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SUMMARY  27 

STAG2, a cohesin family gene, is among the most recurrently mutated genes in 28 

cancer. STAG2 loss-of-function (LOF) is associated with aggressive behavior in 29 

Ewing sarcoma, a childhood cancer driven by aberrant transcription induced by 30 

the EWSR1-FLI1 fusion oncogene. Here, using isogenic Ewing cells, we show that 31 

while STAG2 LOF profoundly changes the transcriptome, it does not significantly 32 

impact EWSR1-FLI1, CTCF-cohesin or acetylated H3K27 DNA binding patterns. In 33 

contrast, it strongly alters the anchored dynamic loop extrusion process at 34 

boundary CTCF sites and dramatically decreases promoter-enhancer 35 

interactions, particularly affecting the expression of genes regulated by EWSR1-36 

FLI1 through binding GGAA microsatellite elements. Down-modulation of cis-37 

mediated EWSR1-FLI1 activity, observed in STAG2-LOF conditions, is associated 38 

with enhanced migration and invasion properties of Ewing cells previously 39 

observed in EWSR1-FLI1low cells. Our study illuminates a process whereby 40 

STAG2-LOF fine-tunes the activity of an oncogenic transcription factor through 41 

altered CTCF-anchored loop extrusion and cis-mediated enhancer mechanisms. 42 
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INTRODUCTION 43 

Ewing sarcoma is an aggressive bone cancer mostly observed in adolescent and young 44 

adults (Grünewald et al., 2018). This cancer is characterized by fusions between 45 

EWSR1 and ETS transcription factor family members, most frequently FLI1 (Delattre et 46 

al., 1992; Grünewald et al., 2018). This oncoprotein behaves as a pioneer transcription 47 

factor, generating neo-enhancers through binding to GGAA microsatellites (Boulay et 48 

al., 2017; Gangwal et al., 2008; Guillon et al., 2009; Sheffield et al., 2017; Tomazou et 49 

al., 2015). STAG2 mutation in Ewing sarcoma is the most frequent secondary genetic 50 

alteration (15-21%) in an otherwise stable genome (Brohl et al., 2014; Crompton et al., 51 

2014; Solomon et al., 2011; Tirode et al., 2014). It is associated with poor prognosis and 52 

metastasis (Crompton et al., 2014; Tirode et al., 2014). Furthermore, subclonal STAG2 53 

mutations detected in tumors at diagnosis are preferentially expanded in relapsed 54 

tumors suggesting their positive selection during cancer progression and treatment 55 

(Crompton et al., 2014; Tirode et al., 2014). 56 

STAG2 is an integral member of the cohesin complex which is essential to hold sister 57 

chromatids together during mitosis and to shape the three-dimensional genome 58 

structure through its association with CTCF at the boundaries of topologically 59 

associating domains (TAD) (Bintu et al., 2018; Dixon et al., 2012; Dowen et al., 2014; 60 

Michaelis et al., 1997; Nora et al., 2012; Rao et al., 2014; Wendt et al., 2008). Two 61 

CTCF molecules binding at convergent sites and interacting with the cohesin complex 62 

allow for the generation of a chromatin loop in which gene regulation processes 63 

preferentially occur (Beagrie et al., 2017; Guo et al., 2015; Rao et al., 2014, 2017; Tang 64 

et al., 2015). Key components of the CTCF/cohesin complex are necessary for the 65 

maintenance of chromatin loop structures (Haarhuis et al., 2017; Nora et al., 2017; Rao 66 

et al., 2017; Schwarzer et al., 2017; Wutz et al., 2017) and are typically identified 67 

through a dot at corner peaks on Hi-C contact maps. These loops are likely generated 68 

in a dynamic process called chromatin extrusion (Davidson et al., 2019; Fudenberg et 69 

al., 2016; Hassler et al., 2018; Hsieh et al., 2020; Kim et al., 2019; Krietenstein et al., 70 

2020; Nasmyth, 2001; Nuebler et al., 2018; Sanborn et al., 2015; Vian et al., 2018). 71 

Chromatin extrusion by the condensin complex has been recently visualized in yeast 72 

(Ganji et al., 2018). ATP and NIPBL-MAU2 are essential factors for the extrusion of 73 
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chromatin loops by the cohesin complex in vitro (Davidson et al., 2019; Kim et al., 74 

2019). In vivo, it is thought that the dynamic extrusion process is reflected by 75 

architectural stripes detected in Hi-C and Micro-C experiments (Hsieh et al., 2020; 76 

Krietenstein et al., 2020; Vian et al., 2018). Current understanding of the exact 77 

mechanisms describing the interplay between the CTCF/cohesin complex and the 78 

chromatin during loop extrusion is however still incomplete. Similarly, the role of 79 

STAG2, which is frequently altered in human cancer mainly through loss-of-function 80 

(LOF) mutations, is still poorly understood (Bailey et al., 2018; Hill et al., 2016; 81 

Lawrence et al., 2014; Romero-Pérez et al., 2019). Since STAG2 is located on the X 82 

chromosome, inactivating mutations of a single allele are sufficient for complete LOF 83 

(Romero-Pérez et al., 2019). Inactivating mutations of the STAG1 paralog are much 84 

less frequent in cancer. STAG1 and STAG2 LOF mutations have been shown to be 85 

synthetic lethal (Benedetti et al., 2017; van der Lelij et al., 2017).  86 

Here, we addressed whether STAG2 LOF mutations alter transcriptome, epigenome 87 

and chromatin topology of Ewing sarcoma cellular models and investigated the 88 

mechanisms by which this mutation could contribute to increased aggressiveness of this 89 

cancer. 90 

 91 

RESULTS 92 

 93 

STAG2 knock-out profoundly alters the transcriptomic landscape 94 

To decipher the oncogenic mechanisms related to STAG2 LOF in Ewing sarcoma, we 95 

used a CRISPR/Cas9 approach with two different sgRNAs targeting STAG2 (SA2m#1 96 

and SA2m#2). We generated three knock-out (KO) isogenic pairs derived from A673 97 

(A673SA2m#1) and TC71 (TC71SA2m#1, TC71SA2m#2), two STAG2 wild type (WT) Ewing 98 

sarcoma cell lines (Figure 1A). Absence of STAG2 protein expression was confirmed in 99 

each of these clones (Figure 1A). Proliferation rate of STAG2-WT and -KO cells was 100 

similar (Figure S1A-D). RNA-seq comparing paired STAG2 proficient and deficient lines 101 

highlighted a broad transcriptional modulation (Figure 1B, Table S1). Altogether, these 102 

three isogenic clones define a set of 546 STAG2-modulated genes, 204 being 103 

commonly up-regulated and 198 being commonly down-regulated genes in STAG2-KO 104 
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cells. To validate the specificity of our findings, we used a CRISPR/Cas9-based 105 

approach to correct the STAG2 mutation and generated a line (A673SA2r) with rescued 106 

STAG2 expression (Figure 1A). Expression profiling in this rescue line showed highly 107 

significant reversion of both the STAG2-KO-associated down- and up-regulated effects 108 

(Figure 1C and Table S1). We also performed short term knock-down experiments with 109 

two different siRNAs (siSA2#6, siSA2#8) at three different time points (24, 48, 72hrs) in 110 

A673 and TC71. To confirm that the STAG2-regulated signature was not limited to A673 111 

and TC71 isogenic clones, we also knocked-down STAG2 in three additional Ewing cell 112 

lines (EW1, CHLA-10 and CHLA-258) (Figure 1A) and further validated RNA-seq results 113 

for some genes using RT-QPCR (Figure S1E-J). As shown in Figure 1D and S2A, all 114 

these experiments indicated that the sets of STAG2-modulated genes defined with 115 

isogenic clones were regulated as soon as 24-48hrs post siRNA transfection. At 72 hrs, 116 

most of the gene expression changes detected in the isogenic clones were observed, 117 

with only minor variations between siRNAs or cell lines and with a lower dynamic range 118 

of modulation than in stable KO experiments (Figure S2A). We can therefore conclude 119 

that this set of genes represents a robust signature of STAG2-KO Ewing cells, 120 

modulated at short-term and which hence accounts for early, possibly direct, 121 

transcriptomic consequences of STAG2 inactivation.  122 

 123 

Functional analysis reveals major impact of STAG2 inactivation on EWSR1-FLI1-124 

induced genes 125 

The functional aspect of STAG2 proficient and deficient Ewing sarcoma was 126 

investigated by Gene Set Enrichment Analysis (GSEA) and using the DoRothEA 127 

curated transcription factor/target gene set database (Garcia-Alonso et al., 2019; 128 

Mootha et al., 2003). Taking advantage of additional Ewing sarcoma cell line and tumor 129 

RNA-seq data, we performed this analysis in four independent Ewing sarcoma datasets: 130 

i) STAG2-WT parental cells vs STAG2-KO isogenic cells vs, ii) STAG2-WT si-control vs 131 

STAG2 knock-down transfected cells iii) STAG2-WT vs STAG2-mutated Ewing cell 132 

lines, iv) STAG2-WT vs STAG2-mutated Ewing tumors. Strikingly, when investigating 133 

18,889 signatures ranked by average Normalized Enrichment Score (NES), several of 134 

the top20 signatures enriched in STAG2 proficient condition were EWSR1-FLI1-135 
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regulated gene signatures. (Table 1 and S2). Ranking first in GSEA and DoRothEA 136 

analyses (Table 1 and S3), IC-EWS is a recently described signature (Aynaud et al., 137 

2020) that was defined based on independent component analysis of single cell RNA-138 

seq experiments upon induction of EWSR1-FLI1 in Ewing cells. This signature is 139 

exquisitely specific for Ewing sarcoma, enriched in genes modulated by EWSR1-FLI1 140 

activity on GGAA microsatellite sequences and mostly devoid of cell cycle genes which 141 

are frequently confounding factors in such GSEA analyses. Apart from a borderline-142 

significant signature observed at 24hrs post transfection in A673 cells knock-down for 143 

STAG2, all other comparisons yielded strongly significant GSEA results with the IC-144 

EWS gene set (Figure S2B-G). Direct comparison also showed that IC-EWS distinguish 145 

STAG2-WT and -mutated cell lines and tumors (Figure S2H, I). Further evidences for 146 

increased activity of EWSR1-FLI1 in STAG2 proficient conditions are provided by Riggi 147 

and Miyagawa data sets highlighting genes that are up-regulated upon ectopic 148 

expression of EWSR1-FLI1 in mesenchymal/progenitor cells. Beyond EWSR1-FLI1-149 

related signatures, other gene sets provided much less consistent information across 150 

datasets and hence appeared less meaningful (Table 1). One gene set each of EGF or 151 

TGFβ signaling, and one gene set each of MYC, P53 and NFKB targets were ranked 152 

among the first twenty gene sets (Table 1 and S3). It is noteworthy that the P53 gene 153 

set is particularly enriched in analyses performed in cell lines and in tumors, an 154 

observation which may be linked to the frequent association of STAG2 and TP53 155 

mutations in Ewing cell lines and tumors (Tirode et al., 2014). In contrast to down-156 

regulated genes in STAG2-LOF systems, analyses of up-regulated gene sets did not 157 

provide obvious illuminating information (Table 1 and S3). NES scores were usually 158 

weaker and the highest scores observed in the tumor comparison were not strongly 159 

supported by the cell line systems. We may nevertheless note the YAP/TAZ pathway 160 

which has been recently shown to counteract EWSR1-FLI1 activity (Katschnig et al., 161 

2017; Rodríguez-Núñez et al., 2020) (Table 1). Altogether, these analyses showed that 162 

