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SUMMARY
The core cohesin subunit STAG2 is recurrently mutated in Ewing sarcoma but its biological role is less clear.
Here, we demonstrate that cohesin complexes containing STAG2 occupy enhancer and polycomb repressive
complex (PRC2)-marked regulatory regions. Genetic suppression of STAG2 leads to a compensatory in-
crease in cohesin-STAG1 complexes, but not in enhancer-rich regions, and results in reprogramming of
cis-chromatin interactions. Strikingly, in STAG2 knockout cells the oncogenic genetic program driven by
the fusion transcription factor EWS/FLI1 was highly perturbed, in part due to altered enhancer-promoter con-
tacts. Moreover, loss of STAG2 also disrupted PRC2-mediated regulation of gene expression. Combined,
these transcriptional changes converged to modulate EWS/FLI1, migratory, and neurodevelopmental pro-
grams. Finally, consistent with clinical observations, functional studies revealed that loss of STAG2 enhances
the metastatic potential of Ewing sarcoma xenografts. Our findings demonstrate that STAG2 mutations can
alter chromatin architecture and transcriptional programs to promote an aggressive cancer phenotype.
INTRODUCTION

Massively parallel sequencing efforts have revealed cancer-

associated mutations in the cohesin complex, a multiprotein

complex important in sister chromatid cohesion and gene regu-

lation (Romero-Perez et al., 2019). STAG2 is amember of the co-

hesin complex, composed of SMC1A, SMC3, and RAD21, form-

ing a ringed structure that can surround two strands of DNA. The

fourth member of the complex is one of three members of the

STAG protein family: STAG1, STAG2, or STAG3 (Haering et al.,

2008; Nasmyth, 2002). Studies have demonstrated that cohesin

complexes containing either STAG1 (cohesin-SA1) or STAG2

(cohesin-SA2) are expressed concurrently in mitotic cells and

bind to overlapping, as well as unique, chromatin locations (Cua-
drado et al., 2019; Kojic et al., 2018; Losada et al., 2000). The co-

hesin complex plays an important role in regulating sister chro-

matid alignment during cell division. Therefore, when loss-of-

function mutations in STAG2 were first identified in cancer, it

was hypothesized that these events would cause cohesin

dysfunction and improper chromosomal segregation resulting

in aneuploidy (Solomon et al., 2011). However, subsequent

studies demonstrated thatSTAG2mutations are not significantly

associated with aneuploidy in hematopoietic malignancies, Ew-

ing sarcoma, or bladder carcinoma (Balbas-Martinez et al., 2013;

Crompton et al., 2014; Kon et al., 2013; Solomon et al., 2013; Tir-

ode et al., 2014). The cohesin complex also plays a critical role in

chromatin regulation of gene expression. Cohesin maintains

chromatin accessibility at transcription factor binding sites
Cancer Cell 39, 827–844, June 14, 2021 ª 2021 Elsevier Inc. 827
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Figure 1. Loss of STAG2 does not consistently alter cell growth but changes the composition of the cohesin complex and renders cells sen-

sitive to STAG1 deletion

(A) Hockey plots depicting the distribution of STAG2, SMC1A, SMC3, and RAD21 gene effect (CERES) scores across the 789 cell lines in CRISPR (Avana)

Depmap v20Q3 data.

(B) Line graphs showing mean ± SD of cumulative doublings for parental or clonally selected non-targeting (NT) or STAG2 KO A673 and TC71 cells. Pairwise

comparative analysis for exponential growth fitted curves. Extra-sum-of-squares F test, **p < 0.01; ns, not significant.

(C) EdU (5-ethynyl-20-deoxyuridine) incorporation-based cell-cycle profiling and representative flow-cytometry plots (left) are shown. Two independent exper-

iments as mean ± SD bar plots (right). Two-way ANOVA; ns, not significant.

(D and E) Subcellular fractionation (D) or immunoprecipitation with SMC1A, SMC3, or IgG (E) followed by western blot was performed for the indicated proteins.

(legend continued on next page)
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during cell division and promotes DNA-DNA contacts that form

the basis of enhancer-promoter interactions and define the

boundaries of topologically associated domains at CTCF binding

sites (Dowen et al., 2014; Kagey et al., 2010; Wendt et al., 2008).

Therefore, we hypothesized that loss of STAG2 alters cohesin

function, resulting in changes in gene regulation in Ewing

sarcoma.

Studies have demonstrated that patients with STAG2-

mutated Ewing sarcoma have a higher rate of metastatic disease

and worse outcomes (Crompton et al., 2014; Tirode et al., 2014).

Therefore, we also hypothesized that altered gene expression

associated with STAG2 loss would be associated with an in-

crease in metastatic potential. To test these hypotheses, we

chose the pediatric solid tumor Ewing sarcoma as our model

system, a malignancy defined by a simple genome and an onco-

genic rearrangement between the EWSR1 gene and an ETS-

family transcription factor encoding gene, most commonly

FLI1, resulting in an EWS/FLI1 fusion. STAG2mutations are pre-

sent in 15%–20% of tumors and lead to loss of expression of the

gene (Brohl et al., 2014; Crompton et al., 2014; Tirode et al.,

2014). In this study, we genetically ablated STAG2 in Ewing sar-

coma cell lines expressing wild-type (WT) STAG2 and examined

the phenotypic, transcriptional, and epigenetic effects of

STAG2 loss.

RESULTS

Depletion of STAG2 alters the composition of the
cohesin complex and is synthetic lethal with STAG1 loss
To evaluate the oncogenic role of loss-of-function mutations in

STAG2, we initially explored the Cancer Dependency Map (Dep-

Map) database (Tsherniak et al., 2017). Our analysis revealed

that, distinct from other core subunits of the cohesin complex,

CRISPR/Cas9-based disruption of STAG2 does not affect the

proliferation and/or viability of most Ewing sarcoma cell lines

(Figure 1A). A subset of cell lines in the database bear STAG2

mutations. Thus, we focused on two cell lines, TC71 and A673,

which express WT STAG2. These cell lines, however, show rela-

tively contrasting phenotypes with respect to STAG2 deletion,

with TC71 showing a modest growth defect and A673 showing

a modest growth advantage. STAG2 is an X-linked gene, and

our previous study has shown that recurrent mutations of

STAG2 in Ewing sarcoma invariably result in lack of expression

of the protein product (Crompton et al., 2014). Thus, we gener-

ated isogenic clonal STAG2 knockout (KO) cells, along with con-

trols, and subjected them to long-term in vitro proliferation as-

says (Figure S1A). In liquid culture, STAG2-deleted A673 cells

showed a mild, yet statistically significant, growth advantage,

consistent with DepMap data (Figure 1B). In contrast, TC71 cells

displayed a similar rate of growth relative to non-targeting and

parental controls in liquid culture and a mild growth defect in

semi-solid methylcellulose media (Figures 1B and S1B). More-

over, given the important role of the cohesin complex in main-

taining proper cohesion and segregation of sister chromatids,
(F) Genome-scale CRISPR/Cas9 screen in isogenic NT and STAG2 KO A673 clon

the genome-wide differential analysis of isogenic NT versus STAG2 KO processe

effect size % �0.3, adjusted p % 0.10).

See also Figure S1.
we also evaluated cell-cycle progression. Our results showed

relatively similar distribution of cells in all phases of the cell cycle

in control and STAG2-deleted A673 cells (Figure 1C).

Because STAG2 is one of the core subunits of the cohesin

complex, we next employed biochemical assays and investi-

gated the impact of STAG2 loss on the complex. Purified cyto-

plasmic, soluble nuclear, and chromatin-bound fractions from

control and STAG2 KO cells were immunoblotted for several co-

hesin complex subunits. Strikingly, we observed increases in

STAG1 levels with STAG2 KO in the chromatin-bound fraction

in A673 and soluble nuclear fraction of A673 and TC71 cells (Fig-

ures 1D and S1C). In addition, RAD21 levels were reduced in the

soluble nuclear fraction. Next, to test whether changes in STAG2

abundance affect the assembly of the complex, we immunopre-

cipitated cell extracts with antibodies against SMC1A or SMC3

and immunoblotted for all the core subunits of the complex.

Consistent with the cell-fractionation experiments, we observed

increased levels of STAG1 and decreased levels of RAD21 in as-

sociation with the SMC proteins in STAG2 KO cells (Figures 1E

and S1D).

The absence of consistent cell-proliferation alterations, and

the increased levels of cohesin-SA1, suggest that at least the

essential, cell-cycle-associated function of STAG2 is being

compensated by its paralog STAG1. Consistent with this notion

and in good agreement with previous findings by other investiga-

tors (Benedetti et al., 2017; Liu et al., 2018; van der Lelij et al.,

2017), a genome-scale CRISPR/Cas9 screen identified STAG1

as the top synthetic lethal dependency in isogenic STAG2 KO

A673 cells compared with controls (Figure 1F). This finding

was also validated in independent experiments comparing the

effect of STAG1 deletion in isogenic settings, as well as in WT

and STAG2 mutant parental Ewing sarcoma cell lines (Figures

S1E–S1H). Taken together, these results strongly suggest that

STAG2 mutations in Ewing sarcoma do not predominantly and

universally perturb the canonical cell-cycle-associated function

of the cohesin complex and that the likely contribution of these

mutations to Ewing sarcoma pathogenesis is through other

mechanisms.

Cohesin-SA1 and cohesin-SA2 bind to overlapping and
unique regions in Ewing sarcoma cells
In addition to the canonical role of maintaining sister chromatid

cohesion during cell division, the cohesin complex also medi-

ates dynamic, high-frequency intrachromosomal interactions

including those conjoining enhancers to promoters (Hansen

et al., 2018). Therefore, we hypothesized that loss of STAG2 dis-

rupts cis-chromatin interactions in Ewing sarcoma cells. First, to

determine the genome-wide distribution and relative abundance

of the cohesin complexes in the presence and absence of

STAG2, we performed calibrated chromatin immunoprecipita-

tion sequencing (ChIP-seq) analysis using antibodies against

STAG2, STAG1, and SMC1A in isogenic A673 cells. Consistent

with our biochemical analyses, genome-wide binding of

STAG1 increased significantly in STAG2 KO cells (Figures 2A
al cells. Shown is the volcano plot for gene effect size versus�log10(p value) for

d reads; dots represent genes (limma eBayes for MAGeCK gene effect scores,
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and 2B). There was a trend toward increased levels of SMC1,

although this did not reach statistical significance.

Previous studies have shown that the two cohesin complexes

bind to common as well as non-overlapping regions (Cuadrado

et al., 2019; Kojic et al., 2018; Ochi et al., 2020). While cohe-

sin-SA1 often colocalizes with CTCF and cohesin-SA2 at TAD

boundaries, cohesin-SA2 occupies regulatory regions replete

with cell-type-specific enhancers. Therefore, we set out to deter-

mine where cohesin-SA2 resides with respect to putative regula-

tory genomic domains defined by chromatin accessibility and

the histone modification marks H3K27ac, H3K27me3, and

H3K4me3 associated with enhancers, polycomb repressive

complex, and active promoters, respectively. Our results

showed that STAG2-bound regions cluster into five discrete cat-

egories. Four of the regions contained high levels of cohesin-SA2

along with either H3K27me3 (SA2/H3K27me), H3K27ac (SA2/

H3K27ac-Promoters, SA2/H3K27ac_Enhancers), or without

either mark (SA2/Others), whereas the last group has high levels

of cohesin-SA1 and cohesin-SA2 (common) (Figure 2C). Motif

enrichment analysis revealed that regions bound by cohesin-

SA2 and decorated by the H3K27ac mark, both at promoters

and enhancers, are enriched with canonical ETS motifs (Figures

2D and S2A). In light of the role played by EWS/FLI1 in Ewing sar-

coma, these data suggest that cohesin-SA2may partner with the

fusion oncogene to hijack and reprogram the gene-regulatory

landscape. Importantly, while the cohesin-SA2/Others, com-

mon, and SA2/H3K27me3 regions were all enriched for the ca-

nonical motifs of CTCF and its paralog BORIS (CTCF-like),

several neurogenic transcription factors were also enriched in

the SA2/H3K27me3 region, suggesting that cohesin-SA2 may

contribute to the regulation of neurodevelopmental programs

in Ewing sarcoma (Figures 2D and S2A).

Next, we determined how binding of the cohesin subunits

changes across these predefined regions as a consequence of

STAG2 depletion. As expected, the binding signal for STAG2

decreased significantly across all regions (Figure S2B). Strik-

ingly, STAG1 and SMC1A binding increased significantly, or

with a trend toward significance, in all regions with the exception

of SA2/H3K27ac region, suggesting that cohesin-SA1 does not

sufficiently replace cohesin-SA2 around a subset of enhancers

and promoters (Figures 2E, 2F, and S2C). Given the significant

enrichment of several ETS motifs in the cohesin-SA2/H3K27ac

regions, we also tested whether deletion of STAG2 affects the

distribution of EWS/FLI1 on chromatin. Consistent with the re-
Figure 2. STAG2 occupies PRC2- and enhancer-marked regions, and

(A) Genome-wide heatmaps of SA2, SA1, and SMC1A ChIP-seq peak centered s

WT signal.

(B) Read density metaplots showing average RPKM (reads per kilobase per milli

(red) A673 cells. Differential read density in KO versus WT conditions. Unpaired

(C) Clustered heatmaps of ChIP-seq peak centered signal for SA2, SA1, SMC1

Cluster regions are ranked by SA2 signal.

