone derived offspring were used to establish the Tbx3
3xF

 mouse by breeding the 

Tbx3
3xF 

males with Swiss Albino females.  

6.2.3.2 Tbx3
3xF 

allele is a new sensitive tool to detect endogenous TBX3 proteins via the 

3xFLAG epitope tag 

 

To validate the Tbx3
3xF

 mice strain as a sensitive tool to detect the endogenous TBX3 

proteins, a set of experiments evaluating protein stability, cellular localization and also the 

wild-type nature of this modification were performed. 

 

 

Figure 19. The 3xFLAG epitope tag provides a sensitive tool to detect the TBX3 protein. 

(A) Silver staining was used to detect proteins (5µg/lane) after electrophoretic separation on a 

polyacrylamide gel and assess possible protein degradation. (B) The 3xFLAG epitope tag 

provides a sensitive tool to detect TBX3 protein isoforms in embryonic tissues by Western 

blotting. TBX3
3xF

 protein is detected in forelimbs (FL), hindlimbs (HL), frontal nasal mass 
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(FNM) and hearts (HE) of mouse embryos (E10.75). Midbrain (MB) serves as non-expressing 

tissue control. Western blotting detects ~80 kDa full-length TBX3 protein. 10μg of total 

protein were loaded per lane. (C) Immunofluorescent staining of the TBX3
3xF

 protein detects 

its specific expression in posterior and anterior parts of mouse forelimbs, posterior hind limb 

bud and heart (E10.5). Scale bar: 200 m, cryosections thickness: 12µm. 

First, the possible proteolytic degradation of extracted proteins from various E10.75 

embryonic tissues was evaluated by silver staining (Fig. 19A). As no degradation was 

observed, expression levels and detection sensitivity of the endogenous TBX3
3xF

 protein was 

assessed by Western Blot analysis using ChIP-grade M2 anti-FLAG antibody (ref., F3165). 

Western blotting detected the ~80 kDa full-length TBX3
3xF

 protein in limb buds, frontal nasal 

mass, and hearts as expected from Tbx3 expression in mouse embryos (Fig. 19B). Twice as 

much TBX3 protein was detected in homozygous than heterozygous embryos at E10.75. WT 

control and non-expressing tissue (midbrain) showed only a non-specific shadow band above 

the 80 kDa TBX3
3xF

 protein. Thus, Western Blot analysis confirmed that the endogenously 

tagged TBX3
3xF

 protein is expressed like the wild-type protein and that detection of 

endogenous TBX3
3xF

 protein is sensitive. 

Next, immunofluorescence (Fig. 19C) was used to verify spatiotemporal distribution of 

TBX3
3xF

 protein. Staining of frontal Tbx3
3xF

 embryonic sections at E10.5 verified previously 

reported TBX3 expression in embryonic hearts (Hoogaars et al., 2004), in posterior and 

anterior domains of fore- and hindlimb buds (Gibson-Brown et al. 1998, Fig. 19C).  

 
Figure 20. The 3xFLAG tag does not perturb TBX3

 
localization, expression, and 

biological functions. (A) High magnification of the immunofluorescence detection of the 

TBX3
3xF

 protein in the anterior part of Tbx3
3xF/+ 

forelimb buds. TBX3
3xF

 proteins 

preferentially localize to cell nuclei. Scale bar: 20 m. (B) WISH detects Tbx3
3xF

 mRNA in 

mouse embryonic tissues at embryonic day E9.75. Scale bar: 250 µm. (C) The 3xFLAG 

epitope does not alter endogenous TBX3 functions, as Tbx3
3xF/+ 

and Tbx3
3xF/∆

 embryos 

develop normally, no embryonic lethality and phenotypic abnormalities are detected. The 

Chi-square test (1.444 with 3 degrees of freedom) and the two-tailed t-test (p=0.6963) 

detected no statistically significant increase in embryonic lethality.  
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High magnification analysis of the anterior domain in forelimb buds (Fig. 20A) confirmed 

the predominant nuclear cellular location of the TBX3
3xF

 protein. Besides, WISH analysis of 

WT and Tbx3
3xF

 embryos failed to detect alterations in Tbx3
3xF

 transcript distribution (Fig. 

20B). These data imply that the inserted 3xFLAG epitope tag does not perturb the spatio-

temporal distribution of Tbx3 transcripts and TBX3 protein nor its nuclear localization. 

To assess potential effects of the 3xFLAG tag on TBX3 protein function genetically, 

Tbx3
3xF/+

,
 
and Tbx3

∆/+
 mice were crossed and embryos analyzed at E12.5. In total, 95 

embryos were collected and analyzed, which showed that both Tbx3
3xF/+ 

and Tbx3
3xF/∆

 mouse 

embryos do not display increased embryonic lethality and no phenotypes were detected (Fig. 

20C). 

Overall, these data indicate that the Tbx3
3xF

 allele is expressed, and endogenously tagged 

TBX3
3xF

 protein functions as a wild-type. Therefore, the Tbx3
3xF

 allele can be used to 

identify downstream interactions of TBX3 with CRMs. 

 

6.2.4 The TBX3 cistrome in mouse limb buds is identified using the Tbx3
3xF

 allele 

 

The TBX3 controlled GRNs that orchestrate early limb bud development, ChIP-seq using the 

Tbx3
3xF 

allele and ChIP-grade M2 anti-FLAG antibody identified the genomic regions 

enriched in TBX3 chromatin complexes and provided insights into TBX3-controlled GRNs 

that orchestrate early limb bud development.  

After the initial phase of optimization, the TBX3 ChIP-seq form mouse forelimb buds was 

performed using the protocol by Sheth et al. (2016). In total, five ChIP-seq replicates were 

generated using 70 forelimb buds each, to identify TBX3
3xF 

cistrome by ChIP-seq. The first 

two replicates used Tbx3
3xF/3xF 

forelimb buds of embryos E9.75-E10.25 (27-32s), and three 

additional replicates used Tbx3
3xF/3xF 

forelimb buds at E9.75-E10.5 (28-34s, data not shown). 

At this developmental stage Tbx3 expression in forelimb buds is predominantly posterior, 

only at later stages the anterior expression domain becomes more prominent. The analysis 

was focused at the earlier stages as AP polarity is set during the onset of limb bud outgrowth 

(E9.75). The ChIP-seq data analysis was performed by Dr. Shalu Jhanwar. The resulting 

ChIP-seq reads were mapped to the publicly available mouse reference genome 

(GRCm38/mm10). The enrichment analysis of ChIP in comparison to input samples was 

conducted using MACS-based peak calling. Each replicate’s input control served as a control 

to verify the TBX3
3xF 

ChIP enrichment and to eliminate the false positive signals caused by 

non-specific antibody binding or computational biases. The TBX3
3xF 

ChIP-seq peaks were 
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visualized for further analysis using the UCSC genome browser. To ensure meaningful 

TBX3
3xF 

ChIP-seq analysis,   
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Figure 21. TBX3 ChIP-seq analysis using the Tbx3
3xF 

allele revealed TBX3 cistrome in 

early mouse forelimb buds. (A) A Venn diagram represents the 3057 statistically 

significant enriched (1e5) peaks of TBX3 in open chromatin that were found after the 

ATAC-seq dataset from WT FLBs at E10.5 (generated by Prof. Javier Lopez-Rios) was 

overlapped with E9.75-10.5 FLBs of TBX3 ChIP-seq consensus peaks (without X and Y 

chromosomes). (B) A bar plot represents the GREAT analysis revealed distribution of TBX3 

consensus peaks found in open chromatin regions according to the distance to the 

transcription start site (TSS). (C) A histogram represents the PhastCon analysis of TBX3
3xF

 

target regions enriched in mouse FLBs. Most of the enriched regions are highly evolutionary 

conserved in placental mammals. (D) HOMER motifs discovery analysis of TBX3 

consensus peaks in mouse FLBs identified the top 5 known motifs that are bound by TBX3. 

(E) HOMER de novo motifs discovery analysis of TBX3 consensus peaks in mouse FLBs 

identified the top 5 de novo regions bound by TBX3. (F) GO terms for TBX3 consensus 

peaks found in open chromatin regions. (G) UCSC genome browser track shows genomic 

regions enriched in TBX3 chromatin complexes. Genomic tracts represent two overlapped 

biological replicates of TBX3 FLBs ChIP-seq peaks at E9.75-10.5, a track below shows 

open chromatin regions in FLBs identified by ATAC-seq at E10.5 (generated by Prof. Javier 

Lopez-Rios) and the lowest track represents placental mammals’ evolutionary conservation. 

The blue bar over the Gli3 element at +85.6 kb indicates that the TBX3 enrichment was 

found in a regulatory VISTA element (hs1568).

 

only statistically significant enriched (1e5) peaks were analyzed. In total, 11,422 significant 

TBX3
3xF 

ChIP-Seq peaks were identified. Furthermore, the TBX3
3xF 

ChIP-Seq dataset was 

overlapped with the ATAC-seq dataset from E10.5 wild-type FLBs (generated by Prof. Javier 

Lopez-Rios) to identify binding regions in open chromatin. This resulted in 3057 TBX3
3xF 

ChIP peaks in open chromatin that were used for further analysis using the Genomic Regions 

Enrichment Annotations Tool (GREAT, Fig. 21A). GREAT analysis revealed that TBX3 

predominantly binds within 5kb of known transcriptional start sites (TSS). This means that 

TBX3 chromatin complexes are predominantly enriched in promoter regions (Fig. 21B). The 

PhastCon analysis indicates that TBX3 interacting regions are highly conserved in placental 

mammals (Fig. 21C). Surprisingly, de novo and known motifs analysis using HOMER have 

did not identify known TBOX motifs, but consistent with enrichment at promoters the 

TATA-box motif was identified as one of the TOP5 known motifs (Fig. 21E and D, 

respectively). Finally, TBX3 enriched genomic regions were associated with 3057 genes and 

the biological functions of these genes were revealed by Gene Ontology (GO) analysis (Fig. 

21F). The majority of GO biological terms are supported by observations from previous 

studies, namely pointing to an involvement of TBX3 in processes like protein-DNA complex 

subunit organization assembly (Coll et al., 2002), chromatin organization (Dong et al., 2018) 

and RNA splicing (Kumar et al., 2014). However, surprisingly no limb tissue-specific mouse 

phenotype terms were detected (Supplement Figure 40). Overlapping the two TBX3
3xF 

ChIP-

seq replicate datasets in the UCSC genome browser showed that genomic regions previously 

predicted to be enriched in TBX3 chromatin complexes displayed similar enrichment levels 

(Fig. 21G). 
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6.2.5 Identification of the TBX3 transcriptional target genes and GRNs  

 

To identify the direct transcriptional targets of TBX3 complexes in mouse forelimb buds, the 

TBX3
3xF

 ChIP-seq at E9.75-10.5 (11,422 peaks), ATAC-seq peaks (69,396 peaks at E10.5, 

provided by Prof. Javier Lopez-Rios) and DEGs (494 DEGs at E9.75-E10.0) datasets were 

intersected. This analysis identified 3057 genomic regions that are located in the open 
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Figure 22. Identification of TBX3 direct transcriptional target genes (A) The Venn 

diagram represents the strategy used to identify direct transcriptional targets. 140 TBX3 

target genes were identified by overlapping the open chromatin regions identified by ATAC-

seq at E10.5 (data produced by Prof. Javier Lopez-Rios), genomic TBX3 binding sites 

revealed by ChIP-seq and the DEGs identified by comparing WT and Tbx3-deficient 

forelimb buds. (B) The pie chart represents the 20% fraction of the transcription factors 

(n=35) that are direct targets of TBX3 (n=140). (C) The heat map represents WT and Tbx3-

deficient DEGs that are transcriptional targets of TBX3 in mouse FLBs at E9.75-10.0 (FC 

1.2, FDR <0.05). In total, 35 genes were identified as down-regulated, and 105 genes as 

up-regulated. (D) GO analysis terms for biological processes of direct transcriptional TBX3 

target genes that are down-regulated in Tbx3-deficient FLBs (n=35, FDR<0.1). (E) GO 

analysis terms for biological processes of TBX3 target genes up-regulated in Tbx3-deficient 

FLBs (n=105, FDR<0.05).

 

chromatin and are enriched in TBX3 chromatin complexes (Fig. 22A). Subsequently, the 

Tbx3 DEGs were assigned to the corresponding TBX3 target CRMs using the GREAT two 

nearest genes approach with a recommended 1Mb span in both directions to the nearest TSS. 

This parameter was chosen to define the cis-regulatory landscapes as CRMs can be located 

far up-or downstream of the target gene and even be in other gene loci to interact with their 

bona-vide target genes (Lettice et al., 2003). Finally, by overlapping these three genome-wide 

datasets, 140 candidate TBX3 transcriptional target genes were identified in mouse forelimb 

buds at E9.75-10.25, Fig. 22A), The candidate genes, whose CRMs are not located in regions 

of open chromatin are listed in Supplementary Tables 13-15.  

The majority of the TBX3 transcriptional target genes are up-regulated, whereas 105 genes 

were up-regulated and only 35 genes down-regulated (Fig. 22C, FC 1.2, FDR <0.05). As 

many genes appear to encode TF, the 140 TBX3 target genes were intersected with the 

RIKEN institute mouse TF list (2014, http://genome.gsc.riken.jp/TFdb/htdocs/tf_list.html). 

This analysis revealed that 20% (n=35), of TBX3 target genes are known transcription 

regulators (Fig. 22B, Supplementary Table 16). In fact, the majority of these transcription 

factors have a spatially restricted expression domain in early mouse limb buds.  

To provide insights into the biological processes in which the TBX3 target genes function, 

GO analysis was performed. GO analysis for the 35 down-regulated TBX3 target genes 

(FDR<0.1) pointed to an involvement in processes related to limb morphogenesis (Fig. 22D). 

In comparison, the 105 up-regulated TBX3 target genes (FDR<0.05) are associated with bone 

and skeleton morphogenesis. They also seem to function in important development processes 

such as retinoic acid receptor signaling (Fig. 22E, Supplementary Figure 41). 

 

6.2.6 Validation of TBX3 interacting CMRs in the landscapes of TBX3 target genes 

 

The ultimate goal of this project is to identify the TBX3 cistrome and to provide insights into 

the role of TBX3 during AP patterning of the nascent forelimb bud mesenchyme. Thus, five 
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TBX3 target genes with key functions in early limb bud development were selected for 

further bioinformatics analysis. Furthermore, Tbx3 was identified as a direct transcriptional 

target of  

HAND2, that participates in posterior repression of Gli3 expression in early limb buds 

(Osterwalder et al., 2014). Therefore, TBX3-specific, and interactions with HAND2 and 

GLI3 during limb AP patterning were assessed in the TADs of the select genes. Finally, to 

determine if select CRMs enriched in TBX3 complexes located in open chromatin function as 

transcriptional enhancers, their activity was assessed by lacZ reporter assays in transgenic 

mouse embryos (done by Dr. Marco Osterwalder in the laboratory of Prof. A. Visel, 

Berkeley, USA). The coordinates of all CRMs of interest and status with respect to lacZ 

reporter activity are included in Supplementary Tables 17-19.  

 

6.2.6.1 Bioinformatical analysis of TBX3 interacting CMRs 

 

To identify all the potential TBX3 bound CRMs and mutual binding partners in the locus of 

interest, the USCS genome browser was used to overlap the Hi-C profile (mm10, red triangle 

in figures below) of wild-type mouse embryonic fibroblasts (Barutcu et al., 2018) with the 

forelimb bud ATAC-seq datasets (E10.5) and the ChIP-seq datasets of TBX3
3xF

, HAND2
3xF

 

(provided by Dr. Marco Osterwalder) and GLI3 (E10.5, Kevin Peterson’s dataset). TBX3 

binding regions in open chromatin regions are highlighted by blue boxes (see Figures below). 

Furthermore, as histone modifications alter the CRM activities (reviewed in 4.2.7) the ChIP-

seq datasets for the H3K27ac, H3K27me3, H3K36me3, H3K4me1, and H3K4me3 

modifications at E10.5 (Gorkin et al. in press) were included in bioinformatics analysis. The 

analysis evaluated the combinatorial enhancer modifications: H3K4me1 and H3K27ac, low, 

if any, H3K4me3, and absence of H3K27me3 to define putative active enhancers (Rada-

Iglesias et al., 2011). A combination of H3K4me1/H3K27ac modifications was use to 

distinguish active from poised enhancers elements (Dunham et al., 2012) as the H3K4me1 

modification alone marks poised enhancer states (Voigt et al., 2013).  

 

6.2.6.2 TBX3 interacts with CRM enhancers in the Gli3 cis-regulatory landscape 

 

Despite the spatial change in Gli3 expression in Tbx3-deficient limb buds (Osterwalder et al., 

2014), my transcriptome analysis failed to detect Gli3 as a DEG. One possibility is that RNA-

seq of total early mouse forelimb buds fails to detect the alteration in the Gli3 transcripts as 

the overall averaged expression changes in limb bud cells are masked by the bulk RNA-seq  
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Figure 23. Analysis of the Gli3 cis-regulatory landscape.  



 76 

(A) USCS genome browser view showing the analyzed datasets for Gli3 cis-regulatory 

landscape. The dashed line divides the Hi-C profile into sub-TADs for Gli3. Potential TBX3 

controlled CRMs are highlighted by blue boxes. (B) WISH for Gli3 in WT and Tbx3-deficient 

FLBs at E10.25 (n=3, scale bar 200µm). (C) The previously identified regulatory elements 

mm1179 and (D) hs1586 (Visel et al., 2007) overlap with TBX3 peaks and are active in 

specific anterior lacZ expression domains in fore- and hindlimb buds. These results indicate 

that these CRM participate in regulating Gli3 expression in limb buds. 

approach. Despite this, WISH at E10.25 (n=3) revealed that the Gli3 expression domain is 

extended posteriorly in Tbx3-deficient forelimb buds (Fig. 23B). GREAT analysis revealed 

that TBX3 tends to be predominantly enriched in promoter regions. This analysis identified 

three candidate CRMs in the Gli3 cis-regulatory landscape: -120.8kb up-stream, at the TSS 

and +85.5kb down-stream of Gli3 TSS (Fig. 23A). All these CRMs display putative enhancer 

specific marks (H3K27ac, H3K4me1, and H3K4me3). In addition, the CRM located -

120.8kb upstream of Gli3 TSS was previously identified (Visel et al., 2007) as a mm1179 

regulatory element (Fig. 23C) that drives lacZ expression in the anterior (n=3/8), entire 

mesenchyme except posterior domain (n=3) or the  entire limb bud mesenchyme (n=2/8). 

These results imply that this CRM participates in regulating Gli3 expression and binding of 

TBX3 could participate in its repression from the posterior mesenchyme. Another regulatory 

element is located at the TSS and is decorated by enhancer histone marks, but its 

functionality in regulating Gli3 expression was not tested. A CRM located +85.5kb upstream 

of the Gli3 TSS is bound by the TBX3 chromatin complexes in a genomic region close to the 

HAND2 binding region. This regulatory element is already known as the orthologous to 

human VISTA enhancer element hs1586 (Visel et al., 2007) drives lacZ reporter expression 

in the anterior part of mouse fore- and hindlimb buds (n=3/3) (Figure 23D). 

 

6.2.6.3 TBX3 interacts with CRMs in the Hand2 cis-regulatory landscape 

 

The fact that TBX3 is necessary for Hand2 expression was previously established 

(Osterwalder et al., 2014). Comparative analysis verified that Hand2 expression is down-

regulated in Tbx3-deficient forelimb buds at E10.0 (n=3) as predicted from RNA-seq analysis 

(Fig. 24B). Three candidate CRMs in the cis-regulatory landscape of Hand2 were identified: 

-604. 4kb, -357.4kb and at +1.1kb with respect to the TSS (Fig. 24A). A possible CRM 

located -604.4kb upstream the Hand2 TSS was assigned to a sub-TAD1. This genomic region 

displays active enhancer marks (H3K27ac and, H3K4me1) and was identified as mm1832 

(Fig. 24C). However, this CRM does not function as a limb bud enhancer as lacZ activity is 

restricted to the embryonic brain (diencephalon) and no signal was detected in forelimbs 

(n=4/5, data provided by Marco Osterwalder). Another candidate CRM located -357.4kb 

from the Hand2 TSS in the sub-TAD2 displays active enhancer histone marks (H3K27ac and 

H3K4me1). This CRM mm1831 displays very low lacZ activity the proximal fore- (n=5/7) 
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and hindlimb buds (n=3/7, Fig. 24D, data provided by Marco Osterwalder). However, as the 

activity is low this CRM is termed as
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Figure 24. Analysis of the Hand2 cis-regulatory landscape.  

(A) USCS genome browser view showing the datasets for Hand2 cis-regulatory locus. The 

dashed line divides the Hi-C profile into sub-TADs for Hand2. Potential TBX3 CRM are 

highlighted by blue boxes. (B) WISH for Hand2 in WT and Tbx3-deficient FLBs at E10.0 

(n=3, scale bar 200µm). (C) CRM mm1832 located in sub-TAD1 is only active in 

diencephalon and absent form forelimb buds (n=4/5, data provided by Marco Osterwalder). (D) 

CRM mm1831 is located in sub-TAD2 drives very low lacZ expression in the proximal fore- 

(n=5/7) and hindlimb buds (n=3/7, data provided by Marco Osterwalder).  
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negative. A candidate CRM in the promoter region +1.1kb downstream of Hand2 TSS is 

decorated by histone marks related to gene expression itself (H3K27ac, H3K36me3, 

H3K4me3) and might point to a presence a putative enhancer (H3K27ac, H3K4me1 and 

H3K4me3). So far, the enhancer potential of this CRM has not been tested. 

 

6.2.6.4 TBX3 interacts with CRM enhancers in the Tbx3 cis-regulatory landscape  

 

Four candidate CRMs in the cis-regulatory landscape of Tbx3 were identified: -32.4kb, -

2.5kb (located in closed chromatin), +175bp and +78.2kb away from the TSS (Fig. 25A). The 

Tbx3 -32.4kb CRM display poised enhancer characteristics (H3K27me3 and H3K4me1) and 

is located in a sub-TAD1. This CRM has been previously reported to function as enhancer 

mm1117 with lacZ expression in the posterior part of FLBs (n=5/5, Fig. 25B, Visel et al. 

2007). The CRM located at -2.5kb from the Tbx3 TSS exhibits putative enhancer marks 

(H3K27ac, H3K4me1, and H3K4me3) and is the mouse orthologous CRM of human hs483 

drives distal-anterior lacZ expression in fore- and hindlimb buds (n=2/3, Fig. 25C). These 

results suggest that these two CRMs participate in auto-regulating of Tbx3 expression. 

The other two CRMs are located in the Tbx3 promoter region and upstream to the TSS and 

are decorated by putative enhancers histone modifications (H3K27ac, H3K4me1 and 

H3K4me3, while H3K27me3 might be related to non-expressing cells). Their function as a 

transcriptional enhancers was not assessed. 

 

6.2.6.5 TBX3 interacts with a CRM in the Tbx2 cis-regulatory landscape 

 

Comparative RNA-seq analysis revealed variable changes in Tbx2 expression (down- or up-

regulated depending on the embryo, Figure 15). The up-regulation was verified by WISH 

(Fig. 26B and Fig. 35) and bioinformatics analysis identified three candidate CRMs at -

32.4kb, -14kb, and +170bp with respect to the Tbx2 TSS (Fig. 26A). The candidate CRM 

located -32.4kb upstream shows poised enhancer specific histone modifications (H3K27me3 

and H3K4me1) and is enriched in TBX3 and HAND2 chromatin complexes (my study and 

Osterwalder et al., 2014). This CRM mm1210 drives lacZ expression in forelimb buds and 

heart (Fig. 26C, D, data provided by Marco Osterwalder). Interestingly, the lacZ distribution 

resembles the endogenous Tbx2 expression. The other two CRMs are located in another sub-

TAD than the mm1210 element. Both these CRMs display putative enhancer histone 

modifications but their enhancer activities have not been assayed.  
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Figure 25. Analysis of the Tbx3 cis-regulatory landscape.  

(A) USCS genome browser view shows the datasets for Tbx3 cis-regulatory landscape. The 

dashed line divides the Hi-C profile into sub-TADs of Tbx3. Potential TBX3 controlled CRM 

are highlighted by blue boxes (B) Already reported CRMs (Visel et al., 2007) mm1177 

located in the sub-TAD1 and (C) hs483 located in sub-TAD2 of Tbx3 regulatory landscape. 

Interestingly, CRM mm1177 is enriched TBX3 chromatin complexes and drives specific 

posterior lacZ expression in forelimb buds, while CRM hs483 drives anterior lacZ expression 

in limb buds.
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Figure 26. Analysis of the Tbx2 cis-regulatory landscape.  

(A) USCS genome browser view showing the datasets for the Tbx2 cis-regulatory landscape. 

The dashed line divides the Hi-C profile into sub-TADs. Potential TBX3 controlled CRMs are 

highlighted by blue boxes. (B) WISH for Tbx2 in WT and Tbx3-deficient FLBs at E9.75 (n=3, 

scale bar 200µm) (C) The TBX3 and HAND2 interacting CRM mm1210 (data provided by 

Marco Osterwalder) drives specific forelimb bud and heart lacZ expression at E9.5 and (D) 

E10.5.
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6.2.6.6 TBX3 interacts with a CRM enhancer in the of Lmo1 cis-regulatory landscape  

 

As predicted by RNA-seq, Lmo1 expression is down-regulated in the early FLBs of Tbx3-

deficient embryos (Fig. 27B). A prominent TBX3 ChIP-seq peak was identified at -21.2kb 

upstream of the Lmo1 TSS (Fig. 27A). Interestingly, TBX3 binding to this candidate CRM 

also overlaps with a HAND2 binding site. This CRM exhibits characteristic enhancer histone 

marks (H3K27ac, H3K4me1, and low H3K4me3). Indeed, the CRM mm1788 is active in the 

distal mesenchyme of forelimb (n=5/6) and hindlimb buds (n=3/6) to drive lacZ expression 

(Fig. 27C, data provided by Marco Osterwalder). 

 

Taken together, this analysis establishes that TBX3 indeed binds to active enhancers and in 

some cases TBX3 enriched CRM enhancers are shared with HAND2. However, no overlaps 

in enrichment with GLI3 chromatin complexes was found in the CRMs analyzed. 

Furthermore, none of the CRMs tested by transgenic lacZ expression assay recapitulated the 

endogenous Hand2 expression, but active CRM enhancers identified in Tbx3, Tbx2 and Gli3 

genes resulted in lacZ patterns resembling the endogenous expression. Overall, my analysis 

indicates TBX3 can fine-tune its own expression and participates in regulating Tbx2 and Gli3 

expression. 

 

6.2.7 Comparative RNA-seq analysis of Hand2-deficient forelimb buds  

 

Osterwalder et al. (2014) showed that Tbx3 is a direct transcriptional target of HAND2. 

Therefore, it is possible, that the expression of a significant number of TBX3 target genes is 

co-regulated by HAND2 and that TBX3 and HAND2-TBX3 controlled GRNs are active 

during early forelimb bud development. Therefore, a comparative RNA-seq analysis was 

conducted to identify the HAND2 regulated genes in Hand2-deficient mouse forelimbs at 

exactly the same stage as in Tbx3-deficient forelimb buds (E10-10.25, 31-33somites, Fig. 

28A). Hand2 was conditionally inactivated in the forelimb bud mesenchyme using the Prx1-

Cre transgene driver (Logan et al., 2002). Therefore, Hand2
∆/∆c

 and Prx1-Cre/+ (as WT 

control) mouse forelimb bud pairs were used for transcriptome analysis.  

Comparative RNA-seq analysis identified 1021 DEGs (FC 1.2, FDR <0.05, Fig. 28B), of 

which 318 are down- and 703 up-regulated in Hand2-deficient forelimb buds (Fig. 28C). GO 

analysis revealed that the TOP10 GO terms for the DEGs (Fig. 28E) points to inhibitory 

functions in regulating chondrocyte differentiation, while TOP10 GO terms for down-
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regulated genes (Fig. 28D) corroborate the HAND2 functions in mouse limb morphogenesis. 

The MGI mouse phenotype analysis is shown in Supplementary Figure 41. 
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Figure 27. Analysis of the Lmo1 cis-regulatory landscape. 

(A) USCS genome browser view showing the datasets for Lmo1 cis-regulatory landscape. The 

dashed line divides the Hi-C profile into the sub-TADs for Lmo1. Potential TBX3 controlled 

CRM is highlighted by blue boxes. (B) WISH for Lmo1 in WT and Tbx3-deficient FLBs at 

E9.5 (n=3, scale bar 200µm). (C) The CRM mm1788 that is enriched TBX3 and HAND2 
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chromatin complexes is active in the distal limb bud mesenchyme (data provided by Marco 

Osterwalder).  
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Figure 28. Transcriptome analysis of WT and Hand2-deficient mouse FLBs.  
(A) Hand2

∆/∆c
 and Prx1Cre/+ (as WT) mouse embryos FLBs at E10-10.25 were used for 

transcriptome analysis. (B) The heat map represents a clustering of the differently expressed 

genes (DEGs) that were identified by comparing transcriptomes of Prx1Cre/+ and Hand2
∆/∆c

 

mouse embryos FLBs at E10-10.25. For Prx1Cre/+ (n=4) and Hand2
∆/∆c

 (n=3 biological 

replicates) 1021 DEGs were identified. DEGs were defined as genes whose expression is 

significantly changed (fold change 1.2) between WT and Hand2-deficient forelimb buds (p-

value <0.05). (C) The heat map shows the top 50 DEGs identified. (D) GO enrichment 

analysis showing the top 10 terms for biological processes for the 318 down-regulated and (E) 

703 up-regulated DEGs in mutant FLBs (FDR <0.05). 

