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 2 

Abstract 34 

MYOD is an E-box sequence-specific basic Helix-Loop-Helix (bHLH) transcriptional activator 35 

that, when expressed in non-muscle cells, induces nuclear reprogramming toward skeletal 36 

myogenesis by promoting chromatin accessibility at previously silent loci. Here, we report on 37 

the identification of a previously unrecognized property of MYOD as repressor of gene 38 

expression, via E-box-independent chromatin binding within accessible genomic elements, 39 

which invariably leads to reduced chromatin accessibility. MYOD-mediated repression 40 

requires the integrity of functional domains previously implicated in MYOD-mediated activation 41 

of gene expression. Repression of mitogen- and growth factor-responsive genes occurs 42 

through promoter binding and requires a highly conserved domain within the first helix. 43 

Repression of cell-of-origin/alternative lineage genes occurs via binding and decommissioning 44 

of distal regulatory elements, such as super-enhancers (SE), which requires the N-terminal 45 

activation domain as well as two chromatin-remodeling domains and leads to reduced strength 46 

of CTCF-mediated chromatin interactions. Surprisingly, MYOD-mediated chromatin 47 

compaction and repression of transcription do not associate with reduction of H3K27ac, the 48 

conventional histone mark of enhancer or promoter activation, but with reduced levels of the 49 

recently discovered histone H4 acetyl-methyl lysine modification (Kacme). These results 50 

extend MYOD biological properties beyond the current dogma that restricts MYOD function to 51 

a monotone transcriptional activator and reveal a previously unrecognized functional versatility 52 

arising from an alternative chromatin recruitment through E-box or non-E-box sequences. The 53 

E-box independent repression of gene expression by MYOD might provide a promiscuous 54 

mechanism to reduce chromatin accessibility and repress cell-of-origin/alternative lineage and 55 

growth factor/mitogen-responsive genes to safeguard the integrity of cell identity during 56 

muscle progenitor commitment toward the myogenic lineage. 57 
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Introduction  65 

MYOD has a unique property to activate skeletal myogenesis upon ectopic expression in non-66 

muscle cells – also known as MYOD-mediated trans-differentiation or myogenic conversion 67 

of somatic cells1,2 – which reflects its function as endogenous activator of skeletal myogenesis 68 

in muscle stem cells (MuSCs) during skeletal muscle regeneration3,4. This property relies on 69 

MYOD ability to bind nucleosomes at previously silent loci in cooperation with pioneer factors, 70 

such as Pbx1/Meis5, followed by signal-dependent recruitment of histone acetyltransferases 71 

and SWI/SNF chromatin remodeling complex6–16 to promote chromatin accessibility and 72 

enable full recognition and binding to specific E-box sequences (wherein the central di-73 

nucleotide is GC or GG)17,18. E-box-driven heterodimerization with E2A gene products (E12 74 

and E47)19 enables MYOD to activate transcription of target skeletal muscle-specific genes20. 75 

Previous studies have identified specific domains that confer on MYOD the property as a DNA 76 

sequence-specific transcriptional activator21. Within the bHLH region22, the basic domain 77 

restricts MYOD DNA binding affinity to myogenic E-box motifs23 and the HLH domain mediates 78 

heterodimerization with E12 or E4724. Moreover, an acidic activation domain (AD) located at 79 

the N-terminus25 and two chromatin remodeling domains (CRDs located at the C/H-rich 80 

domain and C-terminus)26 cooperate to activate transcription of target genes.  81 

Recent work has extended our knowledge of MYOD-mediated activation of skeletal 82 

myogenesis, by revealing its pervasive binding throughout the genome27 and its role as 83 

organizer of the 3D genome architecture27–33. While MYOD-mediated activation of gene 84 

expression has been extensively studied since its discovery as a myogenic determination 85 

factor, the expression of MYOD in proliferating, undifferentiated muscle progenitors has been 86 

puzzling. MYOD expression coincides with a stage in which activation of muscle gene 87 

expression has not yet occurred, suggesting that MYOD could exert functions alternative to 88 

the activation of muscle genes. Interestingly, in activated MuSCs during skeletal muscle 89 

regeneration, the expression of endogenous MYOD coincides with the downregulation of a 90 

subset of genes invariably assigned to gene ontology processes related to cell-of-origin, 91 

alternative lineages, and growth factor responsive genes31,32,34. Likewise, gene expression 92 

analysis has revealed specific patterns of gene repression during MYOD-mediated myogenic 93 

conversion of non-muscle somatic cells35,36. However, while the potential function of MYOD 94 

as a transcriptional repressor has been sparsely reported by previous works37–43, the potential 95 

mechanism that accounts for this putative functional property remains elusive.   96 

Here, we report on the identification of MYOD as a direct repressor of gene expression through 97 

binding to non-E-box motifs. Functional domains of MYOD implicated in the activation of gene 98 

expression (i.e., the N-terminal AD, the two CRDs and the first helix) are also required for the 99 

repression of specific subsets of genes, by reducing chromatin accessibility and levels of the 100 
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novel mark of transcriptional activation, acetyl-methyllysine, (Kacme)44, at promoters and 101 

enhancers of MYOD-repressed genes.  102 

Results 103 

MYOD reduces chromatin accessibility at promoters of mitogen- and growth factor-104 

responsive genes during human fibroblast trans-differentiation into skeletal muscle 105 

cells. 106 

MYOD-mediated trans-differentiation of somatic cells into skeletal muscles1,2 provides an 107 

optimal experimental platform to investigate the molecular, genetic and epigenetic mechanism 108 

by which MYOD coordinates nuclear reprogramming of non-muscle cells toward the myogenic 109 

lineage. In previous studies we have exploited this model to demonstrate that, upon inducible 110 

expression in IMR90 human fibroblasts, MYOD re-organizes the 3D genome architecture by 111 

rewiring high-order chromatin interactions implicated in the formation of boundaries of 112 

functional nuclear domains, such as the insulated neighborhoods (INs), within topologically 113 

associating domains (TADs)28. This process is well appreciated upon the exposure to 114 

differentiation cues (differentiation medium - DM), in which cells uniformly undergo terminal 115 

differentiation. A more dynamic genome reprogramming occurs during the proliferation of 116 

MYOD-expressing IMR90 (IMR90-MYOD) cells, when they are cultured in high serum (growth 117 

medium - GM). Indeed, this is an intermediate stage of commitment toward the myogenic 118 

lineage that entails the erasure of the previous cell of origin lineage, prior to the activation of 119 

the differentiation program. During this transition, culturing cells in high serum-containing 120 

growth factors and mitogens mimics the exposure of muscle progenitors to developmental or 121 

regeneration cues, which might activate multiple responses and cell lineages if not properly 122 

filtered/interpreted. Thus, we sought to focus our analysis on IMR90 cells cultured in high 123 

mitogen/growth factor-containing serum (Ext. Fig. 1A). Under these conditions, doxycycline 124 

(doxy)-induced MYOD expression did not activate endogenous MYOD, neither promoted the 125 

formation of myosin heavy chain (MYHC)-expressing multinucleated terminally differentiated 126 

myotubes (Ext. Fig. 1B). Conversely, MYOD expression coincided with downregulation of 127 

genes, including the lung fibroblasts lineage gene GATA6 (Ext. Fig.1C, D and E), the pro-128 

inflammatory cytokine interleukin 6 (IL6), the growth factor-responsive cFos, and the 129 

extracellular matrix (ECM) component Fibronectin 1 (FN1) (Ext. Fig. 1D), while typical early 130 

MYOD-induced differentiation genes, such as Integrin alpha 7 (ITGA7) and Troponin T2 131 

(TNNT2), were weakly activated (Ext. Fig. 1D). A late differentiation marker – the embryonic 132 

MYH3 – was not induced at this stage (Ext. Fig. 1D). Consistently, RNA-seq analysis of 133 

IMR90-MYOD cells revealed that a large proportion (about 1/3) of differentially expressed 134 

genes (DEGs) were downregulated, as compared with control IMR90 cells (Fig. 1A and B). 135 
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Likewise, ATAC-seq shows analogous patterns of reduced and induced chromatin 136 

accessibility at promoters (Fig.  1C and D), with a notable higher number of events of reduced 137 

chromatin accessibility (Fig. 1D), which indicates that repression of gene expression occurs 138 

through extensive chromatin compaction at promoters of repressed genes (Fig. 1D). To 139 

determine a causal relationship between MYOD chromatin binding, changes in gene 140 

expression and in chromatin accessibility, we integrated MYOD binding events at promoters 141 

(by ChIP-seq) with promoters of DEGs (by RNA-seq) and with the chromatin accessibility 142 

patterns identified by ATAC-seq in IMR90 vs IMR90-MYOD cells cultured in GM for 24 hours. 143 

We found that about 1/3 of MYOD ChIP peaks coincided with binding to more than half of the 144 

promoters of upregulated genes or overlapped with increased promoter chromatin 145 

accessibility, with only a minority (861 peaks) associated to increased chromatin accessibility 146 

at promoters of upregulated genes (Fig. 1E and F). Gene ontology analysis revealed that 147 

MYOD binding to promoters with increased chromatin accessibility coincided with the 148 

upregulation of genes implicated in biological processes related to skeletal myogenesis and 149 

general features of differentiation (Ext. Fig. 2A). Motif analysis of these events showed an 150 

invariable association with typical MYOD targets, the myogenic E-box motif (CAGCTG) (Ext. 151 