(D) Hockey plots depicting motifs enriched in SA2/H3K27ac enhancers and SA2

(E) Clustered heatmaps depicting SA2, SA1, and SMC1A signal in the cohesin re

(F) Metaplots showing average SA1 signal in the cohesin regions defined in (C). Di

correction, ****p < 0.0001, **p < 0.01.

(G) Clustered heatmap depicting EWS/FLI1 signal in cohesin regions defined in (

(H) Metaplot showing average EWS/FLI1 signal in cohesin regions defined in

correction, ****p < 0.0001, **p < 0.01.

See also Figure S2.
sults of the motif enrichment analysis, EWS/FLI1 binding was

the strongest at cohesin-SA2-bound enhancer/promoter-

marked regions and was mostly absent at H3K27me3-marked

regions (Figure 2G). Deletion of STAG2 modestly decreased

the binding of EWS/FLI1 genome-wide and more prominently

at H3K27ac-marked regions, without affecting the expression

levels of the fusion oncoprotein itself (Figures 2G, 2H, and

S2D–S2F).

Deletion of STAG2 disrupts long-range cis enhancer-
promoter interactions, including those anchored by
EWS/FLI1
To evaluate how loss of STAG2 affects cohesin-mediated cis-

chromatin interactions across the genome, we next performed

proximity ligation-based global chromatin conformation profiling

by SMC1A HiChIP in control and STAG2 KO A673 cells. Our

analysis identified a total of 56,219 high-confidence, cohesin-

anchored, chromatin interactions out of which 4,500 display

significantly altered contact frequency inSTAG2KOcells relative

to WT controls (Figure 3A and Table S1). Importantly, more than

one-third of these altered loops are anchored by a putative

enhancer on one end and a gene promoter on the other (Fig-

ure 3B and Table S1). The data also revealed that chromatin re-

gions that are furthest from each other are more likely to

decrease in contact frequency, whereas loops established by

closely located interacting pairs are enriched for increase in con-

tact frequency as a result of STAG2 loss (Figure 3C). Notably,

roughly 23% of the differential loops involve anchor points that

hosted long-range contacts that both increase and decrease in

frequency of interaction, suggesting a role for loop reorganiza-

tion in a subset of cases.

Given the significant number of altered loops connecting en-

hancers to promoters, we next asked which sequence-specific

transcription factors are likely to preferentially engage these en-

hancers and mediate long-range chromatin contacts. Motif

enrichment analysis identified consensus binding sequences

for the dominant oncogenic fusion transcription factor EWS/

FLI1, as well as the ETS family members ETS1 and ERG, among

the top ten enriched motifs (Figure 3D and Table S2). Thus, we

hypothesized that deletion of STAG2 may also disrupt EWS/

FLI1 anchored long-range chromatin contacts.

To test this hypothesis, we performed ChIP-seq and mapped

the genome-wide binding pattern of EWS/FLI1, and overlapped

our peaks with two additional studies performed by other
its deletion is incompletely compensated by STAG1

ignal in A673 cells expressing WT or KO STAG2. Regions are ranked based on

on)-normalized signal for SA2, SA1, and SMC1A in WT (black) and STAG2 KO

t test with Welch’s correction, ****p < 0.0001; ns, not significant.

A, H3K27ac, H3K27me3, chromatin accessibility (ATAC-seq), and H3K4me3.

/H3K27me3 regions defined in (C).

gions defined in (C) in control and STAG2 KO A673 cells.

fferential read density in KO versusWT conditions. Unpaired t test with Welch’s

C) in control and STAG2 KO A673 cells.

(C). Differential read density in KO versus WT. Unpaired t test with Welch’s
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Figure 3. Loss of STAG2 alters the frequency of cis-chromatin contacts
(A) Volcano plot of changes in chromatin loop strength comparing STAG2 WT with KO A673 cells based on SMC1A HiChIP. EdgeR overdispersed Poisson

regression, |(FC)| R 2, p % 0.05.

(B) Pie chart depicting the fraction of differential loops involving enhancer-promoter interactions. Two-tailed Fisher’s exact test, ****p < 0.0001.

(C) Median + 95% confidence interval plots for lengths of differential loops. Unpaired t test with Welch’s correction, ****p < 0.0001.

(D) Three of the top ten enriched motifs for the enhancer regions involved in differential enhancer-promoter loops.

(E) Volcano plot depicting the differential status of the 9,084 EWS/FLI1 anchored differential loops. EdgeR overdispersed Poisson regression, |FC|R 2, p% 0.05.

(F) Pie chart depicting the fraction of EWS/FLI1 anchored differential loops involving enhancer-promoter interactions. Two-tailed Fisher’s exact test,

****p < 0.0001.

(G) Diagram depicting the fraction of EWS/FLI1 anchored enhancer-promoter interactions as a subset of all differential enhancer-promoter loops. Two-tailed

Fisher’s exact test, ****p < 0.0001.

See also Figure S3; Tables S1 and S2.
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investigators in A673 cells (Riggi et al., 2014; Tomazou et al.,

2015). We integrated these high-confidence binding sites with

H3K27ac ChIP-seq, chromatin accessibility, and GGAA repeat

calling from the reference genome to generate a comprehensive

view of EWS/FLI1 binding. As expected, EWS/FLI1 bound

strongly at promoters, canonical enhancers, and enhancers

associated with long GGAA microsatellite repeats (Figure S3A).

We then asked whether the cohesin complex also binds to these

regions to potentially mediate long-range interactions and

whether cohesin loading, as well as EWS/FLI1 binding, change

in the context of STAG2 loss. Our data revealed that SMC1A

and the H3K27ac mark strongly colocalize with EWS/FLI1 at en-
832 Cancer Cell 39, 827–844, June 14, 2021
hancers and promoters (Figure S3B). Importantly, consistent

with our previous observations (Figures 2F and 2H), in STAG2

KO cells EWS/FLI1 binding decreased across multiple regions,

with the exception of GGAA repeat-marked enhancers, while

STAG1 failed to compensate for the loss of STAG2 across all

of the EWS/FLI1-bound regions assessed (Figure S3C). Notably,

cohesin loading at EWS/FLI1-bound enhancers, particularly at

GGAA repeats, is highly selective for Ewing sarcoma cells, as

we found very low signal for SMC1A or SMC3 binding at these

sites in multiple other cell types (Figure S3D). Combined, these

results argue that cohesin and EWS/FLI1 cooperatively establish

and drive part of the oncogenic enhancer-promoter network in



A

En
ric

hm
en

t s
co

re

STAG2 mutSTAG2 WT

NES = - 2.75
P < 0.001
FDR < 0.001

A673 STAG2 KO vs. WT DN

Ewing sarcoma tumors
Crompton et al (2014)

 0.8
 0.6
 0.4
 0.2
 0.0

STAG2 WTSTAG2 mut

NES = 2.51
P < 0.001
FDR < 0.001

A673 STAG2 KO vs. WT UP

C

En
ric

hm
en

t s
co

re

STAG2 lowSTAG2 high

NES = - 2.22
P < 0.001
FDR < 0.001

A673 STAG2 KO vs. WT DN

 0.8
 0.6
 0.4
 0.2
 0.0

STAG2 highSTAG2 low

NES = 2.07
P < 0.001
FDR < 0.001

A673 STAG2 KO vs. WT UP

En
ric

hm
en

t s
co

re

STAG2 lowSTAG2 high

NES = - 2.66
P < 0.001
FDR < 0.001

A673 STAG2 KO vs. WT DN
 0.8
 0.6
 0.4
 0.2
 0.0

STAG2 highSTAG2 low

NES = 2.54
P < 0.001
FDR < 0.001

A673 STAG2 KO vs. WT UP
  0.0
 -0.2
 -0.4
 -0.6
 -0.8

  0.0
 -0.2
 -0.4
 -0.6
 -0.8

Ewing sarcoma tumors 
Postel-Vinay et al (2012)

  0.0
 -0.2
 -0.4
 -0.6
 -0.8

Ewing sarcoma tumors 
Savola et al (2011)

D

E

F

-3 -1 1 3
0

1

2

3

4

NES
-3 -1 1 3

0

1

2

3

4

NES

122
***

53
ns

All differential loop 
genes

2,069

339470

47
**

17
ns

 EWS/FLI1 differential loop 
genes

758

375545

Down in STAG2 KO Up in STAG2 KO

G

Down in STAG2 KO Up in STAG2 KO

-3 -1 1 3
0

1

2

3

4

NES

I

J

H

C
A

V
2

C
LE

C
11

A

C
D

83

C
E

S
1

FC
G

R
T

IT
M

2 A

N
P

Y
1R

P
P

1R
1

R
B

P
1

R
C

O
R

1

S
IR

P
A

N
P

Y
5R

0.0

0.5

1.0

1.5

NT sgSTAG2 #1 sgSTAG2 #4

-5 0 5
-20

-10

0

10

20

log2(fold change) expression

   
 E

W
S/

FL
I1

 a
t e

nh
an

ce
rs

 

Pearson R=0.18 21 (*)29 (*)

106 (****) 29 (*)

EWS/FLI1 at enhancers

A673 RNA-Seq TC71 RNA-Seq
Ewing tumors

Crompton et al (2014)

-lo
g1

0(
P-

va
lu

e 
+0

.0
01

)

-lo
g1

0(
P-

va
lu

e 
+0

.0
01

)

-lo
g1

0(
P-

va
lu

e 
+0

.0
01

) A673 EWS/FLI1 activated 

c2 EWS/FLI1 activated 

A673 EWS/FLI1 repressed

c2 EWS/FLI1 repressed
Others

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

A673 TC71

KOWT KO WT

row minrow max

STAG2 status

12
,6

38
 e

xp
re

ss
ed

 g
en

es
 

in
 b

ot
h

A6
73

 a
nd

TC
71

 c
el

ls

En
ric

hm
en

t s
co

re NES = - 2.36
P < 0.001
FDR < 0.001

 0.8
 0.6
 0.4
 0.2
 0.0

NES = 2.23
P < 0.001
FDR < 0.001

  0.0
 -0.2
 -0.4
 -0.6
 -0.8

Genome-wide TC71B

STAG2 WT STAG2 KO STAG2 KO STAG2 WT

A673 STAG2 KO vs. WT DN A673 STAG2 KO vs. WT UP

(legend on next page)

ll
Article

Cancer Cell 39, 827–844, June 14, 2021 833



ll
Article
Ewing sarcoma and that the loss of STAG2 may decommission

the components necessary for maintaining these interactions.

Next, we interrogated our HiChIP data to identify long-range

chromatin contacts that are anchored at least at one edge by

EWS/FLI1 and cohesin. Our analysis identified a total of 9,084

high-confidence loops that satisfy this criterion (Figure 3E and

Table S1). In STAG2-depleted cells, there were 683 EWS/FLI1

anchored loops that significantly changed in contact frequency.

Strikingly, 83.16% of these loops connected enhancers to pro-

moters with EWS/FLI1 occupying the edge of the loop located

at the distal enhancer site (Figure 3F and Table S1). Moreover,

as a group, EWS/FLI1 anchored loops accounted for a large sub-

set of all significantly altered enhancer-promoter contacts in

STAG2 KO cells (Figure 3G). Similar to all other altered loops,

long-range chromatin contacts mediated by EWS/FLI1 also

tend to decrease in contact frequency the further apart interact-

ing regions are (Figure S3C). Thus, in aggregate, these findings

strongly suggest that loss of STAG2 significantly modifies cis-

chromatin interactions and may partially reprogram the onco-

genic program driven by EWS/FLI1.

Deletion of STAG2 rewires the transcriptional program
of Ewing sarcoma cells
Given the significant changes we observed in the frequency of

enhancer-promoter interactions and the important functional

role they play in regulating gene expression, we predicted that

loss of STAG2 will have a measurable effect on transcriptional

output. To test this idea, we performed RNA sequencing (RNA-

seq) analysis in two independent Ewing sarcoma cell lines where

we deleted STAG2. We found that loss of STAG2 causes a

similar pattern of transcriptional changes in both cell lines (Fig-

ure 4A and Table S3) with a high degree of overlap between

the genes, whose expression changed significantly (|log2(fold

change [FC]| R 1.5, adjusted p % 0.1, Figure S4A). Moreover,

gene set enrichment analysis (GSEA) revealed highly concordant

transcriptional changes in TC71 and A673 cells (Figures 4B and

S4B). Finally, to determine whether the transcriptional changes

seen in our cell-line models are generalizable and reflective of

a conserved biology that emerges as a consequence of

STAG2 loss, we performed GSEA using three independent

gene expression datasets of primary Ewing sarcoma patient tu-

mors (Crompton et al., 2014; Postel-Vinay et al., 2012; Savola

et al., 2011). Our analysis revealed that the differentially ex-

pressed genes in each of the two cell lines were significantly en-
Figure 4. Loss of STAG2 alters the EWS/FLI1-driven oncogenic transc

(A) Heatmap and average linkage dendrogram of genome-wide gene expression

(B–E) GSEA plots demonstrating the enrichment of the STAG2 KO versus WT gen

STAG2KO in (B) TC71 cells or (C–E) three distinct Ewing sarcoma primary patient

(FDR) are indicated in each plot.

(F) Venn diagramdepicting the overlap between differentially expressed geneswit

exact test, ***p < 0.001; ns, not significant.