STAG2 inactivation has a major impact on EWSR1-FLI1 up-regulated genes and hence 163 

suggested that STAG2 may modulate EWSR1-FLI1 transcriptional effects.  164 

 165 
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Binding patterns at H3K27ac, EWSR1-FLI1, CTCF and cohesin sites are mostly 166 

unmodulated upon STAG2 knock out 167 

Our primary hypothesis was that the inactivation of STAG2 may impair EWSR1-FLI1 168 

binding and/or accessibility to chromatin. We hence performed western blot and ChIP-169 

seq experiments against plausible causative factors in our isogenic models. A 170 

decreased expression of EWSR1-FLI1 which could account for its decreased activity 171 

was neither observed in isogenic nor in knocked-down cells. The opposite, a slight 172 

increase of EWSR1-FLI1 protein expression, could be observed in TC71 STAG2-KO 173 

and A673 STAG2-KD cells (Figure 1A). Similarly, no consistent variation of the level of 174 

H3K27ac was observed (Figure 1A). ChIP-seq analyses of EWSR1-FLI1 and H3K27ac 175 

also did not provide an explanation for decreased EWSR1-FLI1 activity (Figure 2A-B, 176 

S3A-C). A slight increase of EWSR1-FLI1 binding can be noted in TC71-KO and A673-177 

KD cells (Figure S3B, C), which may possibly reflect the increased expression of 178 

EWSR1-FLI1 mentioned above but this cannot account for the paradoxical decreased 179 

activity of this protein. As STAG2 is a member of the cohesin complex, we also 180 

investigated the expression and binding patterns of CTCF and of other subunits of the 181 

cohesin complex. None of the expression or binding patterns were altered upon 182 

STAG2-KO, apart from a slight, possibly compensatory, increase of STAG1 expression 183 

and binding to DNA in STAG2-KO cells (Figure 1A, 2C, S3A-C). As a prototypic locus, 184 

we used the DKK2 gene which is a well-known EWSR1-FLI1 target (Kauer et al., 2009; 185 

Miyagawa et al., 2009; Riggi et al., 2008), which displays EWSR1-FLI1-bound GGAA 186 

microsatellites as plausible cis-regulatory enhancer elements and for which all genomic 187 

features can be displayed in a single panel. Expression of DKK2 is strongly decreased 188 

in STAG2-KO cells and restored in STAG2-rescued cells (Figure 2D). Figure 2E and S3 189 

illustrate the global conservation of CTCF, cohesin, EWSR1-FLI1 and enhancer 190 

H3K27ac marks at the DKK2 locus in STAG2-KO cells. Genome wide, we also noticed 191 

that STAG1-specific- or STAG2-specific-cohesin binding sites were rare (Figure 2C, 192 

S3A-C) as compared to recently published data (Kojic et al., 2018; Viny et al., 2019). 193 

Altogether, protein expression and ChIP-seq profiles provide no consistent explanation 194 

for the decreased EWSR1-FLI1 signature observed in STAG2 deficient Ewing sarcoma 195 

cells. 196 
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 197 

CTCF HiChIP highlights a STAG2 dependent anchored extrusion mechanism 198 

We hypothesized that the loss of STAG2 may alter cis-mediated enhancer activity 199 

through changes in CTCF-cohesin loop domains. Three-dimensional genome 200 

conformation results from the sum of multiple interaction types: A-B domains and 201 

CTCF/cohesin loops as well as promoter/enhancer or polycomb complex hubs, phase 202 

separated domains, and transcription factors contracted loci (Hnisz et al., 2017; Hsieh 203 

et al., 2020; Krietenstein et al., 2020; Merkenschlager and Nora, 2016; Rowley and 204 

Corces, 2018; Stadhouders et al., 2019). Hi-C and Micro-C experiments capture all of 205 

these different types of interaction but only allow to infer their exact origin based on 206 

concomitant ChIP-seq data. Importantly, STAG2 has been reported to bridge CTCF and 207 

RAD21 (one of the three core subunits of the cohesin ring) through direct protein-protein 208 

interactions (Xiao et al., 2011; Zhang et al., 2013; Li et al., 2020). Aiming at specifically 209 

investigating CTCF/cohesin interactions, we performed CTCF HiChIP (Mumbach et al., 210 

2016) and generated for all isogenic models a high coverage, 5 kb resolution interaction 211 

map using HiC-Pro (Servant et al., 2015) (Table S4). At low (250kb bins) resolution, no 212 

obvious change of the global “plaid” pattern was observed between the different 213 

isogenic cells (Figure S4A). At high resolution (5kb bins), the size and positions of the 214 

loop domains were mostly unaffected (Figure S4B). However, a striking difference could 215 

be observed throughout the genome at “stripes” that reveal high interaction frequencies 216 

between a single CTCF locus and contiguous loci (Figure 3A-H, S4B, C). Such stripes 217 

have recently been reported to occur at particular loci with super-enhancer (SE) 218 

features and have also been predicted by computer simulations (Fudenberg et al., 219 

2016; Vian et al., 2018). They are suggested to reflect the dynamic process of 220 

CTCF/cohesin loop domain generation whereby one cohesin complex is arrested at a 221 

first CTCF site whereas the second CTCF is sliding concomitantly with chromatin 222 

(CTCF-anchored extrusion model, Figure 3H). As shown for the prototypic DKK2 locus 223 

and at a representative broader region on chromosome 10, a decreased signal at such 224 

“anchored extrusion stripes” was observed in STAG2-KO cells (Figure 3B, S4B, C) as 225 

compared to STAG2-WT or -rescued cells (Figure 3A, C and S4B, C). CTCF HiChIP 226 

experiments were also conducted at 72h following transfection with two different siRNAs 227 
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(siSA#6 and siSA#8) in A673 cells and confirmed the stripe reduction (Figure 3D-F and 228 

Figure S4B). To further investigate this observation in a cellular context where only 229 

STAG2 is expressed, we also generated Ewing cells with a KO of STAG1, the paralog 230 

of STAG2 (Figure 1A). In contrast to STAG2-KO cells, stripes were even more intense 231 

in STAG1-KO cells compared to WT (Figure 3G and S4B).  232 

 233 

Genome-wide loop detection highlights the role of STAG2 in the anchored 234 

extrusion process 235 

In order to quantify and expand these observations at the genome-wide level, we 236 

developed an algorithm (Tweed) for the detection of stripes and the resulting loop 237 

domains in simple or interlaced loop regions (Figure 4A, S5A-H, STAR Methods). The 238 

vast majority of detected stripes were flanked by convergent CTCF sites (Figure S5E) 239 

and were intensely decorated by cohesin members therefore demonstrating efficient 240 

identification of loop domains (Figure S5F, G). Because loop formation in the anchored 241 

extrusion model can emerge from either left or right CTCF boundaries, we also 242 

distinguished hereafter X and Y stripes (Figure 3H, S5H, S6A, B). Three major findings 243 

could thus be highlighted: first, 18,774 (A673WT) and 14,263 (TC71WT) loops were 244 

detected throughout the genome (Figure S6C-E). Here, these loops are detected 245 

through stripe structures and not through corner peak dots as usually reported in Hi-C 246 

contact maps data. These results are however consistent with numbers previously 247 

reported in mammalian genomes, thus indicating that anchored extrusion probably 248 

represents a general mechanism of loop formation (Figure 3H). Second, most loops 249 

showed equivalent X and Y stripe intensities, indicating an extrusion process with 250 

balanced anchorage at either CTCF loop boundaries (Figure 4B). In the few loops 251 

presenting skewed X or Y stripe patterns, the anchored CTCF boundary was 252 

predominantly decorated by cohesin members (Figure 4C, S6A, B). Third, and most 253 

importantly, anchored loop extrusions were strongly reduced, genome-wide, in STAG2-254 

KO cells and significantly reverted upon STAG2 restoration (Figure 4D, S6E). In 255 

contrast, these stripes were strongly reinforced in STAG1-KO as compared to parental 256 

WT cells (Figure 4D). In STAG2-KO cells, only very few stripes demonstrated increased 257 

signals (Figure 4D and S6E). Moreover, outlier stripes were not consistent between the 258 
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different STAG2-KO models. Similarly, only outlier and non-consistent stripes 259 

demonstrated decreased signal in STAG1-KO cells (Figure 4D and S6E). Decreased 260 

stripes were also readily observed in STAG2-knocked-down cells as compared to cells 261 

transfected with a control siRNA (Figure 3D-F, Figure 4D). Altogether, these 262 

experiments indicated that STAG2 LOF impacts the loop extrusion process genome-263 

wide and that this phenotype is an early, likely direct consequence of the inactivation of 264 

STAG2.  265 

 266 

STAG2 dependent anchorage is associated with decreased cis-promoter-267 

enhancer interactions within loops 268 

Abundant evidence shows that CTCF/cohesin chromatin loops are preferential 269 

structures allowing for promoter-enhancer interactions (Dixon et al., 2012; Dowen et al., 270 

2014; Guo et al., 2015; Hnisz et al., 2016; Lupiáñez et al., 2015; Narendra et al., 2015; 271 

Phillips-Cremins et al., 2013; Rao et al., 2014; Splinter et al., 2006; Tang et al., 2015; 272 

Vian et al., 2018; Weintraub et al., 2017). In particular, recent data indicates that loop 273 

extrusion dynamically juxtaposes elements necessary for antibody class switching in B-274 

cells (Zhang et al., 2019). We therefore speculated that STAG2 LOF could impair cis-275 

gene activation. To explore this mechanism, we performed H3K27ac HiChIP in STAG2-276 

proficient and -deficient cells. At the prototypical DKK2 locus, we observed a global loss 277 

of interactions in STAG2-KO cells that was reverted upon STAG2 re-expression (Figure 278 

S7A). Similarly, other classical EWSR1-FLI1 target genes displayed loss of interaction 279 

patterns (Figure S7B). To extend our findings genome wide, we developed a 280 

bioinformatic pipeline to detect promoter-enhancer (pe) and enhancer-enhancer (ee) 281 

interaction chains. Starting from 5kb bins overlapping H3K4me3 promoter peaks, the 282 

strongest H3K27ac HiChIP chain-interactions were reported until the twentieth 283 

interaction sites. To validate that this H3K27ac interaction-based, gene expression 284 

agnostic, approach, accurately identifies regulatory regions, we isolated all genes that 285 

include an EWSR1-FLI1-bound GGAA microsatellite sequence within their regulatory 286 

chain. A total of 2331 and 1625 genes were retrieved in A673 and TC71, respectively 287 

(Table S5). Functional analysis of this set of genes confirmed a very significant 288 

enrichment in EWSR1-FLI1 up-regulated genes (Table S6). We then investigated 289 
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whether promoter-enhancer interactions were modified in STAG2-KO cells. H3K27ac 290 

ChIP-seq signal at enhancers in these chains remained mostly unaffected upon 291 

STAG2-KO or -rescue (Figure 5A-B), emphasizing our first observation that H3K27ac 292 

signal is largely conserved upon STAG2 LOF (Figure 1A, 2A, S3A-C). In contrast, 293 

H3K27ac HiChIP demonstrated a genome-wide global loss of interactions within these 294 

chains in STAG2-KO cells (Figure 5C-D). These interactions were significantly restored 295 

in STAG2-rescued isogenic cells (Figure 5C). Both loss and restoration effects were 296 

similar at EWSR1-FLI1-bound and -unbound enhancers (Figure S8A-D). Since SEs 297 

consist of clusters of enhancers (Hnisz et al., 2013; Whyte et al., 2013), we also 298 

investigated the impact of STAG2 LOF at these loci and observed a strong reduction of 299 

intra-SE H3K27ac interactions that was rescued in STAG2 rescued cells (Figure 5E). 300 

We then studied the relationship between chromatin loops and loss of H3K27ac 301 

promoter-enhancer interactions. We plotted the density of interactions depending upon 302 

the distance between cis-interacting pairs on the genome (Figure 5F). Patterns of CTCF 303 

and of H3K27ac interactions were highly similar in both STAG2-WT and -KO conditions 304 