Fig. 2C). Conversely, more than half of MYOD peaks (6007) detected by ChIP-seq coincided 152 

with binding to a large majority of promoters of down-regulated genes or overlapped with 153 

reduced promoter chromatin accessibility, with 1566 peaks associated with reduced chromatin 154 

accessibility at promoters of down-regulated genes (Fig. 1G and H). Gene ontology analysis 155 

of DEGs indicates that MYOD-bound promoters with reduced chromatin accessibility 156 

coincided with downregulation in genes implicated in cell proliferation, regulation of S phase, 157 

mitosis, and other phases of the cell cycle (Ext. Fig. 2B). Motif analysis of these events showed 158 

an invariable association to non-E-box motifs, with enrichment in motifs for transcription 159 

factors (TFs) implicated in cell cycle regulation and proliferation of muscle progenitors, such 160 

as E2F45–47 and NFY48,49, or serum/growth factor responsive TFs, such as SP1 and Elk family 161 

members50 (Ext. Fig. 2D). Interestingly, while the increased chromatin accessibility at MYOD-162 

bound promoters of upregulated genes was associated with increased levels of H3K27ac, as 163 

expected (Fig. 1F), the reduced chromatin accessibility at MYOD-bound promoters of down-164 

regulated genes was also associated with increased levels of H3K27ac (Fig. 1H), which 165 

appears paradoxical, as this is a conventional mark for promoter (as well as enhancer) 166 

activation. Representative tracks for two downregulated genes, cFOS and GATA6, are shown 167 

(Fig 1I and J). 168 

These results suggest that MYOD directly contributes to two distinct programs for genome 169 

reprogramming – the activation and repression of different patterns of gene expression - by 170 

promoting opposite patterns of chromatin accessibility at promoters of DEGs, via binding to 171 

either myogenic E-box or non-E-box motifs.  172 
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The different outcome in terms of changes in chromatin accessibility induced by MYOD via 173 

chromatin binding at E-box vs non-E-box motifs apparently contradicts the current dogma that 174 

MYOD chromatin binding is only driven by the selective affinity for specific myogenic E-box 175 

motifs21–23. It also challenges the current knowledge on structural and functional properties of 176 

MYOD, whereby the presence of two chromatin remodeling domains predicts that, upon 177 

recruitment to nucleosomes at target gene loci, MYOD only promotes chromatin 178 

accessibility13–16,26. We therefore sought to investigate MYOD chromatin binding further within 179 

the different outcomes of chromatin accessibility by a deeper analysis, in which we fractioned 180 

the MYOD ChIP-seq peaks within differential ATAC-seq peaks into three adjacent genomic 181 

windows, at the summit and at the two sides of the peak (Ext. Fig. 3A). Motif analysis revealed 182 

again an invariable enrichment of the myogenic E-box at the summit as well as at both sides 183 

of peaks of increased chromatin accessibility that coincided with MYOD-bound promoters of 184 

activated genes (Ext. Fig. 3B). In contrast, no E-box motifs were detected at the summit of 185 

peaks of reduced chromatin accessibility that coincided with MYOD-bound Differentially 186 

Accessible Regions (DARs) promoters (Ext. Fig. 3C), with low frequency of non-myogenic E-187 

box motifs detected at the sides.  188 

These data reveal unexpected patterns of MYOD binding to promoters of DEGs, leading to 189 

opposite patterns of chromatin accessibility associated with either activation or repression of 190 

gene expression. While MYOD-mediated activation from promoters entails binding to E-box 191 

motifs and leads to induction of genes implicated in early/general features of differentiation, 192 

MYOD-mediated repression from promoters occurs through binding to non-E-box motifs and 193 

relates to repression of mitogen and growth factor responsive genes.  194 

 195 

Changes in chromatin states during IMR90 human fibroblast trans-differentiation into 196 

skeletal muscle cells  197 

As MYOD-mediated repression from promoters did not associate with reduced levels of 198 

H3K27ac, we wondered whether other changes in chromatin marks could discriminate the 199 

different patterns of MYOD chromatin binding. We therefore performed CUT&RUN analysis 200 

to profile the changes in histone marks predictive for promoter (H3K4me3) or enhancer 201 

(H3K4me1) identity, for formation of facultative (H3K27me3) or constitutive (H3K9me3) 202 

heterochromatin, in addition to H3K27ac, which is a common mark for enhancer and promoter 203 

activation. Combinatorial analysis of these marks in IMR90 vs IMR90-MYOD cells identified 204 

12 chromatin states (Fig. 2A), whose dynamics revealed few major features of chromatin state 205 

transition, including reduction in constitutive heterochromatin, increased formation of 206 

facultative heterochromatin and euchromatin, and partial loss of enhancer identity (Fig. 2B 207 

and C). Importantly, when integrated with MYOD ChIP-seq analysis performed in IMR90-208 

MYOD cultured in GM, CUT&RUN analysis of histone modifications revealed that over 2/3 of 209 
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MYOD-bound genomic elements switch their chromatin state (Fig. 2D and E), again indicating 210 

a causal relationship between MYOD chromatin binding at regulatory elements of the genome 211 

and changes in chromatin states and conformation. Moreover, integration of CUT&RUN 212 

analysis of histone modifications with ATAC-seq datasets revealed a distribution of peaks of 213 

increased chromatin accessibility coinciding with increased marks of euchromatin and 214 

promoter or enhancer identity across the genome, with a special enrichment at intronic and 215 

intergenic elements (Fig. 2F). Conversely, peaks of decreased chromatin accessibility 216 

coinciding with increased marks of facultative heterochromatin were observed at promoter and 217 

non-promoter regions, distal elements, and were again enriched at intronic and intergenic 218 

elements (Fig. 2G).    219 

Further integration of CUT&RUN of histone modifications, MYOD ChIP-seq and ATAC-seq 220 

datasets revealed two distinct patterns of changes in chromatin states at promoters of DEGs. 221 

While a moderate enrichment in promoter identity (H3K4me3) and activation (H3K27ac) was 222 

observed at MYOD-bound promoters of upregulated genes, in association with increased 223 

chromatin accessibility (Ext Fig. 4A), the reduction in chromatin accessibility at MYOD-bound 224 

promoters of downregulated genes did not coincide with any appreciable changes in histone 225 

marks/chromatin states (Ext Fig. 4B).  226 

 227 

MYOD binds and decommissions super-enhancers (SEs) of cell-of-origin and 228 

alternative lineage genes during human fibroblast trans-differentiation into skeletal 229 

muscle cells. 230 

As a large number of genome-wide MYOD chromatin binding events coincide with decreased 231 

chromatin accessibility also at genomic elements distal from promoters, we investigated the 232 

possibility that MYOD might also repress gene expression from non-promoter, distal genomic 233 

elements. Integration of MYOD ChIP-seq and ATAC-seq datasets showed that MYOD binding 234 

at non-promoter elements can result in either increased or decreased chromatin accessibility 235 

(Ext. Fig. 5A and B) that, again, were invariably associated to increased levels of H3K27 236 

acetylation (Ext. Fig. 5C and D). Integration with CUT&RUN analysis of histone modifications 237 

further showed that MYOD-bound distal elements exhibiting increased chromatin accessibility 238 

were especially enriched in marks of enhancer identity (H3K4me1) and activation (H3K27ac) 239 

(Ext Fig. 4C). A slight increase in promoter identity (H3K4me3) was also observed at MYOD-240 

bound distal elements with increased chromatin accessibility (Ext Fig. 4C). In contrast, 241 

reduced chromatin accessibility at MYOD-bound distal elements, again, did not coincide with 242 

any appreciable change in histone marks, except for a slight increase in H3K27ac (Ext Fig. 243 

4D). An additional feature identified by this analysis was a trend of identity shift for MYOD-244 

bound active enhancers into active promoters (Ext Fig. 4E). Interestingly, MYOD-bound non-245 

promoter elements with increased chromatin accessibility coincided with formation of 246 
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euchromatin and enhancer activation (Ext. Fig. 6A); instead, peaks with decreased chromatin 247 

accessibility exhibited a tendency toward loss of enhancer identity, despite retaining marks of 248 

euchromatin (Ext. Fig. 6A). As enhancers are the most relevant distal regulatory elements, 249 

and because we have observed a partial loss of enhancer identity in IMR90-MYOD cells (Ext. 250 

Fig. 4; Fig. 2E), we decided to focus on MYOD-bound enhancers, as previously reported51. In 251 

this regard, we were especially interested in the dynamics of super-enhancers (SEs) 252 

formation/decommissioning upon MYOD expression in IMR90 cells, as SE are typically 253 

implicated in the regulation of lineage identity genes52. We therefore first determined whether 254 

MYOD chromatin binding at non-promoter, distal genomic elements, coincided with SEs, 255 

including those already present in IMR90 cells and those formed in IMR90-MYOD cells. A total 256 

of 1674 SEs were identified in both IMR90 and IMR90-MYOD cells, using ROSE52. MYOD 257 

bound 78% (810 out of 1041) of SEs detected in IMR90 cells and 91% (1223 out of 1352) of 258 

SEs detected in IMR90-MYOD (Ext. Fig. 6B and C). While MYOD-bound SEs with increased 259 

chromatin accessibility were highly enriched with myogenic E-box motifs, MYOD-bound SEs 260 

with decreased chromatin accessibility were enriched with non-E-box motifs, mostly belonging 261 

to the Jun/Fos family members AP1 binding sites (Ext. Fig. 6D). Since SEs typically activate 262 

gene expression from a distance53, we used high-resolution (4KB) Hi-C datasets previously 263 

generated in IMR90, IMR90 GM, and DM conditions28 to identify SE loops with cognate 264 

promoter(s). Hi-C-based capture of SEs revealed the dynamics of enhancer-promoter (E/P) 265 

loops during the transition from IMR90 fibroblasts to IMR90-MYOD cells, discriminating newly 266 

formed vs lost SEs (Fig. 3A). Interestingly, this analysis also revealed several conserved SEs 267 

that were identified both in IMR90 and IMR90-MYOD cells (Fig. 3A). The dynamics of these 268 

conserved SEs was further investigated by Aggregate Region Analysis (ARA) of Hi-C data in 269 

