RAD21 is a driver of chromosome 8
gain in Ewing sarcoma to mitigate
replication stress
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Aneuploidy, defined as whole-chromosome gain or loss, causes cellular stress but, paradoxically, is a frequent oc-
currence in cancers. Here, we investigate why ~50% of Ewing sarcomas, driven by the EWS-FLI1 fusion oncogene,
harbor chromosome 8 gains. Expression of the EWS-FLI1 fusion in primary cells causes replication stress that can
result in cellular senescence. Using an evolution approach, we show that trisomy 8 mitigates EWS-FLI1-induced
replication stress through gain of a copy of RAD21. Low-level ectopic expression of RAD21 is sufficient to dampen
replication stress and improve proliferation in EWS-FLI1-expressing cells. Conversely, deleting one copy in trisomy 8
cells largely neutralizes the fitness benefit of chromosome 8 gain and reduces tumorgenicity of a Ewing sarcoma
cancer cell line in soft agar assays. We propose that RAD21 promotes tumorigenesis through single gene copy gain.

Such genes may explain some recurrent aneuploidies in cancer.
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Anecuploidy, defined as whole-chromosome gains and
losses, causes many cellular stresses and cell proliferation
defects in primary cells (Santaguida and Amon 2015). It is
thus not surprising that aneuploidy is rare in normal
somatic tissues (Santaguida and Amon 2015). Paradoxical-
ly, aneuploidy is a hallmark of cancer, a disease character-
ized by increased proliferation. Over 90% of solid tumors
and 75% of hematopoietic malignancies are aneuploid
(Weaver and Cleveland 2006; Beroukhim et al. 2010). Fur-
thermore, some cancers harbor specific recurring chromo-
some gains and/or losses (Knouse and Amon 2013; Taylor
et al. 2018). This observation suggests that although aneu-
ploidy is generally detrimental, recurrent aneuploidies
provide a selective advantage to the cancer. Here we in-
vestigate why chromosome 8 is so frequently gained in
Ewing sarcoma.

This paper is dedicated to the memory of Dr. Angelika Amon, who passed
away on October 29, 2020.
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Ewing sarcoma (ES) is the second most common pediat-
ric bone and soft tissue cancer. While the cell of origin is
still debated, it is generally thought to be a mesenchymal
stem or progenitor cell (Griinewald et al. 2018). In 85% of
patients, Ewing sarcomagenesis is initiated by the recipro-
cal t(11;22)(q24;q12) chromosomal translocation, which
creates the EWS-FLI1 fusion (Brohl et al. 2014; Crompton
et al. 2014; Tirode et al. 2014; Anderson et al. 2018). The
EWS-FLI1 oncogene is a fusion of the transcriptional acti-
vator and RNA binding protein EWSR1 and the DNA
binding domain of the ETS family transcription factor
FLI1 to create a neomorphic transcription factor. The
EWS-FLI1 protein recruits the BAF chromatin remodeling
complex to tumor-specific enhancers (Boulay et al. 2017,
2018), thereby driving the transcriptional program that
promotes Ewing sarcoma development. EWS-FLI1 also
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interferes with repair by homologous recombination and
increases R-loop formation (Gorthi et al. 2018).

Besides the EWS-FLI1 translocation, Ewing sarcomas
harbor relatively few other mutations (Lawrence et al.
2013; Tirode et al. 2014). However, ~50% carry additional
copies of chromosome 8, 21 % show gains for chromosome
12, and 18% show gains for chromosome 1q (Crompton
et al. 2014; Tirode et al. 2014). Given that the aneuploid
state generally confers a fitness disadvantage due to aneu-
ploidy-associated stresses, we hypothesized that specific
genes encoded on the additional chromosomes are critical
for Ewing sarcomagenesis. Here, we identify a cause of
chromosome 8 gain in Ewing sarcoma. We show that ex-
pression of the EWS-FLI1 fusion in primary mesenchymal
cell types accelerates S-phase entry and causes replication
stress. Gain of additional copies of chromosome 8 miti-
gates this replication stress and improves proliferation of
EWS-FLI1-expressing cells. Using a combination of com-
putational and experimental evolution approaches, we
show that cohesin subunit RAD21 contributes to these tri-
somy 8 benefits.

Results

EWS-FLI1 inhibits proliferation of primary
mesenchymal cells

To determine whether and how chromosome 8 gain con-
tributes to the initiation of Ewing sarcomagenesis, we
transduced a constitutively expressed EWS-FLI1 fusion
into early passage primary human mesenchymal stem
cells (MSCs), hTERT-immortalized mesenchymal stem
cells (hnTERT-MSC), and mesenchymal progenitor cells
(hMPro). Whole-genome sequencing confirmed that these
cell lines started out as euploid and, with or without the
presence of EWS-FLI1, maintained this karyotype at pas-
sages beyond the time frame of our experimental analyses
(Supplemental Fig. S1A,B; Supplemental Table S1). The
EWS-FLI1 fusion caused significant proliferation defects
in all three mesenchymal cell types, even though the re-
sulting EWS-FLII protein levels were lower than in Ewing
sarcoma cell lines (Fig. 1A [top panel], B). Consistent with
previous reports (Deneen and Denny 2001; Lessnick et al.
2002), EWS-FLI1 expression also interfered with prolifera-
tion of differentiated mesenchymal cells—primary
human fibroblasts. Specifically, we expressed the EWS-
FLI1 fusion from the doxycycline-inducible TET-ON pro-
moter and found that induced, acute expression of EWS-
FLI1 impaired the growth of five of the six tested fibroblast
lines (Fig. 1A; with karyotype confirmation in Supplemen-
tal Fig. S1C,D; Supplemental Table S1). Thus, expression
of the EWS-FLI1 fusion inhibits proliferation of euploid
mesenchymal cells.

EWS-FLI1 expression causes replication stress
and senescence

To determine how EWS-FLI1 interfered with cell prolifer-
ation, we transduced the EWS-FLI1 fusion into mesenchy-
mal progenitors (hMPros) at early passage and then
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arrested cells in G; by serum starvation (Supplemental
Fig. S2A). Upon serum addition, hMPro cells with EWS-
FLI1 entered S phase faster than control cells but then de-
layed in S/G, phase (Fig. 1C). The S/G,-phase accumula-
tion was also observed in unsynchronized hMPro
cultures (Fig. 1C; Supplemental Fig. S2B). EWS-FLI1 ex-
pression also caused a slight increase in cell death (Fig.
1C; Supplemental Fig. S2B).

Serum starvation was somewhat less effective in syn-
chronizing the trisomy 8 fibroblasts than the euploid
cells. Because of this, and to allow analyses of the effects
of EWS-FLII in unsynchronized population, we also used
the FUCCI (fluorescence ubiquitination cell cycle indica-
tor) system (Sakaue-Sawano et al. 2008; Abe et al. 2013), in
which G, length is marked by the presence of a Cdtl-
mCherry fusion and S + G,-phase length by a Geminin-Ve-
nus fusion (Supplemental Fig. S2C). EWS-FLI1-expressing
fibroblasts, like hMPro cells expressing the fusion, spent
significantly less time in G; and were delayed in S/G,
phase compared with control cells (Fig. 1D-G).

To characterize the shortened G, in EWS-FLI1-express-
ing fibroblasts, we analyzed cyclin D levels and Rb phos-
phorylation. Fibroblasts harboring EWS-FLI1 expressed
cyclin D earlier upon release from the G; block, and Rb
phosphorylation was somewhat increased, an indication
of its inactivation (Fig. 1H; Supplemental Fig. S2D). We
conclude that EWS-FLI1 accelerates S-phase entry, like
many other oncogenes. Given that EWS-FLI1 binds to
the cyclin D promoter (Kennedy et al. 2015; Boulay et al.
2017), we propose that it does so in part by up-regulating
cyclin D expression.