(G) Similar analysis as in (F) is shown for EWS/FLI1 anchored differential loops. T

(H) Scatterplot depicting the overlap between gene expression change and EWS/F

exact test, ****p < 0.0001, *p < 0.05.

(I) Volcano plots for GSEA enrichment scores for the genome-wide expression c

tumor samples from Crompton et al. (2014) versus the union of a collection of 12

(5,529 gene sets).

(J) qRT-PCR-based validation of a subset of EWS/FLI1 target genes repressed i

See also Figure S4 and Table S3.
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riched in the transcriptomes of patient tumors that carry mutant

STAG2 or express low levels (Figures 4C–4E and S4C–S4E).

Collectively, these findings indicate that loss of STAG2 produces

highly consistent and stable transcriptional changes that may

undergo selection to confer a competitive advantage.

The observation that enhancer-promoter interactions and

transcriptional programs are concurrently altered in STAG2 KO

cells prompted us to investigate whether the two are directly

linked. To this end, we selected all the differential loops that

are anchored within 5 kb of a transcriptional start site (TSS)

and annotated the nearest expressed gene. We identified

2,000 loops and the associated genes (differential loop genes)

that satisfied the criteria. Using this list, we interrogated our tran-

scriptional data generated in A673 cells focusing only on genes

that undergo significant change in expression (|log2(FC)| R 1.5,

adjusted p % 0.1) in the context of STAG2 loss. This integrative

analysis of HiChIP and RNA-seq data identified a significant as-

sociation between loss of gene expression and altered cohesin-

mediated cis-chromatin interactions (Figure 4F and Table S3).

Indeed, nearly 20% of genes repressed in STAG2-depleted cells

also display differential chromatin loops proximal to their tran-

scriptional start sites. Notably, genes upregulated upon STAG2

deletion did not have a statistically significant association with

the presence of an altered loop near their promoters. Given the

substantial number of altered chromatin contacts we identified

that are anchored by EWS/FLI1, we expanded our analysis for

the subset of genes that are associated with these loops. We

identified a total of 822 genes that are associated with differential

EWS/FLI1 anchored loops. Importantly, the results similarly

showed that there is a significant association with the presence

of an altered loop near the TSS of downregulated but not upre-

gulated genes in STAG2 KO cells (Figures 4G and S4F; Table

S3). Taken together, these results show that the cohesin com-

plex anchors critical chromatin loops near gene promoters and

that the loss of STAG2 disrupts these structures to produce

consistent and stable changes to genetic programs that may

drive tumorigenesis.

STAG2 loss attenuates the EWS/FLI-dependent
oncogenic program
EWS/FLI1 is a dominant oncogenic fusion transcription factor

and, as such, drives a defined genetic program in Ewing sar-

coma cells. Given the alterations we observed in its binding

at enhancer-marked regions, chromatin contacts involving
riptional program

, log2(normalized counts), in STAG2 KO versus WT A673 and TC71 cells.

e signature for A673 cells in the genome-wide expression changes induced by

tumor datasets. Normalized enrichment score, p value, and false discovery rate

h genes harboring a differential loopwithin 5 kb of their TSS. Two-tailed Fisher’s

wo-tailed Fisher’s exact test, **p < 0.01; ns, not significant.

LI1 binding at the nearest enhancer assessed by ChIP-seq. Two-tailed Fisher’s

hanges induced in A673 and TC71 and by STAG2 mutant versus STAG2 WT

EWS/FLI1 public gene signatures in A673 cells and MSigDB v7.1 c2 pathways

n STAG2 KO relative to control A673 cells. Data shown as mean ± SD.
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(legend continued on next page)
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enhancers and promoters anchored by EWS/FLI1, and their sig-

nificant association with at least downregulated genes, we

sought to determine the extent to which STAG2 loss specifically

perturbs the EWS/FLI1-dependent oncogenic program. To

directly test this idea, we initially evaluated the relationship be-

tween the change in EWS/FLI1 binding as assessed by ChIP-

seq and the level of change in expression of the nearest gene.

Our analysis revealed that on average more genes lose EWS/

FLI1 binding and are repressed in STAG2 KO cells relative to

controls (Figure S4G). Importantly, EWS/FLI1 binding loss at en-

hancers, but not at promoters, significantly correlated with

downregulation of gene expression (Figures 4H and S4H).

Next, we generated a robust list of EWS/FLI1-dependent gene

expression signatures by utilizing several previously published

studies (Table S4). Using this refined compendium of EWS/

FLI1 signatures, we performed GSEA on the transcriptome of

STAG2 KO cells. Intriguingly, in both A673 and TC71 cells, loss

of STAG2 markedly repressed the EWS/FLI1-dependent onco-

genic program (Figures 4I and S4I). Similar analysis performed

in three independent Ewing tumor datasets also showed attenu-

ation of the oncogenic program as a consequence ofSTAG2mu-

tation (Figures 4I and S4I; Table S4). Furthermore, we took

advantage of a recently generated single-cell RNA-seq-based

transcriptomic signature of EWS-FLI1 dubbed IC-EwS (Aynaud

et al., 2020), and performed GSEA on our STAG2 KO cell lines

and STAG2 mutant primary tumors. Consistent with the results

generated using our refined compendium of signatures, the IC-

EwS signature was significantly repressed in STAG2 KO and

STAG2mutant cells, further confirming that loss of STAG2 domi-

nantly limits part of the oncogenic program (Figure S4J). Finally,

we performed qRT-PCR and validated the suppression of a

number of EWS/FLI1 target genes in STAG2 KO cells relative

to controls (Figure 4J). Combined, the results of these studies

strongly argue that STAG2 loss modulates the EWS/FLI1 onco-

genic program, in part through disruption of long-range chro-

matin contacts anchored by EWS/FLI1.

Polycomb repressive complex-mediated gene
regulation is disrupted in STAG2 KO cells
To gain a broader insight into the transcriptional changes

induced by loss of STAG2, we next performed a comprehensive

enrichment analysis using gene sets available through the Mo-

lecular Signatures Database (MSigDB) collection. Our results

further confirmed that Ewing sarcoma- and EWS/FLI1-specific

programs are altered in STAG2 KO cells, as we found four Ewing

sarcoma-related signatures out of the top 50gene sets (Figure 5A

and Table S5). Strikingly, we also found several PRC2-associ-

ated gene signatures as significantly enriched in our transcrip-
(C) Metaplots showing average genome-wide H3K27me3 signal in STAG2 KO an

(D) Clustered heatmaps depicting TSS ± 5-kb promoter regions with decreased, n

KO versus WT A673 cells (|Delta(area under curve signal)| R 1.5).

(E) Metaplots showing average H3K27me3 signal in the promoter regions defined

Unpaired t test with Welch’s correction, ****p < 0.0001; ns, not significant.

(F) Scatterplot depicting the overlap between the genes with significant change for

genes. Two-tailed Fisher’s exact test, ****p < 0.0001; ns, not significant.

(G) Venn diagram showing the overlap between the subset of genes with concurr

with the total list of genes harboring a differential loop within 5 kb of the TSS. Tw

(H) List of top ten enriched motifs at the promoters of genes with altered H3K27m

See also Figure S5; Tables S5 and S6.

836 Cancer Cell 39, 827–844, June 14, 2021
tional data, suggesting that deletion of STAG2 likely disrupts

PRC2-mediated regulation of gene expression (Figure 5A and

Table S5). To directly assess the involvement of PRC2-depen-

dent epigenetic dysregulation, we first performed calibrated

ChIP-seq for the PRC2 modification mark H3K27me3 in control

and STAG2 KO cells. We found that the level of H3K27me3mark

is decreased in STAG2 KO cells genome-wide (Figures 5B and

5C). Importantly, the PRC2 mark is enriched at a subset of

genomic regions preferentially occupied by cohesin-SA2, and

these regions also lose H3K27me3 significantly in STAG2 KO

cells (Figures S5A and S5B).

The PRC2 complex often localizes near gene promoters to

regulate transcription. Thus, we evaluated how the H3K27me3

mark changes, specifically within 3 kb of the TSS in the context

of STAG2 loss. We identified 2,624 sites with decreased and

1,388 sites with increased levels of H3K27me3 (Figures 5D and

5E). To determine whether these changes are associated with,

and thus likely to regulate, gene expression, we assessed the de-

gree of overlap between differentially expressed genes (|

log2(FC)| R 1.5, adjusted p % 0.1) and genes with altered levels

of H3K27me3 at the promoter. Our analysis revealed a strong

correlation between gene expression and levels of H3K27me3

at the promoter (Figure 5F). Indeed, we identified 107 genes

that were repressed with significant promoter proximal deposi-

tion of H3K27me3 and 60 genes that were induced in STAG2

KO cells that concurrently lost the PRC2 mark (Figure 5F).

Next, we asked whether changes to cis-chromatin contacts in

the proximity of gene promoters are associated with altered

levels of H3K27me3 in the subset of genes that were differentially

expressed. Our analysis revealed a lack of any statistically signif-

icant correlation, suggesting that the change in PRC2-mediated

regulation of gene expression in the wake of STAG2 loss is likely

independent of alterations to long-range enhancer-promoter in-

teractions (Figure 5G). Notably, althoughwe did not find changes

in the levels of H3K27ac genome-wide in STAG2 KO cells, we

found a very strong inverse correlation between the levels of

H3K27me3 and H3K27ac levels at the promoters of differentially

expressed genes (Figures S5C–S5G), suggesting that active

epigenetic modification is taking place in the vicinity of the

TSS. We thus decided to check whether this is mediated by a

few select transcription factors. To test the idea, we performed

motif enrichment analysis using the genomic sequences that

were differentially marked by H3K27me3 near the promoter for

all genes. Interestingly, our analysis revealed the enrichment of

a number of Homeobox and POU family pioneer neurodevelop-

mental transcription factors (Figure 5H and Table S6). These re-

sults suggest that loss of STAG2 may perturb PRC2-mediated

regulation of developmental programs.
d WT A673 cells. Unpaired t test with Welch’s correction, ****p < 0.0001.

ot significantly changed, or increased H3K27me3 ChIP-seq binding in STAG2

in (C). Differential read density for STAG2 KO versus WT A673 within clusters.

H3K27me3 ChIP-seq binding at promoter regions with differentially expressed

ent changes in expression and H3K27me3 levels at the promoter (shown in F)

o-tailed Fisher’s exact test; ns, not significant.

e3 levels in STAG2 KO cells.
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STAG2 loss reprograms migratory and
neurodevelopmental transcriptional programs
Our data thus far highlight changes in the enhancer-promoter

interaction network, a partial dampening of the EWS/FLI1-

dependent oncogenic transcriptional program, and disruption

of PRC2-mediated regulation of gene expression as key emer-

gent molecular manifestations of STAG2 loss. To gain insight

into the potential functional outcomes of these changes, we per-

formed gene ontology (GO) analysis, which leverages transcrip-

tional signatures to infer cellular processes that uniquely define

the network of differentially expressed genes. Our data revealed

the striking enrichment of three functional categories in the top

50 GO signatures (Figure 6A and Table S7). First, we identified

several processes indicative of an altered invasive andmigratory

behavior as exemplified by GO terms such as locomotion,

motility, taxis, and biological adhesion. Second, we observed a

strong enrichment of early developmental and morphogenetic

processes. Third and likely a subcategory of the second feature,

we identified a robust enrichment of neurodevelopmental pro-

cesses including the GO terms neurogenesis, neuron differenti-

ation, neuron projection, and axon development. Thus, at the

cellular level depletion of STAG2 appears to alter the migratory

potential of Ewing sarcoma, along with the hijacking and reprog-

ramming of early developmental programs that may reinforce

these properties.

Given the enrichment of cell motility-associated signatures,

we next sought to evaluate the migratory potential of Ewing sar-

coma cells. The zebrafish provides a robust model system to

accurately track fluorescently labeled cells in vivo (El-Naggar

et al., 2015; Olson and Nechiporuk, 2018). Thus, we injected

control and STAG2KO cells into the hindbrain of zebrafish larvae

(control n = 433, STAG2 KO n = 403) 2 days post fertilization and

monitored the movement of cells daily for 5 additional days via

microscopy (Figure S6A). For controls, we injected fluorescently

labeled microspheres and confirmed that there is no passive

diffusion up to 5 days post injection (Figure S6B). At each time

point, we scored colonization of the dorsal surface, yolk sac,

and tail. We observed enhanced migration of STAG2 KO cells,

which migrated to at least one distal site in 85% of the zebrafish

injected, whereas STAG2 WT cells only did so in 65% of the

cases (Figures 6B–6D).
Figure 6. Depletion of STAG2 enhances the migration and metastatic

(A) Bubble plot summarizing top 50 significant enrichments (size overlapR10, p%

clustered in representative functional categories.

(B) Line graph representsmean ± SD of the percentage of zebrafish that displayed

post injection. Two-way ANOVA, ****p < 0.0001.

(C) Pie chart showing the percentage of zebrafish with migration of Ewing cells t

(D) Representative bright-field (top) and fluorescence (541/565 nm bottom) imag

(E) Quantification of bioluminescence signal collected for lower extremities after b

group. Two-way ANOVA, **p < 0.001.

(F) Quantification of bioluminescence signal collected for upper thoracic cavity a

group. Two-way ANOVA, ****p < 0.0001,**p < 0.01; ns, not significant.