IMR90 and IMR90-MyoD cultured in GM for 24 hours and then exposed to differentiation 270 

medium (DM) for additional 24 hours. This analysis illustrates how conserved SE between 271 

IMR90 and IMR90-MYOD cells are eventually lost along with IMR90-MYOD cell transition from 272 

culture in GM to terminal differentiation upon exposure to DM (Ext. Fig. 6E).  273 

We next used MYOD ChIP-seq data to track the dynamics of MYOD-bound gained or lost 274 

SEs. MYOD-bound gained SE exhibited an increased Hi-C signal during the transition from 275 

IMR90 to IMR90-MYOD cells (Fig. 3B). In contrast, MYOD-bound lost SEs exhibited a drastic 276 

reduction in Hi-C signal related to chromatin interactions that define hubs of contacts typical 277 

of SEs, also referred to as frequently interacting regions (FIREs)54. Further integration with 278 

ATAC-seq data showed that MYOD-bound gained SEs exhibited increased chromatin 279 

accessibility (Fig. 3C), were typically marked by histone marks of active enhancers and 280 

euchromatin (Fig. 3D, top) and were enriched with myogenic E-box motifs (Fig. 3E, top). 281 

Conversely, MYOD-bound lost SEs exhibited a slight decrease in chromatin accessibility (Fig. 282 

3C), were typically marked by histone marks of non-enhancer identity, although they retained 283 
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marks of euchromatin (Fig. 3D, bottom), and were enriched with non-E-box motifs, mostly 284 

belonging to the Jun/Fos family members AP1 binding sites (Fig. 3E, bottom). Integration of 285 

Hi-C and RNA-seq data enabled the identification of DEGs downstream of promoters looping 286 

with MYOD-bound SEs. This analysis revealed distinct patterns of association between lost 287 

SEs with gene repression and reduced chromatin accessibility and gained SEs with gene 288 

activation and increased chromatin accessibility (Fig. 3F). Gained or lost SEs showed a trend 289 

of increased or decreased chromatin accessibility, respectively (Fig. 3G). Hi-C analysis of SE-290 

associated promoters revealed that genes regulated by gained SE belong to biological 291 

processes related to general aspects of cellular differentiation and commitment to the 292 

myogenic lineage (Fig. 3H, top). In contrast, genes regulated by lost SEs belong to biological 293 

processes related to repression of growth factor-induced intracellular signaling (Fig. 3H, 294 

bottom). 295 

Overall, these data define two types of MYOD-bound SEs. Gained SEs were not present in 296 

IMR90 cells and were generated upon MYOD expression via MYOD binding to E-box motifs 297 

at previously silent loci, according to a well-established sequence, by which MYOD targets 298 

compacted chromatin at nucleosomes in cooperation with pioneer factors, such as Pbx1/Meis, 299 

to promote chromatin remodeling and accessibility5. Lost SEs were present in IMR90 prior to 300 

the expression of MYOD and became decommissioned/inactivated upon MYOD binding to 301 

non-E-box motifs, via compaction and reduction of chromatin accessibility. 302 

Because SEs consist of multiple hubs of chromatin interactions marked by H3K27ac, we 303 

performed HiChIP with H3K27ac antibodies and detected MYOD-bound HiChIP bins (Fig. 4A); 304 

however, only few of these MYOD-bound differential chromatin interactions marked by 305 

H3K27ac were found to overlap with SEs, as called by the traditional ROSE method (Fig. 4B). 306 

Thus, we sought to devise a novel approach to identify MYOD-bound 3D SEs, by using ROSE-307 

derived SEs as starting point, and then overlapping linear SEs with the H3K27ac HiChIP bins, 308 

followed by clustering of all bins belonging to those interactions. Within the 3D SEs, we called 309 

hubs, according to Huang et al., 201855, thereby identifying bins within the 3D SEs that 310 

participate to more interactions, as compared to the genome-wide average (workflow 311 

illustrated in Fig. 4C). To further refine the hubs calls, we overlapped those bins with H3K27ac 312 

ChIP-seq peaks, which narrows the identification of 3D SEs regulatory hotspots (Fig. 4C). This 313 

method enabled the capture of considerably larger SEs, as compared to the conventional call 314 

of SEs used before (Fig. 4D) and revealed clear trends of increase (3D SE gained) or decrease 315 

(3D SE lost) from IMR90 to IMR90-MYOD cells (Fig. 4E). Importantly, while MYOD-bound 316 

gained SEs exhibited increased chromatin accessibility and H3K27ac signal, MYOD-bound 317 

lost SEs showed decreased chromatin accessibility, yet retained high levels of H3K27ac signal 318 

(Fig. 4F). The unexpected retention of high H3K27ac activation mark at MYOD-319 

decommissioned SEs mirrors a similar phenomenon observed for MYOD-bound promoters of 320 
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repressed genes shown in Fig. 1, thereby revealing the uncoupling of reduced chromatin 321 

accessibility and H3K27ac levels, as an unexpected, general feature of gene repression by 322 

MYOD from either promoters or enhancers. At the same time, this finding prompts the question 323 

of whether alternative histone modifications might provide a mark of MYOD-mediated gene 324 

repression. While most of the known histone marks did not show any pattern of association 325 

with MYOD-bound SEs that undergo chromatin compaction and direct repression of target 326 

genes, we turned our attention on a newly identified mark of histone H4 lysine 5 and 12 327 

methylation and acetylation on the same side chain (H4K5/12 Kacme)44, as potential dynamic 328 

signal that could associate with MYOD-mediated inactivation of SEs. Indeed, ChIP-seq with 329 

Kacme antibodies showed a clear enrichment at MYOD-bound SEs with increased chromatin 330 

accessibility, while a reduction in Kacme signal marked MYOD-bound SEs with decreased 331 

chromatin accessibility (Fig. 4F). Upon integration of 3D SEs with RNA-seq data, by HiChIP 332 

H3K27ac-detected loops, we identified a large amount of DE genes downstream to the 333 

promoters looping with these SEs (Fig. 4G). Gene ontology analysis revealed that SE-334 

upregulated genes were mostly related to biological processes of cellular commitment and 335 

differentiation toward skeletal muscle lineage, while SE-downregulated genes referred to 336 

processes related to repression of alternative cell lineages, in addition to genes implicated in 337 

cell proliferation (Fig. 4H). Examples of genes downregulated upon MYOD binding and 338 

decommissioning of SEs are shown in Ext. Fig. 7A and B. 339 

Another feature of SEs is the frequent enrichment in CTCF-marked chromatin interactions54. 340 

As previous studies have revealed an association between MYOD and CTCF chromatin 341 

binding29, we also performed HiChIP with CTCF antibodies to investigate whether MYOD 342 

binding alters CTCF-mediated chromatin interactions at SEs. This analysis identified a 343 

coherent trend of reduction in the strength of CTCF-mediated chromatin interactions at lost 344 

SEs, while an opposite pattern was observed at gained SEs (Ext. Fig. 7C). Integration with 345 

MYOD and Kacme ChIP-seq and ATAC-seq revealed that MYOD-bound and lost SEs with 346 

reduced strength of CTCF-mediated chromatin interactions exhibited reduced chromatin 347 

accessibility and Kacme signal. On the contrary, the opposite pattern was observed with 348 

MYOD-bound, gained SEs with increased strength of CTCF-mediated chromatin interactions 349 

(Ext. Fig. 7D). Surprisingly, in both cases MYOD binding to SEs led to increased CTCF 350 

chromatin binding, indicating that CTCF chromatin affinity/binding can be dissociated from 351 

CTCF-mediated strength of chromatin interactions.         352 

Overall, the data support the identification of a novel property of MYOD, as repressor of gene 353 

expression during somatic cell trans-differentiation into skeletal muscle, via direct binding to 354 

promoters and distal elements (enhancers and SEs), through a common mechanism that 355 

entails binding to non-E-box elements, invariably leading to reduction of chromatin 356 
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accessibility, with decrease in strength of CTCF-mediated chromatin interactions and Kacme 357 

levels at SEs.  358 

 359 

Opposite patterns of chromatin accessibility and Kacme levels at MyoD-bound loci 360 

during muscle stem cell (MuSC) activation. 361 

We next investigated whether MYOD-mediated gene repression could also be observed in 362 

physiological conditions. To this purpose we turned our attention to two specific stages of 363 

skeletal muscle regeneration in mice – namely 4- and 60-hours post-injury. These timepoints 364 

were selected among sequential time-points across MuSCs activation, since they coincided 365 

with lack or induction of MyoD expression, respectively, as reported by Dong et al.34. RNA-366 

seq and ATAC-seq analysis revealed coherent and parallel patterns of both gene upregulation 367 

with increased chromatin accessibility at their promoters and gene downregulation with 368 

reduced chromatin accessibility at their promoters (Fig. 5A and B). CUT&RUN analysis of 369 

genome-wide chromatin binding of MyoD and enrichment in Kacme showed that at 4 hours 370 

no MyoD binding was detected at promoters of DEGs with differences in chromatin 371 

accessibility (Fig. 5C and D), consistent with the lack or very low levels of MyoD expression 372 

at this stage34. However, we detected MyoD recruitment at these promoters in MuSCs isolated 373 

at 60 hours post-injury, accompanied by a consensual reduction in Kacme levels at promoters 374 

of repressed genes with reduced chromatin accessibility, and increased Kacme levels at 375 

promoters of activated genes with increased chromatin accessibility, using antibodies that 376 

recognize Kacme in any context (pan-Kacme), or ones that are specific for Kacme on histone 377 