The S/G, delay observed in EWS-FLI1-expressing cells
was due to replication stress, as previously described
(Lessnick et al. 2002; Nieto-Soler et al. 2016; Gorthi
et al. 2018; Koppenhafer et al. 2020). Fibroblasts express-
ing the EWS-FLI1 fusion had increased DNA damage, as
judged by the migration distance of DNA tails in comet
assays (Fig. 1I). This increased DNA damage was likely
due to replication stress, as CHK1 phosphorylation was el-
evated, which occurs in response to activation of the ATR-
dependent replication stress checkpoint (Fig. 1H; Supple-
mental Fig. S2D). In contrast, Nbsl was only slightly, if at
all, phosphorylated in EWS-FLI1-expressing cells, indicat-
ing that the ATM-dependent double-strand break-respon-
sive checkpoint was not highly active (Supplemental Fig.
S2E).

hMPro cells expressing EWS-FLI1 also harbored more
DNA damage. Furthermore, after 8 d of culture, hMPro
cells underwent senescence as judged by persistent high
levels of DNA damage, p53 phosphorylation, accumula-
tion of p21, expression of senescence-associated p—galac-
tosidase activity, and the presence of a senescence-
associated secretory phenotype (SASP) cytokine signature
(Fig. 1J-M; Supplemental Fig. S2F-H). We conclude that
EWS-FLI1 induces rapid S-phase entry, which in turn
leads to replication stress and oncogene-induced cellular
senescence, like many classic oncogenes (Kotsantis et al.
2018). EWS-FLI1’s ability to interfere with BRCA1-medi-
ated DNA repair (Gorthi et al. 2018) likely further acceler-
ates senescence. We note that previous studies reported
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Figure 1. EWS-FLI1 expression accelerates S-phase entry and causes replication stress. (A) Proliferation of indicated primary cells was
measured after 2-3 d of selection for the presence of the lentivirus. (EF) EWS-FLI1 gene; (V) vector control. Error bars represent standard
error of the mean (SEM) of biological duplicates. (*) P<0.05, (**) P<0.01, (***) P<0.001, (n.s.) not significant, linear regression. (B) EWS-FLI1
protein levels in various primary mesenchymal cell lines. GAPDH was used as a loading control. TC32 and RD-ES1 are Ewing sarcoma cell
lines. N=2. A representative picture is shown. (C) DNA content analysis following release of hMPro cells from a serum starvation-induced
G, arrest. (2N) G, phase, (4N) G, phase/mitosis, (unsynchronized) DNA content after 4 d of growth, (death) sub-G, cell population, (n)
number of cells analyzed. Experiments were repeated twice, and one set of representative graphs is shown. (D-G) Analysis of G;-phase
(D,E) and S/G,-phase (F,G) length in human fibroblasts using the FUCCI system. Each dot represents a single cell. Average and standard
deviation (SD) are shown. (***) P<0.001, (**) P<0.01, two-tailed Wilcoxon test. (H) Euploid human fibroblasts (HF-Eup-3) harboring the
indicated lentivirus were released from a serum starvation-induced G; arrest to determine the levels of cyclin D, phospho-Rb, and
CHKI1 phospho-CHKI at the indicated times. Quantifications are shown in Supplemental Figure S2D. (Un) Unsynchronized. N =3; a rep-
resentative picture is shown. (I) Degree of DNA damage measured by comet assay in unsynchronized euploid fibroblasts expressing empty
vector (V) or the EWS-FLI1 fusion (EF). Each dot represents a single comet. The middle line represents the mean; error bar: SD. (****) P <
0.0001, (*) P<0.05, two-tailed Wilcoxon test. (/) Examples of EWS-FLI1-expressing hMPro cells harboring yH2AX foci and of control cells
lacking foci. DNA in blue; yH2AX foci, green. (K-M ) hMPro cells expressing the EWS-FLI1 fusion or a vector control were cultured for 8 d
and the percentage of cells harboring >10 yH2AX foci (K) and senescence-associated p-galactosidase (L) was analyzed (quantification in
Supplemental Fig. S2F). (***) P<0.001, two-tailed t-test. (M) EWS-FLI1, phospho-p53, total p53, p21, and p16 levels were analyzed in con-
trol (V) and EWS-FLI1-expressing hMPro cells. GAPDH and tubulin were used as loading controls. N = 3. A representative picture is shown.
Statistics and number of experiments are shown in Supplemental Table S2 (multiple tabs).
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that the EWS-FLI1 fusion can transform mesenchymal
stem cells (Riggi et al. 2005, 2008). We believe that the dif-
ference between these reports and our findings is that we
examined proliferation immediately after introduction of
EWS-FLI1. At later passages, cells likely evolve mecha-
nisms to suppress the EWS-FLII-induced oncogenic
stress.

Chromosome 8 copy number increase mitigates
replication stress in EWS-FLI1-expressing cells

Fifty percent of Ewing sarcomas harbor additional copies
of chromosome 8. Given that the aneuploid state generally
confers a fitness disadvantage due to aneuploidy-associat-
ed stresses (Santaguida and Amon 2015), we hypothesized
that additional copies of specific genes encoded on chro-
mosome 8 act to mitigate this stress. To test this hypoth-
esis, we expressed EWS-FLI1 in four different primary
trisomy 8 fibroblast cell lines (for karyotype confirmation
before and for the extent of our experiments, see Fig. 2A;
Supplemental Fig. S1E,F, Supplemental Table S1; note
that line HF-Ts8-3 was mosaic for trisomy 8). Although
all four cell lines expressed EWS-FLI1 at levels similar to
those observed in euploid fibroblasts (Supplemental Fig.
S3A), their proliferation was not significantly affected
(Fig. 2B). In contrast, EWS-FLI1 did severely impair the pro-
liferation of trisomy 9 and trisomy 13 fibroblasts (Supple-
mental Fig. S3B-D; Supplemental Table S1). We
conclude that gain of a copy of chromosome 8, and not an-
euploidy in general, mitigates the adverse effects of EWS-
FLI1 expression.

To determine how trisomy 8 improves proliferation of
EWS-FLI1-expressing cells, we created a highly enriched
G, population of euploid and trisomy 8 fibroblasts by se-
rum starvation and then examined the kinetics of S-phase
entry by EdU incorporation following serum addition.
EWS-FLI1 expression accelerated S-phase entry of euploid
fibroblasts (Fig. 2C,D; Supplemental Fig. S3E), but this ef-
fect was ameliorated in trisomy 8 fibroblasts (Fig. 2E; Sup-
plemental Fig. S3F). Similar results were obtained when
we analyzed unsynchronized populations using the
FUCCI system (Fig. 2F,G). We do not yet know whether
trisomy 8 slows the accelerated G;-to-S-phase transition
resulting from EWS-FLI1 expression or whether it acceler-
ates the transition to such an extent that EWS-FLII can-
not speed it up further. We favor the latter to be the case
because trisomy 8 cells harbor higher levels of cyclin D
(Supplemental Fig. S3G) and the trisomy 8 cells have a re-
duced predisposition to arrest in Gg in response to serum
starvation.

Trisomy 8 also had a dramatic effect on S-phase events.
The comet assay showed that EWS-FLI1 did not cause sig-
nificant DNA damage in exponentially growing trisomy 8
fibroblasts (Fig. 2]). Trisomy 8 also suppressed DNA dam-
age that occurs during normal DNA replication. Specifi-
cally, virtually all populations harbor yH2AX foci during
S phase, but these were dramatically reduced in trisomy
8 cells compared with euploid cells, irrespective of wheth-
er they expressed EWS-FLI1 or not (Fig. 2D,E; Supplemen-
tal Fig. S3E F). Furthermore, EWS-FLI1 expression did not

RAD21/chromosome 8 gain reduces replication stress

cause the increase in S/G, length in trisomy 8 cells, as it
did in the euploid controls (cf. Figs. 2H,I and 1F,G), indi-
cating that replication stress and the ensuing DNA dam-
age are responsible for the dramatic S-phase delay
caused by EWS-FLI1. We conclude that trisomy 8 either
prevents EWS-FLI1-induced replication stress or enhances
its resolution.