(G) Bioluminescence images of mice described in (F).

(H) Quantification of bioluminescence signal collected for upper thoracic cavity w

group. Two-way ANOVA, ****p 0.0001,**p < 0.01; ns, not significant.

(I) Bioluminescence images of mice described in (H).

(J) Quantification of bioluminescence signal collected for lower extremities after b

group. Two-way ANOVA, **p < 0.01; ns, not significant.

(K) Bioluminescence images of mice described in (J).

See also Figure S6 and Table S7.

838 Cancer Cell 39, 827–844, June 14, 2021
STAG2 loss enhances the metastatic potential of Ewing
sarcoma xenografts
Based on the transcriptional signature we identified, the results

of the migration assay in zebrafish, and the reported clinical as-

sociation between loss-of-function mutations in STAG2 and the

incidence of metastasis (Crompton et al., 2014), we hypothe-

sized that deletion of STAG2 will enhance the metastatic poten-

tial of Ewing sarcoma cells. To test this hypothesis, we per-

formed extensive xenograft studies by transplanting control

and STAG2 KO Ewing sarcoma cells into immunocompromised

NSGmice. First, we generated polyclonal STAG2 KO TC71 cells

and injected them via tail vein into recipient mice (Figure S6C).

While the overall disease burden was similar, STAG2 KO cells

metastasized significantly more to the hindleg bone marrow

space relative to controls (Figures 6E and S6D–S6H). Next, we

used clonally selected control and STAG2 KO A673 cells and

transplanted them via tail vein into recipient mice. In this model

we measured the extent of metastasis to visceral organs. We

observed significantly more infiltration of lungs and liver tissue

in STAG2 KO recipient mice compared with controls (Figures

6F and 6G). Finally, we employed a semi-orthotopic xenograft

model by transplanting cells into the hindleg intramuscular

space. The data revealed that STAG2 KO A673 cells grow

more aggressively at the primary site (Figures S6I and S6J) and

also metastasized to distal organs better than their WT counter-

parts (Figures 6H and 6I). We further confirmed the finding by

ex vivo imaging of lungs recovered from recipient mice at the

study endpoint (Figures S6K and S6L).

STAG2 and TP53 mutations are often concurrent and carry a

dismal clinical outcome (Tirode et al., 2014). Both A673 and

TC71 cells, which we have used for most of our studies, are mu-

tants for TP53. Thus, we asked whether deletion of TP53 in the

background of STAG2 mutation can further modulate disease

course in vivo. To this end, we utilized TC32 cells, which are

mutant for STAG2 but carry aWT copy of TP53. We transplanted

control and TP53-deleted cells via tail vein injection into recipient

mice and measured the disease course by bioluminescence im-

aging. We observed that TP53 KO cells generate a significantly

more aggressive disease (Figures S6M and S6N) associated

with higher infiltration of hindlegs and lungs (Figures 6J, 6K,

S6O, and S6P). Taken together, the results of our studies
potential of Ewing sarcoma cells

0.05, FDR% 0.05) for the MSigDB v7.1 c5 collection. Enriched gene sets are

migration to at least one of the three regions of interest as a function of the days

o at least one of the three sites examined 3 days post injection.

es displaying migration of TC71 cells to the yolk sac.

locking upper abdominal cavity. Line graph represents mean ± SEM, n = 8 per

fter blocking lower abdomen. Line graph represents mean ± SEM, n = 12 per

hile blocking lower abdomen. Line graph represents mean ± SEM, n = 8 per

locking upper abdominal cavity. Line graph represents mean ± SEM, n = 5 per
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Figure 7. The neurodevelopmental transcription factor POU3F2 modulates the metastatic potential of STAG2 KO Ewing sarcoma cells

(A and B) Volcano plot depicting the transcriptional changes induced by STAG2 KO versus control in (A) A673 and (B) TC71 cells. POU3F2 and NR2F1 are

highlighted in red. Significance cutoffs: |log2(FC)| R 1.5, adjusted p % 0.10.

(C and D) Scatter dot plot depicting the mean ± SEMmRNA log2(FPKM [fragments per kilobase per million] + 1) expression of (C) POU3F2 and (D)NR2F1 in three

STAG2mutant tumors versus the top four STAG2WT tumors with highest STAG2 expression from Crompton et al. (2014) data. Mann-Whitney non-parametric t

test, **p < 0.001, *p < 0.05.

(E and F) Validation of an increase in POU3F2 and NR2F1 protein levels in (E) A673 and (F) TC71 cells clonally selected for STAG2 loss.

(G and H) Integrated genomics viewer track showing SA2, SA1, SMC1, H3K27me3, and H3K27ac signals at the (G) POU3F2 and (H) NR2F1 locus in control and

STAG2 KO A673 cells.

(legend continued on next page)
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strongly argue for a role for STAG2 loss in promoting metastatic

behavior in vivo and also provide experimental evidence for the

clinical associations observed previously.

The neurodevelopmental transcription factor POU3F2
modulates the metastatic potential of STAG2-deleted
Ewing sarcoma cells
To identify critical mediators of metastatic behavior downstream

of STAG2, we focused on genes that were induced in the wake

of STAG2 depletion. Two neurodevelopmental transcription fac-

tors, POU3F2 and NR2F1, were consistently upregulated in

STAG2 KO cells relative to controls (Figures 7A and 7B).

POU3F2 is a pioneer transcription factor critical for early neuroe-

pithelial progenitor specification and linked to metastatic proper-

ties in multiple tumor types (Bishop et al., 2017; Fane et al., 2019;

Urban et al., 2015; Yao et al., 2017; Zeng et al., 2018). Likewise,

NR2F1 is an orphan nuclear receptor important for many aspects

of neurogenesis and implicated in tumor cell dormancy, invasion,

and metastasis (Armentano et al., 2006, 2007; Gao et al., 2019;

Sosa et al., 2015; Zhou et al., 1999). Therefore, we decided to

investigate the potential role of these two transcription factors in

modulating the metastatic capacity of Ewing sarcoma cells.

Consistent with our findings in cell-linemodels, STAG2mutant

Ewing tumors express elevated levels of POU3F2 and NR2F1

relative to controls (Figures 7C, 7D, and S7A–S7D). We further

confirmed these results by western blot analysis in both clonally

selected and polyclonalSTAG2KOA673 and TC71 cells (Figures

7E, 7F, S7E, and S7F). The expression of lineage-specifying tran-

scription factors is often regulated by the polycomb repressive

complex. In agreement with this notion, we observed marked

loss of H3K27me3 near the promoters of both genes and a con-

current increase in the active transcription mark H3K27ac in

STAG2 KO cells (Figures 7G and 7H). Moreover, a prominent

STAG2 peak is lost at an upstream enhancer region of

POU3F2 and near the TSS of NR2F1, suggesting that in the

absence of STAG2, PRC2-mediated suppression of these tran-

scription factors is compromised.

To directly test the functional role of POU3F2 and NR2F1 in the

metastatic process, we generated POU3F2 and NR2F1 KO cells

in the background of clonally selected STAG2 KO A673 cells

(Figures S7G and S7H). Transplantation of POU3F2 and

NR2F1 KO cells resulted in comparable levels of tumor at the pri-

mary site (Figures 7I and 7J). However, POU3F2 KO, but not

NR2F1KO, cells displayed reduced infiltration of visceral organs,

suggesting that in STAG2 KO cells the increase in POU3F2

expression is partially responsible for the enhanced metastatic

potential of Ewing sarcoma cells (Figures 7K and 7L).

DISCUSSION

Emerging data demonstrate that cohesin plays a significant role

in transcriptional regulation by securing DNA-DNA contacts be-
(I) Quantification of bioluminescence signal for whole body. Line graph represen

(J) Bioluminescence images of mice described in (I).

(K) Quantification of bioluminescence signal for upper thoracic cavity after blockin

n = 8 per group. Two-way ANOVA, ***p < 0.001, *p < 0.05; ns, not significant.

(L) Bioluminescence images of mice described in (K).

See also Figure S7.
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tween enhancers and promoters. By broadly surveying the

epigenetic and transcriptional landscape coupled with chro-

matin interactions, we demonstrate a unique functional role of

STAG2 in Ewing sarcoma pathogenesis. Specifically, our studies

revealed a critical role for STAG2 in governing the establishment

of gene-regulatory architecture underlying oncogenic and devel-

opmental programs that undergo reprogramming upon loss of

STAG2 to promote disease progression.

While STAG2 and its paralog STAG1 appear to have redun-

dant roles in chromatin cohesion and segregation, STAG2 local-

ized to genomic loci marked by epigenetic modifications associ-

ated with enhancers in Ewing sarcoma cells. Importantly,

depletion of STAG2 resulted in a compensatory increase in

STAG1 protein levels. However, examination of the relative

genomic distribution of the increased STAG1 revealed that

enhancer-marked regions were insufficiently bound by addi-

tional cohesin-SA1. Intriguingly, these enhancer-rich domains

were enriched for ETS binding motifs and were also strongly

occupied by EWS/FLI1. Consistent with this observation, deple-

tion of STAG2 resulted in reconfiguration of a subset of

enhancer-promoter interactions including those associated

with EWS/FLI1. Moreover, genes regulated by EWS/FLI1 were

among the most enriched for alterations in expression as a

consequence of STAG2 loss. While one obvious prediction

would be that loss of STAG2 reinforces the EWS/FLI oncogenic

program, surprisingly, STAG2 deletion repressed a subset of

EWS/FLI1-regulated genes. In this way, STAG2 loss appears

to modulate the expression of a subset of genes directly regu-

lated by EWS/FLI, effectively dampening the activity of the onco-

gene and promoting an EWS/FLI1 ‘‘low’’ state.

Our data further showed that STAG2 also occupied a subset of

PRC2-marked regions, which tend to contain binding motifs for

transcription factors involved in neurodevelopmental programs.

Notably, these regions were devoid of ETS binding motifs and

were poorly occupied by EWS/FLI1, suggesting that cohesin-

SA2 may function independently of the EWS/FLI1 oncogenic

program to regulate a neurogenic program. Indeed, STAG2

loss altered H3K27me3 levels at the promoters of many genes

and also resulted in the deregulation of neurodevelopmental

programs.

The exact mechanism by which loss of STAG2 changes the

nature of long-range cis-chromatin interactions or the regulation

of developmental genes by PRC2 is currently unknown. Given

the lack of compensation by cohesin-SA1 at enhancer-rich re-

gions, it is tempting to speculate that the absence of a productive

cohesin complex at these sites may drive the collapse of

enhancer-promoter contacts. However, our data showed that

a number of enhancer-promoter interactions in these regions

were preserved, and at times were even strengthened in

STAG2 KO cells, arguing against a simple, all-or-none mode of

regulation. In addition, at cohesin-SA2- and PRC2-enriched re-

gions, we observed marked deregulation of gene expression
ts mean ± SEM, n = 8 per group. Two-way ANOVA; ns, not significant.

g the primary tumor at the lower abdomen. Line graph represents mean ± SEM,
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without pervasive changes to cis-chromatin interactions. Chro-

matin interactions are highly dynamic, and a static snapshot

garnered from HiChIP is likely to miss a subset of interactions,

potentially explaining some of the gaps in our understanding of

the underlying process. Additionally, recent findings have re-

vealed that cis-chromatin interactions involving polycomb-

marked regions may occur at distances bridging several mega-

bases, whichmay put themoutside of the purview of our analysis

(Kraft et al., 2020; Rhodes et al., 2020; Zhang et al., 2020). There-

fore, additional studies are needed to further delineate the exact

molecular mechanism by which loss of STAG2 brings about

fundamental changes to transcriptional programs.

At the cellular level, STAG2 loss enhanced the migratory and

metastatic potential of Ewing sarcoma cells. These finding are

in good agreement with clinical observations that showed strong

correlation between loss-of-function STAG2 mutations alone or

in combination with TP53 loss and the incidence of metastasis in

patients with Ewing sarcoma (Crompton et al., 2014; Tirode

et al., 2014). Given the pleiotropic consequences of STAG2

loss, the relative contribution of each toward the metastatic

phenotype is currently unclear. Recent data demonstrates that

titration of EWS/FLI1 transcriptional activity promotes cellular

plasticity, which may be necessary for Ewing sarcoma cells fac-

ing changes in environmental pressures, such as cells undergo-

ing metastasis (Franzetti et al., 2017). Although we did not find a

strong overlap between our own dataset and the proteomics-

based characterization by Franzetti and colleagues, likely due

to differences in the model systems utilized, each of our findings

converge on the idea that an EWS/FLI1 ‘‘low’’ state may enable

metastases (Franzetti et al., 2017). On the other hand, there is a

growing body of evidence highlighting the role of latent develop-

mental program hijacking in metastatic disease (Gupta et al.,

2005; Pomerantz et al., 2020). In our study, we observed a domi-

nant representation of neurodevelopmental programs as the

transcriptional fingerprints of STAG2 loss. In addition, the

expression of a number of neurodevelopmental transcription

factors were altered in the wake of STAG2 depletion, including

the neural crest specifiers FOXD3 and SOX9, as well as the mas-

ter regulator of neural progenitor cell differentiation POU3F2

(Cheung and Briscoe, 2003; Lukoseviciute et al., 2018). Interest-

ingly, POU3F2 was one of the most significantly induced genes

in STAG2 KO cells. Moreover, recent studies in melanoma and

prostate cancer have revealed a critical role for POU3F2 in

driving the metastatic process (Bishop et al., 2017; Fane et al.,

2019). Thus, we used POU3F2 as a linchpin to assess the poten-

tial contribution of the altered neurodevelopmental programs to

the metastatic process in Ewing sarcoma. Importantly, our

studies revealed that POU3F2 may indeed contribute to the

enhanced metastatic potential observed in STAG2 KO cells, as

its repression partially attenuated their metastatic invasion.