H4 on K5/12 (H4Kacme) (Fig. 5C). Likewise, MyoD enrichment at distal elements showing 378 

reduced chromatin accessibility was associated with reduced Kacme levels, whereas MyoD-379 

bound distal elements with increased chromatin accessibility showed enrichment in Kacme 380 

levels (Fig. 5D). These data further support the conclusion that MYOD either activates or 381 

represses gene expression in muscle progenitors, by increasing or reducing chromatin 382 

accessibility and Kacme levels, respectively, within the context of muscle regeneration. Tracks 383 

of representative loci are shown in Extended Figure 8. 384 

 385 

MYOD-mediated repression requires the integrity of functional domains previously 386 

implicated in MYOD-mediated activation of gene expression 387 

Our data reveal a “logic” connection linking E-box independent MYOD chromatin and gene 388 

repression from promoters of mitogen/growth factor-responsive genes implicated in the 389 

activation of the cell cycle and from SEs of cell-of-origin and alternative cell lineage genes. Of 390 

note, the mechanism of MYOD-mediated gene repression implicates events that are opposite 391 

to those implicated in MYOD-mediated gene activation, raising the issue of whether distinct 392 

functional domains of MYOD are involved in these different tasks. For this reason, we used 393 
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MYOD mutants in which specific functional domains are deleted. Figure 6 illustrates these 394 

MYOD mutants, which include deletion (∆3-56) of the N-terminal activation domain 395 

(∆ActDom); small (∆102-114) and large (∆102-135) deletion of the first helix (note that since 396 

this deleted fragment contains the nuclear localization signal (NLS), a heterologous NLS was 397 

added to induce nuclear localization of these mutants); deletion of both N terminal (∆92-98) 398 

and C-terminal (∆208-269) chromatin remodeling domains (∆Rem) (Fig. 6A). These mutants 399 

were expressed in IMR90 cells in a doxy-regulated manner, as for the MYOD WT, and they 400 

all invariably showed a nuclear localization upon culture in GM, without any noticeable 401 

changes in cell morphology and induction of the endogenous MYOD transcript (Fig. 6B and 402 

Ext. Fig. 9A); however, when incubated in DM, while both  IMR90-MYOD∆102-114NLS and 403 

IMR90MYOD∆102-135NLS cells completely fail to differentiate into multinucleated, MyHC-404 

positive myotubes, and IMR90-MYOD∆ActDom cells formed very sporadic myotubes, IMR90-405 

MYOD∆Rem showed an impaired differentiation index, as compared to IMR90-MYOD WT, 406 

yet eventually formed multinucleated MyHC-positive myotubes, albeit with lower efficiency and 407 

reduced caliber (Fig. 6C). Thus, in principle, this evidence indicates that mutations that disrupt 408 

domains required for activation of gene expression, such as chromatin remodeling, might 409 

ultimately be tolerated/compensated to allow the formation of terminally differentiated 410 

muscles. 411 

We performed parallel RNA-seq and ATAC-seq in the above-mentioned cells cultured in GM 412 

for 24 hours after doxy-induced expression of MYOD WT or mutants. This analysis showed 413 

mutant-specific patterns of gene expression and chromatin accessibility at promoters of target 414 

genes, whereby IMR90-MYOD∆102-114NLS and IMR90-MYOD∆102-135NLS exhibited 415 

profiles very similar to IMR90 control cells, while IMR90-MYOD∆ActDom and IMR90-416 

MYOD∆Rem cells showed “intermediate” profiles between IMR90-MYOD WT and IMR90 417 

control cells (Fig. 6D-F). While these “intermediate” profiles of gene expression and chromatin 418 

accessibility are mostly accounted by the partial ability of IMR90-MYOD∆ActDom and IMR90-419 

MYOD∆Rem to activate gene expression and chromatin remodeling, a closer inspection 420 

revealed individual and common patterns of gene repression and reduction in chromatin 421 

accessibility among the mutants that define distinct modules of MYOD-mediated repression 422 

(Ext. Fig. 8A). We identified one cluster of genes, whose repression requires the 114-135aa 423 

sequence, as they are repressed by all mutants except MYOD∆102-135NLS (Fig. 6E – and 424 

Ext. Fig. 9B). Gene ontology analysis revealed that these genes are all responsive to mitogens 425 

and implicated in the activation of the cell cycle (Ext. Fig. 9C). One cluster of genes, whose 426 

repression required only the 102-114aa sequence, included growth factor-responsive genes 427 

(Fig. 6E and Ext. Fig. 9D).  Another subset of MYOD-repressed genes required the entire 102-428 

135aa sequence, as they are not repressed by either MYOD∆102-114NLS or MYOD∆102-429 

135NLS, but continued to be repressed by MYOD∆ActDom or MYOD∆Rem, and included 430 
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growth factor-responsive genes also implicated in cell adhesion and fusion (Fig. 6E and Ext. 431 

Fig. 9C and D). A subset of MYOD-repressed genes required the AD and Rem domains, as 432 

they are not repressed by either MYOD∆ActDom or MYOD∆Rem, but continued to be 433 

repressed by MYOD∆102-114NLS or MYOD∆102-114NLS. These genes were implicated in 434 

cell-of-origin or alternative cell lineages (Fig. 6E and Ext. Fig. 9F-H). 435 

Discussion 436 

The results shown here reveal a novel property of MYOD as transcriptional repressor from 437 

non-E-box sequences, thereby challenging the existing dogma that has historically restricted 438 

MYOD biological property to that of a sequence-specific transcriptional activator from 439 

myogenic E-box sequences. As such, this finding extends, in principle, our knowledge on 440 

MYOD from a monotone activator of gene expression to versatile regulator of gene 441 

expression.  442 

We show that MYOD exerts its function as a dual activator and repressor of gene expression 443 

during the process of cellular trans-differentiation into skeletal muscle, by coordinating two key 444 

events within the nuclear reprogramming toward the myogenic lineage - activation of the 445 

genes that establish the new cell identity (i.e., skeletal muscle lineage), and erasure of the 446 

cell-of-origin lineage genes. This function is supported by previous works reporting on 447 

alternative mesenchymal lineages adopted by MYOD-deficient MuSCs56–58. Likewise, extra-448 

ocular muscles, in which repression of mesodermal genes is incomplete, show a reduced 449 

expression of MYOD59. Because nuclear reprogramming is the fundamental process for 450 

determination of cell lineage identity during development and adult tissue regeneration, as 451 

well as for induced pluripotency and for somatic cell trans-differentiation60, our results might 452 

provide a general paradigm for a dual function extended to other tissue-specific transcription 453 

factors (TFs) implicated in nuclear reprogramming. 454 

MYOD-mediated repression of transcription also includes the downregulation of growth factor-455 

, cytokine-, and mitogen-responsive genes, suggesting that MYOD might prevent a 456 

promiscuous activation of gene expression in muscle progenitors exposed to a multitude of 457 

extracellular signals. This condition typically occurs when muscle progenitors are exposed to 458 

developmental or regeneration signals during embryonal and adult skeletal myogenesis, 459 

respectively. In particular, during skeletal muscle regeneration, the activation of MuSCs entails 460 

loss of anatomical insulation from the surrounding environment that is provided by the 461 

myofiber basal lamina (otherwise, defined as quiescence niche). Consequently, activated 462 

MuSCs are exposed to a plethora of regeneration cues and signals, which would 463 

promiscuously activate gene expression if not properly interpreted. In this regard, we propose 464 

that MYOD functions as a “storm shelter” to prevent the expression of regeneration-activated 465 
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genes that could eventually bias MuSC function. This is particularly important when activated 466 

MuSCs are challenged by the inflammatory cytokines released during the initial stages of 467 

regeneration, by M1 macrophages and other immune cells, which would otherwise interfere 468 

with MuSC commitment and differentiation into multinucleated myofibers61. Furthermore, the 469 

transition of MuSCs from proliferation to cell cycle withdrawal prior to their differentiation into 470 

myofibers also requires coordinated expression of genes that regulate different phases of cell 471 

cycle, within the complexity of the regeneration milieu. We propose that MYOD-mediated 472 

repression of gene expression provides transcriptional tolerance and competence for proper 473 

response to regeneration cues, to coordinate sequential patterns of gene expression in 474 

MuSCs along their transition from activation to differentiation into myofibers.  475 

Of note, we identified specific molecular modules used by MYOD to repress gene expression 476 

from promoters or enhancers of target genes with dedicated domains, whereby repression of 477 

mitogen- and growth factor-responsive genes from promoters requires a highly conserved 478 

domain within the first helix, while repression of cell-of-origin and alternative lineage genes 479 

from SE requires the AD and CRDs.  480 

Our results reveal an interplay between genetic, epigenetic, and molecular determinants that 481 

confers on MYOD a dual function of transcriptional activator or repressor. The genetic 482 

determinant that discriminates between these two functions is the alternative MYOD chromatin 483 

recruitment through binding to myogenic E-box or non-E-box motifs, which leads to two 484 

opposite patterns of chromatin accessibility and histone modifications. Previous works 485 

established that MYOD-mediated activation of gene expression from E-box motifs entails a 486 

sequence of events prompted by the reported ability of MYOD to bind nucleosomes at 487 

previously silent loci in cooperation with pioneer factors, such as Pbx1/Meis5,26, followed by 488 

increased chromatin accessibility, which allows full recognition and binding to myogenic E-box 489 

sequences13–16. Heterodimerization with E2A gene products, E12 and E47, enables MYOD to 490 

fully activate target gene expression19. Specific domains confer on MYOD the property as an 491 

