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1

Summary :

3

During mouse development Fat1 is required to modulate muscle morphogenesis through

2

4

Fat1 is an atypical cadherin playing multiple roles that influence tissue morphogenesis.

complementary activities in myogenic cells, muscle-associated connective tissue, and motor

5

neurons, ablation of which leads to regionalized muscle phenotypes. We previously identified

7

human FAT1 locus, that were enriched among muscular dystrophy patients with symptoms

6
8

9

copy number variants (CNV) deleting an intragenic conserved non-coding element (CNE) in the
resembling those of Facioscapulohumeral Dystrophy (FSHD), compared to healthy individuals.

Since such deletions of a putative cis-regulatory element had the potential to cause tissue-

10

specific depletion of FAT1, they were postulated to act as symptom modifiers. However, activity

12

activity of this Fat1-CNE, we engineered transgenic mice in which it drives expression of a bi-

11
13

14

15

16

of this CNE has not been functionally explored so far. To investigate the possible regulatory
cistronic reporter comprising the CRE-recombinase (Cre) and a myristilated-tdTomato

fluorescent protein. The tissue-specific pattern of cre and tomato expression indicates that this

enhancer has bipotential character, and drives expression in skeletal muscle and in muscle-

associated mesenchymal cells. We extended our analysis of one of the transgenic lines, which

17

exhibits enhanced expression in mesenchymal cells at extremities of subsets of muscles

19

mediated excision in scattered cells within the Tomato-positive territory hotspots. This

21

lineages.

18
20
22

matching the map of Fat1-dependent muscles. This transgenic line exhibits highly selective CRE-

represents a novel tool to genetically explore the diversity of muscle-associated mesenchymal

23

2

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.14.507898; this version posted September 17, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

24
25

26

Introduction

Conserved sequences in the non-coding genome regulate the tissue-specific expression of

27

developmental genes. Their functional implication in recruiting transcription factors to ensure

29

their conservation across evolution [1, 2]. While enhancer sequence variations, by modifying

31

3], genetic abnormalities that disrupt functions of enhancers can also have pathological

28

30

32

33

adequate gene expression and function constitutes a selection pressure that has guaranteed

transcription factor recruitment, represent drivers of phenotypic diversity across evolution [2,
consequences and be at the root of genetic pathologies [4-6]. Furthermore, genome changes in
non-coding sequences can also affect gene regulation by interfering with 3D chromatin

34

architecture, thus impacting the regulation of large sets of genes within topologically associated

36

focused on coding sequences, the availability of genome mapping techniques allowing the

38

of long-range 3D genome interactions and their alterations [11], has expanded the tools to

40

enhancers in charge of distinct expression domains for a same gene, enhancer deletions can

35

37
39

domains (TADs) [7, 8]. Even though identification of disease causing mutations initially only
identification of small deletions or duplications of non-coding sequences [9, 10] or the mapping

identify genetic causes of inherited pathologies. Given the modular distribution of tissue-specific

41

suppress portions (in space and/or time) of genes expression patterns while preserving

43

the null phenotype.

45

[12, 13], and exploring the possible links [13-15] with Facioscapulohumeral dystrophy (FSHD), a

47

shoulder, we previously identified cases of copy number variants (CNVs) deleting a putative

49

in regulating tissue growth, morphogenesis and polarity during development [16-18].

42
44
46

48

expression in other domains/at other stages, resulting in phenotypes that partially reproduce

While studying functional implications of the Fat1 Cadherin gene in muscle morphogenesis

human muscular dystrophy affecting restricted groups of muscles, primarily in the face and
FAT1 enhancer in patients with FSHD-like symptoms [13]. Fat1 is an atypical cadherin, involved

50

Disrupting Fat1 functions in mice interferes with morphogenesis of several organs, including

52

varying degree of redundancy between Fat1 and the other family members [20, 25, 26], and a

51

53

kidney [19-21], eye and lens [21-24], Neural tube and brain [25], or muscle [12, 13]. Owing to a

sensitivity to subtle differences in genetic background, Fat1 deficiency causes phenotypes of

54

varying severities, ranging from cases of severe congenital malformations such as kidney

56

milder phenotypes impacting tissue functions or homeostasis in adult mice [13, 21, 22, 25].

55

57

58

agenesis or glomerulotubular nephropathy, cyclopia, exencephaly, anophtalmia or coloboma, to
Aside from muscle, FAT1 functions have also been linked with other human diseases [27],

including autism [28], Kidney or eye pathologies [19, 23], and Cancer [29, 30]. These various
3
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59

60

functions of Fat1 (or likewise of other Fat family members) rely on complementary expression

and activities in different cells types, such as neurons, glia, kidney stroma or collecting ducts,

61

smooth muscle cells, skin epithelium, but also myogenic cells, connective tissue, or tendons [12,

63

Thus, with tissue-specific functions associated with phenotypes in multiple organs, Fat1 is a

62

20, 22, 29, 31-33].

64

typical example of gene for which enhancer deletions may disrupt part of the expression pattern,

66

element identified in patients with muscle symptoms matching a subset of FAT1-dependent

68

expression domain, with relevance to the specific symptoms. To begin to functionally explore

65

67

69

70

inducing modular phenotypes. In this context, the CNV deleting a putative FAT1 cis-regulatory

territories [13] have the potential to alter FAT1 expression in the corresponding parts of its
this possibility, we have investigated the capacity of this putative enhancer to drive tissue-

specific expression in FSHD-relevant domains in vivo, by producing transgenic mice with dual

71

reporter modalities (CRE and myr-tdTomato). The tissue-specific pattern of cre/tomato

73

muscle and mesenchymal tissues. We extend our description of one of the lines exhibiting a

72
74

75

expression indicates that this enhancer has bi-potential character, and drives expression in both

mesenchymal bias, to illustrate how the highly selective CRE-mediated excision in scattered cells
within Fat1-expressing territories represents a novel tool to genetically explore the diversity of

76

muscle-associated connective tissues.

78

Results

80

FSHD-associated Copy number variants delete a putative FAT1 enhancer

82

Non-coding Element (CNE) in the human FAT1 gene, were enriched among patients with

77

79
81

83

84

We previously reported that copy number variants (CNVs) deleting portions of a Conserved

FSHD/FSHD-like symptoms, compared to healthy individuals [13, 15]. This finding came from a

Comparative Genomic hybridization (CGH) screen, using DNA arrays encompassing the 4q35

85

area, including FAT1, that had been conducted in a series of control individuals or patients with

87

classical FSHD1 or as FSHD-like patients as they were not carrying the classical pathogenic D4Z4

89

group of FSHD2 patients in which lowered FAT1 levels correlated with phenotype severity [15].