 

6.2.8 Identification of unique TBX3 and shared targets with HAND2 during the onset 

of limb bud development 

 

One major aim is to identify and characterize the underlying TBX3-specific and shared with 

HAND2 GRNs that orchestrate early limb bud development upstream of activating SHH 

signaling. To identify the GRNs shared by HAND2 and its direct transcriptional target, TBX3 

the HAND2 and TBX3 ChIP-seq datasets (Osterwalder et al., 2014) were intersected and 

1711 genomic regions enriched in both types of chromatin complexes were identified (Fig. 

29A). Furthermore, intersection of the RNA-seq datasets from Tbx3- and Hand2-deficient 

forelimb buds revealed 130 common DEGs (Fig. 29B). 36 DEGs were down- and 81 DEGs 

up-regulated, in both mutant limb buds, while 13 DEGs were changed in a discordant manner 

(Supplementary Table 1 and 2). Some DEGs with known spatio-temporal patterns in wild-

type limb buds and/or associated with congenital limb malformations, whose transcription 

levels were altered in a similar or identical manner in both mutants were selected for WISH 

analysis (see the list in Fig. 29C). 

To identify TBX3 specific target genes in early forelimb buds, the TBX3 direct targets 

dataset (140 genes) was overlapped with the shared 130 TBX3/HAND2 DEGs (Fig. 29D). 

This analysis revealed that 87 DEGs are unique TBX3 target genes (18 target genes are 

down- and 69 up-regulated, Supplementary Table 8 and 9). Target genes expressed in distinct 

patterns in wild-type limb buds were selected for further WISH analysis in mutant forelimb 

buds. 

 

6.2.9 Spatiotemporal TBX3 and HAND2 controlled gene regulatory networks 

analysis in early forelimb buds 

 

The bioinformatic analysis shown before identified TBX3 target genes that are also altered in 

Hand2-defcient forelimb buds. Next, a comparative WISH screen using WT and Tbx3-

deficient, and Prx1Cre/+ (as WT) and Hand2
∆/∆c

 mouse embryos at E9.75-10.25 was carried 

out. WISH screen included the shared genes selected on the basis of GO enrichment analysis 
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Figure 29. Identification of TBX3 specific and shared targets with HAND2 during the 

onset of limb bud development 

(A) The Venn diagram represents the strategy used to identify shared TBX3 and HAND2 

targets. Genomic TBX3 and HAND2 binding sites revealed by ChIP-seq at E9.75-10.5 (2674 

peaks) and E10.5 (3368 peaks) respectively were intersected, and 1711 shared targets were 

identified. (B) The Venn diagram represents strategy used to narrow down the candidate 

target list to only transcriptionally relevant ones by intersecting Hand2
∆/∆c

 and Prx1Cre/+ (as 

WT) forelimb bud transcriptome datasets (1021 DEGs) with the datasets of WT and Tbx3-
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deficient FLBs (494 DEGs, FC 1.2, FDR <0.05). 130 shared DEGs were identified, 36 

DEGs were down-regulated and 81 up-regulated in both types of mutant forelimb buds; 

whereas 13 DEGs were discordant. (C) The Venn diagram represents the 39 shared direct 

transcriptional targets for TBX3 which are coregulated by HAND2. (D) The heat map 

represents previously identified shared target DEGs (Fig. 29C). Gene names in bold mark the 

genes selected for expression analysis by WISH. (E) The Venn diagram represents the 

strategy used to identify the 87 TBX3-specific target genes, 18 of which were down- and 69 

up-regulated. (F) The heat map represents previously identified TBX3-specific target genes. 

Gene names in bold mark the genes selected for expression analysis by WISH.

 

for the up- or down-regulated TBX3 target genes. These genes were subdivided with respect 

to their spatiotemporal expression and /or functions in AP and PD axes pattering in early limb 

buds.  

 

6.2.9.1 TBX3 and HAND2 functions AP limb bud axis patterning 

 

Not unexpectedly, the majority of down-regulated shared targets of TBX3 and HAND2 are 

found in the posterior limb bud mesenchyme (Fig. 15, Fig. 28, Fig. 30A). Indeed, it is well 

known that perturbating the expression of these posterior genes results in skeletal 

abnormalities. For example, in Shh-deficient forelimbs a zeugopod with unidentifiable AP 

polarity and only a single distal cartilage element forms (Chiang et al., 2001), while Ptch1-

deficient forelimbs are predominantly oligodactylous (Butterfield et al., 2009). Pitx1 is 

preferentially expressed in hindlimbs and mutant hind limbs length and width of all the long 

bones in reduced (Duboc & Logan, 2011a). In contrast, Pitx1 overexpression during mouse 

limb bud development leads to limb defects affecting the proximal limb skeleton and 

muscular dystrophy (Pandey et al., 2012). However, Pitx1 transcription level alterations were 

too low to be detected by WISH. Of particular relevance to my study, both Hoxd11 (TBX3 

target gene and HAND2 DEG) and Hoxa11 (TBX3 and HAND2 DEG) are down-regulated in 

both Tbx3- and Hand2- deficient forelimb buds. In limb buds lacking both Hoxa11 and 

Hoxd11 an amorphous zeugopodal element rather than radius and ulna is formed (Boulet & 

Capecchi, 2004). Hoxd10 expression changes were too low to be detected by WISH, but it is 

known that in addition to its primary function in stylopod development, 

Hoxa9,10,11
−/−

/Hoxd9,10,11
−/−

 mutant mice exhibit a more severe ulna and radius reduction 

than Hoxa11
−/−

/Hoxd11
−/−

 mice (Raines et al., 2015). Ets2 is another interesting gene as its 

expression correlates with the forming radius and ulna in the developing chick zeugopod 

(Townsend et al., 2014). Collectively these Hox genes and Ets2 function in AP patterning of 

the zeugopod. Downregulation of these posterior target genes, especially the Hoxd10, 

Hoxd11 and Ets2 transcription factors implies that TBX3 and HAND2 co-regulate posterior 

limb bud 



 90 

 

Figure 30. A comparative WISH analysis provides insights 

into a posterior TBX3/HAND2 GRN active in early limb 

buds. (A) Expression analysis of WT, Tbx3- and Hand2- 

deficient mouse forelimb buds at E9.75-10.25 showed that 

Hoxd11, Ets2, Shh, and Ptch1 expression is down-regulated. In 

contrast, the reduced Pitx1 and Hoxd10 expression were not 

detectable by WISH (n=3). Osterwalder et al. (2014) showed 

that Shh and Ptch1 expression are reduced in Hand2-deficient 

embryos. Scale bar: 250 µm. (B) TBX3 and HAND2 controlled 

posterior GRN involved in early limb bud patterning. Arrows: 

red- suppression, green- direct regulation, golden- shared, 

punctuate- indirect regulation. 
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morphogenesis in a positive manner and suppress the ectopic expression of the hindlimb 

specific TF Pitx1 in forelimb buds (Fig. 30B).  

In contrast, the majority of up-regulated shared TBX3 and HAND2 targets are expressed in 

the anterior mesenchyme of early limb buds. Several of them function in anterior skeleton 

development, such as Irx3 and Irx5, which are TF participating in the early specification and 

determination of anterior limb identities (humerus/femur, radius/tibia, and digit 1, (Li et al., 

2014). Furthermore , inactivation Alx4 leads to perturbed AP patterning and polydactyly 

(Kuijper et al., 2005). ALX4 role in anterior skeleton patterning is even better highlighted in 

mouse limb buds lacking both Gli3 and Alx4 , which results in loss of the radius (the anterior 

element of the zeugopod) and severe stylopod malformations (Panman et al., 2005). In 

agreement with their transcriptional up-regulation, the expression of these three genes 

expression expands posteriorly in Hand2- and Tbx3- deficient forelimb buds (Figure 31A). 

Also, three HoxC cluster genes were identified as shared up-regulated targets of TBX3 and 

HAND2 target in early mouse forelimb buds. Hoxc4 is expressed mostly in the mesenchyme 

of the presumptive forelimb area, whereas the Hoxc6 and Hoxc8 expression correlate with the 

interlimb flank mesenchyme. Interestingly, most mammalian forelimb buds are located in the 

most anterior part of the Hoxc6 expression domain (Suemori & Noguchi, 2000). Despite this, 

mice lacking the entire HoxC cluster do not exhibit apparent defects in limb positioning 

(Suemori & Noguchi, 2000).  

WISH of the spatio-temporal expression of HoxC cluster genes expression, revealed no 

significant changes in Hoxc8 or Hoxc4 expression, but Hoxc6 expression was up-regulated 

and expanded posteriorly. Another TF whose transcript levels are up-regulated is GATA6, 

which is known to control cell identity. GATA6 expression in the anterior limb bud blocks 

hind limb polydactyly by repressing the ectopic expression of Shh and GATA6 

overexpression in limb buds represses Shh expression, which results in hypomorphic limbs 

(Kozhemyakina et al., 2014). However, I did not detect significant ectopic expression of 

Gata6 in early limb buds by WISH. This analysis shows that both in Tbx3- and Hand2-

deficient forelimb buds, the expression of several up-regulated anterior genes such as Alx4, 

Irx5, Irx3 and Hoxc6 expands posteriorly. These implies that TBX3 and HAND2 both 

participate in suppressing ectopic anterior gene expression in the posterior limb bud 

mesenchyme and thereby negatively regulate anterior limb bud development (Fig. 31B). 
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Figure 31. A comparative WISH analysis provides 

insights into an anterior TBX3/HAND2 GRN active 

in early limb buds. (A) Gene expression analysis of 

WT and Tbx3- and Hand2- deficient mouse forelimb 

buds at E9.75-10.25 showed that Alx4, Irx3/5 and Hoxc6 

expression is up-regulated and posteriorly expanded, 

while no spatio-temporal changes in Gata6, Hoxc4 and 

Hoxc8 expression changes are detected by WISH. Scale 

bar: 250 µm. (B) The TBX3/HAND2 GRN involved in 

early limb bud patterning. Arrows: red- suppression, 

green- direct regulation, golden- mutual regulation, 

purple- protein-protein interaction. 
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6.2.9.2 TBX3 and HAND2 functions in patterning of the proximal-distal limb bud axis  

 

Differences in TBX3 and HAND2 direct target genes spatio-temporal expression are apparent 

in the analysis of PD limb bud genes (Fig. 32A). In Tbx3-deficient FLBs, Tbx18 expression is 

down-regulated, and Jag1 expression is up-regulated, while the effects on their expression in 

Hand2-deficient forelimb buds is reverse, but no spatial changes in the low Jag1 expression 

could be detected in early limb buds. GO analysis indicates that the majority of PD genes 

identified seems to function in bone morphogenesis, remodeling and chondrocyte  

 

Figure 32. WISH analysis of proximal and distal genes participating in patterning early 

limb buds. (A) Spatiotemporal candidate gene expression analysis of WT and Tbx3- and 

Hand2- deficient mouse embryos at E9.75-10.25 revealed that Shox2 and Sall3 expression is 

indeed down-regulated, while Tbx18 expression is down-regulated in Tbx3-deficient and is 

up-regulated in Hand2
∆/∆c

 FLBs. Jag1 expression changes were not detectable by WISH 

(n=3). Scale bar: 250 µm. (B) TBX3 and HAND2 controlled proximodistal GRN involved in 

early limb bud patterning. Arrows: red- suppression, green- direct regulation, golden- 

mutual regulation. 
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differentiation. A good example is the transcriptional repressor TBX18, which is co-

expressed with Sox9, an early chondrogenic marker in mouse limb buds (Haraguchi et al., 

2015). By E12.5, Tbx18 protein is excluded from the Sox9-positive cartilage primordia, 

which is proposed to trigger mesenchymal cell differentiation into hypertrophic chondrocytes 

during the onset of endochondral ossification (Haraguchi et al., 2015). Therefore, it is 

particularly interesting that Tbx18 is down-regulated in Tbx3-deficient FLBs. Another shared 

transcriptional repressor is Shox2, which participates in growth regulation of the stylopod by 

controlling chondrocyte maturation. Shox2 expression is down-regulated in both Hand2- and 

Tbx3-deficient forelimb buds. Jag1 is a gene expressed in the distal limb bud mesenchyme 

(Panman et al., 2006) and required for trabecular bone formation, inhibition of the periosteal 

expansion and regulation of bone metabolism (Youngstroma 2017). However, no spatial 

changes were detected by WISH, likely due to the low expression levels in early limb buds. 

Moreover Sall3, which functions in autopod development (Kawakami et al., 2009) is down-

regulated in both Tbx3- and Hand2- deficient forelimb buds. Therefore, it is obvious TBX3 

and HAND2 coregulate genes responsible for limb PD axis morphogenesis (Fig. 32B). 

 

6.2.10 In Tbx3- deficient mouse embryos early limb skeletal patterning is disrupted  
 

Sox9, and Col2a1 expression patterns were studied to gain insights into potential functions of 

TBX3 in the patterning of the limb skeletal elements (Figure 33). These two genes serve as 

specific markers to study specification of the osteochondrogenic lineage and differentiation, 

respectively (Zhao et al., 1997). Analysis of forelimb buds at E12.5 revealed that the Tbx3- 

deficiency perturbs zeugopod and autopod patterning as both the Sox9 and Col2a1 

distributions are severely altered.  

 

Figure 33. Analysis of chondrocytes specification and differentiation in Tbx3-deficient 

limb buds. Chondrocytes specification Sox9 (n=1) and differentiation Col2a1 (n=2) analysis 

in WT and Tbx3- deficient mouse embryos at E12.5 revealed the alterations in the expression 

of both genes, which layout the future limb skeletal elements. Mouse hindlimbs are more 

severely affected than forelimbs. Scale bar: 250 µm.  
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6.2.11 TBX3-specific GRNs 

 

Bioinformatics analysis identified 87 TBX3 specific transcriptional targets during the onset 

of limb bud development. Only genes expressed at levels sufficient for detection by WISH 

and distinct spatio-temporal expression were analyzed further (MGI database, Fig. 29F, Fig 

34 and Fig. 35). One of these genes is Tbx5, which encodes an essential TF for forelimb bud 

development that is down-regulated in Tbx3-deficient forelimb buds (Fig. 34A, Rallis, Del 

Buono and Logan, 2005). Another TBX3 specific target gene is Egln1, which encodes the 

prolyl-hydroxylase-domain-containing protein-2 (PHD2) that functions as a positive 

regulator of osteoblast differentiation. In contrast, PHD2 negatively regulates differentiation 

of chondrocytes and suppresses endochondral bone formation (Cheng et al., 2016). 

Interestingly, Egln1 expression is down-regulated in mouse Tbx3-deficient forelimb buds 

(Fig. 34A). In addition, another TBX3-specific transcriptional target functioning in 

chondrocytes is Itga4, which is expressed in limb bud mesenchymal condensations (Ferguson 

et al., 2018). Transcriptome analysis indicated that Itga4 transcript levels are down-regulated 

in Tbx3-deficient fore limb buds, but due to the diffuse expression at early stages no 

differences were detected by WISH. In contrast, the Pknox2 transcriptional regulator of 

chondrocyte differentiation is up-regulated in Tbx3-deficient forelimb buds (Fig. 34A). This 

is interesting as overexpression of Pknox2 in osteochondrogenic progenitors in the limb bud 

mesenchyme of transgenic mouse embryos leads to specific malformations of the stylopod 

deltoid crest and the zeugopod. This suggests that elevated Pknox2 levels alter the 

mesenchymal condensations and the onset of chondrogenic differentiation in the zeugopod ( 

Zhou et al., 2013). 

The specific TBX3 targets that are up-regulated include genes of the retinoic acid (RA) 

signaling pathway. It has been postulated that RA acts as a morphogen to specify the proxim-

distal identities of limb bud mesenchymal cells. Two TBX3-specific targets that are up-

regulated in Tbx3-deficient limb buds are Rarb and Cyp26a1, expressed in the proximal and 

distal limb bud mesenchyme, respectively. Rarb expression is restricted to the proximal part 

of the limb bud mesenchyme with levels being highest in the most anterior and posterior 

mesenchyme. Its transcription senses RA activity as its expression is positively regulated by 

RA (Zhao et al., 2009). In contrast, Cyp26b1 is expressed predominantly by the distal 

mesenchyme and non-AER ectoderm and functions to degrade RA in the distal limb bud 

mesenchyme (Yashiro et al., 2004). In Tbx3-deficient forelimb buds, the Rarb and Cyp26a1 

expression domains are expanded distally and proximally, respectively (Fig. 34A). This 
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shows that in Tbx3-deficient forelimb buds both of these mutually antagonistic RA pathway 

genes are up-regulated, which could play a role in the skeletal alterations the Tbx3-deficient 

limb buds (Fig. 34B). 

Finally, the paralogous transcription factor Tbx2, which functions in autopod development 

(Farin et al., 2013) was identified as a TBX3-specific target gene. This target is particularly 

interesting as RNA-seq and WISH (Fig. 35) showed that its expression becomes variable in 

Tbx3-deficient forelimb buds at the early stages, such that it is either up- or down-regulated at 

E9.75-10.0.  

 

 Figure 34. Analysis of the spatial expression of TBX3-specific transcriptional targets 

that function in early limb bud patterning. (A) Comparative spatial expression analysis of 

WT and Tbx3-deficient mouse forelimb buds at E9.75-10.25 shows that Tbx5 and Eglin1 

expression are reduced, whereas Cyp26a1, Rarb, and Pknox2 expression are up-regulated in 

mutant forelimb buds. Scale bar: 250 µm. (B) TBX3-specific GRN in early limb buds. 

Arrows: red- suppression, green- direct regulation, golden- mutual regulation, purple-

protein-protein interaction. 
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Figure 35. Variable alteration of Tbx2 expression in Tbx3-deficient forelimb buds. 

WISH analysis confirms the observation by RNA-seq that Tbx2 expression varies among 

early forelimb buds for different mutant embryos (n=3). Scale bar: 250 µm. 
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7 Discussion 
7.1 Identification of TBX3 target gene regulatory networks that function during early 

limb morphogenesis 

 

The development of vertebrate limbs depends on complex spatial and temporal coordination 

of signaling pathways and TF interactions that direct proliferation and commitment of the 

limb bud mesenchymal progenitors that will give rise to the osteochondrogenic lineage of 

limb skeleton, tendons and connective tissue (Zuniga, 2015). Congenital limb abnormalities 

represent the broad spectrum of structural defects that arise due to perturbations of forelimb 

morphogenesis and affect approximately 1 per 500 live births (Ekblom et al., 2014; Giele et 

al., 2001). The wide range and abundance of abnormalities reflect the complexity and 

significance of the tightly regulated molecular mechanisms that govern vertebrate limb 

development (Barham & Clarke, 2008). Mutations altering TBX3 in humans are linked to the 

pleiotropic congenital Ulnar-mammary syndrome, which mainly perturbs forelimb zeugopod 

development (Bamshadl et al., 1997). Despite this, the molecular knowledge concerning the 

GRNs regulated by TBX3 and its direct transcriptional targets in the early limb buds was 

rather limited prior to my study. To identify the TBX3 target GRNs functioning during early 

limb bud morphogenesis, I generated the Tbx3
3xF

 mouse allele as a suitable tool to identify 

the cistrome of the endogenous TBX3 chromatin complexes as  was previously done in the 

group for Hand2
3xF

 (Osterwalder et al. 2014) and Smad4
3xF

 (Gamart et al. unpublished). 

Intersection of the TBX3 ChIP-seq, RNA-seq and ATAC-seq datasets in combination with 

WISH revealed that TBX3 participates in the establishment AP polarity in forelimb buds. In 

particular, TBX3 positively regulates the expression of posterior genes in the forelimb 

mesenchyme, while it represses the expression of anterior genes in the posterior 

mesenchyme. Also, my study implcatesTBX3 in the regulation of genes controlling PD limb 

bud outgrowth. Finally, my analysis revealed a role of TBX3 in the in controlling genes 

functioning retinoic acid pathway during mouse early limb bud development. 

 

7.2 Unbiased genome-wide analysis of the TBX3 cistrome 

 

The TBX3
3xF

 ChIP-seq analysis uncovered TBX3 cistrome during mouse forelimb bud 

development, which cistrome is 11,422 peaks. Out of these peaks, 3057 were associated to 

the regions of open chromatin and this analysis also showed that TBX3 chromatin complexes 

are predominantly enriched in proximity to TSS. Even if the majority of the previous studies 
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showed that promoter and distal enhancer interactions regulate the spatio-temporal 

expression of developmental genes, promoter-promoter interactions were also identified as 

relevant to transcriptional regulation (Joshi et al., 2015).  

 

7.3 TBX3 transcriptional targets in early limb buds: direct and indirect interactions 

 

Little is still known about the DNA binding interactions of T-box transcription factors. For 

example, it has been shown that the TBX2 subfamily members only bind to a T-box half-site 

instead of the entire palindromic sequence (Coll et al., 2002; Luna-Zurita et al., 2016). Thus 

so far, only such half-sites were identified in promoters of T-box target genes (Bruneau et al., 

2001) and it was suggested that TBX3 might bind to DNA in promoter regions as a weak 

monomer/monomer complex (Coll et al., 2002). Indeed, the TATA box was among the 

motifs enriched by TBX3
3xF 

ChIP-seq analysis of early forelimb buds. Consensus TATA 

motifs are bound by TATA-binding protein (TBP) that are required for transcription from 

promoters mediated by all three nuclear RNA polymerases (rRNA (Pol I), mRNA and other 

RNAs (Pol II), and tRNA and other RNAs (Pol III)) (Cormack & Struhl, 1992). Together 

with specific activators and chromatin remodelers, TBP participate in regulating the temporal 

kinetics of transcription (Hasegawa & Struhl, 2019). Thus, TBX3 might directly influence 

transcription complex formation at promoters (Emechebe et al., 2016).  

In addition, my TBX3
3xF 

ChIP-seq analysis revealed the complexity of the interactions of the 

endogenous TBX3 chromatin complexes with its target sequences. Rather unexpectedly, 

HOMER (Heinz et al., 2010) de novo and known motif analysis failed to identify T-box 

motifs, which could imply, that although TBX3 containing chromatin complexes are enriched 

at candidate CRMs, the TBX3 proteins binds DNA indirectly as part of a complex. However, 

previous studies had shown that TBX3 can directly bind to DNA as previous part of a 

structural complex with DNA (Coll et al., 2002). Subsequent analysis also showed that some 

TF associate with DNA through protein partners, while others exhibit both direct and indirect 

binding (Gordân et al., 2009). Thus, my analysis renders it likely that TBX3 belongs to the 

second group of TFs as de novo motif analysis identified a binding motif similar to the one of 

dorsal-interacting protein 3 (DIP3), which is a TF that binds to DNA in a sequence-specific 

manner to directly activate transcription (Bhaskar & Courey, 2002). Along these lines it was 

recently shown that T-box TFs that do not bind to the palindromic T-box site might be 

preferentially associated with other TFs, such as HOX factors (Jain et al., 2018). 

Interestingly, T-box TF interactions with different HOX TFs result in different transcriptional 
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outcomes and that in principle could take as many forms as there are protein family members, 

which might result in differential modulation of target gene expression (Jain et al. 2018). 

Therefore, it is highly likely that the TBX3 functions as either a transcriptional repressor or 

activator is defined by its interactions with different other transcriptional regulators in the TF 

complexes. Interestingly, the analysis of the TBX3
3xF

 enriched CRMs identified binding 

motifs for three pioneering TFs: PU.1 (Barozzi et al., 2014; Heinz et al., 2010), forkhead 

(Cirillo et al. 2002; Hsu et al. 2015) and SOX2 (Soufi et al., 2012). Pioneer TFs are key 

factors in gene regulation with critical roles in transitional developmental processes that 

include tissue development, organogenesis and differentiation. In particular, pioneering TFs 

control gene expression by binding to the nucleosomal DNA, and opening closed chromatin 

regions by, e.g., displacing nucleosomes such that non-pioneering transcription factors are 

able to bind. SOX2 is an essential TF that regulates development by controlling the 

pluripotency of embryonic stem cells (Rizzino & Wuebben, 2016) by facilitating active 

histone marks deposition (Soufi et al., 2012) and repressing lineage-specific gene expression 

(Avilion et al., 2003). Recently, SOX2 was implicated in functional interactions with long 

non-coding RNAs to facilitate proper regulation of gene expression (Holmes et al., 2020). 

Interestingly, it has been shown that TBX3 direct binding to RNA during splicing (Kumar et 

al., 2014). Thus, it seems that these TFs could participate in different aspects of RNA-

dependent modulation of gene expression. Forkhead-type TFs control differentiation, 

maintenance of skeletal and heart muscle, skeletal and vascular tissues (Zhu, 2016). In 

addition, forkhead-type TFs bind to promoters to recruit RNA polymerase II (Pol II), often in 

a poised configuration for subsequent chromatin opening (Hsu et al. 2015).  

 

7.4 TBX3 is an important epigenetic regulator of development 

 

The TBX3
3xF 

ChIP-seq GO analysis points to chromatin and nucleosome organization, 

chromatin modification and chromatin assembly and disassembly. Recently, the evidence in 

support of T-box proteins controlling gene expression via epigenetic modifications is 

increasing. TBX3 participates in regulation of de novo methyltransferases (Dan et al., 2013; 

Russell et al., 2015) and SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodelers 

(Zhang et al., 2019). In addition, TBX3 forms complexes with histone deacetylases (HDACs)  

(Dong et al., 2018; Yarosh et al., 2008), and histone demethylases (Singh et al., 2009) which 

are upregulated in Tbx3-deficient forelimb buds. Such a diverse involvement implies the 

necessity of TBX3 for proper regulation during development. Also, even as TBX3 is 



 101 

predominantly considered to function as a repressor, it is highly likely that the formed 

complexes composition could dictate TBX3 functionality to act either as a transcriptional 

repressor or transcriptional activator depending on the present co-factors.  

Polycomb group proteins (PcG) are the histone demethylases that control gene expression by 

modulating histones methylation status (Grimaud et al., 2006; Swigut & Wysocka, 2007). 

There are two classes of PcG repressive complexes (PRC). PRC2 has histone 

methyltransferase activity and primarily methylates H3K27me3 to initiate silencing, while 

PRC1 is required for stabilizing this silencing and underlies cellular memory and marks 

histones by mono-ubiquitinates histone H2A on lysine 119 (H2AK119Ub1) (Chase & Cross, 

2011; Yoo & Hennighausen, 2012). Both these complexes play a role in stem cell plasticity, 

induce differentiation during development, and help to maintain cellular identity (Creyghton 

et al., 2010; Lee et al., 2006). Direct relevant to my study, TBX3 was shown to repress Tbx2 

under the control of the PRC2 complex in skeletal muscles (Oh et al., 2019). 

Usually, the promoters of lineage regulatory genes in ES cells are enriched in bivalent 

chromatin histone marks (H3K4me3 and H3K27me3) (Bernstein et al., 2006; Pan et al., 

2007; Zhou et al., 2007) that keeps lineage regulators poised for rapid activation. In response 

to differentiation, H3K27me3 is removed and the lineage-specific developmental genes are 

activated. The Jumonji domain-containing proteins, UTX (Kdm6a), and JMJD3 (Kdm6b) 

function as H3K27me3 demethylases (Agger et al., 2007; Sen et al., 2008). Another T-box 

family member, Eomes was shown to be maintained in a poised state (marked by H3K4me3 

and H3K27me3) in ES cells. Under the influence of differentiation signals, TBX3 associates 

with the histone demethylase JMJD3 and activates the Eomes enhancer by promoting spatial 

reorganization to enable the necessary enhancer-promoter interactions. This spatial 

reorganization of the chromatin primes the cells to respond to signaling which induces 

differentiation towards endoderm (Russ et al., 2000).  

JMJD3 and KDM6A H3K27m3 demethylases also interact with HOX genes and modulate 

H3K27me3 levels at their promoters (Agger et al., 2007; Swigut & Wysocka, 2007). My 

analysis of the promoter regions of the TBX3 target genes Tbx2, Hand2 and Tbx3 are marked 

by H3K27me3. It is possible that the H3K27me3 modifications at promoter regions of TBX3 

target genes in forelimb buds could be modulated by TBX3 and JMJ family members as has 

been reported for Hox loci (Agger et al., 2007; Swigut & Wysocka, 2007). In fact, the 

TBX3
3xF

 ChIP-seq analysis identified TBX3-interacting regions in the JMJD3 (Kdm6b) 

(Swigut & Wysocka, 2007) locus, while Kdm3a that plays a role in transcriptional activation 

and Kdm7a (Wellmann et al., 2008), which specifically demethylates H3K9me2 and 

https://en.wikipedia.org/wiki/Histone
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H3K27me2 (Huang et al., 2010), are two genes upregulated in Tbx3-deficient forelimb buds. 

This implies that TBX3 might be responsible for regulating cellular plasticity and that 

observed limb development abnormalities caused by Tbx3-deficiency are caused by faster 

cell differentiation, e.g., as RNA-seq GO upregulated terms point to positive chondrocyte 

differentiation in Tbx3-deficient forelimb buds.  

SWI/SNF is a subfamily of ATP-dependent chromatin remodeling complexes in eukaryotes 

required for regulation of gene expression (Stern et al., 1984). To date, little is known about a 

potential function of TBX3 in regulating and/or interacting with SWI/SNF chromatin 

remodelers. A recent study revealed that SWI/SNF family subunit DPF2 is critical for ESC 

differentiation and the meso-endoderm differentiation defects and maintenance of 

pluripotency in Dpf2-deficient ESC cells can be rescued by restoring Tbx3 expression to 

normal levels (Zhang et al., 2019). TBX3
3xF 

ChIP-seq revealed TBX3 binding regions in the 

loci of SWI/SNF several family members including Arid1a, Smarca4, Actl6a, Actl7b, but no 

differential expression in Tbx3-deficient forelimb buds was detected by RNA-seq analysis.  