To distinguish between a role of trisomy 8 in protecting
cells from replication stress or enhancing recovery there-
from, we examined the kinetics of recovery from hydroxy-
urea (HU) or aphidicolin (APH) treatment. These drugs
cause replication stress by causing nucleotide depletion
and inhibiting DNA replication, respectively. We released
euploid and trisomy 8 fibroblasts from a serum starvation-
induced G, arrest into medium containing HU or APH and
then determined the proportion of cells containing yH2AX
foci following HU or APH washout (Supplemental Fig.
S2A). yH2AX foci were resolved much faster in trisomy 8
cells compared with euploid controls (Fig. 2K; Supplemen-
tal Fig. S3H). Interestingly, this accelerated resolution of
yH2AX foci in trisomy 8 cells was specific to replication
stress, as we observed little or no difference in the kinetics
of irradiation-induced or genotoxic agent-induced double
strand break (DSB) repair between euploid and trisomy 8 fi-
broblasts (Fig. 2L; Supplemental Fig. S31,J). We conclude
that trisomy 8 enhances the resolution of HU-, aphidico-
lin-, and EWS-FLI1-induced replication stress.

Increased chromosome 8 copy number correlates with
lower DNA damage in Ewing sarcoma

Does chromosome 8 gain also enhance resolution of repli-
cation stress in Ewing sarcomas? To address this question,
we asked whether there was a relationship between the
number of yH2AX foci and chromosome 8 gain in Ewing
sarcoma specimens (Supplemental Table S1). We identi-
fied tumor regions in histological sections using the
Ewing sarcoma cell surface marker CD99 and then exam-
ined degree of DNA damage and proliferation by yH2AX
and Ki-67 staining, respectively. Only then did we assess
chromosome 8 copy number in the tumors. We found
that sarcomas disomic for chromosome 8 harbored signif-
icantly more yH2AX foci than tumors with three or more
copies of chromosome 8 (Fig. 3A-C). Interestingly, gain of
chromosome 8q appeared sufficient to reduce yH2AX foci
(sample 10 in Fig. 3A,C). Consistent with our cell culture
experiments, we found that decreased amounts of yH2AX
foci correlated with increased proliferative capacity as
judged by Ki-67 staining (Fig. 3D,E). We conclude that tri-
somy 8 is associated with decreased replication stress and/
or DNA damage in Ewing sarcomas.

Gain of chromosome 8 is associated with poor prognosis
in Ewing sarcoma

A previous study did not find chromosome 8 copy number
to affect prognosis (Tirode et al. 2014). We re-examined
these data, ranking patients according to the highest
gain value of any chromosome 8 segment per patient (Sup-
plemental Material; Supplemental Table S3) and then
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examples shown in Supplemental Fig. S1C-F). (B) Proliferation of indicated primary cells measured 2-3 d after selection for the lentivirus.
(EF) EWS-FLI1 gene, (V) vector control. Error bars represent SEM of biological duplicates. (n.s.) Not significant, linear regression. (C) Rep-
resentative examples of EdU-positive, yH2AX-positive cells (>10 foci; top), and EdU-positive, yH2AX-negative cells (<10 foci; bottom).
(Green) EdU, (red) yH2AX. (D,E) Analysis of EdU incorporation and yH2AX focus formation in EdU-positive cells in euploid (D) and tri-
somy 8 (E) fibroblasts following release from a serum starvation-induced G, arrest. Error bar represents SEM of biological replicates. (*) P <
0.05, two-tailed t-test, comparison between euploid and trisomy 8 cells at the same timepoint; 1> 2. (F-I) Analysis of G;- or S/G,-phase
length in two trisomy 8 fibroblast cultures. Each dot represents a single cell. Average and SD are shown. (n.s.) Not significant, two-tailed
Wilcoxon test. (J) Degree of DNA damage measured by comet assay in trisomy 8 fibroblasts expressing empty vector (V) or the EWS-FLI1
fusion (EF). Each dot represents a single comet. The middle line indicates the mean; error bar represents SD. (n.s.) Not significant by two-
tailed Wilcoxon test. (K,L) Euploid and trisomy 8 cells were released from a starvation-induced G, arrest into either medium containing
hydroxyurea (HU; 2 mM) and EdU (10 uM), and HU was washed out after 24 h (K), or irradiated with 2 Gy (IR) (L). The percentage of cells
harboring >10 yH2AX foci was determined at the indicated times. Error bars represent SEM of biological replicates, n>2. (*) P<0.05, (n.s.)
not significant, two-tailed nonparametric two-group Mann-Whitney U-test. Statistics and number of experiments are shown in Supple-
mental Table S2 (multiple tabs).
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Figure 3. Chromosome 8 gain correlates with reduced number of yH2AX foci and increased proliferation in Ewing sarcomas. (A) Karyo-
types of 12 Ewing sarcomas. Median chromosome 8 copy number is shown in Supplemental Table S1. (B) Representative examples of the
histological analysis of yH2AX foci (green) and apoptotic cells (cleaved caspase 3; red) in tumor regions, which were identified by the pres-
ence of the CD99 epitope on parallel slides by a certified pathologist. The white arrows highlight such cells. DNA is in blue. Scale bar, 100
pm. (C) Cells harboring YH2AX foci (one or more large focus) but not cleaved caspase 3 were quantified in Ewing sarcoma samples. Chro-
mosome 8 copy number status (from A) is indicated below. Error bars represent SEM of at least three fields. At least 1500 nuclei were
evaluated. (**) P<0.01, two-tailed nonparametric two-group Mann-Whitney U-test. (D) Cells harboring Ki-67 or cleaved caspase 3
were determined in Ewing sarcoma samples. Error bars represent SEM of at least three fields. At least 1500 nuclei were evaluated. (**)
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Scale bar, 100 pm.
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comparing the overall survival times of the top one-third
of patients (all harboring at least one additional copy of
chromosome 8) and the bottom third of patients (all eu-
ploid for chromosome 8) (Supplemental Table S3). This
analysis showed that increased chromosome 8 copy num-
ber correlated with shorter survival (Supplemental Fig.
S4A). The risk of succumbing to Ewing sarcoma was 2.4-
fold higher for patients whose tumors harbor additional
copies of chromosome 8 compared with patients whose
tumors were disomic for the chromosome (Supplemental
Fig. S4B). Moreover, increased chromosome 8 copy num-
ber was associated with disease relapse (Supplemental
Fig. S4C). Given that chromosome 8 is gained in only
50% of Ewing sarcomas, the cancer can clearly develop
in the absence of chromosome 8 gain, but our data suggest
that trisomy 8 contributes to aggressive disease.

