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SUMMARY

Fusion-transcription factors (fusion-TFs) represent a class of driver oncoproteins that are difficult to therapeu-
tically target. Recently, protein degradation has emerged as a strategy to target these challenging oncopro-
teins. The mechanisms that regulate fusion-TF stability, however, are generally unknown. Using CRISPR-Cas9
screening, we discovered tripartite motif-containing 8 (TRIM8) as an E3 ubiquitin ligase that ubiquitinates and
degrades EWS/FLI, a driver fusion-TF in Ewing sarcoma. Moreover, we identified TRIM8 as a selective depen-
dency in Ewing sarcoma compared with >700 other cancer cell lines. Mechanistically, TRIM8 knockout led to
an increase in EWS/FLI protein levels that was not tolerated. EWS/FLI acts as a neomorphic substrate for
TRIMS, defining the selective nature of the dependency. Our results demonstrate that fusion-TF protein sta-
bility is tightly regulated and highlight fusion oncoprotein-specific regulators as selective therapeutic targets.
This study provides a tractable strategy to therapeutically exploit oncogene overdose in Ewing sarcoma and

potentially other fusion-TF-driven cancers.

INTRODUCTION

Balanced chromosomal rearrangements often lead to gene fu-
sions, some of which act as dominant oncoproteins that drive
tumorigenesis (Mitelman et al., 2007). Two major fusion onco-
gene classes include fusion kinases, such as BCR/ABL1 in
chronic myeloid leukemia, and fusion-transcription factors
(fusion-TFs), such as EWS/ETS in Ewing sarcoma. Although in-
hibition of fusion kinases can be achieved for clinical efficacy
(Cocco et al, 2018; Kantarjian et al., 2002; Shaw et al.,
2014), therapeutic targeting of fusion-TFs has remained chal-
lenging due to the well-established difficulties in developing
small-molecule inhibitors for transcription factors. Successful
targeting, however, can lead to cures as exemplified by
arsenic and retinoic acid treatment for patients with acute pro-
myelocytic leukemia, both of which lead to degradation of
the driver fusion-TF PML/RARq. (Lo-Coco et al., 2013; Zhu
et al., 2001).

1262 Cancer Cell 39, 1262-1278, September 13, 2021 © 2021 The Authors. Published by Elsevier Inc.

The ubiquitin (Ub)-proteasome system (UPS) is the main
mechanism by which cells regulate protein degradation to main-
tain protein homeostasis. In UPS, Ub-ligase (E3) enzymes, in
conjunction with Ub-activating (E1) and Ub-conjugating (E2) en-
zymes, polyubiquitinate substrate proteins for proteasomal
degradation. Cancer cells depend on protein quality control to
cope with excess and abnormal proteins (Deshaies, 2014).
This vulnerability led to the clinical development of proteasome
inhibitors, such as bortezomib, as a cancer therapy. In addition,
the protein stability of oncogenes and tumor suppressors is high-
ly regulated and offers an opportunity for therapeutic interven-
tion, such as the development of MDM2 inhibitors (Shangary
and Wang, 2009). More recently, lenalidomide was shown to
selectively target the transcription factors IKZF1 and IKZF3
(Ikaros family zinc-finger proteins 1 and 3), for proteasomal
degradation by co-opting the cereblon E3 ligase complex for
its anti-tumor effects in multiple myeloma (Kronke et al., 2014;

Lu et al., 2014).
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Ewing sarcoma is characterized by a chromosomal rearrange-
ment that fuses the transactivation domain of EWS with the DNA
binding domain of ETS transcription factors, most commonly
FLI1, leading to expression of the EWS/FLI fusion oncoprotein
(Delattre et al., 1992). EWS/FLI acts as a pioneering transcription
factor that opens closed chromatin by recruiting chromatin re-
modeling complexes, such as the BAF complex (Boulay et al.,
2017). Consequently, an aberrant transcriptional program is acti-
vated that promotes tumorigenesis and maintenance of Ewing
sarcoma tumors. Despite EWS/FLI acting as a driver oncogene
in Ewing sarcoma, there are no therapies that directly and specif-
ically target it. Moreover, genome-wide sequencing studies have
demonstrated that Ewing sarcoma tumors have quiet genomes
with few recurrent mutations (Brohl et al., 2014; Crompton
et al., 2014; Tirode et al., 2014), posing a challenge to identifying
alternative therapeutic targets.

Here, we identify TRIM8 as an ES ligase that regulates EWS/
FLI protein degradation. We show that TRIM8 is a strong selec-
tive dependency in Ewing sarcoma and that TRIM8 degradation
disrupts the fusion oncoprotein rheostat leading to oncogene
overdose. Moreover, we demonstrate that EWS/FLI acts as a
neomorphic substrate for TRIM8 and that the regulation is spe-
cific to the fusion oncoprotein and not the wild-type (WT) coun-
terparts. Our findings suggest that EWS/FLI can be indirectly,
but selectively, targeted and that other fusion oncoprotein-spe-
cific regulators may provide new therapeutic targets with exqui-
site selectivity for fusion-driven cancers.

RESULTS

Flow cytometry-based CRISPR screen identifies TRIM8
as a regulator of EWS/FLI stability

To determine whether protein degradation can be exploited for
therapeutic targeting of fusion-TFs, we studied the mechanisms
that regulate the degradation/stability of EWS/FLI in Ewing sar-
coma. To this end, we generated a 293T cell line model express-
ing EWS/FLI-GFP-IRES-mCherry that can report on EWS/FLI
protein stability (Figure S1A). Concurrent examination of protein
levels for EWS/FLI-GFP and the mCherry control allows us to
investigate mechanisms specific to EWS/FLI compared with
mechanisms regulating general transcription or protein homeo-
stasis. We observed that high expression of the full-length
EWS/FLI in 293T cells was not well tolerated, leading to the
rise of two distinct subpopulations: (1) cells with low expression
of full-length EWS/FLI-GFP in the nucleus and (2) cells with high
expression of degraded EWS/FLI-GFP in both nucleus and cyto-
plasm (Figures 1A and 1B). To select cells that only express full-
length EWS/FLI, we sorted GFP'®" cells and selected a single-
cell clone (EWS/FLI-GFP-1) with moderate expression of EWS/
FLI-GFP in the nucleus (Figures 1A, 1B, and S1B). CRISPR-
mediated EWS/FLI knockout in these reporter cells gave rise to
a GFP'mCherry* subpopulation; thus, faithfully reporting on
EWS/FLI protein levels (Figures S1C and S1D). Using this re-
porter line, we performed a flow cytometry-based CRISPR-
Cas9 screen (Figure 1C) to identify regulators of EWS/FLI protein
stability. Cas9-positive EWS/FLI reporter cells were infected with
the genome-scale CRISPR Avana library (Doench et al., 2016),
passaged for 7 days, and sorted into GFP°" and GFP"'9" popu-
lations (Figure 1D). Massively parallel sequencing of single guide
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RNAs (sgRNAs) from sorted populations revealed an enrichment
of sgRNAs targeting EWSR1 and FLI1 in the GFP'®" subpopula-
tion compared with the pre-sort population, supporting the val-
idity of the screen (Figure S1E). Strikingly, we observed an
enrichment of sgRNAs targeting TRIMS8 as the only significant
enrichment in both replicates in the GFP™9" subpopulations (Fig-
ure 1E) (Table S1). TRIM8 encodes for tripartite motif-containing
8 (TRIM8), an E3 ligase that ubiquitinates target proteins for pro-
teasomal degradation (Okumura et al., 2010; Ye et al., 2017). Un-
expectedly, sgRNAs targeting TRIM8 were also enriched in the
GFP'°" cells (Figure S1E). We examined the TRIM8 gRNA distri-
bution and observed greater enrichment of TRIM8 targeting
sgRNAs in GFP"9"-sorted population compared with the
GFP'"-sorted population (Figure S1F). Validation experiments
confirmed that TRIM8 knockout predominantly results in
increased EWS/FLI levels; however, minor subpopulations of
cells that are unable to tolerate increased EWS/FLI can abrogate
EWS/FLI protein expression consistent with the TRIM8 sgRNAs
observed in the GFP'°"-sorted subpopulation in the screen (Fig-
ures S1G and S1H). To further support this hypothesis, we per-
formed a time course experiment with EWS/FLI overexpression
in WT or TRIM8 knockout (TRIM8™'~) 293T cells. We detected
higher EWS/FLI levels in the GFP*mCherry* population in
TRIM8 knockout cells compared with WT cells as expected,
but also observed an increase in the GFP~mCherry* subpopula-
tion in TRIM8 knockout cells over time as compared with WT
control cells (Figures S11-S1L).

TRIMS is a strong selective dependency in Ewing
sarcoma

Genome-scale CRISPR-Cas9 screens have revealed genetic
dependencies in multiple cancers (Behan et al., 2019; Tsherniak
et al., 2017) offering inroads into identifying therapeutic targets
for diseases with a paucity of recurrently mutated genes, such
as pediatric cancers. Strikingly, we identified TRIM8 as a top en-
riched dependency in Ewing sarcoma (Dharia et al., 2021) in two
independent CRISPR screens using the GeCKO library (Sanjana
et al., 2014), where 43 cancer cell lines were screened, and the
Avana library (Doench et al., 2016), where over 700 cancer cell
lines were screened (Figures 1F-11). The TRIM8 dependency
was independent of the ETS fusion partner; EWS/FLI-, EWS/
ERG-, and EWS/FEV1-positive Ewing sarcoma cell lines were
all dependent on TRIM8 (Figures 1F and 1G). Moreover, the
TRIM8 dependency in Ewing sarcoma is the strongest, previ-
ously unreported enriched dependency identified within the
Avana Dependency Map screen (Figure 1J). We validated the
TRIM8 dependency in multiple Ewing sarcoma models in vitro
and observed decreased proliferation and induction of apoptosis
with CRISPR-mediated TRIM8 knockout (Figures 2A-2C and
S2A-S2D). Importantly, we observed suppression of tumor
growth with TRIM8 knockout in vivo using multiple Ewing sar-
coma xenograft models (Figures 2D, S2E, and S2F). Immunoblot
analysis of delayed tumors progressing in the TRIM8 knockout
group showed no evidence of sustained TRIM8 knockout, sug-
gesting that cells cannot tolerate TRIM8 knockout in vivo (Fig-
ure S2G). Furthermore, we failed to select single-cell clones of
TRIM8 knockout in vitro (Figure S2H). Taken together, our data
suggest that TRIM8 knockout cannot be tolerated by Ewing sar-
coma cells in vitro or in vivo.

Cancer Cell 39, 1262-1278, September 13, 2021 1263




¢? CellPress Cancer Cell

OPEN ACCESS

B 293T EWS/FLI-GFP
Mix High GFP  Low GFP

Clone 1

E/F-GFP high GFP

' E/F-GFP low GFP
l E/F-GFP clone 1
E/F-GFP high GFP

' | E/F-GFP low GFP
E/F-GFP clone 1

TC32
WT
Vector
TC32
WT
Vector

W EFcFPmix
l E/F-GFP mix

L

GFP
EWS/FLI-GFP —» EWS/FLI-GFP —»
EWS/FLI * —.___.'— -

.
Hoechst
EWS/FLI— | | anti-GFP
degraded — (anti-FLI1) degraded —p
EWS/FLI » EWS/FLI
———— v - . .. "
———— | \/inCUliN

D GFPYsh E

&
|

c Flow-sorting

) Sequence SgRNA

Turns OFF transcription/
Degrades all proteins

No effect

Pre-sort

L — GFPlv

Average log, fold change (Rep2)

a0 o 0 FORT,

@
. Degrade/destabilize EWS/FLI
@ Stabilize EWS/FLI

mCherry
Average log, fold change (Rep1)
F G
1.0 )
1.0 . @ Other cancer cell lines
Other cancer cell lines . A
£ 09 @ Ewing EWS/FLI cell lines % 09 ® Ewing EWS/FLI cell lines
. N i i O
© 081 @ Ewing EWS/ERG cell lines @ 081 @ Ewing EWS/ERG cell lines o
5 07| ® Ewing EWS/IFEV cell lines 3 07 d@m
@ L o6
2 o6 ©
§ 05 Q05 o KT 4
© 04 o 04 o 0o ®
= 03 * = 03 . o°"®
X o2 % o2 "
0.1 o o &% 01l e o o °
00l ® .0 0.0
-1.6-14-12-10-0.8-06-0.4-0.2 0.0 02 0.4 06 0.8 -0.8 -0.6 -0.4 -0.2 0.0 0.2
TRIM8 dependency score TRIM8 dependency score
H | J
o TRIM8 o FLI1 Pubmed hits
3] o T o
(] [0} T
E) Fl o TRIME E ot
g (;s T e3
L 401 L 64 = ®4
R=a c S
S FLI1 > - g 5
- o> ° - ® g e5
8 201 . 8 3 ” - T o7
T o [ ° s
® [ X 1] [T ™ ® Qo ®9
0 .'h"° e 04 N . ® >10
-06 -03 00 03 06 -0.9 -0.6 -0.3 0.0 03 0.6 0.9 20 -10 0 10
Effect Size Effect Size T-statistic

Figure 1. CRISPR screens identify TRIM8 as a regulator of EWS/FLI protein stability and a selective dependency in Ewing sarcoma

(A and B) Immunoblot and images showing the expression level and localization of EWS/FLI-GFP in the reporter cell line and subpopulations. *Indicates a non-
specific band.