TBX3 is the earliest T-box TF member expressed during embryogenesis and functions in 

maintenance and induction of pluripotency. It was shown that in Tbx3-deficient mouse ESCs 

pluripotency genes that are usually repressed by TBX3 are up-regulated, which includes 

Dnmt3a (Russell et al., 2015). There is two murine DNMT3 genes, Dnmt3a and Dnmt3b, 

which encode de novo methyltransferases essential for mammalian development (Okano et 

al., 1999). Furthermore, ES cells overexpressing TBX3 resemble the totipotent zygotes due to 

negative regulation of de novo methyltransferases at repeated sequences, which linked to 

telomere maintenance and ES cell self-renewal (Dan et al., 2013). My TBX3
3xF

 ChIP-seq 

identified Dnmt3a as a potential direct target gene, but no differences in expression between 

wild-type and Tbx3-deficient forelimb buds were identified. One possibility might be that 

TBX3 modulates Dnmt3a activity specifically during progenitor cell differentiation at later 

stages of limb bud outgrowth. 

Previous studies revealed that TBX3 interacts with HDACs to repress downstream gene 

expression. It is thought that TBX3-mediates repression by recruiting HDACs to the T-box 

binding site in the promoter regions of genes (Yarosh et al., 2008b). In particular, HDACs 

and TBX3 complexes were implicated in downregulation of E-cadherin in hepato-cellular 

carcinomas to promote cell migration (Dong et al., 2018) or in repression of the tumor 

suppressor p14ARF in breast cancers (Dong et al., 2018; Yarosh et al., 2008). Interestingly, 

TBX3
3xF

 ChIP-seq identified TBX3 binding sites in HDAC2/4/7/9 genes regulatory loci, but 

again no aberrant gene expression was detected by RNA-seq. HDAC4 is expressed in 

https://en.wikipedia.org/wiki/Eukaryotes
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hypertrophic chondrocytes, regulates hypertrophic state and endochondral bone formation by 

interacting with and inhibiting the activity of Runx2. Interestingly, TBX3 is also functioning 

in negative regulation of the osteoblastogenesis by directly interfering within the 

Runx2‐mediated activation of osteopontin promoter (Deepak et al., 2011). Thus, it is 

tempting to speculate that TBX3 and HDAC4 might form complexes to negatively regulate 

chondrocyte hypertrophy during more advanced limb bud stages.  

 

7.5 TBX3 auto-regulation in the early mouse forelimb buds 

 

The TBX3
3xFLAG 

ChIP-seq analysis identified several potential cis-regulatory elements in the 

~100 kb regulatory landscape of Tbx3 pointing to an auto-regulation of Tbx3 expression. 

Previous studies already implied TBX3 autoregulatory positive-feedback loop in pathologies 

(Peres et al., 2014), and during embryonic development of mammary glands (Cho et al., 

2006; Chu et al., 2004; Davenport et al., 2003) and limbs (Osterwalder et al., 2014). Two of 

the identified CRMs have been identified previously as limb bud enhancers (mm1117 and 

hs483, (Visel et al., 2007)). The first one, CRM mm1117 drives lacZ expression in the 

posterior forelimb buds in a pattern overlapping with the Shh expressing ZPA. Indeed, Tbx3 

functions in the posterior limb bud to establish and maintain the SHH signaling center 

(Davenport et al., 2003; Emechebe et al., 2016; Galli et al., 2010; Osterwalder et al., 2014). 

Thus, TBX3 chromatin complexes appear to positively regulate the mm1177 enhancer in the 

posterior limb bud mesenchyme. However, genetic inactivation of mm1177 enhancer does 

not cause limb abnormalities, which revealed the underlying cis-regulatory redundancy 

(Osterwalder et al., 2018). Another candidate CRM (hs483) enriched inTBX3 chromatin 

complexes is located close to the Tbx3 promoter. It was previously shown that the 

orthologous human enhancer is active in distal anterior mesenchyme of both mouse 

embryonic fore- and hindlimbs buds. This enhancer is also conserved in fishes, but probing 

this enhancer in zebrafish failed to drive pectoral fin expression (Booker, Murphy, and 

Ahituv 2013). The anterior Tbx3 expression depends on the balance between positive inputs 

by anterior BMP signal and repression by SHH signaling from the posterior limb bud 

mesenchyme (Tümpel et al. 2002). As Tbx3 is predominantly expressed in the posterior 

mesenchyme and positively controlled by SHH during early limb development, it could be 

during the initial phase the CRM driving the anterior Tbx3 expression located in sub-TAD2 is 

repressed by TBX3 chromatin complexes while the posterior TBX3 expression is enhanced 

by SHH signaling in tandem with TBX3. This self-regulatory mechanism could rely on the 
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interplay of repression by TBX3 and activating co-factors like HAND2 that interact with 

distinct CRMs in the Tbx3 locus in a combinatorial fashion. In particular, TBX3 and co-

activating chromatin complexes binding to CRMs in sub-TAD1 could positively regulate the 

posterior Tbx3 expression, while TBX3 interactions with CRMs in sub-TAD2 could repress 

its expression at early stages.  

 

7.6 TBX3 regulates Tbx2 in the early mouse forelimb buds 

 

The TBX3
3xFLAG

 ChIP-seq analysis identified three candidate CRMs in the Tbx2 cis-

regulatory landscape. Previous studies have already revealed that TBX3 regulates the Tbx2 

locus (Li et al., 2014; Oh et al., 2019). In vitro and in vivo assays revealed that TBX3 binds 

and regulates the Tbx2 promoter in response to TGF-β1 in cancer cells, which causes 

downregulation of the pro-proliferative factor TBX2 (Li et al., 2014; Peres & Prince, 2013). 

The downregulation of Tbx2 expression decreases cell proliferation by inducing G1 cell cycle 

arrest and the cell cycle stalling is likely a consequence of increased p21 levels (Li et al., 

2014). 

My ChIP-seq analysis identified an additional candidate CRM located at -32.4kb in the Tbx2 

locus (mm1210, Osterwalder, unpublished), which is active in forelimb buds and heart at 

E9.5, while at E10.5, activity is also detectable in optic cups, pharyngeal arches, and 

hypothalamus. Therefore, the activity of this novel CRM resembles the endogenous Tbx2 

expression. In particular, TBX2 is required for normal retinal development, ventral optic 

vesicle invagination and optic cup formation as it modulates tissue proliferation (Behesti et 

al., 2009). During heart development, Tbx2 is expressed in the heart outflow tract, inner 

curvature, atrioventricular canal, and inflow tract at E9.5 and TBX2 is required in the 

corresponding myocardial zone to repress differentiation genes. Tbx2 is expressed by the 

pharyngeal arch mesenchyme that contains neural crest cells migrating and giving rise to the 

outflow tract septum (Harrelson et al., 2004). It is known that zebrafish tbx2a is required for 

heart remodeling and differential cell proliferation (Ribeiro et al., 2007). Similarly, TBX2 

controls limb bud mesenchymal proliferation by regulating SHH/GREM1/AER-FGF and 

BMP/TBX2/GREM1 signaling loops (Farin et al., 2013). In fact, overexpression of either 

Tbx2 or Tbx3 induces posterior homeotic transformation of digit III to digit IV and digit II to 

digit III, respectively (Suzuki et al., 2004b). Furthermore, a recent study shows that TBX3 

indeed represses Tbx2 under the control of the Polycomb repressive complex 2 (PRC2) in 

skeletal muscles (Oh et al., 2019). Finally, TBX2 is known to play a role in patterning and 
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development of the hypothalamus in chicken embryos by downregulating Shh expression via 

impacting the BMP-TBX2 pathway (Manning et al., 2006). In humans, aberrant TBX2 

causes mild mental and prenatal growth retardation in conjunction with complex heart 

septation defects. In addition, mild skeletal anomalies with hypoplasia of the distal digit 

phalanges were also observed (Radio et al., 2010). My WISH analysis of Tbx2 expression in 

Tbx3-deficient limbs shows its upregulation, which correlates with the evidence that the 

candidate CRM located -32.4kb in the Tbx2 genomic landscape is rather repressed than 

activated by the interactions with TBX3 chromatin complexes.  

 

7.7 TBX3 functions in establishing limb bud mesenchymal axis polarity  

 

Previous studies showed that several TF like HOXA11, HOXA13 (Yamamoto et al. 2019), 

and HAND2 (Osterwalder et al., 2014) directly interact with CRMs in the Gli3 locus to 

regulate its expression, while little was known about TBX3-mediated Gli3 regulation (Mosca 

et al., 2009). My TBX3
3xFLAG

 ChIP-seq analysis of mouse forelimb buds identified three 

candidate CRMs in the ~ 500kb Gli3 cis-regulatory landscape. TBX3 chromatin complexes 

interact with two already validated CRMs activity in the anterior limb bud mesenchyme 

(mm1179, hs1586 (Visel et al., 2007; Osterwalder et al., 2018)). Both of these CRMs drive 

lacZ expression in a spatial pattern reminiscent of the endogenous Gli3 distribution, with 

lacZ being excluded from the posterior-most forelimb bud mesenchyme (Galli et al., 2010; 

Osterwalder et al., 2014). As Tbx3 is not expressed in the anterior limb bud mesenchyme 

during the early stage analyzed, it is likely that these two CRM are repressed by TBX3 

chromatin complexes. Furthermore, the analysis of Tbx3-deficient forelimb buds points to a 

repressive effect of TBX3, as Gli3 expression is posteriorly  expanded (Galli et al., 2010; 

Osterwalder et al., 2014). The functional importance of the CRMs controlling Gli3 

expression was assessed by the loss-of-function analysis by Osterwalder et al. (2018). While 

the inactivation of individual CRM enhancers did not alter limb morphogenesis, the 

combined inactivation results in duplication of the most anterior digit in forelimbs. This 

revealed that multiple enhancers ensures Gli3 expression and limb development with 

phenotypic robustness (Osterwalder et al., 2018). 

Previous mouse genetic analysis pointed to possible cross-regulation between TBX3 and 

HAND2 as in Tbx3-deficiency, the posterior expression of Hand2 is downregulated while the 

reverse is true in Hand2-deficient forelimb buds (Davenport et al., 2003; Emechebe et al., 

2016a; Osterwalder et al., 2014). Indeed, my TBX3
3xFLAG

 ChIP-seq analysis identified three 
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candidate CRMs in the Hand2 cis-regulatory landscape. One of these, CRM (mm1832) is 

located at -604.4kb upstream and corresponds to a brain-specific enhancer not active in limb 

buds (Osterwalder, unpublished). It is known that Hand2 controls genes regulating 

noradrenergic differentiation during development and participates in regulation of genes 

controlling neurotransmission in adult sympathetic neurons (Stanzel et al., 2016). Indeed, 

Tbx3 is expressed during embryonic brain development, where it is required to repress Shh in 

the ventral diencephalon, thereby establishing an Shh-negative domain to permit formation of 

the infundibulum (Trowe et al., 2012). In the diencephalon, nuclear TBX3 proteins colocalize 

with heterochromatin foci (Pontecorvi et al., 2008). Thus, as TBX3 primary functions as a 

transcriptional repressor and represses Shh in the diencephalon, one can hypothesize that the 

interactions of TBX3 chromatin complexes with CRM mm18329 are of repressive nature. 

The second CRM located -357.4 kb upstream and has low or no limb bud activity as only 

very faint lacZ expression was detected in the proximal limb bud mesenchyme.  

 

7.8 TBX3 and HAND2 chromatin complexes regulate early limb bud axis polarization 

in a context dependent manner 

 

Previously, Osterwalder et al. 2014 revealed that Tbx3 is a direct transcriptional target of 

HAND2 that interacts with HAND2 to define the posterior GLI3R expression boundary in 

the limb bud mesenchyme. In particular, Tbx3 appears to act as a repressor required to 

establish a sharp boundary between the anterior Gli3 and posterior Hand2 and Tbx3 

expression domains.  

Interestingly, the analysis identified the bHLH motif (common for E-box proteins such as 

HAND2) among the enriched TBX3 binding motifs. Furthermore, extensive comparative 

analysis of the TBX3
3xF 

and HAND2
3xF 

cistromes and in particular shared targets among limb 

bud AP patterning genes provided evidence for their interactions with the same CRMs. 

Together this analysis suggests that HAND2 and TBX3 might form heterodimers and interact 

to regulate specification of the posterior limb bud mesenchyme. With respect to the 

regulation of Gli3 expression in early limb buds, my analysis revealed that TBX3 and 

HAND2 chromatin complexes interact with two CRMs located -120 kb up-stream and +85.5 

kb downstream of the Gli3 promoter, which could participate in Gli3 repression in the 

posterior limb bud mesenchyme. In addition, a shared TBX3 and HAND2 CRM was 

identified in the Tbx3 cis-regulatory landscape. This CRM (mm1117) enhancer is active in 

active in Shh-expressing ZPA in the posterior mesenchyme of forelimb buds at early stages. 
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This indicates that TBX3/HAND2 chromatin complexes positively regulate this CRM 

(mm1177) enhancer in the posterior limb bud mesenchyme as both TF are required to 

establish and maintain Shh expression by the ZPA (Davenport et al. 2003; Emechebe et al. 

2016; Galli et al. 2010; Osterwalder et al. 2014; Charité et al., 2000; Yelon et al., 2000). My 

analysis also identified a CRM in the Tbx2 cis-regulatory landscape, which is active in the 

developing brain, heart and limb buds. Furthermore, a CRM enriched in both TBX3 and 

HAND2 chromatin complexes was identified in the Lmo1 cis-regulatory landscape and this 

CRM (mm1788) is active in the distal limb bud mesenchyme (Osterwalder, unpublished). In 

fact, its spatial activity resembles the endogenous Tbx3 expression pattern in the interdigit 

mesenchyme at E12.5 (R. D. Ballim et al., 2012). It was proposed that at late stages TBX3, 

together with other apoptosis inducing factors such as BMPs and MMP11, participates in 

RA-induced apoptosis and remodeling of the interdigital mesenchyme during digit separation 

(R. D. Ballim et al., 2012). In addition it has been shown that both Tbx3 and Tbx2 regulate of 

interdigital BMP signaling during digit formation in chicken leg buds to specify the posterior 

identities (Suzuki et al., 2004b). Together, this analysis indicates that TBX3 predominantly 

functions as a repressor, but by forming heterodimers with HAND2 it might be able to either 

enhance or repress transcription depending possibly on other co-factors present in the 

transcription enhancing or repressing complexes. However, only a limited number of the 

genes were analyzed in-depth and a more thorough genome-wide manner analysis could 

provide additional insights. 

 

7.9 TBX3 and HAND2 controlled GRNs during early mouse forelimb bud 

development 

 

Therefore, I took an advantage of Tbx3 and Hand2-deficient mouse forelimb buds to get 

insights into shared and unique differences in gene expression. RNA-sequencing allowed me 

to identify DEGs in an unbiased, genome-wide manner (Han et al. 2015, Wang et al. 2014, 

Wang, Gerstein, and Snyder 2009). Indeed, a quarter of Tbx3 and Hand2 DEGs overlapped 

and showed correlating expression profiles. This is not surprising, as genes co-regulated by 

shared TFs and functioning in the same biological pathways usually display similar or 

identical expression profiles (Ideker et al., 2001). In addition, about 10% of shared DEGs 

showed discordant expression profiles. In particular, coordinated AP and PD limb axes 

establishment, patterning and outgrowth depend on Tbx3 and Hand2. For example, Irx3/5 and 

Alx4 are direct transcriptional targets of TBX3 and HAND2 that are part of the GRNs that 
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function in establishment of the anterior polarity. In particular, Irx3/5 upregulate Gli3 

expression in the anterior mesenchyme (Li et al., 2014), while both Gli3 and Alx4 function in 

suppressing Shh expression from the anterior mesenchyme (Kuijper et al., 2005; te Welscher 

et al., 2002). These interactions control establishment of anterior mesenchymal identities 

during the onset of limb bud outgrowth. In Tbx3- and Hand2-deficient forelimb buds, the 

expression of these anterior genes expands posteriorly (Galli et al. 2010; Osterwalder et al. 

2014), which disrupts the nascent AP polarity that subsequently leads to skeletal 

abnormalities (Kuijper et al., 2005; te Welscher et al., 2002). In addition, TBX3 and HAND2 

target genes expressed in the posterior limb bud mesenchyme are also essential for proper 

establishment and patterning of AP limb bud axis and subsequent limb development. Several 

genes that control development of posterior limb elements are downregulated, but not 

completely lost in Tbx3- and Hand2-deficient forelimb buds (some findings were previously 

published by Galli et al. 2010; Osterwalder et al. 2014). In particular, Shh and its receptor 

Ptch1 are required for specification of posterior limb skeleton elements like ulna and digits 

(Chiang et al. 2001; Harfe et al. 2004; Butterfield et al., 2009). The HAND2 target TF Ets2 

up-regulates Shh expression and is expressed by the primordia of radius and ulna in the 

developing chick zeugopod (Lettice et al. 2012, Townsend et al., 2014). The Hoxd11 and 

Hoxa11 TFs are also identified as direct targets and are required for zeugopod development 

(Boulet & Capecchi, 2004). Overall, my transcriptome analysis results revealed that in Tbx3- 

and Hand2-deficient forelimb buds the expression of posterior gene is decreased while the 

expression of anterior genes is upregulated and expanded into the posterior mesenchyme. 

Together, these alterations perturb the normal establishment of AP limb bud axes polarity.  

The observed shortening of the zeugopod in the Tbx3-deficient forelimbs can be explained by 

the underlying changes in the expression of genes controlling PD limb axis development. In 

addition, the TBX3 cistrome and transcriptome analysis revealed target genes that function in 

chondrocyte differentiation and/or skeletal development. One direct TBX3 target gene is 

Egln1, which negatively regulates chondrocytes differentiation and suppresses endochondral 

bone formation (Cheng et al., 2016). Egln1 is downregulated in Tbx3-deficient mouse 

forelimb buds, while the TBX3 direct transcriptional target Pknox2 is found upregulated. 

Previous studies showed that overexpression of Pknox2 in osteochondrogenic progenitors in 

the limb bud mesenchyme of transgenic mice results in malformations of the zeugopodal 

skeletal elements, while the autopod and stylopod skeleton were not affected (Zhou et al., 

2013). This implies that TBX3 might have an essential role in patterning of mesenchymal 

condensations that gives rise to zeugopod elements. In addition, the expression of Cyp26a1 



 109 

and Rarb, which function in the retinoic signaling pathway, are upregulated and expanded in 

the mesenchyme of Tbx3-deficient forelimb buds (see below).  

 

 

7.10 Evidence for altered retinoic acid pathway activity in Tbx3-deficient forelimb 

buds  

 

Balanced levels of retinoic acid signaling are critical to normal embryonic development 

(Morriss-Kay & Wardt, 1999). If mouse embryos are exposed to excess of RA during 

blastocyst and pre-gastrulation stages (E4.5–5.5), the caudal region of the developing 

embryos is severely altered, which results in symmetrical hindlimb buds and duplication of 

lower body axis elements while forelimbs are rarely affected (Liao & Collins, 2008; 

Niederreither et al., 1996). Thus, even long before limb bud formation, RA excess induces 

long-lasting gene expression changes that have dramatic effects during later development. 

Exposure of embryos to excess RA just prior to or during limb bud development results in 

severe teratogenic effect on limb skeletal development. The teratogenic effects caused by 

excess RA are also observed in human embryos (Sekiya et al., 2001; Weston et al., 2002, 

2000). The teratogenic effects of RA in mammalian embryos result in fusion, shortening or 

loss of long bones and loss of digits (Hunt, 1996; Kochhar, 1973). The precise level and 

severity of the phenotypic alterations can be correlated with developmental stage specific 

effects (Lee et al., 2005). Experimental but still controversial evidence suggests high levels of 

RA are required during induction of limb bud development and Shh expression; while distal 

limb bud outgrowth requires clearance of RA from the mesenchyme. Finally, RA signaling is 

required again for interdigital cell death during final shaping of digits (Maden, 2020). 

Previous studies of chicken and mouse limb bud development highlighted the role of RA in 

coordinated AP and PD limb bud axes outgrowth. It was proposed that AP and PD limb bud 

axes development are coordinately controlled SHH-mediated clearance of RA via an AER-

FGF-CYP26B1 loop that enables PD limb bud axis outgrowth (Probst et al., 2011). 

The levels of RA in the anterior and posterior halves of the limb buds are the same (Leonard 

et al., 1995), but the existence of an RA gradient was also implicated in PD axis patterning. 

Transplantation experiments of tissue adjacent to a RA source to different PD segments and 

transplantation RA-treated limb bud tissue into a quail limb bud, substantiated  the potential 

involvement of RA in PD outgrowth (Tamura et al., 1997). Meis1/2 are RA responsive genes 

involved in proximalization of the limb bud mesenchyme by a proximal high, distal low 
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Meis2 levels (N. Mercader et al., 2000; Oulad-Abdelghani et al., 1997). My analysis shows 

that TBX3 interacts with CRMs in the Meis2 locus, but its expression is not altered in Tbx3-

deficient limb buds at early stages (Supplementary Fig.48). RA is eliminated from the distal 

proliferating limb bud mesenchyme by the RA catabolizing enzyme CYP26b1(Mic et al., 

2004). In addition to promoting limb bud outgrowth by preventing apoptosis of the 

mesenchymal progenitors, CYP26b1 promotes chondrocyte maturation during progression of 

limb bud development. Genetic inactivation of Cyp26b1 leads to excess RA in the distal limb 

bud mesenchyme, which results in loss of digits and fusion of long bones (Yashiro et al., 

2004). My analysis shows that in Tbx3-deficient forelimb buds Cyp26b1 expression is 

upregulated  and expanded proximally, which will likely increase RA clearance and disrupt 

the postulated graded distribution of RA (N. Mercader et al., 2000; Oulad-Abdelghani et al., 

1997), which could explain the shortening of the zeugopod. Together, these results indicate 

the alterations of limb bud axes development observed in Tbx3-deficient forelimb buds are 

caused by both altering SHH pathway activity and RA clearance. 

Interestingly, the forelimb phenotypes of Tbx3-deficient mice resemble aspects of the human 

UMS forelimb phenotype; but a few striking differences are observed. In humans, the Tbx3 

haploinsufficiency most often leads to severe forelimb abnormalities, while no phenotypes 

are observed in Tbx3 heterozygous mice and Tbx3-deficient mice exhibit more severe 

hindlimb than forelimb phenotypes (Davenport et al., 2003; Frank et al., 2013). Furthermore, 

Tbx3 heterozygous mice exhibit only minor genital abnormalities, while humans display 

imperforate hymen and micropenis (Bamshad et al., 1999; Bamshadl et al., 1997). The 

interspecies disparity could arise from different TBX3 dose sensitivity as the same tissues 

may require different quantities of the functional protein for proper morphogenesis in humans 

and mice. It is known that different tissue-specific co-factors participate in the regulation of 

TBX3 functions (Klopocki et al., 2006). Moreover, human and mouse Tbx3 might have 

different species-specific functions in limb growth and patterning (Davenport et al., 2003).  

The discrepancy in severity between the mouse fore- and hindlimb phenotypes is harder to 

explain. In particular, Tbx3
∆/∆

 hindlimbs closely resemble the limb phenotype seen in Shh
∆/∆

 

and Hand2
∆/∆

 mice (Chiang et al. 2001; Kraus, Haenig, and Kispert 2001; Lewis et al. 2001, 

Galli et al., 2010), which implies that Tbx3 functions either upstream or within the SHH 

pathway in hindlimb buds, which phenocopies the Shh loss-of-function phenotype 

(Davenport et al., 2003). The difference between fore- and hindlimb buds might arise due to 

cis-regulatory differences between fore- and hindlimb buds . Osterwalder et al. 2014 showed 

that HAND2 chromatin complexes interact with Tbx3 CRM (-58 kb) that is only active fore-, 
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but not hindlimb buds. In addition, species-specific differences in Tbx3 expression were 

observed between chicken and mouse limb buds (Gibson-Brown et al., 1998). Finally, even 

as Tbx2 and Tbx3 are virtually expressed in identical patterns in early limb buds, it is possible 

that these paralogous genes have evolved a different balance of function in humans and mice 

(Davenport et al., 2003). 

 

7.11 The role of the cellular environment for mammalian limb bud development 

 

Even at the earliest stages of development, the extracellular matrix (ECM) is synthesized and 

secreted by embryonic cells. It is the major component of the cellular microenvironment, thus 

it is not surprising that the ECM influences cell behaviors like proliferation, adhesion and 

migration, differentiation, and apoptosis (Hynes, 2009). During limb bud development, the 

direct TBX3 transcription target Cd44, the hyaluronic acid receptor, is expressed by AER 

(Sherman et al., 1998). In the AER, CD44 binds FGF ligands and represent them to the 

underlying mesenchyme. The ECM in the limb bud mesenchyme can selectively bind growth 

factors to influence the signaling direction of the epithelial-mesenchymal crosstalk. It is 

known that during limb bud development, heparan sulfate selectively binds FGF10 derived 

from the mesenchyme but not FGF8 derived from the AER, which helps to direct FGF10 

signaling to the ectoderm (Norton et al., 2005). Moreover, the ECM proteoglycan versican is 

targeted by a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) 

enzymes, to generate functional fragments that induce cell death and promote regression of 

interdigital webbing during mouse limb bud development (McCulloch et al., 2009). Thus, the 

normal progression of limb bud development depends on specific ECM organization and 

regulation. 

Interestingly, GO analysis of the TBX3 direct transcriptional targets points to a positive role 

in extracellular matrix organization during early forelimb bud development. In particular, 

RNA-seq revealed expression changes in collagen group genes. Col9a1, a collagen important 

for cartilage formation is upregulated in Tbx3-deficient forelimb buds, which hints to a 

potential change in the onset of chondrogenesis. Previous studies have revealed indirect links 

between TBX3 and activation of Col1a2 expression in fibrosarcoma and chondrosarcoma. In 

these two types of sarcomas, COL1A2 mediates the pro- and anti-migratory effects of TBX3 

(Omar et al., 2019). It is well established that the early limb bud mesenchyme is rich in 

hyaluronic acid and collagen I (Lonai, 2003). Hyaluronic acid is synthesized by Has2 

(hyaluronic acid synthase 2), and mice deficient for Has2 show defective chondrocyte 
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condensation and maturation and abnormal joint formation (Matsumoto et al., 2009). Another 

subfamily member, Tbx2 was shown to upregulate the Has2 during AVC cardiac jelly and 

subsequent cardiac cushion formation (Shirai et al., 2009). Dynamic erosion and replacement 

of the ECM is essential for proper bone development, which assures that specific ECM 

components are deposited and removed in a spatio-temporally controlled manner (Lu et al., 

2011). Two families of metalloproteinases, including matrix metalloproteinase (MMP) and 

ADAMTS plays a role in ECM remodeling. Adamts9 is a direct transcriptional target of 

TBX3 in mouse forelimb buds (my study) and is known to function in controlling organ 

shape during development and inhibiting angiogenesis (Clark et al., 2000), while the MMPs 

control the columnar organization of hypertrophic chondrocytes. Mice lacking MMP-9, -13, 

or -14 show disorganized columnar chondrocytes, which increases the hypertrophic 

chondrocyte pool (Page-McCaw et al., 2007). TBX3 interacts with a candidate CRM in the 

Mmp-14 cis-regulatory landscape and Mmp-17 is upregulated in Tbx3-deficient forelimb 

buds. Therefore, it is possible that TBX3 plays a role in regulating tissue architecture by 

regulating the expression of genes involved in ECM production and remodeling.  

TBX3 might be required for cartilage formation as it is highly expressed in the pre-condensed 

mesenchyme giving rise to the primordia of tibia and fibula in mouse (Cameron et al., 2009). 

The primordia of the mouse limb skeletal elements form relatively early during limb 

development. The pre-cartilaginous SOX9-positive mesenchymal condensation of the 

proximal limb skeletal elements already detectable by E10.5 in forelimb buds (Zhao et al., 

1997). During condensation, centrally located cells commit to a chondrogenic fate to form 

cartilage, whereas the peripheral cells will form the perichondrium (Shimizu et al., 2007). 

Furthermore, normal progression of chondrogenesis is controlled by Hif-1α and Vegfα are 

regulated by TBX3 in early mouse forelimb buds (my study). Under normal physiological 

conditions, there is a gradient of oxygenation in the cartilaginous growth plate that correlates 

with Hypoxia-inducible factor 1-alpha (Hif-1α) expression in chondrocytes. HIF-1α activity 

is an essential modulator of hypoxic cell survival in this avascular tissue, and it has important 

implications for the survival of tissues even transiently lacking a functional vasculature. 

Furthermore, HIF-1α was implicated in chondrocyte proliferation modulation, differentiation, 

and growth arrest (Schipani et al., 2001). Under hypoxia, the HIF-1α protein is stabilized, 

translocated to the nucleus, and heterodimerizes with HIF-1ß. Then HIF-1α and HIF-1ß 

complex bind to hypoxia response elements (HREs) located in gene promoters to 

subsequently regulate transcription of vascular endothelial growth factor (VEGF), 

erythropoietin, iNOS, and glycolytic enzymes that enhance cellular adaptation to hypoxia 
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(Hwang et al., 2008; Sharp & Bernaudin, 2004). Overall, the physiological role of HIF-1α in 

cellular adaptation to hypoxia points to the essential role of the micro-physiological 

environment in mammalian development (Schipani et al., 2001). Indeed, further studies 

within vitro cultivated mesenchymal stromal or bone marrow cells subjected to hypoxia 

induced VEGF expression, but limited cell proliferation (Nguyen et al., 2020) and caused 

down-regulation of several osteoblastic markers (Runx2, osteocalcin, and osteopontin). This 

analysis suggested that exposure to hypoxia may affect the bone-forming potential of 

progenitor cells (Potier et al., 2007). Taken together, it is tempting to speculate that TBX3 

impacts zeugopod skeletal development by regulating genes modulating the ECM, the 

hypoxic microenvironment and promoting progenitor cell proliferation, while perturbations 

in Tbx3 expression results in premature differentiation during the early chondrogenic stages 

in mouse forelimb buds. 
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8 Conclusion and outlook 
 

The major question of this project was to analyze TBX3 unique and mutually with HAND2 

controlled GRNs that helps to establish early mouse limb bud mesenchyme axis polarity. 