86

88

90

91

92

muscular dystrophy symptoms, which had been characterized by genetic diagnosis as either

contraction and DUX4 activating context [13]. Such FAT1 CNVs were later also found in a small

This CNE, which included a large part of FAT1 intron 16, exon 17, and extended over a portion of

intron 17, matched the position of chromatin mark peaks (enriched in H3K27me3 and

H3K4me3) from the ENCODE database (Figure 1A, Figures S1, S2), making it a good candidate to
4
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93

94

95

96

97

exert regulatory activity and act as tissue-specific enhancer. According to the ENCODE database,

this element was indeed predicted to behave as a strong muscle enhancer (see ref [13] and

Figure S1). This led to postulate that such deletions of a putative cis-regulatory element could

result in tissue-specific (potentially muscle-specific) depletion of FAT1, if both alleles were

affected, and may act as symptom modifiers, if one such heterozygous CNV co-occurred with an

98

FSHD context. However, a formal assessment of the cis-regulatory activity of the deleted

100

The genomic landscape around the FAT1 gene contains multiple putative enhancers with

99

101

sequence was so far still lacking.

predicted activity in muscle-relevant cell types (Figure S1). Focusing on the FAT1-i16-i17 region

102

deleted in the FSHD-associated CNVs (referred to as FAT1Fe), sequence comparisons and

104

TFBS including LEF/TCF, p53 and MEF3/Six1-4 (Figure S2). The FSHD-associated CNVs deleted

103

105

transcription factor binding sites (TFBS) searches highlighted the presence of several conserved

either the full span or portions of the FAT1-i16-i17 region [13]. These CNVs were present in a

106

small percentage of healthy individuals (around 5%), indicating that heterozygous loss of the

108

patients, in whom we also reported changes in FAT1 expression levels [13, 15], suggested that

107

FAT1Fe CNE does not cause any pathology. However, their enrichment in FSHD1 and FSHD-like

109

the FAT1Fe CNE might indeed participate in the normal regulation of FAT1 expression as

111

exon, may also interfere with the protein sequence. However, exploring the possible

110

112

postulated. Of note, this sequence also includes exon 17, implying that CNVs, by removing an
consequences of exon 17 deletion will be the subject of future studies.

113

Production of “FF-cT” mice

115

a sequence encompassing the full ENCODE peak. We engineered a transgene (called Tg(FAT1Fe-

117

promoter (hsp68 promoter, used for multiple in vivo studies, as it does not lead on its own to

119

cassette allowing dual expression of the CRE recombinase and of a fluorescent reporter myr-

114
116

118

120

121

To determine whether the FAT1Fe CNE indeed exerts cis-regulatory activity in vivo, we cloned

cre/mTomato), and abbreviated FF-cT) in which the FAT1Fe CNE is placed upstream of a robust

reporter expression without tissue-specific enhancers), to drive expression of a bi-cistronic
tdTomato (mTomato), a membrane-targeted red fluorescent protein (Figure 1B). The bi-

cistronic character is conferred by the insertion of an internal ribosome entry site (IRES)

122

between the two ORFs. The transgene design allows determining the tissue-type in which this

124

permanent CRE-mediated labeling of cells in which the transgene has been active, using CRE

123
125
126

127

putative enhancer is active by following mTomato expression, and simultaneously performing
reporters such as R26YFP [34]. This construct was injected in mouse oocytes to produce

transgenic founders; 7 adult founders (1 male, 6 females) were obtained. All founders were bred

to wild type mice. Whereas one founder never transmitted the transgene to its progeny, the 6
5
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128

other lines were successfully derived. Their properties were characterized by producing for each

129

line, embryos carrying the transgene and the R26YFP reporter [34], and analyzing Tomato and

131

Characterization of FF-cT transgenic lines

133

reporter expression in all founder lines. We first analyzed mTomato expression in embryos

135

abbreviated as FF-cT-Ln, with n representing the line number), focusing on E12.5 embryos

130

132
134
136

137

138

YFP expression (results summarized in Figure 1C).

To uncover the tissue-specificity encoded by the FAT1Fe CNE, a first step involved screening

collected from each of the 6 transgenic lines (identified as Tg(Fat1Fe-cre/mTomato)Ln,
analyzed by immunohistochemistry on transverse sections. A summary of this analysis is

provided in Figure 1C. We also compared mTomato expression with that of a Fat1LacZ allele,

which reproduces endogenous Fat1 expression pattern (previously described in refs [12, 13,

139

15]). This comparison is shown on an embryo carrying simultaneously the Fat1LacZ allele,

141

antibodies, and the FF-cT-L19 line (Figure 2), for which mTomato expression was followed with

143

Overall, the FAT1FE CNE consistently drove expression in tissues that are part of Fat1

140
142

expression of which was visualized by staining with Salmon Gal or anti-β-galactosidase

anti-RFP antibodies.

144

expression domain. As summarized in Figure 1C, mTomato expression was detected at varying

146

tissue (mCT) in the limbs, trunk or near shoulder muscles in several of the lines (5/6 lines). The

145

intensities in skeletal muscle in all the lines (6/6 lines), and in muscle-associated connective

147

FF-cT-L19 line, shown for comparison with Fat1LacZ, drives mTomato expression in a

149

neurons (Figure 2). Other lines only express Tomato in subsets of these components: some lines

148

150

151

152

153

154

combination of myogenic cells and mCT, and also reproduces expression in spinal motor

exhibited stronger expression in muscles (L9 (Figure 3), L2 and L6 (Figure S4), or L14, (not

shown)); whereas one line (L11) exhibited a strong bias towards mCT expression (although
myogenic expression is present, but at much lower intensity), with intense expression in

clusters of mCT at the extremity of selected subsets of muscles (Figure 4, Figure 5) and low

expression in myh1-positive myofibers. The high specificity of this expression pattern in mCT

155

subsets, also part of Fat1LacZ expression domain (Figure 5), led us to explore this line (L11) in

157

system, these lines also exhibited Tomato expression in other tissues such as kidney, heart, or

156

158

159

160

more detail (see following paragraphs). Finally, besides expression in the skeletal muscle
brainstem nuclei (Figure 1C, Figure S5), with at least 2 lines exhibiting each of these patterns.