(C and D) Schematic of flow cytometry-based CRISPR screening pipeline and the gating strategy used in the screen.

(E) Scatterplot showing average log2 fold changes in sgRNA abundance in replicates in the GFP"'9"-sorted population. Negative control guides are highlighted in
gray. sgRNAs targeting TRIMS8 are highlighted in red. Each dot represents an average of log2 fold changes for four independent sgRNAs per gene.

(F and G) Scatterplots showing Ewing sarcoma relative dependency on TRIM8 in screens with the Avana (F) and GecKO (G) libraries. The x axis shows the gene’s
dependency score in each cell line. The y axis shows the gene’s dependency rank in an individual cell line.

(H and I) Comparison of 14 Ewing sarcoma with 724 other cancer cell lines (H) and 11 Ewing sarcoma with 32 other cancer cell lines () demonstrates enrichment of
TRIM8 dependency in Ewing sarcoma. Each circle represents a single gene. The x axis shows the effect size, which is the mean difference of dependency scores
in Ewing sarcoma cell lines compared with other lines screened. Negative effect size indicates that Ewing sarcoma cells are more dependent on that gene
compared with other cancer cell lines screened. The y axis shows the significance calculated as —log10(q value) from empirical-Bayes-moderated t statistics with
Benjamini-Hochberg correction.

(J) A scatterplot showing ranked disease-enriched dependency in the Avana library (n = 738). The x axis shows the t statistics and the y axis shows the sig-
nificance calculated as —-log10(q value) from empirical Bayes-moderated t statistics with Benjamini-Hochberg correction. PubMed hits represent the number of
papers retrieved when searched on PubMed.
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Figure 2. TRIMS8 regulates EWS/FLI protein levels and Ewing sarcoma cell growth
(A) TC32 cells infected with non-targeting (sgNT) or TRIM8-directed sgRNAs (sgTRIM8) were assessed for growth using CellTiter-Glo. Mean of eight technical
replicates + SD of relative growth are shown. Data representative of three independent experiments.
(B and C) Proliferation (B) and induction of apoptosis (C) in TC32 cells infected with either sgNT or sgTRIM8 were assessed by measuring EAU incorporation (FC,
fold change) and cleaved PARP and cleaved caspase-3 levels, respectively. Mean FC of three biological replicates + SEM are shown for (B). Statistical sig-
nificance calculated using unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01.
(D) Tumor growth of TC32 cells infected with sgNT or two different sgTRIM8s that were implanted subcutaneously: sgNT (n = 6), sgTRIM8-1 (n = 7), and sgTRIM8-
2 (n = 7). Mean tumor volume + SEM are shown. Statistical significance calculated using unpaired two-tailed Student’s t test. **p < 0.01.
(E) Ewing sarcoma cell lines were infected with either sgNT or sgTRIM8s and immunoblotted with the indicated antibodies. Data representative of three inde-
pendent experiments.
(F) Schematic of the TRIM8 dTAG system.
(G) Immunoblot showing expression of N- or C-terminally FKBP12F3¢V-2XHA-tagged (N- or C-dTAG) TRIM8 (anti-HA) and endogenous TRIMS (anti-TRIMS8) in
TC32 TRIM8 dTAG cells.
(legend continued on next page)
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TRIMS8 regulates EWS/FLI protein expression to regulate
cell growth in Ewing sarcoma

Given that we identified TRIM8 as a regulator of EWS/FLI protein
stability in 293T cells, we asked if TRIM8 can regulate EWS/FLI in
Ewing sarcoma cells. We knocked out TRIM8 and suppressed
TRIM8 expression using CRISPR and siRNA, respectively, and
observed increased EWS/FLI expression, and NKX2-2 expres-
sion, a known EWS/FLI target gene (Figures 2E and S2|-S2K).
We also observed increased EWS/ERG expression and
decreased growth with TRIM8 knockout (Figure S2L), consistent
with our finding that EWS/ERG-driven Ewing sarcoma cells are
dependent on TRIM8 (Figures 1F and 1G). To further validate
the relationship between TRIM8 and EWS/FLI, we generated
Ewing sarcoma cells expressing degradable TRIM8 using the
dTAG system (Nabet et al., 2018) (Figure 2F). The dTAG system
utilizes a heterobifunctional small molecule that specifically
binds and brings in close proximity a FKBP12F*¢V_tagged target
protein and the E3 ligase complex, leading to ubiquitination and
proteasome-mediated degradation of the target protein. Here,
we concurrently expressed FKBP127¢V-2XHA-tagged TRIMS
and knocked out the endogenous TRIM8 (Figures 2G and
S2M). Then, we used a highly selective dTAG molecule that
co-opts the VHL E3 ligase (dTAGY-1) (Nabet et al., 2020) to
induce degradation of TRIM8. dTAG"-1-mediated degradation
of N- or C-terminally FKBP12F36V-2XHA-tagged TRIM8 (N/C-
dTAG TRIMBS) led to a suppression of cell growth and increased
EWS/FLI levels (Figures 2H, 21, and S2N). Leveraging the dTAG
system, we observed a dose-dependent increase in EWS/FLI
upon TRIM8 degradation (Figures 2J and S20). Moreover, we
examined the kinetics of EWS/FLI upregulation and observed a
significant increase in EWS/FLI levels 16 h post-TRIM8 degrada-
tion by western immunoblot (Figure 2K).

To test the hypothesis that TRIM8 is an E3 ligase for EWS/FLI,
we overexpressed TRIM8 and observed decreased EWS/FLI
levels, associated with suppression of growth and proliferation
(Figures 2L-2N and S2P-S2S). As predicted, we observed that
TRIMS8 overexpression led to a decrease in EWS/FLI levels in a
concentration-dependent manner (Figure 20). We also demon-
strated that the E3 ligase activity is required for the regulation
of EWS/FLI as overexpression of a TRIM8 RING domain deletion
mutant (TRIM8BARING) failed to downregulate EWS/FLI expres-
sion. In fact, the TRIM8BARING mutant acts as a dominant nega-
tive as its overexpression led to increased EWS/FLI levels and
suppression of growth (Figures 2L, 2M, and S2P-S2S). Impor-
tantly, we observed that overexpression of TRIM8 or TRIMSAR-
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ING mutant decreased the tumor growth in vivo (Figure 2P).
Finally, TRIM8-mediated downregulation of EWS/FLI was
rescued with a proteasome inhibitor, confirming regulation at
the protein level (Figures S2T and S2U).

“Goldilocks principle” of EWS/FLI

Oncogenes are regulated at multiple levels, including transcrip-
tional and post-translational, to enable oncogenic functions
(Schuijers et al., 2018; Willumsen et al., 1984). Although onco-
genes can promote cancer cell survival, they can also induce
senescence and apoptosis (McMahon, 2014; Serrano et al.,
1997). Given that TRIM8 knockout increased EWS/FLI levels,
which was associated with a growth suppression, we examined
whether enhanced EWS/FLI expression is deleterious to Ewing
sarcoma. To address this hypothesis, we engineered multiple
Ewing sarcoma cell lines with a doxycycline (dox)-inducible
EWS/FLI. We observed that dox-induced overexpression of
EWS/FLI suppressed growth and induced apoptosis in vitro (Fig-
ures 3A-3C and S3A-D). Importantly, a Ewing sarcoma cell line
and a minimally passaged Ewing sarcoma patient-derived xeno-
graft (PDX) (ES-PDX-001) (Garcia-Dominguez et al., 2018) over-
expressing EWS/FLI displayed delayed tumor growth in vivo
(Figures 3D and 3E). Furthermore, we overexpressed a degrad-
able EWS/FLI (FKBP12M36V_2XHA-EWS/FLI; N-dTAG EWS/FLI)
and induced degradation, which partially rescued the growth
suppression observed with EWS/FLI overexpression (Figure 3F).
These data suggest that Ewing sarcoma cells cannot tolerate
excessive EWS/FLI levels.

To examine the early transcriptional consequences of EWS/FLI
overexpression, we performed RNA sequencing 8 h after dox-in-
duction of EWS/FLI. We primarily observed upregulation of genes
suggesting transcriptional activation (Figure S3E), and gene set
enrichment analysis showed an enrichment of EWS/FLI UP signa-
tures (composed of genes activated by EWS/FLI) (adj. p < 0.05)
(Figure S3F). Similarly, we observed transcriptional activation af-
ter 24 h TRIM8 degradation (Figure S3G) and enrichment of the
same EWS/FLI UP signatures as the only significantly (adj. p <
10729 enriched signatures (Figure 3G). We did not observe
changes in EWS/FLI transcript level upon TRIM8 degradation,
further confirming that TRIM8-mediated regulation of EWS/FLI
occurs post-transcriptionally (Figure S3H). These data suggest
that the major transcriptional consequence of TRIM8 degradation
is activation of the EWS/FLI transcriptional program.

Next, we asked whether the impaired growth observed with
TRIM8 knockout is mediated by increased EWS/FLI expression.

(Hand 1) TC32 TRIM8 dTAG cells treated with 1 pM dTAG"-1 molecule for 24 himmunoblotted with the indicated antibodies (H) and assessed for cell growth using
CellTiter-Glo (l). Mean of eight technical replicates + SD of relative growth are shown. Data representative of three independent experiments.

(J) TC71 C-dTAG TRIMS cells were treated with the indicated concentrations of dTAGY-1 for 48 h and immunoblotted with the indicated antibodies.

(K) TC71 C-dTAG TRIMS cells were treated with dTAGY-1 (1 uM) for the indicated time-points and immunoblotted with the indicated antibodies.

(L and M) TC32 (L) and TC71 (M) cells infected with lentivirus encoding TRIM8 and an E3 ligase domain deletion mutant (TRIMBARING) were immunoblotted with
the indicated antibodies (left) and assessed for cell growth using CellTiter-Glo (right). Mean of eight technical replicates + SD of relative growth are shown. Data
representative of three independent experiments.

(N) EdU incorporation of indicated Ewing sarcoma cells overexpressing either control vector or TRIM8-V5 for 4 days. Data represents the fold change (FC) in
percent of EdU+ cells + SEM from two independent experiments with technical duplicates. Statistical significance calculated using unpaired two-tailed Student’s
t test. ***p < 0.001.

(O) TC32 cells infected with varying amounts of lentivirus encoding TRIM8-V5 for 48 h and immunoblotted with the indicated antibodies.