A method to identify genes that drive chromosome 8 gain
in Ewing sarcoma

Our results show that chromosome 8 gain mitigates repli-
cation stress and improves proliferation in EWS-FLI1-ex-
pressing cells, raising the question of which of the 2372
genes encoded on chromosome 8 might be responsible.
We hypothesized that the relevant gene(s) might be highly
expressed even in tumors disomic for chromosome 8. To
identify genes whose expression is high and correlated
with each other across all Ewing sarcoma samples, we ap-
plied a weighted correlation network analysis (WGCNA)
(Langfelder and Horvath 2008) to gene expression analyses
obtained from 25 different Ewing sarcoma samples, of
which 15 gained chromosome 8 and 10 were disomic
(sample annotations in Supplemental Table S3; Crompton
et al. 2014). This analysis revealed 76 clusters of coex-
pressed genes (referred to here as modules) (Fig. 4A). Inter-
estingly one module, color-coded as green-yellow in
Figure 4A, was highly enriched for chromosome 8-encod-
ed genes (128 out of 441) (Fig. 4B; Supplemental Table S4).
Within the green-yellow module, the consistency of in-
creased gene expression across tumor samples (eigengene
value) was much greater for chromosome 8-encoded genes
than for genes encoded on other chromosomes, indicating
that the module is defined by the chromosome 8-encoded
genes. Furthermore, we found that being a member of the
green-yellow module was significantly correlated with
chromosome 8 gain (Fig. 4C), suggesting that this module
could be a driver of chromosome 8 gain. We note, howev-
er, that while chromosome 8 gain drove relatedness in
gene expression within the green—yellow module, it was
not a driver of relatedness of gene expression patterns
across the whole genome, because tumors with chromo-
some 8 gain did not group together in unsupervised clus-
tering analyses of gene expression patterns (Fig. 4D). The
location of chromosome 8-encoded members of the
green-yellow module is also noteworthy. Of the 128
genes, 125 were located on chromosome 8¢ (Fig. 4E; Sup-
plemental Table S4). The observation that 8q gain corre-
lated with reduced DNA damage in Ewing Sarcoma (Fig.
3C) raised the possibility that one or several of the 125
green-yellow module genes located on 8q mediated the
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chromosome 8 benefits for cells expressing the EWS-
FLI1 fusion.

To further define which genes located on chromosome
8q promote proliferation in EWS-FLI1-expressing genes,
we asked whether regions syntenic with chromosome 8
are amplified in the mouse C2C12 fibroblast cell line
transformed with the EWS-FLII fusion (Li et al. 2010;
Ben-David et al. 2016). Copy number analysis of this cell
line revealed a gain of chromosome 15 (Fig. 4F). Seven-
hundred-twenty-five genes encoded on mouse chromo-
some 15 are encoded on human chromosome 8 (Fig. 4G;
Supplemental Table S4), and 61 of the 128 chromosome
8-encoded genes we identified as highly expressed in
Ewing sarcomas are located on mouse chromosome 15
(Fig. 4H; Supplemental Table S4).

An evolution strategy identifies genes on
chromosome 8 important for proliferation
of EWS-FLI1-expressing cells

Among the 61 genes syntenic between human chromo-
some 8 and mouse chromosome 15 and highly expressed
in Ewing sarcomas, we selected the 20 highest-expressed
genes to create a lentivirus library (genes highlighted in
Supplemental Table S4). We also added four genes impli-
cated in connective tissue development as well as two
highly expressed genes encoded elsewhere on chromo-
some 8 that served as negative controls. We then trans-
duced this 26-ORF library together with the doxycycline-
induced EWS-FLI1 construct into hMPro cells (Supple-
mental Fig. S5A). Introduction of the 26-ORF library signif-
icantly improved the growth of hMPro cells expressing
EWS-FLI1 in two independent evolution experiments
(Fig. 5A; Supplemental Fig. S5B). Notably, there were dif-
ferences between the two experiments, which helped
guide our subsequent analyses. In the first evolution, cells
became immortalized as judged by their proliferation
properties and morphological features (Fig. 5A; Supple-
mental Fig. S5D-G). Furthermore, DNA damage was de-
creased (Supplemental Fig. S5H). However, expression of
the 26-ORF library did not cause transformation. Al-
though growth on plates was enhanced, cells did not
form clear foci (Supplemental Fig. S5I). Furthermore,
EWS-FLI1-expressing cells transduced with the 26-ORF li-
brary neither produced colonies in soft agar nor formed tu-
mors in immunocompromised mice (Supplemental Fig.
S5J; data not shown). In the second evolution experiment,
proliferation improved but growth eventually plateaued,
indicating that immortalization did not occur (Supple-
mental Fig. S5B).

To determine which of the 26 genes were responsible
for the accelerated growth of EWS-FLI1-expressing cells,
we examined their expression levels after 12 and 36 d of
culturing (Supplemental Fig. S5A). In the first evolution,
the expression of four genes, ATAD2, RAD21, MTBP,
and E2F5, increased by more than twofold during the 36
d of culturing (Fig. 5B; Supplemental Table S5). Whereas
ATAD?2 and E2F5 expression rose in both control and
EWS-FLI1-expressing cells, RAD21 and MTBP RNA lev-
els increased only in cells harboring the EWS-FLI1 fusion
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Figure4. A method toidentify genes that mediate the chromosome 8 fitness benefit in EWS-FLI1-expressing cells. (A) Modules identified
by hierarchical clustering and dynamitic tree cutting by WGCNA. Lines represent the hierarchical height of each gene in a cluster. Each
color represents a module. The green-yellow module is identified. (B) Modules were rank-ordered based on the number of chromosome 8-
encoded genes, shown as the percentage of total chromosome 8-encoded genes. The inset table shows the significant enrichment of chro-
mosome 8-encoded genes in the green-yellow model (hypergeometric test). (C) Membership in the green-yellow module, as defined by
relatedness of expression patterns in Ewing tumors, was correlated with gain of chromosome 8. (D) Unsupervised hierarchical clustering
of expression patterns (WGCNA) in Ewing sarcoma samples using whole-genome expression data. Tumor sample names and annotations
in the hierarchical tree are listed in Supplemental Table S3. (E) Location of genes of the green-yellow module on chromosome 8. Each
semitransparent dot represents the location of a gene. The graph was made using the gene density visualizer tool (see the Supplemental
Material). The black dot represents the centromere. (F) Karyotype of the C2C12 mouse myoblast cell line expressing the EWS-FLI1 fusion.
(G) Synteny analysis between human chromosome 8 and mouse chromosome 15. Genes are listed in Supplemental Table S4. (H) Overlap
between 128 chromosome 8-encoded genes of the green-yellow module and the 725 genes syntenic between human chromosome 8 and
mouse chromosome 15 (hypergeometric test).

(Fig. 5B; Supplemental Table S5). In the second evolution that higher levels of expression of this oncogene contrib-
experiment, expression of MTBP, ATAD?2, and E2F5, but ute little to the observed improvement in proliferation.
not RAD21, increased over time (Supplemental Fig. Consistent with this conclusion, we found that introduc-
S5C). Notably, MYC, which was included in the 26-ORF tion of a lentivirus harboring MYC did not improve
library, was not among the most selected genes, indicating proliferation of EWS-FLI1 transduced cells (Fig. 5C;
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Figure 5. An evolutionary approach reveals
RAD21 to be limiting for mitigating EWS-FLI1-in-
duced replication stress. (A) Primary hMPro cells
were infected at passage 7 (P7). Proliferation was
measured 2-3 d after transduction of cells with
the indicated lentiviral constructs. Error bars repre-
sent SEM of biological duplicates. Expression of
genes in the 26-ORF library was measured at days
0, 12, and 36. (*) P<0.05, linear regression. (B)
Fold change expression of members of the 26-ORF
library was determined in relation to cells that
were not transduced with the library. Genes whose
expression increased over time by greater than two-
fold are highlighted in red. (NA) Not analyzed (no
detectable transcript in control cells). (C) Prolifera-
tion of hMPro cells harboring the indicated lentivi-
ral constructs was measured 2-3 d after
transduction. Error bar represents SEM of biologi-
cal duplicates. (n.s.) Not significant, linear regres-
sion. (D) Chromatin association of the cohesin
subunits RAD21 and SMCI1 was determined by
chromatin fractionation in the indicated fibroblast
lines. The chromatin protein histone H3 (H3) and
the cytoplasmic protein GAPDH in fractions
served as controls. (Chr.) Chromatin fraction,
(Eup.) euploid. N=2; representative pictures are
shown. (E,F) RAD21 protein (E) and mRNA (F) lev-
els in control and EWS-FLI1-expressing euploid fi-
broblasts (HF-Eup-3) 8 d after transduction with a
lentivirus expressing RAD21 from the CMV pro-
moter. Numbers below the blot in E indicate degree
of overexpression relative to vector transduced
cells. Western blot: n=2, with representative pic-
ture shown. RT-qPCR: error bar represents SEM
of technical duplicates. We note that EWS-FLI1
protein levels were increased in cells overexpress-
ing RAD21, presumably because increased
RAD21 expression allows cells expressing higher
levels of EWS-FLII to proliferate better. (G) Euploid
fibroblasts (HF-Eup-3) were transduced with the in-
dicated lentiviral constructs, and the percentage of
EdU-positive cells harboring yH2AX foci (>10 foci/
nucleus) was determined following release from a
serum starvation-induced G, arrest. Error bar repre-
sents SEM of biological replicates. (**) P <0.01, two-