Different genome-wide approaches (ChIP-seq, ATAC-seq and RNA-seq) in combination 

with spatial insights from the WISH analysis helped to elucidate GRNs controlled by the 

TBX3 and HAND2 during early limb bud development in the unbiased way. The analysis 

uncovered that the vast majority of genes that participate in the early limb bud AP 

polarization are actually controlled in collaboration by TBX3 and HAND2. Furthermore, 

these two developmental TF even were found to bind to the same CRMs e.g., Gli3 anterior 

expression controlling CRM (mm1179) is bound by TBX3 and HAND2 containing 

chromatin complexes. Besides this, both TBX3 and HAND2 potentially could also influence 

other embryonic tissues transcriptional regulation in addition to limbs. In fact, a novel Tbx2 

genomic locus encompassed enhancer (mm1210) was found to be bound by TBX3 and 

HAND2 chromatin complexes. It seems that these TF could participate in the control of Tbx2 

expression in heart, optic lobe and diencephalon development. 

Also, a few new TBX3 unique direct transcriptional target genes were identified in the 

forelimb bud mesenchyme. The osteochondrogenesis controlling genes Egln1 and Pknox2 

were identified as direct targets of TBX3. Furthermore, the retinoic signaling pathway 

players Cyp26a1 and Rarb were found to be upregulated and their expressions domains were 

expanded in Tbx3-deficient FLBs. Thus, RA clearance could influence Tbx3-deficient FLBs 

zeugopod PD truncation.  

Thus, data presented in this project constitute the first identification of the TBX3 direct 

transcriptional targets during limb bud development. Also, it highlights the value of the 

endogenously epitope-tagged transcription factors as tools in embryonic development 

controlling gene regulatory networks elucidation.  

The mouse line expressing the TBX3
3xFLAG

 allele was successfully used in the early forelimb 

buds cistrome analysis by the ChIP-seq. Thus, this allele could serve as a new tool in the 

future studies to identify the direct targets of TBX3 chromatin complexes in other embryonic 

tissues expressing TBX3, like mammary glands and embryonic heart.  

Furthermore, as TBX3 and HAND2 cistrome analysis revealed these TF binding to the same 

CRMs, this strongly implied that these TFs might make heterodimers and/or be involved in 

complexes with other proteins controlling chromatin accessibility. Thus, proteomic analysis 

and ChIP-re-ChIP approach could provide highly value insight not only in TBX3 and 
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HAND2 chromatin complexes formation, but also elucidate its direct and indirect binding to 

the target genes loci. 

Furthermore, just recently the hosting group received the conditional TBX3 mouse line. 

Conditional TBX3 inactivation in the posterior and/or anterior limb bud mesenchyme 

domains at certain developmental timepoints might provide insights into anteriorly expressed 

TBX3 functional role and elucidate its controlled GRNs. 

Furthermore, this project provided a glimpse into TBX3 role in RA signaling during limb 

development. Thus, it would be interesting, to further evaluate TBX3 and RA regulatory 

relationship and elucidate RA dosing influence on the limb phenotypes. 

Finally, it would be interesting to ablate TBX3 bound CRMs in the AP polarity controlling 

gene regulatory landscapes and subsequently evaluate these CRMs role in AP boundary 

maintenance and phenotypic manifestation. 

Thus, it is crucial to understand how GRNs interact to orchestrate the morphogenesis of limbs 

as it could provide new insights into developmental processes, genetic diseases and 

regenerative medicine of skeletal tissues (Hojo, Chung, and Ohba, 2017), improve methods 

for bone repair and facilitate tissue engineering of skeletal tissues (Ekblom et al., 2014). 
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9 Material and methods 
9.1 Mouse husbandry and experiments with mouse embryos 

9.1.1 Ethics statement 

 

All the experiments with mice and mouse embryos were performed with strict adherence to 

the Swiss law, 3R principles, and Basel Declaration. Animal experimentation was performed 

only by licensed researchers holding LTK module 1 certificate and following the continued 

education requirements. All the animal research conducted for this dissertation was classified 

as grade 0, implying no suffering. 

 

9.1.2 Mouse strains and genotyping 

 

Mouse strains used in experiments described in this thesis/dissertation were: Tbx3
dVenus 

(Kunasegaran et al., 2014), Hand2
3xF 

(Osterwalder et al., 2014) and Hand2
∆
 (Galli et al., 

2010). Aforementioned alleles were maintained in NMRI/Swiss Albino background. The 

Hand2
floxed 

allele (Galli et al., 2010) was maintained in a 129SvJ/C57BL/6J/Swiss Albino 

mixed background. Hand2 in the forelimb mesenchyme was inactivated with Prx1-Cre 

transgene (Logan et al., 2002). Prx1-Cre line was maintained in a C57BL/6 background. 

Hoxb6-Cre transgene (Lowe, Yamada, & Kuehn, 2000) was used to inactivate Hand2 in the 

hindlimb mesenchyme. Hoxb6-Cre line was maintained in a mixed C57BL/6/NMRI/Swiss 

Albino background. Tbx3
3xF

 chimeric mice were developed by fusing Tbx3
3xF

 positive G4 ES 

cell clones with blastocysts obtained from Swiss Albino donors (done by Aline Baur). Male 

chimeras with ~60-100% agouti coat color were crossed with Swiss Albino females to obtain 

germline transmission. Mice carrying Tbx3
3xF 

allele were viable and maintained expected 

Mendelian ratios, and the line was maintained in Swiss Albino background. 

Mice and embryo genotyping was based on the DNA extracted using isopropanol/ethanol 

precipitation from newborn mice toes, extra-embryonic membranes or a piece of the 

embryo’s head was used as a biopsy to extract DNA. Genotypes were determined by agarose 

gel electrophoresis following PCR amplification for relevant alleles using primers listed in 

the table 9.8.1. 

 

9.1.3 Digoxigenin-labelled antisense riboprobe generation 

 

Mouse antisense riboprobes containing digoxigenin-labelled uracil (dig-UTP) were generated 

by in vitro transcription form the plasmids carrying the complementary DNA (cDNA) of 

interest. 20 µg of plasmid DNA (plDNA) was linearized to create 5’ overhangs using 

appropriate restriction enzyme in 50 µl reaction volume. List of WISH cloning probes is 
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given in 9.8.2. Digestion was carried out overnight (ON) and linearization of the plasmid was 

verified on 1.5% agarose gel. Linearized plDNA was diluted up to 200 µl with H2O. 

Subsequently specimen was transferred to a phase lock gel tube (Quantabio, 2302830). Once 

200 µl phenol-chloroform (77617-500ML, Sigma) was added to the specimen, tubes were 

vigorously mixed and centrifuged for 5 min at 13000 rpm (16.2 g). The upper phase was then 

transferred to a new tube and DNA precipitated using 400 µl of 100% EtOH and 20 µl of 3M 

sodium acetate. Samples were incubated for 5 min at RT and centrifuged for 30 min at 13000 

rpm. The supernatant was then discarded and the pellet was washed with 500 µl of 70% 

EtOH. Subsequent to the sample centrifugation, the supernatant was discarded and the pellet 

dissolved in 100 µl TE buffer (10 mM Tris-HCl,1 mM EDTA in H2O). Riboprobe antisense 

transcription from PCR-derived template was conducted using appropriate T3, T7 or SP6 

RNA polymerase with nucleotide mixture with dig-UTP (Roche, 11277073910). 20 µl 

synthesis reaction mixture containing 10x dig-UTP RNA labelling mixture and its 

10xTranscription buffer, 10 M DTT (AppliChem, A1101.0025), 1 µg linearized plDNA, 20 

U protector RNAse inhibitor (15103100, Roche), 20 U RNA polymerase and H2O. Reaction 

mixture was incubated at 37˚C for 2 h. To have pure RNA without DNA contamination, 

Turbo DNase (AM2238, Invitrogen) and its buffer were added, the samples were incubated at 

37˚C for 15 min. The dig-UTP labeled riboprobes were then purified using manufacturer’s 

protocol for mini Quick Spin RNA columns (11814427001, Roche), or by precipitation with 

EtOH and linear polyacrylamide. In case of the latter, 100 µl TE, 3 µl of 0.5% linear 

polyacrylamide, 10 µl 5 M LiCl and 300 µl 100% EtOH were added to the samples, and the 

mixture was incubated at -20˚C for 30 min. The tubes were then centrifuged for 15 min at 

12000 rpm at 4˚C. Once the supernatant was removed, 100 µl TE, 10 µl 5 M LiCl and 300 µl 

100% EtOH were added to the samples, which then were incubated at -20˚C for 30 min, and 

later centrifuged for 15 min at 12000 rpm at 4˚C. Subsequent to the removal of the 

supernatant, the pellet was washed with 500 µl 70% EtOH.  The samples were then 

centrifuged for 15 min at 12000 rpm at 4˚C, riboprobe pellet was air dried, and probe was 

diluted in 100 µl TE. Before using antisense riboprobes for whole-mount in situ hybridization 

(WISH) (Chapter 9.1.4) they were heated at 85°C for 5 min and diluted in prehybridization 

buffer at 70°C. The probes in prehybridization buffer were stored at -20°C and re-used up to 

3 times. 

 

9.1.4 Whole-mount in situ hybridization (WISH) 
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Mouse embryos were isolated in the ice-cold PBS and transferred into a 2 ml tube to be fixed 

overnight in 4% paraformaldehyde (PFA) in PBS at 4°C. The following day the embryos 

were rinsed twice in PBT (PBS, 0.1% Tween (937373, Sigma)), and subsequently dehydrated 

by immersing them for 5 min in a graded series of 25%, 50%, 75% MetOH/PBT and twice in 

100% MetOH. The dehydrated embryos were then stored at -20°C in 100% MetOH. The 

embryos were rehydrated by immersing them in a reverse gradient series of 75%, 50%, 25% 

MetOH/PBT for 5 min and washed twice in PBT for WISH. They were then bleached in 6% 

H2O2 (141077.1211, AppliChem) in PBT for 15 min, washed 3x5 min in PBT, and treated 

with 10 μg/ml proteinase K in PBT for 15 min (samples for AER probes were treated with 5 

μg/ml proteinase K for 5min). To stop proteinase K activity, the embryos were washed with 

freshly prepared 2 mg/ml glycine in PBT for 5 min. After two 5 min washes in PBT, they 

were re-fixed in a freshly made 0.2% glutaraldehyde, 0.1% Tween-20 and 4% PFA in PBS 

for 20 min, and washed as previously twice in PBT. The embryos were then equilibrated in 2 

ml of pre-warmed prehybridization buffer (50% deionized formamide (A2156, AppliChem), 

5xSSC pH 4.5, 2% BCL blocking powder (1096176, Boehringer Ingelheim), 0.1% Tween-

20, 0.5% CHAPS (C5070, Sigma), 50 μg/ml yeast RNA (R-8759, Sigma), 5 mM EDTA and 

50 μg/ml heparin (H5515, Sigma), and H2O) at 70°C for at least 1 h on a rotating wheel. 

After prehybridization buffer was then replaced by 1 ml of pre-warmed prehybridization 

buffer containing 10 μl/ml of digoxigenin-labelled RNA riboprobe (see chapter 9.1.3), and 

the embryos were incubated overnight at 70°C on a rotating wheel. The following day, the 

RNA riboprobe containing prehybridization buffer was recovered, and replaced by pre-

warmed prehybridization buffer to wash once for 5 min. The embryos were then washed once 

for 5 min at 70°C in a series of 75%, 50% and 25% prehybridization buffer in 2xSSC (0.3M 

NaCl, 0.03M sodium citrate pH 4.5), and twice for 30 min in 2xSSC, 0.1% CHAPS at 70°C 

on a rotating wheel. The unbound riboprobe was removed by treating embryos with 20 μg/ml 

RNase A (10109169001, Roche) in 2xSSC, 0.1% CHAPS for 45 min at 37°C. This was 

followed by two 10 min washes with maleic acid buffer (100 mM maleic acid disodium salt 

hydrate, 150 mM NaCl, pH 7.5) at RT. Two additional 30 min washes were then conducted 

at 70°C on a rotating wheel. Subsequently embryos were washed twice in PBS for 10 min 

and once in PBT for 5min at RT. The embryos were then blocked in 10% lamb serum 

(16070096, Life Technologies), 1% BSA (A2153-100G, Sigma) in PBT for 2-3 h or more, at 

RT. After the blocking solution was replaced with the fresh blocking solution containing anti-

digoxigenin-AP (11093274910, Roche) AB diluted to 1:2000 and embryos were incubated 

overnight at 4°C on a rocking platform shaker. The next day the embryos were washed 5x45 
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min in PBT containing 0.1% BSA, followed by two 30 min washes in PBT. The embryos 

were then equilibrated 3x10 min in NTMT (100 mM NaCl, 100 mM Tris-HCl pH 9.5, 50 

mM MgCl2, 1% Tween-20) and transferred into BM purple Alkaline Phosphatase substrate 

(11 442 074 001, Roche) (1 ml/sample) at RT. The samples were developed at RT in a dark 

chamber on a rocking platform and checked roughly every 30 min until the appropriate 

probe-specific signal intensity was reached. The development of the signal was stopped by 

washing stained embryos 3x5 min in PBT. The pictures were taken using a Leica MZ FLII 

stereomicroscope with accompanying the Leica Application Suite V3 software, and NIKON 

DS-Ri2 microscope and NIS-Elements BR5.11.00 software. The embryos were stored in 

0.05% sodium azide (8.22335.0100, Sigma) in PBS at 4°C. 

 

9.1.5 Lysotracker 

 

The embryos for lysotracker staining (Molecular Probes, L-7528, red) were dissected in a 

Hanks buffer (HBSS, without phenol red, but with Mg
+2

/Ca
+2

,
 
Gibco, 14175-053) pre-

warmed to 37ºC. The dissected embryos were immediately transferred to a tube with pre-

warmed 37ºC HBSS, and a 5 µl/ml of lysotracker reagent was immediately added. The tube 

was then inverted a few times and incubated for 45 min at 37ºC inverting the tube 4-6 times 

during incubation. Once the embryos were rinsed 4-5 times with HBSS for a total of 45 -60 

min, they were fixed in 4% PFA in PBS ON at 4ºC. The following day, the embryos were 

rinsed once in PBS and dehydrated in MetOH/PBS 25%, 50%, 75%, 100% series. Methanol 

was then replaced with 50% MetOH/50% BB/BA (Benzyl Benzoate/Benzyl Alcohol 2:1) and 

the samples were incubated for 30 min RT. Afterwards the solution was replaced with 100% 

BB/BA and incubated until the embryos sank. Imaging was done in BB/BA. Pictures were 

taken using a Leica MZ FLII stereomicroscope with accompanying the Leica Application 

Suite V3 software. 

 

9.1.6 Superovulation of females for oocyte collection  

 

On day 0, young female NMRI mice were injected with 5 IU PMSG (Pregnyl, Organon) 

intraperitoneally using 25G needle. On day 2, 46-48 h after first injection, the mice were 

injected with 5 IU hCG (Folligon, Intervet) and mating were set using NMRI males. 

 

9.1.7 Pseudo-pregnant females priming for embryos implanting  

 

On day 1, dirty bedding from an NMRI male was added to the cages of NMRI females. 

Matings between these stimulated females and vasectomized males were set on day 3. 
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Embryo collection for aggregations, ES cells and embryos aggregation, preparations for 

transfer, and embryos transfer itself was performed by Aline Baur. 

 

9.2 Generation of the transgenic mouse line using CRISPR/Cas9 genome editing 

9.2.1 Genetic engineering of the single guide RNA (sgRNA) guides and repair 

templates constructs 

 

The endogenous Tbx3 tagging by 3xFLAG was conducted using CRISPR/Cas9 genome 

editing technology. The design of the CRISPR/Cas9 strategy and the targeting of ES cells 

was designed together witch Javier Lopez-Rios and Aimee Zuniga. There were two 

conditions of TBX3 tagging: in one condition the 3xFLAG was inserted to N-terminus and in 

the other to C-terminus. The potential protospacer adjacent motif (PAM) sequences were 

identified following the guide(s) on http://crispr.mit.edu/. Single guide RNA (sgRNA) were 

selected based on the best overall fit to the following criteria: 1) highest guide score; 2) 

mismatched score as low as possible and as far away from PAM sequence itself; 3) close 

proximity to the cutting site (min -3nt upstream PAM sequence to max -20nt); and 4) no 

more than 3 mismatches in sgRNA. Once the sgRNA sequence was selected, the primers for 

sgRNA were designed, and the 5’CACCG overhang was added. The sgRNA were then 

cloned into p459.V2.0 vector. Next, insert containing recombinant colonies were verified by 

sequencing, and then plDNA was linearized and purified before transfection (see chapter 

9.4.1). Homologous arms for a repair template were then designed. A single stranded 

ultramer DNA oligo (ssODN) acquired from Integrated DNA Technologies, Inc. was used as 

a repair template. The homologous arms were designed with the maximum length of 200 bp 

containing 3xFLAG sequence optimized for codon usage and codon pair usage corrections. 

The PAM sequence was eliminated during ssODN development to avoid repeated cutting as 

it could lead to mistakes in repair and no desired product. In case of PAM elimination in the 

coding region, the same amino acid (a.a) was acquired by changing the codon, whereas in a 

non-coding region the sequence conservation between species was verified with blastx. Only 

when a particular part of the sequence was not conserved was the sequence change 

introduced into homologous arms. For N-terminus tagging TBX3 tagging was performed by 

using optimized 3xFLAG sequence, inducing a.a codon changes in ssODN sequence to 

eliminate PAM sequence, and including valine and aspartic a.a as a linker. In C-terminus 

tagging of TBX3, valine and aspartic a.a. were used as linker, and a stop codon was placed 

immediately after 3xFLAG sequence. sgRNA primers and ssODN sequences can be found in 

table 9.8.3. 
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9.3 Mammalian cell culture 

9.3.1 Feeder cells culture 

 

Primary Mouse Embryonic Fibroblasts (EMFIs) were used as feeder cells for Embryonic 

Stem 
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Figure 36. Scheme representing ssODNs design used to insert the 3xFLAG tag sequence into 5’ and 3’ of Tbx3 locus. Precise 200nt 

ssODN sequences are given bellow the scheme, color code representing ssODN design and modifications of the sequence are given below.  

 
GCAGAGTATCCAGCGGCTGGTCAGTGGCTTGGAAGCCAAGCCAGACAGGTCTTGCAGCGGATCCCCTGGCGCCGTGGACTATAA

GGACCACGACGGCGATTATAAAGATCACGACATCGACTATAAGGACGATGACGATAAGTAAAAACAAGAAAAACAAAATCGCC

CCCTCCCCCAAGGTCTCTCCATTCCAGTTTGGT 

 

 
TATTTTTGAAAAGCAACAACAAAAGCGGAGCCAAGCCAGCAGCTGCGGACTGGTTCCCCGCCATGGACTATAAGGACCACGACG

GCGATTATAAAGATCACGACATCGACTATAAGGACGATGACGATAAGGTTGACATGAGCCTCTCCATGAGAGATCCGGTTATCC

CTGGGACAAGCATGGCCTATCATC 

 

5’ flanking sequence Killed PAM 3xFLAG 3’ flanking sequence 

sgRNA AV linker STOP  
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Cells (ESCs) and grown at 37°C in 5% CO2. EMFIs were cultivated in EMFI medium 

consisting of DMEM containing 4.5 g/l glucose (41966029, Gibco), 10% FCS (P30.3302, 

PanBiotech), 0.1 mg/ml penicillin/streptomycin (P-0781, Sigma) and 2 mM L-glutamine (G-

7513, Sigma). Frozen EMFIs were thawed in 37°C water bath and the cells were then washed 

by diluting them in 10 ml of EMFI medium. Once the cells were centrifuged at 1200 rpm for 

5 min, the medium was removed and the EMFIs were re-suspended in 3 ml of pre-warmed 

EMFI medium. The cells were then equally split into 3 or 4 10 cm culture dishes depending 

on the EMFI density of the particular batch. EMFI medium was changed every two days until 

the cells reached confluency. The cells were then split into another round of 3 to 4 cell 

culture plates (for a maximum of two passages) or treated with mitomycin C to stop cell 

division. The cells were first rinsed with desalinated PBS (DPBS) (Gibco, 14190-144) and 

incubated in 3 ml of pre-warmed 0.05% trypsin for 5 min at 37°C in order to split them. Cell 

clumps were re-suspended into single cells by pipetting, collected in 7 ml of EMFI medium, 

and spun for 5 min at 1200 rpm. The cell pellet was re-suspended in a small volume, diluted, 

and seeded at 1:3-1:4 in 10 cm dishes. To stop cell division and avoid EMFIs overgrowing 

ESCs, 10 μg/ml of mitomycin C was used in EMFI medium. Treated EMFIs’ plates were 

incubated at 37°C with 5% CO2 for 2 h, washed 3x with DPBS, and fresh EMFI medium 

without mitomycin C was added to continue EMFIs cultivation. Growth-arrested EMFIs were 

kept in the cell culture for a maximum of one week and the cell medium was changed every 

two days. 

 

9.3.2 Embryonic Stem (ES) cell culture  

 

ES cells were cultivated in two manners. ES cells were grown at 37°C with 5% CO2 on a 

layer of growth arrested EMFIs. They were cultivated in ES cell medium containing: DMEM 

with 4.5 g/l glucose, supplemented with 15% FBS, 0.1 mg/ml penicillin/streptomycin, 2 mM 

L-Glutamine, 1 mM β-Mercaptoethanol (31350-010, Gibco), 1x non-essential amino acids 

(11140-035, Gibco), 1 mM sodium pyruvate (11360-39, Gibco), and 10
3
 units/ml of LIF 

(13275-029, Gibco). ESC medium was changed every day at the same time and the ES cells 

were split every other day using 0.05% trypsin as described in chapter 9.3.1 (ES cell pellet 

was re-suspended in ES cell medium and split into 1:3-1:6 on growth arrested EMFIs). 

Alternatively, ES cells were grown on the gelatin coated plates. Sterile 0.1% gelatin in H2O 

was added to the plates, incubated for a few minutes, then removed and dried at RT for 10 

min before use. Gelatin coating instead of EMFIs was used for IF, karyotyping experiments, 

and for short incubations before ES cell aggregations with blastocysts to deprive the EMFI 
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population. To preserve ESCs they were flash frozen. Trypsinized ES cell pellets were re-

suspended to 3.3x10
6 

cells/ml in ice-cold filtered freezing medium (50% ES cells medium, 

40% FCS, 10% DMSO (Sigma)). 5-6 2 ml cryovials precooled on ice were filled with 1.5 ml 

of ES cells recovered from a 10 cm culture dish. Cryovials were transferred to -80°C ON in a 

Styrofoam box and then transferred to liquid nitrogen the next day. 

 

9.3.3 ES cell transfection and positive clone selection 

 

For transfection, 300 000 G4 ES cells were plated on a 6-well dish coated with EMFIs and 

cultivated in ES cell medium. The following day, the medium was changed to 1.75 ml of ES 

cell medium without penicillin/streptomycin per well. In the evening the cells were 

transfected using FuGENE (E2311, Promega) transfection reagent. 5 μg of plasmid 

p459.V2.0 and 4 µg of ssODN were diluted in 125 μL OptiMEM. 25 μl of FuGENE 

transfection reagent was mixed with 100 μl of OptiMEM. 125 μL of DNA-mixture was then 

combined with 125 μl of diluted FuGENE transfection reagent and the mixture was incubated 

for 15 min at RT. Finally, 250 μl of this mixture was added dropwise per well. After 12 h of 

incubation the transfection was discontinued by changing the medium to a regular ESC 

medium and 24 h later the cells were split into new 6 cm dishes (1:3) containing DR4 

resistant feeders. The transfected cells were enriched using puromycin selection (2 μg/ml in 

ESCs medium for 48 h, and the selection medium was replaced by regular ES cell medium. 

The surviving ES cell clones were grown for 4 to 6 days and picked. Isolated clones were 

expanded for storage by freezing and for a following screening. PCR screening was 

conducted to identify positive clones, which were then sequenced. The positive ES cells 

clones with in frame insert and an acceptable karyotype were aggregated to E2.5 WT Swiss 

Albino blastocysts to generate transgenic mice.  

 

9.3.4 ES cells preparation for aggregation 

 

ES cells were grown on a 6 cm dish to reach confluency before use for aggregation on day 5. 

The cells were then trypsinized and gently dissociated by tapping the plate or pipetting up 

and down in ES medium to obtain 5 to 15 cell clumps. The dissociated cells were then pre-

plated for 30 min at 37°C with 5% CO2 on gelatin plates to deplete the amount of EMFIs. 

ESCs media containing enriched fraction of ES cells were centrifuged for 5 min at 1200 rpm. 

The cells were then re-suspended to 1.5x10
6 

cells/ml in aggregation medium (18 ml DMEM 

containing 4.5 g/l glucose, 66 mg Ca-lactate, and 4% FCS). 50 μL ES cell drops were made 
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on a 10 cm dish covered by mineral oil and incubated for 10 min at 37°C with 5% CO2 

before aggregation. 

 

9.4 Molecular Biology  

9.4.1 General cloning procedures 

 

Vectors were digested with appropriate restriction enzymes (Roche or NEB) following the 

procedures recommended by manufacturers. The digested vectors or vectors with inserts 

were purified using phenol-chloroform purification with phase lock gel tube, or recovered 

from agarose gels and purified using QIAquick Gel Extraction Kit (28704, Qiagen). The 

inserts of interest generated by PCR were cleaned using PCR purification kit (28104, 

Qiagen), or recovered from agarose gels and purified using QIAquick Gel Extraction Kit. 

pGEM
®
-T Easy vector system (Promega, A1360) was used to clone PCR products of interest 

synthesized from a cDNA template obtained from the relevant stage of an embryo. Vector 

and PCR product were left at RT for 1 hr for ligation at room temperature (RT) or ON at 4˚C. 

The ligation product was dialyzed for 30 min using MF
TM

 nitrocellulose membrane filters 

(VSWP02500, Millipore). The plasmids were then electroporated into DH5 

electrocompetent bacteria in gene pulser 0.2 cm cuvettes (1652086, Biorad) using a 

MicroPulser
TM

 (Biorad). In case it was necessary to transform the vector for plDNA 

amplification again, chemically-competent DH5 bacteria were used. First, thawed cells 

were incubated on ice with the vector of interest and the transformation was then carried out 

by a short heat shock at 42˚C for 45s. This was followed by 5 min incubation on ice and 1 h 

recovery with 1 ml of NZY broth before plating. The transformed bacteria were plated on LB 

agar plates containing the ampicillin to select positive clones. Orientation of the insert was 

verified using restriction digest or by performing colony PCR. The sequence of all inserts 

was verified by sequencing (Microsynth). plDNA was amplified by growing bacteria in 

liquid cultures and purified by alkaline lysis using the Plasmid Mini Kit (12125, Qiagen), the 

Plasmid Midi Kit (12143, Qiagen), or the NucleoBond® Xtra Midi kit (740410, Machery 

Nagel).  

 

9.4.2 RNA extraction from embryonic tissues for the cDNA synthesis 

 

Mouse embryonic tissues were first dissected in an ice-cold PBS and pooled in tubes. The 

maximum amount of PBS was then removed and the samples were incubated with 100 μl of 

RNA later® (R0901, Sigma) ON at 4°C. Before further processing, the samples were stored 

at -20°C. The embryonic tissue or the whole embryo was then shredded as described further 
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in chapter  9.5.1, and the total RNA was extracted following the RNeasy Micro Kit (74104, 

Qiagen) protocol. RNA concentration was measured using Nanodrop 2000 C (Thermo 

Scientific) and RNA samples were stored at -20°C before synthesis. For cDNA synthesis 10 

pg - 5 μg of RNA was mixed with 1 µl (500ng) oligo (dT)12-18 (27785801W307857, 

Amersham), 1 μl dNTP mix (10 mM) and H2O resulting in a total volume of 13 μl. The 

mixture was heated to 65°C for 5 min and subsequently incubated on ice for 1 min. 

Following a quick spin down of the tubes, 1 µl (200U/μl) of Superscript
TM

 III RT (18080044, 

Thermo Fisher Scientific) and 4 µl of 5x its first strand buffer, 1 μl 0.1M DTT and 1 µl 

(40U/μl) RNaseOUT
TM

 (10777019, Thermo Fisher Scientific) were added in a total volume 

of 20 µl, and the mixture was incubated at 50°C. 1 h later, the samples were heated up to 

70°C for 15 min to stop cDNA synthesis reaction. cDNAs was then stored at -20°C and used 

to generate templates for the whole mount in situ hybridization. 

 

9.4.3 Quantitative PCR (qPCR) and ChIP-qPCR 

 

Quantitative PCR (qPCR) was used to determine transgene Cre copy numbers from genomic 

DNA template. A Bio-Rad CFX96 Real-Time PCR System in combination with the iQ™ 

SYBR
®
 Green Supermix (Bio-Rad, 170-8882) was used to perform qPCR. qPCR reaction 

was conducted in a 20 μl reaction volume containing 0.3 μM of forward and reverse primer 

diluted in EB buffer (10mM Tris-HCl pH 8.5), 50% of SYBR
®
 Green Supermix, and 20 ng 

of genomic DNA template diluted in H2O. A Dopamine Beta-Hydroxylase (DBH) genomic 

region amplifying primer was used as a normalizer. Relative quantification cycle (Cq) values 

of the transgene were normalized to DBH Cq values. Technical triplicates were used for the 

analysis. qPCR primer sequences are given in a table 9.8.6.  

