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DUX4-r exerts a neomorphic activity that depends on
GTF2l in acute lymphoblastic leukemia

Daniele Campolungo’, Mara Salomé’, Beatrice Biferali’, Anna Sofia Tascini?, Davide Gabellini'*

Translocations producing rearranged versions of the transcription factor double homeobox 4 (DUX4-r) are one
of the most frequent causes of B cell acute lymphoblastic leukemia (B-ALL). DUX4-r retains the DNA binding
domain of wild-type DUX4 but is truncated on the C-terminal transcription activation domain. The precise mech-
anism through which DUX4-r causes leukemia is unknown, and no targeted therapy is currently available. We
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found that the rearrangement leads to both a loss and a gain of function in DUX4-r. Loss of CBP/EP300 tran-
scriptional coactivator interaction leads to an inability to bind and activate repressed chromatin. Concurrently, a
gain of interaction with the general transcription factor 2 | (GTF2I) redirects DUX4-r toward leukemogenic
targets. This neomorphic activity exposes an Achilles’ heel whereby DUX4-r—positive leukemia cells are exqui-
sitely sensitive to GTF2I targeting, which inhibits DUX4-r leukemogenic activity. Our work elucidates the molec-
ular mechanism through which DUX4-r causes leukemia and suggests a possible therapeutic avenue tailored to

this B-ALL subtype.

INTRODUCTION

B cell acute lymphoblastic leukemia (B-ALL) is the most common
pediatric malignancy and the most frequent cause of death from
cancer at a young age (I-3). B-ALL is a highly heterogeneous
disease driven by recurrent chromosomal alterations giving rise to
multiple disease subtypes. Therefore, the characterization of the leu-
kemic pathways associated with specific B-ALL drivers could allow
the discovery of new therapeutic vulnerabilities from a personalized
medicine perspective (4).

Recurrent translocations of the double homeobox 4 (DUX4) gene
to the immunoglobulin heavy chain (IGH) locus have been reported
in up to 10% of patients with B-ALL and define a new B-ALL
subtype, characterized by deregulation of ETS-related gene (ERG),
positivity for CD371, a distinctive gene expression profile and wide-
spread hypomethylation compared to healthy B cells or other ALL
subtypes (5-9).

DUX4 is a sequence-specific transcription factor whose expres-
sion is normally confined to early embryonic development, where it
activates the expression of cleavage-stage genes (10-12). DUX4 has
an N-terminal DNA binding domain and activates gene expression
by recruiting CREB-binding protein/E1A binding protein p300
(CBP/EP300) coactivators through its C-terminal transcription ac-
tivation domain (CTD) (13).

All DUX4 translocations in B-ALL maintain the region encoding
for the DNA binding domain but result in random truncations of
the CTD, which, in most cases, is substituted by random amino
acids encoded by the immunoglobulin heavy (IGH) locus giving
rise to DUX4-IGH chimeras (5-7). The resulting rearranged
DUX4 (DUX4-r) is expressed specifically in B cell precursors (5—
7), where wild-type (wt) DUX4 is never expressed.

The DUX4 rearrangement is a clonal event occurring early in
leukemogenesis and maintained in relapsed leukemia. DUX4-r si-
lencing in patient-derived xenograft or the NALMS6 cell line derived

'Gene Expression and Muscular Dystrophy Unit, Division of Genetics and Cell
Biology, IRCCS San Raffaele Scientific Institute, 20132 Milano, Italy. *Center for
Omics Sciences, IRCCS Ospedale San Raffaele, 20132 Milano, Italy.
*Corresponding author. Email: gabellini.davide@hsr.it

Campolungo et al., Sci. Adv. 9, eadi3771 (2023) 15 September 2023

from DUX4-r B-ALL patients supports an essential role of DUX4-r
in the development and maintenance of this leukemia subtype
(5, 14).

Nevertheless, it was recently proposed that wt DUX4 and DUX4-
r function interchangeably and that leukemia development requires
“just right” wt DUX4 or DUX4-r levels. Too much wt DUX4 or
DUX4-r would result in apoptosis and too little would just block
cell proliferation (15).

In addition to DUX4 rearrangements, ERG alterations are ob-
served almost exclusively in the DUX4-r B-ALL subtype (16-18).
However, these alterations are absent in up to 40% of DUX4-r pa-
tients, are often subclonal, and inconsistent between diagnosis and
relapse, thus indicating that ERG alterations do not drive leukemo-
genesis but represent a secondary event in disease progression (16,
19). Hence, additional factors in addition to ERG alterations may be
required for DUX4-r-induced leukemogenesis.