(P) TC32 cells infected with lentivirus encoding TRIM8-V5, TRIMBARING-V5, or control vector were subcutaneously injected into nude mice: vector (n = 10),
TRIM8-V5 (n = 10), and TRIM8ARING-V5 (n = 7). Mean tumor volume + SEM are shown. Statistical significance calculated using unpaired two-tailed Student’s t
test. *p < 0.05.
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Figure 3. TRIMS fine-tunes EWS/FLI expression to promote survival
(A and B) A673, TC71, and TC32 cells expressing doxycycline (dox)-inducible EWS/FLI-HA were treated with dox (500 ng/mL) for 2, 3, and 5 days, respectively.
Cells were immunoblotted with the indicated antibodies (A) and assessed for growth using CellTiter-Glo (B). Mean of eight technical replicates +SD of relative
growth are shown. Data representative of two independent experiments.
(C) Bar graph depicts percentage of annexin V+ cells in Ewing cell lines after 24 h (RDES) or 48 h (TC71, SKNEP1, EW8, A673) of dox-induction (500 ng/mL).
Statistical significance calculated using unpaired two-tailed Student’s t test. **p < 0.01.
(D and E) TC32 (D) and ES-PDX-001 (E) cells were infected with either EWS/FLI or a vector control and subcutaneously injected into mice. Tumor outgrowth was
monitored by measuring tumor volume. Mice for vector (n = 10) and N-dTAG EWS/FLI (n = 10) for TC32 (D) and vector (n = 10) and EWS/FLI-V5 (n = 10) for ES-
PDXO001 (E). Mean tumor volume +SEM are shown. Statistical significance calculated using unpaired two-tailed Student’s t test. **p < 0.01, **p < 0.001. Note:
tumors from TC32 vector control mice are equivalent to those in Figure 2P.
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To this end, we used a Ewing sarcoma cell line engineered to ex-
press N-dTAG EWS/FLI and in which endogenous EWS/FLI has
been knocked out by CRISPR (Nabet et al., 2020). In this model,
EWS/FLI can be degraded in a concentration-dependent
manner upon dTAG"-1 treatment (Figure 3H). We overexpressed
the dominant negative TRIMBARING mutant and then induced
partial degradation of EWS/FLI with dTAG-1 to near control pro-
tein levels, which rescued the diminished growth phenotype (Fig-
ures 3H and 3l). In addition, we observed that CRISPR-mediated
TRIMS8 knockout and siRNA-mediated TRIM8 knockdown phe-
notypes can also be rescued by degrading EWS/FLI to control
levels (Figures 3J-3M). These rescue experiments confirm that
increased EWS/FLI is, in part, responsible for the impaired
growth phenotype observed with TRIM8 inhibition. We next
asked whether EWS/FLI levels are anti-correlated with TRIM8
levels in Ewing sarcoma cells. We observed a trend toward an in-
verse correlation between EWS/FLI and TRIMS8 protein levels in
Ewing sarcoma cell lines (Figures S3I and S3J). Based on our
findings, we propose a model in which TRIMS8 tightly regulates
and maintains EWS/FLI at “just-the-right” protein level to pro-
mote cell survival (Figure 3N).

Increased levels of EWS/FLI exacerbate DNA damage in
Ewing sarcoma cells
Ewing sarcoma tumors harbor copy-number loss of CDKN2A
(~30%) and TP53 mutations (~15%) (Brohl et al., 2014; Cromp-
ton et al., 2014; Tirode et al., 2014), both which have been shown
to regulate senescence (Lin et al., 1998). We, however, observed
no correlation between TRIM8 dependency and either TP53 or
CDKN2A status (Figures S4A and S4B). Moreover, we did not
observe a senescence phenotype with TRIM8 knockout/degra-
dation in Ewing sarcoma cells (Figure S4C). TRIM8 previously
has been shown to regulate tumor necrosis factor (TNF) and
interferon (IFN) signaling to modulate immune responses to
pathogens (Li et al., 2011; Maarifi et al., 2019). We thus examined
whether TNF-a and IFNs can regulate TRIM8 levels in Ewing sar-
coma and vice versa. We observed that neither TNF-a. nor IFN v/
B treatment regulates TRIM8 levels in Ewing sarcoma cells. Simi-
larly, neither TRIM8 knockout nor overexpression regulates TNF
or IFN signaling in Ewing sarcoma cell lines, as measured by
altered pSTATT1 or altered levels of nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor, alpha (IkBo) (Fig-
ures S4D-S4H).

EWS/FLI has been associated with R loop formation (Gorthi
et al., 2018) and impaired DNA damage repair response, which
confer increased sensitivity of Ewing sarcoma cells to DNA-
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damaging agents (Brenner et al., 2012; Iniguez et al., 2018).
We observed that EWS/FLI overexpression, TRIM8 degradation,
and overexpression of the TRIMBARING mutant can exacerbate
DNA damage (Figures 4A-4C and S3A-S3C), leading to
increased sensitivity to olaparib, a PARP inhibitor (Figures 4D
and 4E). Moreover, TRIM8 degradation sensitized Ewing sar-
coma cells to DNA-damaging agents, such as cisplatin and eto-
poside, in a cell line-dependent manner (Figures 4F-4l). We next
asked whether TRIMS8 inhibition correlates with sensitivity to
DNA damage repair inhibitors, such as PARP inhibitors, in Ewing
sarcoma cells. Ewing sarcoma cell lines show increased sensi-
tivity to PARP inhibitors that possess stronger PARP trapping
potency (Figure 4J), and TRIM8 dependency is significantly
correlated with response to PARP inhibitors that show strongest
PARP trapping potencies (Figures 4K-40). These data suggest
that PARP trapping may be a potential mechanism of DNA dam-
age upon TRIMS inhibition in Ewing sarcoma cells.

EWS/FLI acts as a neomorphic substrate

The striking specificity of TRIM8 dependency prompted us to
characterize the molecular basis for TRIM8-mediated regulation
of EWS/FLI. First, we demonstrated that TRIM8 interacts with
and polyubiquitinates EWS/FLI in 293T overexpression experi-
ments (Figures 5A and 5B). Moreover, we observed that
TRIM8ARING mutant retained binding to EWS/FLI but failed to
ubiquitinate EWS/FLI, as expected (Figures 5A and 5B). Simi-
larly, we observed that TRIMS8 interacts with and ubiquitinates
EWS/ERG (Figures 5C and 5D). To assess the specificity of
TRIM8 for the fusion oncoproteins, we examined whether
TRIM8 can degrade WT EWS, FLI, or ERG proteins and observed
that TRIM8 failed to degrade these WT proteins (Figure 5E). In
addition, we observed no consistent changes in WT FLI expres-
sion upon overexpression of TRIM8 in two acute myeloid leuke-
mia (AML) cell lines that express WT FLI (Figure S5). We then
asked whether TRIM8 can bind to these WT proteins and
observed decreased TRIM8 binding for WT EWS and FLI pro-
teins, but not ERG protein (Figure 5C). Moreover, we observed
that TRIM8 overexpression led to polyubiquitination of EWS/
FLI and EWS/ERG fusions but not WT FLI or ERG proteins (Fig-
ure 5D). Interestingly, EWS was poly-ubiquitinated upon TRIM8
overexpression; however, this did not lead to degradation. Taken
together, our data suggest that the TRIM8-mediated degrada-
tion is specific to EWS/FLI and not WT counterpart proteins,
which may, in part, explain the selective TRIM8 dependency in
Ewing sarcoma.

(F) TC32 were infected with vector or N-dTAG EWS/FLI for 3 days, treated with DMSO or dTAG"-1 (1 M) for 48 h, and then lysed and immunoblotted with the
indicated antibodies (left) or assessed for growth (right) using CellTiter-Glo. Mean of eight technical replicates +SD of relative growth are shown. Statistical
significance calculated using unpaired two-tailed Student’s t test. **p < 0.001. Data representative of three independent experiments.

(G) Scatterplot of gene set enrichment analysis (GSEA) for significantly upregulated genes (adj. p < 0.05) after TRIM8 degradation (24 h). Gene sets significantly
enriched (adj. p < 10729) are highlighted in red. GSEA was performed with mSigDB C2 collection v.7.0.

(H and I) EWS502 N-dTAG EWS/FLI cells were infected with either vector or TRIMBARING for 48 h and then treated with either DMSO or dTAGY-1 (1 uM) for 24 h
and immunoblotted with the indicated antibodies (H) or assessed for cell growth by cell counting (I). Mean of two technical replicates + SD are shown. Statistical
significance calculated using unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. Data representative of three independent experiments.
(J-M) EWS502 N-dTAG EWS/FLI cells were either transfected with control (siCtrl) or TRIM8-targeting (siTRIM8) siRNAs (J) or infected with either non-targeting
(sgNT) or TRIM8-targeting sgRNA (sgTRIMS8) (L) for 48 h. Cells were then treated with either DMSO or indicated concentrations of dTAG"-1 for 48 h and were
assessed for growth using CellTiter-Glo (K and M). Mean of eight technical replicates + SD of relative growth are shown. Statistical significance calculated using
unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001. Data representative of two independent experiments.

(N) Conceptual model of the Goldilocks principle with EWS/FLI dosage.
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Figure 4. EWS/FLI overexpression and TRIM8 degradation increase DNA damage and sensitize cells to PARP inhibitors
(A) TC71 and TC32 cells expressing dox-inducible EWS/FLI-HA were treated with doxycycline (dox) (500 ng/mL) for 48 h and immunoblotted with the indicated

antibodies.

(B) TC71 and TC32 C-dTAG TRIMS cells were treated with either DMSO control or dTAGY-1 (1 uM) for 48 h and immunoblotted with the indicated antibodies.
(C) TC32 and TC71 cells were infected with lentivirus encoding either vector control, TRIM8-V5, or TRIMBARING-V5 and immunoblotted with the indicated

antibodies.

(D-1) TC32 and TC71 C-dTAG TRIMS8 cells were pre-treated with either DMSO control or dTAG"-1 (1 uM) for 48 h and assessed for sensitivity to olaparib (D and E),
cisplatin (F and G), and etoposide (H and l). Mean of eight technical replicates +SD of relative viability are shown. Statistical significance calculated using unpaired
two-tailed Student’s t test. Data in (A-l) representative of three independent experiments.
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EWS/FLI and TRIMS interaction in Ewing sarcoma cells
Given that we characterized the EWS/FLI and TRIM8 interaction
in overexpression settings, we next sought to define their inter-
action in Ewing sarcoma cells. E3 ligase-substrate interactions
are typically weak and transient, posing detection challenges
in the native setting. Adding to the problem of detecting endog-
enous interactions in Ewing cells, despite relatively high TRIM8
expression in mesenchymal stem cells, the putative cell of origin
of Ewing sarcoma, TRIM8 expression is among the lowest in Ew-
ing sarcoma cell lines in the Cancer Cell Line Encyclopedia and in
primary tumors in the Treehouse dataset. Moreover, EWS/FLI
does not regulate TRIM8 expression (Figures S6A-I). We thus
sought to detect the interaction between EWS/FLI and TRIM8
using the proximity ligation assay (PLA), which allows in situ
detection of protein-protein interactions at single-molecule res-
olution (Figure 6A). We took advantage of our TRIM8 dTAG Ew-
ing sarcoma cells that allow us to utilize HA and FLI antibodies to
detect TRIM8 and EWS/FLLI, respectively. The PLA showed inter-
action between EWS/FLI and TRIM8, which was abrogated upon
TRIM8 degradation (Figures 6B and 6C).

EWS/FLI possesses a low complexity domain and has previ-
ously been shown to form local high-concentration hubs at its
endogenous target genes via multivalent homotypic interac-
tions, which are essential for the transcriptional activation func-
tion of EWS/FLI (Chong et al., 2018). To further support the
EWS/FLI and TRIM8 interaction and assess whether TRIM8
co-localizes to EWS/FLI transcriptional hubs, we utilized su-
per-resolution imaging. Specifically, we exploited a knockin
A673 cell line where the endogenous EWS/FLI is fused to Halo-
Tag (A673-E/F-Halo), which can be fluorescently labeled to
enable visualization of endogenous EWS/FLI at its normal
expression levels (Chong et al., 2018). We transiently expressed
EGFP-tagged TRIM8 in the A673-E/F-Halo cells and performed
simultaneous imaging of EWS/FLI-Halo and TRIM8-EGFP with
Airyscan confocal super-resolution microscopy (Figure 6D). We
observed that endogenous EWS/FLI-Halo forms numerous small
local high-concentration hubs in the cell nucleus (Figures 6D),
consistent with previous findings (Chong et al., 2018). TRIM8-
EGFP at low expression levels is distributed throughout the cell
nucleus with a modest degree of heterogeneity (Figure 6D). We
detected the enrichment of TRIM8 at many EWS/FLI hubs; how-
ever, the crowded distribution of nuclear EWS/FLI hubs makes it
difficult to clearly demonstrate TRIM8 enrichment at individual
hubs. By averaging the images of nearly 7,000 individual EWS/
FLI hubs in multiple cells, the signal-to-noise ratio is markedly
improved to reveal TRIM8 enrichment at EWS/FLI hubs (Figures
6E and 6F). This result suggests that TRIM8 interacts with EWS/
FLI in Ewing sarcoma cells.

We next asked whether TRIM8 can facilitate ubiquitination of
EWS/FLI in Ewing sarcoma cells. To this end, we performed
the tandem ubiquitin binding entity (TUBE) enrichment assay,
which allows for enrichment of poly-ubiquitinated proteins
(Hjerpe et al., 2009). We observed a decrease in the proportion
of poly-ubiquitinated EWS/FLI levels in TRIM8 knockout cells
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compared with control cells (Figures 6G and 6H), suggesting
that TRIM8 regulates ubiquitination of EWS/FLI in Ewing
sarcoma.