To determine the enrichment of TBX3 chromatin complexes at the genomic regions of 

interest (ROI) after chromatin immunoprecipitation (ChIP), technical triplicates of ChIP and 

input samples were analyzed using qPCR ChIP-qPCR primer sequences are given in a table 

0. QuantStudio 6 Flex (Applied Biosystems by Thermo Fisher Scientific) system was used to 

run the qPCR. The qPCR reaction was performed in 10 or 20 μL reaction containing 0.3 μM 

of forward and reverse primer diluted in EB buffer, 2x PowerUp™ SYBR™ Green Master 

Mix (A25743, Thermo Fisher Scientific) and decrosslinked precipitated or input DNA. 

Primers amplifying the unlinked amplicon in the β-actin locus (Galli et al., 2010) or PPIA 

were used as the normalizing control region (NCR). Hand2 chromatin complex enrichment in 

ROI analysis was conducted using Bio-Rad CFX96 Real-Time PCR System and PCR 

conditions described previously.  



 127 

qPCR results were analyzed using Thermo Fisher Connect
TM

 software. Calculations of fold-

change enrichment between input and ChIP samples are based on the formula provided 

below: 

(CqROIChIP) - (CqROIInput) = ΔCqROI 

(CqNCRChIP) – (CqNCRInput) = ΔCqNCR  

Fold enrichment = 2
-(ΔCqROI-ΔCqNCR) 

To avoid artefact biases of fold enrichment, a Cq above 32 was considered as a background 

threshold value. ((ChIP-qPCR results are displayed as mean ± and are based on analyzing 3 

technical replicates.))  

 

9.4.4 Western Blot analysis 

 

The embryos and embryonic tissues were dissected in ice-cold PBS and transferred with a 

small amount of PBS into collection tubes stored on ice. The samples were then briefly spun 

down, and once excess PBS was removed, they were immediately snap-frozen in liquid 

nitrogen to be stored at -80°C. Embryonic tissues were lysed with 100 µl of RIPA buffer (50 

mM Tris HCl pH 8.0, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 1 mM EDTA, 

1 µg/µl of mini protease inhibitor cocktail (11873580001, Roche), 1 mM PMSF (P7626-1G, 

Sigma-Aldrich), 1 mM activated Na3VO4, 1 mM NaF and H2O) that was added to frozen 

pellets on ice. Lysis was achieved by gently pipetting the samples up and down until tissues 

dissolved completely and then the tubes were incubated on ice. 15 min later, the lysate was 

centrifuged for 15 min at 13000 rpm at 4°C and the supernatant was transferred into new 

tubes. Protein concentration was determined using BCA (bicinchoninic acid) protein assay 

(23250, Pierce) kit. For SDS-PAGE proteins were diluted to 10 µg per sample. The required 

amount of protein extract was added to new tubes and mixed with SDS sample buffer (25% 

0.5M Tris pH6.8, 2% SDS, 0.0025% Bromophenol blue, 20% glycerol, freshly added 5% -

Mercaptoethanol) to a resulting 20% of the total sample volume. The protein extracts were 

first denatured by heating them at 95°C for 5 min in a heating block and then cooled on ice 

for 3 min. The samples were centrifuged at 4°C for 10 min 13000 rpm, mixed by pipetting up 

and down, and loaded on the SDS-PAGE gel. The proteins were then separated on a two-

layered SDS polyacrylamide gel consisting of stacking gel (30% acrylamide (161-0156, Bio-

Rad), 0.5 M Tris pH6.8, 10% SDS, 10% APS, 0,1% TEMED, H20) and 10% resolving gel 

(30% acrylamide, 1.5 M Tris pH8.8, 10% SDS, 10% APS, 0,1% TEMED, H20) in a freshly 

prepared running buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS).  
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The samples were blotted on a hydrophobic PVDF Immobilon-P transfer membrane 

(IPV00010, Millipore). The membrane was activated by immersing it into 100% MeOH for 1 

min and equilibrated in transfer buffer (25 mM Tris-base, 192 mM glycine, 20% MeOH) for 

10 min. Wet transfer was conducted at 4°C at 100 V for 2 h in a cold room with transfer 

chamber covered in ice. After transfer, the membrane was shortly rinsed in TBST (10mM 

Tris-HCl pH8.0, 150mM NaCl, 0.05% Tween 20) and blocked in fat free 5% milk powder in 

TBST for 1 h changing milk every 20 min. The blocked membrane was then incubated with 

primary antibody (AB) in 5% milk powder in TBST overnight at 4°C (mouse M2 anti-FLAG 

1:1000 (F1804, Sigma), rabbit anti-TBX3 2 µg/ml (SI256120, Thermo Fisher Scientific) and 

mouse anti-vinculin (batch6.5.94/VII F9, MD)). After 3x15 min washes with TBST, the 

membrane was incubated with secondary antibody (donkey anti-mouse HRP 1:5000, donkey 

anti-rabbit HRP 1:5000) diluted in 5% fat free milk powder in TBST for 1 hour at RT. The 

incubation was followed by 3x15 min washes with TBST and band detection using 1:1 

mixture Immobilon
®
 Western Chemiluminescent Substrate (WBKLS0500, Merck). The 

membrane was then stripped and reprobed, and control antibodies were used. The membrane 

was stripped twice by covering it in mild stripping buffer (1.5% glycine, 0.1% SDS, 1% 

Tween 20, H2O, pH 2.2) and incubating it in RT for 10 min on a nutating platform. Then it 

was washed twice for 10 min with PBS and subsequently twice for 10 min with TBST. The 

following steps involving development with new primary AB were performed as described 

above.  

 

9.4.5 Silver staining  

 

Silver staining of SDS-PAGE gel was used to test for possible protein degradation during 

embryonic tissue lysis, and to qualitatively evaluate the amount of proteins. Sample 

preparation and SDS-PAGE was performed as described in chapter  9.4.4. A total of 5 µg of 

protein was loaded per SDS-PAGE well. SDS-PAGE gel was fixed for 1 h in 50% EtOH, 

12% acetic acid, and washed 3x20 min in 30% EtOH and then washing continued overnight. 

On the following day the gel was rehydrated in H2O and briefly incubated in freshly prepared 

8 μM sodium thiosulfate for 1 min, followed by a 20 sec rinse in H2O and 20 min staining in 

11.8 mM silver nitrate, 0.02% formaldehyde. The gel was then washed twice for 20 sec with 

H2O and colored protein bands were developed to the desired extent in 566 mM sodium 

carbonate, 0.02 mM sodium thiosulfate, and 0.02% formaldehyde. BioRad ChemiDoc
TM

 MP 

Imaging System was used to take pictures.  
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9.5 Next generation sequencing (NGS) 

9.5.1 RNA Sequencing (RNA-seq) 

 

RNA sequencing (RNA-seq) was used to analyze all (the necessary) transcriptomes: (1) WT 

and Hand2
∆/∆

 in atrioventricular canals (AVCs) of the hearts of mouse embryos at E9.0-9.25 

(18-23 s); (2) WT and Tbx3
∆/∆

 in the forelimb buds (FLBs) of mouse embryos at E9.75-10.0 

(28-31 s); (3) Hand2
∆/∆c

, Prx1Cre/+ and Hand2
+/+

, Prx1Cre/+ (as WT) of mouse embryo 

FLBs at E10-10.25 (31-33s). Embryonic tissues were dissected in ice-cold PBS and 

transferred with as little PBS as possible to a tube with 50 µl of RLT buffer (Qiagen) 

containing 1% β-Mercaptoethanol. The samples were then flash frozen in liquid nitrogen and 

stored at -80˚C until RNA extraction. Four AVCs per replicate were pooled for RNA 

extraction keeping the same gender and age ratio for all replicates. A pair of limb buds was 

treated as one replicate. To extract RNA, the samples were defrosted, infused with additional 

350 µl of RLT buffer containing 1% β-Mercaptoethanol, and the tissue was homogenized by 

passing it through a 25 G syringe needle 10-15 times. After total RNA was extracted 

following the QIAGEN RNeasy kit protocol. The quality of the extracted RNA (30-190ng) 

was evaluated using the Fragment Analyzer (Advanced Analytical) High Sensitivity RNA 

Analysis kit. Only samples with a RIN ≥8.0 were used for library preparation. Library 

preparation and sequencing of WT and Hand2
∆/∆

 in the AVCs of the mouse embryos was 

outsourced to Genome Technology Access Center, USA. The libraries were synthesized 

using the Clontech SMARTer kit and sequenced on Illumina HiSeq 3000 using single end 

reads for 50-cycle protocol. WT and Tbx3
∆/∆

 mouse embryos FLBs; Hand2
∆/∆c

, Prx1Cre/+ 

and Hand2
+/+

, Prx1Cre/+ mouse embryos FLBs mouse embryos HLBs RNA libraries were 

synthesized using non-directional NEB Next Ultra II RNA library preparation kit for Illumina 

(E7770L). 100 ng of RNA was used as a starting material. Only coding mRNA were enriched 

by the polyA RNA library preparation protocol provided by the manufacturer was followed. 

To enrich mRNA for library amplification, PolyA Beads 96RXN (E7490L) were used. 

mRNA was shredded to 200 bp fragments and 11 PCR cycles were used to enrich adaptor 

ligated DNA. The samples were multiplexed using PCR index primers from NEBNext 

Multiplex Indexes (E7335s/E7500s) kit. The concentration of the synthesized libraries was 

measured with Qubit™ DNA HS Assay Kit (Q33231, Thermo Fisher Scientific). Fragment 

Analyzer CRISPR Discovery kit was used to verify the profiles of the libraries. In case of 

primer dimer/adaptor contamination, the RNA-seq libraries were purified as described in 

chapter  9.5.3. The sequencing was performed on NextSeq500 machine using 75 single-end 
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reads for 40 cycle protocol. Library sequencing was performed by the EMBL Genomic Core 

Facilities.  

 

9.5.2 ChIP-seq to identify TBX3
3xF

 cistrome in forelimb buds 

 

ChIP-seq described in this chapter was used to identify direct TBX3
3xF

 targets in FLBs. The 

crosslinking protocol was optimized for 10 pairs of FLBs per tube. In total, 3 replicates were 

produced to identify TBX3
3xF 

cistrome in FLBs by ChIP-seq. Each replicate contained around 

70 FLBs from Tbx3
3xF/3xF 

embryos at E 9.75-E10.25.  

First, the embryos were dissected in ice-cold PBS and 20 FLBs were pooled per tube. The 

samples were then quickly spun down and the old PBS was replaced with 1 ml of 250 mM 

PMSF in PBS. Quick centrifugation was repeated and the samples were crosslinked with 2 ml 

of RT 1% PFA (F8775-25ML, Sigma) in PBS for 10 min on a rating platform at RT. The 

samples were spun down for 1 min at 4000 rpm, the supernatant was discarded, and PFA was 

quenched with 1 ml of freshly prepared 125 mM glycine in 250 mM PMSF/PBS by 

incubating the samples on ice for 10-15 min. The samples were then centrifuged for 1 min at 

4000 rpm, the supernatant was discarded, and the samples were washed with 1 ml of 250 mM 

PMSF in PBS. Finally, the tubes were spun down for 1 min at 4000 rpm, the supernatant was 

discarded, and the samples were flash frozen in liquid nitrogen to be stored at -80˚C.  

The following section describes magnetic bead preparation preceding tissue lysis and 

sonication of the chromatin. A mix of 20 µl of protein G and 20 µl of protein A beads 

(10001D, Invitrogen) was washed 3 times in 1 ml of ice-cold ChIP dilution buffer (1% Triton 

X-100, 10 mM Tris pH8.0, 150 mM NaCl, 2 mM EDTA, and H2O) by incubating low 

retention tubes on a rotating platform for 2 min. The magnetic beads were then precipitated on 

a magnetic rack, the supernatant was removed without disturbing the beads, and 1 ml of fresh 

ChIP dilution buffer was added. 5 µg of mouse-M2-anti-FLAG antibody (F1804, Sigma) was 

added to the magnetic beads in ChIP dilution buffer and the tubes were incubated on a 

rotating wheel at 4˚C for later use. The frozen tissue was defrosted on ice and 1 ml of ice-cold 

buffer A (0.25% Triton X-100, 10 mM Tris pH8.0, 10 mM EDTA and 0.5 mM EGTA, H2O) 

containing 250 mM PMSF and 1% protein inhibitor cocktail (P8340, Sigma-Aldrich) was 

added to each tube. The samples were then transferred to a douncer and the tissue was 

homogenized by applying 10 stokes with pestle B (85302-0002, Tissue Grind Pestle SC 2 ml, 

Kimble-Chase). After incubating the nucleus on ice for 10 min, the samples were centrifuged 

for 3 min at 4000 rpm at 4˚C. The supernatant was then discarded and the pellet was 

resuspended in ice-cold buffer B (200 mM NaCl, 10 mM Tris pH8.0, 1 mM EDTA, 0.5 mM 
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EGTA, and H2O) containing 250 mM PMSF and 1% protein inhibitor cocktail. Then samples 

were transferred to a new low binding tube and incubated on ice for 30 min inverting them 

every 10 min. The samples were then centrifuged for 3 min at 4000 rpm at 4˚C and the pellet 

was resuspended in 350 µl of ice-cold CD buffer (0.5% SDS, 0.5% Triton X-100, 0.05% 

NaDOC, 10 mM Tris pH8.0, 140 mM NaCl, 1 mM EDTA and 0.5 mM EGTA, and H2O) 

until no visible clumps were remaining. The samples were sonicated using Bioruptor 300 

(Diagenode) 15 cycle high program (30sec on/off). After sonication, the samples were 

centrifuged for 13 min at 13000 rpm at 4˚C. The supernatant was then transferred to a new 

low DNA binding tube and 300 µL of CD buffer was added. 25 µl aliquot was removed as an 

input and stored at -80˚C before further processing. Washed magnetic beads with a bound 

antibody were then precipitated on a magnetic rack and the supernatant was discarded. The 

beads were resuspended in ½ of total chromatin volume and ½ of total ChIP dilution buffer 

volume. Finally, the samples were incubated on a spinning wheel ON at 4˚C.  

The following day, the magnetic beads with antibody and chromatin complexes were washed 

and the precipitated DNA was eluted. First, the magnetic beads-chromatin complexes were 

precipitated on a magnetic rack. The supernatant was then removed, flash frozen, and stored 

at -80˚C for future chromatin ChIPs. Then 1 ml of wash buffer iB (1% Triton, 0.1% SDS, 150 

mM NaCl, 20 mM Tris pH8.0, 2 mM EDTA, and H2O) was added to the magnetic beads with 

antibody and bound chromatin complexes. The samples were then transferred into a new low 

binding tube and incubated for 2 min on a rotating platform. Following that, the tubes were 

placed on a magnetic rack and the supernatant was replaced by buffer iC (1% Triton X-100, 

0.1% SDS, 500 mM NaCl, 20 mM Tris pH8.0, 2 mM EDTA, and H2O). The samples were 

then washed for 2 min by alternating facing sides of the tube toward the magnetic rack. The 

samples were again washed 2 times with buffer iD (1% NP40, 250 ml LiCl, 10 mM Tris 

pH8.0, 1 mM EDTA, and H2O) as described earlier. After removing the supernatant, 1 ml of 

buffer Iten (50 mM NaCl, 10 mM Tris pH8.0, 1 mM EDTA, and H2O) was added, and the 

mix was transferred to a new low binding tube for 2 min incubation on a rotating platform. 

The samples were then quickly spun down at 2000 rpm for 1 min, the supernatant was 

discarded, and 120 µl buffer E (1% SDS, 50 mM Tris pH8.0, 10 mM EDTA, and H2O) was 

added directly to the beads. After 6-8 h sample incubation at 65˚C, they were cooled down to 

the RT for 10 min, and 400 µg/ml of RNase (EN0531, ThermoFisher) was added for further 

15 min incubation at RT. 800 µg/ml of PK was added and the samples were incubated for 1 h 

at 55˚C. The samples were then purified using MicroChiP DiaPure columns Diagenode Kit 

(C03040001, Diagenode) protocol. ChIP DNA was eluted in 15 µl, DNA concentration was 



 132 

measured using Qubit HS DNA kit, and the samples were stored at -80˚C until further use for 

ChIP-seq library preparation or ChIP-qPCR. 

 

9.5.3 ChIP-seq library synthesis and purification 

 

The libraries for ChIP-seq were synthesized using MicroPlex library preparation kit v2 

(C05010014, Diagenode) according to the standard protocol of the manufacturer. HAND2
3xF 

ChIP-seq libraries were amplified for 15 cycles for replicates A and D, whereas the replicate 

E library was amplified for 13 cycles. All 3 replicates of TBX3
3xF 

libraries were amplified for 

9 cycles. After synthesis, DNA concentration of the newly synthesized libraries was measured 

using Qubit DNA HS kit. The library’s profile was verified using Fragment Analyzers’ 

CRISPR discovery kit. Double sided AMPure XP purification beads (ref. A63880) were used 

for purification of libraries in case of primer (at 80bp), adaptor dimer (at 128bp), or long 

fragment tail (above 600 bp) contaminations. First, the DNA was diluted with up to 50µl H2O 

if needed and transferred into a round bottomed 96 well plate (262162, Thermo Fisher 

Scientific). The first ‘cut-off’ (long fragment elimination) was conducted by adding AMPure 

XP beads (amount as recommended by the manufacturer) to the DNA. The DNA was bound 

to the beads by pipetting and incubating at RT for 5 min. The DNA on beads was precipitated 

by putting the plate on a magnetic rack (AM 10050, Thermo Fisher Scientific) for 5 min at 

RT and the supernatant was transferred to a new well. The second ‘cut-off’ (short fragments 

elimination) was conducted by adding the required amount of AMPure XP beads and DNA 

was bound to beads as describe above. The DNA on beads was then precipitated by putting 

the plate on a magnetic rack for 5 min at RT. The supernatant containing primer 

dimers/adaptors was discarded and the magnetic beads with DNA bound were washed by 30 

second incubation in 200 µl of freshly prepared 70% EtOH at RT. After EtOH removal, the 

beads were air-dried for 3-4 min at RT. The purified DNA was then eluted with 15-30 µl of 

TE and the supernatant was transferred into a new tube. DNA concentration was measured 

using Qubit HS DNA kit and library profile was verified with Fragment Analyzers’ CRISPR 

discovery kit. The samples were stored at -80˚C. 

 

9.6 Histology 

9.6.1 Murine chromosome counting 

 

Actively growing ES cells were cultured on 10 cm plates with EMFIs or on gelatin coated 

plates. To arrest actively dividing ES cells in metaphase 0.04 µg/ml of colcemid was added to 

the ES cell media and incubated for 1 h at 37˚C. The media was then removed and the cells 
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were washed with DPBS. The cells were detached with 0.05% trypsin for 5 min, re-

suspended to single cells and transferred into a tube. In case ES cells were grown on EMFIs, 

30 min pre-plating step was included to deplete EMFI population. The cells were then spun 

for 5 min at 200 g. The supernatant was decanted and the pellet was re-suspended in ES cell 

media. Aiming at the tube wall 10 ml of pre-warmed to 37˚C 0.075 M KCl was added 

dropwise to resuspend the cells. The cells were incubated for 15 min at 37˚C and then a few 

drops of ice cold Carnoy’s fixative (methanol/acetic acid, 3:1) was added to the tube and 

inverted a few times. The cells were then centrifuged for 5 min at 200 g, excessive 

supernatant was aspired and the pellet was re-suspended in the remaining 1 ml of supernatant 

by flicking. The cells were fixed with 5 ml of ice cold Carnoy’s fixative that was added to 

ESCs drop-by-drop. The tube was inverted a few times and the cells were spun for 5 min at 

200 g. Fixing with Carnoy’s fixative was repeated one more time. Finally, the supernatant 

was removed and the cells re-suspended in 500 µl - 2 ml of Carnoy’s Fixative regarding 

density of cells. Chromosome spreads were made in the next 3 h by dropping 50 µl of freshly 

fixed hypotonic ES cells on a slide at a distance of 30 cm between the glass surface and a 

pipet while holding it at 45˚ angle. The slides were air-dried ON while protecting them from 

dust. Staining of the slides was conducted the next day by immersing them for 1 min in 0.1 M 

phosphate buffer pH 6.8 (0.1 M NaH2PO4, 0.1 M Na2HPO4), then for 2 min in 0.025% aged 

trypsin (2 weeks at +4˚C) in phosphate buffer, for 1 min in phosphate buffer, and finally for 

15 min in Giemsa working solution stain (7.4% of Giemsa stain, 0.1 M phosphate buffer) 

(GS500-500ML, Sigma-Aldrich). The slides were rinsed by dipping them 2-3 times into 

distilled water. They were then dried by shaking off residual water, drying the back with 

paper tissues, and leaving them to air dry. Alternatively, they were placed in an oven for 1-2 

min at 50-60˚C in case it was necessary to speed up the drying. The slides were then mounted 

with Mowiol, dried at RT ON, and imaged with Leica DMI4000 stereomicroscope and the 

Leica Application Suite V3 software. 

 

9.6.2 Embryo embedding in O.C.T compound for cryosectioning 

 

The embryos for immunohistochemistry staining were dissected in ice-cold PBS, stretched on 

a silicon dish by pinning, and fixed with 4% PFA in PBS for 2 hours at 4°C. The samples 

were washed 3x5 min in PBS and then incubated with 10% sucrose/PBS, 20% sucrose/PBS 

and 30% sucrose/PBS for 1 h respectively. The embryos were then transferred with a 

minimum amount of 30% sucrose into embedding molds filled with 50:50 30% sucrose 

/O.C.T compound (4583, Tissue-Tek). Finally, they were positioned in the mold and then 
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frozen by dipping the embedding mold into 2-Methylbutane cooled on dry ice in a Styrofoam 

box. The samples were kept on dry ice until the embedding medium was completely frozen 

and then transferred for storage at -80°C. The embryos were sectioned into 10 μm sections 

using a Microm HM 500 OM Cryostat (cutting conducted at -20°C). The embryonic sections 

were then mounted on Superfrost Plus slides (J1800AMNZ, Fisher Scientific) and stored at -

80°C. 

 

9.6.3 Immunohistochemistry using frozen sections 

 

The embryonic sections were defrosted and dried in RT for 20 min. The slides were washed 

3x5 min each in PBS at RT on a gently rocking platform. Once the tissue sections were 

permeabilized by incubating them in PBT (0.2% Triton X-100 in PBS) for 30 min on a 

rocking platform, they were washed 3x5 min each in PBS while rocking. The samples were 

then blocked with 1% BSA in PBT for 1 hour at RT and incubated ON with primary 

antibodies (see table 9.8.5) diluted in 1% BSA/PBS. The following day, the sections were 

washed 3x5 min each in PBS at RT on a gently rocking platform and once in PBT. The 

samples were then incubated for 1 h in the dark at RT with secondary antibodies diluted 

1:500 in 1% BSA/PBS. The slides were then washed 3x10 min each in PBS and once in PBT 

for 5 min while gently rocking. This was followed by nuclear staining with 1 μg/ml Hoechst-

33258 (Calbiochem) in PBS for 5 min. The sections were then rinsed 3x5 min each in PBS 

on a rocking platform. Finally, the slides were dried to remove excessive PBS and mounted 

in Mowiol 488. They were then left to dry overnight at RT in the dark. The images were 

acquired using the Leica SP5 confocal microscope and software, and processed using ImageJ 

software. 

 

9.6.4  Immunocytochemistry for ESCs 

 

TBX3
3xF

 positive EC cells were seeded at a density of 25.000, 50.000, and 100.000 cells/well 

on a 96 well plate (353219, Fisher Scientific) and cultured as usual. The following day, the 

cells were carefully washed twice with pre-warmed DPBS and fixed for 30 min in 4% PFA in 

PBS at RT on a rocking platform. The cells were then washed 3x5 min in DPBS at RT on a 

rocking platform. Afterwards, the fixed cells were permeabilized with 0.3% Triton X-100 in 

PBT at RT while gently rocking. The cells were blocked in 10% goat serum, 0.3% Triton X-

100, 0.3% BSA in PBT for 1 h while rocking at RT. The primary antibodies were then 

diluted to the recommended concentration (see table 9.8.4) in 1% goat serum, 0.3% Triton X-

100, 0.3% BSA in PBS, and the samples were incubated overnight at 4°C. The following day, 
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the samples were washed 3x5 min in PBT and the cells were incubated for 1 hour at RT in 

the dark with secondary antibodies diluted to the appropriate dilution (see table 9.8.5) in 1% 

goat serum in PBS. The cells were then washed 3x5 min in PBT and incubated with 1 μg/ml 

Hoechst-33258 in PBS for 5 min to stain nuclei. Afterwards, the samples were washed 3x5 

min in PBT. Finally, the samples were stored in PBS in a moist chamber at 4°C until imaging 

was done. The images were acquired using the Leica SP5 confocal microscope and software, 

and processed using ImageJ.  

 

 

 

 

 
 

9.7 Bioinformatical analysis: online tools and resources  

 

Sequence alignments were created in and retrieved from UCSC (Flicek et al., 2014). VISTA 

enhancer browser (Visel et al., 2007) and the Mouse Genome Informatics website 

(http://informatics.jax.org) was used to retrieve information about known enhancers lacZ 

patterns. PCR primers were designed using Primer3 tool (Untergasser et al., 2007). PAM 

sequences for CRISPR/Cas9 genome editing were found on http://crispr.mit.edu/. BLASTx 

(NCBI) database was used to verify sequence conservation before inserting the 3xFLAG tag 

into endogenous Tbx3 locus. 