The proposed models for DUX4-r—driven B-ALL, including co-
operation with ERG alterations or just right DUX4 levels, are not
fully supported by the literature (5, 6, 10, 15). Additional studies
suggest a novel activity of the DUX4-r oncogene (7, 8, 20), but are
based on very different genetic backgrounds or cellular systems.
Functional enrichment analyses on DUX4-r transcriptomic data
so far failed to identify specifically dysregulated pathways (7-9).
RNA sequencing (RNA-seq) has been performed upon DUX4-r
overexpression in NALM6 cells, which nevertheless already
express it endogenously, or 72 hours after DUX4-r knockdown
(9). Moreover, chromatin immunoprecipitation sequencing
(ChIP-seq) data for endogenous DUX4-r in NALMS6 cells have
been compared to those of ectopically overexpressed wt DUX4 in
pluripotent stem cells or human myoblasts (6, 9, 10, 21, 22).
Thus, it is very difficult to discern primary DUX4-r transcriptional
targets from secondary events and there remains a need to compare
the activity of wt DUX4 and DUX4-r in a relevant system to define
the molecular mechanism through which DUX4-r promotes B-ALL
and identify vulnerabilities that could be exploited for therapeutic
purposes.
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Here, we compared side by side the molecular and functional ac-
tivity of wt DUX4 and representative patient-derived DUX4-r var-
iants in a B-ALL context. Despite sharing the same DNA binding
domain, we found that wt DUX4 and DUX4-r regulate different
gene sets and control very different cell behavior. Only DUX4-r ac-
tivates genes belonging to the DUX4-r B-ALL patient gene signa-
ture and stimulates B-ALL cell proliferation. We found that
DUX4-r acquires these abilities through a gain of interaction with
the transcription factor GTF2I. We further demonstrated that the
activity of DUX4-r strictly depends on the cellular availability of
GTF2I. Accordingly, genetic or pharmacological GTF2I targeting
inhibits DUX4-r leukemogenic activity in vitro and in vivo. Collec-
tively, our data clarify the molecular mechanism responsible for
DUX4-r B-ALL and identify a possible therapeutic option for this
leukemia subtype.

RESULTS

DUX4 and DUX4-r associate to and activate different

gene sets

To compare the activity of wt DUX4 and DUX4-r variants, we used
REH cells, a near-diploid B-ALL cell line lacking endogenous ex-
pression of either wt DUX4 or its rearrangements (5, 6). We
focused on patient-derived DUX4-r variants representing the dis-
tinct types of mutations documented in patients with B-ALL: the
DUX4-IGH chimera mostly used in the literature (5, 6, 22) and a
DUX4-r lacking the whole CTD without any extra amino acid
(DUX4-del50) (6). We generated doxycycline (Dox)-inducible
REH cells for the empty vector (EV), wt DUX4, DUX4-IGH, or
DUX4-del50.

Upon Dox induction, wt DUX4 was expressed at consistently
lower levels compared to DUX4-r variants (fig. S1, A and B). Unex-
pectedly, only wt DUX4 was able to induce apoptosis (fig. S1C), in
contrast with the “just right” model, which posits that wt DUX4 or
its variants induce apoptosis when expressed at high levels (15).

We then decided to compare the transcriptional ability of wt
DUX4 and DUX4-r variants. To this aim, we performed RNA-seq
upon 12 hours of Dox induction, to avoid the toxic effect of pro-
longed wt DUX4 expression and enrich for primary targets of the
transcription factors. Principal components analysis showed very
tight clustering of the biological replicates and that the gene expres-
sion profiles of cells expressing DUX4-IGH and DUX4-del50
cluster nearby and distantly from those of EV or DUX4 samples
(fig. S1D). Despite differential gene expression (DGE) analysis in-
dicated that wt DUX4 or DUX4-r variants are mainly associated
with the activation of gene expression, and DUX4-r variants regu-
late a very different set of genes compared to wt DUX4 (Fig. 1A and
table S1). Notably, DUX4-IGH and DUX4-del50 regulated genes
are qualitatively similar, even if DUX4-del50 appears to have a
milder transactivation ability with respect to DUX4-IGH
(Fig. 1A), which could be possibly explained by lower protein
levels as compared to DUX4-IGH (fig. S1B). Accordingly, we
found a nearly complete overlap between DUX4-IGH and DUX4-
del50 regulated genes, which was instead minimal with wt DUX4
(fig. S1E).

Previous works failed to identify significantly deregulated path-
ways on the gene signature specific to DUX4-r B-ALL patients (8,
20). Using the publicly available datasets (6, 8), we found a highly
significant overlap of the DUX4-r B-ALL patient gene signature
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with our DUX4-IGH or DUX4-del50 datasets, which was instead
negligent with our wt DUX4 dataset (Fig. 1B). We next performed
gene set enrichment analysis (GSEA) on the list of genes commonly
deregulated in DUX4-r B-ALL patients and our DUX4-IGH and
DUX4-del50 datasets. We will refer to these commonly deregulated
genes as the DUX4-r core gene set from here onward. GSEA re-
vealed that the up-regulated DUX4-r core gene set is mostly en-
riched in molecules involved in cell-cell/cell-matrix interaction,
cell migration, and cancer-related pathways (Fig. 1C). The down-
regulated DUX4-r core gene set is instead mostly involved in pre-
B cell receptor activity, B cell activation, and immune-related pro-
cesses (Fig. 1C).