E-box-specific transcriptional activator – namely, the basic domain that restricts its DNA 492 

binding affinity to specific E-box motifs, the HLH domain that promotes interactions with 493 

E12/47an acidic activation domain (ActDom) at the N-terminus, and two chromatin remodeling 494 

domains located at the C/H-rich domain and C-terminus21. Previous studies established that 495 

binding to E-box sequences triggers intramolecular changes in MYOD that unlock the ActDom 496 

to adopt a conformation to activate transcription23,62. Likewise, binding to nucleosomes 497 

promotes the chromatin remodeling activity of bHLH TFs and activates the enzymatic activity 498 

of transcriptional co-activators, such as acetyltransferases63,64. Thus, the evidence that MYOD 499 

chromatin recruitment at non-E-box motifs within accessible chromatin promotes the opposite 500 

outcome – chromatin compaction and repression of gene transcription – reveals a hitherto 501 

unappreciated functional versatility of MYOD that is imparted by the alternative chromatin 502 
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recruitment through genetic determinants - E-box or non-E-box motifs. This evidence also 503 

suggests that chromatin recruitment via E-box-independent interactions might turn functional 504 

domains of MYOD into effectors of MYOD-mediated repression.  505 

MYOD-mediated repression of gene expression occurs mostly when muscle progenitors are 506 

exposed to growth factors, cytokines, and mitogens, as well illustrated by the model of 507 

IMR90/MYOD cells cultured in GM. This condition is incompatible with MYOD 508 

heterodimerization with E2A proteins and productive binding to E-box motifs65,66. Likewise, 509 

MYOD is expressed in MuSCs few hours after their activation – a stage that coincides with 510 

MuSC proliferation, which is incompatible with the activation of muscle gene expression - thus 511 

suggesting that MYOD might exert functions alternative to the activation of muscle gene 512 

expression. We propose that at this stage MYOD pervasively binds the genome through weak 513 

interactions at both E-box and non-E-box motifs. Initial binding to E-box motifs primes 514 

promoters and enhancers of muscle genes for subsequent activation of gene expression, 515 

upon exposure to pro-differentiation cues, as proposed by previous works67, and supported by 516 

recent evidence68. Within this context, transient recruitment of transcriptional co-repressors 517 

holds E-box-driven activation of muscle genes until the exposure to pro-differentiation cues, 518 

as a mechanism that warrants a timely and coordinated activation of muscle-gene expression 519 

during myoblast to myotube transition37–40,67. In this regard, our discovery that MYOD 520 

represses the expression of cell-of-origin and alternative lineages or growth factor-inducible 521 

genes from non-E-box motifs substantially differs from the transient inhibition of transcription 522 

from E-box sequences. We have identified reduced chromatin remodeling, decreased levels 523 

of Kacme and strength of CTCF-mediated chromatin interactions as key epigenetic 524 

determinants of MYOD-mediated gene repression from non-E-box motifs. However, we did 525 

not detect any marker of constitutive heterochromatin at MYOD-bound non-E-box within 526 

promoters/enhancers of repressed genes. It is possible that formation of constitutive 527 

heterochromatin at these loci occurs later during the process of muscle differentiation, possibly 528 

instigated by MYOD-mediated activation of the additional transcriptional repressors, such as 529 

the zinc-finger protein RP58 (also known as Zfp238)41 or DNMT369. 530 

In sum, our data extend the biological properties of MYOD beyond our current knowledge, by 531 

revealing its dual function as activator and repressor of gene expression, through a 532 

multifaceted mechanism. The selection of either one of these functions is determined by an 533 

interplay between genetic, epigenetic, and molecular determinants upon muscle progenitor 534 

transition through cell states and exposure to regeneration cues. This is consistent with the 535 

early prediction that MYOD senses and integrates many facets of cell state70. We argue that 536 

defective execution of MYOD-mediated repression of gene expression might be tolerated, as 537 

long as potential mutations that impair this property do not affect MYOD-ability to activate 538 

skeletal myogenesis. We postulate that one consequence of this trade-off could be the 539 
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defective long-term maintenance of the functional properties of myofibers, as they represent 540 

a perennial tissue with limited nuclear turnover that relies on MuSC-mediated regeneration.  541 
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Methods 542 

Cell Culture Experiments. IMR90-EMPTY or MYOD WT or mutant-expressing IMR90- cells 543 

were maintained in growth media (GM) consisting of EMEM (ATCC) supplemented with 10% 544 

FBS (Omega Scientific). Cells were regularly tested for absence of mycoplasma. 545 

Myogenic conversion. Myogenic conversion was performed as previously described in 546 

Dall’Agnese et al 201928. 547 

Antibodies. The following commercially available primary antibodies were used in this study: 548 

mouse monoclonal anti-MYOD (BD Bioscience, Cat #554130), recombinant abflex anti-549 

H3K27ac (Active Motif, Cat #91193), mouse monoclonal anti-MyHC (DSHB, MF-20), goat 550 

polyclonal anti-GATA6 (BioTechne, Cat #AF1700), anti-CTCF (Active Motif Cat #91285), anti-551 

CTCF (CST Cat#3418S), anti-H3K4me3 (CST Cat #9751), anti-H3K4me1 (Active Motif Cat 552 

#39635), anti-H3K27me3 (Active Motif Cat #39155), anti-H3K9me3 (Active Motif Cat #39161), 553 

H4Kacme and Kacme antibodies were previously described44. The secondary antibodies were 554 

goat anti-mouse IgG, Fc subclass 1 specific Cy3-conjugated (Jackson ImmunoResearch, 115-555 

545-207), goat anti-mouse IgG, Fc subclass 2b specific 488-conjugated (Jackson 556 

ImmunoResearch, 115-165-205), donkey anti-mouse IgG 568 (Life Technologies, ref A10037) 557 

and donkey anti-goat 488 (Life Technologies, ref A32814).  558 

Immunofluorescence. Cells were fixed with 4% PFA in PBS, permeabilized with 0.5% TX100 559 

and blocked with 5% BSA in PBS. Cells were stained with anti-MYOD (BD Bioscience, Cat 560 

#554130) and anti-myosin heavy chain (DSHB, MF20) or anti-MYOD (BD Bioscience, Cat 561 

#554130) and anti-GATA6 (BioTechne, AF1700) O/N at 4C followed by anti-mouse IgG, Fc-562 

subclass 2b 488 conjugate (Jackson ImmunoResearch) and anti-mouse IgG, Fc-subclass 1 563 

Cy3 conjugated (Jackson ImmunoResearch) or Donkey anti-mouse Alexa 568 (Life 564 

Technologies, ref A10037) and  Donkey anti-goat Alexa 488 (Life Technologies, ref A32814) 565 

respectively for 1 hr at RT in the dark. Nuclei were then counterstained with 2 ug/ml Hoechst 566 

33258 pentahydrate (bis-benzimide) (Life Technologies) 5 minutes at RT. Images were 567 

acquired with fluorescence microscope. Fields reported in figures are representative of all 568 

examined fields. 569 

Mouse injury and muscle stem cells isolation. Muscle injury and MuSCs FACS isolation 570 

was performed as previously described in Dong et al 202234. All animal experiments were 571 

approved by the HKUST Animal Ethics Committee. 572 

mRNA expression analysis. Total RNA was extracted using Quick-RNA Microprep KIT 573 

(Zymo Research, R1051) following manufacture’s recommendation. RNA concentration was 574 

measured on Qubit (Invitrogen). 100-500 ng of RNA was reverse transcribed using High-575 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368813). Real-time 576 

quantitative PCR (qPCR) was performed using Power SYBR Green Master Mix (Life 577 
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Technologies) following manufacture’s indications. Expression was normalized to TBP for 578 

IMR90 cells using 2-Ct method. Primers used in the study:  579 

hMYOD 5’-TTAACCACAAATCAGGCCGG-3’ 5’-CAAAGTGCTGGCAGTCTGAATG-3’, 580 

mMYOD 5’-AGCACTACAGTGGCGACTCA-3’ 5’-GGCCGCTGTAATCCATCAT-3’,  581 

GATA6 5’-AGAAGCGCGTGCCTTCATC-3’ 5’-TTTCTGCGCATAAGGTGGT-3’,  582 

TNNT2 5’-TCAAAGTCCACTCTCTCTCCATC-3’ 5’-GGAGGAGTCCAAACCAAAGCC-3’,  583 

ITGA7 5’-TCGAACTGCTCTTCTCACGG-3’, 5’-CCACCAGCAGCCAGCTC-3’,  584 

FN1 5’-CTGGAACCGGGAACCGAATA-3’ 5’-CGAAAGGGGTCTTTTGAACTGT-3’,  585 

MYH3 5’-CGAAGCTGGAGCTACTGTAA-3’ 5’-CCATGTCCTCGATCTTGTCATA-3’,  586 

IL6 5’-CGGGAACGAAAGAGAAGCTCTA-3’ 5’-GGCGCTTGTGGAGAAGGAG-3’,  587 

cFOS 5’-CAGACTACGAGGCGTCATCC-3’ 5’-TCTGCGGGTGAGTGGTAGTA-3’ 588 

TBP 5’-GCGCAAGGGTTTCTGGTTTG-3’ 5’-GTAAGGTGGCAGGCTGTTGT-3’. 589 

HiChIP H3K27ac and CTCF library preparation. HiChIP experiments were performed using 590 

the ARIMA HiC+ kit according to manufacturer’s protocol. Briefly, 5 million IMR90 or 591 

IMR90/MyoD were resuspended in 5ml of growth media and fixed with 2%FA for 10 minutes 592 

at room temperature followed by quenching with STOP solution1 according to ARIMA HiC+ 593 

protocol. Digestion was performed overnight at 37C. Biotinylated enriched fragments were 594 

pulldown with anti-H3K27ac (Active Motif Cat #91193) or anti-CTCF (Active Motif Cat #91285). 595 