While E3 ligases confer substrate specificity in the ubiquitin
cascade, they often ubiquitinate multiple substrates. To examine
the target repertoire of TRIM8, we performed unbiased global
proteomics with dTAGY-1-mediated TRIM8 degradation. To
identify direct substrates of TRIM8, we chose a time point 6 h
post-degradation for mass spectrometry. Upon TRIM8 degrada-
tion, we observed EWS/FLI as one of the most significantly
increased proteins (p < 0.0001, fold change > 1.25) among a
small subset of the TRIM8 substrate candidates identified (Fig-
ures 6l and 6J; Table S2). Of note, EWS/FLI protein levels did
not increase in a pomalidomide treatment control (Table S2),
suggesting that upregulated EWS/FLI expression is specific to
TRIM8 degradation and not an experimental artifact of degrada-
tion per se.

C1 and C5 domains of EWS/FLI are critical for TRIM8-
mediated degradation
E3 ligases typically recognize a specific “degron” on their sub-
strates for interaction. These degrons can exist in many forms
including a short peptide sequence or a specific structural motif.
To investigate whether we can identify the degron in EWS/FLI,
we first examined whether the N-terminal EWS (N-EWS) or C-ter-
minal FLI (C-FLI) portion of the fusion is regulated by TRIM8 (Fig-
ure 7A). We did not detect a change in expression of N-EWS or C-
FLI with TRIM8 overexpression (Figure 7B). Moreover, we
observed a loss of N-EWS mutant binding and a significant
decrease in the C-FLI mutant binding to TRIM8, as well as a
loss of ubiquitination with both mutants (Figures 7C and 7D).
Given that the C-FLI mutant retained partial binding to TRIMS,
we generated C-terminal deletion mutants (AC1-5) and observed
that AC1 and AC5 mutants were resistant to TRIM8-mediated
degradation (Figures S7A and S7B), suggesting the presence of
a possible degron in these domains. Notably, we observed a sig-
nificant decrease in the stability of the AC2-4 mutants, which may
have an impact on interpreting TRIM8-mediated regulation of
these mutants. Further biochemical experiments showed that
C1 and C5 domains are required, but not sufficient, for TRIM8-
mediated ubiquitination and subsequent degradation (Figures
S7C-S7E). These data suggest that C1 and C5 domains likely pro-
mote a proper structural conformation of EWS/FLI that allows for
efficient ubiquitination and subsequent degradation by TRIMS.
The low complexity domain of EWS/FLI has been reported to
have the propensity for phase separation via its multivalent inter-
actions, which is critical for its pioneer transcription factor activity
(Boulay et al., 2017). To test whether this interaction behavior of
EWS/FLI confers specificity for TRIM8 regulation, we generated
mutants that contain minimal low complexity domains in EWS
fused to C-terminal FLI (Figure S7F). Similar to AC1 and AC5 mu-
tants, we observed that the phase transition-like property of
EWS/FLI is insufficient to promote efficient TRIM8-mediated
ubiquitination and degradation (Figures S7G-S7I).

(J) Heatmap showing area under the curve values of PARP inhibitor sensitivity of Ewing sarcoma cells in the PRISM Repurposing Secondary Screen at the Broad

Institute (https://depmap.org/portal/).

(K-0O) Scatterplots showing the correlation between TRIM8 dependency and sensitivity to PARP inhibitors: talazoparib (K), niraparib (L), olaparib (M), rucaparib
(N), and veliparib (O). Spearman correlation (R) and p value from one-sided exact t test are shown.
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Figure 5. EWF/FLI is a neomorphic substrate of TRIM8 for degradation

(A) 293T cells were transfected with the indicated constructs for 48 h and then treated with 500 nM carfilzomib for 6 h, lysed, immunoprecipitated, and im-
munoblotted with the indicated antibodies. Data representative of three independent experiments.

(B) 293T cells were transfected with the indicated constructs for 48 h and treated with DMSO or 500 nM carfilzomib for 6 h. Cells were then lysed, immuno-
precipitated, and immunoblotted with the indicated antibodies. Data representative of three independent experiments.

(C) 293T cells transfected with either fusion oncoproteins or WT counterparts for 48 h were treated with 1 uM carfilzomib for 6 h, lysed, immunoprecipitated, and
immunoblotted with the indicated antibodies. Data representative of three independent experiments.

(D) 293T cells were transfected with the indicated constructs for 48 h then lysed, immunoprecipitated, and immunoblotted with the indicated antibodies. Data

representative of three independent experiments.

(E) 293T cells were transfected with either FLAG-tagged fusion oncoproteins or WT counterparts for 48 h, lysed, and immunoblotted with the indicated antibodies.

Data representative of three independent experiments.

Furthermore, we generated structural domain deletion mu-
tants of TRIMS8 to identify the functional domain(s) required to
regulate EWS/FLI protein levels (Figure7E). We observed that
deletions of the RING, B-box 1, B-box 2, and coiled-coil domains
largely did not affect binding to EWS/FLI but completely abol-
ished TRIM8-mediated ubiquitination of EWS/FLI (Figures 7F
and 7G). Interestingly, we observed that deletion of RFP-like

domain of TRIM8 abrogated its ability to bind and ubiquitinate
EWS/FLI (Figures 7F and 7G). In sum, our data suggest that (1)
EWS/FLI acts as a neomorphic substrate for TRIM8, and (2)
binding to TRIM8 alone is not sufficient for ubiquitination and
degradation. The EWS/FLI-TRIM8 complex likely adopts a spe-
cific structural conformation or a cellular context that allows for
efficient ubiquitination and degradation (Figure 7H).
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Figure 6. TRIMS8 interacts with and ubiquitinates EWS/FLI in Ewing sarcoma cells

(A) Schematic of the proximity ligation assay (PLA).

(B) Histogram showing fluorescence signal from the PLA in TC71 C-dTAG TRIMS cells. No antibody (neg. ctrl), anti-FLI, and anti-HA alone were used as negative
controls. Anti-FLI and anti-HA combination were used to detect interaction between TRIM8 and EWS/FLI.

(C) PLA signal TC71 C-dTAG TRIMS cells treated with either DMSO or dTAG"-1 (1 uM) for 48 h. Data representative of three independent experiments.

(D) Schematic of fluorescent proteins expressed in A673-E/F-Halo cell line is shown above. Airyscan super-resolution images of the nucleus (Hoechst stained,
blue), endogenous EWS/FLI-Halo (JF646 labeled, red), and transiently expressed TRIM8-EGFP (green) in an A673-E/F-Halo cell.

(E) Two-color image showing that endogenous EWS/FLI-Halo hubs enrich for TRIM8-EGFP. The nuclear fluorescence background is subtracted in both channels
of the average image (see the STAR Methods for details).

(F) Average background-free radial profiles of EWS/FLI-Halo and TRIM8-EGFP at EWS/FLI-Halo hubs (averaged from 6,872 hubs in 15 cells).

(legend continued on next page)
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K334 is critical for TRIM8-mediated degradation of
EWS/FLI

We next asked whether we could identify potential lysines on
EWS/FLI that are ubiquitinated by TRIM8. EWS/FLI has a total
of 14 lysines, and a previous study has shown that K380 on
the ETS domain is critical for EWS/FLI protein stability (Gier-
isch et al., 2016). Of note, K380 in the previous study corre-
sponds to K334 in WT FLI amino acid sequence, which we
will refer to for lysine positions. K144 is the only lysine on
the N-terminal EWS of all EWS/ETS fusions in Ewing sarcoma.
K144R mutant partially rescued, whereas K334R fully
rescued, TRIM8-mediated degradation (Figures 8A and 8B).
Moreover, we noted the presence of two lysines, K217 and
K240, in the C1 domain of EWS/FLI that, when deleted,
rescued TRIM8-mediated degradation. However, mutating
these lysines alone or in combination did not phenocopy the
C1 deletion mutant (Figure 8C). Furthermore, we noted that
K334 is in the C3 domain of EWS/FLI that, when deleted, is
still degraded by TRIM8. This raised the possibility that
TRIM8 ubiquitinates an alternative lysine on the EWS/FLIAC3
mutant for degradation. To test this hypothesis, we generated
EWS/FLIAC3-K144R mutant given our data that the EWS/FLI-
K144R mutant showed partial but significant rescue of TRIM8-
mediated degradation. We observed that the K144R mutation
led to increased protein stability of EWS/FLIAC3 and that it
rescued TRIM8-mediated degradation (Figure S8). Taken
together, these results suggest that TRIM8 can likely ubiquiti-
nate multiple lysines for degradation in a context-dependent
manner and that K144 and K334 are critical for TRIM8-medi-
ated degradation of full-length EWS/FLI.

DISCUSSION

Massively parallel sequencing of cancer genomes led to the
discovery of readily druggable therapeutic targets in some
malignancies. Pediatric cancers, however, often have quiet
genomes with few recurrent mutations that can be exploited
for therapeutic intervention. For example, loss-of-function mu-
tations in the gene STAG2, which has been shown to play a
critical role in cis-chromatin interactions and metastasis,
were identified as one of the only recurrent mutations
(~15%) in Ewing sarcoma tumors (Adane et al., 2021; Brohl
et al., 2014; Crompton et al., 2014; Surdez et al., 2021; Tirode
et al., 2014). Our work suggests an alternative therapeutic
strategy for Ewing sarcoma by targeting TRIM8, an E3 ligase
for EWS/FLI. Importantly, TRIM8 knockout mice are viable
with only a minor immune-related phenotype (Ye et al,
2017). This knockout mouse data, the lack of essentiality of
TRIMS8 in all non-Ewing sarcoma cancer cell lines screened

¢ CellP’ress

in the Dependency Map, and the selectivity of TRIM8 for
EWS/ETS fusions, but not the WT components, suggests a
high therapeutic window for TRIM8 inhibitors. Using genetic
approaches, we were unable to select for clones that sus-
tained TRIM8 knockout in vitro or in vivo, consistent with the
essentiality of TRIM8 in Ewing sarcoma cells. Nevertheless,
further preclinical studies using TRIM8 chemical inhibitors,
when such molecules are developed, will be needed to better
understand the therapeutic potential and the mechanisms of
resistance in targeting TRIM8 in Ewing sarcoma. TRIM8 previ-
ously has been described as a regulator of various immune
signaling pathways, including TNF-o. and IFN-y (Li et al.,
2011; Maarifi et al., 2019). Although these signaling pathways
are not regulated by TRIM8 in Ewing sarcoma cells, therapeu-
tic targeting of TRIM8 might elicit modulation of immune re-
sponses in patients, highlighting the importance of establish-
ing an immunocompetent mouse model for Ewing sarcoma
to enable assessment of immunomodulation with targeted
therapies.

Oncogenes activate molecular pathways that promote
cellular transformation leading to tumorigenesis. The activa-
tion of oncogenes in untransformed cells, however, induces
cellular stress that imparts a barrier to transformation.
Accordingly, tumors possess driver oncogenic events coupled
with multiple cooperating oncogenes or the inactivation of tu-
mor suppressors. For example, expression of oncogenic Ras
in primary human cells causes oncogene-induced senescence
that is dependent on p53 signaling (Serrano et al., 1997).
However, the cellular consequences of oncogene overdose
in transformed cells remain elusive. Here, we demonstrate
that suppression of TRIM8 disrupts the oncoprotein rheostat,
leading to excessive EWS/FLI that cannot be tolerated by Ew-
ing sarcoma cells. Consistent with our findings, a recent sin-
gle-cell sequencing study of Ewing sarcoma PDX models
showed that single cells with either low or high EWS/FLI
gene expression programs were non-cycling cells, whereas
cells with an “optimal” EWS/FLI program were actively prolif-
erating (Aynaud et al., 2020).

We observed that TRIMS8 repression in Ewing sarcoma cells
led to increased DNA damage, which rendered cells sensitive
to DNA damage-related inhibitors, such as olaparib. More-
over, there is a correlation between TRIM8 dependency and
sensitivity to PARP inhibitors with strong PARP trapping po-
tency. However, the exact mechanisms by which further upre-
gulation of EWS/FLI by TRIM8 inhibition induces DNA damage
and causes apoptosis remain unknown. EWS/FLI has been re-
ported to increase basal transcription in Ewing sarcoma cells
resulting in R loop formation (Gorthi et al., 2018). Unresolved
R loops can also lead to stalled/collapsed replication forks,

(G and H) Poly-ubiquitinated proteins in TC71 cells infected with either non-targeting or TRIM8-targeting sgRNA were enriched with tandem ubiquitin binding
entities (TUBE). Both input and TUBE-enriched proteins were immunoblotted with the indicated antibodies. EWS/FLI levels were quantified using Imaged and the
poly(ub)-E/F:total-E/F ratio was used to calculate poly-ubiquitinated EWS/FLI levels. Fold change (FC) in poly-ubiquitinated EWS/FLI +SEM from three inde-

pendent experiments is shown in (H). **p < 0.001.