Therefore, taken together, our results provide strong direct evi-

dence for the involvement of altered neurogenic programs in

driving the metastatic process downstream of STAG2 loss.

Furthermore, our results also implicate STAG2 loss-mediated

modulation of the EWS/FLI1-dependent oncogenic program as

an additional candidate mediator of metastasis in Ewing sar-

coma, a finding that warrants validation in future studies. Finally,

because the cohesin complex plays several important roles in

the cell, other functions not explored in this work, such as its
role in DNA damage and repair (Meisenberg et al., 2019; Mondal

et al., 2019), RNA processing (Kim et al., 2019), immune signaling

(Ding et al., 2018), and telomere maintenance (Daniloski and

Smith, 2017), may be altered in the context of STAG2mutations,

and are topics also worthy of exploration in future studies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-STAG2 (Western blot) Santa Cruz Cat#sc-81852; RRID: AB_2199948

Rabbit anti-STAG2 (ChIP-seq) Cell Signaling Cat#5882; RRID:AB_10834529

Rabbit anti-STAG1(Western blot) Bethyl Cat# A302-579A;RRID:AB_2034857

Rabbit anti-STAG1(ChIP-seq) Bethyl Cat# A302-578A; RRID:AB_2034858

Rabbit anti-SMC1A Bethyl Cat# A300-055A; RRID:AB_2192467

Rabbit anti-RAD21 Bethyl Cat# A300-080A; RRID:AB_2176615

Rabbit anti-SMC3 Bethyl Cat# A300-060A, RRID:AB_67579

Rabbit anti-H3K27me3 Cell Signaling Cat# 4395, RRID:AB_11220433

Rabbit anti-EWS/FLI1 Abcam Cat# ab15289; RRID:AB_301825

Rabbit anti -alpha TUBULIN Cell Signaling Cat# 2144; RRID:AB_2210548

Mouse anti-GAPDH Santa Cruz Cat# sc-47724; RRID:AB_627678

Rabbit anti-H3K27ac3 Abcam Cat# ab4729, RRID:AB_2118291

Rabbit anti-POU3F2 Cell Signaling Cat# 12137; RRID:AB_2797827

Rabbit anti-NR2F1 Cell Signaling Cat# 6364; RRID:AB_11220432

Normal Rabbit IgG-R Cell Signaling Cat# 2729; RRID:AB_1031062

Drosophila H2Az(spike-in Antibody) Active Motif Cat#61686; RRID: AB_2737370

Rat anti-MouseIgG2a HRP conjugated secondary GenWay Cat# 25-783-70745;RRID:AB_1028627

Sheep Anti-Mouse IgG ECL Antibody, HRP

Conjugated

GE Healthcare Cat# NA9310-1ml; RRID:AB_772193

Chemicals, peptides, and recombinant proteins

Bovine serum albumin Sigma-Aldrich Cat#F2442

Phosphate Buffer Saline DFCI supply center NA

RPMI medium DFCI supply center NA

DMEM medium DFCI supply center NA

Penicillin-Streptomycin Gibco Cat#15070063

Sodium Pyruvate ThermoFisher Cat#21051040

Puromycin Gibco Cat#A1113802

Polybrene American Bio Cat#AB01643

TransIT-VirusGEN transfection reagent Mirus Cat#MIR 6704

X-tremeGENE� HP DNA Transfection Reagent Sigma Cat#6366236001

ClonaCell-TCS medium Stem Cells Cat#03814

MTT labeling reagent Sigma Cat#11 465 007 001

Trypan Blue Gibco Cat#15250061

Cell Titer -Glo Promega Cat#G7570

40,6-diamidino-2-phenylindole (DAPI) Sigma Cat#D9542

Pierce IP Lysis Buffer Thermofisher Cat#87788

16% methanol-free Formaldehyde solution (w/v) Thermofisher Cat#28908

5M NaCl Thermofisher Cat#AM9760G

Tris-EDTA pH 8.0 Sigma-Aldrich Cat#93283

Ultrapure 0.5M EDTA Invitrogen Cat#15575-038

Ultrapure 1M Tris-HCl pH 8.0 Invitrogen Cat#15568-025

Ultrapure 10% SDS Invitrogen Cat#15553-035

2.5M Glycine solution BostonBioProducts Cat#C-4375

Halt protease inhibitors Thermofisher Cat#78429

phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Cat#P7626

(Continued on next page)
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Transposase,TAGMENT DNA Enzyme Illumina Cat#15027865

Dynabeads Protein A Invitrogen Cat#10004D

Lithium Chloride Sigma Cat#L9650

NP40 Fisher Cat#FNN021

Deoxycholic acid Fisher Cat#BP349-100

NaHCO3 Sigma Cat#S5761

NaN3 USB Cat#21610

Triton X-100 Sigma Cat#0992-93-1

Igepal CA-630 Sigma Cat#I8896

Agencourt AMPure XP Beckman Coulter Cat#A63881

Critical commercial assays

qScript cDNA synthesis Kit QuantaBio Cat#95047-025

SYBR Green FastMix QuantaBio Cat#95072-250

Click-iT� Plus EdU Flow Cytometry Assay Kit Thermofisher Cat#C10634

Subcellular Protein Fractionation Kit Thermofisher Cat#87787

Deposited data

ChIP-Seq, RNA-Seq, ATAC-Seq, Hi-ChIP This study GEO:GSE116495

Ewing sarcoma Proteome This study http://massive.ucsd.eduMSV000082954

Ewing sarcoma RNA-Seq (Crompton et al., 2014) dbGaP: phs000804.v1.p1

Ewing sarcoma ChIP-Seq (Riggi et al., 2014) GEO: GSE61953

Ewing sarcoma ChIP-Seq, RNA-seq (Tomazou et al., 2015) http://tomazou2015.computational-

epigenetics.org

Ewing sarcoma ChIP-Seq (Kojic et al., 2018) GEO: GSE101921

Ewing sarcoma ChIP-Seq ENCODE: ENCSR000DZP GEO: GSM935376

Ewing sarcoma Affymetrix arrays (Postel-Vinay et al., 2012) GEO: GSE34620

Ewing sarcoma Affymetrix arrays (Savola et al., 2011) GEO: GSE17618

Ewing sarcoma RNA-Seq (Smith et al., 2006) GEO: GSE53066

Ewing sarcoma RNA-Seq (Sankar et al., 2014) NCBI: PRJNA176544

Ewing sarcoma Affymetrix arrays (Smith et al., 2006) Array Express: E-GEOD-4560

Ewing sarcoma RNA-Seq (He et al., 2017) GEO: GSE73092

Ewing sarcoma IC-EwS gene signature (Aynaud et al., 2020) https://www.sciencedirect.com/science/

article/pii/S2211124720300747?via=ihub

Experimental models: organisms/strains

Mouse: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) The Jackson Laboratory Cat# JAX:005557;RRID:IMSR_JAX:005557

Zebrafish: Tg(nacre-/-; roy-/-)(Caspers) Dr. Leonard Zon Lab, DFCI NA

Experimental models: cell lines

Human: A673 (Female) Dr. Todd Golub Lab, Broad Institute NA

Human: TC71 (Male) Dr. Todd Golub Lab, Broad Institute NA

Human: TC32 (Female) Dr. Todd Golub Lab, Broad Institute NA

Human: EW8 (Male) Dr. Todd Golub Lab, Broad Institute NA

Human: SKPNDW (Male) DR. Alejandro Sweet-Cordero Lab,

Stanford University

NA

Oligonucleotides

sgSTAG2#1 gRNA AATGTCTTACTGCTCTACAA IDT NA

sgSTAG2#4 gRNA GCTGAATGTCATCCTCCCGT IDT NA

sgSTAG1#2 gRNA GGAATTAGAGGAGCAGGCCG IDT NA

sgSTAG2#3 gRNA CAGCGAGCTTGAAGAAACAG IDT NA

sgNT1 gRNA GTAGCGAACGTGTCCGGCGT IDT NA

sgNT2 gRNA GACCGGAACGATCTCGCGTA IDT NA

(Continued on next page)
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REAGENT OR RESOURCE SOURCE IDENTIFIER

sgPOU3F2-A gRNA GCTGTAGTGGTTAGACGCTG IDT NA

sgNR2F1-A gRNA GTACTGGCCTGGATTGGGCT IDT NA

sgLACZ gRNA AACGGCGGATTGACCGTAAT IDT NA

Recombinant DNA

pVSVg (addGene 8454) Addgene RRID:Addgene_8454

pPAX2 (addGene 19319) Addgene RRID:Addgene_1226

lentiCRISPR v2 Addgene RRID:Addgene_52961

pSpCas9BB-2A-GFP(PX458) Addgene RRID:Addgene_48138

CMV-GFP-T2A-Luciferase plasmid SBI Cat#BLIV101PA-1

Software and algorithms

Prism 8 Graphpad http://www.graphpad.com

FlowJo V9.9.6 Tree Star http://www.flowjo.com/

ImageQuant TL 8.2 Cytiva https://www.cytivalifesciences.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kimberly

Stegmaier (Kimberly.stegmaier@dfci.harvard.edu).

Materials availability
This study did not generate new unique reagents. Any additional material or reagent described in this manuscript will be made avail-

able with a simple MTA.

Data and code availability
The data from this study including all ChIP-Seq, RNA-Seq, ATAC-Seq andHiChIP was uploaded at GEO under the accession number

GSE116495. The proteomics data from this study is available at the following link http://massive.ucsd.eduMSV000082954. Ewing

sarcoma tumor RNA-Seq data previously reported by (Crompton et al., 2014) is available at dbGaPwith the following accession num-

ber dbGaP: phs000804.v1.p1. Ewing sarcoma ChIP-Seq previously reported by (Riggi et al., 2014) is available at GEO with the

following accession number GEO: GSE61953. Ewing sarcoma ChIP-Seq and RNA-seq data previously reported by (Tomazou

et al., 2015) is available at the following link http://tomazou2015.computational-epigenetics.org. Ewing sarcoma ChIP-Seq data pre-

viously reported by (Kojic et al., 2018) is available at GEO with the following accession number GEO: GSE101921. Ewing sarcoma

ChIP-Seq data previously reported at ENCODE: ENCSR000DZP is available at GEO under the accession number GEO:

GSM935376. Ewing sarcoma tumor Affymetrix arrays data previously reported by (Postel-Vinay et al., 2012) available at GEO with

the following accession number GEO: GSE34620. Ewing sarcoma tumor Affymetrix arrays data previously reported by (Savola

et al., 2011) is available at GEO with the following accession number GEO: GSE17618. Ewing sarcoma RNA-Seq data previously re-

ported by (Smith et al., 2006) is available at GEO with the following accession number GEO: GSE53066. Ewing sarcoma RNA-Seq

data previously reported by (Sankar et al., 2014) is available at NCBI with the following accession number NCBI: PRJNA176544. Ew-

ing sarcoma Affymetrix arrays data previously reported by (Smith et al., 2006) is available at Array express with the following acces-

sion number Array Express: E-GEOD-4560. Ewing sarcomaRNA-Seq data previously reported by (He et al., 2017) is available at GEO

with the following accession number GEO: GSE73092. Ewing sarcoma IC-EwS gene signature previously reported by (Aynaud et al.,

2020) is available at the following link https://www.sciencedirect.com/science/article/pii/S2211124720300747?via=ihub.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animals
All mice were housed at Dana-Farber Cancer institute’s animal facility. All mouse procedures were conducted in accordance with the

Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at

Dana-Farber Cancer Institute. For all experiments, female 6-8 weeks old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were ob-

tained from Jackson laboratory and allowed to acclimatize for one week prior to transplantation. The details of individual xenograft

studies including themethod of transplantation, the cell dose used, and nature of data acquisition is described in themethods details

section.
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Zebrafish
Zebrafish (Danio rerio) were raised and maintained according to standard protocol (Westerfield, 2000). Tg(nacre-/-; roy-/-) zebrafish,

commonly called caspers, were used for all in vivo experiments (White et al., 2008). Adult fish were maintained in a recirculating com-

mercial housing systemat 28.5�Cunder a 14:10 light: dark condition schedule. The optimal temperature for zebrafish growth occurs at

28�C; however, to accommodate the injected cancer cell lines, zebrafish larvae used in xenotransplantation (XT) experiments were

incubated at 35�C to allow for normal growth and development of both zebrafish and injected human cell lines (Haldi et al., 2006; Lee

et al., 2005). All zebrafish larvae were maintained in E3 embryo medium (5 mMNaCl, 0.17 mMKCl, 0.33 mMCaCl2, 0.33 mMMgSO4)

in 10 cm petri dishes. Larvae were cleaned and provided with new media daily. Larvae were euthanized by tricaine overdose (1 mg/

ml) at seven days post fertilization (dpf), followed by 6.15%bleach solution to ensure completemortality. Use of zebrafish in this study

was approved by the Dalhousie University Committee on Laboratory Animals (protocol # 17-005).