Using the previously reported wt DUX4-associated gene expres-
sion signature (23), we obtained opposite results: a significant
overlap for only our wt DUX4 dataset (fig. S1F), matching previous-
ly reported (23) GSEA pathways including regulation of transcrip-
tion, RNA processing, and apoptosis (fig. S1G).

Previous studies demonstrated that wt DUX4 activates the ex-
pression of several classes of repetitive elements (REs) including en-
dogenous retroviruses and pericentromeric human satellite II
repeats (10, 12, 21, 24, 25). To investigate the activity of DUX4-r
variants in the context of the REs genome, we reanalyzed our
RNA-seq results and performed DGE analysis focused on the REs
transcriptome. In line with previous reports (10, 12, 21, 24, 26), we
found that wt DUX4 activates the expression of hundreds of REs
(Fig. 1D and table S2). Instead, the REs transcriptome of both
DUX4-r variants mostly resembles that of control EV cells
(Fig. 1D and table S2). Hence, contrary to wt DUX4, DUX4-r var-
iants minimally affect the REs transcriptome.

To identify direct transcriptional targets of DUX4-r variants, we
mapped the chromatin occupancy of wt DUX4 and DUX4-r vari-
ants by performing Cleavage Under Targets and Tagmentation
(CUT&Tag) (27) using an antibody (Ab) recognizing a DUX4
epitope retained in DUX4-r. We found that wt DUX4 and its rear-
ranged versions associate with largely nonoverlapping genomic
regions, while DUX4-IGH and DUX4-del50 mostly bind to the
same genomic loci (Fig. 1E and table S3). This result is unexpected
considering that all DUX4-r variants described to date maintain the
DNA binding domain of wt DUX4 (5, 6, 9). Wt DUX4 recognizes
the consensus motif 5'-TAAYBBAATCA-3' (24, 28). Notably, de
novo motif identification analyses indicated that, for both wt
DUX4 and DUX4-r variants, the most enriched sequence motif
under the CUT&Tag peaks was the DUX4 consensus (Fig. 1F).

Wt DUX4 functions as a pioneer transcription factor able to
bind condensed chromatin and increase its accessibility, by recruit-
ing the histone acetyltransferases CBP and EP300 via its CTD to
promote histone H3 lysine 27 acetylation (H3K27Ac) (13). We eval-
uated H3K27Ac by CUT&Tag and chromatin accessibility by Cleav-
age Under Targeted Accessible Chromatin (CUTAC) (29). In line
with previously reported results (10, 11, 13), wt DUX4 induction
was associated with significantly increased H3K27Ac and chroma-
tin accessibility of its direct targets. In contrast, DUX4-IGH induc-
tion did not cause significant changes in H3K27Ac or chromatin
accessibility on DUX4-r direct targets (Fig. 1, G and H). Most wt
DUX4 direct targets were not expressed in its absence, while
nearly half of DUX4-r direct targets were already expressed, albeit
at lower levels, also in its absence (fig. S1H and table S1). Hence,
DUZX4-r fails to bind and activate repressed chromatin.
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Fig. 1. DUX4 and DUX4-r associate to
and activate different gene sets. (A)
Heatmap showing the 500 most vari-
able genes in REH cells expressing EV,
wt DUX4, DUX4-IGH, or DUX4-del50. (B)
Venn diagram displaying (left) overlap
between genes up-regulated in the
present study and in DUX4-r B-ALL pa-
tients (EGAS00001000654) and (right)
overlap between genes down-regulated
in the present study and in DUX4-r B-
ALL patients (EGAS00001000654). Two-
tailed Fisher's exact test. (C) Functional
families enriched in the overlap
between: genes positively (left) or neg-
atively (right) regulated in DUX4-r B-ALL
patients and by DUX4-r in REH cells. Dot
size is proportional to the percentage of
modulated genes in each pathway. (D)
Heatmap showing the 500 most vari-
able repetitive elements in REH cells
expressing EV, wt DUX4, DUX4-IGH, or
DUX4-del50. (E) Top: Venn diagram
displaying the overlap between
CUT&Tag peaks in wt DUX4-, DUX4-
IGH-, or DUX4-del50-expressing REH
cells. Bottom: CUT&Tag profile plots of
wt DUX4 (red) and DUX4-IGH (cyan)
peaks on wt DUX4 (left) or DUX4-r
(right) direct transcriptional targets. (F)
De novo motif calling of peaks selec-
tively associated to wt DUX4 (DUX4
only) or DUX4-IGH and DUX4-del50
(DUX4-IGH/DUX4-del50 overlap). (G)
CUT&Tag profile plot of H3K27Ac at wt
DUX4 (maroon/red) or DUX4-IGH (blue/
teal) direct targets in the absence (left)
or presence (right) of Dox. Wilcoxon
rank sum test to compare the signal of
H3K27Ac signal between —Dox and
+Dox. (H) Cleavage Under Targeted
Accessible Chromatin (CUTAC) profile
plot at wt DUX4 (maroon/red) or DUX4-
IGH (blue/teal) peaks on direct targets in
the absence (left) or presence (right) of
Dox. Wilcoxon rank sum test to compare
the CUTAC signal between —Dox and
+Dox conditions. See also fig. S1.