(Figure 5F) with a noticeable decrease of interaction read frequency in a window 305 

comprised between 20kb to around 500kb in STAG2-KO cells (Figure 5F zoom) which 306 

was reverted upon STAG2 re-expression. Quite strikingly, this distance corresponds to 307 

the size of most chromatin loops (Figure 5F). Though correlative, these data therefore 308 

strongly suggest that altered loop extrusion as a result of STAG2 LOF impairs efficient 309 

formation of promoter-enhancer interactions. 310 

 311 

EWSR1-FLI1-induced genes are particularly impacted by loosened cis-regulatory 312 

interactions 313 

We next wondered why loosened chromatin interactions that occur genome-wide within 314 

loop-congruent distances may particularly impact EWSR1-FLI1-induced genes. 315 

Previous publications have shown that EWSR1-FLI1 binding occurs predominantly at 316 

enhancers and is particularly enriched at SE (Baldauf et al., 2018; Boulay et al., 2018; 317 

Kennedy et al., 2015; Riggi et al., 2014; Sheffield et al., 2017; Tomazou et al., 2015). In 318 

particular, EWSR1-FLI1 transforms otherwise quiescent GGAA-microsatellites into 319 

active “neo-enhancers”. We therefore concentrated our analyses on such sequences. 320 
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EWSR1-FLI1-bound GGAA microsatellite sequences, similarly to other types of 321 

enhancers, super-enhancers and TSS of expressed genes were predominantly located 322 

within chromatin loops (Figure 6A, B). In STAG2-WT cells, the number of interaction-323 

pairs at EWSR1-FLI1-bound enhancers, whether GGAA microsatellites or single ETS 324 

sites, was significantly higher than at other enhancer sites in both A673 and TC71 cells 325 

(Figure 6C, D). We next investigated the degree of loosened interactions at genes 326 

regulated by STAG2 LOF and noted that, while a decrease of interactions in STAG2-KO 327 

cells was observed for all genes, it was significantly greater for down-regulated genes 328 

than on un- or up-regulated genes in A673 and TC71 cells (Figure 6E, F). In addition, 329 

genes containing an EWSR1-FLI1-bound GGAA microsatellite in their regulatory chain 330 

were more frequently down-regulated by STAG2 LOF compared to other genes (Chi-331 

square, p=1.4x10-5 in A673 cells, p=2.2x10-16 in TC71 cells). Altogether these data 332 

show that, though the impact of STAG2 LOF on promoter-enhancer interactions is 333 

genome-wide, EWSR1-FLI1-activated genes, and particularly those regulated by 334 

microsatellite sequences, are predominantly impacted likely due to the abundance of 335 

interactions at these sequences. 336 

 337 

STAG2 mutation promotes migration and invasive properties of Ewing cancer 338 

cells 339 

Previous reports have indicated that, in addition to decreased proliferation, the knock-340 

down of EWSR1-FLI1 in Ewing cells partly reverts the phenotype of Ewing cells into that 341 

of mesenchymal stem cells, the likely cell-of-origin (Tirode et al., 2007) with 342 

morphological changes such as cell flattening, increased cell matrix adhesion and 343 

increased migration ability (Chaturvedi et al., 2014; Franzetti et al., 2017; Pedersen et 344 

al., 2016). As mentioned above, proliferation rate of STAG2-KO cells was not obviously 345 

and consistently altered and was highly similar to that of parental cells (Figure S1A-D). 346 

This is consistent with the observation that IC-EWS, which is mostly devoid of cell cycle 347 

genes, is ranked first compared to other EWSR1-FLI1-activation signatures which do 348 

include such cell cycle genes (Table 1 and S2). An increase of paxillin associated stress 349 

fiber adhesion foci was observed in the A673-derived clone, with STAG2-rescue (Figure 350 

7A, B). Using soft agar assay, clonogenicity of A673SA2m#1 cells was increased as 351 
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compared to A673WT and A673SA2r cells, however this was not observed in TC71 352 

isogenic models (Figure S1D). A more striking effect was observed on migration. 353 

Wound healing assays documented a strongly decreased healing time in the STAG2-354 

KO A673 clone as compared to parental (Figure 7C, D) but could not be conducted in 355 

TC71 cells due to massive detachment of the plate at confluency of parental and 356 

isogenic TC71 cells. As the wound healing phenotype was poorly rescued in A673SA2r 357 

(Figure 7D), we decided to investigate other Ewing cell lines. We first observed that 358 

STAG2-KD in A673 cells with two different siRNAs fully reproduced the increased 359 

migration observed in the STAG2-KO clone (Figure 7E). This early impact on wound 360 

healing was further observed using the CHLA-258 Ewing sarcoma cell line (Figure 7F). 361 

We also took advantage of a recently engineered human MSC-derived cell line which 362 

presents a CRISPR/Cas9 induced t(11;22) translocation leading to an EWSR1-FLI1 363 

fusion and a deletion of STAG2 (Sole et al, manuscript under review). This cell line was 364 

further engineered to express a DOX-inducible STAG2 transgene. Induction of STAG2 365 

expression led to decreased migration that was not observed in control cells (Figure 7G 366 

and H). We also explored the invasion ability of STAG2-WT and -LOF cells using the 367 

transwell assay. Again, STAG2-KO or short term -knocked down A673 cells 368 

demonstrated increased invasion with rescue in A673SA2r cells (Figure 7I-K). Similarly, 369 

CHLA-258 cells showed increased invasion with two different siRNAs (Figure 7L). In 370 

addition, collagen embedded aggregates of A673SA2m#1 cells generated anisotropic 371 

elongated 3D structures (Figure 7M) and displayed (collective) migration prone 372 

properties at one leading edge of these structures (Figure 7M, N Supplemental Video 1, 373 

2). These properties were not observed in A673WT and A673SA2r cells, which displayed 374 

classical spherical 3D structures. Based on migratory properties of EWSR1-FLI1low 375 

(Chaturvedi et al., 2012; Franzetti et al., 2017) and STAG2 LOF cells (this work), we 376 

questioned whether the STAG2-LOF migratory effect was dependent or independent of 377 

the decreased EWSR1-FLI1 activity. We therefore asked if over-expression of EWSR1-378 

FLI1 in STAG2-KO cells may counteract their migratory properties. Strikingly, 379 

A673SA2m#1 cells transduced with an EWSR1-FLI1 expression lentiviral vector displayed 380 

a drastic reduction of their wound invasion properties as compared to empty control 381 

transduced cells (Figure 7O). This demonstrates that the STAG2-LOF-induced 382 
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migratory effect is dependent on EWSR1-FLI1 activity. Finally, using a signature of 39 383 

genes decreased in A673 and TC71 STAG2-LOF cells and displaying EWSR1-FLI1-384 

bound microsatellite sequences in their promoter enhancer chains, we show that a 385 

lower expression of these genes is associated with adverse prognosis and with the 386 

presence of metastasis (Figure S8E-G). This provides additional evidence that STAG2 387 

LOF is associated with metastasis in Ewing sarcoma and that this effect is mediated, at 388 

least in part, by EWSR1-FLI1. Altogether, these data show that Ewing cells with STAG2 389 

LOF recapitulate certain phenotypic characteristics of EWSR1-FLI1low cells and 390 

particularly their migration phenotype. Importantly, knock-down experiments indicate 391 

that this phenotype is an early consequence of STAG2 LOF.  392 

 393 

 394 

DISCUSSION 395 

 396 

The hypothesis that cohesin dynamically extrudes DNA loops in an ATP-dependent 397 

manner has recently been demonstrated in vitro (Davidson et al., 2019; Kim et al., 398 

2019). The detection of architectural stripes, either by Hi-C (Fudenberg et al., 2016; 399 

Vian et al., 2018), by Micro-C (Hsieh et al., 2020; Krietenstein et al., 2020) or by 400 

enriching of the DNA fragments associated with CTCF (this work) strongly supports the 401 

hypothesis that such a dynamic process takes place in vivo in the context of chromatin 402 

and that these stripes, frequently referred as extrusion stripes or extrusion-associated 403 

stripes, constitute direct hints of this process. One process of loop extrusion may rely on 404 

an initial anchoring of DNA on one of the CTCF loop-flanking site and then progression 405 

of the loop by the sliding of DNA until it reaches a conversely oriented CTCF site as 406 

indicated in the model shown in Figure 3H. Our comprehensive analysis confirms that 407 

these stripes delineate loops flanked by CTCF sites in convergent orientations. It further 408 

indicates that most loops can initiate from both flanking sides. However, in a minority of 409 

cases, loops preferentially start from one of the flanking CTCF. In these cases, the loop 410 

initiator CTCF site is much more intensely bound by core cohesin members suggesting 411 

that the presence of these core members is necessary for the initiation of the loop 412 

extrusion process, a result which is fully consistent with the in vitro data of Davidson 413 
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and colleagues. Interestingly, the ratio of stripes (reflecting the extrusion process) 414 

versus corner peaks (corresponding to fully extruded loops) is highly heterogeneous 415 

across the genome suggesting a broad variability in the dynamics of loop extrusion. 416 

Our data show that STAG2 and STAG1 demonstrate strikingly different roles in this 417 

CTCF-anchored loop extrusion mechanism. Whereas cells expressing only STAG1 418 

exhibit a strongly decreased intensity of stripes, cells expressing only STAG2 419 

demonstrate dramatically increased intensity of these stripes. This strongly suggests 420 

that STAG2 enhances the anchored loop extrusion process while STAG1 is much less 421 

efficient in this mechanism, one hypothesis being that STAG1 may promote other types 422 

of extrusion mechanisms. While this mechanism was not investigated here, recent 423 

papers also indicate that STAG1 and STAG2 have specific roles in genome 424 

organization (Arruda et al., 2020; Casa et al., 2020). Altogether, our data are consistent 425 

with STAG1 and STAG2 having distinct but complementary functions in the topological 426 

shaping of the genome which may account for their synthetic lethality (Benedetti et al., 427 

2017; van der Lelij et al., 2017; Liu et al., 2018). STAG1 and STAG2 expression levels 428 

across various cancers and normal tissues are quite heterogeneous (Romero-Pérez et 429 

al., 2019). It can therefore be anticipated that the ratio between STAG1 and STAG2 at 430 

loop boundaries may allow for the relaxation or stabilization of this anchorage and 431 

consequently fine tunes the level of enhancer activation within the chromatin loop. In 432 

line with the above hypothesis, the increased STAG1/STAG2 ratio in the A673SA2r as 433 

compared to A673 parental cells may account for the highly significant but partial 434 

rescues of the transcriptional-, stripe- and enhancer interaction- profiles observed in this 435 

study. Other cancers, such as urothelial carcinoma, glioblastoma or myeloid leukemia 436 

display frequent mutations of STAG2 (Romero-Pérez et al., 2019). Interestingly, 437 

applying our Tweed algorithm to recently published CTCF HiChIP data (GSE111537) in 438 

STAG2-WT and -KO AML cell models (Smith et al., 2020) also showed a significant 439 

decrease of stripe pattern in STAG2 LOF cells (P-values < 2.2x 10-16). This thus 440 

indicates that altered chromatin extrusion upon STAG2 LOF is not limited to Ewing 441 

sarcoma and is also observed in other malignancies. 442 

The folding of DNA into chromatin loops is a critical determinant of the function of the 443 

genome and particularly of gene regulation. Vian and colleagues recently reported that 444 
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79% of stripe domains were associated with active enhancers (Vian et al., 2018). We 445 

confirm this observation and further show that EWSR1-FLI1-bound microsatellites, 446 

which act as neo-enhancers in Ewing sarcoma, are also strongly enriched in such 447 

domains. In Ewing cells and in agreement with these observations, the loss of extrusion 448 

stripes caused by STAG2 LOF is associated with important changes in the gene 449 

expression pattern, particularly on EWSR1-FLI1 regulated genes. This is not associated 450 

with impaired access to DNA of transcription factors or histone modifying enzymes in 451 