H3K27ac or CTCF enriched material was then used as input for library preparation using 596 

Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences Cat #21096) according to ARIMA 597 

HiChIP library preparation protocol. Obtained libraries were sequenced on NOVASeqS4 PE 598 

2x100 at the IGM UCSD at a depth of ~300M per library. 599 

CTCF ChIP-seq library preparation. For each ChIP-seq replicate, 4x106 cells with 1% FA for 600 

10 minutes at RT followed by quenching with glycine (final concentration 200 mM) for 15 601 

minutes on ice. Nuclei were then extracted in hypotonic buffer (10 mM Tris-HCl, pH 8.0, 10 602 

mM NaCl, 0.05% NP-40, 1 mM PMSF and 1x protease inhibitor) and lysed in lysis buffer (50 603 

mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, pH 8.0, 0.5% SDS, 0.5% NP-40, 1 mM 604 

PMSF and 1x protease inhibitor). Chromatin was sheared with sonicator (S2 Covaris) to an 605 

average DNA fragment length of 200-500bp. 15µg of sonicated chromatin were diluted in 606 

500µl RIPA Dilution Buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, pH 8.0, 0.1% 607 

Sodium Deoxycholate, 0.7% NP-40, 1 mM PMSF and 1x protease inhibitor), and precleared 608 

for 3 hours at 4C with Protein A/G dinabeads. In parallel, 10µl of CTCF antibody (CST 609 

Cat#3418S), or 1µg of rabbit IgG (Santa Cruz Cat #sc-2027) were prebound to Protein A/G 610 

dinabeads in 500µl of PBS containing 5 µg/ml BSA, for 3 hours at 4C. Beads bound antibody 611 

were mixed with precleared chromatin and incubated O/N at 4C on a rotator. Chromatin bound 612 

fraction was washed with RIPA washing buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM 613 

EDTA, pH 8.0, 0.5% Sodium Deoxycholate, 1% NP-40) for 4 times, followed by LiCl washing 614 
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buffer (10 mM Tris-HCl, pH 8.0, 250 mM LiCl, 1 mM EDTA, pH 8.0, 1% Sodium Deoxycholate, 615 

1% NP-40), and TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), each wash for 10 minutes 616 

at 4C. Chromatin was then eluted in elution buffer (1% SDS in TE buffer) at 65C for 6 hours 617 

600 RPM rotation. Precipitated material and 10ng of input were used as input for library 618 

preparation using Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences Cat #21096) 619 

according to manufacturer’s protocol. Obtained libraries were sequenced on NOVASeqS4 PE 620 

2x100 at the IGM UCSD at a depth of ~100M per library. 621 

CUT&RUN library preparation. For each CUT&RUN experiment 100K IMR90 or 250K 622 

muscle stem cells were used as input. CUT&RUN experiments were performed using the 623 

CUT&RUN Assay Kit (CST Cat #86652) with the following modification: cells were briefly fixed 624 

with 0.1% FA for 2 minutes at RT followed by quenching with glycine; antibody binding was 625 

performed O/N at 4C. Antibodies used: anti-MYOD (BD Bioscience, Cat #554130), anti-626 

H4Kacme, anti-Kacme, anti-H3K27ac (Active Motif Cat #91193), anti-H3K4me3 (CST Cat 627 

#9751), anti-H3K4me1 (Active Motif Cat #39635), anti-H3K27me3 (Active Motif Cat #39155), 628 

anti-H3K9me3 (Active Motif Cat #39161). CUT&RUN libraries have been generated using the 629 

NEBNext® Ultra™ II DNA Library Prep Kit for Illumina (NEB Cat #E7645S) according to 630 

manufacturer’s protocol. Libraries were sequenced at a depth of ~20M per library on 631 

NOVASeqS4 PE 2x100 at the IGM UCSD. 632 

ATAC-seq library preparation. 100K freshly collected IMR90 cells were subjected to ATAC-633 

seq library preparation using the ATAC-seq Kit (Active Motif Cat #53150) according to 634 

manufacturer’s protocol. Libraries were sequenced at a depth of ~200M per library on 635 

NOVASeqS4 PE 2x100 at the IGM UCSD. 636 

RNA-seq library preparation. Equal inputs of total RNA (10-100 ng) were used to generate 637 

stranded total RNA libraries for sequencing using the Illumina® Stranded Total RNA Prep, 638 

Ligation with Ribo-Zero Plus (Illumina Cat #20040525). ERCC RNA Spike-in mix was added 639 

at the start of the protocol according to manufacturer’s instruction (Thermo Fisher Scientific 640 

Cat # 4456740). Libraries were sequenced at a depth of ~50M per library on NOVASeqS4 PE 641 

2x100 at the IGM UCSD. 642 

RNA-seq data analysis. Data were checked for quality with FASTQC (v0.11.9, available 643 

online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), reads were trimmed 644 

with Trimmomatic (v0.39)71 to eliminate low quality bases and adapters (parameters: PE -645 

phred33 ILLUMINACLIP:NexteraPE-PE.fa:2:30:10:2:true MAXINFO:40:0.1 MINLEN:45), and 646 

aligned to the hg19 Ensembl (November 2015) version of the human genome with STAR (v 647 

2.7.3a)72, using a custom genome and index to simultaneously map and quantify ERCC92 648 

spike-in-derived reads (parameters: --runMode alignReads --runThreadN 12 --649 

readFilesCommand zcat --outSAMtype BAM SortedByCoordinate --quantMode GeneCounts). 650 

Counts data (from STAR output in column 4, based on library preparation strandedness: 651 
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second-strand) from all conditions were filtered based on their raw count, keeping genes 652 

where the sum of the counts for all samples was higher than 10. Size factors were calculated 653 

using the R environment (v4.1.3) package DESeq2 (v1.34.0)73 estimateSizeFactors function 654 

- using the counts related to the spike-in transcripts as control genes, then normalised and 655 

logged with the rlog function. DESeq2 was also used to perform Principal Component Analysis 656 

(PCA) and differential gene expression analysis (significance threshold: BH FDR<0.05). 657 

Differential expression analysis results were visualized with the heatplot function (parameters: 658 

method="complete", labRow= FALSE, dend="row", returnSampleTree=F, zlim=c(-5,5)) from 659 

the made4 (v1.68.0)74 package, after expression values from the DESeq2 object were turned 660 

into a matrix of Z-scores. Gene Ontology was performed on down- and up-regulated genes 661 

separately, using the gene symbols as input in EnrichR (available online at 662 

https://maayanlab.cloud/Enrichr/)75, and gene sets repositories GO Biological Processes 2023 663 

and Descartes Cell Types and Tissue 2021. Top10 gene ontology terms shown in figure 664 

panels were ordered by pvalue. Gene Ontology bubble plots to summarize top50 gene 665 

ontology terms, were generated with the Python (v.3.8.1) GO-Figure76 script (parameters: -j 666 

standard -c log10-pval -e 100 -si 0.5 -s members -g single -n bpo --font_size small -q svg). 667 

ATAC-seq data analysis. Data were checked for quality with FASTQC, reads were trimmed 668 

with Trimmomatic to eliminate low quality bases and adapters (parameters: PE -phred33 669 

ILLUMINACLIP:NexteraPE-PE.fa:2:30:10:2:true MAXINFO:40:0.1 MINLEN:45), aligned to 670 

the hg19 UCSC (January 2016) version of the human genome with Bowtie2 (v2.3.5.1)77 671 

(parameters: --no-unal --local --very-sensitive-local --no-discordant --no-mixed --dovetail --672 

phred33), sorted and converted into BAM format with the SAMtools sort function. Peak calling 673 

was performed with the Macs2 (v2.2.6) 78 callpeak function (parameters: -f BAMPE -g hs -B -674 

q 0.05 --nomodel --shift -100 --extsize 200) and filtered for black-list regions with the BEDtools 675 

suite (v2.29.2)79 intersect (parameters: -v), and sorted with the sort function (parameters: -676 

k8,8nr). Irreproducible Discovery Rate (IDR) was calculated with the idr function (v2.0.3)80 677 

(parameters: --input-file-type narrowPeak --plot --only-merge-peaks) to retain a single peaks 678 

list from each condition. Differential chromatin accessibility analysis was carried out in R, with 679 

the DESeq2 package. The R package ChIPQC (v1.30.0)81, (GetGRanges function was used 680 

to import peak lists from each biological replicate, a consensus peak list was calculated for all 681 

conditions using the IRanges (v2.28.0)82,function reduce, keeping peaks that were called in at 682 

least two samples. Counts for each peak in each biological replicate were quantified with the 683 

Rsubread (v2.8.2)83 featureCounts function (parameters: isPairedEnd= T, 684 

countMultiMappingReads= F, maxFragLength= 100). Counts were normalised and logged 685 

with the DESeq2 function rlog; DESeq2 was also used to perform Principal Component 686 

Analysis (PCA), and differential chromatin accessibility analysis (significance threshold: BH 687 

FDR<0.05). Differentially Accessible Regions (DARs) at gene promoter regions were retrieved 688 
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with the IRanges function promoters (parameters: TxDb.Hsapiens.UCSC.hg19.knownGene, 689 