Cell lines
All cell lines used in this study were previously genotyped and confirmed to express the appropriate EWS-ETS rearrangement using

either a combination of whole-exome sequencing and transcriptome sequencing or a combination of STR profiling and RT-PCR

(Crompton et al., 2014). A673 (female), EW8 (male), and SKPNDW (male) cells were grown in Dulbecco’s modified Eagle’s media

(Mediatech) with 10% FBS (Sigma-Aldrich) and 1% penicillin streptomycin glutamine (Gibco). A673 medium was supplemented

with 1 mmol/L sodium pyruvate (Gibco). TC71 (male) and TC32 (female) cells were grown in RPMI (Mediatech) with 10% FBS and

1% penicillin streptomycin glutamine (Gibco). A673, TC71, TC32 and EW8 were provided by Dr. Todd Golub (Broad Institute,

Cambridge, MA) and SKPNDW by Dr. Alejandro Sweet-Cordero (Stanford University, Stanford, CA).

METHOD DETAILS

CRISPR/Cas9 genome editing
LentiCRISPRv2 plasmid backbone encoding Cas9 nuclease and a puromycin resistance gene was digested with the restriction

endonuclease BsmbI, gel extracted and used in a ligation reactionwith synthetic oligonucleotide fragments for guide RNA sequences

(gRNA) targeting a gene of interest. Oligos were purchased from Integrated DNA Technologies (IDT), annealed and end phosphor-

ylated via T4 polynucleotide kinase before using in the ligation reaction. All gRNA sequences used in this manuscript are provided in

the key resources table under the oligonucleotide heading. Lentiviral particles were generated by co-transfecting cells with 2 mgs of

lentiCRISPRv2-gRNA constructs along with viral packaging plasmids pVSVg (Addgene 8454) and pPAX2 (Addgene 19319) into

HEK293T cells using TransIT-VirusGEN transfection reagent (Mirus). Ewing sarcoma cells plated 2-3 days prior were transduced

with fresh viral particles, cultured for 48 hours and subjected to puromycin selection at 1 mg/ml for 72 additional hours. Gene KO

was confirmed by immunoblotting for the respective targets.

Generation of clonal STAG2 KO Ewing sarcoma cells
For TC71 cells, the protocol outlined above was used with the exception of the use of X-tremeGENE�HPDNA Transfection Reagent

(Roche). Puromycin selected cells were seeded in semi-solid methylcellulose-based medium (ClonaCell-TCS Medium, Stemcell

Technologies) at clonal density and individual colonies were picked, expanded in liquid culture and gene editing was confirmed

by western blotting for STAG2. For A673 cells, pSpCas9BB-2A-GFP(PX458) (Addgene#48138) expressing Cas9 nuclease and

EGFP plasmid were used to clone gRNA sequences targeting STAG2. A673 cells were transiently transfected with 10 mg of

pSpCas9BB-2A-GFP-gRNA using X-tremeGENE� HP DNA Transfection Reagent. Seventy-two hours later, GFP+ cells were

FACS sorted, allowed to expand in liquid culture and re-seeded in ClonaCell-TCS Medium (Stemcell Technologies) at clonal density.

Single colonies were picked and expanded in culture and eventually validated for deletion of STAG2 by western blots.

Cumulative cell growth
Parental, non-targeting controls, and STAG2KO TC71 and A673 cells were plated in replicates at equal low densities and grown for 3

to 4 days. Live cell counts were assessed by trypan blue exclusion staining and cells were re-plated at the same original density. This

was repeated every 3 to 4 days for approximately 2 weeks. At each interval, cell counts were used to determine the number of cell

doublings using the formula LOG((x/y),2), where x=total cells per flask, and y=total number of cells seeded per flask. Cell doublings

per interval were added to produce a cumulative cell doubling value.

Cell viability
To determine the effects of STAG1 deletion on cell viability in STAG2 mutant or STAG2 depleted Ewing sarcoma cells, cells were

plated in 384-well plates at a concentration of 1000 cells per well in 50 mL of medium. Cell viability was measured by adding

10 mL of CellTiter-Glo ATP-based assay (Promega). Luminescence was read using the FLUOstar Omega microplate reader (BMG

LabTech).

Analysis of growth in semi-solid methylcellulose media
Parental, non-targeting control and STAG2 KO TC71 cells were plated in semi-solid methylcellulose-based medium (ClonaCell-

TCS Medium, Stemcell Technologies) at a density of 2500 cells/ml in 6 well plates. Fourteen days later, wells containing colonies
e4 Cancer Cell 39, 827–844.e1–e10, June 14, 2021
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propagated in culture were stained with 700 ml of a 1:1 mixture of PBS andMTT labeling reagent (Roche) by incubating for 60minutes

in an incubator at 37�C, >95%humidity and 5% carbon dioxide. Plates were imaged using ImageQuant LAS 4000 imager (GE health-

care) and pictures of individual wells were taken. Colony number in each well and volume per individual colony were determined from

the images using the ImageQuant TL 8.2 image analysis software (Cytiva).

Cell cycle profile analysis by EDU incorporation
For cell cycle profile analysis, the Click-iT� Plus EdU Alexa Fluor� 647 Flow Cytometry Assay Kit ( ThermoFisher Scientific) was

used. Log phase growing non-targeting control and STAG2 KO A673 cells were pulsed with 10 mM of the modified nucleotide

analogue EdU (5-ethynyl-2’ -deoxyuridine) for 90 minutes in an incubator at 37�C, >95% humidity and 5% carbon dioxide. Cells

were harvested, washed, fixed, permeabilized and treated with a reaction cocktail containing Alexa flour 647 conjugated picolyl azide

to label incorporated EdU. Cells were treated with RNase for 15 minutes, stained with 40,6-diamidino-2-phenylindole (DAPI) and sub-

sequently analyzed by flow cytometry.

Sub-cellular protein fractionation
Cells were grown to 80% confluence and a total of five million cells were harvested. The subcellular Protein Fractionation Kit for

Cultured Cells (ThermoFisher Scientific) was used to isolate proteins in the soluble cytoplasmic fraction, nuclear soluble fraction

and chromatin-bound fraction according to the manufacturer’s protocol. Harvested cells were treated with a plasmamembrane per-

meabilization reagent to release soluble cytoplasmic proteins followed by treatment with a reagent to dissolve plasma, mitochondrial

and ER/Golgi membranes while maintaining nuclear membrane integrity. Intact nuclei were isolated by centrifugation and their pro-

tein content was extracted. Chromatin bound nuclear proteins were released by treating with micrococcal nuclease for 15minutes at

room temperature.

Co-immunoprecipitation
Cells were grown to 80% confluence and a total of five million cells were harvested, washed with ice cold phosphate buffer saline

(PBS) and lysed with lysis buffer (pH 7.4, 0.025M Tris, 0.15M NaCl, 0.001M EDTA, 1% NP40, 5% glycerol) supplemented with pro-

tease inhibitor cocktail. Five mgs of antibodies were conjugated with 25 ml of magnetic beads. Protein lysates were quantified and

resuspended at a concentration of 1 mg/ml in lysis buffer. 250 mls of lysates (per IP) were incubated with the antibody coupled mag-

netic beads for two hours at room temperature with gentle rotation, washed and eluted to release target antigens.

Chromatin immunoprecipitation-sequencing
Cells (20million per ChIP reaction for all but EWS/FLI1, which required 40million cells) were crosslinked with warm 1%methanol-free

formaldehyde (ThermoFisher) for 10 minutes at room temperature rotating at 12 RPM. The reaction was quenched by adding glycine

to a final concentration of 0.125M and incubating for an additional 5 minutes at room temperature rotating at 12 RPM. Cell pellets

were washed three times with ice cold PBS and resuspended in 1 ml of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl

pH8) supplemented with protease inhibitor cocktail including phenylmethylsulfonyl fluoride (PMSF) and incubated at RT for 2minutes

with gentle rotation. Lysates were centrifuged at 15,000 G for 10 minutes at 4�C and the pellet was re-suspended in 900 ml of ChIP IP

buffer (2:1 SDS lysis buffer : triton dilution buffer), transferred tomilliTUBE (Covaris). Sonication was performed on a E220 Focus Ultra

Sonicator (Covaris) using the setting (duty cycle 5%, peak power 140W, cycles per burst 200, Temperature 4�C, time 30 minutes/

millitube). ChIP inputs from sheared chromatin were de-crosslinked by adding de-crosslinking buffer (NaHCO3, NaCl, RNase A, Pro-

teinase K) and incubating for two hours at 65�C in a thermal cycler. The remaining sheared chromatin was incubated with primary

antibody coupled to Protein A DynaBead (Beckman Coulter, antibody bead conjugation was performed for 16 hours) overnight,

rotating at 4�C. As a calibration control, antibody against a drosophila specific histone variant H2Av and drosophila chromatin (Active

Motif) were used as per the recommendation of the manufacturer. The next day, ChIP product was eluted from the Dynabeads in

100 ml of elusion buffer and de-crosslinked for 12 hours at 65�C. For both Input and chipped material, AMPure XP beads (Beckman

coulter) were used to purify DNA. Information regarding antibodies used is presented in key resources table under the heading of

Antibodies.

ChIP-seq library preparation & sequencing
ChIP-Seq libraries were prepared using Swift S2 Acel reagents on a Beckman Coulter Biomek i7 liquid handling platform from

approximately 1 ng of DNA according to the manufacturer’s protocol and 14 cycles of PCR amplification. Finished sequencing li-

braries were quantified by a Qubit fluorometer and samples were QC’D using a Bioanalyzer Tapestation (Agilent Technologies

2200) to determine fragment size. Library pooling and indexing were evaluated with shallow sequencing on an Illumina MiSeq. Sub-

sequently, libraries were sequenced on a NovaSeq targeting 40 million 100bp read pairs by the Molecular Biology Core facilities at

Dana-Farber Cancer Institute.

HiChIP
HiChIP was performed on the A673 clonal lines sgNT-1c4 and sgSTAG2-1c6 in duplicate based on a previously published protocol

(Mumbach et al., 2016) with a few adaptations which were performed as previously described (Weintraub et al., 2017). The A673

clonal lines sgNT-1c4 and sgSTAG2-1c6 were tested with duplicates for each line crosslinked on separate occasions. The
Cancer Cell 39, 827–844.e1–e10, June 14, 2021 e5
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SMC1A antibody used in the ChIP experiments was by Bethyl A300-055A. Libraries were sequenced 100x100 on an Illumina Hi-Seq

2500 platform.

ATAC-sequencing
ATAC-Seq was performed on A673 clones (sgNT-1c4, sgNT-2c3, sgSTAG2-1c6, and sgSTAG2-4c5). (Buenrostro et al., 2013) Cells

were collected, and apoptotic cells removed with the Annexin VMicroBead Kit (Miltenyi Biotec) according to the manufacturer’s pro-

tocol. To prepare nuclei, we spun 50,000 cells at 5003 g for 5minutes. Cells were lysed using cold lysis buffer (10mMTris-Cl, pH 7.4,

10 mM NaCl, 3 mM MgCl2 and 0.1% IGEPAL CA-630). Immediately after lysis, nuclei were spun at 500 3 g for 10 minutes using a

refrigerated centrifuge. Immediately following the nuclei prep, the pellet was resuspended in the transposase reaction mix (25 mL 2x

TD buffer, 2.5 mL Transposase (Illumina) and 22.5 mL of nuclease freewater). The transposition reaction was carried out for 30minutes

at 37 �C. Directly following transposition the sample was purified using a Qiagen Minelute kit. Transposed DNA was eluted in 10 mL

Elution Buffer (10mMTris buffer, pH 8). We then performed size selection to target fragments of 115-600 bp by Pippin Prep according

to manufacturer’s instructions. Next, we amplified 20 mL of library fragments after adding 25 mL of NEBnext PCR master mix and

2.5 mL of custom Nextera PCR primers 1 and 2. PCR was performed using the following conditions: 72�C for 5 minutes, 98�C for

30 seconds, followed by thermocycling at 98�C for 10 seconds, 63�C for 30 seconds and 72�C for 1 minute for 12 cycles. We

then performed a SPRI PCR cleanup (AMPure XP Beads; Beckman Coulter/Agencourt) and confirmed that the final library fragments

were 100-800 bp by Tapestation.

Genome-wide expression profiling
Total RNA was extracted with an RNeasy Kit (Qiagen) from STAG2 wild-type and STAG2 knockout clones (A673.sgNT-1c4,

A673.sgNT-2c3, A673.sgLacZ-2c1, A673.sgSTAG2-1c4, A673.sgSTAG2-1c6, A673.sgSTAG2-4c3, A673.sgSTAG2-4c5,

TC71.sgNT-1c6, TC71.sgNT-2c5, TC71.sgSTAG2-1c6, TC71.sgSTAG2-4c15, TC71.sgSTAG2-4c18, TC71.sgSTAG2-1c3). For

the A673 clones, Poly(A) RNA was isolated using the NEBNext mRNA magnetic isolated module (New England Biolabs) and

paired-end libraries were prepared using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England Biolabs) ac-

cording to the manufacturer’s protocols with the following modifications: the PCR library enrichment conditions were adjusted to 12

cycles and the PCR library reaction was purified twice by size selection with Agencourt AMPure XP beads (Beckman Coulter).