STAG2-KO cells. In contrast, we observed a dramatic decrease of H3K27ac 452 

interactions which is predominantly observed within a distance range that corresponds 453 

to loop size. Mapping H3K27ac chain interactions from promoter sites enables definition 454 

of putative regulatory chains and further identifies those containing EWSR1-FLI1-bound 455 

GGAA microsatellites as highly specific for EWSR1-FLI1-regulated genes. Our agnostic 456 

regulatory chain analysis now enables a more direct identification of genes regulated by 457 

EWSR1-FLI1 binding on GGAA-microsatellites. The latter sequences are enriched in 458 

H3K27Ac levels as compared to other enhancers which may explain why they are 459 

particularly sensitive to STAG2 LOF. Interestingly, recent studies in mouse embryos 460 

indicates that STAG2 LOF alters transcription of particular tissue-specific genes (De 461 

Koninck et al., 2020). Another publication identifies a specific STAG2-RUNX2 interplay 462 

in gene regulation in hematopoiesis (Ochi et al., 2020). Together with our observations 463 

in Ewing cells, this strongly supports the hypothesis that the decreased enhancer 464 

interactions genome-wide associated with STAG2 LOF have cell-type-specific 465 

consequences depending upon which master transcription factors are active in these 466 

cells. 467 

Ewing cells demonstrate plasticity between EWSR1-FLI1high and EWSR1-FLI1low states 468 

and latter cells are a plausible cause of metastasis (Aynaud et al., 2020; Franzetti et al., 469 

2017). Variation of transcript or protein levels are not the only mechanisms to account 470 

for heterogeneous EWSR1-FLI1 activity. Indeed, Wnt/beta-catenin activity was reported 471 

to account for metastasis in Ewing tumors through antagonizing EWSR1-FLI1 activity 472 

(Pedersen et al., 2016). A similar observation has been made for the YAP/TAZ signaling 473 

pathway (Katschnig et al., 2017; Rodríguez-Núñez et al., 2020). Altogether these data 474 

indicate that EWSR1-FLI1 activity can vary dynamically, with medium to high activity 475 
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cells being highly proliferative whereas low activity cells have more limited proliferative 476 

ability but have increased mesenchymal properties including propensity to migrate and 477 

invade. Our data show that STAG2 LOF constitutes an alternative mechanism to 478 

moderate EWSR1-FLI1 activity and hence potentially increase the invasive and 479 

metastatic potential of Ewing cells. Our data also strongly support the hypothesis that 480 

STAG2 LOF effects on migration and invasion are dependent upon a lower activity of 481 

EWSR1-FLI1. Indeed, we show not only that these effects can be reverted by 482 

increasing EWSR1-FLI1 expression but that a signature, containing the subset of genes 483 

down-regulated in STAG2-KO cells and containing microsatellite EWSR1-FLI1 binding 484 

sites in their regulatory chains, is of strong prognostic significance in Ewing sarcoma. 485 

STAG2 LOF may hence induce a shift of the spectrum of EWSR1-FLI1 activity, 486 

increasing the proportion of cells with a low activity, yet keeping the appropriate window 487 

of activity for proliferation. STAG2 LOF Ewing cells might thus combine aggressive 488 

features of EWSR1-FLI1-high and -low cells. Though our data highlight a critical role of 489 

STAG2 LOF in moderating EWSR1-FLI1 activity, it is likely that this alteration may also 490 

contribute additional oncogenic functions. In that respect, it is noteworthy that a 491 

YAP/TAZ gene set significantly shows up in STAG2-LOF up-regulated genes, 492 

suggesting that YAP/TAZ activity may also contribute to lower EWSR1-FLI1 activity. 493 

DKK2 and other WNT antagonists (KREMEN1, FRZB) and agonists (LRP5, FZD8) are 494 

respectively down- and up-regulated upon STAG2 LOF in most data sets, indicating that 495 

Wnt signaling activation may also possibly contribute to cell migration. Other 496 

transcription factors (MYC, NFΚB) or signaling pathways (EMT transition, TGFβ and 497 

EGF) are impacted upon STAG2 LOF and further studies will be needed to precisely 498 

investigate their potential role in STAG2 LOF associated oncogenesis.  499 

In conclusion, this study shows that STAG2 promotes a dynamic anchored loop 500 

extrusion process which likely favors the establishment of cis-interactions between 501 

promoters and enhancers, hence unravelling a fundamental role of STAG2 in gene 502 

regulation. In Ewing sarcoma, this process enhances the oncogenic role of EWSR1-503 

FLI1 by the paradoxical moderation of its transcriptional activity.  504 

 505 
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FIGURE LEGENDS 543 

 544 

Figure 1. STAG2 knock out profoundly alters transcriptomic landscape 545 

(A) Representative western blotting in cellular extracts from isogenic STAG2 KO 546 

(generated with two independent sgRNAs: SA2m#1 and SA2m#2), STAG1 KO (sgRNA: 547 

SA1m#1), STAG2-rescued (sgRNA: SA2r) and STAG2 knock-down (KD) at 48 hours 548 

(generated with two independent siRNAs: siSA2#6 and siSA2#8) Ewing sarcoma cells. 549 

Color code for sgRNA isogenic models is indicated for each model and kept identical 550 

throughout the manuscript. (B) Scaled Venn diagram for modulated genes between 551 

STAG2-WT and -KO conditions (n=3), total modulated genes for each condition 552 

represent the sum of intra-circle numbers, universe includes expressed genes 553 

(n=13780), P value for intersection was calculated with SuperExact test. (C) Box plots of 554 

log2 fold change for up-, un- and down-regulated genes in STAG2-KO and STAG2-555 

rescued cells as compared to A673 or TC71 parental cells (n=3 for each model), 556 

number of genes is indicated for each category, P values: two-tailed paired Wilcoxon 557 

test. Box represents the central 50% of data points (interquartile range). Upper and 558 

lower whiskers represent the largest and smallest observed values within 1.5 times the 559 

interquartile range from the ends of the box. (D) Heat map for core set of commonly up- 560 

(left panel) and down- (right panel) regulated genes identified in B, C for STAG2-KO 561 

and -KD Ewing cell lines. Time after siRNA transfection is indicated at the top, sgRNA 562 

and siRNA identifiers at the bottom.  563 

See also Figure S1, S2, Table S1.  564 

 565 

Figure 2. Binding pattern at H3K27ac, EWSR1-FLI1, CTCF and cohesin sites is 566 

mostly unaffected upon STAG2 knock out 567 
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(A-C) Heatmap representation of ChIP-seq data in STAG2-WT or -KO A673 cells for (A) 568 

H3K27ac, ranked by ROSE algorithm, (B) EWSR1-FLI1, ranked by peak intensity in 569 

GGAA microsatellite (µsat) and non µsat sites and (C) CTCF/cohesin members, ranked 570 

by STAG2 peak intensity. Read density is displayed within a 20 kb (H3K27ac) or 4 kb 571 

(other marks) window around peak center and color scale intensities are shown in 572 

normalized coverage (scale is shown on the bottom of each panel). Presence (black) or 573 

absence (grey) of CTCF peaks is indicated on the left. (D) Dot plot for DKK2 expression 574 

(n=3) for each model. (E) ChIP-seq binding profiles at the DKK2 locus for CTCF, 575 

EWSR1-FLI1, cohesin members, H3K27ac and H3K4me3 histone marks in STAG2-WT 576 

or -KO A673 cells. Number of consecutive GGAA repetitions are shown in grey. 577 

Promoter-enhancer H3K27ac HiChIP inferred chain at DKK2 locus is shown. 578 

See also Figure S3. 579 

 580 

Figure 3. High-resolution CTCF HiChIP data at the DKK2 locus 581 

(A) STAG2-WT (n=5), (B) STAG2-KO (n=5), (C) STAG2-rescued (n=3), (D) STAG2-KD 582 

72 hrs after siRNA transfection with siCT (n=2), (E) siSA2#6 (n=2), (F) siSA2#8 (n=2) 583 

and (G) STAG1-KO (n=2) A673 cells. Each panel is scaled to total CTCF HiChIP valid 584 

pairs at a 5kb/bin resolution. CTCF ChIP-seq profiles are shown above each Juicebox 585 

print screens HiChIP data. Dashed box highlights the region with the first CTCF loop 586 

associated stripe. (H) scheme illustrating the process of loop extrusion: 1, upon cohesin 587 

loading on chromatin, extrusion can occur possibly in any direction allowing ultimately 588 

interactions between CTCF and cohesin. 2, in this model, chromatin is then anchored 589 

by the CTCF/cohesin complex at the left CTCF site and extrusion allows for the 590 

formation of an 3, intermediate- and a 4, fully- extruded loop. On the right, schemes 591 

illustrating CTCF-HiChIP data with loop initiation from the left CTCF/cohesin site and 592 

resulting in a X stripe pattern. 4’, an extrusion process anchored at right CTCF/cohesin 593 

site results in a Y stripe pattern. 594 

See also Figure S4, Table S4.  595 

 596 

Figure 4. Genome-wide loop detection highlights the role of STAG2 in the 597 

anchored extrusion process 598 
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(A) Loop domains prediction at DKK2 locus in A673-WT CTCF HiChIP data. (B) Density 599 

distribution of X and Y stripes for each loop across the genome according to Tweed 600 

prediction in CTCF HiChIP data from A673 and TC71 STAG2-WT cells. Top scheme: 601 

most loops present a symmetric distribution centered on zero indicating a 50% X- and 602 

50% Y-stripe based anchorage. Unbalanced CTCF/cohesin signal at one of the two 603 

anchorage sites results in asymmetric stripe patterns. (C) Global analysis for the 604 

presence of one, two, three or four cohesin peak(s) associated with CTCF peaks in 605 

Tweed-detected loop domains presenting predominant X or Y stripes (anchored at 606 

either left or right CTCF site) in A673 (n=5) and TC71 (n=2) cells. (D) Box plot of X- or 607 

Y- stripe ratios in CTCF HiChIP data between A673siCT and STAG2-KD (A673siSA2#6, 608 

A673siSA2#8) at 72h, STAG1/2-KO models (A673SA1m#1, A673SA2m#1, TC71SA2m#2) and 609 

parental -WT (A673, TC71) or STAG2 rescued (A673SA2r) cells, A673 n=18,774; TC71 610 

n=14,263. Right scheme: positive-, negative-ratio values indicate a gain or a loss of 611 

stripes, respectively, Two-tailed paired t-test on normalized coverage (log10) between 612 

parental/siCT and KO/KD or STAG2-KO and -rescued models are all highly significant 613 

(P < 2.2 x 10-16). Box represents the central 50% of data points (interquartile range). 614 

Upper and lower whiskers represent the largest and smallest observed values within 1.5 615 

times the interquartile range from the ends of the box. 616 

See also Figures S5, S6, Table S4.  617 

 618 

Figure 5. STAG2 mutation is globally associated with decreased cis-promoter-619 

enhancer and enhancer-enhancer interactions within loops 620 

(A-D) Color coded box plot of comparative analysis of (A-B) H3K27ac ChIP-seq peak 621 

intensities and (C-D) H3K27ac HiChIP interactions along promoter-enhancer chains 622 

between STAG2-WT and –KO as well as between STAG2-KO and -rescued cells, P 623 

values: two-tailed Wilcoxon test. P: promoter, E: enhancer, position in the chain is 624 

shown for rank 1 to 5. (E) Comparative analysis of intra super-enhancer interactions in 625 