9.8 Tables 

9.8.1 Genotyping primers for mice and embryos 

 

Locus  Forward primer (5’-3’)  Reverse primer(s) (5’-3’)  Size  Allele 

Hand2 

TGCTCTCCAGTCCTGTCTCTCT CCGATCTGGACAGCTAGCAA 330bp + 

530bp 

WT and 

floxed 
AGAAGAGGACCTCGGCAATT CTGTGGTCTTGTTCGCGATT 496bp ∆ 

TGGAGGGCCACGGAAGGCGAGATG GACAGGGCCATACTGTAGTCG 209bp + 

284bp 

WT + 

3xFLAG 

Hoxb6 GCTAAAACCCAATCTCGGCTAT AGCATTTTCCAGGTATGCTCAG 440bp Cre 

Tbx3 

AGCGGAGCCAAGCCAGCA CCTTGGCCTCCAGGTGCAC 377bp + 

578bp 

∆ 

TTGATGCCGTTCTTCTGCTTGT 

CTACCAGCGAACTGCAGAGTATC CACAAAAGTCGCTCTAGACACAA 386bp + 

461bp 

WT + 

3xFLAG 

Prx1 GGCTCTCTCCTTAGCTTCCC CCTGGCGATCCCTGAACATGTCC 440bp Cre 

9.8.2 WISH screen probes cloning primers table 

 

Locus  Forward primer (5’-3’)  Reverse primer (5’-3’)  Size (bp) 

Rspo2 GTCTTCCTCGCTACAGACAGAGT CCCCTAGCTAGAACACAGTCTCA 571 
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Hoxc6 TCACTTCAACCGCTACCTAACTC GGAGAGACATCTGAGGAGTCTGA 520 

Hoxc4 CTTCTGAAGACCACTCCCAGAG GAGGAGAGAGGATGAGACTCCAC 535 

Edar GACTGAAGAGGGATGAGATTGG GACACACGCCTTGTATGTCAGT 773 

Egln1 TGAATGTGGTATGTGGTTGTAGC TACAAAGGACTACAGGGTCTCCA 712 

Fzd1 TCGGAGTCTTCAGTGTCCTCTAC ATCAGAGAGGGCTAGAGAGATCG 587 

Itga4 AAGTCAGGACTGGAGCTCAAAC CCCCTGCACTAAGAGTATGTCAC 704 

Lmo1 TAGTTCTGGTCCCCTAAGCTCTC ATCCACGCCAGTAATAAAATCG 721 

Pknox2 GAGGCTGATGAGCTACAGACAAC AGTGTCTTTCAAGGGAGCTCAG 540 

Plxna4 CTCTCATGAGCTTAGACAGCTGAG CTGCTGGACATCAAACAGGTAG 656 

Tshz2 AGAACCCCCTCTACCTACATCAG GTTGCTAAAGGAACCGTGAGTC 588 

Irx5 AAGACTCCCCCTATGAGTTGAAG GCGTATAACCTGCTTCCTTTCTG 521 

Sall3 TCTCTGAGATGTTCCAGAAGGAC GGGGTCACTAGGTTTTAGGAGAA 672 

Hoxc6 TCACTTCAACCGCTACCTAACTC GGAGAGACATCTGAGGAGTCTGA 520 

HAND2 project 

Kdr CTGCTGTGGTCTCACTACCAGT ACAGAGAACCCTCAGACACTGC 646 

Erbb4 GTGCAGGTTGTAGGTCCCTATG CCTCTGCTGTCTCTACCTCTCAC 783 

Cyr61 GGTGCCTTGCTCATTCTTGAGT CTCCCTCCCCAAAAGCTACACT 507 

Hnrnpab CTCTAGTTGTAGGCAGCGTGTG AGCCTGGTCTACAGAGTTCCAG 769 

Tll1 TGAGCTGTGATTCTCTGGAGTG AGCAGCAGCAGTAGTAACTGGAC 678 

Acvrl1 ACATAGCCTGTCTGGGTAGAGG AGTAGCCTTTATCCCCCTCGAT 510 

9.8.3 CRISPR/Cas9 sgRNA for cloning into p459.V2.0 plasmid 

 

sgRNA 

Tbx3_N_sgRNA1_top 5'-CACCGCTGCGGACTGGTTCCCTGTC-3' 

Tbx3_N_sgRNA1_down 5'-AAACGACAGGGAACCAGTCCGCAGC-3' 

Tbx3_C_sgRNA7_top 5'-CACCGAGCCAGACAGGTCTTGCAGC-3' 

Tbx3_C_sgRNA7_down 5'-AAACGCTGCAAGACCTGTCTGGCTC-3' 

9.8.4 List of primary antibodies 

 

Antigen Class Host Distributor Use Concentration 

TBX3 Polyclonal Rabbit 
Thermo Fisher Scientific, 

SI256120 
WB 2μg/mL 

FLAG (M2) Monoclonal  Mouse Sigma, F1804  WB 1:1000 

ACTIN Polyclonal Rabbit Sigma, A2066  WB 1:10.000 

SOX9 Polyclonal Rabbit Millipore, AB5535 IF 1:10.000 

9.8.5 List of secondary antibodies 

 
Antigen Class Host Distributor Use Concentration 

Peroxidase AffiniPure Donkey 

Anti-Mouse IgG (H+L) 
Polyclonal Donkey 

Jackson 

ImmunoResearch, 

715-035-150 

WB 1:5000 

Peroxidase AffiniPure Donkey 

Anti-Rabbit IgG (H+L) 
Polyclonal Donkey 

Jackson 

ImmunoResearch, 

711-035-152 

WB 1:5000 

Goat-anti-mouse IgG (H+L) 

Alexa Fluor-488 F(ab’)2 
Polyclonal Goat Invitrogen, A11017 IF 1:500 

Goat-anti-mouse IgG (H+L) Polyclonal Goat Invitrogen, A11020 IF 1:500 
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Alexa Fluor-594 F(ab’)2 

Goat-anti-rabbit IgG (H+L) 

Alexa Fluor-488 
Polyclonal Goat Invitrogen, A11037 IF 1:500 

Anti-Digoxigenin-AP, 

Fab fragments 
Polyclonal Sheep 

Roche, 

11093274910 
ISH 1:2000 

9.8.6 qPCR primers table 

 

Locus  Forward primer (5’-3’)  Reverse primer (5’-3’)  Size (bp) 

Cre ATACCGGAGATCATGCAAGC TTGCCCCTGTTTCACTATCC 88 

DBH AGGACATCAGCCACTCTGCT AATTGTCTTGGTGGCCCTC 117 

Tbx3
3xF

 GACAGCACTCGACCTGTGAAAA GAGGCTTGTTGATTGGCTCT 82 

 

 

9.8.7 ChIP-qPCR primers table 

 

Locus Forward primer (5’-3’) Reverse primer (5’-3’) Size 

(bp) 

Coordinates 

(mm10) 

Actb 

+1.8kb 
GATCTGAGACATGCAAGGAGTG GGCCTTGGAGTGTGTATTGAG 115 

chr5:143666540+ 

143666654 

Ets2 

+146kb 
TGAGAGAAGTGCATGCCAAC ATCAGGGAAGCTCAGATCCA 104 

chr16:95953181+ 

95953284 

Tbx2 -

204kb 
CTCCCACTGATGGCTGAAAT CCCAGGATGTGAACTGTCAGT 138 

chr11:85444826+ 

85444963 

Tbx2 -

199kb 
CTGTGTGCTACTCCGCATCA CACTTTCCACTTGGGTGGTG 112 

chr11:85446511+ 

85446622 

Tbx2 -

112kb 
AGGGGAAGGAGGTTAGATGG GCCTGGGAAGAAAGGCTTC 90 

chr11:85534053+ 

85534142 

Gli3 -

120kb 
ACACACACCAATTTCCCACC TGGATCCAGCCCAAGTTAGA 109 

chr13:15435373+ 

15435481 

Negative 

MO 
GGATGTGTCACATGCCAATA AATAGACAATCCCCTAGCCA 79 

chr13:15487267+ 

15487345 

Gli3 

(mm652) 
GCTGACTTTCCCTGCCAGTA AAGAGGAGGAAAGGCCATGT 119 

chr13:15756894+ 

15757012 

PPIA ACGCCACTGTCGCTTTTC CTGCAAACAGCTCGAAGGA 113 
chr9:96895624+ 

96895736 

Tbx3 

+230bp 
CAGCACTCGACCTGTGAAAA GAGGCTTGTTGATTGGCTCT 80 

chr5:119670890+ 

119670969 

Tbx2 

+5.6kb 
GTCGTCTTCCAAGCCCACT AGGAGGCCTTGTCTGGCTA 83 

chr11:85848281+ 

85848363 

Gli3 

+100bp 
GTCTGTGGATTTGGGACCTG GCCCGCAAAACAAAGAACT 70 

chr13:15464076+ 

15464145 

Negative 

LRM 
TGATCTAATGCGAACTTGTGGT TGTATGGATGTT CAGAA TGCCT 87 

chr2:113695093+ 

113695179 

Scn5a 

(hs2266) 
CAGCCCTGTCCCAACTCTAT TGGCTCACACCTGCTTATCA 75 

chr9:119469840+ 

119469914 

Alx4 

+1kb 
CTCCCCAACTCCTAGCCAAG GGGACTCGCAGTAAGAGACG 119 

chr2:93642577+ 

93642695 

ZRS 

+86kb 
ACATTGCCCTCTGGAGTTC TCACAGCACTGTGTTCTCCTCT 144 

chr5:29315880+ 

29316023 
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�� 

Taip pat norėčiau padėkoti savo mylimai šeimai. Mamytei Vidai, kuri atidavė daugiau, negu 

kad turėjo, kuri paaukojo savo tikslus ir net menkiausius malonumus, kad tik aš galėčiau 

siekti savųjų. Taip pat už didžiąją dalį botanikos žinių, kurias iki valiai galėjau gilinti kartu su 

ja. Tėveliui Vytautui, už kantrybę, iš jo paveldėtą užsispyrimą, tylų palaikymą, už įdiegtą 

meilę miškui ir paukščiams. Mano mažajai sesutei Renatai ir broliukui Edvardui už tai, kad 

ant savo pečių jie nesiskųsdami neša visus rūpesčius, kuriuos aš palikau išvykdama, už jų 

nelankytus būrelius, kad aš galėčiau dalyvauti NMA sesijose ir už juoką, kuris praskaidrino 

net juodžiausias dienas. Deja, kad ir kaip jie stengėsi, mikologija man ne prie širdies. Taip pat 

a.a. mano močiutei Eleonorai už visas biologijos knygas, kurios jos dėka atsidūrė mano 

rankose.  
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12 Appendix 

 

Figure 37. WT and Tbx3-deficient 

mouse FLBs transcriptome analysis 

GO terms. (A) The Volcano plot 

represents DEGs distribution identified 

by comparing transcriptomes of mouse 

embryos WT and Tbx3
∆/∆

 FLBs at E9.75-

10.0 (FC 1.2, FDR <0.05). (B) Gene 

Ontology (GO) enrichment analysis 

terms for biological processes for the 137 

down-regulated and 357 up-regulated 

genes in mutant FLBs (FDR <0.05). 

Terms related to limb development and 

skeleton formation are highlighted in 

green. 
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Figure 38. WT and Tbx3-deficient mouse FLBs 

transcriptome analysis MGI phenotype terms. (A) MGI 

phenotype analysis terms for the 137 down-regulated and 357 

up-regulated genes in mutant FLBs (FDR <0.05). Majority of 

the limb terms are related to up-regulated DEGs. Terms 

related to limb development and skeleton formation are 

highlighted in green. 
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Figure 39. WT and Hand2-deficient 

mouse FLBs transcriptome analysis 

GO terms. (A) GO terms for 

biological processes for 318 down-

regulated and (B) 703 up-regulated 

genes identified by comparing 

transcriptomes of mouse embryos 

Hand2
∆/∆c

, PrxCre/+ and Hand2
+/+

, 

PrxCre/+ (as WT) FLBs at E10.0-

10.25 (FC 1.2, FDR <0.05). Terms 

related to limb development and 

skeleton formation are highlighted in 

green. 

Figure 40. MGI phenotype analysis 

terms for TBX3 consensus peaks 

found in open chromatin regions. 
Majority of terms are related to early 

embryonic lethality while limb 

development and limb skeleton terms 

are absent. 
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Figure 41. MGI phenotype analysis terms for direct transcriptional TBX3 target genes in Tbx3-deficient FLBs. (A) MGI phenotype 

analysis terms for the 105 up-regulated and (B) 35 down-regulated genes in mutant FLBs (FDR <0.05). Terms related to limb development 

and skeleton formation are highlighted in green.

B 
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12.1 List of 130 common DEGs identified by overlapping Tbx3- and Hand2- deficient 

forelimb bud transcriptomes. 

 

Mouse embryos FLBs transcriptome dataset of WT and Tbx3
∆/∆

 at E9.75-10.0 (28-31s) was 

crossed with Hand2
∆/∆c

, Prx1Cre/+ and Hand2
+/+

, Prx1Cre/+ (as WT) FLBs at E10-10.25 (31-

33s) dataset (both transcriptomes FC 1.2, FDR <0.05). Overlap revealed: 81 up-regulated, 36 

down-regulated and 13 discordant common DEGs in FLB. Gene list with FC indicated are given 

in tables bellow. 

Table 1 List of 81 common up-regulated genes identified by overlapping Tbx3- and Hand2- 

deficient forelimb bud transcriptomes. 

Hand2
∆/∆c

 

transcriptome 
FC 

Tbx3
∆/∆ 

transcriptome 
FC 

Ackr3 1.38306275 Ackr3 1.799369262 

Adamts1 1.44416508 Adamts1 1.441834262 

Adamts9 1.6072359 Adamts9 1.666835229 

Ahnak 1.23439452 Ahnak 1.445497622 

Akap12 1.288061 Akap12 1.477726441 

Alx3 1.91307989 Alx3 1.892162409 

Alx4 1.91495974 Alx4 1.615723431 

Aplp1 1.73361061 Aplp1 1.779675391 

Arhgap22 1.68476657 Arhgap22 1.957055911 

Asic4 2.43882163 Asic4 5.471020158 

Cav1 2.06829264 Cav1 2.030107854 

Ccbe1 1.61609742 Ccbe1 2.485650238 

Ccng2 1.34459726 Ccng2 1.314154124 

Celf2 1.30241176 Celf2 1.797270666 

Col5a1 1.25006559 Col5a1 1.337427498 

Csf1r 1.86762413 Csf1r 2.887222525 

Cx3cr1 2.11480511 Cx3cr1 2.331690225 

Cyp2d22 2.07947292 Cyp2d22 2.292806029 

Dact2 1.51196988 Dact2 2.273835511 

Ddr1 1.38139595 Ddr1 1.450147752 

Dpf3 2.44522362 Dpf3 2.884421285 

Efna3 1.38740013 Efna3 1.528931534 

F13a1 2.04758129 F13a1 3.554252851 

Foxp1 1.53650025 Foxp1 1.532537728 

Fras1 1.38765788 Fras1 1.273955757 

Fzd1 1.21493664 Fzd1 1.268013258 

Gata5 2.27030295 Gata5 3.400510878 

Gata6 2.07057938 Gata6 2.952375996 



 169 

Gdf6 1.63181202 Gdf6 1.657989794 

Gucy1a3 2.78266196 Gucy1a3 3.87209272 

H2-T24 3.56885035 H2-T24 2.838130388 

Hoxb3 1.44766568 Hoxb3 1.280275579 

Hoxb6 1.335734 Hoxb6 1.480810965 

Hoxb7 1.60078887 Hoxb7 1.729358437 

Hoxb8 1.74941339 Hoxb8 2.127761902 

Hoxb9 2.68750622 Hoxb9 3.135385036 

Hoxc4 1.37120575 Hoxc4 1.416307797 

Hoxc6 1.43844783 Hoxc6 1.448661496 

Hoxc8 1.65946169 Hoxc8 2.016994594 

Hoxc9 1.60224721 Hoxc9 2.042170173 

Hs3st3a1 1.44458242 Hs3st3a1 1.876426533 

Igfbp2 1.31530117 Igfbp2 1.283642674 

Insig1 1.26213081 Insig1 1.339205736 

Irx3 1.56243687 Irx3 1.354440892 

Irx5 1.53775659 Irx5 1.364868304 

Lox 2.63513937 Lox 1.908980335 

Lrrn4 3.86839054 Lrrn4 3.54999912 

Map1a 1.28436939 Map1a 1.509692242 

Mcm8 1.49353963 Mcm8 1.330207781 

Meg3 1.42635722 Meg3 1.66683085 

Mpp2 1.30824418 Mpp2 1.620096152 

Mrc1 2.29993515 Mrc1 3.067320595 

Ncam1 1.57166329 Ncam1 1.976160982 

Ndrg2 1.59034163 Ndrg2 2.327023234 

Nlgn2 1.29223763 Nlgn2 1.333005347 

Olfm2 2.04193211 Olfm2 2.074765995 

Pitx1 2.90691673 Pitx1 20.90202222 

Plod2 1.21627815 Plod2 1.500405753 

Plxna2 1.3864282 Plxna2 1.418483221 

Pou2f2 2.0734293 Pou2f2 1.63507607 

Ppp1r3c 1.62373355 Ppp1r3c 2.083283213 

Ptpn13 1.21316348 Ptpn13 1.312857031 

Reep1 1.29697538 Reep1 1.59775848 

Rims2 2.83867014 Rims2 2.261169879 

Rnf157 1.23610154 Rnf157 1.258367767 

Ror1 1.25033086 Ror1 1.276436823 

Rora 1.69208414 Rora 1.979324724 

Rspo1 1.866383 Rspo1 2.400938094 

Rspo2 1.25100056 Rspo2 1.512315289 
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Scd1 1.24697154 Scd1 1.3368098 

Shank1 1.88371008 Shank1 2.392240449 

Shisa3 1.83350851 Shisa3 3.072891034 

Slc25a23 1.33810256 Slc25a23 1.567232938 

Slit1 1.99850393 Slit1 2.325418645 

Sox6 1.30112672 Sox6 1.50964303 

St3gal1 1.37141158 St3gal1 1.34411892 

Tec 2.22449269 Tec 1.929149591 

Tgfbi 1.38059927 Tgfbi 1.393946322 

Trabd2b 1.80312616 Trabd2b 2.543584689 

Tspan13 1.23411717 Tspan13 1.318806486 

Wisp1 1.55113729 Wisp1 1.695553965 

 

Table 2 List of 36 common up-regulated genes identified by overlapping Tbx3- and Hand2- 

deficient forelimb bud transcriptomes. 

Hand2
∆/∆c

 

transcriptome 
FC 

Tbx3
∆/∆ 

transcriptome 
FC 

2410131K14Rik 1.21048456 2410131K14Rik 1.31346153 

Ccser1 1.84982402 Ccser1 1.60023954 

Cnr1 1.58238332 Cnr1 1.74457231 

Dmrta1 2.49999861 Dmrta1 2.16301894 

Ets2 1.72915343 Ets2 1.315503 

Frem1 2.0386568 Frem1 1.28613918 

Gap43 1.2087902 Gap43 1.38168679 

Gldc 1.34084327 Gldc 1.58265679 

Gnai1 1.22178409 Gnai1 1.25435208 

Gpx2 3.26647912 Gpx2 1.96323229 

Hand2 117.565604 Hand2 1.37125925 

Hoxa11 1.36730059 Hoxa11 1.46074013 

Hoxd10 1.2482277 Hoxd10 1.59981549 

Hoxd11 5.67728529 Hoxd11 2.87493083 

Hoxd12 21.3467469 Hoxd12 3.63362314 

Hoxd13 6.88617919 Hoxd13 1.68079364 

Hsd11b2 1.66870356 Hsd11b2 1.38956568 

Itgav 1.23452992 Itgav 1.30056446 

Mamdc2 3.26280886 Mamdc2 1.97370752 

Mctp2 1.78136732 Mctp2 2.56030276 

Meox2 1.7026516 Meox2 1.66899028 

Nap1l5 1.93462313 Nap1l5 3.34575497 

Nim1k 1.56260117 Nim1k 1.90377088 

Olfm1 2.01040593 Olfm1 1.5104431 
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Pam 1.4692888 Pam 1.29301485 

Pou4f1 5.25325167 Pou4f1 6.02134344 

Prdm1 2.76510656 Prdm1 2.09483288 

Ptch1 3.27747492 Ptch1 1.43417756 

Rtn4rl1 2.30049253 Rtn4rl1 2.19736055 

Sall3 2.25234524 Sall3 1.43462508 

Sel1l3 1.88706786 Sel1l3 1.86403249 

Serinc5 1.65254357 Serinc5 1.28885789 

Shh 38.4496657 Shh 2.92704875 

Shox2 1.47908089 Shox2 2.11562547 

Vwde 1.90676014 Vwde 1.99488317 

Wnt5a 1.25491826 Wnt5a 1.43131632 

 

Table 3 List of 13 common discordant genes identified by overlapping Tbx3- and Hand2- 

deficient forelimb bud transcriptomes. Gene names in red indicate upregulation, gene 

names in blue: downregulation. 

 

  

Hand2
∆/∆c

 

transcriptome 
FC 

Tbx3
∆/∆ 

transcriptome 
FC 

Dpyd 2.47066582 Dpyd 3.27735218 

Galk1 1.25820752 Galk1 1.3964068 

Gja5 1.30910964 Gja5 1.78932987 

Jag1 1.30651348 Jag1 1.46060616 

Lama2 2.03509248 Lama2 1.87534796 

Pcdh17 1.47294561 Pcdh17 1.63763855 

Pcdhgb6 1.95705068 Pcdhgb6 1.7019807 

Pdlim5 1.24555341 Pdlim5 1.35113184 

Plxna4 1.5435694 Plxna4 1.62614239 

Srp54a 1.94290639 Srp54a 1.44579886 

Tbx18 1.4726446 Tbx18 1.61930984 

Ttc9c 1.24228432 Ttc9c 1.51658293 

Wif1 1.7406622 Wif1 1.76574991 
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12.2 List of 140 direct transcriptional targets of TBX3. 

List of direct transcriptional targets of TBX3 was obtained by overlapping WT and Tbx3- 

deficient forelimb bud transcriptome at E9.75-10.0 (28-31s), ChIP-seq of Tbx3
3xF/3xF 

embryos 

forelimb buds at E9.75-E10.25 and forelimbs ATAC-seq E10.5 data sets (transcriptome FC 1.2, 

FDR <0.05, ChIP-seq 1e5). Overlap revealed 105 up-regulated and 35 down-regulated direct 

transcriptional targets of TBX3 in FLBs. Gene list with peak coordinates in mm10 and FC 

indicated are given in tables below. 

Table 4. List of 105 up-regulated direct transcriptional targets of TBX3. 

Coordinates of 

the peak (mm10) 

Gene 

name 
FC 

Coordinates of 

the peak (mm10) 

Gene 

name 
FC 

chr16 85803135-

85803298 
Adamts1 1.44183426 

chr11 63300329-

63300481 
Hs3st3b1 1.27724376 

chr11 50827412-

50827584 
Adamts2 2.89586689 

chr17 35725667-

35725840 
Ier3 2.73854692 

chr6 9294133-

92941481 
Adamts9 1.66683523 

chr5 28165392-

28165803 
Insig1 1.33920574 

chr6 93410769-

93410901 

chr8 91313492-

91313754 

Irx3 1.35444089 
chr7 110701754-

110701948 
Adm 4.60699645 

chr8 91713877-

91714070 

chr19 53944904-

53945169 
Adra2a 2.62367839 

chr8 91948630-

91948905 

chr19 53945606-

53945800 

chr8 91948630-

91948905 
Irx5 1.3648683 

chr9 71485274-

71485787 
Aldh1a2 4.44715934 

chr7 46845804-

46846077 
Ldha 1.62682424 

chr1 167340271-

167340509 
Aldh9a1 1.2274652 

chr15 100495026-

100495429 
Letmd1 1.27115785 

chr2 93625109-

93625397 

Alx4 1.61572343 

chr9 56738360-

56738552 
Lingo1 1.77156325 

chr2 93642703-

93642881 

chr11 102087586-

102087709 
Mpp2 1.62009615 

chr2 93785210-

93785404 

chr2 106458420-

106458651 

Mpped2 1.38989238 

chr10 24959116-

24959248 
Arg1 2.70780264 

chr2 106693850-

106694355 

chr19 6141117-

6141351 
Arl2 1.22149308 

chr2 106744707-

106745010 

chr11 81115809-

81115927 
Asic2 1.62948029 

chr2 106796160-

106796410 

chr3 35754147-

35754315 
Atp11b 1.25482868 

chr19 10231063-

10231294 
Myrf 2.11724274 

chr3 35932309- Bhlhe41 2.73126611 chr9 49798919- Ncam1 1.97616098 
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35932794 49799080 

chr6 145932819-

145933003 
Bnc1 1.95102744 

chr13 36727234-

36727595 
Nrn1 4.18697624 

chr7 82012078-

82012265 
Cabp1 1.80242009 

chr2 11602911-

11603089 
Pfkfb3 2.03817703 

chr5 115158364-

115158508 

Ccbe1 2.48565024 

chr13 56134807-

56135313 
Pitx1 20.9020222 

chr5 115174839-

115174996 

chr13 56135416-

56135565 

chr18 66076498-

66076783 

chr9 59656123-

59656390 
Pkm 1.42424054 

chr5 93206552-

93206720 
Ccng2 1.31415412 

chr9 59657099-

59657576 

chr5 93267860-

93267991 

chr9 36938601-

36938719 
Pknox2 2.27793529 

chr10 60445204-

60445543 
Cdh23 4.31848649 

chr9 37030413-

37030543 

chr8 106522035-

106522165 
Cdh3 1.39620336 

chr1 133131363-

133131519 
Plekha6 2.42528618 

chr1 24196165-

24196455 
Col9a1 1.69601381 

chr1 194610636-

194610829 
Plxna2 1.41848322 

chr1 24375134-

24375489 

chr1 194680387-

194680516 

chr2 37974256-

37974376 
Crb2 2.39924221 

chr6 32381523-

32381713 
Plxna4 1.62614239 

chr6 53083985-

53084370 
Creb5 1.8665512 

chr6 32710314-

32710434 

chr6 53084634-

53084779 

chr6 31398838-

31399261 
Podxl 1.44569934 

chr6 84410173-

84410431 
Cyp26b1 1.40532871 

chr7 25146045-

25146182 
Pou2f2 1.63507607 

chr13 60177520-

60177642 

Dapk1 1.33592196 

chr19 36703475-

36703613 
Ppp1r3c 2.08328321 

chr13 60267686-

60267954 

chr18 42913876-

42914067 
Ppp2r2b 3.13053147 

chr13 60676528-

60676727 

chr18 42933402-

42933561 

chr17 35725667-

35725840 
Ddr1 1.45014775 

chr5 103423667-

103423895 
Ptpn13 1.31285703 

chr19 25794588-

25794795 
Dmrt2 4.55283824 

chr3 153912751-

153912962 
Rabggtb 1.23544403 

chr18 20060206-

20060331 
Dsc2 1.46324932 

chr11 74619250-

74619394 
Rap1gap2 1.93298707 

chr10 58652137-

58652274 
Edar 1.63616757 

chr12 117588437-

117588579 
Rapgef5 1.36252931 

chr3 89337819-

89337970 
Efna3 1.52893153 

chr11 98968793-

98968929 
Rara 1.24988287 
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chr8 124949670-

124949793 
Egln1 1.60296294 

chr14 16365284-

16366035 
Rarb 1.36236403 

chr11 70669099-

70669243 
Eno3 1.25675064 

chr9 68835215-

68835335 
Rora 1.97932472 

chr5 121398061-

121398297 
Erp29 1.25391099 

chr15 43282400-

43282597 
Rspo2 1.51231529 

chr1 171503030-

171503226 
F11r 1.38606721 

chr8 23257095-

23257341 
Sfrp1 1.89897858 

chr11 57302538-

57302766 
Fam114a2 1.30758551 

chr8 23451894-

23452251 

chr5 147430729-

147431194 
Flt1 1.53074609 

chr7 44335753-

44335928 
Shank1 2.39224045 

chr5 147611447-

147611608 

chr5 92997907-

92998037 
Shroom3 1.4395751 

 

chr6 99028031-

99028199 
Foxp1 1.53253773 

chr10 50892880-

50893024 
Sim1 3.21940674 

chr6 99523360-

99523583 

chr11 120990656-

120991080 
Slc16a3 2.55928536 

chr5 96373981-

96374196 
Fras1 1.27395576 

chr19 41661118-

41661266 
Slit1 2.32541865 

chr5 4562851-

4563003 
Fzd1 1.26801326 

chr19 41716238-

41716490 

chr5 4758049-

4758198 

chr1 156473976-

156474165 
Soat1 1.41096747 

chr11 116005547-

116005710 
Galk1 1.3964068 

chr1 156558840-

156559030 
Soat1 1.41096747 

chr11 116023922-

116024497 

chr7 115410713-

115410854 
Sox6 1.50964303 

chr12 80643488-

80643740 
Galnt16 1.58849703 

chr7 116033851-

116033971 
Sox6 1.50964303 

chr18 10726191-

10726511 

Gata6 2.952376 

chr7 29169517-

29169637 
Spred3 1.6624021 

chr18 11288600-

11288826 

chr15 67121359-

67121495 
St3gal1 1.34411892 

chr18 11351887-

11352337 

chr18 33213666-

33213905 
Stard4 1.2386737 

chr8 102983993-

102984113 
Gm8730 8.95390964 

chr14 69162020-

69162180 
Stc1 2.20191573 

chr11 57827457-

57827814 
Hand1 5.44991899 

chr11 85643938-

85644073 

Tbx2 1.55038865 

chr13 22043391-

22043596 
Hist1h2bj 2.78855832 

chr11 85799815-

85800225 

chr6 82881997-

82882167 
Hk2 1.61521463 

chr11 85818394-

85818565 

chr6 52158542 

52158691 Hoxa1 1.8947815 

chr11 85832382-

85832843 

chr6 52164997- chr13 56582143- Tgfbi 1.39394632 
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52165424 56582496 

chr6 52222031-

52222236 
Hoxa7 1.25304575 

chr5 108065725-

108065896 
Tmed5 1.39088297 

chr11 96319336-

96319500 
Hoxb3 1.28027558 

chr4 131873769-

131874309 Tmem20

0b 
1.32318142 

chr11 96333378-

96333658 

chr4 131918941-

131919070 

chr15 103014361-

103014493 

Hoxc4 1.4163078 

chr4 114382899-

114383017 
Trabd2b 2.54358469 

chr15 103034919-

103035122 

chr3 107545897-

107546060 
Ubl4b 2.20690987 

chr15 103042542-

103042678 

chr5 139540287-

139540442 
Uncx 2.70828114 

chr15 103061537-

103061680 

chr17 46030851-

46031059 
Vegfa 1.56171441 

chr15 102999283-

102999496 
Hoxc6 1.4486615 

chr14 65344005-

65344125 
Zfp395 1.36827481 

chr15 102999283-

102999496 
Hoxc8 2.01699459 

chr14 65358549-

65358775 
Zfp395 1.36827481 

chr11 64588046-

64588307 
Hs3st3a1 1.87642653 

 

chr11 64671895-

64672030 

chr11 64739116-

64739410 

Hs3st3a1 1.87642653 
chr11 64833885-

64834216 

chr11 64969110-

64969318 
 

Table 5. List of 35 down-regulated direct transcriptional targets of TBX3. 

Coordinates of 

the peak (mm10) 
Gene name FC 

Coordinates of 

the peak (mm10) 
Gene name FC 

chr13 44419971-

44420206 
Cd83 2.18028048 

chr2 28184514-

28184640 
Olfm1 1.5104431 

chr13 44730581-

44730705 

chr10 20459816-

20459972 
Pde7b 9.88388893 

chr3 95434418-

95434628 
Ctsk 2.19932078 

chr10 44979599-

44979763 
Prdm1 2.09483288 

chr4 90065769-

90066048 
Dmrta1 2.16301894 

chr1 10993572-

10993758 
Prex2 1.36476413 

chr3 118431492-

118431639 
Dpyd 3.27735218 

chr13 63451334-

63451530 
Ptch1 1.43417756 

chr16 95702716-

95702836 
Ets2 1.315503 

chr4 76449890-

76450125 
Ptprd 1.26611119 

chr16 95845468-

95845613 

chr5 115559513-

115559827 
Rplp0 1.4646774 
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chr16 95848258-

95848400 

chr18 81223202-

81223404 
Sall3 1.43462508 

chr19 5729331-

5729499 
Fam89b 1.22836749 

chr14 31336799-

31337030 
Sh3bp5 1.22117048 

chr19 30030569-

30030736 
Gldc 1.58265679 

chr14 31436074-

31436253 

chr19 30175438-

30175558 

chr3 66422634-

66423063 
Shox2 2.11562547 

chr7 116033851-

116033971 
Gm4353 2.05424601 

chr8 106338184-

106338324 
Smpd3 1.92811719 

chr8 56832691-

56832883 
Hand2 1.37125925 

chr12 55080205-

55080419 
Srp54a 1.44579886 

chr8 56962357-

56962475 

chr9 87557046-

87557280 
Tbx18 1.61930984 

chr8 57322021-

57322237 
Hexim1 1.24717389 

chr9 87731153-

87731299 
Tbx5 1.43781297 

chr11 103115331-

103115451 
Hexim1 1.24717389 

chr5 119748679-

119748824 

chr13 21833007-

21833453 
Hist1h2ap 1.7472547 

chr5 119795417-

119795710 
Tbx5 1.43781297 

chr2 74681767-

74681911 
Hoxd10 1.59981549 

chr5 119796430-

119796674 
Tbx5 1.43781297 

chr2 74681767-

74681911 
Hoxd11 2.87493083 

chr2 169702828-

169703056 
Tshz2 1.36824692 

chr8 105496752-

105496920 
Hsd11b2 1.38956568 

chr5 125389534-

125389690 

Ubc 1.42247638 
chr2 78869303-

78869476 
Itga4 1.8010563 

chr5 125389821-

125389981 

chr5 66703820-

66704015 
Limch1 1.2809222 

chr5 125393312-

125393437 

chr7 109191549-

109192029 
Lmo1 1.56468102 

chr6 13069885-

13070122 
Vwde 1.99488317 

chr7 72362596-

72362849 
Mctp2 2.56030276  

 

12.3 List of 53 direct transcriptional targets of TBX3 that also common DEGs in 

Hand2-deficient mouse forelimb buds 

List of common direct transcriptional targets of TBX3 was obtained by overlapping WT and 

Tbx3- deficient FLBs transcriptome at E9.75-10.0 (28-31 s), ChIP-seq of Tbx3
3xF/3xF 

embryos 

FLBs at E9.75-E10.25 and forelimbs ATAC-seq E10.5 data sets (transcriptome FC 1.2, 

FDR <0.05, ChIP-seq 1e5) was crossed to Hand2
∆/∆c

, Prx1Cre/+ and Hand2
+/+

, Prx1Cre/+ 

(as WT) FLBs at E10-10.25 (31-33s) transcriptome dataset. 36 common up-regulated genes 

and 17 down-regulated genes identified for Hand2- and Tbx3-deficient FLBs. 
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Table 6. A list of 36 common up-regulated genes that are direct transcriptional targets of 

TBX3 and also common DEGs in Hand2-deficient mouse FLBs. 