Libraries were subjected to 50 base paired-end sequencing (Illumina HiSeq 2000). For the TC71 clones, Total RNA was extracted

with the RNeasy Kit and on-column DNA digestion (Qiagen). Poly(A) mRNA was isolated, and libraries were prepared using the Tru-

Seq StrandedmRNAKit (Illumina) according to themanufacturer’s protocol. Strand-specificmRNA sequencing libraries were pooled

and sequenced on a NextSeq500 instrument with single-end 75bp reads to a depth of 30-40M reads/sample.

Quantitative PCR
RNA was extracted from cells using the RNeasy Mini kit and on-column DNA digestion (Qiagen) and quantified using Qubit RNA HS

Assay (ThermoFisher Scientific). cDNA was prepared using qScript cDNA synthesis Kit (QuantaBio) and a C1000 Touch Thermal

Cycler (Bio-Rad). Data were collected in technical triplicates and biological duplicate using SYBR Green FastMix (QuantaBio) on

QuantStudio� 6 -Flex Real-Time PCR Systems (Life Technologies) and analyzed using the DDCT method (Livak and Schmitt-

gen, 2001).

Zebrafish model of migration
Fluorescently labeled TC71 cells clonally selected for STAG2KO (sgSTAG2-1c6, sgSTAG2-4c15, and sgSTAG2-4c18) orWT STAG2

expression (sgNT-1c6 and sgNT-2c5) were injected into the hindbrain ventricle (HBV) of zebrafish larvae 2 days post-fertilization

(dpf). The needle tip was positioned perpendicular to the otolith of the zebrafish larvae and inserted directly into the HBV for the trans-

plantation of 50-100 cells. After injection, zebrafish were monitored with brightfield and fluorescent microscopy and scored for pres-

ence of migrated TC71 cells to the dorsal surface, yolk sac and tail. To demonstrate that migration does not occur passively, larvae

with fluorescent microspheres (�10 microns) were also injected into the HBV at 2 dpf. Larvae were monitored to confirm that there

was no microsphere migration into the dorsal surface, yolk sac and tail. Each TC71 clone was injected into a minimum of 120 zebra-

fish. For analysis, all STAG2 KO clones were combined (n = 403) and all WT STAG2 clones were combined (n = 433). The percentage

of fish in the STAG2 KO group and Control group were calculated and a 95% confidence interval was estimated with the modified

Wilson method. Fisher’s exact test was used to determine whether a difference in the rate of migration was significant at day 3 post-

injection, the day where the maximum migration rate was reached in this experiment.

Murine xenograft studies
Two tail vein injection mouse xenograft experiments were conducted to test the effect of STAG2 knockout on metastasis. In the first

experiment, A673 cells clonally selected for STAG2 KO or WT STAG2 expression (sgNT-1c4, sgNT-2c3, sgSTAG2-1c4, sgSTAG2-

1c6, sgSTAG2-4c5, and sgSTAG2-4c5) were transduced with the lentiviral plasmid pFUW-Luc-Neo to constitutively express lucif-

erase. One million cells were injected into the tail vein of each NSG mouse such that 6 mice were injected with each clone. Mice

were then monitored for the presence of metastasis by serial bioluminescence imaging. For analysis, data from mice injected with

STAG2 KO clones were combined and mice with WT STAG2 clones were combined. The two groups were compared by mixed-ef-

fects model with multiple comparisons. One mouse treated with sgSTAG2-4c5 clones died from disease prior to day 30.
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In the second experiment, TC71 cells were transduced with the lentiviral plasmid encoding GFP-T2A-Luciferase and selected by

fluorescence-activating cell sorting (FACS) for GFP expression. Cells were then transduced with lentiviral CRISPR Cas9 STAG2-tar-

geting guides (sgSTAG2-1 and sgSTAG2-4) or a non-targeting guide (sgNT-1). Cells were selected for transduction by puromycin for

five days and knockout ofSTAG2was confirmed bywestern immunoblot before 500,000 cells of each condition were injected into the

tail vein of NSGmice. Mice were thenmonitored for the presence of metastasis by serial bioluminescence imaging with the abdomen

blocked tomeasuremetastatic sites (lower extremities) distant from the initial target organs of the injection (liver and lungs). Fivemice

were injected with each sgSTAG2 treated condition and 10 mice were injected with sgNT-1 treated cells. One mouse injected with

sgNT-1 and one mouse injected with sgSTAG2-4 treated cells died shortly after tail vein injection and was excluded from biolumi-

nescence analysis. For analysis, data from mice injected with STAG2 KO clones were combined. The two groups were compared

by mixed-effects model with multiple comparisons.

A third semi-orthotopic intramuscular injection mouse xenograft experiment was conducted to test the effect of STAG2 knockout

on metastasis. Clonally selected A673 cells (NT1c4, sgSTAG2#1-c6, sgSTAG2#4-c5) were transduced with the lentiviral plasmid en-

coding GFP-T2A-Luciferase and selected by fluorescence-activating cell sorting (FACS) for GFP expression. Cells were washed and

resuspended in 1:1 mixture of Matrigel/PBS and injected directly into the hind limb cranial thigh muscle away from sciatic nerve at a

concentration of 50,000 cells per mouse in 50 ml Matrigel solution. We used 8 NSG mice per group and monitored for disease pro-

gression and the presence of metastasis by serial bioluminescence imaging of whole body as well as the upper thoracic cavity after

blocking the primary tumor site. At the conclusion of the experiment, lungs from all recipient mice were extracted and BLI imaging

was performed ex vivo tissue culture plates.

In a separate experiment, TC32 cells were transduced with the lentiviral plasmid encoding GFP-T2A-Luciferase and selected by

fluorescence-activating cell sorting (FACS) for GFP expression. Cells were then transduced with lentiviral CRISPR Cas9 TP53-tar-

geting guides (sgTP53-1 and sgTP53-5) or a non-targeting guide (sgNT-1). These polyclonal cells were selected for transduction

by puromycin for five days and knockout of TP53 was confirmed by western immunoblot before 250,000 cells of each condition

were injected into the tail vein of NSG mice (n=5 per group). Mice were then monitored for overall disease progression and the pres-

ence of metastasis by serial bioluminescence imaging of whole body and with the abdomen blocked to measure metastatic coloni-

zation of the lower extremities.

To assess the effect of POU3F2 and NR2F1 on the metastatic potential of STAG2 KO cells, we used one of the clonally selected

STAG2 KO cells (sgSTAG2#1-c6) and transduced it with the lentiviral plasmid encoding GFP-T2A-Luciferase and selected by fluo-

rescence-activating cell sorting (FACS) for GFP expression. Next, we transduced these cells with lentiviral CRISPR Cas9 targeting

guides against (sgPOU3F2-A, sgNR2F1-A or LACZ). Successfully transduced cells were selected with 1 mg/ml of puromycin for

3 days and knockout of each gene validated by western blot. Cells were injected via the intramuscular route as described above

at a concentration of 50,000 cells per mouse (n=8 per group) and disease progression was monitored by serial bioluminescence im-

aging as described above.

DepMap data analysis
CERESGene effect scores for cohesin genes STAG2, RAD21, SMC1A and SMC3were downloaded from the CRISPR (Avana) Public

Depmap v20Q3 portal https://depmap.org/portal/download/ for the 16 Ewing sarcoma and 773 other lineage cell lines in the data-

base. A lower CERES score indicates a higher likelihood that the gene is essential for the cell line. A CERES score of 0 indicates not

essentiality, while a score of -1 is comparable with the median of all pan-essential genes, i.e., the genes which are essential for every

cell line. A CERES score below -0.5 is estimated as indicative of gene essentiality for the cell line, while a score above 0.5 is estimated

as indicative of tumor suppressor effect. For each cohesin gene, the essentiality effect on Ewing sarcoma cells vs. all other cell lines

as background, was visualized on hockey stick plots.

Genome scale CRISPR/Cas9 screen
The genome-scale CRISPR-Cas9 screening was performed using the Broad Institute’s Avana library. The isogenic A673 cell lines

with eitherSTAG2 knockout or non-targeting controls were screenedwith the Avana library, containing 73,372 guides and an average

of 4 guides per gene.(Doench et al., 2016; Meyers et al., 2017) The screens were conducted in a pooled experiment as previously

described.(Aguirre et al., 2016; Meyers et al., 2017).

The isogenic A673 cell lines with either STAG2 knockout or non-targeting controls were screened in replicate (n=4) with the Avana

CRISPR library after pooled transduction into a population of cells. The essential genes in the isogenic lines were identified using

MAGeCK.(Li et al., 2014) The Avana guides were filtered to include guides that only map to one location in the genome as MAGeCK

does not model the cutting effect of guides that map to multiple locations in the reference genome. Next, the guides were filtered to

only include guides that had predicted efficacy scores of >0.95 asmodeled byCERES on a large collection of cancer cell lines in order

to minimize off-target effects.(Meyers et al., 2017) Thus, the maximum-likelihood analysis of gene essentialities function from MA-

GeCK was run with 4 replicates of each isogenic line (A673.sgSTAG2-1c6, A673.sgSTAG2-4c5, A673.sgNT-1c4, A673.sgNT-2c3)

and approximately 41,978 guidesmapping to 17,146 genes. TheMAGeCKmaximum-likelihood analysis assigned a gene essentiality

score for each isogenic line collapsing the replicates.
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RNA-Seq analysis
The human reads were mapped to the GRCh37/hg19 human genome using STAR v2.7.3 with standard parameters --outSAMtype

BAM SortedByCoordinate --outSAMunmapped Within --outSAMattributes NH HI NM MD AS XS --outReadsUnmapped Fastx

--outSAMstrandField intronMotif --quantMode TranscriptomeSAM GeneCounts --quantTranscriptomeBan IndelSoftclipSingleend.

Quality control for the mapped reads and for replicate reproducibility was performed using SARTools v1.7.3 (Varet et al., 2016). Gene

level reads were summarized by counting the reads that overlapped the GRCh37/hg19 annotated gene exons, by using the featur-

eCounts v1.6.3method implemented in the Subread v2.0.0 package (http://subread.sourceforge.net) (Liao et al., 2014). Gene counts

were normalized and used to quantify differential genes between the experimental and control conditions using DESeq2 v1.24.0.

Genes with R10 reads across at least 3 samples (A673 data) and across at least 2 samples (TC71 data) were annotated as ‘‘ex-

pressed’’. Differentiability for the expressed genes was assessed with DESeq2 based on the robust shrunken log2 fold change

scores and the approximate posterior estimation for GLM coefficients (apeglm v1.6, Zhu et al., (2019)) method for effect size. The

cutoffs for differentially expressed genes were |log2(fold change)|R1.5 and adjusted P-value%0.10. Heatmap for transcriptional

data visualization was created by using the Morpheus software platform (https://software.broadinstitute.org/morpheus/) based on

the log2(1+ DESeq2 normalized counts) data. The RNA-Seq data for this study are available for download from the Gene Expression

Omnibus (GEO) repository (GSE 116495).

ChIP-seq data analysis
Quality control tests for unmapped sequences were performed based on the FastQC v.0.11.5 software (http://www.bioinformatics.

babraham.ac.uk/projects/fastqc/). All of the ChIP-Seq data sets were aligned to the GRCh37/hg19 human genes and Drosophila

Melanogaster dm6 genes using bowtie2-2.3.5 with the standard options. PCR duplicates were removed with the Picard v2.18.2

MarkDuplicates tool (Li and Durbin, 2010). The Active Motif Spike-in Normalization protocol was then applied to each hg19 sample

by multiplying the human tag counts with the normalization factors derived from the uniquely mapped Drosophila reads as ratios be-

tween the sample with the lowest dm6 counts vs. the dm6 counts for that sample.

For eachmark the readsmapped on theSTAG2wild-type clones A673.sgNT-1c4 andA673.sgNT-2c3weremerged and labeled as

‘‘STAG2 WT’’. Similarly, for each mark the reads mapped on the STAG2 knockout clones A673.sgSTAG2-1c6, A673.sgSTAG2-4c5

were merged and labeled as ‘‘STAG2 KO’’ with the exception of H3K27me3 for which only the A673.sgSTAG2-1c6 clone is available

and labeled as ‘‘STAG2 KO’’.

The dm6 normalization factors for individual clones and for the merged clones were very close to 1. The mapped reads for indi-

vidual and for merged clones were normalized in units of Reads Per Kilobase per Million (RPKM or rpm/bp) and coverage tracks

for the RPKM signal were created as bigwig files for bins of size 20 base pairs by using the bamCoverage tool available in deepTools

v2.5.3. (Ramirez et al., 2016).

Peak calling was performed against input controls using the model-based MACS2 v2.1.1.20160309 software (Zhang et al., 2008),

with the cut-off FDR % 0.01. Narrow peaks were identified for all marks except H3K27me3 for which MACS2 was called with the

broad peak option. Area under Curve (AUC) RPKM normalized signal across genomic regions was computed with the bwtool soft-

ware (Pohl and Beato, 2014). Peaks with low area under curve coverage (< 300 RPKM) were disregarded and the ENCODE black-

listed regions for hg19 (available at https://www.encodeproject.org/annotations/ENCSR636HFF/) were removed from each set of

peak regions. Quality control tests for the mapped reads were performed by using the ChIPQC library available from Bioconductor

v3.6 (Carroll et al., 2014). The distances between replicates for STAG2WT and STAG2KO clones were estimated based on themulti-

BamSummary function available from the deepTools v2.5.3. (Ramirez et al., 2016) and visualized on correlation heatmaps and PCA

plots. The peakswere annotatedwith the closest hg19 genes by using the annotatePeaks function available in theHomer v4.11 pack-

age (Heinz et al., 2010) and the GREAT annotation platform (McLean et al., 2010).