H3K27ac HiChIP data between STAG2-WT and -KO or -rescue cells, P values: two-626 

tailed t-test. Box represents the central 50% of data points (interquartile range). Upper 627 

and lower whiskers represent the largest and smallest observed values within 1.5 times 628 

the interquartile range from the ends of the box. (n) for each condition is indicated (F) 629 
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Top, curve of cumulative percentage of loop presence upon genomic distance (log10 630 

scale) in A673 and TC71 (STAG2-WT). Loop size threshold: 75% of cumulative loops 631 

corresponding to 595kb for A673 (red line) and 340kb (green line) for TC71. Numbers of 632 

loop and median loop size for each cell line is indicated. Bottom, percentage of cis-633 

interaction read-pairs upon genomic distance between STAG2-WT, -KO and -rescue 634 

conditions in CTCF- and H3K27ac HiChIP data. A threshold of 20kb used for H3K27ac 635 

chain detection is displayed (blue dashed line). Right, zoom in CTCF- and H3K27ac- 636 

HiChIP plot flanking lower and top threshold (highlighted in grey). 637 

See also Figure S7, S8, Tables S4, S5, S6.  638 

 639 

Figure 6. STAG2 induced genes and EWSR1-FLI1 bound elements are highly 640 

dependent on cis-regulatory interactions 641 

(A, B) Percentage of depicted categories inside loops in (A) A673 and (B) TC71 642 

(STAG2-WT). Chi-square test between observed and expected percentage was 643 

performed for each category. All adjusted p-values (Bonferroni) were significant. (C-D) 644 

Normalized numbers of H3K27ac HiChIP interactions at EWSR1-FLI1 (microsatellite, 645 

msat or single GGAA ETS sites) bound or unbound enhancers in (C) A673 and (D) 646 

TC71 (STAG2-WT), P values: two-tailed paired Wilcoxon test. Log2 FC normalized 647 

H3K27ac HiChIP interaction ratio between promoter and first enhancer for down-, un- or 648 

up-regulated genes upon STAG2-KO in (E) A673 and (F) TC71 (STAG2-WT), Box 649 

represents the central 50% of data points (interquartile range). Upper and lower 650 

whiskers represent the largest and smallest observed values within 1.5 times the 651 

interquartile range from the ends of the box. P values: two-tailed t-test.  652 

 653 

Figure 7. STAG2 mutation promotes cell migration 654 

(A, B) Immunofluorescence with phalloidin (red), paxillin (green) and merged pictures in 655 

A673 and A673SA2m#1 cells and (B), box plot of paxillin associated focal adhesion loci 656 

(FA) per cell in A673, A673SA2m#1 and A673SA2r, P value: two-tailed t-test. (C) 657 

representative wound healing assay picture at initial and 24h time points for A673 and 658 

A673SA2m#1 cells, computed migration front line is shown (yellow). (D-H) Quantification 659 

of wound surface (cell free) along the assay for: (D) A673, A673SA2m#1 and A673SA2r 660 
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cells; (E) A673-, (F) CHLA-258 transfected cells with siCT or siSA2#6 and siSA2#8, (G) 661 

STAG2- or (H) empty vector control- inducible EWIma1 cells (MSC cells engineered to 662 

present EWSR1-FLI1 translocation and STAG2 mutation) in the presence or absence of 663 

doxycycline to induce STAG2 expression, P value: two-tailed t-test. * P<0.05 (I) 664 

macroscopic and magnified picture (10X) of a representative membrane from a Boyden 665 

chamber migration assay with A673 (n=3) and A673SA2m#1 (n=3) cells. (J-L) Box plots of 666 

cells per field in A673, A673SA2m#1 and A673SA2r cells at 48h in Boyden chamber 667 

migration assay (J). Box plots of cells per field in (K) A673-, (L) CHLA-258- cells upon 668 

siCT, siSA2#6 and siSA2#8 transfection for 48hrs and plated 24hrs in Boyden chamber 669 

migration assay. P value: two-tailed t-test, Box represents the central 50% of data 670 

points (interquartile range). Upper and lower whiskers represent the largest and 671 

smallest observed values within 1.5 times the interquartile range from the ends of the 672 

box. (M, N) Invasion assay, (M) representative pictures at indicated time post-collagen 673 

embedding and (N) eccentricity and area measurements across time of spheroids 674 

generated with A673, A673SA2m#1 and A673SA2r cells. (O), Left, quantification of wound 675 

surface along the assay for A673, A673SA2m#1 and A673SA2m#1 transduced with either 676 

empty (pCDH1, yellow) or EWSR1-FLI1 (pCDH1-EF1, green) cells. P value: two-tailed 677 

t-test. * P<0.05, right, a representative western blot for EWSR1-FLI1 (EF1), STAG2 and 678 

beta-actin (β-act).  679 

See also Figure S8, Supplemental Videos 1, 2  680 
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Table 1. Top20 gene sets enriched in STAG2 proficient or deficient Ewing 681 

sarcoma data sets. See also Figure S2, Tables S2, S3.  682 
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1 IC_EWS 2.0 1.7 2.2 2.1 2.00 ● ● ● ● ● ● ● ● 
2 KERLEY_RESPONSE_TO_CISPLATIN_UP 1.8 1.8 2.0 2.0 1.90 ● ● ● ● ● ● ● ● 
3 VERHAAK_GLIOBLASTOMA_MESENCHYMAL 1.9 1.9 1.8 1.7 1.80 ● ● ● ● ● ● ● ● 
4 HALLMARK_TNFA_SIGNALING_VIA_NFKB 1.4 1.5 1.7 2.6 1.80 ● ● ● ● ● ● 
5 GALINDO_IMMUNE_RESPONSE_TO_ENTEROTOXIN 1.7 1.6 1.7 2.1 1.79 ● ● ● ● ● ● ● ● 
6 JOHNSTONE_PARVB_TARGETS_3_UP 1.8 1.3 1.8 2.2 1.77 ● ● ● ● ● ● ● 
7 NAGASHIMA_NRG1_SIGNALING_UP 1.4 1.6 1.7 2.3 1.77   ● ● ● ● ● ● 
8 RIGGI_EWING_SARCOMA_PROGENITOR_UP 1.9 1.5 1.9 1.8 1.76 ● ● ● ● ● ● ● ● 
9 KINSEY_TARGETS_OF_EWSR1_FLII_FUSION_DN 1.8 1.4 1.6 2.1 1.73 ● ● ● ● ● ● ● 
10 NAGASHIMA_EGF_SIGNALING_UP 1.1 1.5 1.9 2.4 1.72   ● ● ● ● ● 
11 ACOSTA_PROLIFERATION_INDEPENDENT_MYC_TARGETS_DN 1.7 1.5 1.8 1.8 1.71 ● ● ● ● ● ● ● ● 
12 AMIT_DELAYED_EARLY_GENES 1.4 1.4 1.8 2.2 1.69   ● ● ● ● 
13 FISCHER_DIRECT_P53_TARGETS_META_ANALYSIS 1.3 1.6 1.8 2.0 1.69   ● ● ● ● ● ● 
14 REACTOME_FCERI_MEDIATED_CA_2_MOBILIZATION 1.3 1.7 1.2 2.3 1.64   ● ● ● ● ● 
15 MIYAGAWA_TARGETS_OF_EWSR1_ETS_FUSIONS_UP 1.8 1.4 1.5 1.9 1.63 ● ● ● ● ● ● 
16 HUANG_DASATINIB_RESISTANCE_UP 1.7 1.6 1.7 1.6 1.63 ● ● ● ● ● ● ● ● 
17 KAUER_EWS-FLI_DOWN 1.9 1.6 1.5 1.5 1.63 ● ● ● ● ● ● ● 
18 PLASARI_TGFB1_TARGETS_1HR_UP 1.6 1.5 1.7 1.7 1.63 ● ● ● ● ● ● 
19 GSE21546_UNSTIM_VS_ANTI_CD3_STIM_ELK1_KO_DP_THYMOCYTES_UP 1.1 1.2 2.0 2.2 1.62   ● ● ● ● 
20 SMIRNOV_RESPONSE_TO_IR_2HR_UP 1.4 1.8 1.5 1.8 1.61   ●   ●   ●   ● 
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1 CHR1Q44 -1.7 -1.0 -2.2 -2.1 -1.75 ●   ● ●     ● ● 
2 PYEON_CANCER_HEAD_AND_NECK_VS_CERVICAL_UP -1.2 -1.3 -2.0 -2.1 -1.65   ● ● ● ● 
3 KEGG_ASTHMA -1.3 -1.7 -1.7 -1.8 -1.61   ● ● ● ● ● 
4 VERHAAK_GLIOBLASTOMA_PRONEURAL -1.4 -1.5 -1.9 -1.6 -1.60 ● ● ● ● ● ● 
5 VILLANUEVA_LIVER_CANCER_KRT19_UP -0.9 -0.8 -2.0 -2.4 -1.54   ● ● ● ● 
6 PYEON_HPV_POSITIVE_TUMORS_UP -0.9 -1.4 -1.6 -2.2 -1.51   ● ● ● 
7 KUNINGER_IGF1_VS_PDGFB_TARGETS_UP -0.8 -1.3 -1.3 -2.5 -1.49   ● ● 
8 TOYOTA_TARGETS_OF_MIR34B_AND_MIR34C -1.0 -1.1 -1.6 -2.2 -1.48   ● ● ● 
9 CHR2P25 -1.5 -1.8 -1.4 -1.1 -1.47 ● ●   ●   
10 RICKMAN_TUMOR_DIFFERENTIATED_WELL_VS_POORLY_UP -1.2 -1.0 -1.9 -1.7 -1.47   ● ● ● ● 
11 MIR4800_5P -1.2 -1.6 -1.8 -1.2 -1.45   ● ●   ●   
12 GO_OLFACTORY_RECEPTOR_ACTIVITY -1.6 -1.6 -1.3 -1.3 -1.45 ● ● ●     
13 GO_CHROMATIN_REMODELING -1.6 -0.9 -1.4 -1.9 -1.44 ● ● ● ● 
14 MEISSNER_BRAIN_HCP_WITH_H3_UNMETHYLATED -1.3 -1.7 -1.4 -1.4 -1.44   ●   ● 
15 RODRIGUEZ-NUNEZ_YAP+TAZ_UP -1.2 -1.9 -1.6 -1.1 -1.44   ● ●   ●   
16 CHR15Q25 -1.1 -1.4 -1.5 -1.8 -1.43   ● ● ● 
17 CHR20Q12 -1.8 -1.1 -1.4 -1.4 -1.41 ●   ● 
18 GO_G0_TO_G1_TRANSITION -1.3 -1.2 -1.5 -1.6 -1.41   ● ● 
19 MITSIADES_RESPONSE_TO_APLIDIN_DN -0.8 -0.9 -2.0 -1.9 -1.41   ● ● ● ● 
20 REACTOME_TRANSCRIPTIONAL_REGULATION_BY_E2F6 -1.3 -1.2 -1.4 -1.8 -1.41       ●       ● 

 683 

1, Ewing sarcoma cell lines (A673, CHLA-10, CHLA-258, EW1 and TC71), siCT (n=10) vs siSA2#6/8 (n=20) at 72h. 2, Ewing 684 

sarcoma isogenic lines, A673WT, TC71WT (n=6) vs A673SA2m#1, TC71SA2m#1, TC71SA2m#2 (n=9). 3, Panel of Ewing sarcoma 685 

cell lines, STAG2-WT (n=14) vs STAG2-mutated (n=15). 4, Panel of Ewing sarcoma tumors, STAG2-WT (n=32) vs STAG2-mutated 686 

(n=13). NES, Normalized Enrichment Score; pVal, p value; FDR, false discovery rate. 687 