1000, 200; mouse genome version was: TxDb.Mmusculus.UCSC.mm10.knownGene). 690 

Promoter DARs were visualized with the made4 function heatplot (parameters: 691 

method="complete", labRow= FALSE, dend="row", returnSampleTree=F, zlim=c(-5,5)), after 692 

expression values from the DESeq2 object were turned into a matrix of Z-scores. Due to R 693 

visualization limits, only promoters with |log2FC|>1.5 were plotted. Motif analysis was carried 694 

out with the HOMER (v4.11)84, findMotifsGenome function (parameters: hg19 -size given -695 

nomotif). 696 

CUT&RUN data analysis. Data were checked for quality with FASTQC, reads were trimmed 697 

with Trimmomatic to eliminate low quality bases and adapters (parameters: PE -phred33 698 

ILLUMINACLIP:NexteraPE-PE.fa:2:30:10:2:true MAXINFO:40:0.1 MINLEN:45), aligned 699 

either to the hg19 UCSC (January 2016) version of the human genome (for the CUT&RUN for 700 

histone marks in IMR90 and IMR90/MyoD), or to the mm10 Ensembl (November 2019) 701 

version of the mouse genome (for the CUT&RUN of Kacme and MyoD in MuSCs),  with 702 

Bowtie2 (parameters: --phred33 --end-to-end --no-unal --local --very-sensitive-local --no-703 

mixed --no-discordant -I 10 -X 700 –dovetail) and converted to BAM format with the SAMtools 704 

(v1.10)85 function view (parameters: -bS). Peak calling was performed with the Macs2 callpeak 705 

function (parameters: -g hs --nomodel --SPMR --call-summits -p 0.05) using IgG chromatin as 706 

control, and filtered for black-list regions with BEDtools intersect (parameters: -v), and sorted 707 

with the Unix sort function (parameters: -k8,8nr). Irreproducible Discovery Rate (IDR) was 708 

calculated with the idr function (parameters: --input-file-type narrowPeak --plot --only-merge-709 

peaks) to retain a single peaks list from each condition. ChromHMM (v1.24)86 BinarizeBed 710 

function (parameters: -b 200 -peaks) was used to bin the genome in 200bp windows according 711 

to each IDR peak list. The BinarizeBed output was used as input to ChromHMM LearnModel 712 

(parameters: -b 200 12 hg19), to build a 12 chromatin states model based on the histone 713 

marks IDR peaks. Chromatin state numbers were converted to chromatin states names in R, 714 

based on the combination of histone marks they were enriched for. 715 

Hi-C, H3K27ac and CTCF HiChIP data analysis. Hi-C data analysis was previously 716 

described in Dall’Agnese et al 201928. HiChIP data were checked for quality with FASTQC, 717 

and alignment, filtering, normalization, and loop calling were performed with the Arima version 718 

of MAPS (v2.0)87 bash script (parameters: -C 0 -F 1 -M 1 -H 1 -o hg19 -f 1 -s 5000 -r 2000000 719 

-d 2 -Q 30 -l 1000). Irreproducible Discovery Rate (IDR) was calculated with IDR2D (available 720 

online at https://idr2d.mit.edu)88 parameters: value transformation= log additive inverse (-721 

log(x)), ambiguity resolution method= overlap, remove non-standard chromosome, max gap= 722 

1000, max factor= 1.5, jitter factor= 0.0001, mu= 0.1, sigma=1, rho=0.2, p=0.5, 723 

epsilon=0.001). Differential HiChIP analysis was performed with the DiffAnalysisHiChIP.r 724 

script within FitHiChIP (v7.1)89, and significance threshold was set to p-value<0.05.   725 
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ChIP-seq data analysis. MyoD and H3K27ac ChIP-seq data analysis details are reported in 726 

Dall’Agnese et al., 201928. CTCF ChIP-seq data were checked for quality with FASTQC and 727 

aligned to the hg19 UCSC (January 2016) version of the human genome with Bowtie2 728 

(parameters: --very-sensitive-local). Peak calling was performed with the Macs2 callpeak 729 

function (parameters: -g hs -B --nomodel --SPMR -q 0.05), using input chromatin as control.  730 

Genome-wide tracks generation and visualization. Genome-wide tracks of RNA-seq signal 731 

in BEDGRAPH format (forward and reverse) were generated with the DeepTools (v3.5.4)90, 732 

function bamCoverage (parameters: --normalizeUsing CPM --effectiveGenomeSize 733 

2864785220 --binSize 100 --filterRNAstrand forward or reverse --outFileFormat bedgraph --734 

scaleFactor $sizeFactor) using as scale factors the size factors calculated with DESeq2 735 

(where spike-in reads were used as control genes), filtered for non-standard chromosomes, 736 

then joined with the Unix function cat, sorted with the sort function (parameters: -k1,1 -k2,2n), 737 

compressed with bgzip and indexed with tabix (parameters: -p bed) to be visualized within 738 

Washington University (WashU) Epigenome Browser (available online at 739 

http://epigenomegateway.wustl.edu/browser/)91. Tracks in BIGWIG format for ATAC-seq, 740 

CUT&RUN, and ChIP-seq data were generated with the DeepTools function bamCoverage 741 

(parameters: --normalizeUsing CPM --effectiveGenomeSize 2864785220 human or 742 

2652783500 mouse --binSize 10 --extendReads 300 --ignoreDuplicates). The DeepTools 743 

function bigwigAverage was used to generate an average signal profile of ATAC-seq and 744 

CUT&RUN for each condition, while also filtering out signal from blacklist regions. Tracks were 745 

visualized either within the WashU epigenome browser or in tornado and aggregate signal 746 

plots generated with the DeepTools functions computeMatrix scale-regions (parameters: --747 

startLabel Start --endLabel End --beforeRegionStartLength 3000 --afterRegionStartLength 748 

3000 --skipZeros --missingDataAsZero); computeMatrix reference-point (parameters: --749 

referencePoint center --beforeRegionStartLength 3000 --afterRegionStartLength 3000 --750 

skipZeros --missingDataAsZero); plotHeatmap (parameters: --xAxisLabel "" --yAxisLabel 751 

"Coverage" --heatmapHeight 12 --yMin 0 --refPointLabel "peak center") with --752 

sortUsingSamples 1 in the tornado plots where MyoD ChIP-seq was the first track; plotProfile 753 

(parameters: --yAxisLabel "Coverage" --yMin 0 --refPointLabel "peak center" --perGroup --754 

startLabel Start --endLabel End). Hi-C and HiChIP signal in validPairs format for Hi-C data 755 

from (Dall’Agnese et al., 2019) from HiCPro92, or hic.txt format from MAPS (for HiChIP data) 756 

was merged with the UNIX function cat to create a single matrix for each condition and 757 

converted to HIC format with the Juicer Tools (v1.14.08)93 function pre (parameters: hg19 -r 758 

50000,25000,10000,5000,1000). Data were visualized either within the WashU epigenome 759 

browser (in HiC format, 5Kb resolution, KR normalization for Hi-C matrices, and 760 

longrangeformat for HiChIP loops) or with the R package GENOVA (v1.0.1)94 functions for 761 

aggregate peak analysis (APA, parameters: dist_thres = c(200e3, Inf)) or aggregate region 762 
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analysis (ARA), after reading interaction matrices with the function load_contacts (parameters: 763 

resolution=5000 or 10000, balancing=’KR’), and syncing matrices from different conditions 764 

with the function sync_indices. 765 

2D super-enhancers calls and 3D super-enhancers calling strategy. 2D super-enhancers 766 

(SE) were called from H3K27ac ChIP-seq data with the Python script ROSE_main.py (Whyte 767 

et al, 2013)52 (parameters: -g hg19 -t 2000 -s 12500), with H3K27ac ChIP-seq Macs2 called 768 

peaks as input, and input chromatin as control. ROSE-derived SE were used as starting point 769 

for the calculation of 3D SE. For each experimental condition, ROSE-derived SEs were 770 

overlapped with the bins (at 5kb resolution) involved in H3K27ac HiChIP interactions. Bins 771 

belonging to those interactions were clustered with the BEDtools cluster function, specifying 772 

a max clustering distance of 10 kb (parameter: -d 10000), thus obtaining 3D SE. Within the 773 

3D SE, hub enhancers were called according to (Huang et al., 2018)55. To further refine hub 774 

calls, hub bins were overlapped with H3K27ac ChIP-seq peaks with the BEDtools function 775 

intersect, to narrow down on 3D SE regulatory hotspots. 776 

Data integration. Overlaps of different genomic intervals was performed with the BEDtools 777 

function intersect, to retain a unique list of overlapping features (parameters: -wa -u), or to 778 

integrate different features to be processed within R for quantification (parameters: -wao), or 779 

to select only non-overlapping features (parameters: -v). Overlap of 3D super-enhancers was 780 

also filtered based on % of overlap between features (parameter: -f 0.6). Promoter regions 781 

were defined as -1000/+200 bp from the gene TSS, according to 782 

GENCODE.v19.annotation.gff3. Chromatin states were assigned to MyoD peaks considering 783 

their overlap with MyoD peaks summit. Partition of DARs chromatin states into genomic 784 

features (intergenic or intragenic: upstream, 5’-UTR, Exon, Intron, 3’-UTR, Downstream) was 785 

carried out according to PAVIS (available online at https://manticore.niehs.nih.gov/pavis2/)95. 786 

Re-analysis of public MuSCs data (RNA-seq, ATAC-seq, ChIP-seq). Raw data in FASTQ 787 

format were retrieved from the Sequence Read Archive (SRA, 788 

https://www.ncbi.nlm.nih.gov/sra) at the following accession numbers: SRR16973998 to 789 

SRR16974007 for muSCs RNA-seq (4, 8, 16, 32, 60 hours post injury, 2 biological replicates 790 

for each condition), SRR16967713 to SRR16967722 for MuSCs ATAC-seq (same timepoints 791 

as RNA-seq), were previously described in Dong et al 202234; SRR1200717 to SRR1200720 792 