tailed t-test; n>2. (H) Assessment of DNA damage by comet assay in EWS-FLI1-expressing euploid fibroblasts (HF-Eup-3) expressing
RAD21 or empty vector (V'). Each dot represents a single comet. The middle line represents the mean; error bars, SD. (****) P<0.0001,
two-tailed Wilcoxon test. (I) Proliferation of euploid fibroblasts (HF-Eup-3) transduced with the indicated lentiviral constructs was deter-
mined as described in Figure 1A. Error bars represent SEM of biological duplicates. (***) P <0.001, linear regression. (/,K) Chromatin asso-
ciated and total RAD21 protein (/) and mRNA (K levels in control euploid cells and euploid fibroblasts expressing RAD21 from the CMV
promoter. Numbers below the blots in J indicate degree of overexpression relative to vector transduced cells. Western blot: n =2, with rep-
resentative picture shown. RT-qPCR: error bar represents SEM of technical duplicates. (L) Cells characterized in ] and K were released from
a serum starvation-induced G, arrest into medium containing 2 mM HU. The percentage of EdU-positive cells harboring yH2AX foci was
determined at the indicated times following HU washout. Error bar represents SEM of biological replicates; n > 2. (**) P<0.01, two-tailed t-
test, comparison between the same types of fibroblasts. Statistics and number of experiments are shown in Supplemental Table S2 (mul-

tiple tabs).

Supplemental Fig. S5K). We conclude that expression of
EWS-FLI1 selects for increased expression of ATAD2,

RAD21, MTBP, and E2F5. RAD21 stands out in that it

was selected for only in the evolution experiment where
the growth properties of cells indicated that they had be-

come immortalized.
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RADZ21 promotes cohesin binding to chromosomes
and mitigates replication stress

RAD21 is a component of the cohesin complex, which
holds the duplicated DNA strands together until the onset

of chromosome segregation (Peters et al. 2008). The
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complex is conserved across eukaryotes and serves multi-
ple functions, ranging from defining chromosome struc-
ture to mediating chromosome segregation, to
regulating gene expression. Cohesin also plays a critical
role in stabilizing stalled replication forks (Remeseiro
et al. 2012; Tittel-Elmer et al. 2012; Mondal et al. 2019)
and in facilitating postreplicative DNA repair by homolo-
gous recombination (Sjogren and Nasmyth 2001; Kim
et al. 2002; Strém et al. 2004; Unal et al. 2004). In fact,
in mammals, RAD21 is rate-limiting for DNA repair (Xu
et al. 2010). Consistent with the idea that RAD21 is
rate-limiting for cohesion function, chromatin fraction-
ation showed increased association of cohesin with chro-
mosomes in trisomy 8 fibroblast lines (Fig. 5D).

Given Rad21’s established role in stabilizing stalled rep-
lication forks and in postreplicative DNA damage repair,
and our finding of increased binding of cohesin to chromo-
somes in trisomy 8 cells, we tested whether increased
RAD21 levels mitigate replication stress. For this, we
used lentiviral-mediated transduction to introduce a con-
stitutively active CMV-RAD21 construct into control and
EWS-FLI1 euploid fibroblasts. Surprisingly, RAD21 pro-
tein levels were only modestly increased in these cells
(1.2-fold) even though RNA levels rose by 1.7-fold (note
we were unable to assess the amount of RAD21 bound
to chromatin because few cells expressing EWS-FLI1 sur-
vived) (Fig. 5E,F). We hypothesized that high levels of
RAD21 might interfere with proliferation, leading to the
selection of cells with only modest overexpression of the
cohesin subunit, as previous studies in yeast showed
that strong overexpression of MCD1/SCC1 inhibits cell
proliferation (Sopko et al. 2006). To determine whether
this was true in mammalian cells, we overexpressed
RAD21 to varying degrees in euploid fibroblasts using
the doxycycline-inducible TET-ON promoter. Increasing
doxycycline levels led to a corresponding increase in
RAD21 mRNA, up to 10-fold higher than wild-type cells,
but RAD21 protein levels increased by less than twofold
(Supplemental Fig. S6A-C). Presumably, RAD21 that is
not incorporated into cohesin complexes is less stable.
Notably, this small increase in RAD21 expression did
slow cell proliferation (Supplemental Fig. S6D,E). Thus,
RADZ21 overexpression also impairs proliferation in mam-
malian cells.

Having established why ectopic RAD21 protein accu-
mulates to such low levels upon overexpression, we
used our CMV-RADZ21 cells to determine whether consti-
tutive overexpression of RAD21 enhanced DNA repair.
Despite the modest 1.2-fold increase in levels, RAD21
caused a decrease in YH2AX foci in the EWS-FLI1-express-
ing cells (Fig. 5G,H). Importantly, ectopic RAD21 also im-
proved proliferation and reduced senescence in EWS-FLI1-
expressing hMPro cells (Fig. 5I; Supplemental Fig. S6F,G).
We note that overexpression of RAD21 did not improve
proliferation to the extent seen when cells were trans-
duced with the 26-ORF library (Fig. 5, cf. A and I). We con-
clude that RAD21 is partly responsible for the fitness
benefit that trisomy 8 exerts on EWS-FLI1-expressing
cells, but it is not the only chromosome 8-encoded gene
with such properties.

RAD21/chromosome 8 gain reduces replication stress

Ectopic RAD21 overexpression not only enhanced re-
pair in EWS-FLI1-expressing cells, it did so also in fibro-
blasts experiencing hydroxyurea-induced replication
stress. A mere 1.5-fold increase in chromatin-bound cohe-
sin led to a significant reduction in yH2AX foci in HU-
treated euploid fibroblasts (Fig. 5]-L). Given that cohesins
associate with stalled replication forks and sites of DNA
damage (Potts et al. 2006; Caron et al. 2012; Remeseiro
et al. 2012; Tittel-Elmer et al. 2012), we presume that a
global 1.5-fold increase in cohesin association with
chromatin upon RAD21 overexpression is indicative of lo-
cal high-level cohesin loading. We propose that this in-
creased binding to stalled replication forks and sites of
DNA damage stabilizes stalled forks and enhances repair,
respectively.

MYC promotes the proliferation of EWS-FLI1-expressing
cells when co-overexpressed with RAD21

The MYC oncogene plays a critical role in the etiology of
many cancers (Dang 2012). Surprisingly, MYC was not
selected for in our evolution experiments (Fig. 5B; Supple-
mental Fig. S5C) and did not affect the growth of EWS-
FLI1-expressing cells when overexpressed on its own
(Fig. 5C). However, it was possible that under conditions
of mitigated replication stress, such as occurs when
RADZ21 is overexpressed, a tumorigenesis-promoting func-
tion of MYC overexpression might be revealed. This was
indeed the case. When we overexpressed MYC and
RADZ21 togetherin EWS-FLI1-expressing hMPro cells, pro-
liferation was enhanced compared with expression of each
gene alone (Supplemental Fig. S6H,I). Notably, MYC ex-
pression did not significantly boost the yH2AX focus levels
resulting from EWS-FLI1, and this DNA damage response
was still effectively ameliorated by RAD21 (Supplemental
Fig. S6J). We conclude that increased levels of MYC im-
prove proliferation of EWS-FLI1-expressing cells but only
when RADZ21 is also overexpressed. We speculate that in
our evolution experiments, cells harboring multiple differ-
ent ORF library clones were rare, preventing us from iden-
tifying MYC as a promoter of Ewing sarcomagenesis.