Assessment of CRE-mediated recombination uncovers enhancer activity at early zygotic

stages and restricted tissue-specific activity at mid gestation stages

6
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161

162

The Fat1Fe-cre/mTomato transgene is designed to simultaneously visualize the tissue-type in

which this enhancer is active (Tomato) and to induce permanent CRE-mediated recombination

163

in these tissues. Sites of active CRE-mediated recombination can be visualized with the R26YFP

165

recombination by crossing transgenic males with R26YFP carrying females (thus producing FF-cT-

164
166

reporter line [34]. We next assessed for each line the tissue-specificity of CRE-mediated
Ln; R26YFP/+ embryos). Whereas some of the lines, exhibited a tissue-restricted pattern of YFP

167

expression in a domain matching the observed profile of Tomato expression (Figure 3, Figure 4),

169

While ubiquitous deletion was visible through direct YFP fluorescence at the moment of embryo

168

others (in a varying percentage of embryos) exhibited ubiquitous YFP expression (Figure S3).

170

collection (Figure S3B), the specific YFP patterns were analyzed by immunohistochemistry on

172

(Ubiquitous or specific) could be observed for a same line (even in a same litter), although the

171

sections, comparing them to Tomato expression (Figures 3, 4 and S4). The two patterns

173

frequency of the ubiquitous pattern varied between lines. The ubiquitous pattern was observed

175

cassette must have occurred at very early stages (one to two cell stage depending on the

177

at the 1-2 cells stage, supporting the possibility that Fat1 may be expressed at these stages,

174

176

for 4/6 lines (Figure S3). For CRE to have induced a ubiquitous YFP pattern, excision of the stop

percentage of recombined cells), indicating that the transgene (CRE and mTomato) is expressed

178

consistent with its known expression in embryonic stem cells [35]. The co-occurrence of two

180

segregation over time of two different patterns of YFP expression, nor a progressive restriction

179

YFP patterns in these lines was maintained after several generations, and we did not observe

181

of the pattern from generation to generation. This argues that the two patterns did not result

183

locations. Rather, the fact that a same line can exhibit two patterns in littermates likely reflected

182

from independent insertions in a same founder or the transgene in distinct chromosomal

184

the stochasticity of the onset and extent of recombination, implying 1) that CRE expression

186

locus in part of the Cre/Tomato-expressing cells, and 2) that this early wave of expression was

185

levels at these early stages was low, only stochastically inducing recombination of the target

187

transient and did not persist beyond the 1-2 cell stage. In embryos exhibiting a tissue-specific

189

E12.5, with only a few scattered YFP+/Tomato-negative cells (indicating past transgene

188

190

pattern, YFP expression was mostly included in the pattern of active Tomato expression at

expression).

191

Further characterization of the FF-cT-L11 line

193

supporting the idea that the enhancer is active in the myogenic lineage, we were particularly

195

highly enhanced in specific clusters of mesenchymal cells in the vicinity of some muscles,

192
194

Although across all founder lines analyzed, expression in myofibers is well represented,

interested in the pattern exhibited by the FF-cT-L11 line, in which expression/activity was

7
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196

whereas Tomato expression was low (but not absent) in myogenic cells (Figures 4, 5, 6, 7). The

198

digit extensor muscles (Figure 4A, B, level 2), and in the shoulder area, near the upper side of the

197
199
200

201

202

203

spots of highest Tomato expression were found in the forelimb, at the distal extremity of the
humerus, close to the upper insertion of the triceps brachii (Figure 4A, B, level 1). Tomato+ cells

were also detected at the mesenchymal interface between the muscles and the nearest bone
(triceps/humerus

and

digit-extensor/radius-cubitus

interfaces

in

the

forelimb,

digit

extensors/tibia-Fibula interfaces in the hindlimb (Figure 5)). Further caudally, a wider Tomato+

area was detected around the cutaneous maximus (CM) muscle (Figure 4A, B, level 3), a

204

subcutaneous muscle which emerges from the brachial plexus and extends subcutaneously

206

particular group of skin-embedded muscles, recognized as panniculus carnosus, for which the

205

207

208

towards the posterior flanks of the embryo, embedded in the skin. This muscle belongs to a

muscle-skin interface is an alternative to the classical muscle-skeleton interface (whereas the

other muscle extremity is classically inserted on bones). We previously showed that this muscle

209

is particularly sensitive to Fat1 loss of function, and that its expansion towards the skin requires

211

at the CM-skin interface [12, 13]. Similar to endogenous Fat1 and Fat1LacZ expression, we

210

212

mesenchymal Fat1 activity, Fat1 expression being particularly intense in the mesenchyme layer

observed a robust Tomato expression in FF-cT-L11 transgenics at this CM-skin interface

213

mesenchyme layer (both between the CM and the skin, and in more internal mesenchymal

215

In transgenic embryos (with a non-ubiquitous pattern of CRE-mediated R26YFP activity), YFP+

214

layers, between the CM, the latissimus dorsi (LD) and the trapezius (Trap.) muscles).

216

cells were mostly concentrated in the Tomato+ hotspots, whereas only scattered/isolated YFP+

218

YFP+ cells in the Tomato hotspots at muscle/skeleton interfaces was relatively important, only

217
219

220

221

cells were seen in areas with lower expression levels or cell density. Whereas the proportion of
scattered cells were observed in the mesenchymal layer surrounding the CM muscle, and all of
them were isolated from other YFP+ cells. The small number of YFP+ cells in this layer suggested

that CRE-mediated excision had occurred/started at the stage of analysis, with limited clonal

222

expansion (E12.5). None of the YFP+ cells lacked Tomato expression, arguing that (aside from

224

in cells with persistent Tomato+ identity. Although a low level of Tomato expression was

226

expression at E12.5, arguing that transgenic expression is too low in the myogenic lineage in this

223

225
227
228
229

230

231

the ubiquitous pattern reflected early activity/expression), cre-mediated deletion only occurred

detected in myofibers in some muscles (Figure 6, Figure 7), this was never associated with YFP
line to achieve successful cre-mediated deletion. Nevertheless, it is interesting to note that this

low level occurred in a specific set of muscles, matching our previous description of variable

Fat1 expression levels in muscles [13, 15]. Thus, CRE activity exhibits the same specificity and is

entirely included in the domain of high Tomato expression. However, CRE activity is only

sufficient to recombine the target locus in a very small proportion of the cells expressing the

8
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232

transgene. Altogether, this line represents an interesting tool to label subdomains of the Fat1

233

expression pattern in mesenchymal cells surrounding muscle subsets affected by Fat1 deletion,

235

In the areas with high FF-cT-L11 transgene expression, Tomato+ cells expressed the

234

and to carry-out clonal analyses of recombination events by following YFP-positive cells.