Together, our results indicate that wt DUX4 and DUX4-r regu-
late mutually exclusive gene sets despite displaying the same DNA
binding domain and sequence specificity, with only wt DUX4 be-
having as a pioneer factor. Notably, only DUX4-r is capable of ac-
tivating the expression of genes involved in leukemia, with an
extensive overlap with the DUX4-r B-ALL patient gene signature.
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DUX4-r activates cell adhesion and migration, promoting
cell proliferation
Several direct DUX4-r target genes (27%) encode for surface pro-
teins involved in cell adhesion or migration (table S3). Adhesion
molecules are critical regulators of leukemia development and che-
moresistance, being involved in cell survival, differentiation, prolif-

eration, and migration (30, 31). Bone marrow (BM) is considered a
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protective niche to ALL cells (32), which contributes to chemother-
apy resistance (33). To directly address the functional relevance of
our findings, we tested the adhesive and migratory properties of
DUX4-r inducible REH cells using human BM stroma cells (HS-
5). To facilitate cell tracking, REH cells were modified by introduc-
ing a constitutively expressed enhanced green fluorescent protein
(eGFP) reporter (Fig. 2A). As shown in Fig. 2 (B and C), induction

Fig. 2. DUX4-r activates cell adhesion and migra- A
tion, promoting cell proliferation. (A) HS5 bone

Human BM

of both DUX4-r variants significantly increased REH cell adhesion
and transwell migration to HS-5 stromal cells as compared to the
uninduced control. Adhesion and migration were unaffected by in-
ducing EV or wt DUX4 (Fig. 2, B and C). Accordingly, the knock-
down of endogenous DUX4-r in NALMS6 cells, a B-ALL cell line
that expresses DUX4-r and depends on it for its proliferation (5),
decreased cell adhesion and migration as compared to control

marrow stroma adhesion (top) and transwell migra- - siome Ce,“s
tion assays (bottom) schematics. (B) Adhesion of REH .g D %if\l(i;rg;{bcaetlign .
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< 0.001; ****P < 0.0001. (C) Migration of REH cells Seeding human
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knockdown cells (Fig. 2, D and E), strengthening our conclusion
that DUX4-r promotes cell adhesion and migration.

Tumor spheroids are a useful tool for preclinical cancer research
(34). Usually, spheroid formation is induced by the use of extracel-
lular matrix/scaffold components and/or treatments forcing the
cells to aggregate. Unexpectedly, we found that DUX4-r—expressing
REH cells migrate toward each other and perform homotypic adhe-
sion, generating areas of high cellular density which result in the
spontaneous formation of spheroids in liquid cell culture (fig.
S2A). Real-time quantification of live cells demonstrated signifi-
cantly enhanced tumor spheroid formation by DUX4-IGH- and
DUX4-del50—expressing cells compared to EV or wt DUX4
(Fig. 2F). Tumor spheroid formation by NALMS6 cells was signifi-
cantly reduced upon the knockdown of endogenous DUX4-r
(Fig. 2G and fig. S2B).

When grown in 5% fetal bovine serum (FBS) instead of the usual
20% FBS, we found that DUX4-r—expressing cells proliferated sig-
nificantly more than EV or wt DUX4 cells (Fig. 2H). Accordingly,
the proliferation of NALMG6 cells was significantly reduced by the
knockdown of endogenous DUX4-r (Fig. 2I) in agreement with (5).

Collectively, these results indicate that DUX4-r directly activates
the expression of cell adhesion molecules mediating the ability of
DUX4-r—expressing cells to migrate and perform homotypic adhe-
sion and stimulates cell proliferation.

DUX4-r transcriptional activity is prominent in a B

cell setting

To validate our RNA-seq results, we selected representative DUX4-r
direct targets consistently up-regulated in DUX4-r B-ALL patients.
Reverse transcription quantitative polymerase chain reaction (RT-
gPCR) analysis using RNA extracted from induced REH cells con-
firmed the ability of DUX4-r and wt DUX4 to activate mutually ex-
clusive target genes (Fig. 3A). To further characterize the
transcriptional activity of DUX4-r variants, we generated Dox-in-
ducible human embryonic kidney 293 (HEK) cells with EV, wt
DUX4, DUX4-IGH, or DUX4-del50. RT-qPCR analysis revealed
that, despite similar transgene induction levels, DUX4-r variants
were unable to activate the expression of their direct targets in
HEK cells, while wt DUX4 efficiently drove the expression of its
direct target genes (Fig. 3B). Similar outcomes were also obtained
using human T-ALL Jurkat cells (Fig. 3C).