() TC71 C-dTAG TRIMS cells treated with 1 uM of dTAG"-1 for 6 h in triplicate were lysed and immunoblotted with the indicated antibodies. Six hour pomali-
domide (1 uM) treatment served as a positive control for TMT mass spectrometry.

(J) Total proteome of cells in (I) was analyzed using TMT quantification mass spectrometry. Non-EWS/FLI proteins that significantly changed in abundance are
highlighted in blue and EWS/FLI in red. Significance cutoffs used were p < 0.0001 and fold change (FC) > 1.25 and noted with dotted lines. Note: ERG1 (Q14534) is

a squalene monooxygenase and not the ETS family member ERG (P11308).
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Figure 7. Identification of domains critical for TRIM8-mediated degradation of EWS/FLI

(A) Schematics of EWS/FLI deletion mutants.

(B) EWS/FLI, N-EWS, and C-FLI mutants tagged with 3XFLAG were co-transfected with either TRIM8 or a vector control in 293T cells. After 48 h, cells were lysed

and immunoblotted with the indicated antibodies.

(C) 293T cells were co-transfected with TRIM8 and EWS/FLI, N-EWS, C-FLI, or a vector control for 48 h, treated with 500 nM carfilzomib for 6 h, lysed,

immunoprecipitated, and immunoblotted with the indicated antibodies.

(D) 293T cells transfected with the indicated constructs for 48 h, treated with 500 nM carfilzomib for 6 h, lysed, immunoprecipitated, and immunoblotted with the

indicated antibodies.
(E) Schematic of TRIM8 structural domains and mutants.

(F and G) 293T cells transfected with the indicated constructs for 48 h, treated with 500 nM carfilzomib for 6 h, lysed with either lysis buffer (F) or ubiquitination lysis

buffer (G), immunoprecipitated, and immunoblotted with the indicated antibodies. Data representative of three independent experiments.

(H) Schematic depicting fusion oncoprotein-specific regulators as potential therapeutic targets. EWS/FLI-specific regulation of TRIM8 is shown as an example.
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1 03 1 049 1 009 1 036

(A) Schematic of lysine mutants of EWS/FLI. Lysine positions correspond to the positions found in WT EWS and FLI1 proteins.
(B and C) Indicated EWS/FLI lysine mutants were co-transfected with either TRIM8 or a vector control in 293T cells. After 48 h, cells were lysed and immuno-
blotted with the indicated antibodies. Data representative of three independent experiments.

DNA damage, and replicative stress in non-transformed pri-
mary cells (Su et al., 2021). It is possible that increased R
loops and replicative stress are, in part, responsible for the
DNA damage phenotype observed with further upregulated
EWS/FLI expression by TRIM8 inhibition, the subject of future
investigations.

E3 ligases are notoriously difficult to target; however, it has
been proven feasible. For example, the E3 ligase MDM2 has
been successfully targeted, with multiple MDM2 inhibitors in
clinical trials, including a stapled peptide that targets MDM2
and MDM4, and small molecules that inhibit the protein-pro-
tein interaction between MDM2 and p53 (Tisato et al., 2017;
Wachter et al., 2017). In addition, recent studies have suc-
cessfully identified novel binders for E3 ligases, including
TRIM24, DCAF16, RNF4, RNF114, KEAP1, and CIAP1/XIAP,
suggesting that this class is broadly targetable (Gechijian
et al., 2018; Spradlin et al.,, 2019; Sun et al.,, 2014; Ward
et al., 2019; Winkel et al., 2015; Zhang et al., 2019). Moreover,
recent advances in medicinal chemistry, including proteolysis
targeting chimeras (PROTACSs), provide additional approaches
to degrade challenging targets. Biochemical characterization
has revealed EWS/FLI to be a highly disordered protein, which
makes it difficult to determine the conformational structure at
atomic resolution (Ng et al., 2007; Uren et al., 2004). Indeed,
no crystal structure of the native EWS/FLI has been solved
to date. It is possible that TRIM8 binding can help stabilize
the EWS/FLI structure and that co-crystallization of the
EWS/FLI-TRIM8 complex may be feasible. Importantly, future
investigations utilizing an in vitro reconstitution strategy to
express full-length and small fragments of EWS/FLI and
TRIM8 will be critical for a more in-depth characterization of
their interaction and the development of small molecules
that can specifically inhibit the EWS/FLI-TRIM8 interaction.
Moreover, alternative strategies can be exploited, including
chemical screens to identify “molecular glues” that can bring
TRIM8 in close proximity to EWS/FLI for degradation, allo-
steric agonists that increase TRIM8 enzymatic activity to
induce EWS/FLI degradation, and covalent fragment binders
to serve as a starting point for drug development. All told,
these examples provide optimism for the discovery of

TRIM8 binders, which might be further developed into
TRIM8 degraders.

Our finding of the “Goldilocks principle” —that too little or
too much oncoprotein is lethal and “just-the-right” level is
required for cancer cell survival—is likely important in
other fusion-TF-driven cancers. Hence, the identification
and investigation of mechanisms for fusion oncoprotein-
specific regulators, such as E3 ligases, warrants further
exploration and may offer new inroads into therapeutic
intervention.
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Antibodies
GAPDH Cell signaling Cat#2118; RRID:AB_561053
B-actin Cell signaling Cat#58169; RRID:AB_2750839
HA Cell signaling Cat#3724; RRID:AB_1549585
HA Cell signaling Cat#2367; RRID:AB_10691311
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ERG Cell signaling Cat#97249; RRID:AB_2721841
FLI Abcam Cat#15289; RRID:AB_301825
NKX2-2 Abcam Cat#187375; RRID:AB_2889166
FLAG-M2 Sigma Cat#F3165; RRID:AB_259529
TRIM8 Santa Cruz Biotechnology Cat#sc-398878; RRID:AB_2889167
EWS Santa Cruz Biotechnology Cat#sc-28327; RRID:AB_675526
FLAG Novus Biologicals Cat#NBP1-06712; AB_1625981
Ubiquitin LifeSensors Cat#VU191; RRID:AB_2716558
Bacterial and virus strains
One Shot™ StbI3 E.coli ThermoFisher Scientific Cat#C737303
Biological samples
EW_PDX001 Garcia-Dominguez et al.2018 (PMID: N/A

301408378)
Chemicals, peptides, and recombinant proteins
Lipofectamine RNAIMAX ThermoFisher Scientific Cat#13778030
dTAGY-1 Nabet et al., 2020 (PMID: 32948771) N/A
Dynabeads™ Protein G Invitrogen Cat#10004D
Dynabeads™ Protein A Invitrogen Cat#10001D
BD Pharmingen™ Transcription-Factor FisherScientific Cat#BDB562574
Buffer Set
FUGENE® HD Transfection Reagent Promega Cat#E2311
UM402M: TUBE 2 (Magnetic Beads) LifeSensors Cat#UM402M
Janelia Fluor® 646 HaloTag® Ligands Promega Cat#GA1120
Duolink® In Situ PLA® Probe Anti-Mouse Sigma Cat#DU092004
MINUS Affinity purified Donkey anti-Mouse
19G (H+L)
Duolink® In Situ PLA® Probe Anti-Rabbit Sigma Cat#DU092002
PLUS Affinity purified Donkey anti-Rabbit
1gG (H+L)
Critical commercial assays
CellTiter-Glo® 2.0 Cell Viability Assay Promega Cat#G9241
Duolink™ flowPLA Detection Kit - Green Sigma Cat#DU094002
Click-iT™ EdU Pacific Blue™ Flow ThermoFisher Scientific Cat#C10418

Cytometry Assay Kit

Deposited data

Raw and analyzed data
Flow cytometry-based CRISPR screen

This study
This study

GEO: GSE150244
Table S1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Proteomics experiment This study Table S2
DepMap 20Q1 genome-scale CRISPR- Broad Institute DepMap https://depmap.org;
Cas9 screening and cell line https://figshare.com/articles/
characterization data DepMap_20Q1_Public/11791698/3
Experimental models: cell lines

EWS502 N-dTAG E/F Nabet et al., 2020(PMID: 32948771) N/A

TC32 N-dTAG TRIM8 This study N/A

TC32 C-dTAG TRIM8 This study N/A

TC71 N-dTAG TRIM8 This study N/A

TC71 C-dTAG TRIM8 This study N/A

293T EWS/FLI-GFP-IRES-mCherry-1 This study N/A
Experimental models: organisms/strains

NU/NU Nude Mouse - Crl:NU-Foxn1nu Charles River Cat#088; RRID:IMSR_CRL:088
NGS Mouse - NOD-scid IL2Rgammanull The Jackson Laboratory Cat#005557; RRID:IMSR_JAX:005557
Oligonucleotides

sgNT: 5° GTAGCGAACGTGTCCGGCGT3’ This study N/A
sgTRIM8-1: &’ This study N/A
CTACCGCCTCTACCACTGCG 3’

sgTRIM8-2: 5’ This study N/A
GCACGTGGAGAAGCCGCCGG 3’

sgTRIM8-3: 5 This study N/A
GCGCAGGCAGACCTTCTGCG 3’

ON-TARGETDplus Non-targeting Dharmacon Cat#001810
Control siRNA

SMARTpool TRIM8 siRNA Dharmacon Cat#81603
Recombinant DNA

Artichoke-EWS/FLI (EWS/FLI-GFP-IRES- This study N/A
mCherry)

pLEX305-N-dTAG-EWS/FLI Nabet et al., 2020 (PMID: 32948771) N/A
pLEX305-N-dTAG-TRIM8 This study N/A
pLEX305-C-dTAG-TRIM8 This study N/A
pLX307-TRIM8-V5 This study N/A
pLX307-TRIM8ARING-V5 This study N/A
pLX307-TRIM8AB-box1-V5 This study N/A
pLX307-TRIM8AB-box2-V5 This study N/A
pLX307-TRIM8ACC-V5 This study N/A
pLX307-TRIM8BARFP-like-V5 This study N/A
pLX307-TRIM8-EGFP This study N/A
pLX307-EWS/FLI-3XFLAG This study N/A
pLX307-N-EWS-3XFLAG This study N/A
pLX307-C-FLI-3XFLAG This study N/A
pLX307-EWS/ERG-3XFLAG This study N/A
pLX307-ERG-3XFLAG This study N/A
pLX307-N1-FLI-3XFLAG This study N/A
pLX307-N2-FLI-3XFLAG This study N/A
pLX307-EWS/FLIAC1-3XFLAG This study N/A
pLX307-EWS/FLIAC2-3XFLAG This study N/A
pLX307-EWS/FLIAC3-3XFLAG This study N/A
pLX307-EWS/FLIAC4-3XFLAG This study N/A
pLX307-EWS/FLIAC5-3XFLAG This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pLX307-EWS-C1-3XFLAG This study N/A
pLX307-EWS-C5-3XFLAG This study N/A
pLX307-EWS/FLI-K144R-3XFLAG This study N/A
pLX307-EWS/FLI-K334R-3XFLAG This study N/A
pLX307-EWS/FLI-K217R-3XFLAG This study N/A
pLX307-EWS/FLI-K240R-3XFLAG This study N/A
pLX307-EWS/FLI-K217/240R-3XFLAG This study N/A
pLX307-EWS/FLIAC3-K144R-3XFLAG This study N/A
pLX307-HA-Ubiquitin This study N/A
pLIV-V5-EWS-FLI1 Boulay et al., 2017 (PMID: 28844694) N/A
pINDUCER20-EWS/FLI-HA This study N/A

Software and algorithms

limma v3.42.2 R package

FASTQC v0.11.9 software

multigc v1.6 tool
STAR v2.7.2b

ercc dashboard R package available from
Bioconductor v3.10

SARTools v1.7.3

featureCounts v1.6.3 method implemented
in the Subread v2.0.0 R package

DESeq2 v1.24.0

enricher function in the clusterProfiler v
3.14.3 R package

Proteome Discoverer 2.2

Ritchie et al., 2015 (PMID: 25605792)

N/A

Ewels et al., 2016 (PMID: 27312411)
Dobin et al., 2013 (PMID: 23104886)
Munro et al., 2014 (PMID: 25254650)

Varet et al., 2016 (PMID: 27280887)

Liao et al., 2014 (PMID: 24227677)

Love et al., 2014 (PMID: 25516281)

Yu et al., 2012 (PMID: 22455463)

ThermoFisher

https://bioconductor.org/packages/
release/bioc/html/limma.html

www.bioinformatics.babraham.ac.uk/
projects/fastqc/

https://multigc.info
https://github.com/alexdobin/STAR
https://bioconductor.org/packages/
release/bioc/html/erccdashboard.html
https://github.com/PF2-pasteur-fr/
SARTools

http://subread.sourceforge.net

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html
https://www.bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

RRID:SCR_014477

Other

Code used to analyze data and
generate figures

This study

https://github.com/ndharia-broad/
TRIM8_Ewing

DOI: https://doi.org/10.6084/m9.figshare.
14888382.v1

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

Plasmids and cell lines generated in this study are available upon request.