 

Gene name FC Gene name FC 

Adamts1 1.44183426 Irx3 1.35444089 

Adamts9 1.66683523 Irx5 1.3648683 

Alx4 1.61572343 Mpp2 1.62009615 

Ccbe1 2.48565024 Ncam1 1.97616098 

Ccng2 1.31415412 Pitx1 20.9020222 

Ddr1 1.45014775 Plxna2 1.41848322 

Efna3 1.52893153 Plxna4 1.62614239 

Foxp1 1.53253773 Pou2f2 1.63507607 

Fras1 1.27395576 Ppp1r3c 2.08328321 

Fzd1 1.26801326 Ptpn13 1.31285703 

Galk1 1.3964068 Rora 1.97932472 

Gata6 2.952376 Rspo2 1.51231529 

Hoxb3 1.28027558 Shank1 2.39224045 

Hoxc4 1.4163078 Slit1 2.32541865 

Hoxc6 1.4486615 Sox6 1.50964303 

Hoxc8 2.01699459 St3gal1 1.34411892 

Hs3st3a1 1.87642653 Tgfbi 1.39394632 

Insig1 1.33920574 Trabd2b 2.54358469 

 

Table 7. A list of 17 common down-regulated genes that are direct transcriptional targets of 

TBX3 and also common DEGs in Hand2-deficient mouse FLBs. 

 

Gene name FC Gene name FC 

Dmrta1 2.16301894 Olfm1 1.5104431 

Dpyd 3.27735218 Prdm1 2.09483288 

Ets2 1.315503 Ptch1 1.43417756 

Gldc 1.58265679 Sall3 1.43462508 

Hand2 1.37125925 Shox2 2.11562547 

Hoxd10 1.59981549 Srp54a 1.44579886 

Hoxd11 2.87493083 Tbx18 1.61930984 

Hsd11b2 1.38956568 Vwde 1.99488317 

Mctp2 2.56030276     

 

12.4 List of 87 direct transcriptional targets of TBX3 that are unique to TBX3. 

List of unique direct transcriptional targets of TBX3 was obtained by overlapping WT and 

Tbx3- deficient FLBs transcriptome at E9.75-10.0 (28-31s), ChIP-seq of Tbx3
3xF/3xF 

embryos 

FLBs at E9.75-E10.25 and forelimbs ATAC-seq E10.5 data sets (transcriptome FC 1.2, 
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FDR <0.05, ChIP-seq 1e5). Identified direct transcriptional targets of TBX3 were crossed to 

Hand2
∆/∆c

, Prx1Cre/+ and Hand2
+/+

, Prx1Cre/+ (as WT) FLBs at E10-10.25 (31-33s) 

transcriptome dataset. 87 unique direct TBX3 transcriptional targets identified: 69 unique up-

regulated genes and 18 unique down-regulated genes identified for Tbx3-defienet FLBs. 

 

Table 8. 18 unique Tbx3-defienet FLBs down-regulated genes that are direct transcriptional 

targets of TBX3. 

Gene name FC Gene name FC 

Cd83 2.18028048 Pde7b 9.88388893 

Ctsk 2.19932078 Prex2 1.36476413 

Fam89b 1.22836749 Ptprd 1.26611119 

Gm4353 2.05424601 Rplp0 1.4646774 

Hexim1 1.24717389 Sh3bp5 1.22117048 

Hist1h2ap 1.7472547 Smpd3 1.92811719 

Itga4 1.8010563 Tbx5 1.43781297 

Limch1 1.2809222 Tshz2 1.36824692 

Lmo1 1.56468102 Ubc 1.42247638 
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Table 9. 69 unique Tbx3-defienet FLBs up-regulated genes that are direct transcriptional 

targets of TBX3. 

Gene name FC Gene name FC 

Adamts2 2.89586689 Hs3st3b1 1.27724376 

Adm 4.60699645 Ier3 2.73854692 

Adra2a 2.62367839 Ldha 1.62682424 

Aldh1a2 4.44715934 Letmd1 1.27115785 

Aldh9a1 1.2274652 Lingo1 1.77156325 

Arg1 2.70780264 Mpped2 1.38989238 

Arl2 1.22149308 Myrf 2.11724274 

Asic2 1.62948029 Nrn1 4.18697624 

Atp11b 1.25482868 Pfkfb3 2.03817703 

Bhlhe41 2.73126611 Pkm 1.42424054 

Bnc1 1.95102744 Pknox2 2.27793529 

Cabp1 1.80242009 Plekha6 2.42528618 

Cdh23 4.31848649 Podxl 1.44569934 

Cdh3 1.39620336 Ppp2r2b 3.13053147 

Col9a1 1.69601381 Rabggtb 1.23544403 

Crb2 2.39924221 Rap1gap2 1.93298707 

Creb5 1.8665512 Rapgef5 1.36252931 

Cyp26b1 1.40532871 Rara 1.24988287 

Dapk1 1.33592196 Rarb 1.36236403 

Dmrt2 4.55283824 Sfrp1 1.89897858 

Dsc2 1.46324932 Shroom3 1.4395751 

Edar 1.63616757 Sim1 3.21940674 

Egln1 1.60296294 Slc16a3 2.55928536 

Eno3 1.25675064 Soat1 1.41096747 

Erp29 1.25391099 Spred3 1.6624021 

F11r 1.38606721 Stard4 1.2386737 

Fam114a2 1.30758551 Stc1 2.20191573 

Flt1 1.53074609 Tbx2 1.55038865 

Galnt16 1.58849703 Tmed5 1.39088297 

Gm8730 8.95390964 Tmem200b 1.32318142 

Hand1 5.44991899 Ubl4b 2.20690987 

Hist1h2bj 2.78855832 Uncx 2.70828114 

Hk2 1.61521463 Vegfa 1.56171441 

Hoxa1 1.8947815 Zfp395 1.36827481 

Hoxa7 1.25304575 
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12.5 List of 410 direct transcriptional targets of HAND2 

List of direct transcriptional targets of HAND2 was obtained by overlapping Hand2
+/+

, Prx1Cre/+ (as WT) and Hand2
∆/∆c

 forelimb bud 

transcriptome at E10.0-10.25 (31-33s) to ChIP-seq of HAND2
3xF/3xF 

embryos FLBs at E10.5 (transcriptome FC 1.2, FDR <0.05, ChIP-seq 

generated by Marco Osterwalder). Overlap revealed 268 up-regulated and 142 down-regulated direct transcriptional targets of HAND2 in 

FLBs.  

Table 10. List of 268 up-regulated direct transcriptional targets of HAND2. 

Gene name FC Gene name FC Gene name FC Gene name FC Gene name FC 

Abat 1.37879966 Edil3 1.70405887 Kcnb1 2.39389981 Ppp1r3c 1.62373355 Tmem59l 1.65846318 

Adamts9 1.6072359 Efna3 1.38740013 Kcnd3 2.19335533 Prdm16 1.33332492 Tmtc2 1.32394955 

Agtrap 1.37302826 Efna5 1.31928093 Kcnh2 1.33341457 Prkg1 1.45370551 Tnrc18 1.20411245 

Aldh4a1 1.45342554 Elmo2 1.31814821 Kcnq4 1.81085524 Prrx2 1.45759811 Tpbg 1.30548722 

Alx3 1.91307989 Emx2 1.24544209 Kcp 1.36522119 Psd2 1.59501116 Tpp1 1.30097868 

Alx4 1.91495974 Epas1 1.42294655 Klhl29 1.20473274 Ptgis 1.2943372 Trerf1 1.25092683 

Arhgap20 2.06570875 Epb4.1l3 1.20598918 Lgals3bp 1.80028593 Pth1r 1.33017285 Tspan11 2.22591446 

Arhgap22 1.68476657 Epha7 1.34307379 Lhx2 1.40395792 Ptms 1.20711889 Tspan13 1.23411717 

Arid5b 1.40323231 Ephx1 2.30438807 Lmf1 1.34278444 Ptpdc1 1.30299134 Tspyl5 1.38458645 

Arrdc3 1.72416383 Eya4 1.34193001 Lphn1 1.2343902 Ptpn13 1.21316348 Ttc28 1.21352951 

Asap3 1.56585264 Fam13a 1.8147518 Lrp1 1.26448539 Ptprs 1.22251125 Ttc9c 1.24228432 

Asb4 1.49018547 Fam196b 1.74957278 Lrrc1 1.25652843 Ptpru 1.26858223 Ttll7 1.57053404 

Atrnl1 1.21417147 Fgf5 1.91920107 Lrsam1 1.40108008 Pxk 1.34674843 Twist1 1.21381097 

Bai2 1.49793461 Fmod 1.78749602 Ltbp4 1.40796597 Rab32 2.15178067 Txndc16 1.30103379 

BC005764 1.22645639 Foxp1 1.53650025 Maf 1.73746903 Rab3il1 1.21493316 Vamp2 1.24878571 

Bmf 1.53076201 Fras1 1.38765788 Mafb 1.42982228 Rabac1 1.24935687 Vstm2b 1.61790011 

Boc 1.46659534 Frem2 1.40036854 Mecom 1.27409483 Rbm5 1.2051316 Wdr86 1.63718204 

C1qtnf1 2.47538018 Fuca1 1.2894361 Meg3 1.42635722 Rimklb 1.2198081 Wif1 1.7406622 

Cacna1c 1.33943783 Fzd8 1.33247781 Mfap4 1.37806882 Rnf157 1.23610154 Wisp1 1.55113729 

Cacna1g 1.41268699 Gaa 1.21239938 Mlycd 1.38290401 Ror1 1.25033086 Zcchc24 1.26971405 

Cacna1h 1.50622356 Gabbr1 1.26256005 Mn1 1.27542105 Rora 1.69208414 Zfhx2 1.29960036 

Cacng7 1.39531634 Gas1 1.40938611 Msx1 1.26435373 Rph3al 1.83722855 Zfhx4 1.41674708 
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Ccbe1 1.61609742 Gata4 10.8741126 Msx2 1.35035837 Rpl34 1.62149241 Zfp608 1.21796092 

Ccng2 1.34459726 Gata5 2.27030295 Mxd4 1.47303795 Rps6ka1 1.2001274 Zfp618 1.22567387 

Cd82 1.61691405 Gata6 2.07057938 Mxra8 2.31073128 Rspo1 1.866383 Zfp804a 2.26678267 

Cd97 1.54122816 Gdf6 1.63181202 Ncam1 1.57166329 Runx2 2.10880718 Zfp827 1.24717522 

Cdkn1b 1.28384685 Gli3 1.25426824 Nfatc4 1.41058294 S1pr3 1.2376854 Zfp839 1.42893701 

Cdkn1c 1.29199892 Glis1 2.15664909 Nfib 1.27808104 Samd4 1.50560471 Zmym6 1.24366989 

Cdon 1.48259709 Glis3 1.55146545 Nfic 1.39188764 Sdk1 1.34874338 Dlg4 1.20961222 

Cep250 1.30786994 Grik5 1.29183034 Nlgn2 1.29223763 Sema6c 1.26373016 Dnm3os 1.90479457 

Chst1 1.55328299 Grip1 1.30642718 Notch3 1.20209459 Sft2d2 1.36962832 Dok2 1.92753303 

Cirbp 1.21874658 H1f0 1.20355064 Npas3 2.05874233 Sfxn3 1.54646631 Dpf3 2.44522362 

Col12a1 1.53336374 Hif3a 1.28374329 Nr2f1 1.22678447 Sh2d5 1.86960004 Dync1i1 1.4351414 

Col16a1 1.38036744 Hist1h1b 5.53215201 Ntng1 1.4347036 Six2 1.64613294 Ebf3 1.24766437 

Col1a1 1.53696238 Hist1h1d 5.82222819 Nudt6 1.61873201 Slc22a17 1.39654268 Igfbp5 1.46859146 

Col1a2 1.96461215 Hist1h2ak 3.40912143 Numbl 1.3623899 Slc2a8 1.51149816 Irf5 1.72229834 

Col5a1 1.25006559 Hist1h2bn 6.57147778 Nxph3 1.74900134 Slc4a3 1.25943307 Irx3 1.56243687 

Col8a2 1.79264745 Hist1h3e 2.93850276 Olfm2 2.04193211 Slc6a17 1.5133678 Irx4 1.65462296 

Cpz 1.45104573 Hist1h4d 4.86851549 Olfml2a 1.80762772 Slit1 1.99850393 Irx5 1.53775659 

Creb3l1 1.91425422 Hist1h4f 9.75707068 Pacsin1 1.60997455 Smarca2 1.30999282 Itga11 2.21976848 

Crlf1 1.56433637 Hist1h4k 3.5552585 Pafah2 1.58554324 Sned1 2.44195758 Pml 1.28215657 

Crocc 1.25793982 Hoxa3 1.38881267 Pbx1 1.34658848 Sorl1 1.23531654 Pomt1 1.23257652 

Csf1 1.42576399 Hoxb3 1.44766568 Pde4a 1.49180272 Sox5 1.49548915 Pou2f2 2.0734293 

Csf1r 1.86762413 Hoxb9 2.68750622 Pde8a 1.5121291 Sox6 1.30112672 Ppm1h 1.55785519 

Csrnp3 1.29682396 Hoxc4 1.37120575 Pdgfrb 1.23887265 Sparc 1.23831806 Ppox 1.55955487 

Csrp1 1.37498783 Hoxc5 1.38327893 Pdlim5 1.24555341 Srcrb4d 1.5455189 Ppp1r13l 1.20786147 

Cthrc1 1.59029332 Hoxc6 1.43844783 Pdzd7 2.27433505 Srgap3 1.28870363 Tbx18 1.4726446 

Cux2 1.57795726 Hoxc8 1.65946169 Peli2 1.20747647 Sspn 2.08150797 Tgfbi 1.38059927 

Cxcl14 1.62271468 Hpse2 1.70059162 Pgm2l1 1.25770155 St3gal1 1.37141158 Tgfbr3 1.21216682 

Cyp27a1 1.37125256 Hs3st3a1 1.44458242 Phyhip 2.55964264 Stil 1.22247814 Thbs3 1.53142097 

Dap 1.61906068 Id1 1.20395012 Pik3ip1 1.43510119 Stoml1 1.36414829 Timp2 1.27627995 

Dclk1 1.2800916 Id2 1.34951782 Pitx1 2.90691673 Sulf1 1.56714593 Tlr2 2.4438172 

Dhrs3 1.42344912 Id3 1.25380117 Pld3 1.26753417 Syne1 1.61342279 
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Dhx34 1.28658775 Igfbp2 1.31530117 Plxna2 1.3864282 Synpo 1.63926312 

  
Table 11. List of 142 down-regulated direct transcriptional targets of HAND2. 

Gene FC Gene FC Gene FC Gene FC Gene FC Gene FC 

2410131K14Rik 1.210 Cntfr 1.883 Gpd1l 1.264 Mgat4a 1.228 Rasgef1b 1.749 Spry4 1.399 

Aars 1.202 Coro1c 1.230 Gpr4 1.995 Msi2 1.387 Rnd3 1.534 Stk39 1.342 

Abl2 1.232 Cpa2 1.560 Grem1 2.490 N4bp3 1.2486 Rspo3 1.930 Synm 2.240 

Adam11 1.490 Cyp1b1 1.793 Gsc 1.700 Nrp2 1.247 Rtn4rl1 2.300 Tbc1d16 1.208 

Adcy1 1.326 D10Wsu102e 1.202 Gsto2 2.633 Nrtn 1.398 Rybp 1.246 Tgds 1.437 

Aif1l 1.227 D430041D05Rik 1.975 Hand2 117.1 Ntn3 1.277 Sall1 2.261 Tiparp 1.215 

Ankrd10 1.224 Dctd 1.311 Hdac9 1.344 Nudt15 1.287 Sall3 2.252 Tns3 1.232 

Ano1 2.291 Ddx39 1.231 Hmcn1 1.274 Nufip2 1.212 Sertad4 1.361 Trim71 1.265 

Arid3a 1.267 Dkk3 1.471 Hoxa11 1.367 Nxn 1.206 Sgms2 2.110 Ttll11 1.904 

Asl 1.654 Dlx2 1.317 Hoxd10 1.248 Olfm1 2.010 Shh 38.449 Ttpal 1.233 

Bcat1 1.400 Dock6 1.250 Hoxd11 5.677 Osr1 1.916 Shox2 1.471 Unc5c 1.936 

Bcl2 1.359 Dok4 2.118 Hsd11b2 1.668 Palm3 1.590 Slc15a4 1.254 Vav2 1.222 

Bhlha9 1.397 Enc1 1.288 Hspd1 1.233 Phlda1 1.352 Slc16a10 1.325 Vps8 1.808 

Btbd3 1.305 Epha8 2.036 Hspe1 1.275 Plxna4 1.543 Slc29a4 1.304 Wdfy1 1.574 

Calm1 1.274 Ets1 1.208 Ifrd1 1.266 Polr3b 1.249 Slc7a5 1.366 Wdr4 1.211 

Camk2a 1.743 Ets2 1.729 Impdh1 1.243 Pou4f1 5.253 Slc8a3 2.332 Wnt11 1.381 

Cbln1 1.647 Fam178a 1.221 Isoc1 1.204 Ppp1r16b 1.336 Slit3 1.321 Wnt5a 1.25 

Ccdc117 1.321 Fgf8 1.679 Itgav 1.234 Ppp2r2c 2.381 Smoc1 1.771 

  Ccnd1 1.399 Fgf9 2.061 Jag1 1.306 Prdm1 2.765 Smyd2 1.275 

  Cdc42ep3 1.459 Fmn1 1.540 Kbtbd8 1.388 Prmt3 1.234 Snai1 1.329 

  Cdk6 1.756 Foxj1 1.855 Kif26a 1.449 Prnp 1.399 Snap91 1.417 

  Cdkn1a 1.527 Frem1 2.038 Kpna2 1.201 Psat1 1.235 Snrpa1 1.258 

  Cdr2 1.260 Gbx2 1.972 Lad1 1.407 Ptch1 3.277 Snx5 1.235 

  Cecr2 1.217 Gjc1 1.470 Mcl1 1.201 Ralgps2 1.202 Socs2 1.674 

  Chrna1 1.651 Gli1 4.521 Mctp2 1.781 Rangrf 1.225 Sost 1.381 
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12.6 List of 39 common direct transcriptional targets of TBX3 and HAND2  

39 Common direct transcriptional targets of TBX3 and HAND2 identified by intersecting: 

140 direct transcriptional targets of TBX3 (obtained by overlapping WT and Tbx3- deficient 

FLBs at E9.75-10.0 (28-31s), ChIP-seq of Tbx3
3xF/3xF 

embryos FLBs at E9.75-E10.25 and 

forelimbs ATAC-seq E10.5 data sets (transcriptome FC 1.2, FDR <0.05, ChIP-seq 1e5)) to 

410 direct transcriptional targets of HAND2 (obtained by overlapping Hand2
+/+

, Prx1Cre/+ 

(as WT) and Hand2
∆/∆c

 FLBs at E10.0-10.25 (31-33s) to ChIP-seq of HAND2
3xF/3xF 

embryos 

FLBs at E10.5 (transcriptome FC 1.2, FDR <0.05, ChIP-seq generated by Marco 

Osterwalder)). 

 

Table 12. List of 39 common direct transcriptional targets of TBX3 and HAND2 in mouse 

early embryonic forelimb buds. 

 

Common TBX3 and HAND2 direct 

transcriptional target genes 

Adamts9 Hoxb3 Mctp2 Ptpn13 

Alx4 Hoxc4 Ncam1 Rora 

Ccbe1 Hoxc6 Olfm1 Sall3 

Ccng2 Hoxc8 Pitx1 Shox2 

Efna3 Hoxd10 Plxna2 Slit1 

Ets2 Hoxd11 Plxna4 Sox6 

Foxp1 Hs3st3a1 Pou2f2 St3gal1 

Fras1 Hsd11b2 Ppp1r3c Tbx18 

Gata6 Irx3 Prdm1 Tgfbi 

Hand2 Irx5 Ptch1 

  

 



 184 

Table 13. The table represents the list of outcast direct transcriptional targets of TBX3 that do not overlap with ATAC-seq peaks. Genes were 

identified by overlapping WT, and Tbx3-deficient FLBs transcriptome revealed DEGs and all the TBX3 ChIP-seq consensus peaks (peaks 

that were detected in both replicates) associated to the nearest genes to peaks using basal plus extension GREAT mode (n=11,422).   

 

 

TBX3 direct transcriptional target genes that do not overlap with ATAC-seq peaks 

2410131K14Rik Cnr1 Fzd10 Kank4 Pam Sel1l3 

4930522L14Rik Col14a1 Gak Kcnn3 Pappa2 Serinc5 

Ackr3 Col15a1 Galnt14 Kdm3a Pcdh17 Sh3rf3 

Adgrl3 Col5a1 Gap43 Kdm7a Pcna-ps2 Shh 

Ak4 Col6a3 Gata5 Kifc5b Pdk1 Shisa3 

Akap12 Cped1 Gdf6 Klf12 Pdlim5 Slc2a1 

Aldoc Crispld2 Gja5 Lama2 Pfkp Snx25 

Amph Crnkl1 Glcci1 Lrp2 Pik3r3 Sparcl1 

Angpt2 Csf1r Glt1d1 Mamdc2 Plekha2 Stc2 

Ankrd26 Dcun1d4 Gm2a Map1a Plod2 Thbs1 

Ankrd37 Dlk1 Gm42878 Map1b Popdc2 Tmem114 

Anxa2 Dpf3 Gnai1 Mcub Pou4f1 Tmem170b 

Asic4 Dpysl2 Grk3 Meox1 Ppp1r3g Tmem74b 

Bhlhe40 Dpysl3 Gucy1a3 Meox2 Prelid2 Tnfaip3 

Bmt2 Dpysl5 Gucy1b3 Mmp17 Prickle1 Tpi1 

Bnip3l Dsp Higd1a Mrc1 Prnd Trim29 

Car12 Egfr Hmx1 Msmo1 Rab39 Tspan13 

Cav1 Egln3 Hoxb9 Myc Rabl2 Vldlr 

Ccser1 Eno1b Hoxd13 Nap1l5 Rbpms Wisp1 

Cd36 Ezr Igfbp2 Ndrg1 Rgs2 Wnt2 

Cdo1 F13a1 Igfbp3 Ndufv3 Rims2 Wnt5a 

Celf2 Fam189a2 Itga2b Ngfr Robo2 Zfpm1 

Chst15 Foxi2 Itgb3 Nxph4 Ror1  

Ciart Frem1 Itgb8 Olfm2 Rps2  

Cldn5 Fst Jag1 P4ha2 Rtn4rl1  
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Table 14. The table represents the list of outcast direct transcriptional targets of TBX3 that do not overlap with ATAC-seq peaks. Genes were identified by 

overlapping WT, and Tbx3-deficient FLBs transcriptome revealed DEGs and all the TBX3 ChIP-seq consensus peaks (peaks that were detected in both 

replicates) associated to the nearest genes to peaks using two nearest genes GREAT mode (n=11,422).  

 

TBX3 direct transcriptional target genes that do not overlap with ATAC-seq peaks 

2410131K14Rik Col15a1 Fzd10 Kdm3a Pcna-ps2 Shisa3 

4930522L14Rik Col5a1 Gak Kdm7a Pdlim5 Slc25a1 

Ackr3 Col6a3 Galnt14 Kifc5b Pik3r3 Slc2a1 

Adgrl3 Cox4i2 Gap43 Klf12 Plekha2 Snx25 

Ak4 Cped1 Gata5 Lama2 Plod2 Sparcl1 

Akap12 Crispld2 Gdf6 Lrp2 Popdc2 Stc2 

Amph Crnkl1 Gja5 Mamdc2 Pou4f1 Thbs1 

Angpt2 Csf1r Glcci1 Map1a Ppp1r3g Tmem114 

Ankrd26 Dcun1d4 Glt1d1 Map1b Prelid2 Tmem170b 

Ankrd37 Dlk1 Gm2a Masp1 Prickle1 Tmem74b 

Anxa2 Dpf3 Gm42878 Mcub Prnd Tnfaip3 

Asic4 Dpysl2 Gnai1 Meox1 Rab39 Tpi1 

Bhlhe40 Dpysl3 Grk3 Meox2 Rabl2 Trim29 

Bmt2 Dpysl5 Gucy1a3 Mmp17 Rbpms Vldlr 

Bnip3l Dsp Gucy1b3 Mrc1 Rgs2 Wisp1 

Car12 Egfr H60b Msmo1 Rims2 Wnt2 

Cav1 Egln3 Higd1a Myc Rnaset2a Wnt5a 

Ccdc42 Eno1b Hmx1 Nap1l5 Robo2 Zfpm1 

Ccser1 Ezr Hoxa10 Ndufv3 Ror1  

Cd36 F13a1 Hoxb6 Ngfr Rps2  

Cdo1 Fam13b Igfbp2 Nxph4 Rtn4rl1  

Chst15 Fam177a Itga2b Olfm2 Scd1  

Ciart Fam189a2 Itgb8 P4ha2 Sel1l3  

Cldn5 Foxi2 Jag1 Pam Serinc5  

Cnr1 Frem1 Kank4 Pappa2 Sh3rf3  

Col14a1 Fst Kcnn3 Pcdh17 Shh  
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Table 15. The table represents the list of different (due to different GREAT modes used) outcast direct 

transcriptional targets of TBX3 that do not overlap with ATAC-seq peaks. Genes identified by 

intersecting data from supplement Table 13 and Table 14. 

TBX3 direct transcriptional target genes that do not overlap with ATAC-seq 

peaks 

2410131K14Rik Cox4i2 Hoxa10 Jag1 Pdlim5 

Aldoc Crispld2 Hoxb6 Kcnn3 Pfkp 

Ankrd26 Dpysl5 Hoxb9 Masp1 Rnaset2a 

Ccdc42 Fam13b Hoxd13 Mcub Scd1 

Ccser1 Fam177a Igfbp2 Msmo1 Slc25a1 

Celf2 Gap43 Igfbp3 Ndrg1 Tmem74b 

Cnr1 H60b Itgb3 Pdk1 Tspan13 

 

Table 16. The table represents a list of 35 genes that are known transcription factors and were identified 

as the direct transcriptional targets of TBX3 in mouse embryos FLBs.  

 

Direct TBX3 target genes that are transcription factors 

Alx4 Gata6 Hoxc6 Pitx1 Sall3 

Bnc1 Hand1 Hoxc8 Pknox2 Shox2 

Creb5 Hand2 Hoxd10 Pou2f2 Sim1 

Dmrt2 Hoxa1 Hoxd11 Prdm1 Sox6 

Dmrta1 Hoxa7 Irx3 Rara Tbx18 

Ets2 Hoxb3 Irx5 Rarb Tbx2 

Foxp1 Hoxc4 Lmo1 Rora Tbx5 
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Table 17. Candidate TBX3, HAND2 and GLI3 CRMs for transgenic reporters. 
The tables below represent the genomic regions identified as possible candidate CRMs of TBX3, HAND2 (Osterwalder et al., 2014)) and 

GLI3 (XXX). In particular, analysis was focused on the candidate CRMs associated with Gli3, Tbx3, and Hand2 locus to evaluate the 

regulatory relationship (auto- and cross-regulation) between theses TF. CRMs analysis was done using transgenic reporters’ assay (hsp68-

LacZ (random integration; the analysis was done by Marco Osterwalder)). Not assessed: N.a, genomic regions in blue: assessed candidate 

CRMs, genomic regions in red: already known CRMs (VISTA). 