236

mesenchymal marker Pdgfra (Figure 4C), and TenascinC (Figure 6), an extracellular protein

238

tendon attachment sites, it did not highlight every muscle extermity: Double labelling with

240

tissue fibroblasts marking muscle extremities [36, 37], uncovered a complementarity between

237
239

produced by connective tissues including bones and tenocytes. Although this profile is typical of

Tomato and Tcf7L2 (previously called Tcf4), a transcription factor known for its expression in

241

the two patterns, with overlap in exceptional positions (Figure 7). An emblematic example is

243

Tcf7l2, and a distal extremity marked by FF-cT-L11 expression. Likewise, the connective tissue

242

found in the limbs, where a same muscle (digit extensor) has a proximal extremity marked by

244

surrounding the CM muscle (towards which the CM expands) expressed Pdgfra and TenascinC,

246

molecular heterogeneity of muscle-associated mesenchymal cells, and shows that such cells at

245

but not Tcf7L12 (Figure 4C, Figure 6, Figure 7). These findings illustrate the emerging notion of a

247

muscle attachment sites can even differ between the two extremities of a same muscle.

249

Discussion

251

capable of exerting transcriptional regulation activity in vivo, by driving reporter expression in

253

These expression domains match the parts of Fat1 expression domain that were shown to be

248

250

252

254

255
256

257

258

In the present study, we confirm that the sequence deleted in FSHD-associated CNVs is

developing muscles and in muscle-associated connective tissue cells at muscle attachment sites.
required for the modulation of muscle morphogenesis [12, 13, 15].

Muscle-relevant activities of the FAT1 enhancer in myogenic and mesenchymal cells
Our previous work has illustrated how the control of muscle morphogenesis by Fat1 involves

distinct functions in several muscle-relevant cell types, including myogenic cells, but also motor

neurons, and mesenchymal cells, [12, 13]. Muscle growth occurs via expansion of a progenitor

259

pool, the commitment of cells towards myogenic differentiation, the subsequent progression

261

form multinucleated myofibers in charge of the contractile function [38, 39]. Subsets of muscles

260

along a well-characterized differentiation trajectory, and the fusion of resulting myocytes, to

262

also involve a step of muscle progenitor migration, with limb muscles originating in somites,

264

inactivation in myogenic progenitors (with Pax3-cre) does not prevent muscle growth per se, it

263

265

while head and neck muscles derive from cardio-pharyngeal progenitors [40, 41]. Although Fat1

interferes with the polarized myoblast migration, leading to the dispersion of myoblasts in
9
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266

ectopic positions in the limb [13]. Whereas the control of myogenic growth and muscle

268

dependent on signals from non-myogenic cells derived from the mesenchymal lineage (reviewed

267
269

migration rely on events intrinsic to the myogenic lineage, muscle morphogenesis is also highly
in [38, 42]). Along this line, whereas muscle-specific Fat1 ablation does not reproduce the full

270

span of muscle phenotypes observed in constitutive knockouts [13], ablation in the lateral-plate-

272

sufficient to reproduce the specific pattern of shape alterations (aberrant muscle attachment

271

273

274

275

derived mesenchymal lineage, driven by Prx1-cre or the inducible Pdgfra-CRE/ERT line, was

sites, and mis-oriented myofibers) in subsets of limb muscles and the failure of CM muscle

expansion, whereas facial muscle phenotypes were reproduced by ablation in the neural crest

lineage (Wnt1-cre) [12]. The latter phenotypes include the appearance of ectopic muscles, of

276

aberrant attachment sites, and the formation of muscle bundles with abnormal orientations.

278

genes acting in subsets of muscle-associated CT mesenchymal cells, such as Osr1 [43], Tbx3 [44],

277

279

These phenotypes are reminiscent of phenotypes resulting from disrupting transcription factor

Tbx5 [44] [45], Tcf7l2 [36, 37]. Actions of these transcription factors involve the regulation of

280

CT-derived ECM or ECM-interacting proteins that influence myogenesis [43, 45], even though for

282

notion of the existence of multiple subtypes of muscle-associated mesenchymal progenitor

281

283

each of these genes, the muscle groups in which they act differ. This highlights the emerging
lineages, distinguished from each other by their molecular, regional and possibly functional

284

characteristics [46]. This notion is supported by recent single cell RNA sequencing studies,

286

embryonic [51] muscle-resident mesenchymal progenitor cell subtypes.

285

287

which also hint towards the existence of similar molecular diversity in adult [47-50] but also
Our finding that a FAT1 enhancer exhibits dual transcriptional tissue-specificities,

288

encompassing myogenic and mesenchymal lineages, is in line with the complementary activity

290

mesenchymal and myogenic components can be uncoupled from each other, with line 9

292

for such uncoupling is not known (it may likely result from repressor action of flanking genomic

289
291

of Fat1 in both cell types. Interestingly, although encoded by the same enhancer, the

exhibiting a myogenic bias, whereas the line 11 exhibits a mesenchymal bias. Even if the reason

293

sequences in the loci in which the transgene was inserted, which differ between founder lines),

295

regulation, and allow dissecting each of them in more detail. It is particularly intriguing that the

297

muscle-associated mesenchymal cells, complementary to that of Tcf7l2, another marker of

294

296

298
299
300

the lines in which these two components are separated illustrate the modularity of Fat1

line with mesenchymal bias shows a pattern of expression highlighting regional subsets of

subsets of muscle attachment sites. This highly specific expression matches the regions

displaying overt muscle attachment phenotypes in Fat1 mutants, providing a potential
framework to explain regional specificities in FSHD. Furthermore, this transgenic line (L11) may

10
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301

represent a useful tool to better characterize and distinguishing this novel specific mesenchymal

303

Relevance of FAT1 enhancer deletion as putative FSHD modifier

302

304

305

progenitor lineage.

Aside from the potential implication of FAT1 in FSHD, the main cause of FSHD is a well

described complex genetic abnormality on Chromosome 4 (4q35), which combines the

306

suppression of a mechanism of epigenetic silencing of a gene encoding the transcription factor

308

enhancing stability its RNA, resulting in enhanced production of the DUX4 protein, toxic for

310

transcription of the zygotic genome [55, 56], after which stages it is subject to a robust

307

309
311

312
313

314

DUX4 (encoded by D4Z4 macro-satellite repeats), with the presence of a polymorphism

muscles [52-54]. DUX4 is normally only expressed at early zygotic stages to activate

epigenetic silencing [57]. The loss in FSHD patients of this epigenetic silencing results in the
most frequent cases (FSHD1), from the shortening of the D4Z4 repeat array, and from
consequent changes in topological genomic structure, affecting regulation of neighbor genes in

the area [54, 57, 58]. In rarer cases (FSHD2), it occurs as a result of mutations in genes involved

315

in establishing a repressive context via chromatin organization or DNA methylation (SMCHD1,

317

clarified, the identified mechanisms do not fully explain the highly selective topography of

319

ranging from childhood onset to individuals remaining asymptomatic until advanced age in spite

316

318
320
321
322

and in rare cases DNMT3B) [59, 60]. Although the events involved in DUX4 activation have been

muscle symptoms. Furthermore, the severity of FSHD symptoms varies between patients,
of a pathogenic DUX4-compatible context, implying the existence of genetic modifiers of disease
severity [61-63], among which the first known were SMCHD1 and DNMT3B [64, 65].