Data and code availability

The raw data for flow cytometry-based CRISPR screen is available in Table S1. The raw data for proteomics experiment is available in
Table S2. The RNA-seq data for this study is available for download from the Gene Expression Omnibus (GEO) repository (GSE150244).

The genomic data used for CRISPR-Cas9 dependency screening were taken from the DepMap 20Q1 release. CRISPR dependency
data from Project Achilles can be downloaded from the Figshare repository (https://figshare.com/articles/DepMap_20Q1_Public/
11791698/3). The custom code used to analyze the data is uploaded to Figshare repository (https://doi.org/10.6084/m9.figshare.
14888382.v1) and are available at https://github.com/ndharia-broad/TRIM8_Ewing.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

AB73, SK-PN-DW, and HEK293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS) and 1% Penicillin-Streptomycin-Glutamine (PSQ). RDES and SK-N-EP1 were grown in Dulbecco’s Modified Ea-
gle Medium (DMEM) supplemented with 15% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin-Glutamine (PSQ). TC32,
TC71, MOLM14, and U937 cells were grown in Roswell Park Memorial Institute (RPMI) media supplemented with 10% FBS, and
1% PSQ. EWS502 cells were grown in RPMI supplemented with 15% FBS, and 1% PSQ. All cell lines have been STR-profiled at
the Dana-Farber Cancer Institute. For antibiotic selection, puromycin (1 ng/mi), blasticidin (5 pg/ml), and G418 (500 pg/ml) were
used. A patient-derived Ewing sarcoma xenograft (HSJD-ES-PDX-001) (Garcia-Dominguez et al., 2018) was generously provided
by Dr. Jaume Mora (Sant Joan de Déu Hospital, Barcelona). To generate minimally passaged cell line (ES-PDX-001), PDX tumors
were harvested, minced, filtered, and cultured. Immunoblot was performed to confirm EWS/FLI expression.

Generation of the EWS/FLI-GFP reporter cell line

To generate the EWS/FLI-GFP reporter line, 293T cells were infected with lentivirus encoding EWS/FLI-GFP-IRES-mCherry (Arti-
choke-EWS/FLI) and selected with puromycin. After several passages, cells with low GFP were sorted and single cell clones were
generated. EWS/FLI-GFP expression and nuclear localization were confirmed by immunoblot and imaging. Artichoke-EWS/FLI
was cloned using gateway cloning (Invitrogen).

Generation of dTAG cell lines

To generate the TRIM8 dTAG cell lines, TC32 and TC71 cells were co-infected with FKBP12F36V-2XHA tagged TRIM8 and sgRNAs
targeting TRIM8 to replace endogenous TRIM8 with FKBP12F36V-2XHA tagged TRIM8. Cells were then selected with both puromy-
cin (FKBP12F36V-2XHA tagged TRIM8) and blasticidin (sgRNA). PAM sequences in the FKBP12F36V-2XHA tagged TRIM8 construct
were mutated by Gibson assembly (New England Biolabs) using the manufacturer’s instructions to prevent cutting from infected
sgRNAs. pLEX_305-TRIM8-dTAG were generated by cloning TRIM8 into pLEX_305-N-dTAG and pLEX_305-C-dTAG using gateway
recombination cloning technology (Invitrogen) as previously described (Nabet et al., 2020). dTAGY-1 was synthesized as previously
described (Nabet et al., 2020).

In vivo xenograft studies

For xenograft assays, eight-week old female nude mice (RRID:IMSR_CRL:088) were used for TC32, TC138 and ES-PDX-001 cells
and eight-week old female NSG mice (RRID:IMSR_JAX:005557) were used for TC71 cells. Mice were subcutaneously implanted
with cells infected with the indicated constructs. Infected cells were selected with puromycin for at least 4 days before implantation
into mice. The tumor growth was measured at least weekly by the caliper method. Animals were sacrificed when tumors reached
2 cm in any one dimension or reached humane endpoints such as ulcerations. All animal protocols were approved by the Dana-
Farber Cancer Institute Animal Care and Use Committee. Nude mice were maintained according to institutional guidelines.

METHOD DETAILS

CRISPR-Cas9 knockout, lentiviral infection, and RNA interference

For CRISPR-Cas9 knockout, sgRNAs targeting specific genes were cloned into lentiCRISPR v2 plasmid. The sgRNA sequences are
as follows: non-targeting (GTAGCGAACGTGTCCGGCGT), TRIM8-1 (CTACCGCCTCTACCACTGCG), TRIM8-2 (GCACGTGGA
GAAGCCGCCGG), and TRIM8-3 (GCGCAGGCAGACCTTCTGCG). Cells were infected with lentivirus using polybrene (8 ug/mL).
Lentiviral particles were produced in HEK293T cells. For RNA interference, siControl (Dharmacon, 001810) and siTRIM8 SMARTpool
(Dharmacon, 81603) were transfected with Lipofectamine RNAIMAX reagent using the manufacturer’s instructions.

Cell viability and proliferation assays

Cell viability/growth was assessed by serial cell counting using trypan blue and the CellTiter-Glo luminescent assay kit (Promega)
according to the manufacturer’s instructions. Luminescence was read on a Fluostar Omega Reader (BMG Labtech). Cell proliferation
was assessed using Click-iT EdU kit (Thermo Fisher) according to the manufacturer’s instructions. Annexin V staining was performed
with an APC Annexin V Apoptosis Detection Kit with 7-AAD (640930, BioLegend), according to the manufacturer’s instructions.

Immunoblot and immunoprecipitation

For immunoblotting, cells were scraped and lysed with Cell Lysis Buffer (Cell Signaling Technology) supplemented with cOmplete,
EDTA-free Protease Inhibitor Cocktail (Roche). Proteins were separated by SDS-PAGE and transferred to PVDF membranes, which
were blocked with 5% milk in TBS-T and incubated with primary antibodies overnight. Membranes were washed 5 times with TBS-T
for 5 min and incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies (anti-mouse, 45000680 and
anti-rabbit, 45000682 from Thermo Fischer Scientific). Primary antibodies used include: GAPDH (2118), B-actin (58,169), HA (3724),
V5 (13,202), cleaved-PARP (5625), GFP (2555), FLAG (14,793) and ERG (97,249) from Cell Signaling; FLI (15,289) and NKX2-2
(187375) from Abcam; FLAG-M2 (F3165) from Sigma Aldrich; TRIM8 (398878) and EWS (28,327) from Santa Cruz; and Ubiquitin
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from LifeSensors (VU191). For immunoprecipitation, Protein A or G Dynabeads (Thermo Fisher) were pre-washed twice with TBS-T
and blocked with 1% milk in TBS-T for 1 hr at room temperature. The beads were then washed twice and incubated with appropriate
antibodies for at least 3 hr in 4° C. The beads were washed twice and incubated with protein lysates overnight rotating in 4° C. The
beads were washed 3 times 15 min each with IP lysis buffer (Thermo Fisher) and proteins were eluted by adding 2X loading buffer and
boiling for 5 min.

Proximity ligation assay (PLA)

For the PLA experiment, TRIM8 dTAG cells were first fixed and permeabilized using BD PharmingenTM Transcription-Factor Buffer
Set (Thermo Fisher Scientific, 562574) according to the manufacturer’s protocol. Fixed cells were used to perform PLA using the Du-
olinkTM flowPLA Detection Kit (Sigma Aldrich, DUO94002) according to the manufacturer’s protocol. The amplification reaction was
performed overnight to increase the signal due to low expression of TRIM8.

Ubiquitination assay

For 293T over-expression experiments, 293T cells were transfected with indicated plasmids for 48 hr using FUGENE 6 transfection re-
agent (Promega, E2691). Cells were scraped, pelleted, washed with PBS, and lysed by adding 200 pL of SDS ubiquitination lysis buffer
(2% SDS, 20 mM N-Ethylmaleimide, 25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol), supplemented with
protease and phosphatase inhibitors and boiled for 10 min. After sonication, the lysates were diluted 1 to 10 using ubiquitination lysis
buffer 20 mM N-Ethylmaleimide, 25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol) and rotated for 30 min at
4° C before proceeding with immunoprecipitation. For the TUBE enrichment experiments, TC71 cells were infected with either non-tar-
geting or TRIM8-targeting sgRNA for 5 days, harvested, and lysed. Lysates were used to immunoprecipitate all polyubiquitinated pro-
teins using TUBE2 beads (LifeSensors, UM402M) according to manufacturer’s protocol and were immunoblotted.

Flow cytometry

All flow cytometry analytical experiments were conducted in the Hematologic Neoplasia Flow Cytometry core at the Dana-Farber
Cancer Institute using a Fortessa X-20 (BD Biosciences) analyzer. An Aria || SORP (BD Biosciences) sorter was used for all Fluores-
cence-activated cell sorting (FACS) experiments.

Flow cytometry-based CRISPR-Cas9 screen

293T-Cas9 cells expressing EWS/FLI-GFP were infected with the genome-wide CRISPR Avana4 library at a 0.8 multiplicity of infec-
tion (MOI) in two biological replicates. Fifty million cells were infected per replicate and the guide representation was 500 cells per
guide. Cells were passaged for 7 days, and 100 million cells per replicate were sorted into GFP high and GFP low populations using
FACS. One hundred million pre-sort cells were collected for reference. 293T EWS/FLI-GFP cells infected with non-targeting and
FLI1-targeting sgRNAs were used to guide gates for sorting.

PCR, deconvolution and analysis of genome-scale CRISPR screens

For all screens, genomic DNA (gDNA) was isolated using Maxi (Pre-sort samples) or Mini (sorted samples) kits according to the man-
ufacturer’s protocol (Qiagen). PCR and sequencing were performed as previously described (Doench et al., 2016; Piccioni et al.,
2018). Samples were sequenced on a HiSeq2000 (lllumina) and the read counts normalized to reads per million and then log2 trans-
formed. The log2 fold-change of each sgRNA was determined relative to the plasmid DNA (pDNA) for each biological replicate. For
every gene, we calculated the average log-fold change between the 4 guides and the p values using a hypergeometric distribution
without replacement based on the rank order of the log-fold-change of the perturbations.

CRISPR-Cas9 dependency screen analysis

The genome-scale CRISPR-Cas9 screens were performed using the Broad Institute’s GeCKOv2 and Avana libraries (Doench et al.,
2016; Sanjana et al., 2014). Forty-three cancer cell lines (including 11 Ewing sarcoma) were screened with the GeCKOv?2 library, con-
taining approximately 123,411 guides and an average of 6 guides per gene, while 739 cancer cell lines (including 14 Ewing sarcoma)
were screened with the Avana library, containing 73,372 guides and an average of 4 guides per gene (Doench et al., 2016; Sanjana
et al., 2014). The screens were conducted in a pooled experiment as previously described (Aguirre et al., 2016; Meyers et al., 2017).
For both CRISPR-Cas9 datasets, genetic dependencies that are enriched in Ewing sarcoma cell lines were identified using linear-
model analysis from the limma v3.42.2 R package (Ritchie et al., 2015) by performing a two-tailed t test for the difference in distri-
bution of gene dependency scores in Ewing sarcoma compared to all other cell lines screened. Statistical significance was calculated
as a g-value derived from the p value corrected for multiple hypothesis testing using the Benjamini & Hochberg method (https://www.
jstor.org/stable/2346101). The context-specific enrichment for all dependencies in the Avana 20Q1 Public data were downloaded
from depmap.org. A PubMed search was performed on April 23, 2020 using the context name and gene name for genetic depen-
dencies with a p value <10-60 using the rentrez v1.2.2 R package.