(MyoD ChIP-seq from primary myoblasts kept in growth media for three days, 2 biological 793 

replicates and their IgG controls) were previously described in Umansky et al 201596. RNA-794 

seq data were aligned to the mm10 Ensembl (November 2019) version of the mouse genome 795 

with STAR (parameters: --runMode alignReads --readFilesCommand zcat --outSAMtype BAM 796 

SortedByCoordinate --quantMode GeneCounts). Counts data (from STAR output in column 797 

2, based on library preparation strandedness: unstranded) from all conditions were filtered 798 

based on their raw count, keeping genes where the sum of the counts for all samples was 799 
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higher than 10. Differential expression analysis (using 4hpi as control condition) and Gene 800 

Ontology were carried out following the same workflow/thresholds as for our RNA-seq data. 801 

ATAC-seq and ChIP-seq data were aligned the mm10 Ensembl (November 2019) version of 802 

the mouse genome with Bowtie2 and followed the same analysis strategy as our ATAC-seq 803 

and ChIP-seq data.  804 

  805 
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Data Availability 806 

Sequencing data generated for this study have been deposited in the GEO database. Hi-C, 807 

H3K27ac ChIP-seq (IMR90), and MyoD ChIP-seq (IMR90/MyoD) can be found on GEO 808 

(GSE98530 and GSE128527). Public ATAC-seq and RNA-seq data from MuSCs can be found 809 

on GEO (GSE189074), as well as MyoD ChIP-seq in primary myoblasts (GSE56077). 810 
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Figure Legends 827 

Fig. 1. MYOD reduces chromatin accessibility at promoters of mitogen- and growth 828 

factor-responsive genes during human fibroblast trans-differentiation into skeletal 829 

muscle cells. 830 

a) Principal Component Analysis (PCA) of gene expression data for IMR90 and IMR90/MyoD 831 

samples. 832 

b) Heatmaps of differential gene expression (false-discovery rate (FDR)-adjusted P < 0.05) of 833 

IMR90/MyoD vs IMR90. 834 

c) Principal Component Analysis (PCA) of chromatin accessibility data for IMR90 and 835 

IMR90/MyoD samples. 836 

d) Heatmaps of differential promoter accessibility (FDR-adjusted P < 0.05, |logFC|>1.5) of 837 

IMR90/MyoD vs IMR90.  838 

e) Venn Diagram of the overlap between gene promoters bound by MyoD, differentially 839 

expressed (DEGs) and differentially accessible (DARs) for genes up-regulated in 840 

IMR90/MyoD vs IMR90. 841 

f) Tornado Plots of MyoD ChIP-seq signal in IMR90/MyoD (orange) and ATAC-seq signal in 842 

IMR90 (blue) and IMR90/MyoD (green) for differentially accessible promoters (right panels) 843 

and H3K27ac ChIP-seq signal in IMR90 (light blue) and IMR90/MyoD (yellow) of up-regulated 844 

DEGs. 845 

g) Venn Diagram of the overlap between gene promoters bound by MyoD, differentially 846 

expressed (DEGs) and differentially accessible (DARs) for genes down-regulated in 847 

IMR90/MyoD vs IMR90. 848 

h) Tornado Plots of MyoD ChIP-seq signal in IMR90/MyoD (orange) and ATAC-seq signal in 849 

IMR90 (blue) and IMR90/MyoD (green) for differentially accessible promoters (right panels) 850 

and H3K27ac ChIP-seq signal in IMR90 (light blue) and IMR90/MyoD (yellow) of down-851 

regulated DEGs. 852 

i-j) IGV screenshot of the genomic regions of cFos (j) and GATA6 (k). Tracks from top to 853 

bottom: refseq gene, MYOD ChIP-seq, RNA-seq tracks in IMR90 (blue) and IMR90/MYOD 854 

(orange), ATAC-seq tracks in IMR90 (blue) and in IMR90/MYOD (orange), CTCF ChIP-seq in 855 

IMR90 (blue) and in IMR90/MYOD (orange). 856 

 857 

Fig. 2.  Changes in chromatin states during MYOD-induced IMR90 human fibroblast 858 

trans-differentiation into skeletal muscle cells  859 

a) ChromHMM chromatin states emissions based on H3K4me1, H3K27ac, H3K4me3, 860 

H3K27me3 and H3K9me3 genome-wide CUT&RUN signal. 861 
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b) Bar plot of the representation of each chromatin state for the IMR90 and IMR90/MyoD 862 

conditions. 863 

c) Bar plot of the absolute number of regions for each chromatin state for the IMR90 and 864 

IMR90/MyoD conditions. 865 

d) Barplot graph number of regions bound by MYOD that change chromatin states between 866 

IMR90 and IMR90/MyoD conditions. 867 

e) Example IGV tracks with chromatin states at genes activated (TNNT2) or repressed 868 

(GATA6). 869 

f-g) Bar plot of absolute number of regions for each chromatin state for ATAC DARs with either 870 

increased (f) or decreased (g) accessibility in IMR90 (left panels) and IMR90/MYOD (right 871 

panels) 872 

 873 

Fig. 3. MYOD binds and decommissions SEs of cell-of-origin and alternative lineage 874 

genes during human fibroblast trans-differentiation into skeletal muscle cells. 875 

a-b) Heatmaps of Aggregate Regions Analysis (ARA) of Hi-C signal at gained (left), lost 876 

(center) or conserved (right) super-enhancers bound by MyoD in IMR90/MyoD vs IMR90, 877 

using the super-enhancers (a) or MyoD peaks (b) as viewpoint.  878 

c) Tornado and aggregate signal plots of MyoD ChIP-seq (orange) and ATAC-seq (blue, 879 

center in IMR90, right in IMR90/MyoD) signal at lost (left), gained (center) or conserved (right) 880 

super-enhancers bound by MyoD in IMR90/MyoD vs IMR90. 881 

d) Top 5 chromatin state changes for SE lost (blue) or gained (orange) 882 

e) Top 5 enriched motifs at MyoD peaks bound at lost (top) or gained (bottom) SEs. 883 

f) Box plots of log fold change of differentially expressed genes whose promoters interact with 884 

gained (orange) or lost (blue) super-enhancers through Hi-C loops. 885 

g) Bar plot of differential ATAC peaks overlapping SEs either gained or lost. 886 

h) Gene Ontology of biological processes of up- and down-regulated DEGs in (f). 887 

 888 

Fig. 4. Identification of 3D SEs targeted by MYOD 889 

a) Percentage of H3K27ac HiChIP differential bins bound or not by MyoD at the genome-wide 890 

level (orange) or specifically at non-promoter regions (purple). Differential HiChIP interactions 891 

were defined as p-value<0.05. 892 

b) Percentage of H3K27ac HiChIP differential bins overlapping or not SE at the genome-893 

wide level (orange) or specifically at non-promoter regions (purple) bound by MyoD. 894 

c) Strategy to define 3D SEs. Hubs have been defined based on Huang et al., 2018. 895 

d) Box plot of size distribution of 3D SEs and linear SEs. 896 

e) Heatmap of Aggregate Peak Analysis (APA) of H3K27ac-HiChIP data centered at gained 897 

(top panels) or lost 3D SE (bottom panels) in IMR90 (left), IMR90/MyoD (right). 898 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 5, 2024. ; https://doi.org/10.1101/2024.12.05.627024doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.05.627024
http://creativecommons.org/licenses/by-nc-nd/4.0/


 28 

f) Tornado and aggregate signal plots from left to right: MyoD ChIP-seq (orange) and ATAC-899 

seq, H3K27ac ChIP-seq, and Kacme ChIP-seq (blue) in IMR90 and IMR90/MyoD. 900 

g) Box plots of log fold change of differentially expressed genes whose promoters interact with 901 

gained (orange) or lost (blue) 3D SEs through H3K27ac HiChIP loops. 902 

h) Gene Ontology of biological processes of up- and down-regulated DEGs in (g). 903 

 904 

Fig. 5. Opposite patterns of chromatin accessibility and Kacme levels at MyoD-bound 905 

loci during MuSCs activation. 906 

a-b) Heatmaps of differential gene expression (a) and promoter accessibility (b) of mouse 907 

satellite cells at 8, 16, 32 until 60 hrs post injury (all compared to 4 hrs; FDR-adjusted P < 0.05). 908 

c-d) Aggregate Plots (top panels) and Tornado plots (bottom panels) of CUT&RUN and ATAC-909 

seq experiments in mouse satellite cells at 4 hrs (left) and 60 hrs (right) post injury overlapping 910 

promoter regions of DEGs (c) and non-promoter regions (d). From left to right: MyoD, ATAC-911 

seq, Kacme, H4Kacme. 912 

 913 

Fig. 6. MYOD-mediated repression requires the integrity of functional domains 914 

previously implicated in MYOD-mediated activation of gene expression 915 

a) Schematic representation of MYOD protein with indicated key functional domains and the 916 

MYOD deficient mutants used in the analysis. 917 

b) Representative image of immunofluorence analysis in for MyoD (yellow) in IMR90 cells 918 

ectopically expressing the different mutants described in (a) in growth condition. 919 

c) Representative image of immunofluorence analysis in for MF20 (yellow) in IMR90 cells 920 

ectopically expressing the different mutants described in (a) in differentiation condition. 921 

d) Principal Component Analysis (PCA) of gene expression data (top) and chromatin 922 

accessibility (bottom) MYOD mutants expressing lines in growth conditions. 923 

e-f) Heatmaps of differential gene expression (e) and promoter accessibility (f) of MYOD 924 

mutants expressing lines in growth conditions. FDR-adjusted P < 0.05 for RNA-seq and ATAC-925 

seq, also |log2FC|>1.5 for ATAC-seq. 926 

 927 
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