To begin exploring the molecular determinants of DUX4-r tran-
scriptional inefficiency in non-B cells, we performed CUT&Tag for
wt DUX4 and DUX4-IGH in HEK cells. In line with its comparable
transcriptional proficiency in different cellular settings, wt DUX4
was associated with its direct targets similarly in HEK and REH
cells (Fig. 3D). Instead, DUX4-IGH association to its target genes
was significantly higher in REH compared to HEK cells (Fig. 3D).
Overall, our results indicate that DUX4-r genomic association and
transactivation ability are prominent in B cells.

GTF2l is a DUX4-r-selective interactor, which associates to
DUX4-r direct targets

Given the above results, we hypothesized that the activity of DUX4-r
requires a cofactor preferentially expressed in REH cells. To test this,
we took advantage of the fact that our inducible DUX4 versions are
fused to a streptavidin-binding peptide and a hemagglutinin (Strep-
HA) double affinity tag. To identify factors selectively associated
with DUX4-r variants, we performed tandem affinity purification
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using nuclease-treated and precleared nuclear extracts under high
stringency followed by quantitative mass spectrometry (TAP-MS)
to reduce nonspecific background binding and identify tight inter-
actors. This resulted in the identification of 70 proteins specifically
interacting with wt DUX4 and/or DUX4-r (table S4). Of impor-
tance, wt DUX4 and DUX4-r signals were comparable across the
different TAP-MS, indicating that the differential protein associa-
tion with DUX4 or DUX4-r variants was not due to different effi-
ciency of wt DUX4 or DUX4-r affinity purification (fig. S3A). To
determine selective DUX4-r interactors preferentially expressed in
REH cells, we analyzed by quantitative MS the nuclear proteomes of
REH, HEK, and Jurkat cells. Subsequently, we filtered our results
based on the following: (i) enrichment of DUX4-r associated pro-
teins over the EV control, (ii) enrichment of proteins in DUX4-r
over wt DUX4, (iii) DUX4-r interactor enrichment in REH over
HEK and Jurkat cells. This approach identified 12 proteins selec-
tively interacting with DUX4-IGH and DUX4-del50, which were
more abundant in REH cells (fig. S3B and table S4). In line with
the fact that the DUX4 CTD is deleted in DUX4-r variants, the
histone acetyltransferase EP300 was identified as wt DUX4-selec-
tive interactor (fig. S3C), thus providing a possible molecular expla-
nation for DUX4-r lack of pioneer activity (Fig. 1, G and H). Among
the selective DUX4-r interactors preferentially expressed in REH
cells, the most enriched in both DUX4-IGH and DUX4-del50
TAP-MS was general transcription factor IIi (GTF2I/TFII-I)
(Fig. 4A). GTF2l is a transcription factor regulated by several signal-
ing pathways, including the pre-B cell receptor (35, 36). GTF2I
translocations are associated with ALL and acute promyelocytic leu-
kemia (37, 38). Moreover, a recurrent GTF2I mutation is the most
frequent oncogenic driver in thymic epithelial tumors (39).

New affinity purifications followed by immunoblotting con-
firmed GTF2I-selective interaction with both DUX4-r variants,
but not wt DUX4 (Fig. 4B). Moreover, immunoblotting of total
protein extracts confirmed significantly higher levels of GTF2I in
REH compared to HEK and Jurkat cells (Fig. 4, C and D). Coimmu-
noprecipitation (co-IP) confirmed the interaction between the en-
dogenous DUX4-r and GTF2I in NALME cells (fig. S3D).

We performed CUT&Tag for GTF2I in HEK and REH cells
lacking expression of DUX4-r and in REH cells expressing
DUX4-IGH. For direct DUX4-r targets, we observed a significantly
higher GTF2I signal in REH compared to HEK cells, which was
further increased upon DUX4-IGH expression (Fig. 4E). No signif-
icant difference in GTF2I chromatin association was observed in
REH cells expressing DUX4-IGH as compared to EV-expressing
REH cells, indicating that DUX4-IGH expression enhances
GTF2I binding selectively to DUX4-r target genes (fig. S3E).

Intrigued by the correlation between GTF2I expression levels
and DUX4-r transcription activation ability in cell lines, we re-an-
alyzed DUX4-r B-ALL patient datasets (6) to determine the expres-
sion levels of GTF2I and the level of activation of the DUX4-r core
gene set in each patient. Despite all patients analyzed overexpressed
the DUX4-r core gene set compared to healthy B cells or other ALL
subtypes (6), they do so at variable levels (Fig. 4F). Notably, we
found a significant and positive correlation between the expression
levels of GTF2I and the relative activation of DUX4-r core genes
(Fig. 4, F and G) strongly supporting the relevance of our findings.