RAD21 triplication is required for the trisomy 8 benefit
to EWS-FLI1-expressing cells

To determine whether RAD21 triplication contributed to
the growth improvement of EWS-FLI1-expressing cells by
trisomy 8, we deleted one of the three copies of RAD21 in
trisomy 8 fibroblasts (Supplemental Fig. S7A,B). Whole-
genome sequencing confirmed that cells remained triso-
mic for chromosome 8 and disomic for all other chromo-
somes, during the single-cell cloning procedure
(Supplemental Fig. S7C). In clone 1, one copy of RAD21
was disrupted by generating a frameshift in exon 4 (Sup-
plemental Fig. S7A), and this led to an expected decrease
in RAD21 protein levels by ~33% (Fig. 6A). In clone 2,
the highly conserved phenylalanine 89 and arginine 90
within RAD21’s SMC3 binding domain were replaced
by leucine (Supplemental Fig. S7A), also resulting in a
decline in RAD21 protein levels (Fig. 6A). We then
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introduced the EWS-FLI1 into these two clones, along
with two trisomy 8 clones that retained three copies of
RADZ21. Remarkably, while trisomy 8 fibroblasts with
three copies of RAD21 tolerated EWS-FLI1 expression
well, the two trisomy 8 clones lacking one of the three
RAD21 copies ceased to proliferate upon introduction of
the oncogenic EWS-FLI1 fusion (Fig. 6B-E). We conclude
that gain of an extra copy of RAD21 contributes to the
growth-promoting properties of chromosome 8 gain in
EWS-FLI1-expressing cells.

RAD21 triplication enables the anchorage-independent
growth of a Ewing sarcoma cell line

Does an extra copy of RAD21 continue to be important
even when EWS-FLI1-expressing cells have developed
into Ewing sarcomas? To determine the cancer-relevance
of RADZ21 triplication, we deleted one of the three copies
of RAD21 in the Ewing sarcoma cell line MHH-ESI,
which expresses EWS-FLI1 and harbors three copies of
chromosome 8q (for karyotype confirmation, see Supple-
mental Fig. S1G; Supplemental Table S1). We isolated
two single clones (clones 1 and 2), each containing an ad-
enine insertion in exon 4 of one copy of RAD21, which re-
duced RAD21 protein levels by ~30%-40% (Fig. 6F).
Inactivation of the third copy of RAD21 did not affect
the kinetics of S-phase entry in these tumor cells, but rep-
lication stress was significantly increased (Fig. 6G; Sup-
plemental Fig. S7D). Most remarkably, restoring the
copy number of RAD21 to the normal 2 significantly re-
duced the proliferative capacity of the MHH-ES1 Ewing
sarcoma cell line and significantly impaired their ability
to form foci and anchorage-independent colonies in soft
agar assays (Fig. 6H-J; Supplemental Fig. S7E,F). We con-
clude that a third copy of RAD21 is critical for the tumor-
igenic growth of the MHH-ES1 Ewing sarcoma cell line.

Discussion

A model to explain chromosome 8 gain in Ewing sarcoma

We believe that our study explains at least in part why
chromosome 8 is so frequently gained in Ewing sarcoma.
The tumor-initiating EWS-FLI1 fusion accelerates entry
into S phase, resulting in replication stress. Inhibition of
BRCAl-mediated DNA repair and R-loop-instigated
DNA damage caused by the EWS-FLI1 fusion (Gorthi
et al. 2018) are likely to generate further DNA damage,
leading to cellular senescence (Fig. 6K). Trisomy 8, while
detrimental in wild-type cells, becomes advantageous in
the context of EWS-FLI1-induced replication stress
because it acts to mitigate this (Fig. 6K). These findings
serve as a paradigm for why clonal aneuploidies exist in
cancers despite the fitness penalties associated with
whole-chromosome gains and losses. This concept also
fits with prior observations that the aneuploid state en-
ables drug resistance (Selmecki et al. 2006; Pavelka et al.
2010; Rutledge et al. 2016; Replogle et al. 2020).
Precedence for the idea that gain of a chromosome, and
thus a specific gene, can create a fitness advantage exists
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in budding yeast. Eight percent of strains in the budding
yeast knockout collection have gained a specific chromo-
some, which typically harbors a paralog of the deleted
gene (Hughes et al. 2000). Under conditions that cause sig-
nificant growth inhibition, specific aneuploidies are
selected for because the fitness gain of duplicating or de-
leting a specific gene outweighs the fitness penalty associ-
ated with gain or loss of the entire chromosome,
respectively. In the yeast example, the benefit of increas-
ing the copy number of the paralog in the deletion strain
outweighs the fitness penalty of the chromosome gain.
In cells expressing the EWS-FLI1 fusion, which causes
high levels of replication stress, replication fork stabiliza-
tion and enhanced DNA repair provided by an extra copy
of RAD21 (and likely other genes) (see below) outweighs
the adverse effects of increasing the dosage of the other
2371 chromosome 8-encoded genes.

Multiple genes encoded by Chr8q24 provide a fitness
advantage to EWS-FLI1-expressing cells

Chr8q24 is amplified in a large number of human tumor
types. It harbors the famous oncogene MYC, which is
widely presumed to be the sole driver of this amplifica-
tion. Our data argue that suppression of oncogene-induced
replication stress is an additional cause for why this geno-
mic region is so frequently amplified in cancer. Excess
RAD21 mitigates oncogene-induced replication stress.
MTBP, another gene our evolution experiment selected
for, is also located in Chr8q24. MTBP is required for
DNA replication initiation (Boos et al. 2013), raising the
possibility that it could help resolve stalled forks by initi-
ating replication at dormant origins. Other genes located
within Chr8q24 could also promote cell cycle entry. Our
evolution strategy identified ATAD2, a coactivator of
MYC and interactor of E2F (Ciré et al. 2009; Revenko
et al. 2010). Perhaps excess ATAD2 accelerates the G-
to-S-phase transition.