RNA sequencing and gene set enrichment analysis
RNA was extracted using Qiagen RNeasy Plus Mini Kit (Cat. 74,134) according to manufacturer’s instructions. ERCC RNA spike-in mix
(ThermoFisher, Cat. 4456740) was added to the samples according to manufacturer’s instructions. RNA sequencing library preparation
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and paired-end sequencing were performed by Novogene Corporation Inc. Quality control tests for the 150 bp paired-end human reads
were performed using the FASTQC v0.11.9 software (www.bioinformatics.babraham.ac.uk/projects/fastqc/) and summarized with the
multigc v1.6 tool (Ewels et al., 2016). The human reads were mapped to the GRCh37/hg19 human genome using STAR v2.7.2b (Dobin
et al., 2013) with standard parameters. Technical performance for differential expression was assessed using External RNA Controls
Consortium (ERCC) spike-in ratio mixtures kit 1. The spike-in ERCC92 control reads were mapped to ERCC92.fa genome data using
the same protocol employed for the human reads. The performance metrics were computed by using the ercc dashboard R package
available from Bioconductor v3.10 (Munro et al., 2014). Quality control for the mapped reads and for replicate reproducibility were per-
formed using SARTools v1.7.3 (Varet et al., 2016). Gene level reads were summarized by counting the reads that overlapped the gen-
code v19 annotated gene exons, by using the featureCounts v1.6.3 method implemented in the Subread v2.0.0 R package (Liao et al.,
2014). Gene-level expression was estimated as log2(1 + transcripts per million (TPM)) (Wagner et al., 2012). Gene counts were then
used to quantify differentially expressed genes between the experimental and control conditions using DESeq2 v1.24.0 based on
the shrunken log2 fold changes and the approximate posterior estimation for GLM coefficients (apeglm v1.6) method for effect size
(Loveetal., 2014). Statistically significantly differentially expressed genes were identified as with an adjusted p value of <0.05 from DE-
Seq2. Gene set enrichment analysis (GSEA) was performed on these lists of genes using the enricher function in the clusterProfiler v
3.14.3 R package (Yu et al., 2012) and mSigDB C2 curated gene set collection v7.0 (Subramanian et al., 2005). The RNA-seq data for
this study is available for download from the Gene Expression Omnibus (GEO) repository (GSE150244).

TMT LC-MS3 mass spectrometry and data analysis

TC71 cells expressing FKBP12™%V-TRIM8 were treated with DMSO or 1 uM of dTAG"-1 for 6 hr in biological triplicates, or 1 uM po-
malidomide for 6 hr and cells harvested by centrifugation. Lysis was performed by addition of Urea Lysis buffer (8 M Urea, 50 mM
NaCl, 50 mM 4-(phydroxyethyl)-1-piperazineethanesulfonic acid (EPPS) pH 8.5, Protease and Phosphatase inhibitors from Roche)
to the cell pellets followed by manual homogenization with 20 passes through a 21-gauge (1.25 in. long) needle. TMT LC-MS3 mass
spectrometry sample preparation and analysis were performed as previously described (Donovan et al., 2018). Proteome Discoverer
2.2 (Thermo Fisher) was used for.RAW file processing, controlling peptide and protein level false discovery rates, assembling proteins
from peptides, and protein quantification from peptides. MS/MS spectra were searched against a Uniprot human database
(September 2016) containing C-dTAG TRIM8 in place of TRIM8 and EWS/FLI in place of FLI1 with both the forward and reverse se-
quences. Database search criteria were as follows: tryptic with two missed cleavages, a precursor mass tolerance of 20 ppm, frag-
ment ion mass tolerance of 0.6 Da, static alkylation of cysteine (57.02146 Da), static TMT labeling of lysine residues and N-termini of
peptides (229.16293 Da), and variable oxidation of methionine (15.99491 Da). TMT reporter ion intensities were measured using a
0.003 Da window around the theoretical m/z for each reporter ion in the MS3 scan. Peptide spectral matches with poor quality
MS3 spectra were excluded from quantitation (summed signal-to-noise across 11 channels <200 and precursor isolation specificity
<0.5). Reporter ion intensities were normalized and scaled using in-house scripts in the R framework (R Core Team, 2014). Statistical
analysis was carried out using the limma package within the R framework (Ritchie et al., 2015).

Airyscan confocal super-resolution imaging and analyses

To prepare cell samples for simultaneous imaging of endogenous EWS/FLI and transiently expressed TRIM8-EGFP, we plated the
knock-in A673 cells on 18 mm circular No. 1 cover glasses (VWR VistaVision, 16,004-300) and transfected the cells with a plasmid
encoding TRIM8-EGFP using Lipofectamine 3000 (ThermoFisher, L3000001). 24 hrs after transfection, we labeled cells with 200 nM
HaloTag ligand JF646 for 15 min and washed twice (for each wash: remove medium, rinse twice with PBS, incubate in fresh medium
for 30 min). We then fixed cells with 4% paraformaldehyde, stained the cells with 8 uM Hoechst solution (ThermoFisher, 62,249), and
mounted the cover glass on a microscope slide (Fisher Scientific, 12-550-15) with VECTASHIELD mounting medium (Vector Labo-
ratories, H-1000) between the glass surfaces.

Fluorescence imaging of knock-in A673 cells was performed on an inverted laser scanning confocal microscope with Airyscan su-
per-resolution capability (Zeiss, LSM 900 with Airyscan 2). We acquired z stacks of fixed cell samples with a slice interval of 0.2 um on
the microscope in the Airyscan super-resolution (SR) mode using a 40x oil objective (Zeiss Plan-Apochromat 40x/1.3 Qil DIC).
405 nm, 488 nm, and 633 nm lasers were used to excite the fluorescence of Hoechst-labeled nuclei, TRIM8-EGFP, and JF646-
labeled EWS/FLI-Halo in the cells, respectively. Before acquiring any fluorescence image, we carefully set the laser intensity and mi-
croscope detectors to make sure that no pixel in the image was saturated. We used proper emission filters for three-color imaging
and ensured no bleed-through between the three channels by imaging cell samples that contain only one of the three fluorophores
(Hoechst, EGFP, JF646) under the three-color imaging settings.

To evaluate enrichment of TRIM8-EGFP at JF646-labeled EWS/FLI-Halo hubs, we performed maximum z projection for all the sli-
ces in the JF646-channel z stack that covers the nuclear fluorescence and manually located the center pixels of individual EWS/FLI
hubs in the maximum JF646 image. Next, for each EWS/FLI hub, we searched in the JF646 stack for the slice where a square region (5
x 5 pixels) centering the hub center pixel has the highest total fluorescence intensity among all the slices in the stack. Then we crop-
ped a square region (2.32 um x 2.32 um) centering the EWS/FLI hub center pixel from the above selected slice in the JF646 stack as
well as from the slice with the same z position in the simultaneously acquired EGFP-channel z stack. We processed 6872 EWS/FLI
hubs in 15 cells with various TRIM8-EGFP expression levels following the above procedure and averaged the cropped square images
for both channels. To acquire the average fluorescence image of random nuclear locations, we opened the slice with a central z po-
sition in both JF646 and EGFP stacks of each cell, randomly selected N pixels within the cell nucleus in the JF646 image (N equals to 4
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times the number of EWS/FLI hubs analyzed in the cell), cropped a square region (2.32 um x 2.32 um) centering each pixel from the
slice in both channels, and averaged the cropped square images, which provides the baseline nuclear fluorescence image for both
channels. We subtracted the baseline image from the average image centering EWS/FLI hubs in each channel to acquire the back-
ground-free two-color image in Figure 5E and plotted the radial profiles of EGFP and JF646 intensity surrounding the center pixel in
the background-free image to acquire Figure 5F. The HaloTag ligand JF646 was a gift from Luke Lavis to the Tjian-Darzacq Lab.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microsoft excel, GSEA v2.1.0, GraphPad PRISM 7, R, and Proteome Discoverer 2.2 software packages were used to perform the
statistical analyses. Statistical tests used are specified in the figure legends. Errors bars represent standard deviation, unless other-
wise stated. The threshold for statistical significance is p < 0.05, unless otherwise specified in the figure legends.

DATA AND SOFTWARE AVAILABILITY

RNA-sequencing data generated in the manuscript is deposited in GEO: GSE63473. All codes used for the manuscript are deposited
in github: https://github.com/ndharia-broad/TRIM8_Ewing.

Cancer Cell 39, 1262-1278.e1-e7, September 13, 2021 e7
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Figure S1, Related to Figure 1
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Figure S1. Generation and validation of the EWS/FLI-GFP reporter cell line and the flow-
based CRISPR screen, related to Figure 1. (A) Immunoblot showing the expression of
EWS/FLI-GFP in the reporter cell line. (B) Flow cytometry plot showing GFP expression of
indicated subpopulations of the 293T EWS/FLI-GFP reporter cells. (C,D) 293T EWS/FLI-GFP
cells were infected with non-targeting and FL/1-directed sgRNAs and underwent no selection.
Cells were lysed and immunoblotted with indicated antibodies (C) and assessed for GFP and
mCherry expression using flow cytometry (D). Data representative of three independent
experiments. (E) Scatterplot showing average log2 fold changes in sgRNA expression in
replicates in GFP'¥ sorted population. Negative control guides are highlighted in gray. sgRNAs
targeting EWSR1, FLI1, and TRIMS8 are highlighted in purple, blue, and red, respectively. Each
dot represents an average of log2 fold changes for 4 independent sgRNAs per gene. (F)
Abundance of TRIM8-targeting sgRNAs in EWS/FLI protein stability CRISPR screen. Box plot
showing the abundance of sgTRIMS8 in different populations. Mean abundance of 4 independent
sgRNA targeting TRIM8 + S.D. are shown. Statistical significance using Student’s t test is
shown. (G,H) Low-throughput validation of TRIM8. GFP and mCherry expression in 293T
EWS/FLI-GFP reporter cells infected with indicated sgRNAs were assessed by flow cytometry
after 7 days. Fold change (FC) in %high GFP (left) and %GFP negative (right) cells were
quantified (G). FC of 2 biological replicates £ S.D. are shown. Statistical significance using
Student’s t test is shown. EWS/FLI protein expression was assessed by immunoblot and
quantified by densitometry (H). Data representative of two independent experiments. (I-L) 293T
wild-type (WT) or TRIM8 knockout (TRIM8™) cells were infected with either EWS/FLI-GFP-
IRES-mCherry (I,K) or control GFP-IRES-mCherry (J,L) and were assessed for GFP levels by
flow-cytometry at indicated time-points. GFP*mCherry* subpopulation are quantified and plotted
in (1,J). Quantification of the normalized proportion of GFP'mCherry* subpopulations is shown in

(K,L). The proportion of GFP-mCherry+ subpopulation was normalized to the total population



excluding the GFP-mCherry” cells to exclude uninfected cells for quantification. Cell populations
used for the quantification are highlighted in red. Flow plots represent 293T WT cells expressing

EWS/FLI-GFP-IRES-mCherry Day 4 after infection. Data representative of two independent

experiments.



Figure S2, Related to Figure 2
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Figure S2. TRIM8 modulates EWS/ETS fusion oncoprotein expression and regulates
Ewing sarcoma cell growth in vitro and in vivo, related to Figure 2. (A,B) TC71 (A), and
TC138 (B) cells infected with non-targeting (NT) and TRIM8-directed sgRNAs were assessed
for cell growth using CellTiter-Glo. Knockout was confirmed by immunoblot. Mean of 8 technical
replicates £ S.D. of relative growth are shown. Statistical significance calculated using unpaired
two-tailed student’s t test. ***p<0.001. Data representative of three independent experiments.
(C) Proliferation and induction of apoptosis in TC71 cells infected with non-targeting and TRIM8-
directed sgRNAs were assessed by EdU incorporation (FC= fold change) and cleaved (Cl)-
PARP and cleaved (Cl)-caspase 3 levels, respectively. Mean FC of 3 biological replicates *
S.E.M are shown. Statistical significance calculated using unpaired two-tailed student’s t test.
**p<0.01, ****p<0.0001. (D) Flow cytometry plot showing Annexin V staining in TC32 and TC71
cells infected with either non-targeting or sgRNA targeting TRIM8. (E) TC138 cells infected with
non-targeting (NT) and two different TRIM8-directed sgRNAs were subcutaneously injected into
nude mice. Mice from sgTRIM8-1 and sgTRIM8-2 groups were combined due to low
engraftment rate. Mice for sgNT (n=10) and sgTRIM8 (n=10). Mean tumor volume * S.E.M. are
shown. Statistical significance calculated using unpaired two-tailed student’s t test. ***p<0.001.
(F) TC71 cells infected with non-targeting (NT) and two different TRIM8-directed sgRNAs were
subcutaneously injected into NSG mice. Mice for sgNT (n=7), sgTRIM8-1 (n=8), and sgTRIM8-2
(n=8). Mean tumor volume + S.E.M. are shown. Statistical significance calculated using
unpaired two-tailed student’s t test. *p<0.05, ***<0.001. (G) Tumors from TC71 TRIM8 knockout
experiment were harvested, lysed, and immunoblotted for TRIM8 and EWS/FLI. Cells injected
into mice were also cultured in vitro in parallel and were harvested, lysed, and immunoblotted
for TRIM8 and EWS/FLI as controls. (H) TC71 cells were infected with either non-targeting or
TRIM8-targeting sgRNA and were plated at a limiting dilution density in 96-well plates for single-