 688 

 689 

 690 
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STAR � METHODS 691 

 692 

RESOURCE AVAILABILITY 693 

 694 

LEAD CONTACT 695 

Further information and requests for resources and reagents should be directed to and 696 

will be fulfilled by the Lead Contact Olivier Delattre (olivier.delattre@curie.fr). 697 

 698 

MATERIALS AVAILABILITY 699 

Availability of the isogenic STAG1 and STAG2 models generated in this study is 700 

subjected to a Material Transfer Agreement. 701 

 702 

DATA AND CODE AVAILABILITY 703 

All data reported in this study are available at the Gene Expression Omnibus (GEO) 704 

under accessions GSE133228, GSE34620 and at the European Genome-phenome 705 

Archive (EGA) under accession EGAS00001003333. All other data, custom code and 706 

materials are available from the corresponding authors upon reasonable request.  707 

 708 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 709 

 710 

Tumor Cell Lines 711 

The Ewing sarcoma A673 cell line was obtained from the American Type Culture 712 

Collection (ATCC) and the Ewing sarcoma TC71 cell line was obtained from the 713 

German Collection of Microorganisms and Cell Cultures (DSMZ). EW1 cell line was 714 

obtained from International Agency for Research on Cancer (IARC), CHLA-10 and 715 

CHLA-258 cell lines were obtained from Childhood Cancer Repository (COG 716 

Repository). EWIma1 cells were generated in Erika Brunet laboratory by Anna Sole 717 

Ferre at Imagine Institute in Paris (Sole et al. under review). EWIma1 STAG2 718 

(EWIma1SA2) and empty (EWIma1Empty) tetracycline inducible model cells were 719 

generated by transfecting EWIma1 cells with respectively empty pCW57-GFP-2A MCS 720 

vector (Addgene) or pCW57-GFP-2A-MCS-STAG2 vector. Transfection was performed 721 

with the Amaxa Nucleofector I Device (Lonza) according to the manufacturer's protocol 722 
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and cells were selected with puromycin at 1µg/mL. Cells were cultured in (A673) DMEM 723 

(GE Healthcare, SH30022.01) or (TC71 and EW1) RPMI (GE Healthcare, SH30027.01,) 724 

supplemented with 10% fetal bovine serum (GE Helthcare, SV30160.03). CHLA-10 and 725 

CHLA-258 were cultured in IMDM (Gibco, 12440-53) supplemented with 20% fetal 726 

bovine serum and 1X Insuline-Transferrin-selenium (Gibco, 41400-045). EWIma1SA2 727 

and EWIma1Empty were cultured in Alpha-MEM (Gibco, 22561021) supplemented with 728 

10% of MSC qualified FBS (Gibco, 12662029), 1% L-glutamine (Gibco, 25030024) and 729 

1% Penicillin-streptomycine (Gibco, 15140122). When available, STR profiling proved 730 

each cell line matched with the reference profile provided by ATCC and DSMZ, 731 

respectively. Cells were routinely tested negative for mycoplasma contamination by 732 

qPCR (VenorGeM qEP (11-9250, Minerva Biolabs).  733 

 734 

Patient samples 735 

 736 

Samples were stored in a tumor bank at the Institut Curie. The study was approved by 737 

the Institutional Review Board of the Institut Curie (Paris, France) and by the regional 738 

ethics committees (Comité de Protection de Personnes) from Kremlin Bicêtre (Project 739 

n°99-25, June 9th 1999) and Ile-de-France I (GenEwing n° IC 2009-02). Written 740 

informed consent was obtained. Most patients were treated according to Euro-Ewing 99 741 

or EuroEwing 2012 protocols. 742 

 743 

METHOD DETAILS 744 

 745 

CRISPR/Cas9 based genome-editing 746 

sgRNA guides were designed using Crispor tool (http://crispor.tefor.net/). 747 

Sense and antisense primers matching sgRNA regions in STAG1 (SA1m#1: forward, 5′-748 

ACACCGATGTGCCGAGTACACCAAGG-3′; reverse, 5′-749 

AAAACCTTGGTGTACTCGGCACATCG-3′), STAG2 (SA2m#1: forward, 5′-750 

ACACCGCGACATACAAGCACCCTGGCG-3′; reverse, 5′-751 

AAAACGCCAGGGTGCTTGTATGTCGCG-3′ and SA2m#2: forward, 5′-752 

ACACCGATTTCGACATACAAGCACCCG-3′; reverse, 5′-753 
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AAAACGGGTGCTTGTATGTCGAAATCG-3′) and STAG2 mutated (SA2r: forward, 5′-754 

ACACCGTTTCGACATACAAGCACCCTG-3′; reverse, 5′-755 

AAAACAGGGTGCTTGTATGTCGAAACG-3′)  756 

Loci were annealed and cloned into MLM3636 vector. MLM3636 was a gift from Keith 757 

Joung (Addgene plasmid # 43860; http://n2t.net/addgene:43860; 758 

RRID:Addgene_43860). Phosphorylation and annealing was performed by mixing 1 µL 759 

of each sgRNA at 100 µM (Eurofin), 1 µL of 10X T4 ligation buffer (B0202S, New 760 

England Biolabs), 1 µL of PNK (EK0031, Fermentas), 6 µL of water and using the 761 

following program: 37 °C for 30 min; 95 °C for 5 min; ramp down to 25 °C at 5 °C/min. 2 762 

µL of 1:200 diluted sgRNA were cloned in 100ng of MLM3636 with 2 µL of 10X Tango 763 

buffer (BY5, Fermentas), 1 µL of DTT (D0632, Sigma) and ATP (U120D, Promega) 764 

each at 10mM, 1 µL of BsmB1 (R05805, New England Biolabs), 0.5 µL of T4 DNA 765 

Ligase (M0202S, New England Biolabs) and 10.5 µL of water. The cloning was 766 

performed using the following program: 6 cycles of 37°C for 5 min, 21°C for 5 767 

min.Transformation was performed with 5 ng of DNA using Stellar™ competent cells 768 

(636763, Ozyme) according to manufacturer recommendations. 769 

Cells were transfected using Amaxa Nucleofector™ (Lonza) following manufacturer 770 

instruction. Briefly, one million of cells were co-transfected with 2 µg of MLM3636-771 

SA1m#1 or MLM3636-SA2m#1 or MLM3636-SA2m#2 plasmid and 2 µg of pCas9_GFP 772 

plasmid (gift from Kiran Musunuru, Addgene plasmid # 44719 ; 773 

http://n2t.net/addgene:44719 ; RRID: Addgene_44719) and 1 µg of pCDH1-CMV-MCS-774 

EF1-Puro plasmid (System Biosciences, CA) providing puromycin resistance in V 775 

Nucleofector ™solution using T020 program. 24 hours after transfection, the cells are 776 

selected during 2 days with 0.5 µg/mL or 1 µg/mL of puromycin for TC71 and A673 cell 777 

lines respectively. Transfected cells were then cloned and screened for knockout using 778 

Western blot to assess STAG1 and STAG2 expression. For rescue experiment, 779 

A673SA2m#1 cells were co-transfected with 2 µg of MLM3636-SA2r, 2 µg of single 780 

stranded phosphorotioate modified oligonucleotide template (SA2t: 5′- 781 

ctTCTTACAGGATTGTCTGACTCACAAGTCAGAGCATTTCGACATACAAGCACGCTA782 

GCAGGTCGGTATTTAGAAATATTTTCTGCATAttg -3′, nucleotides with 783 

phosphorotioate modification are shown in lower case), 2 µg of pCas9_GFP plasmid 784 
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and 1 µg of pCDH1-CMV-MCS-EF1-Puro plasmid as described above and isolated as 785 

for the other isogenic models. All isogenic models were validated using Sanger 786 

sequencing. DNA was extracted from clones of interest using QiAamp®DNA mini kit 787 

(51304, Qiagen) according to the manufacturer’s instructions. PCR reaction was 788 

performed to amplify sgRNA targeting region in STAG1 or STAG2 loci (1619-STAG1: 789 

forward, 5′-CAGCATCCTCAAGGCTGTGA-3′; reverse, 5′-790 

TCAGTGGAAGTGAAGAAGCTCT-3′ and 1460-STAG2: forward, 5′-791 

AGAGCTGAAGTGTTCAGAGGT-3′; reverse, 5′-AGGAATTCGCAGGAGGGATG-3′) 792 

with 200 ng of DNA, 2.5 µL of 10X TP Gold (4311806, Thermo Fisher Scientific), 1.5 µL 793 

of MgCl2 25mM, 2 µL dNTP 2.5mM (U1420, Promega), 1.5 µL forward and reverse 794 

primers (10 µM) and 0.12 µL Amplitaq Gold®. PCR was performed using the following 795 

program: 95 °C for 12 min, 35 cycles of (94 °C for 15 s, 57°C for 30 s and 72°C for 2 796 

min) and 72 °C for 7 min. PCR products were purified (Nucleofast 96 PCR plate 797 

743100.50, Macherey Nagel) and Sanger sequenced validated using their respective 798 

forward and reverse primers. 799 

 800 

siRNA 801 

Cells were transfected using lipofectamine RNAiMAX (Invitrogen, ref 13778030) with 802 

siCT (ON-TARGET plus Non-targeting Control siRNA #1, Dharmacon, ref D-001810-01-803 

50, or All stars negative Control siRNA, ref 1027281, Qiagen), siSA2#6 (siRNA Human 804 

STAG2, Dharmacon, ref J-021351-06-0050), siSA2#8 (siRNA Human STAG2, 805 

Dharmacon , ref J-021351-08-0050), siEWSR1-FLI1 fusion type 1 (7/6) for A673, TC71 806 

and CHLA-10 or type 2 (7/5) for EW1 (Qiagen, custom order). For a 6 well plate, siRNA 807 

transfection mix was prepared by adding 3µl of Lipofectamine RNAiMAX to 230µl of 808 

Opti-Mem (Thermo Fisher, ref 31985062) and combining it for 12 to 20 minutes with 233 809 

µl of Opti-Mem and siRNA mix. This mix was then added to 1.9 mL of respective cell 810 

media. All experiments were conducted without antibiotics and scale up when 811 

necessary. The cells were harvested after 24, 48 or 72 hours post transfection. 812 

 813 

Cell infection 814 
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Lentivirus was produced in HEK293T cells (from ATCC) as previously described 815 

(Surdez et al., 2012) with pCDH1 empty control or pCDH1-EWSR1-FLI1 vectors 816 

(Guillon et al., 2009). A673SA2m#1 cells were infected with a multiplicity of infection 817 

ranging from 20 to 50. 24h post infection, cells were selected with puromycin for 2 818 

weeks using 1 μg/ml puromycin (ant-pr-1; InvivoGen) before starting experiments. 819 

 820 

RNA extraction, cDNA and RT-QPCR 821 

RNA was extracted with the RNeasy Plus Mini Kit (Qiagen, ref 74134) and reverse-822 

transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied 823 

Biosystems, ref 4368814). RT-QPCRs were performed using Power SYBR Green PCR 824 

Master Mix (Applied Biosystems, ref 4367659). Oligonucleotides were purchased from 825 

MWG Eurofins Genomics and listed in oligonucleotide section of the key resource table. 826 

Reactions were run on an CFX384 Touch Real-Time PCR Detection System instrument 827 

(Bio-Rad) and analyzed using the Bio-Rad CFX Manager 3.1 software. 828 

 829 

Immunoblotting 830 

Cells were trypsinized, counted, washed with ice-cold PBS and lysed in Laemmli buffer 831 

(50 mM Tris-HCL, 2.5 mM EDTA, 2.55 mM EGTA, 2% SDS 20%, 5% Glycerol, 1% 832 

Bromophenol blue, protease inhibitor cocktail tablets and 2 mM DL-Dithiothreitol 833 

solution) at 10 million cells/ml. Protein lysates were sonicated and denatured at 95 °C 834 

for 5 min and electrophorated on 4-15% Mini-PROTEAN®TGXTM gels (456-1084, BIO-835 