ATAC-Seq
ATAC-Seq data were collected using paired-end 50 bp reads from HiSeq, Illumina at the Center for Cancer Genome Discovery at the

Dana-Farber Cancer Institute (2015). Quality control tests for unmapped reads were performed based on the FastQC v.0.11.5 soft-

ware (Babraham Bioinformatics, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). All of the ATAC-Seq data sets were

aligned to the GRCh37/hg19 human genes using bwa v0.7.17 (https://github.com/lh3/bwa) with the mem -M options (Li and Durbin,

2010). The mitochondrial reads (chr M) were removed with samtools after alignment. PCR duplicates were removed with Picard

v2.18.2 MarkDuplicates tool. The reads mapped on the STAG2 wild-type clones were merged and labeled ‘‘STAG2 WT’’, and simi-

larly, the readsmapped on the STAG2 knockout clones were merged and labeled ‘‘STAG2 KO’’. The mapped reads were normalized

in units of Reads Per Kilobase per Million (RPKM or rpm/bp) and coverage tracks for the RPKM signal were created as bigwig files for

bins of size 20 base pairs by using the bamCoverage tool available in deepTools v2.5.3 (Ramirez et al., 2016). Model-based peaks

were identified using model-based MACS2 v2.1.1.20160309 software (Zhang et al., 2008), with the cut-off FDR% 0.01. The ATAC-

Seq data for this study is available for download from the Gene Expression Omnibus (GEO) repository (GSE 116495).

ChIP-Seq and ATAC-Seq visualization and analysis
ChIP-Seq binding peaks and normalized binding signal were visualized on the Integrative Genomic Viewer (IGV) v2.4.0 platform.

(Thorvaldsdottir et al., 2013) Gene promoter regions were defined as the +/- 3 kb intervals around the hg19 gene transcription start

site (TSS). Enhancer regions were required to exist outside of the promoter regions defined as +/- 3 kb from a TSS. The BEDTools
e8 Cancer Cell 39, 827–844.e1–e10, June 14, 2021

http://subread.sourceforge.net
https://software.broadinstitute.org/morpheus/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.encodeproject.org/annotations/ENCSR636HFF/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/lh3/bwa


ll
Article
v2.27 (Quinlan and Hall, 2010) was used to perform various genomic region analyses (sorting, intersection, merging). Heatmaps of

AUC ChIP-Seq normalized signal occupancy on genomic regions were created using the computeMatrix and the plotHeatmap tools

available in the deepTools v2.5.3 suite. The plotProfile tool from deepTools v2.5.3 was used to create metaplots based on the

average normalized scores across genomic regions. Differential genome-wide mark binding in STAG2 KO vs. STAG2 WT clones

was quantified based on the unpaired t-test with Welch correction (cutoff P-value % 0.05) for the area under curve (AUC) RPKM

normalized signal across the genome-wide regions in the two conditions. For a specific genomic region, the STAG2 KO vs.

STAG2 WT changes in signal occupancy were classified as ‘‘increase’’, ‘‘decrease’’ or ‘‘not significant’’ based on the absolute

cut-off 1.5 for the delta area under curve scores.

Defining cohesin clusters
SA2 binding peak regions not overlapping with SA1 peaks were labeled ‘‘SA2-only’’. Overlapping peak regions for both SA1 and SA2

were labeled ‘‘Common’’. SA2-only regions bound by H3K27me3 broad peaks were labeled ‘‘SA2/H3K27me3’’. SA2-only regions

bound by H3K27ac peaks (promoter or enhancer sites) were labeled ‘‘SA2/H3K27ac-Promoters’’ and ‘‘SA2/H3K27ac-Enhancers’’,

respectively. SA2-only regions without H3K27me3 or H3K27ac overlapping peaks were labeled ‘‘SA2/others’’.

Motif enrichment analysis
The motif enrichment analysis was performed for genomic regions and gene promoters using HOMER v4.11 platform (Heinz et al.,

2010) with the significance cutoff P < 0.01. For motif discovery in input genomic regions, HOMER v4.11 used a background control of

100,000 random sequences that matched the GC-content of the queried input sequences. The random sequences were selected

from HOMER’s own pre-built internal repository of the collection of human (hg19) sequences of predefined lengths (8,10,12,..)

that were extracted from the TSS (+/-50 kb) regions. HOMER removes the bias introduced by lower-order oligo sequences through

an additional auto-normalization step, by correcting any imbalances between the input target regions and background sequences in

1-mers, 2-mers and 3-mers. This auto-normalization procedure attempts to remove some of the sequence bias associated with

certain genomic regions and the noise that may have been introduced by experimental sequencing.

Generation of EWS/FLI1 gene signatures
A compendium of 33 gene sets: 15 EWS/FLI1 gene signatures in A673 cells and 18 EWS/FLI1 signatures in various other contexts

was created based on the following resources:

dThe A673 IC-EwS on single cell transcriptomics data (Aynaud et al., 2020).

dFive A673 shEWS/FLI1 transcriptomic signatures: RNA-Seq Lessnick-Pais (2016) GSE53066, Lessnick-Sarkar(2012)

PRJNA176544, Tomazou(2015) RNA-Seq http://www.medical-epigenomics.org/papers/tomazou2015, Delattre-Kovar(2017)

GSE73092) and Affymetrix Lessnick-Smith(2006) E-GEOD-4560. Each of the RNA-Seq data sets was processed separately

based on the RNA-Seq pipeline employed for our study, and the Affy expression data was analyzed by using the limma eBayes

package with standard cutoffs (|log2(fold change)|R1.5, adjusted P%0.1).

dConsensus A673 RNA of 590 EWS/FLI1 activated, respectively 1,392 repressed gene signatures, based on the rule ‘‘3 out of 5’’

A673 shEWS/FLI1 transcriptomic signatures.

dA DNA A673 consensus EWS/FLI1 gene target signature based on the gene targets for the EWS/FLI1 bound regions in our ‘‘high

coverage’’ A673 EWS/FLI1 ChIP-Seq data which overlapwith A673 FLI1 peaks identified in two external studies (Riggi et al., 2014;

Tomazou et al., 2015).

dConsensus A673 RNA/DNA EWS/FLI1 of 325 activated and 537 repressed by intersecting the Consensus A673 RNA and

Consensus A673 ChIP-Seq EWS/FLI1 gene targets.

dthe collection of 16 EWS/FLI1 and Ewing sarcoma signatures in various contexts (not A673 cells) available from theMSigDB v7.1

c2 database.

dtwo core MSigDB Ewing sarcoma Hancock-Lessnick (2008) signatures.
GSEA analysis of transcriptome and proteomic data
GSEA v4.1 software (Subramanian et al., 2005) was used to identify functional associations of the molecular phenotypes induced by

STAG2 loss with the compendia of EWS/FLI1 activated and repressed signatures on A673 cells merged with theMSigDB v7.1 collec-

tion c2 of curated pathways and experimental gene sets.

Themolecular phenotypes induced by STAG2 KO vs. STAG2wild-type were measured by (i) RNA-Seq expression of the A673 and

TC71 cells, (ii) proteome mass spectrometry of A673 cells, (iii) RNA-Seq expression of Ewing sarcoma tumors with loss-of -function

mutations in STAG2 compared to tumors expressing wild type STAG2.(Crompton et al., 2014) (iv) RNA-Seq expression of Ewing sar-

coma tumors with low STAG2 expression vs. high STAG2 expression identified in � top 12% tumors in two transcriptome data sets

with no information about STAG2 mutation status: (Savola et al., 2011) GSE17679, 42 Ewing sarcoma tumors, and Postel-Vinay

(2012) GSE34620, 117 Ewing sarcoma tumors.

For each of these datasets, the hg19 genes were ranked based on the expression fold change in STAG2 KO (low) vs. STAG2 wild

type (high) phenotypes. The goal of GSEAwas to identify the gene sets that are distributed at the top or at the bottom of the ranked list
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of genes based on the Kolmogorov-Smirnov enrichment test. Gene sets with absolute Normalized Enrichment ScoreR1.3, a nominal

P % 0.05 and an FDR % 0.25 for the Kolmogorov-Smirnov test were considered significant hits. The results were visualized on vol-

cano plots for the Normalized Enrichment Score (NES) vs. -log10(P) and on GSEA plots.

Enricher and GO analysis
Overlapping enrichment analysis for the genes with significantly altered expression induced by STAG2 KO in A673 cells (|log2(fold

change)| R1.5, adjusted P < 0.10), was performed against the MSigDB v7.1 collections c2 (canonical pathways and experimental

gene sets) and c5 (Gene Ontology). Significant enrichments were quantified based on hypergeometric test (P-value %0.05, FDR

%0.05) and size overlap R10.

HiChIP data analysis
HiChIP raw reads were aligned to hg19 human reference genome using HiC-Pro v2.10 (Servant et al., 2015). Each of the four replicate

samples was sequenced to a depth > 150M reads.Moreover, each sample passed stringent quality control with aminimumof 23%of

all readsmapping to intrachromosomal loci. High-confidence loop calls were inferred using hichipper (Lareau and Aryee, 2018) using

the merged union of 368,178 SMC1A ChIP-Seq peaks from both the WT and STAG2 KO cell lines in our study into 144,863 genomic

regions. Long range interactions spanning two anchor regions, termed DNA loops, were derived from linked paired-end reads that

overlapped restriction fragments containing this consensus peak of possible loop anchors. In total, 1,836,186 interactions spanning

pairs of 102,398 genomic loci were observed among the four samples. As a majority of these interactions represent background

proximity ligation, we performed stringent filtering to identify putative biologically functional DNA loops.

We called a set of 56,219 loops naive to any additional genetic or epigenetic annotation that met stringent criteria. These loops

contained at least four reads with paired-end tags (PETs) in two or more replicates and were statistically-significant at a distance-

dependent P-value of 1%and FDR of 1%based on the per-loopmeasures from the loop proximity bias correction algorithm originally

implemented inMango (Phanstiel et al., 2015). The set of 56,219 stringently filtered loops served as a basis for differential loop calling

between the wild-type and STAG2 KO mutant cell lines. To identify loops with significant changes in contact coverage (either

decrease or increase) in A673 with STAG2 KO compared to STAG2WT cells, differential loops were called at using the diffloop (Lar-

eau et al., 2018) packagewith the cutoffs |abs(fold change contact coverage)|R2 and P-value%0.05. Loop edgeswere annotated for

their overlap with gene promoter regions and with ChIP-Seq binding sites for H3K27ac enhancers and EWS/FLI1. Loop were anno-

tated for TSS+/-5kb promoter region landing for hg19 genes, and separately for expressed hg19 genes, in accordance with the 5kb

resolution of our HiChIP data.

Enhancer-Promoter loops were defined as the significant loops connecting a H3K27ac enhancer binding site on one anchor and a

landing gene promoter (TSS+/-5kb region) on the opposite anchor. Enhancers were identified in the H3K27ac A673 ChIP-Seq data in

this study as the H3K27ac binding sites outside the TSS+/-3kb regions. Loop anchors were fully annotated with the hosted enhancer

binding sites and gene targets (Table S1).

EWS/FLI1 status was assigned to the significant loops that host a EWS/FLI1 binding site (ChIP-Seq peak) on one anchor and a

gene promoter (TSS+/-5kb) region on the opposite anchor. Thus, an EWS/FLI1 loop intermediates the "long interactions" between

any of the EWS/FLI1 binding sites on one anchor to any of the gene promoter regions on the opposite anchor.

For the purpose of the EWS/FLI1 loop annotation, we defined a consensus of 11,519 ChIP-Seq EWS/FLI1 binding sites on A673

cells by intersecting the peaks identified in the A673 EWS/FLI1 ChIP-Seq high coverage data in this study (MACS2, FDR%0.01) with

the union of the EWS/FLI1 peaks identified in two published A673 EWS/FLI1 ChIP-Seq studies (Riggi et al., 2014; Tomazou et al.,

2015). Based on the consensus EWS/FLI1 peaks we identified 8,957 EWS/FLI1 loops. The anchors of the EWS/FLI1 loops were an-

notated with the EWS/FLI1 ChIP-Seq binding sites and gene promoter landing regions and with the STAG2 KO vs. WT differential

status information for the host loop and for the gene. The fully annotated collection of all 23,580 EWS/FLI1 binding site – promoter

long interactions harbored by the 8,957 EWS/FLI1 loops is available (Table S6) as a resource for exploratory data analyses. The me-

dian loop length was examined for association with the differential loop status (increase or decrease) induced by STAG2 KO for all

loops, and separately for enhancer-promoter and EWS/FLI1 loops (unpaired t-test with Welch correction, P-value %0.10).

QUANTIFICATION AND STATISTICAL ANLAYSIS

Data are expressed as mean ± SEM or mean ± SD as indicated in the figure legends. Group size was determined on the basis of the

results of preliminary experiments and no statistical method was used to predetermine sample size. The indicated sample size (n)

represents biological replicates. Group allocation and outcome assessment were not performed in a blinded manner. All samples

that met proper experimental conditions were included in the analysis. Details of statistical analysis used to determine significance

are presented in the respective figure legends.
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