In this context, our findings that the mouse Fat1 gene, which human homologue FAT1 was

323

localized in the vicinity of the FSHD locus, was required for muscle development [12, 13, 38],

325

FSHD symptoms, originally suggested that FAT1 dysfunction might potentially contribute to

327

deleted the putative FAT1 enhancer, and were enriched among FSHD patients [13]. It was

324

326

328
329

330

331

332

and that Fat1 mutations in mice caused muscle phenotypes with a topography matching that of

FSHD [13]. This idea was first supported by the identification of the CNVs studied here that
further supported by the identification of pathogenic FAT1 single nucleotide variants (SNVs), not

only in rare patients with FSHD-like symptoms not carrying DUX4-activating contexts [14], but

also in classical FSHD1 patients [66], Most of these pathogenic FAT1 SNVs were absent from snp

databases of healthy individuals, and their overall frequency among FSHD-like patients was

significantly higher than in the healthy population. Using a minigene splicing assay [67], 4 of

333

these SNVs were shown to alter FAT1 RNA splicing, causing either complete exon skipping or

335

only one allele, they were postulated to act as dominant negatives [14]. Further support came

334

truncation of the mutated exon [14]. As in FSHD-like patients, these FAT1 SNVs were carried by
11
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336

337

338

from the observation of reduced FAT1 RNA levels in muscles with early-onset symptoms in

FSHD1 and FSHD2 patients [15]. The possibility that FAT1 repression would result from DUX4

overexpression, initially suggested by data from myoblasts transfected with exogenous DUX4

339

[13], was ultimately ruled out by RNA interference studies silencing endogenous DUX4 in FSHD

341

cells uncovered changes in long-range association between the FAT1 locus and a region near the

340

342

343
344
345
346
347

348
349

350

myoblasts [15]. Instead, comparisons of 3D genome conformation between FSHD and control
D4Z4 array that were likely to impact the regulation of FAT1 expression [58]. Collectively, the

findings above raised the possibility that FAT1 dysfunction, which on its own leads to FSHD-like
symptoms in mice, and is uniquely found in rare human FSHD-like cases, co-occurs with FSHD,

either as a regulatory consequence of disrupted chromatin regulation in FSHD1 and FSHD2, or
as an association of FAT1 variants with FSHD. While heterozygous variants may not be sufficient
to cause symptoms, they may act as FSHD symptom modifiers by in particular when combined
with a genetic context that also perturbs gene regulation in the 4q35 area by perturbing TADs.

However, the clinical presentation of FSHD symptoms only matches a subset of the tissue-

types in which FAT1 is known to exert its functions, sparing key organs such as kidney or brain,

351

implying that the FSHD context must spare FAT1 expression in these tissues. While at present,

353

known (most of them have been studied in myogenic cells only), genetic alterations of FAT1

352
354

whether regulatory changes induced by the classical FSHD context are tissue specific is not
regulation, such as the deletion of putative cis-regulatory elements, have the potential to cause

355

tissue-specific changes of FAT1 expression in cell types relevant to muscle biology, providing a

357

deleted in subsets of FSHD patients is indeed capable of driving gene expression in mice in

356

potential frame for the selective FSHD topography. Here we provide confirmation that the CNE

358

portions of Fat1 expression pattern that are relevant to its function in muscle development,

360

muscle-skin interfaces. Analysis of transgenic expression outside of the musculoskeletal system

359

including developing myofibers, and muscle associated mesenchymal cells at muscle-tendon and

361

uncovered only minimal expression in tissues or cell types that would account for Fat1 functions

363

exclusively in collecting duct epithelium, and not in stromal cells, where Fat1/Fat4 play their

362

in tissues not involved in FSHD. Although two lines exhibited kidney expression, this was

364

major roles [20].

366

might have been to knock it out in mice and evaluate whether homozygous deletion would be

365

One way of assessing experimentally in mice the functional implication of this enhancer

367

sufficient to deplete Fat1 expression in relevant cell types and to reproduce the muscle

369

13]. However, our analysis of the genomic locus had revealed the presence of other conserved

371

the sites of DNase hypersensitivity in myoblast cultures, although no clear differences were

368
370

phenotypes that we described in muscle-specific and/or mesenchyme-specific Fat1 mutants [12,

segments with predicted muscle-like regulatory activity (Figure S1), and were confirmed to be

12
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372

detected between FSHD-derived myoblasts compared to myoblasts from healthy patients [68].

373

Under the light of work discussed above, suggesting that the component of FAT1 expression

375

fibroblast/mesenchymal lineage rather than (or in addition to) in myoblasts [12, 38], it will be

377

mesenchymal/fibroblast lineage rather than in myoblasts. Furthermore, FAT1 is located in a

374

376
378

379

domain relevant to muscle morphogenesis, and possibly to FSHD symptoms, might occur in

interesting to study in future whether the changes in FAT1 regulation occur in
conserved genomic region, between FRG1 and SORBS2, now identified as a TAD [35, 58], in

which long-range interactions allow shaping gene regulation. Thus, the FAT1 locus represents a

380

typical situation in which shadow enhancers with similar tissue-specificity may cumulate their

382

single enhancers in the cis-regulatory context of developmental genes with robust expression,

381

383

activities to ensure the robustness of the expression pattern [69, 70]. Several attempts to delete
have been shown to only modestly impact gene expression and function, owing to the presence

384

of multiple shadow enhancers with redundant activities [69, 70]. However, such single enhancer

386

elements of a same genetic or regulatory cascade are also compromised [69, 70]. The association

388

interfering with gene regulation in the 4q35 locus has the potential to constitute such a

390

Instead, owing to the dual reporter and CRE-mediated deletion, the transgenic lines described

385

387
389

deletions may nevertheless induce phenotypes in a sensitized background, in which other
of the CNV deleting the FAT1 enhancer with the genomic context of FSHD1 or two, both of which

synergistic situation leading to FAT1 dysregulation (in addition to enhanced DUX4 expression).

391

here were designed to be used as tool to indirectly model in mice the effect of conditionally

393

FSHD-like phenotypes. However, given that CRE activity was only detected in a small fraction of

392

394

395

396
397

ablating Fat1 in tissues driven by the FAT1 enhancer, ultimately aiming to ask if this causes

Tomato expressing cells, we anticipate the impact of tissue-specific cre-mediated Fat1 deletion
to be limited, only allowing assessing cell autonomy versus non autonomy of phenotypes, or for
lineage tracing studies.