cell cloning. Selected clones from each group were grown and were immunoblotted for EWS/FLI



and TRIMS. (1,J) EWS (1) and SK-PN-DW (J) cells infected with non-targeting and TRIMS8-
directed sgRNAs were harvested, lysed, and immunoblotted with indicated antibodies. Data
representative of two independent experiments. (K) TC32 and TC71 cells were transfected with
control (siCtrl) and TRIMS8 (siTRIM8) siRNAs and immunoblotted with indicated antibodies (left)
and assessed for cell growth (right). Mean of 8 technical replicates + S.D. of relative growth are
shown. Statistical significance calculated using unpaired two-tailed student’s t test.
****p<0.0001. (L) TC106 cells infected with non-targeting and TRIM8-directed sgRNAs were
harvested, lysed, and immunoblotted with indicated antibodies (left) and assessed for cell
growth (right). Mean of 8 technical replicates + S.D. of relative growth are shown. Statistical
significance calculated using unpaired two-tailed student’s t test. ***p<0.001. Data
representative of two independent experiments. (M) Immunoblot showing expression of
FKBP127%V-tagged TRIMS (anti-HA) and endogenous TRIM8 (anti-TRIM8) in TC71
FKBP127¢V-TRIM8 dTAG cells. (N) TC71 N-dTAG and C-dTAG TRIMS cells were treated with
dTAGV-1 at 1 uM for 48 hours and immunoblotted with the indicated antibodies (left) and
assessed for cell growth (middle, right). Mean of 8 technical replicates + S.D. of relative growth
are shown. Statistical significance calculated using unpaired two-tailed student’s t test.
****p<0.0001. Data representative of three independent experiments. (O) TC32 C-dTAG TRIM8
cells were treated with indicated concentrations of dTAG"-1 for 48 hours, harvested, lysed, and
immunoblotted with indicated antibodies. (P-S) SK-PN-DW (P,Q) and EWS502 (R,S) cells
infected with lentivirus encoding TRIM8 and TRIMBARING were immunoblotted with the
indicated antibodies (P,R) and assessed for cell growth using CellTiter-Glo assay (Q,S). Mean
of 8 technical replicates + S.D. of relative growth are shown for (Q) and (S). Statistical
significance calculated using unpaired two-tailed student’s t test. ***p<0.001. Data
representative of three independent experiments. (T,U) TC71 (T) and TC32 (U) cells infected
with lentivirus encoding vector control or TRIM8 were treated with DMSO or carfilzomib at 500

nM for 6 hours. Cells were then harvested and immunoblotted with indicated antibodies. Data



representative of three independent experiments. Statistical significance calculated using

unpaired two-tailed student’s t test *p<0.05, **p<0.01, and ***p<0.001.



Figure S3, Related to Figure 3
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Figure S3. Increased level of EWS/FLI is lethal to Ewing sarcoma cells, related to Figure
3. (A-C) RDES, EWS8, and SKNEP1 cells expressing dox-inducible EWS/FLI-HA were treated
with doxycycline (500 ng/mL) for 24 (A) or 48 hours (B,C). Cells were immunoblotted with
indicated antibodies (left panel) and assessed for viability using manual cell counting (right
panel). Mean of 2 technical replicates + S.D. of relative viability are shown. Statistical
significance calculated using unpaired two-tailed student’s t test **p<0.01. (D) Representative
flow cytometry plot showing Annexin V and 7-AAD staining of RDES inducible EWS/FLI cells
after dox-induction shown in Figure 3C. (E,F) A volcano plot showing differentially regulated
(p<0.05) genes (E) and a scatter plot of the GSEA performed with significantly up-regulated
genes (p<0.05) after EWS/FLI over-expression (8h) (F). (G) A volcano plot showing differentially
regulated (p<0.05) genes after TRIM8 degradation (24h). (H) EWS/FLI transcript levels in RNA-
seq from TC71 C-dTAG TRIMS cells treated with 1 uM dTAG"-1 molecule for 24 hours. TC71
cells do not express wild-type FLI1, thus, FLI1 transcript was used to quantify the EWS/FLI
transcript levels. Mean TPM of 3 biological replicates £ S.D. are shown. Statistical significance
calculated using unpaired two-tailed student’s t test. ****p<0.0001. (I) EWS/FLI and TRIM8
protein expression was assessed in Ewing sarcoma cell line panel using immunoblotting. (J) A
scatter plot showing the correlation between EWS/FLI and TRIM8 protein expression levels.
Linear regression shown in red line and 95% confidence intervals shown in black lines.
EWS/FLI and TRIM8 protein levels were quantified by using ImageJ and normalized to GAPDH

loading control.



Figure S4, Related Figure 4
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Figure S4. TRIM8 dependency is not associated with TP53 mutational status, CDKN2A
loss, or senescence phenotype, related to Figure 4. (A) Scatter plot showing relative TRIM8
dependency between TP53 mutant vs wild-type. X-axis shows the gene’s dependency score in
each cell line. Y-axis shows the gene’s dependency rank in an individual cell line. (B) Scatter
plot showing the correlation of CDKN2A (p19 ARF) expression with TRIM8 dependency in
Ewing sarcoma cell lines (red) and all other cancer cell lines (gray). X-axis shows the gene’s
dependency score in each cell line. Y-axis shows the CDKN2A expression in an individual cell
line. (C) TC71 and TC32 wild-type cells infected with either non-targeting or sgRNA targeting
TRIMS for 7 days and TC71 and TC32 C-dTAG TRIMS cells treated with 1 yM dTAG"-1 for 5
days were used to measure p-Galactosidase activity to assess senescence. Ribociclib, a
CDKA4/6 inhibitor previously shown to induce senescence in Ewing sarcoma, was used as a
control. (D) Ewing sarcoma cells were treated with IFNy (100 ng/mL) or IFNB (100 ng/mL) for
either 24 (left) or 48 hours (right), harvested and immunoblotted with indicated antibodies.
Activation of STAT1 signaling was used to assess the downstream pathway activation of IFNs.
(E) Bar plot showing GSEA on significantly differentially expressed genes (FDR g-value <0.05)
with TRIM8 degradation (24h). EWS/FLI UP signatures are highlighted in red. (F) Assessment
of TRIM8 over-expression on NFkB pathway activation in Ewing sarcoma cell lines. Ewing
sarcoma cells were infected with TRIM8-V5 construct, harvested, and immunoblotted with
indicated antibodies. TC71 cells treated with TNFa (100 ng/mL) for 24 hours were used as a
control, and the degradation of IkBa was used to assess the activation of the NFkB pathway.
(G) TC32 cells infected with either TRIM8-targeting or non-targeting sgRNA were harvested,
lysed, and immunoblotted with indicated antibodies. Treatment with TNFa (100 ng/mL) for 24
hours was used as a control. (H) TC32 C-dTAG TRIMS8 cells were treated with either dTAGV-1
(1 M) or TNFa (100 ng/mL) for 24 hours, harvested, lysed, and immunoblotted with indicated

antibodies.



Figure S5, Related to Figure 5
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Figure S5. TRIM8 does not regulate wild-type FLI in AML cells., related to Figure 5. The
AML cell lines MOLM14 and U937 were infected with lentivirus encoding wild-type TRIM8 and
an E3 ligase domain deletion mutant (TRIMBARING). Lysates were harvested and
immunoblotted with the indicated antibodies. AML cell lines were chosen because they express
wild-type FLI1 while Ewing sarcoma cells generally do not typically express wild-type FLI1. Data

representative of two independent experiments.
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Figure S6, Related to Figure 6
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Figure S6. TRIM8 expression across cancer cell lines, tumors, and mesenchymal stem
cells, related to Figure 6. (A) Box plot showing TRIM8 RNA expression across cancer cell
lines from different tumor type in the CCLE. (B) TRIMS8 log2(TPM+1) expression across the
~12,000 tumor samples (85 Ewing sarcoma) in the Treehouse v11 RNA-Seq data.
Mean+S.E.M. dotplots per tumor lineage with expression cut-off of log2(TPM+1)>1, one-sample
t-test per lineage, **** P < 0.0001. (C, D) Hockey stick plots depicting the genome-wide avg
log2(RMA) expression in hMSC control cells, Riggi et al. GSE31215 (C) and neural crest (NC)-
MSC control cells, Levetzow et al. GSE21511 (D). TRIMS is highlighted in red and
log2(RMA)>4.5 was used as a cut-off for expression status. (E) Volcano plot depicting the
transcriptional changes between hMSC with induced EWS/FLI1 vs. hMSC control cells, Riggi

et al., 2010 Affymetrix arrays data GSE31215. TRIMS is highlighted in red. Significance
cutoffs: limma eBayes |log2(fold change)| = 1.5, P-value < 0.10. ns = not significant. (F)
Volcano plot depicting the transcriptional changes between NC-MSC with induced EWS/FLI1
vs. NC-MSC control cells, Levetzow et al., 2011 Affymetrix arrays data GSE21511. TRIM8 is
highlighted in red. Significance cutoffs: imma eBayes [log2(fold change)| = 1.5, P-value < 0.10.
ns = not significant. (G-1) EWS/FLI knockdown does not change TRIMS8 gene expression.
Volcano plot depicting the transcriptional changes induced by EWS/FLI1 knock-down in
EWS502 (G) and TC71 (H) in Kinsey et al. 2006 and A673 & SKNMC cells (1) in Riggi et al.
2014. TRIMS is highlighted in red. Significance cutoffs: limma eBayes |log2(fold change)| = 1.5,

P-value < 0.10. ns = not significant.



Figure S7, Related to Figure 7
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Figure S7. C1, C5, and SYGQ prion-like domains of EWS/FLI are critical for TRIM8-
mediated ubiquitination and degradation, related to Figure 7. (A) Schematics of the
EWS/FLI mutants. (B) EWS/FLI WT and AC1-5 mutants tagged with 3XFLAG were co-
transfected with either TRIM8 or a vector control in 293T cells. After 48 hours, cells were
harvested, lysed and immunoblotted with the indicated antibodies. (C) EWS/FLI, EWS-C1 and,
EWS-C5 mutants tagged with 3XFLAG were co-transfected with either TRIM8 or a vector
control in 293T cells. After 48 hours, cells were harvested, lysed and immunoblotted with the
indicated antibodies. (D) 293T cells were transfected with indicated constructs for 48 hours,
lysed, immunoprecipitated, and immunoblotted with indicated antibodies. (E) 293T cells were
transfected with indicated constructs. After 48 hours, cells were treated carfilzomib at 500 nM
for 6 hours and harvested. Cells were then lysed with ubiquitination lysis buffer,
immunoprecipitated, and immunoblotted with indicated antibodies. All data representative of
three independent experiments. (F) Schematics of N1-FLI and N2-FLI mutants. (G) EWS/FLI,
N1-FLI, and N2-FLI mutants tagged with 3XFLAG were co-transfected with either TRIM8 or a
vector control in 293T cells. After 48 hours, cells were harvested, lysed and immunoblotted with
the indicated antibodies. Data representative of two independent experiments. (H) TRIM8 was
co-transfected with either EWS/FLI, N1-FLI, N2-FLI, or a vector control in 293T cells. After 48
hours, cells were treated with carfilzomib at 500 nM for 6 hours. Cells were then harvested,
lysed, immunoprecipitated, and immunoblotted with the indicated antibodies. Data
representative of two independent experiments. (1) 293T cells were transfected with indicated
constructs. After 48 hours, cells were treated carfilzomib at 500 nM for 6 hours and harvested.
Cells were then lysed with ubiquitination lysis buffer, immunoprecipitated, and immunoblotted

with indicated antibodies. Data representative of two independent experiments.



Figure S8, Related to Figure 8
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Figure S8. Mutating K144 rescues TRIM8-mediated degradation of EWS/FLI-AC3 mutant,
related to Figure 8. (A) Schematics showing wild-type EWS/FLI, EWS/FLI-AC3, and EWS/FLI-
AC3-K144R mutants. (B) 293T cells were transfected with wild-type EWS/FLI, EWS/FLI-AC3,
and EWS/FLI-AC3-K14 with either control vector or TRIM8-V5 for 48 hours. Cells were then
harvested, lysed, and immunoblotted with indicated antibodies. Data representative of two

independent experiments
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