We propose that the genes we identified in our evolu-
tion experiment to enhance the proliferation of EWS-
FLI1-expressing cells promote Ewing sarcomagenesis
when in excess. Consistent with this conclusion is the ob-
servation that high expression of RAD21, MTBP, and
ATAD? is correlated with poor prognosis in Ewing sar-
coma (Supplemental Fig. S4D). The correlation between
high-level expression of E2F5 and prognosis was less strik-
ing (Supplemental Fig. S4D). Notably, MYC overexpres-
sion, which was not selected for in our evolution
experiment, is in fact not correlated with poor prognosis
(Supplemental Fig. S4D). However, it clearly promoted
proliferation of EWS-FLI1-expressing cells when it co-oc-
curred with RAD21 gain. MYC by itself is also a potent in-
ducer of replication stress (Kotsantis et al. 2018), and thus,
we speculate that up-regulation of RAD21 may be re-
quired to mitigate the replication stress resulting from
MYC overexpression. Interestingly, when RAD21 was
overexpressed, we observed an increased amount of en-
dogenous MYC (Supplemental Fig. S6H) and also up-regu-
lation of EWS-FLI1 (Fig. 5E), suggesting that RAD21
enables higher levels of these stress-inducing proteins.
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Figure 6. Three copies of RAD21 are required for mitigating EWS-FLI1-induced replication stress in primary cells and in a Ewing sarcoma
cell line. (A,F) Chromatin associated and total RAD21 protein in trisomy 8 fibroblasts (HF-Ts8-1) (A) and the MHH-ES1 cancer cell line (F)
targeted with control (crCtrl) or RAD21 (crRAD21) CRISPR constructs. Numbers underneath the blot indicate down-regulation relative
to vector transduced cells. (crCtrl) Transfected with control CRISPR construct, (crRAD21) transfected with RAD21 CRISPR targeting con-
struct, resulting in one of three copies of RAD21 deletion. Same nomenclature is used for all figures below. (B-E) Trisomy 8 fibroblasts (HF-
Ts8-1) were transfected with control or RAD21 CRISPR targeting constructs, resulting in the generation of trisomy 8 fibroblasts with three
(B,D) or two (C,E) copies of RAD21. Cells were then transduced with control or EWS-FLI1-expressing lentiviruses, and proliferation was
measured after 3-4 d of selection for lentiviral constructs. Error bars represent SEM of biological duplicates. (*) P<0.05, (**) P<0.01, (n.s.)
not significant, linear regression. (G) Exponential growing MHH-ESI cells were pulse-labeled with EdU for 1 h. The intensity of yH2AX
signal in EdU-positive cells was determined relative to the background signal. Note that 10-foci criteria were not applied here because
MHH-ESI cells harbored an extremely high number of yH2AX foci. Each dot represents a single cell. The middle line represents the
mean; error bar represents SD. (****) P<0.00001, by two-tailed Wilcoxon test. (H,I) Two independent MHH-ESI clones ([1] clone 1, [2]
clone 2) carrying two copies of RAD21 (crRAD21) show reduced proliferation (H) and form fewer colonies (I) than MHH-ES] cells carrying
three copies. (crCtrl) Control. (H) (*) P <0.05, (**) P<0.01, linear regression. (I) Error bars represent SEM of biological replicates. (**) P<0.01,
(*) P<0.05, two-tailed t-test, comparison between crCtrl and crRAD21 cells within the same clone number; n=4. (J) Two independent
MHH-ESI clones ([1] clone 1, [2 clone 2) carrying two copies of RAD21 (crRAD21) show reduced anchorage-independent proliferation,
forming smaller (left pictures; scale bars, 300 um) and fewer colonies (right graph). Error bars represent SEM of biological replicates.
(**)P<0.01, (***) P<0.001, by two-tailed t-test, comparison between crCtrl and crRAD21 within the same clone number; n =3. (K) A model
for how trisomy 8 contributes to Ewing sarcomagenesis. R-loop-instigated DNA damage is from Gorthi et al. (2018). See the text for de-
tails. Statistics and number of experiments are shown in Supplemental Table S2 (multiple tabs).
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We propose that co-overexpression of MYC and RAD21
could provide a potent combination in many cancer types
by inappropriately driving cells into S phase, and enabling
survival of the adverse consequences, by mitigating the
consequent replication stress and enhancing repair. Con-
sistent with this idea, we found that 70% of the 38 cancer
types found in the TCGA database harbor recurrent chro-
mosome 8q gains (defined as >25% of the tumor speci-
mens) (Supplemental Fig. S4E; Supplemental Table S6).

RAD21 drives Ewing sarcomagenesis through single
copy gain

Perhaps our most striking finding was that increasing
global cohesin association with chromosomes by 50%,
which likely reflects local high-level cohesin loading at
stalled forks and sites of DNA damage, mitigating replica-
tion stress. RAD21 likely does so by multiple mecha-
nisms. In budding yeast, cohesin is recruited to stalled
replication forks, where it is thought to exert fork-stabiliz-
ing functions (Tittel-Elmer et al. 2012; Delamarre et al.
2020) and to promote equal sister chromatid exchange
(Cortés-Ledesma and Aguilera 2006). Curiously, in mam-
malian cells, the cohesin remover WAPL is also recently
reported to be required for the repair and restart of stalled
replication forks, which was interpreted to mean that re-
moval of cohesin from sites of DNA damage was required
for fork repair and restart (Benedict et al. 2020). In light of
our observation that overexpression of the rate-limiting
cohesin subunit RAD21 mitigates oncogene-induced rep-
lication stress, we favor the idea that WAPL is required to
mobilize cohesin elsewhere in the genome to enable cohe-
sins to accumulate at stalled forks to facilitate their repair
and restart. Increased accumulation of cohesins at sites of
DNA damage could keep sister chromatids more tightly
paired, favoring equal sister chromatid exchange or recruit
repair factors to sites of DNA damage (Wu et al. 2012). In
light of the fact that cohesins also regulate gene expres-
sion (Peters et al. 2008), it is also possible that increased
RAD21 levels could affect the expression of fork-stabiliz-
ing and/or repair factors.

Irrespective of the mechanism whereby higher levels of
RAD21 mitigate replication stress, we propose that it is
this function of RAD21 that promotes Ewing sarcomagen-
esis. Whether expression of other cohesin subunits has a
similar effect on replication stress remains to be deter-
mined. We note that ~17%-22% of Ewing sarcomas har-
bor loss-of-function mutations in the gene encoding the
cohesin subunit STAG2 (Brohl et al. 2014; Crompton
et al. 2014; Tirode et al. 2014), which can cause transfor-
mation of EWS-FLII-expressing murine mesenchymal
stem cells lacking p53 (El Beaino et al. 2020). Reduction
in STAG?2 function is known to impair fork progression
(Mondal et al. 2019), and it reduces binding of RAD21 to
chromatin in primary mesenchymal cells (our unpub-
lished observations). We wondered whether RAD21
copy number gain might be a hallmark of Ewing sarcomas
with STAG2 mutation, but our examination of TGCA
data showed STAG2 mutant tumors have a similar per-
centage of RAD21 gains (and also EWS-FLI1 or EWS-
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ERG fusions) compared with their STAG2 wild-type coun-
terparts (Tirode et al. 2014; TCGA: cBioportal). We do not
believe that these observations are at odds with our find-
ings, as we think that RAD21 is only one of several genes
that can mitigate oncogene-induced replication stress, in-
cluding that resulting from STAG2 mutation.

Many oncogenes accelerate S-phase entry and hence
cause replication stress. Our data indicate that this repli-
cation stress must be dampened without simultaneously
antagonizing the proproliferative effects of the oncogenic
mutation. Without this mitigation, replication stress is
too severe, and cells with oncogenic mutations undergo
senescence. Higher levels of RAD21 does just that. It alle-
viates replication stress without affecting EWS-FLI1’s
ability to drive cell proliferation. Given that many onco-
genes cause replication stress, it is conceivable that in-
creased RAD21 copy number promotes tumorigenic
growth in many cancers. We further propose that
RADZ21 only confers a fitness advantage to oncogene-ex-
pressing cells and when overexpressed at low level. We
predict that aneuploidies prevalent in specific cancers
are driven by genes such as RAD21. The methodology de-
scribed here could help in their identification.

Materials and methods

Human cells, tumor samples, and whole-genome sequence analyses

All primary human cells, their sources, and growth conditions are
listed in Supplemental Table S1. Ewing sarcoma tumor samples
were acquired from ProteoGenex and Asuragen (Supplemental
Table S1). Karyotypes of cells and tumors were confirmed by
low-coverage whole-genome sequencing. For MSC, hTER-MSC,
hMPro, HF-Eup-3, HF-Eup-4, HF-Ts8-1, and HF-Ts8-2 cells, this
was conducted within the same or two postpassages of lentiviral
transduction, and subsequently at later passages, to confirm that
the karyotypes did not change over the timeline of our study.
DNA from ~100,000 cells for most lines, and at least 40,000 cells
for lines with limited cell numbers, such as some EWS-FLI1-ex-
pressing cells, was extracted by using a QIAmp DNA mini kit
(Qiagen). Standard Nextera XT Illumina library preparation was
applied and the libraries sequenced with 40-bp read length on
an I[llumina HiSeq2000. Sequence reads were trimmed to 40 nt
and aligned to the mouse (mm9) or human (hgl9) reference ge-
nomes using the BWA (0.7.12) backtrack algorithm (Li and Dur-
bin 2009). HMMcopy (0.1.1) was used to detect copy number
alterations by estimating DNA copy number in 500-kb bins, con-
trolling for mappability and GC content (calculated by
HMMcopy gcCounter) (Ha et al. 2012). Simulation using
HMMcopy suggests that in an euploidy population, if >30% har-
bor a common chromosome gain, karyotypic difference will be
shown in this analysis.