398
399
400
401
402

13
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403

Methods

404

Construction of the Fat1-CNE-CRE-IRES2-myr-tdTomato transgene

406

part of intron 17 (coordinates >Human Mar. 2006 chr4: 187,763,947-187,765,500 (-) or

405

407

A 1.7kb human genomic region spanning a large part of intron 16, FAT1 exon 17, and a small

>Human Feb. 2009 chr4:187,526,753-187,528,506), (this DNA fragment is subsequently

408

referred to as FAT1Fe), flanked by gateway sites AttB3 and AttB4 compatible with a multicassette

410

plasmid p1-Q426). This FAT1Fe element was then transferred in a vector engineered to contain a

412

m-tdTomato (myristoylated tandem dimeric Tomato), the two separated by a modified IRES2

409

411

413

414

415

416

gateway system [71], was produced by gene synthesis and cloned into pBluescript (Eurofins,
pHsp68 promoter, driving expression of a bicistronic gene encoding the CRE recombinase, and

sequence. The cloning strategy to assemble all necessary elements and produce the final

transgene involved the following steps: 1) The L3-L4 Gateway cassette from p1 plasmid was
combined with a modified pDONR221 (containing AttP3-ccdB-CmR-AttP4 as described in [71])

via a BP clonase reaction, to produce a plasmid called pNC13 (AttL3-FAT1Fe-AttL4). 2) A

417

synthetic CRE sequence flanked by AttB1-AttB2 sites was cloned (by Eurofins) upstream of a

419

#632540), producing a plasmid called p4 containing AttB1-CRE-AttB2_IRES2-DsRed-express2.

418

IRES2-DsRed-express2 cassette (plasmid pIRES2-DsRed-express2 from Clontech/SakaRa,

420

3) We next used another plasmid produced in the lab following the multicassette system

422

pHsp68 gene [72], and inserted the AttB1-CRE-AttB2_IRES2-DsRed-express2 cassette, to

421

startegy, which contained an AttR3-ccdB-cmR-AttR4 cassette, followed by a promoter from the

423

produce a plasmid called pNC12. 4) The FAT1Fe sequence from pNC13 was transferred upstream

425

pNC14

424

of the hsp68 promoter in pNC12 via a gateway LR cloning reaction, producing a plasmid called
(AttB3-FAT1Fe-AttB4-pHsp68-AttB1-CRE-AttB2-IRES2-DsRed-express2).

5)

The

426

sequence of DsRed-express2 was subsequently replaced by mtdTomato sequence in the final

428

replaced in pNC14 an AvrII-NotI fragment containing part of IRES2 and DsRed2, with an

430

our final transgenic construct (pNC17).

427
429

vector, since a first attempt to produce transgenic founders with pNC14 had failed. To do so, we

equivalent fragment from a pIRES2-mtdTomato plasmid (kind gift of N. Denans), thus producing

431

Sequence analyses to characterize the FAT1Fe conserved sequence

433

Enhancer browser to define the conserved region and obtain orthologue sequences from other

435

factor binding sites was done using an online suite for genome analyses from Genomatix (now

432
434

The sequence of the FSHD-associated CNVs we defined previously [13]. We used the Vista

species (updated coordinates were obtained via the USCS browser). Analysis of transcription

14
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436

Precigen Bioinformatix, Germany), including MatInspector matrices and matrix matches in the

438

Generation of transgenic mice

437
439

conserved sequences.

The final construct was digested with NdeI and Sap I to isolate the transgene, which was gel

440

purified according to recommended procedures for transgenesis. After purification, the

442

previously. Injected eggs were implanted by injection into the oviduct of pseudo-pregnant foster

441

443

444

445

446

transgenes were injected into pronuclei of fertilized eggs from B6/CBA mice as described
mothers. Among the mice born, 7 positive founders were identified by PCR genotyping of tail

DNA with several primer couples spanning the construct (5’ and 3’ sides, as well as interface

between key elements). Genotyping oligonucleotides were the following: o.FF3 (Fw): 5’- TGA

GCT TTT CCA TTG GCC TCT GTT GC-3’ ; o.phsp68-5 (Rev): 5’- TAG GAA CTA GAG GCT CTG TCC

447

CAG C -3’. Alternatively, we also assessed the presence of other parts of the transgene with the

449

GGT TCT GCG GGA AAC CAT TTC -3’. Each of the founder (F0) mice (1 male, 6 females) was bred

451

DBA/2JRj mice) to obtain F1 transgenic carriers, and 6 lines were successfully derived and

448
450

452

453

454

following primers: o.phsp68-3 (Fw): 5’-GCG ATG ATC CCG TCG TTT TAC-3’; o.cre_1 (Rev): 5’-

to wild type B6D2F1/JRj mice (Janvier labs, resulting from a cross between C57Bl6/JRj and
characterized (referred to as Tg(FAT1Fe-cre/mTomato)n, and abbreviated as FF-cT-Ln, with n

corresponding to the founder number. Although most lines were maintained alive for the

present characterization, most of them had to be sacrificed during the Covid pandemic (or were

455

lost as a consequence of drastic restrictions), and only the FF-cT-L11 line remains available for

457

Mice

456
458

further studies.

Ethics statement: All procedures involving mice were in accordance with the European

459

Community Council Directive of 22 September 2010 on the protection of animals used for

461

animal Research from institutional Ethics Committees for animal experimentation (of Marseille

460
462

463
464
465

466

experimental purposes (2010/63/UE), with the French law and with institutional guidelines for

and of CNRS Campus orleans, respectively registered as N°14 and N° 003 by the French national

committee of ethical reflection on animal experimentation). Transgenesis experiments were
carried out at the TAAM mouse facility (TAAM, CNRS UPS44, Orleans), and mice were later

transferred to and maintained at the IBDM mouse facility, under an agreement (Number D13055-21) delivered by the “Préfecture de la Région Provence-Alpes-Côte-d’Azur et des Bouches-

467

du-Rhône.

469

generated as described above and are identified as Tg(FAT1Fe-cre/mTomato)nFhel, with n

468

The mouse lines used in this study are the following: The FF-cT transgenic lines were

15
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470

representing the line number (as summarized in Figure 1); A Fat1LacZ genetrap allele

472

laboratory mouse strain 006148, [34]), a Wnt1cre; driver line (H2az2Tg(Wnt1-cre)11Rth, [74]) for

471

473
474
475

(Fat1Gt(KST249)Byg [13, 73]); the CRE-reporter line R26YFP (Gt(ROSA)26Sortm1(EYFP)Cos line (Jackson

comparison.