RAD), transferred onto nitrocellulose membranes (1704159, BIO-RAD). Membranes 836 

were incubated overnight at 4°C with mouse anti-STAG2 (1:1,000, Santa Cruz 837 

Biotechnology, sc-81852), goat anti-STAG1 (1:5,000, ab4457, Abcam), rabbit anti-H3 838 

(1:50,000, ab1791, Abcam), mouse anti-β-Actin (1:20,000, A5316, Sigma-Aldrich), 839 

rabbit anti-FLI1 antibody (1:1,000, ab133485, Abcam) and rabbit anti-H3K27ac 840 

(1:1,000, ab4729, Abcam). Then membranes were incubated 1h at room temperature 841 

with respective anti-rabbit, anti-mouse immunoglobulin G horseradish peroxidase (HRP) 842 

coupled secondary antibody (1:3,000, NA934 or NXA931, respectively; GE Healthcare) 843 

or anti-goat IgG-HRP (1: 10,000, SC-2354, Santa Cruz). Proteins were visualized using 844 
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SuperSignal™ West Pico Plus (34580, Thermo Scientific) and ChemiDoc™ Imaging 845 

System (BIO-RAD). 846 

 847 

RNA-seq 848 

RNA was extracted from independent experiments using RNeasy Plus Mini Kit (Qiagen, 849 

ref 74134) according to manufacturer recommendations. RNA sequencing libraries were 850 

prepared from 1 µg of total RNA using the TruSeq Stranded mRNA Library preparation 851 

kit (Illumina, ref 20020594) following manufacturer instructions. Sequencing was carried 852 

out using 2x100 cycles (paired-end reads 100 nucleotides) for all samples on Illumina 853 

HiSeq2500 or NovaSeq6000 instruments. Reads were aligned with STAR 2.5.3 (Dobin 854 

et al., 2013) to the human genome (GRCh37/hg19 version). We used the count matrix 855 

generated by STAR using the human gene annotation v19 of GENCODE. DESEQ2 856 

1.20.0 (Love et al., 2014) was used to normalize data and performed differential 857 

analysis with the Wald test. The p-value was adjusted using Benjamini-Hochberg. For 858 

differential analysis, we used an adjusted p-value < 0.01 and |log2(fold change)| > 1. 859 

We considered a gene expressed if the normalized expression is higher than 10. 860 

 861 

Tumors and cell lines expression data 862 

RNA-seq dataset from Ewing sarcoma patients were previously published 863 

(EGAS00001003333). Microarray data were profiled using HG-U133-Plus2 arrays 864 

(Affymetrix) and processed as previously published (Postel-Vinay et al., 2012; Surdez et 865 

al., 2012). For Microarray analyses, Ewing tumors samples from GSE34620 and from 866 

this study (GSE133228) were used. RNA-seq of this study (GSE133228) were 867 

generated from previously described Ewing cell lines (Batra et al., 2004; Dauphinot et 868 

al., 2001; Kovar et al., 1997; Tirode et al., 2014). STAG2 mutational status of tumors 869 

(Tirode et al., 2014) and cell lines (Brohl et al., 2014; Crompton et al., 2014; Tirode et 870 

al., 2014) was previously determined. 871 

 872 

ChIP-seq 873 

Chromatin Immunoprecipitation (ChIP) experiments were performed following 874 

manufacturer instructions using iDeal ChIP-seq kit for transcription factors and for 875 
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histones (Diagenode) with respectively rabbit polyclonal anti-FLI1 antibody (ab15289, 876 

Abcam), rabbit polyclonal anti-RAD21 (ab992, Abcam), goat polyclonal anti-STAG1 877 

(ab4457, Abcam), goat polyclonal anti-STAG2 (ab4463, Abcam), anti-CTCF (provided 878 

in iDeal ChIP-seq kit Diagenode), rabbit polyclonal anti-SMC1 (A300-055A, Bethyl 879 

laboratories), rabbit polyclonal anti-H3K4me3 (C15410003, Diagenode) and rabbit 880 

polyclonal anti-H3K27ac (ab4729, Abcam). Briefly, Ewing cell lines were fixed for 10 881 

minutes with 1% of methanol-free formaldehyde (28908, Thermo-Scientific). Chromatin 882 

was sonicated (Bioruptor, Diagenode) for 20 cycles (30-sec on, 30-sec off) set at 883 

position “high” to generate DNA fragments with an average size around 150-300pb. For 884 

ChIP sequencing, libraries were generated using TruSeq ChIP library preparation kit 885 

(Illumina) and sequenced on Illumina HiSeq 2500 or NovaSeq 6000 (single end, 100 886 

bp). Reads were aligned to human reference genome (GRCh37/hg19) with bowtie2 887 

2.2.9 (Langmead and Salzberg, 2012). Uninformative reads (multimapped reads, 888 

duplicated reads and reads with low mapping score) were filtered out with samtools 1.3 889 

(Li et al., 2009). Peaks were called with MACS2 2.1.1 (Zhang et al., 2008) with the 890 

option narrow for FLI1, CTCF and cohesin members ChIP-seq and broad for histone 891 

marks. Genomic regions containing four or more consecutive GGAA sequences were 892 

considered as microsatellites (msat) and divided into FLI1-bound and -unbound 893 

categories. For each cell line, ChIP-seq were normalized according to their respective 894 

input DNA sample. The ChIP-seq signal tracks were generated by macs2 with bdgcmp 895 

option (and –m FE to compute fold enrichment between the ChIP and the control). 896 

Then, we run bedGraphToBigWig to convert the file to a binary format (BigWig). To 897 

identify super-enhancers, we apply ROSE 0.1 algorithm on the H3K27ac peaks (Whyte 898 

et al., 2013). For the heatmap, the region was binned (50 bp/bin) around the reference 899 

peaks and the normalized coverage was computed for each bin. 900 

 901 

HiChIP 902 

Several adaptations were made and are detailed below in an overview of the otherwise 903 

original protocol described by Mumbach and colleagues (Mumbach et al., 2016). 904 

Experiments were performed as independent biological replicates. Cells were plated 2 905 

days before starting the experiment to reach a 90-95% confluence at the time of fixation 906 
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in 1% of methanol-free formaldehyde (28908, Thermo-Scientific) in freshly prepared 907 

respective cell culture media (20ml/T150 flask). Cells were fixed at room temperature 908 

for 10 minutes under gentle shaking platform (50mvt/min). 2 mL of glycine solution (2M) 909 

were added and cells were incubated for 5 additional minutes at room temperature 910 

under gentle shaking platform. The supernatant was removed and cells were washed 3 911 

times with PBS at room temperature. Cells were scraped vigorously with ice cold PBS 912 

supplemented with protease inhibitor cocktail tablets (11836145001, Roche), and 913 

flushed five time through a syringe with a 21 gauge needle (301155, BD Microlance). In 914 

situ contact libraries were performed starting from 15 million nuclei digested overnight at 915 

37°C with Mbo1 (R0147M, New England Biolabs). After proximity ligation (4 h at room 916 

temperature), the nuclear pellet was sonicated and the chromatin immunoprecipitation 917 

step was performed using the iDeal ChIP-seq kit for transcription factors (Diagenode) 918 

according to the supplier's recommendation with some modification. Nuclei were 919 

resuspended in IL1b and IL2 buffer following Diagenode protocol and all centrifugations 920 

were performed at 4°C for 5 min at 1,950 RCF for these steps. The chromatin was 921 

sonicated (5 million nuclei per tube) with Bioruptor pico (Diagenode) for 10 cycles (30-922 

sec on, 30-sec off) set at position “high”. The tubes were pooled and the chromatin was 923 

clarified by centrifugation at 4°C for 10 min at 16,000 RCF. Sonicated chromatin from 11 924 

and 3 million nuclei were used respectively for CTCF and H3K27ac immunoprecipitation 925 

step using the equivalent of 3 ChIP reactions pooled in one tube for each HiChIP 926 

reaction (final volume was 1050 µl/tube). Immunoprecipitation was then carried out 927 

following Diagenode kit instructions by multiplying all reagents by a factor 3 until end of 928 

elution step (50µl). 929 

Biotin capture was performed as previously described (Mumbach et al., 2016) and 930 

library for illumina sequencing were prepared using 10 ng of chromatin and 0.5 µL of 931 

TN5 (15028211, Illumina). A first PCR in a final volume of 50µl with 5 cycles was 932 

performed (72 °C for 5 min, 98 °C for 1 min, then 5 cycles at 98 °C for 15 s, 63 °C for 30 933 

s, and 72 °C for 1 min). To determine how many additional PCR cycles were required 934 

for optimal library preparation, a QPCR with: 5µL of the first PCR product, 1 μL of 935 

Nextera Ad1_noMX and Nextera Ad2.X (each at 1.25 μM), 5 µl of phusion HF 2X 936 

(M0531S, New England Biolabs), 0,75 µL Evagreen® 20X (31000, Biotium) and 2,25 µL 937 
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of water was runned (same program as first PCR but with 30 cycles). The optimal 938 

number of additional cycle was determined for each library by setting a threshold just 939 

before reaching the end of exponential amplification step. The 45µl left from the first 940 

PCR were further amplified using additional PCR cycles as determined above. Size 941 

selection was performed using Ampure XP beads (A63881, Beckman Coulter) to 942 

capture fragments greater than 300 bp. Libraries were quantified and analyzed using 943 

Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) and LabChIP (Perkin Elmer). A 944 

first validation of HiChIP experiments was performed using 150 bp paired-end 945 

sequencing on MiSeq-microV2-300-PE150 (Illumina). Deep 75 bp paired-end 946 

sequencing was then performed on HiSeq 2500 or NovaSeq 6000 systems (Illumina). 947 

HiC-Pro 2.10.1 (Servant et al., 2015) pipeline was used to map reads against the 948 

human genome (GRCh37/hg19 version), assign reads to restriction fragments, remove 949 

duplicate pairs, filter out invalid interaction products and generate a 5kb interaction 950 

matrix of valid pairs (read pairs mapping on two different restriction fragments, see 951 

Servant et al., 2015 for more details). All HiChiP data were ultimately normalized to the 952 

number of valid cis-interactions for subsequent analyses. HiC-Pro was also used to 953 

generate “.hic” file for data visualization in Juicebox software (Durand et al., 2016; Rao 954 

et al., 2014). 955 

 956 

Loop prediction by Tweed 957 

To detect loops from CTCF HiChIP data, we developed a new algorithm called Tweed 958 

(Sup. Figure 5). Loops can be defined by the presence of CTCF sites at both ends, by 959 

increased signal as compared to background and by the presence of a corner peak at 960 

the intersection of a X and a Y stripe. First, we identified all CTCF peaks using the 961 