Gli3 peaks coordinates 

in mm10 

Gli3 peaks coordinates 

in mm9 
Gene VISTA number Tested region coordinates 

chr13 15241099 15241670 chr13:15333369-15333940 Gli3 N.a.  N.a. 

chr13 15435952 15436320 chr13:15527785-15528153 Gli3 Negative (5kb tested, MO) chr13:15432114-15436834 

chr13 15252093 15252457 chr13:5436506-5436558 Gli3 N.a.  N.a. 

chr13 15431550 15432072 chr13:15523383-15523905 Gli3 N.a.  N.a. 

chr13 15433316 15433698 chr13:15525149-15525531 Gli3 Negative (5kb tested, MO) chr13:15432114-15436834 

chr13 15432831 15433109 chr13:15524664-15524942 Gli3 Negative (5kb tested, MO) chr13:15432114-15436834 

chr13 15438145 15438535 chr13:15529978-15530368 Gli3 Negative (5kb tested, MO) chr13:15436341-15441269 

 

Hand2 peaks coordinates 

in mm10 

Hand2 peaks coordinates 

in mm9 
Gene VISTA number Tested region coordinates 

chr13 15343300 15343894 chr13 15435132 15435727 Gli3 mm1179   

chr13 15463942 15464513 chr13 15555774 15556346 Gli3 N.a. N.a. 

chr13 15759201 15759518 chr13 15851033 15851351 Gli3 N.a. N.a. 

chr5 118817717 118818984 chr5 119267725 119268993 Tbx3 N.a. N.a. 

chr5 118829146 118829762 chr5 119279154 119279771 Tbx3 N.a. N.a. 

chr5 118869200 118869630 chr5 119319208 119319639 Tbx3 N.a. N.a. 

chr5 119796490 119796882 chr5 120246498 120246891 Tbx3 mm1282 and hs2329   

chr5 119138644 119139179 chr5 119588652 119589188 Tbx3 N.a. N.a. 

chr5 119139293 119139547 chr5 119589301 119589556 Tbx3 N.a. N.a. 

chr5 119249293 119249898 chr5 119699301 119699907 Tbx3 N.a. N.a. 

chr5 119400299 119401162 chr5 119850307 119851171 Tbx3 N.a. N.a. 

chr5 119609015 119609378 chr5 120059023 120059387 Tbx3 N.a. N.a. 

chr5 119612368 119612832 chr5 120062376 120062841 Tbx3 mm1177   

chr5 119619795 119620253 chr5 120069803 120070262 Tbx3 N.a. N.a. 
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chr5 119651318 119652066 chr5 120101326 120102075 Tbx3 mm1178   

chr5 119795524 119795907 chr5 120245532 120245916 Tbx3 mm1282   

chr8 56622884 56623682 chr8 59101680 59102479 Hand2 N.a. N.a. 

chr8 56706785 56707394 chr8 59185581 59186191 Hand2 mm1832 (MO) chr8:56706437-56707834 

chr8 56883508 56883680 chr8 59362304 59362477 Hand2 N.a. N.a. 

chr8 57319558 57320476 chr8 59798354 59799273 Hand2 N.a. N.a. 

chr8 57331464 57332414 chr8 59810260 59811211 Hand2 N.a. N.a. 

chr8 57333388 57334634 chr8 59812184 59813431 Hand2 mm1283   

chr8 57353544 57354612 chr8 59832340 59833409 Hand2 N.a. N.a. 

chr8 57435949 57436338 chr8 59914745 59915135 Hand2 N.a. N.a. 

 

Tbx3 peaks coordinates 

in mm10 

Tbx3 peaks coordinates 

in mm9 
Gene VISTA number Tested region coordinates 

chr13 15343018 15343149 chr13:15434851-15434982 Gli3 mm1179  

chr13 15463792 15464046 chr13:15555625-15555879 Gli3 N.a. N.a. 

chr13 15549322 15549622 chr13:15641155-15641455 Gli3 hs1586  

chr5 118960494 118960638 chr5:119410503-119410647 Tbx3 N.a. N.a. 

chr5 118981104 118981226 chr5:119431113-119431235 Tbx3 N.a. N.a. 

chr5 119612736 119612881 chr5:120062745-120062890 Tbx3 mm1177  

chr5 119670527 119671140 chr5:120120536-120121149 Tbx3 N.a. N.a. 

chr5 119748679 119748824 chr5:120198688-120198833 Tbx3 N.a. N.a. 

chr5 119795417 119795710 chr5:120245426-120245719 Tbx3 N.a. N.a. 

chr5 119796430 119796674 chr5:120246439-120246683 Tbx3 mm1282  

chr8 56832691 56832883 chr8:59311488-59311680 Hand2 mm1687  

chr8 56962357 56962475 chr8:59441154-59441272 Hand2 mm1831 (MO) chr8:56961474-56963974 

chr8 57322021 57322237 chr8:59800818-59801034 Hand2 N.a. N.a. 
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Table 18. TBX3 targeted candidate CRMs for transgenic reporters. 
The tables below represent the genomic regions identified as possible candidate CRMs of TBX3 (analysis stringency set to1e3). In this case, 

analysis was focused on the candidate CRMs associated with Gli3, Tbx3, and Hand2 locus to provide insights into FLs development 

controlling regulatory loop. CRMs analysis was done using transgenic reporters’ assay (hsp68-LacZ (random integration, analysis done by 

Prof. Marco Osterwalder)). Not assessed: N.a, genomic regions in blue: assessed candidate CRMs, genomic regions in red: already known 

CRMs (VISTA). 

 

Gli3 locus coordinates mm10 Gli3 locus coordinates mm9 Status VISTA number 

chr13:15343483-15343686 chr13:15435316-15435519 known mm1179 

chr13:15463602-15463957 chr13:15555435-15555790 unknown N.a. 

chr13:15510341-15510668 chr13:15602174-15602501 unknown Negative (5kb tested, MO) 

chr13:15549290-15549618 chr13:15641123-15641451 known hs1586 

chr13:15623001-15623269 chr13:15714834-15715102 unknown N.a. 

chr13:15664737-15665188 chr13:15756570-15757021 known mm652 

chr13:15831820-15832179 chr13:15923653-15924012 unknown N.a. 

chr13:15834117-15834638 chr13:15925950-15926471 unknown N.a. 

chr13:15836704-15837144 chr13:15928537-15928977 unknown N.a. 

chr13:15843664-15844043 chr13:15935497-15935876 unknown N.a. 

 Tbx3 locus coordinates mm10 Tbx3 locus coordinates mm9 Status VISTA number 

chr5:119668153-119668395 chr5:120118162-120118404 known hs483 

chr5:119668153-119668435 chr5:120118162-120118444 known hs483 

chr5:119669913-119670215 chr5:120119922-120120224 unknown N.a. 

chr5:119670681-119671064 chr5:120120690-120121073 unknown N.a. 

chr5:119672225-119672259 chr5:120122234-120122268 unknown N.a. 

chr5:119672579-119672804 chr5:120122588-120122813 unknown N.a. 

 Hand2 locus coordinates mm10 Hand2 locus coordinates mm9 Status VISTA number 

chr8:57320890-57321234 chr8:59799687-59800031 unknown N.a. 

chr8:57321464-57321755 chr8:59800261-59800552 unknown N.a. 

chr8:57321884-57322441 chr8:59800681-59801238 unknown N.a. 
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chr8:57323478-57323935 chr8:59802275-59802732 unknown N.a. 

Table 19. Direct TBX3 target genes candidate CRMs for transgenic reporters. 
A table below represents selected direct transcriptional target genes of TBX3 and the genomic regions identified as possible candidate CRMs 

for transgenic reporters’ assay (hsp68-LacZ (random integration, analysis done by Marco Osterwalder)). Not assessed: N.a, genomic regions 

in blue: assessed candidate CRMs, genomic regions in red: already known CRMs (VISTA). 

 

Direct Tbx3 target genes Tbx3 peaks coordinates in mm10 VISTA number Tested region pattern 

Prdm1 chr10 44979599 44979763 N.a.  N.a.  

Sall3 chr18 81223202 81223404 N.a.  N.a.  

Tshz2 chr2 169702828 169703056 N.a.  N.a.  

Itga4 chr2 78869303 78869476 N.a.  N.a.  

Tbx18 chr9 87557046 87557280 N.a.  N.a.  

Tbx18 chr9 87731153 87731299 N.a.  N.a.  

Hs3st3b1 chr11 63300329 63300481 N.a.  N.a.  

Rspo2 chr15 43282400 43282597 N.a.  N.a.  

Adamts1 chr16 85803135 85803298 N.a.  N.a.  

Uncx chr5 139540287 139540442 N.a.  N.a.  

Fzd1 chr5 4562851 4563003 N.a.  N.a.  

Fzd1 chr5 4758049 4758198 N.a.  N.a.  

Plxna4 chr6 32381523 32381713 N.a.  N.a.  

Plxna4 chr6 32710314 32710434 N.a.  N.a.  

Hoxa1 chr6 52158542 52158691 N.a.  N.a.  

Hoxa1 chr6 52164997 52165424 N.a.  N.a.  

Hoxa7 chr6 52222031 52222236 N.a.  N.a.  

Cyp26b1 chr6 84410173 84410431 N.a.  N.a.  

Egln1 chr8 124949670 124949793 N.a.  N.a.  

Edar chr10 58652137 58652274 N.a.  N.a.  

Ptch1 chr13 63451334 63451530 N.a.  N.a.  

Ets2 chr16 95702716 95702836 N.a.  N.a.  

Ets2 chr16 95845468 95845613 N.a.  N.a.  

Ets2 chr16 95848258 95848400 hs1516   
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Sall3 chr18 81223202 81223404 N.a. N.a. 

Olfm1 chr2 28184514 28184640 N.a. N.a. 

Hoxd10 chr2 74681767 74681911 N.a. N.a. 

Hoxd11 chr2 74681767 74681911 N.a. N.a. 

Shox2 chr3 66422634 66423063 mm1840 Negative (non-reproducible staining) 

Lmo1 chr7 109191549 109192029 mm1788 FL and distal HL; brain  

Hand2 chr8 56832691 56832883 mm1687   

Hand2 chr8 56962357 56962475 mm1831 Proximal FLBs and HLBs  

Hand2 chr8 57322021 57322237 N.a. N.a. 

Hand1 chr11 57827457 57827814 N.a. N.a. 

Tbx2 chr11 85643938 85644073 N.a. N.a. 

Tbx2 chr11 85799815 85800225 mm1210 Heart and limbs 

Tbx2 chr11 85818394 85818565 N.a. N.a. 

Tbx2 chr11 85832382 85832843 N.a. N.a. 

Hoxc6 chr15 102999283 102999496 N.a. N.a. 

Hoxc8 chr15 102999283 102999496 N.a. N.a. 

Hoxc4 chr15 103014361 103014493 hs1875   

Hoxc4 chr15 103034919 103035122 N.a. N.a. 

Hoxc4 chr15 103042542 103042678 N.a. N.a. 

Hoxc4 chr15 103061537 103061680 N.a. N.a. 

Rspo2 chr15 43282400 43282597 N.a. N.a. 

Alx4 chr2 93625109 93625397 N.a. N.a. 

Alx4 chr2 93642703 93642881 N.a. N.a. 

Alx4 chr2 93785210 93785404 N.a. N.a. 

Irx3 chr8 91313492 91313754 N.a. N.a. 

Irx3 chr8 91713877 91714070 mm1211   

Irx3 chr8 91948630 91948905 N.a. N.a. 

Irx5 chr8 91948630 91948905 N.a. N.a. 

Pknox2 chr9 36938601 36938719 N.a. N.a. 
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Figure 42. WISH for the direct transcriptional target of HAND2 with GO terms for AVC cushion 

morphogenesis for WT and Hand2
∆/∆

 mouse embryos at E9.5 (n=3) 

 
Figure 43. WISH for the direct transcriptional target of HAND2 with GO terms for AVC cushion 

morphogenesis for WT and Hand2
∆/∆

 mouse embryonic hearts at E9.5 (n=3, zoom in enlargement of 

Figure 42).  
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Figure 44. WISH for the direct HAND2 target genes at E9.5 (n=1) in WT and Hand2-deficient whole 

mouse embryos and magnified hearts. 

 
 

Figure 45. WISH for the direct HAND2 targets genes at E9.5 for WT whole mouse embryos and 

magnified hearts (n=1). 
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Figure 46. WISH revealed that Tbx3 expression is down-regulated in Hand2-deficient mouse 

embryos AVCs at E9.5 (n=3). 

 
 

Figure 47. Lysotracker staining was carried out to evaluate the rate of the apoptotic cells in 

Hand2
∆/∆

 mouse embryonic limbs and hearts at E9.0, 9.5, 9.75, and E10.0. A significant 

increase in apoptotic cells in FLBs is observed at these early embryonic stages in comparison to 

the WT embryos.  

 
 

Figure 48. WISH for the direct TBX3 target genes at E9.75 (n=3) in WT and Tbx3-deficient whole 

mouse embryos limb buds. 
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12.9 Collaboration: HAND2 and PBX coordinately control early hindlimb bud 

development 

 

During my PhD I had an outstanding opportunity together with the hosting laboratory to 

collaborate with the group of Licia Selleri (UCSF). Collaborating group has shown that 

Hand2 is a direct transcriptional target of the PBX transcription factors during early limb bud 

development (Capellini et al., 2006). The PBXl/PBX2 TFs plays the significant role in the 

PD axis patterning. The Pbx1-deficiency leads to proximal limb abnormalities, whereas 

compound Pbx1
∆/∆

; Pbx2
∆/+

 mutants exhibit distal defects in addition to the proximal ones, 

while the complete ablation of Pbx1/2 leads to the absence of limbs (Capellini, 2006, Selleri 

et al., 2001). PBXs are essential co-factors for HOX proteins as by dimerizing they help to 

modulate HOX DNA binding affinity. Thus, Pbx1/2-deficiency leads to Hox gene spatial 

perturbation in the posterior limb and cause abnormal Shh onset (Capellini, 2006). Indeed, 

both Hand2 and Pbx-deficient limb buds lacks Shh expression and their loss-of-function limb 

phenotypes show drastic limb abnormalities resembling loss of Shh (Capellini et al., 2006). 

Thus, to provide insights into HAND2 and PBX genes coordinated mouse hindlimb bud 

development collaboration was started with Marta Losa Llabata (UCSF). 

My input in this collaboration consist of: HAND2 ChIP-seq of the HLBs at E10.5 to E11.5 

(n=3); RNA-seq of Hand2
∆/∆c

, Hoxb6Cre/+ (n=3) and Hand2
+/+

, Hoxb6Cre/+ (as WT) (n=4) 

mouse embryo HLBs at E10.5-10.75 (36-39 s) analysis; and ATAC-seq of E10.5 (36s) WT 

embryo hindlimb buds. 

 

12.9.1 HAND2
3xF

 HLBs ChIP-seq analysis  

 

 

Figure 49. HAND2 de novo binding motif. Adapted form Iros Barozzi shared data. 
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Figure 50. GREAT GO Biological Process terms. Adapted form Iros Barozzi shared data. 

 

Figure 51. MGI phenotype analysis terms. Adapted form Iros Barozzi shared data. 

 

12.9.1.1 ChIP-seq to identify HAND2
3xF

 cistrome in hindlimb buds 

 

The chromatin immunoprecipitation and sequencing (ChIP-seq) protocol used for the 

identification of HAND2
3xF 

targets was developed in Nicoletta Bobola’s lab, and modified by 

Marta Losa Llabata and Rolf Zeller. The crosslinking protocol is optimized for HLBs from 

one litter at E10.5 to E11.5 (10-15 pairs of LB per tube). In total, 3 replicates were produced 

to identify HAND2
3xF 

cistrome in HLBs by ChIP-seq. Each replicate contained around 60 

pairs of dissected HLBs from HAND2
3xF/3xF

 embryos at E10.5.  

First, embryos were dissected in ice-cold PBS and the same litter’s HLBs with an attached 

piece of trunk (without gut or neural tube) were pooled in the same tube. The pooled HLBs 

were centrifuged for 5 s at 14000 rpm at 4˚C.The PBS was then discarded and 1 ml of ice-

cold PBS was added. The samples were incubated for 10 min at RT on a hula rotor with 

shaking after adding 66 µL of fresh RT 16% paraformaldehyde (without methanol, 43368, 

Alfa Aesar, 1% of a total volume) to each tube. HLBs of the embryos were crosslinked less 

than 1 h after the isolation of the embryos started. Crosslinking was stopped by adding 142 

µL freshly prepared 1 M glycine (final concentration of 0.125 M). The samples were then 

m esenchym e developm ent
m uscle cell different iat ion

cardiac cham ber morphogenesis
em bryonic lim b morphogenesis
cardiac cham ber developm ent

palate developm ent
artery morphogenesis

regulat ion of binding
regulat ion of cellular response to growth factor st im ulus

cardiocyte different iat ion
cardiac vent ricle developm ent

m esoderm  developm ent
posit ive regulat ion of t ransm em brane receptor protein serine/threonine kinase signaling pathway

cardiac septum  morphogenesis
artery developm ent

m esoderm  morphogenesis
regulat ion of stem  cell proliferat ion

regulat ion of stem  cell different iat ion
nephron morphogenesis

establishm ent  of epithelial cell polarity

0 2 4 6 8 10 12 14 16 18 20 22 24
24.55

23.80
21.57

20.31
20.19

17.94
17.52
17.49

16.64
16.56

16.06
15.42
15.31

14.83
14.79

14.21
13.76

13.44
13.38
13.29

GO Biological Process

-log10(Binom ial p value)

Job ID: 20180504-public-3.0.0-KEZ2pu

Display name: user-provided data

com plete lethality throughout  fetal growth and development
abnorm al secondary palate development

abnorm al palate development
abnorm al forelim b zeugopod m orphology

abnorm al out flow t ract  development
abnorm al sphenoid bone m orphology

fused joints
abnorm al ulna m orphology

abnorm al palatal shelf fusion at  m idline
abnormal apical ectoderm al ridge m orphology

abnorm al hepatobiliary system  development
abnorm al vent ricle m yocardium  m orphology

absent  kidney
abnorm al t rabecula carnea m orphology

abnorm al respiratory conduct ing tube m orphology
im paired branching involved in ureteric bud m orphogenesis

abnorm al branching involved in ureteric bud m orphogenesis
abnorm al fetal cardiom yocyte physiology

thin m yocardium
abnorm al fetal cardiom yocyte proliferat ion

0 5 10 15 20 25 30
33.61

21.02
20.71

19.73
17.71

14.52
13.81
13.61
13.40

12.70
12.68
12.61
12.54
12.24
12.13

11.78
11.76

11.40
11.07
10.78

M ouse Phenot ype

-log10(Binom ial p value)

Job ID: 20180504-public-3.0.0-KEZ2pu

Display nam e: user-provided data



 197 

incubated for 5 min at 4˚C on a rotating wheel and centrifuged for 5 s at 14000 rpm at 4˚C. 

The supernatant was then discarded and 1 ml of ice-cold PBS was added to wash the samples. 

The crosslinked HLBs were incubated for 5 min at 4˚C on a rotating wheel and washed again. 

The samples were then pelleted by 20 s centrifugation at 14000 rpm at 4˚C. Finally, the 

supernatant was removed, and the samples were flash frozen on dry ice for ≥ 5 min and 

transferred for storage at -80˚C.  

ChIP protocol starts with cell lysis and chromatin sonication on day 1. First, the crosslinked 

tissue was towed on ice for about 2-5 min. The pelleted HLBs were then gently re-suspended 

in 300 µl of ice-cold PBS. The tissue was homogenized by passing it 25 times through a 25 G 

needle on ice until no clumps were visible. 300 µl of ice-cold PBS was then added to the tube 

with the sample and spun for 5 min at 4500 rpm at 4
o
C. The supernatant was then removed 

and the cell pellet was gently resuspended in 500 µl of freshly prepared and precooled on ice 

L1 buffer (50 mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0, 0.1% fresh NP-40, 1% glycerol, 1 

mM PMSF, 100 µl of re-suspended complete protease inhibitor (11873580001, Roche) and 

H2O). The tubes were incubated for 5 min on ice and centrifuged for 5 min at 3000 rpm at 

8°C to pellet the nuclei. Supernatant was decanted and nuclei were then gently resuspended in 

1 ml SDS lysis buffer (50 mM Tris-HCl pH 8.1, 10 mM EDTA pH 8.0, 1% SDS, 1 mM 

PMSF, 20 mM DTT, 1x complete protease inhibitor (11836170001, Roche) and H2O) by 

pipetting until the lysate was transparent.1000 µl of lysate was then transferred to the 

precooled Covaris tube (ref.520130) and DNA was sheared using the Covaris S220 focused 

ultrasonicator at 4˚C. To obtain DNA fragments in the 200-500 bp range, the samples were 

sonicated for 15 min with the following settings: 5% duty cycle, 140 watts peak incident 

power, and 200 cycles per burst. After sonication, 40 µl aliquot of the chromatin was removed 

to verify sonication quality (the sample was decrosslinked ON with 160 µl of TE and 10 μl 5 

M NaCl at 65
o
C). The rest of the sonicated chromatin was then centrifuged for 10 min at 

13000 rpm at 8
o
C. Finally, the supernatant was transferred into a low DNA binding tube, and 

flash frozen on dry ice and stored at -80
o
C. The next day, the sonication quality was verified. 

2 μl of (1 mg/ml) RNase A (Ref. EN053, Thermo Fisher Scientific) was added to the ON 

decrosslinked DNA and the samples were incubated for 30 min at 37
o
C.The decrosslinked 

DNA was then purified following the Qiagen PCR purification kit protocol and the samples 

were eluted in 30µl of EB. 10 µl of decrosslinked and purified DNA was loaded on 1.5% 

agarose gel and DNA concentration was quantified using Qubit.  

For chromatin immunoprecipitation, the chromatin was defrosted on ice. Meanwhile, 50 

µl/sample of Dynabeads coupled to Protein G (10004D, Invitrogen) were washed 3 times with 
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1ml ChIP dilution buffer (0.5% fresh NP40, 5mM EDTA, 200mM NaCl, 50mM Tris pH 8.1, 

1mM PMSF and H2O) in a low binding tube while keeping tubes on ice all the time and 

capturing them using the magnetic rack. Once washed, the Dynabeads were resuspended in 50 

µl of ChIP dilution buffer per tube. The sonicated lysate was then diluted in ChIP dilution 

buffer with 1:5 ratio and gently mixed. 50 µl of washed Dynabeads per tube were added, and 

the samples were incubated for 1 h at 4
o
C on a rotating wheel to pre-clear the lysate. The 

beads were then precipitated from the lysate with a magnet and transferred to a fresh low 

binding tube. 5 µg of the mouse M2 anti-FLAG antibody (F1804, Sigma) was added to the 

1700 µl diluted lysate and the samples were incubated ON at 4
o
C on a rotating wheel. The 

remaining 50 µl of the supernatant from each sample were pooled and used as input DNA for 

ChIP-qPCR and ChIP-seq. To prepare the input DNA as a control, it was first decrosslinked 

by adding 5 μl of 5 M NaCl to 100 µl of the pooled input and incubated overnight at 65
o
C 

before further purification the following day. 

The next day, the immunoprecipitated DNA was washed to avoid unspecific antibody 

binding. First, 50 µl/sample of Dynabeads coupled to Protein G were washed 3 times with 1 

ml ChIP dilution buffer in a low binding tube while keeping the tubes on ice all the time and 

precipitating them using a magnetic stand. After washes, Dynabeads were resuspended in 50 

µl/per tube of ChIP dilution buffer. 50 µl of the freshly washed beads were then added per 

tube with ChIP complexes and incubated for 30 min at 4
o
C on a rotating wheel. The beads 

with the ChIP complexes were precipitated using a magnetic rack on ice. The supernatant was 

removed, 800 µl of wash buffer (0.1% SDS, 1% NP40, 2 mM EDTA, 0.5 M NaCl, 20 mM 

Tris pH 8.1, 1 mM PMSF, H2O) was added, and ChIP-beads were gently resuspended. The 

mix was then transferred to a new 1.5 ml low binding tube and the ChIP-beads were washed 

five 5x5 min with 800 µl wash buffer by precipitating ChIP-beads on the magnetic rack on ice 

for about 1 min. Then ChIP-beads were precipitated and washed 3 times in 800 µl LiCl buffer 

(0.1 % SDS, 1% NP40, 2mM EDTA, 0.5M LiCl, 20mM Tris pH8.1, 1mM PMSF, H2O) for 5 

min on ice. After, washing was continued by rinsing ChIP-beads 3 times in 800 µl TE (1mM 

EDTA, 10mM 1M Tris pH8.1, H2O) for 5 min on ice. The supernatant was then removed and 

the precipitated chromatin was eluted by adding 40 µl of freshly made 2% SDS in TE (2% 

SDS, TE buffer) at RT to the ChIP-beads and mixing by tipping the tube. The samples were 

shaken for 15 min at 25
o
C at 1400 rpm in a thermomixer and the beads were precipitated on a 

magnetic rack at RT. 40 µl of supernatant was then transferred into a new low binding tube 

and additional 40 µl of 2% SDS in TE was added to the ChIP-bead pellet to then resuspend 

the ChIP-beads. The tubes were shaken for 15 min at 65
o
C at 1400 rpm in the thermomixer. 
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Finally, the tubes were briefly centrifuged and placed on a magnet and the first and second 

eluate were pooled in the same tube. To decrosslink the samples, 4 µl of 5 M NaCl was added 

to 80 µl eluate, the tubes were briefly vortexed and incubated ON at 65
o
C. Input DNA was 

purified on day 3 of ChIP. First, the decrosslinked chromatin was treated with 2 ng/ml 

proteinase K for 1 h at 45
o
C. The samples were then purified using PCR purification kit from 

Qiagen and the DNA was eluted in 50 µl of EB buffer. DNA concentration was measured 

using Qubit and clean input DNA was kept at -80˚C. 

On the last day, the immunoprecipitated and decrosslinked DNA was purified using 

MicroChIP DiaPure columns (C03040001, Diagenode) according to the manufacturers’ 

protocol. If several tubes were used as a replicate, the samples were pooled, mixed, and 

divided before purification. The precipitated DNA was eluted in 12 μl DNA elution buffer 

and the DNA concentration was measured using Qubit DNA HS kit. Finally, the acquired 

DNA was used to analyze the enrichment of specific genes by qPCR and for ChIP-seq library 

preparation. 

 

12.9.2 Comparative RNA-seq analysis to identify DEGs in WT and Hand2-

deficientin hindlimb buds 

 

 

Figure 52. RNA-seq identified 375 DEG, FC>=1.2, FDR<=0.05. Adapted form Iros Barozzi 

shared data. 

 

12.9.2.1 RNA-seq analysis to identify DEGs in WT and Hand2-deficientin hindlimb 

buds 

 

RNA was extracted from Hand2
∆/∆c

, Hoxb6Cre/+ and Hand2
+/+

, Hoxb6Cre/+ (as WT) mouse 

embryo hindlimb buds at E10.5-10.75 (36-39 s) as in chapter 9.4.2 and RNA-libraries 

prepared as in chapter 9.5.1. 

 

12.9.3 ATAC-seq of a WT embryos HLBs at E10.5 (36s), (n=3) analysis. 
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Figure 53. Consensus ATAC-seq peaks identified. Adapted form Iros Barozzi shared data. 

12.9.3.1 Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) 

 

The Assay for Transposase-Accessible Chromatin sequencing (ATAC-seq) was performed on 

a pair of E10.5 (36s) wild-type (WT) embryo hindlimb buds (HLBs). 3 replicates were 

produced in total. Embryonic limb buds (LB) were dissected in the ice-cold PBS and the pair 

of LBs was transferred to a tube. The samples were treated by washing them twice in the ice-

cold PBS, removing the PBS, and adding 1 ml of fresh PBS. The samples were then 

transferred to a glass douncer (885303-0002, Tissue Grind Tube Size 2 ml, Kimble-Chase) on 

ice and additional 1 ml of PBS was added. The tissue was disrupted with 20 pulses using 

pestle A (885301-0002, Tissue Grind Pestle LC 2ml, Kimble-Chase) and the cells were 

homogenized with 20 stokes using pestle B (85302-0002, Tissue Grind Pestle SC 2ml, 

Kimble-Chase). The number of cells and nuclei was counted using Neubauer chamber and a 

volume corresponding to 75000 cells was centrifuged for 5 min at 2300 rpm at 4°C. The 

supernatant was then gently removed, the pellet washed using 100 μL of ice-cold PBS and 

then centrifugation for 5 min at 2300 rpm at 4°C was repeated. The PBS was discarded and 

the cell pellet was lysed in 50 μL lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 3 mM 

MgCl2, and fresh 0.1% NP40) by gently pipetting it for complete resuspension. The samples 

were centrifuged for 10 min at 4°C and 2300 rpm. The supernatant was then aspired, and the 

pelleted nuclei were transposed using the Nextera DNA Prep Kit (15028212, Illumina) 

following manufacturer’s protocol (for 30 min, in a 50μL reaction mix at 37°C). Finally, the 

samples were purified using a Qiagen PCR Purification Kit (282004, Qiagen), and the DNA 

was eluted in 13 μL EB buffer and stored at -20°C before library preparation. ATAC-seq 

library amplification and linker induction were conducted by PCR in a reaction volume of 50 

μL total. 10 μL of the transposed DNA was amplified using 25 μL KAPA HiFi HotStart PCR 

Ready Mix (KK2602) with 25 μM PCR Primer 1 and 25 μM Barcoded PCR Primers for 

multiplex sequencing. ATAC-seq library amplification and linker induction PCR program 

used is provided below:  

72°C    5min  

98°C    30s  

98°C    10s  
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63°C    30s  13x 

72°C    1min  

4°C       ∞  

The amplified library was purified using Qiagen PCR purification kit and eluted in 30 μL EB 

buffer. Sample concentration was measured by Nanodrop and the library profile was 

evaluated on Fragment Analyser (Advanced Analytical) using CRISPR Discovery kit.  

Sequencing was performed using an Illumina NextSeq 500 system (PE) by the Genomics 

Facility Basel - ETH Z rich. 
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