Lentiviral transduction and transfection

Lentivirus was produced using 293FT packaging cells (Thermo
Fisher Scientific) and transduction conducted as described in
the Supplemental Material.

Cell proliferation and tumorigenicity analyses

The proliferation analysis procedure is described in the Supple-
mental Material. For focus formation assays, 2000 cells (for
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hMPro) or 500 cells (for MHH-ES1) were plated in replicates on
10-cm plates and cultured for 21 d (for hMPro) or 14 d (for
MHH-ES1) before being fixed with ice-cold methanol (10 min)
and stained with a solution of 0.5% crystal violet in 25% metha-
nol for 10 min. Plates were scanned to assess colony formation.
For soft agar growth assays, 4000 cells (for MHH-ES1) were seeded
in 0.7% Difco noble agar (BD Biosciences) in medium at
37°C. The 0.7% soft agar with cell solution was solidified on
top of 1% Difco noble agar medium at room temperature. The
cells were supplemented with medium (changed every 3 d) and
cultured for 14 d. Colonies were imaged and counted using Nikon
light microscope with 4x objective lens. Xenograft assays are de-
scribed in the Supplemental Material.

DNA damage analysis by comet assay

Cells expressing the EWS-FLI1 fusion for 3-5 d (grown to 60%-—
80% confluency) were subjected to single-cell gel electrophoresis
(Trevigen Comet assay kit, R&D Systems) under alkaline comet
assay conditions. DNA was then stained with SYBR Gold nucleic
acid gel stain (Invitrogen) for 30 min at room temperature in the
dark and washed twice with H,O. Images were taken in the
FITC channel with a Plan Apo 40x/0.2 objective, ORCA-ER cam-
era, and NIS-Elements software. Exposure times (same for the
same cell type) were determined using the autoexposure function
of the NIS-Element software. The percentage of DNA in comet
tails was analyzed using the automated OpenComet tool (Gyori
et al. 2014) in FIJT (Image]). At least 150 cells per sample were
analyzed.

DNA damage analysis by yH2AX focus analysis

Cells were grown on a coverslip and fixed, and (if relevant) EAU
was visualized (as described in the Supplemental Material). Fixed
cells were washed twice with PBS + BSA (3%), incubated with a
yYH2AX antibody (1:400 dilution) in PBS + BSA (3%) overnight at
4°C, and subjected to immunofluorescent staining (described be-
low). Cells containing >10 clear yH2AX foci were defined as
yH2AX-positive cells. At least 50 cells (for some slow-growing
cell types), and in most cases, >100 cells, were analyzed.

Cell cycle analysis

Supplemental Figure S2A depicts the general cell cycle analysis
scheme. For serum starvation synchronization, cells were cul-
tured in their optimal medium (Supplemental Table S1), but
FBS was omitted. hMPro cells constitutively expressing the
EWS-FLI1 fusion or control vector were plated at the same densi-
ty into six-well plates for 12 h and then switched to serum-free
medium for 2.5 d, causing most cells to arrest in G, (validated
by flow cytometry). Human fibroblasts with doxycycline-induc-
ible EWS-FLI1 fusion or the control vector were seeded onto glass
coverslips. One day later, cells were serum-starved for 3.5-4 d in
the presence of 1 pg/mL doxycycline. Notably, human fibro-
blasts, especially trisomy 8 fibroblasts, were not completely ar-
rested in serum-free medium. For other cell types, >90% of cells
were arrested in G; after 3.5-4 d of serum starvation. Cells were
then released into the cell cycle by switching to medium contain-
ing serum and 10 pM EdU. Cells on coverslips were fixed and an-
alyzed at the indicated times.

Flow cytometry

Cells were harvested using 0.25% trypsin in a versene solution
and resuspended in normal growth medium. DNA was stained
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with Vybrant DyeCycle Violet (5 uM; Thermo Fisher Scientific)
for 30 min at 37°C. Alternatively, cells were fixed with 70% eth-
anol overnight at —20°C and then stained with an Alexa fluor 647
conjugated anti-phospho-histone H3 antibody in PBS containing
2% FBS and 0.05% Triton X-100 for 2 h at 4°C. Samples were
then washed twice with PBS and 0.05% Triton X-100, and
DNA was stained using 1 g/mL DAPI in PBS for 10 min at room
temperature. Flow cytometry analysis was performed immediate-
ly using either a BD FACSCelesta or a BD FACS LSR cytometer
with data acquisition through BD FACSDIVA software through
BV 421/DAPI and APC (Alexa Fluor 647) channels. Five-thousand
to 10,000 or all gated cells were analyzed.

Fluorescence microscopy and live cell imaging

Procedures for EdU analyses and fluorescence microscopy for
cells and FFPE-fixed tumor samples are described in the Supple-
mental Material. All primary and secondary antibodies, along
with their dilutions (in PBS+0.1%Triton X-100, 1% BSA), are
shown in Supplemental Table S7.

For live-cell imaging of the FUCCI system, cells were seeded on
glass-bottom 12-well plates (MatTek) for 2 d in the presence of 1
pg/mL doxycycline, and the media was changed 1 h before imag-
ing. Cells were monitored in a humid tissue culture chamber at
37°C with CO,, and multipoint images were taken using a Nikon
Elipse Ti fluorescent microscope with a Plan Fluor 10x/0.3 objec-
tive, ORCA-R? camera, and MetaMorph software. Color compos-
ite time-lapse images were exported as movies using MetaMorph
and viewed and evaluated using Fiji (Image]J) software.

Western blot analysis

Cells were lysed in RIPA buffer (Thermo Fisher Scientific) con-
taining protease inhibitor and phosphatase inhibitor (PhosStop)
cocktails (Roche). Protein extracts were quantified by Bradford
(Bio-Rad) and equal amounts subjected to SDS-PAGE (4%-12%;
Bio-Rad or Invitrogen). Proteins were transferred to a PVDF or a
nitrocellulose membrane using a semidry transfer method. Blots
were blocked using TBS-T (0.1 % Tween 20) with 3% fat-free milk
and 1% BSA and incubated with primary antibodies (listed in Sup-
plemental Table S7 with dilutions in TBST with 1%BSA) over-
night at 4°C. Horseradish peroxidase (HRP)-conjugated or
fluorophore-conjugated antibodies were used as secondary anti-
bodies (Supplemental Table S7) in TBST with 1% BSA for 1 h at
room temperature and detected by a ImageQuant LAS400 system
or ChemiDoc MP imaging system (Bio-Rad), respectively. Signals
were quantified using the Fiji-Image] gel analysis software.

RNA sequencing and analysis

For the 26-ORF library evolution experiment 5, experimental rep-
licates per time point were analyzed. Total RNA was extracted
using the RNeasy kit (Qiagen). Procedures for RNA sequencing
and analysis are listed in the Supplemental Material.

Computational analysis and tools

Survival analysis, x* test for studying disease-risks, weighted cor-
relation network analysis (WGCNA) for gene module identifica-
tion, mouse synteny analysis, and development of the gene
density visualizer (GDV) tool are described in the Supplemental
Material.
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