MACS algorithm on ChIP-seq data. All candidate stripes starting on a CTCF site and 962 

ending on all possible CTCF sites within a limit of 2.5 Mb were then considered. We 963 

excluded from the analysis a 75 kb (15 bins) region close to the diagonal where the 964 

signal is difficult to interpret. We then used two different approaches. The first one was 965 

based on the expected increased signal of stripes (enrichment method). This method 966 

compared the total intensity of each candidate stripe with that of a control region defined 967 

by the 10 flanking parallel lines of identical size (the control region was defined 968 
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upstream or downstream the candidate X and Y stripes, respectively). The signal 969 

intensity of a stripe was then normalized along its entire length. For each control 970 

regions, we also calculated the median value of the normalized intensity (10 lines). For 971 

each stripe, we defined a control value corresponding to the median values of all control 972 

regions of equivalent size. This last step allowed to avoid local bias and not to be too 973 

stringent in the definition of stripes. The intensity of each candidate stripe of a given 974 

length was then compared with this value. The intersection of X and Y stripes was 975 

computed based on their coordinates. A loop was defined when both X and Y values 976 

were > 2 or when either of the values was > 3. 977 

The second approach (second derivative method) was based on the detection of 978 

decreased interaction intensity at the end of the stripe (frequently defined as the corner 979 

peak). This inflection point can be detected by a negative value of the second derivative 980 

of the function defined by the cumulative curve of interaction counts along the stripe. If 981 

the value was negative on the corner, or lower than -10 in the +/- 1 adjacent bin to the 982 

corner, a candidate loop was predicted. Only loops predicted by both methods and with 983 

mean intensity higher than 2 reads/bin were kept. For adjacent loops (i.e. differing only 984 

by 1 bin at their CTCF boundary sites), the loop with the highest coverage intensity was 985 

kept. At this point, most predicted loops presented at their boundaries a strong 986 

prevalence of cohesin members and convergent CTCF motif orientations as determined 987 

with the FIMO tool from MEME suite (Grant et al., 2011) using the CTCF motif 988 

(MA0139.1 from Jaspar database) (Sup. Figure 5e-g). Final filtering for presence of 989 

convergent CTCF motif orientations and of at least one member of the cohesin complex 990 

at each CTCF boundary sites was therefore used for final loop selection. At the end, 991 

18,774 (A673WT) and 14,263 (TC71WT) loops were detected by our Tweed algorithm. 992 

Final loops were classified in two categories: balanced intensity of X and Y stripes or 993 

asymmetric stripes with predominant X or Y pattern (defined by a log2 X/Y stripe 994 

coverage ratio higher or lower than the mean value of all stripes intensity +/- 2SD, 995 

respectively). To compare loop coverage for each loop detected in STAG2 WT 996 

conditions (Fig. 4D), we computed the stripe coverage and normalized by the total 997 

number of cis-interactions as well as by the loop size. We then assessed the difference 998 
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between STAG1/2 -WT and -KO conditions (paired T-test on 999 

log10(normalised_coverage)). 1000 

 1001 

Interaction chains 1002 

H3K27ac HiChIP were processed with HiC-Pro (v2.10.1) using at least two replicates 1003 

for each experiment with a bin resolution of 5kb and all analyses were performed using 1004 

valid pairs (Sup. Table S4). Chains started from H3K4me3 peaks overlapping TSS (V19 1005 

genome annotation of the hg19 mapping assembly) of expressed genes in A673WT or 1006 

A673SA2m#1 conditions (for A673 chains) or TC71WT or TC71SA2m#2 conditions (for TC71 1007 

chains). Each 5kb promoter bin (BIN-P) overlapped with at least one of these promoter 1008 

regions (i.e. several BIN-P overlapping H3K4me3 peaks were allowed). Starting from a 1009 

single BIN-P, the first enhancer (BIN-E1) element of the promoter enhancer chain was 1010 

identified as bin displaying overlap with H3K27ac peaks (in respectively A673WT and 1011 

TC71WT ChIP-seq data) and displaying the strongest interaction (greater than 4 reads) 1012 

located at least 20,000 (4 bin gap) away from BIN-P in H3K27ac HiChIP matrix of 1013 

respectively A673WT or TC71WT data. A recursive algorithm following these rules 1014 

allowed to construct promoter enhancer chains up to the 20th enhancer BIN (chains: 1015 

BIN-P linked to BIN-E1 up to BIN-E20). Promoter enhancer chains were assigned to 1016 

respectively 10,716 and 10,708 genes in A673WT and TC71WT, representing respectively 1017 

74% and 72% of the population of expressed genes in A673 and TC71. Promoter 1018 

enhancer chains containing GGAA microsatellite-bound EWSR1-FLI1 peaks at any BIN-1019 

P or BIN-E position within their chains are summarized in Table S5. Interactions 1020 

(separated by at least 20kbp and displaying at least 4 reads) localized within super 1021 

enhancer (SE) regions were defined in parental STAG2-WT cells (634 and 725 SEs 1022 

were respectively considered in A673WT and TC71WT). So defined interacting bins were 1023 

compared to H3K27ac HiChIP data of isogenic STAG2-mutated or -rescue conditions. 1024 

 1025 

Soft agar colony formation assay 1026 

A first agar layer was placed in 6 well cell culture plates at 0.8% (w/v) of low melting 1027 

point agarose (16520; Invitrogen) in respective cell culture media. Once solidified, a 1028 

second layer of 0.4% agar was added, containing respectively 1000 or 2000 cells for 1029 
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TC71 and A673 lines. The plates were maintained at 4°C for 5 minutes and 1 mL of 1030 

fresh medium was subsequently deposited as a top layer. The plates were incubated at 1031 

37°C at 5% CO2 and colonies (>50 µm diameter) were counted 2 weeks post seeding 1032 

using the FIJI Particle Analysis tool.  1033 

 1034 

Actin cytoskeleton and focal adhesion 1035 

A673 (2.5X104 cells) and A673SA2m#1 (2X104 cells) were plated in 24-well plate on 1036 

poly-D-Lysine coated coverslips (Corning, #354086). After 24 hours, the cells were fixed 1037 

with 4% paraformaldehyde, permeabilized in 0.2% Triton X-100/1XPBS and blocked in 1038 

1% BSA/1XPBS solution. Cells were then incubated with phalloidin-1039 

tetramethylrhodamine B isothiocyanate (1:100, Sigma, #P1951) and paxillin antibody 1040 

(1:1000, BD biosciences, #610051) diluted in 0.5% BSA/1X PBS for 1 hour, washed 1041 

with 0.5% BSA/1X PBS and incubated with Alexa Fluor 488-conjugated donkey anti-1042 

mouse (1:100, Invitrogen, #A21202) for 45 min. Slides were mounted using Prolong 1043 

Gold Antifade reagent (Thermofisher, #P36930). Images were acquired with an upright 1044 

widefield Apotome microscope (Zeiss) equipped with a Coolsnap HQ2 camera through 1045 

a x63 NA 1.4 oil-immersion objective lens. Paxillin focal adhesion foci associated with 1046 

phalloidin stress fibers were counted in individual cells for each condition. 1047 

 1048 

Wound healing migration assay 1049 

Migratory capacity of the cells was examined by seeding respectively 7X104 A673, 1050 

6X104 A673SA2m#1, 7X104 A673SA2r, 7-8X104 EWIma1SA2 or EWIma1Empty and 1051 

9X104 CHLA-258 9X104 cells in each well of a cell culture-insert (Ibidi, #80209). At cell 1052 

confluence, insert was carefully removed using tweezers and cell migration into the 1053 

wound (cell-free 500 μm gap) was monitored using time-lapse microscopy (IncuCyte 1054 

Live Cell Analysis Systems, 4x or 10x objective lens, Sartorius) with an interval of 2 1055 

hours during 48 hours. The wound surface was measured for each time point using the 1056 

MRI Wound Healing Tool (http://dev.mri.cnrs.fr/projects/imagej-1057 

macros/wiki/Wound_Healing_Tool) in ImageJ. 1058 

 1059 

Spheroid invasion assay 1060 
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Spheroids were formed in 96-wells Ultra-Low Attachment microplates (Corning, 7007) 1061 

by seeding 2000 cells in 50µl of cell culture media. After 3 days of aggregation, 1062 

spheroids were embedded in 50μl of Collagen I matrix (5mg/ml) (Corning, 354249) and 1063 

incubated in a cell culture incubator (37°C, 5% CO2). Time-lapse microscopy (IncuCyte 1064 

Live Cell Analysis Systems, 4X objective lens, Sartorius) was started 2h post 1065 

embedding for 7 days using an interval of 1 hour between each acquisition. 1066 

 1067 

Image analysis 1068 

To analyze the shape and size of cellular aggregates, raw images are binarized through 1069 

a custom-made MATLAB code. Briefly, the code detects the contours of the aggregate 1070 

with a standard-deviation filter. Contour are then filled to define the shape of the 1071 

aggregate, whose geometric properties are assessed through MATLAB’s regionprops 1072 

function. In particular, we record for each frame the area and the eccentricity, defined as 1073 

the ratio of the distance between the two foci of the equivalent ellipse and the length of 1074 

the long axis. This value is equal to 1 for a straight line and 0 for a perfect circle. 1075 

 1076 

Velocity measurements: 1077 

Particle image velocimetry (PIV) was used to obtain the velocity fields around the 1078 

contour of the aggregates. The PIV analysis was performed using the Matpiv package 1079 

in MATLAB (https://www.mn.uio.no/math/english/people/aca/jks/matpiv/). A three-pass 1080 

computation using a final window of 64 x 64 pixels (195 x 195 µm) was used, with a .75 1081 

overlap. Aberrant vectors were detected and removed from the analysis when their 1082 

magnitude exceeded the local median value by three times the standard deviation. The 1083 

time interval between consecutive images was 4 hours. For clarity, we only draw the 1084 

velocity arrows located at less than 100 µm from the edge of the aggregate. 1085 

 1086 

Boyden chambers assay 1087 

A673 and CHLA-258 cells were transfected 48hrs prior the assay. The following 1088 

numbers of trypsinized cells were seeded in the upper compartment of a Boyden 1089 

chamber (353182, BD Biosciences): 5X104 A673, 5X104 A673SA2m#1, 5x104 1090 

A673SA2r cells and 7.5X104 A673 or CHLA-258 transfected cells (siCT, siSA#6 or 1091 
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siSA#8) in respectively their respective media containing 0.5% FBS. The lower well 1092 

chamber was in contact with respective media containing 10% FBS. After 24 hours 1093 

(siRNA) or 48 hours (STAG2 isogenic models), the remaining cells present on the upper 1094 

membrane of the Boyden chamber were carefully wiped out with a cotton swab and the 1095 

chamber was then stained with crystal violet solution. Cell count was performed from 10 1096 

non-overlapping pictures acquired with a microscope (10X objective lens). 1097 

 1098 

GSEA and DoRothEA Analyses 1099 

GSEA was performed using default parameters and the MSigDB H, C2, C3, C4, C5, C6, 1100 

C7 (V7.1.symbols) gene sets collections and published gene sets (listed in Table S2). 1101 

The analysis presented in table S6 was generated with the web based Investigate Gene 1102 

Sets tool (https://www.gsea-msigdb.org/gsea/msigdb/annotate.jsp) using H, C2, C3, C4, 1103 

C5, C6, C7 gene sets and default parameters except for max gene (n=500) per gene 1104 

set. Due to restriction of maximum input genes (n<1995) of this tool, only genes 1105 

displaying expression levels >250 TPM were selected for this analysis (1918 genes 1106 

among 2331 in A673 and 1332 genes among 1625 in TC71). DoRothEA analyses were 1107 

performed using default parameters and restricting results to A and B confidence level 1108 

transcription factors. 1109 

 1110 

QUANTIFICATION AND STATISTICAL ANALYSIS 1111 

The tests used for statistical analyses are described in the legends of each concerned 1112 

figure and have been performed using R v3.4. Symbols for significance are described in 1113 

the legends of each concerned figure. Experimental group, n represent the number of 1114 

subjects within each group 1115 

 1116 

 1117 

  1118 
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STAG2 Mutated(KO)

↓ anchored chromatin extrusion
↓ cis-enhancer activity

STAG2 WT

CTCF/cohesin-STAG2 favors:
• anchored chromatin extrusion
• promoter-enhancers and intra-

enhancer interactions

in Ewing sarcoma

Anchor

ExtrusionPromoter Cohesin(s)
CTCFEnhancer

STAG2EWSR1-FLI1

↓ EWSR1-FLI1 
cis-activity

↑ migration

EWSR1-
FLI1

activation 
signature

Cell lines

KD24-72h KO

Tumors
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