Together, the above results identify GTF2I as the strongest, se-
lective DUX4-r interactor, which discriminates DUX4-r targets
from non-target genomic regions and whose expression levels
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Fig. 3. DUX4-r activity is prominent in B-ALL cells. (A) RT-qPCR ex-
pression analysis of the indicated DUX4-r (top) or wt DUX4 (bottom,
right) direct target genes in REH cells expressing EV, wt DUX4, DUX4-
IGH, or DUX4-del50. Relative levels of wt DUX4/DUX4-r are also shown
(bottom, left). Relative mRNA levels were normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Bar plots represent the average
of three independent biological replicates (n = 3). Error bars represent
means + SD. One-way ANOVA with multiple comparisons. *P < 0.05; **P
< 0.01; ***P < 0.001; ****P < 0.0001. (B) RT-qPCR analysis of the same
genes as in (A) in HEK cells expressing EV, wt DUX4, DUX4-IGH, or DUX4-
del50. Relative mRNA levels were normalized to GAPDH. Bar plots rep-
resent the average of three independent biological replicates (n = 3).
Error bars represent means + SD. One-way ANOVA with multiple com-
parisons. ***P < 0.001; ****P < 0.0001. (C) RT-qPCR analysis of the same
genes asin (A) and (B) in Jurkat cells expressing EV, wt DUX4, DUX4-IGH,
or DUX4-del50. Relative mRNA levels were normalized to GAPDH. Bar
plots represent the average of three independent biological replicates
(n = 3). Error bars represent means + SD. One-way ANOVA with multiple
comparisons. ***P < 0.001; ****P < 0.0001. (D) CUT&Tag profile plot of
genomic enrichment at (left) wt DUX4 on its direct transcriptional
targets in human embryonic kidney 293 (HEK) (dark red) and REH (red)
cells and (right) DUX4-IGH on its direct transcriptional targets in HEK
(blue) and REH (teal) cells. Wilcoxon rank sum test was performed to
compare the signal of wt DUX4 or DUX4-IGH between HEK and

REH cells.
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significantly correlate with the level of activation of DUX4-r targets

in patients with B-ALL.

DUX4-r biological activity depends on the cellular
availability of GTF2I

Given the above results, we next asked whether genetic GTF2I tar-
geting could affect the ability of DUX4-r to activate its direct target

Campolungo et al., Sci. Adv. 9, eadi3771 (2023) 15 September 2023

genes. To test this, we performed GTF2I knockdown in REH cells
expressing ectopic DUX4-IGH or in NALM6 expressing endoge-
nous DUX4-r (Fig. 5A). In line with a GTF2I requirement for
DUX4-r transcriptional activity, we observed significant down-reg-
ulation of DUX4-r target genes (Fig. 5B). GTF2I silencing had no
significant effect on the activation of wt DUX4 targets (fig. S4A).
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Fig. 4. DUX4-r selectively interacts with GTF2I. (A) Heatmap showing DUX4-r—selective interactors which are more expressed in REH cells. Protein levels were expressed
as MS spectral counts. The heatmap reports unscaled MS/MS counts. (B) Tandem affinity purification followed by immunoblotting validation of selective GTF2l interaction
with DUX4-IGH and DUX4-del50. Five percent of input and first elution and 10% of second elution were loaded and incubated with antibodies specific for GTF2I or wt
DUX4 and DUX4-r. (C) Western blot validation of nuclear protein levels of GTF2l in REH, Jurkat, or REH cells using GAPDH as a loading control. (D) Densitometric analysis of
signals in Fig. 3D using the ImageLab software (Bio-Rad, ver. 6.1). Bar plots represent the mean of three independent biological replicates (n = 3). Error bars represent + SD.
One-way ANOVA with multiple comparisons against REH. *P < 0.05; ***P < 0.001. (E) CUT&Tag profile plot of GTF2I enrichment on DUX4-r direct targets in HEK EV (red),
REH EV (blue), or REH DUX4-IGH (teal) cells. Wilcoxon ranks sum test was performed to compare the signal of GTF2I between HEK EV, REH EV, and REH DUX4-IGH cells. (F)
Heatmap showing the expression levels (FPKM, fragments per kilobase of transcript per million fragments mapped) of DUX4-r core genes in different DUX4-r B-ALL
patients ordered based on decreasing GTF2I expression levels. The heatmap reports Z scores scaled by row. (G) Pearson’s correlation plot showing the positive correlation
between GTF2I expression levels and the mean activation of DUX4-r core genes in different DUX4-r B-ALL patients. The correlation coefficient (R) and P value are indi-
cated. See also fig. S3.
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Fig. 5. GTF2l is required for DUX4-r biological activity in vitro and in vivo. (A) RT-qPCR (left) and immunoblot (right) of GTF2I knockdown in REH DUX4-IGH (top) or
NALMG cells (bottom). Bar plots show means + SD (n = 3). Student’s t test. *P < 0.05 and ****P < 0.0001. (B) RT-qPCR of the indicated direct DUX4-r targets in REH DUX4-
IGH (top) and NALM6 (bottom) CTRL or GTF2I knockdown. Bar plots show means + SD (n = 3). One-way ANOVA with multiple comparisons. **P < 0.01; ***P < 0.001; ****P
<0.0001. (C) Adhesion (top) and migration (bottom) of REH DUX4-IGH (left) and NALMG6 (right) in shCTRL or shGTF2I cells. Bar plots show means + SD (n = 3). Student's t
test. **P < 0.01; ***P < 0.001; ****P < 0.0001. (D) Real-time tumor spheroid quantification of REH DUX4-IGH plus CTRL or GTF2I| knockdown. Curves show means + SD (n =
6). Two-way ANOVA with Bonferroni's correction to compare curves at the 45-hour time point. ****P < 0.0001. (E) Proliferation of REH DUX4-IGH plus CTRL or GTF2I
knockdown. Curves represent the means + SD (n = 3). One-way ANOVA. *P < 0.05. (F) Apoptosis in CTRL or GTF2I knockdown REH DUX4-IGH (left) and NALM6 cells
(right). Bar plots show means + SD (n = 4). Student’s t test. ***P < 0.001 (r.l.u., relative luminescence unit). (G) RT-qPCR for GTF2I and the indicated DUX4-r direct targets in
HEK cells expressing EV, wt DUX4, or DUX4-IGH plus EV or GTF2l. Bar plots show means + SD (n = 3). One-way ANOVA with multiple comparisons was performed. **P <
0.01; ***P < 0.001. (H) CUT&Tag profile plot of DUX4-IGH on its direct targets in HEK DUX4-IGH cells transfected with EV (blue) or GTF2I (teal). Wilcoxon ranks sum test to
compare the signal of DUX4-IGH between EV and GTF2I conditions. (I) Leukemia expansion in peripheral blood of NSG mice 7 and 14 days after NALM6-Lucia cell trans-
plantation. Bar plots show the mean Luciferase signal + SD of shCTRL or shGTF2I NALM6-Lucia mice. (n = 5). Two-way ANOVA. **P < 0.01. (J) Kaplan-Meier survival analysis