Immunohistochemistry
Embryos/tissues were collected in cold PBS, fixed in 4% PFA (in PBS) for 3-4 hours on ice,

476

rinsed 3 times in cold PBS, and cryoprotected by overnight immersion in a 25% sucrose solution

478

immersion in isopentane refrigerated in a carboethanol bath (dry ice + ethanol). We then made

477
479

480

in PBS. The samples were then embedded in PBS, 7.5% gelatin, 15% sucrose, and frozen by

10µm thick sections using a Leica cryostat, collected on Superfrost ultra plus glass slides, stored
at -20°C until use. For immunohistochemistry, slides were thawn in PBS for 5 minutes and

481

incubated in PBS, 0.3% triton X100 for 15 minutes. A step of bleaching with 1 volume 30%H2O2,

483

minutes, after which slides were rinsed 3 times in PBS, 0.3% triton. When carrying out (see

482
484
485
486
487
488
489

490

4 volumes PBS, 0.3% triton X100 (thus 6% H2O2 final concentration) was carried out for 30

antibody list below) heat induced epitope retrieval (HIER), slides were first immersed in cold
Citrate buffer HIER solution (0.1M Sodium Citrate, 0.1M Citric acid, 0.2% Tween 20, pH6.0), then

incubated in Citrate buffer HIER solution preheated at 95°C, for a duration of 10 to 30 minutes
(depending on primary antibody), transferred again in cold Citrate buffer HIER solution, and

rinsed 3 times in PBS, 0.3% triton. The Antibody incubation steps were carried out in blocking
solution containing 20% newborn calf serum, 0.3% triton X100.

Primary antibodies used are the following: Rabbit polyclonal Anti-RFP (Rockland, Cat# 600-

491

401-379; RRID: AB_2209751); Chick IgY anti-beta-Galactosidase (Abcam, Cat# ab9361; RRID:

493

monoclonal anti-PAX7 (DSHB, Cat# PAX7, supernatant; RRID: AB_2299243); Mouse IgG2b

492

AB_307210); Chick IgY anti-GFP (Aves, cat# GFP-1020; RRID: AB_10000240); Mouse IgG1

494

monoclonal anti-MYH1 (Myosin heavy chain, type I), clone MF20 (DSHB, Cat# MF20

496

via Santa-cruz biotechnology Inc. Cat# sc-12732; RRID: AB_2146602); purified Rat monoclonal

495

(bioreactor); RRID: AB_2147781); Mouse monoclonal IgG1 anti-Myogenin, clone F5D) (DSHB,

497

anti mouse CD140a (Pdgfra), clone APA5 (BD Biosciences, Cat# 558774; RRID: AB_397117); Rat

499

RRID: AB_2256026); Mouse IgG2A monoclonal anti-TCF4 (Tcf7L2), clone 6H5-3 (Merc-Millipore,

498

IgG1 monoclonal anti-TenascinC, clone MTn-12 (Thermofisher Scientific, Cat# MA1-26778;

500

Cat# 05-511; RRID: AB_309772). Antigen retrieval with Citrate buffer was done for all antibody

502

conjugated or Cy3/Cy5-conjugated donkey secondary antibodies against rabbit, chick and rat

501

503

combinations, except when using anti-GFP, anti-Pdgfra, and anti-TenascinC. We used Alexa-

primary antibodies, whereas for mouse monoclonal primary antibodies, we used isotype16
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504
505

specific Alexa-conjugated Goat secondary antibodies (against IgG1, IgG2a; IgG2b) from

Thermofisher scientific.
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Figure Legends

Figure 1: Position of previously identified copy number variants in the FAT1 genomic locus
associated with FSHD. (A) Scheme of the human FAT1 locus showing exons 16 to 19, encompassing
the enhancer cloned (FAT1Fe for “FAT1-FSHD-enhancer”), which matches the position (green
arrowed bar) of deletions corresponding to copy number variants (CNVs) identified in FSHD patients
(details in Ref [13] and in Figure. S1). (B) Design of the transgenic construct used for mouse
transgenesis: the FAT1Fe CNE, followed by pHsp68 promoter, drives expression of CRE-IRES2-myrtdTomato. (C) Summary of the expression patterns and cre-mediated activity profiles observed in the 6
founder lines analyzed (Tg(FAT1Fe-cre/mTomato)Ln, abbreviated as FF-cT-Ln, the n corresponding to
the founder number). Transgenic embryos also carried the R26YFP reporter. Results were obtained upon
immunostaining of cyro-sections, by following expression of Tomato with an anti-RFP antibody, and
R26YFP expression with an anti-GFP antibody.
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Figure 2: Comparative expression of Fat1LacZ and one of the FF-cT enhancer lines. (A) Salmon
Gal staining of 4 cyrosections of an E12.5 Fat1LacZ embryo at different trunk levels, identified by the
rib number. (B) immunohistochemistry analysis on cryosections at two levels of a Fat1LacZ; Tg(Fat1Fecre-mTomato)L19 embryo at E12.5. The upper panels are stained with antibodies against betagalactosidase (green), Myogenin (red, left/T1 level), Pax7 (Red, right/T3 level), and DAPI. The
salmon Gal staining was done on the immediate neighbouring section. Bottom panels are stained with
antibodies against RFP (Tomato, red), anti-MyhI (MHC, white), and DAPI. Square panels show
higher magnification images of the regions indicated with dotted lines, focusing on a muscle (Triceps
Brachii, T1 level, CM muscle, T3 level), or on the ventral spinal cord.
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Figure 3: Example of founder line (FF-cT-L9) with robust expression and CRE activity in
skeletal muscle fibers. Immunohistochemistry was performed on sections of E12.5 embryos carrying
the line Tg(Fat1Fe-cre-mTomato)L9, combined with R26-YFP, with anti-Tomato (RFP, red), antiMyhI (MHC, white), and anti-GFP (R26-YFP, green) antibodies.
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Figure 4: Example of a line (FF-cT-L11) with restricted expression and activity in selected
subsets of mesenchymal cells at muscle extremities. Immunohistochemistry analysis of E12.5
embryos carrying the line Tg(Fat1Fe-cre-mTomato)L11, and R26YFP, with anti-Tomato (RFP, red),
anti-MyhI (MHC, white, A and B), anti-GFP (R26YFP, green, A, and B), and Pdgfra (Green, C)
antibodies, and with DAPI (blue). In contrast to other founder lines, Panels in (B) are higher
magnification images of areas outlined with yellow dotted squares in (A). For each antibody
combination, we imaged sections at three successive levels (section 1/row 1 corresponds to the
shoulder level; section 2/row 2 to the forelimb level; and section 3/row3 to a thoracic level (half way
through the CM muscle). In FF-cT-L11 embryos, Tomato expression is low in muscle fibers, but high
in specific hotspots of of muscle-associated mesenchymal cells at the extremity of some but not all
muscles, whereas CRE-mediated activation of the R26YFP reporter occurs in few cells within the
Tomato+ domain. All hotspots of high Tomato expression co-express Pdgfra.
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Figure 5: Mesenchymal hotspots of FF-cT-L11 expression and activity at the bone muscle
interface match sites of Fat1LacZ expression. (A) Scheme of an E12.5 embryo highlighting muscle
organization, indicating the position and angles of sections shown in different following panels as well
as the three successive levels shown in Fig. 4, 6 and 7. (B, C) SalmonGal staining of sections of
Fat1LacZ/+ embryos (orientations indicated in A). (D, E) Immunohistochemistry analyses of FF-cT-L11
expression in comparison with endogenous Fat1 pattern in an E12.5 Fat1LacZ/+: Tg(FAT1Fecre/mtdTomato)L11 embryo ((D), at hindlimb level), and with CRE activity in an E13.5 Tg(Fat1Fecre-mTomato)L11; R26YFP/+ embryo ((E), forelimb level).
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Figure 6: Comparison of FF-cT-L11 expression with Tenascin C. Immunohistochemistry analysis
of E12.5 embryos carrying the line Tg(Fat1Fe-cre-mTomato)L11, with anti-Tomato (RFP, red), antiMyhI (MHC, white), anti-TenascinC (green), antibodies, and with DAPI (blue), at the same three
levels as in Figure 4 (section 1/row 1 corresponds to the shoulder level; section 2/row 2 to the forelimb
level; and section 3/row3 to a thoracic level (half way through the CM muscle). Panels in (B) are
higher magnification images of areas outlined with yellow dotted squares in (A). All hotspots of high
Tomato expression also coexpress TenascinC.
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Figure 7: further characterization. (A) immunohistochemistry analysis of E12.5 embryos
carrying the line Tg(Fat1Fe-cre-mTomato)L11, with anti-Tomato (RFP, red), anti-PAX7 (white), antiTCF7L2 (green) antibodies, and with DAPI (blue), at the same three levels as in Figure 4 (section
1/row 1 corresponds to the shoulder level; section 2/row 2 to the forelimb level; and section 3/row3 to
a thoracic level (half way through the CM muscle). Panels in (B) are higher magnification images of
areas outlined with yellow dotted squares in (A). Hotspots of high Tomato signal do not co-express
TCF7L2, whereas TCF7L2+ muscle attachment sites (or myogenic progenitor subsets) do not express
Tomato.
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Supplementary Information