of the above mice. *P < 0.05. See also fig. S4.
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Next, we investigated whether GTF2I is required for the cellular
phenotypes induced by DUX4-r. GTF2I knockdown significantly
reduced both the adhesion and transwell migration selectively of
DUX4-r—expressing B-ALL cells (Fig. 5C and fig. $4B), leading to
a significantly decreased tumor spheroid formation selectively in
DUX4-r—expressing cells (Fig. 5D and fig. S4, C to E). GTF2I
genetic down-regulation significantly reduced the proliferation of
REH expressing ectopic DUX4-IGH (Fig. 5E) or NALM6 express-
ing endogenous DUX4-r (fig. S4F), significantly increasing their cell
death (Fig. 5F).

The above results indicate that GTF2I is required for DUX4-r
activity. To evaluate sufficiency, we then investigated the effects of
supplementing HEK cells with GTF2I. We introduced vectors en-
coding for GTF2I or a control empty vector (EV) in HEK cells to-
gether with EV, wt DUX4, or DUX4-IGH. GTF2I was expressed at
comparable levels in all cell lines and did not affect wt DUX4 or
DUX4-IGH expression levels (Fig. 5G). Notably, in HEK cells, ec-
topically expressed GTF2I reached levels comparable to endoge-
nous GTF2I in REH cells (fig. S4G). GTF2I expression in HEK
cells significantly increased target gene activation by DUX4-IGH
(Fig. 5G), while wt DUX4 activity was unaffected (fig. S4H).

To investigate the molecular determinants of the observed
DUX4-r transcriptional “rescue” by GTF2I, we performed
CUT&Tag in HEK cells expressing DUX4-IGH in the presence/
absence of transfected GTF2I. In the absence of GTF2I, DUX4-
IGH displayed negligent chromatin association genome-wide (fig.
S41). Instead, upon GTF2I supplementation, DUX4-IGH displayed
a significantly enhanced ability to associate with its target gene loci
in HEK cells (Fig. 5H). In line with the fact that we identified GTF2I
as a selective DUX4-r interactor, wt DUX4 association to its target
loci was unaffected by GTF2I overexpression (fig. S4]).