Figure S1: FAT1 genomic landscape: additional enhancers with predicted muscle activity. (A)
Screen capture of USCS browser view of the FAT1 genomic landscape, featuring FAT1 Refseq with
exon positions, A summary of the CHIP-Seq peaks obtained (ENCODE data) with anti-Acetylated
H3K27 antibodies, indicating position of predicted enhancers, DNase hypersensitivity clusters and
averaged Transcription factor CHIP-Seq peaks. The position of 4 putative cis-regulatory regions (3
intragenic FAT1 enhancers and the promoter (details in B), predicted to be active in muscle-related
cell types, are highlighted, the one indicated as “FAT1-Fe” being the one deleted by FSHD-CNVs and
studied here. (B) table recapitulating the names, genomic coordinates, predicted transcription factor
binding sites (JASPER TFBS, whether they map with DNase hypersensitivity sites (on Ensembl
browser and in human myoblasts, based on ref [68], genomic status in FSHD patients, and related
references.
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Figure S2 : Position of previously identified copy number variants in the FAT1 genomic locus
associated with FSHD. (A) Scheme of the human FAT1 locus showing exons 16 to 19, with
conservation tracks from USCS, showing that the FAT1Fe sequence, deleted in the FSHD-CNV,
matches a conserved region, spanning beyond the coding part corresponding to exon 17. (B) Scheme
of the conservation of LEF and MEF3 (SIX1) TFBS motifs in the conserved FAT1Fe sequence across
six species. (C) Heatmap of the common transcription factor binding sites (by TRANSFAC matrix
family), featuring the value of (-Log10(p-value)), and to number of matches in sequences from 6
species (total, common, or minimum number).
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Figure S3 : Distinction between early Ubiquitous and tissue-specific CRE activity of the
founder lines. (A) Table summarizing the patterns of cre-mediated activity observed in the 6 founder
lines analyzed (Tg(Fat1Fe-cre/mTomato)Ln; R26YFP/+). As transgenic embryos carried the R26YFP
reporter, fluorescence was assessed first upon embryo collection, then on embryo sections by anti-GFP
immunohistochemistry. We score embryos as exhibiting tissue-specific YFP patterns when this
activity matches Tomato expression (first row). We score embryos as exhibiting ubiquitous YFP
(second and third row) when YFP Fluorescence is detected at high levels at collection stage (and
confirmed by IHC). The last row recapitulates for each line, the total number of embryos obtained
from FF-cT-Ln x R26YFP/+crosses, the number of FF-cT-Ln; R26YFP/+ embryos (by PCR), and the
number of embryos with ubiquitous YFP expression at collection (and percentage of these amongst
FF-cT-Ln; R26YFP/+ embryos). (B) images of direct YFP fluorescence emitted at stage of embryo
collection (during fixation step) for several founder lines, with several embryos shown with variable
excision rates for L9 and L19. (C) Examples of direct YFP fluorescence taken in similar conditions in
2 examples of Wnt1cre/+; R26YFP/+ embryos (with intense recombination in craniofacial neural crestderived tissues visible without clearing).
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Figure S4 : Additional examples of founder lines with muscle expression of the FAT1Fe
enhancer: two of which with ubiquitous YFP expression. immunohistochemistry was performed on
sections of E12.5 embryos carrying FF-cT lines 6 (A), 19 (B), and 2 (C) combined with R26YFP, with
anti-Tomato (RFP, red), anti-MyhI (MHC, white), and anti-GFP (R26YFP, green) antibodies. The
sample shown in (B) is the same as the one shown in Figure 2B, except that it is shown (horizontal
flip) to illustrate ubiquitous YFP expression.
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Figure S5: Other sites of expression/activity of the FF-cT transgene. We detected Tomato
expression (A-E) and activity (via YFP expression in A, B, D, E) in the heart (A, line FF-cT-L11),
kidney ((B), FF-cT-L11, and (C), FF-cT-L19), and in hindbrain nuclei ((D), FF-cT-L11, and (E), FFcT-L9). For each line, higher panels are low magnification, and lower panels are higher magnification
of the dotted square area (except for E, for which higher magnification come from a different embryo).
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