Given the above results, we explored the implications of the
DUX4-r/GTF21 transcriptional axis in leukemia. To this aim, we
took advantage of a modified version of NALM6 cells expressing
Gaussia luciferase Lucia, which is actively secreted by cells and de-
tectable in the blood facilitating tumor progression monitoring in
mice (40). NALM6-Lucia cells were transduced with lentiviral
vectors encoding for a short hairpin RNA (shRNA) against
GTF2I or a control ShRNA (shCTRL). NSG (NOD.Cg-Prkdcscid
I12rgtm1WjI/Sz]) mice were then transplanted with knockdown
cells and disease progression was followed over time. One week
after transplantation, we observed a similar luciferase signal
between groups, indicating a comparable leukemia cell engraftment
(Fig. 5I). Nonetheless, after 2 weeks, we detected significantly lower
leukemia cell expansion in peripheral blood of GTF2I knockdown
animals compared to controls (Fig. 5I). This translated into signifi-
cantly higher survival rates in mice transplanted with GTF2I shRNA
compared to control ShRNA leukemia cells (Fig. 5]). At sacrifice,
GTF2I knockdown transplants showed also a significantly lower
leukemia burden in both BM and spleen compartments (fig.
S4K). We found that GTF2I shRNA cells harvested from the mice
at sacrifice displayed a milder reduction in the expression level of
GTF2I and DUX4-r targets compared to the one that we observed
in vitro (compare Fig. 5, A and B, with fig. S4L). These results are in
line with the possibility of a negative selection against cells with a
strong decrease with GTF2I expression in vivo. All in all, our find-
ings indicate that GTF2I is required for DUX4-r transcriptional and
leukemogenic activities.

Campolungo et al., Sci. Adv. 9, eadi3771 (2023) 15 September 2023

GTF2I pharmacological targeting inhibits DUX4-r
leukemogenic activity

Recently, a high-throughput screening identified the histone deace-
tylase inhibitor vorinostat/suberylanilide hydroxamic acid (SAHA)
as a selective repressor of GTF2I expression (41). By performing a
SAHA dose-response analysis in REH cells, we found that treatment
with as low as 50 nM SAHA was sufficient to down-regulate GTF2I
consistently and significantly at both mRNA and protein levels (fig.
S5A). Similarly to GTF2I knockdown, SAHA treatment signifi-
cantly reduced the ability of DUX4-IGH to activate its target
genes (Fig. 6A). SAHA caused no significant effect on the ability
of wt DUX4 to activate its targets (fig. S5B). In line with a GTF2I
requirement for DUX4-r genomic association, by CUT&Tag, we
found a significantly lower DUX4-IGH enrichment at its direct
targets in SAHA-treated compared to control-treated cells (Fig. 6B).

We next assessed the impact of SAHA treatment on the cellular
phenotypes caused by DUX4-r. Similar to what was observed with
DUX4-r or GTF2I genetic silencing, SAHA significantly reduced
cell adhesion, transwell migration, tumor spheroid formation, and
cell proliferation of both REH cells expressing ectopic DUX4-IGH
and NALMS6 cells expressing endogenous DUX4-r (Fig. 6, C to E,
and fig. S5, C to E). Consistently, SAHA significantly increased cell
death both of REH expressing ectopic DUX4-IGH and NALMS6 ex-
pressing endogenous DUX4-r (Fig. 6F). Proliferation and survival
of REH cells expressing EV control or wt DUX4 were unaffected
by SAHA treatment (Fig. 6, E and F, and fig. S5F), in line with
the possibility that DUX4-r expression sensitizes leukemia cells to
SAHA treatment.

To test the therapeutic potential of SAHA treatment for DUX4-r
B-ALL, NALM6-Lucia cells were transplanted in NSG mice. One
week after transplantation, when comparable NALM6 engraftment
was observed in all mice (Fig. 6G), animals were randomly divided
into two cohorts: one was treated with SAHA and the other with
dimethyl sulfoxide (DMSO), as a control. After 1 week (2 weeks
from cell transplantation), we detected significantly lower leukemia
cell expansion in the peripheral blood of SAHA-treated compared
to control mice (Fig. 6G). This translated into significantly higher
survival rates in mice treated with SAHA compared to controls
(Fig. 6H). Notably, also in this case, we found a milder reduction
in the expression level of GTF2I and DUX4-r targets in the cells har-
vested from the mice at sacrifice compared to the one that we ob-
served in vitro (compare Fig. 6A with fig. S5G), further supporting
the possibility that cells with a strong decrease in GTF2I expression
are negatively selected in vivo. Collectively, our results indicate that
SAHA recapitulates the effects of GTF2I knockdown on DUX4-r
leukemogenic activity.

DISCUSSION

By combining transcriptomics, genomics, and proteomics with
functional assays in vitro and in vivo, our results elucidate the mo-
lecular mechanism of B-ALL caused by DUX4-r. We propose that
the chromosomal rearrangement producing DUX4-r leads to both a
loss and a gain of function in the leukemogenic transcription factor.
Deletion of the CTD causes a loss of interaction with CBP/EP300
transcriptional coactivators leading to an inability to bind and acti-
vate repressed chromatin. On the other hand, DUX4-r gains the
ability to interact with the transcription factor GTF2I, which
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Fig. 6. GTF2l pharmacological targeting inhibits DUX4-r leukemogenic activity. (A) RT-qPCR expression of wt DUX4, DUX4-IGH, GTF2I, and the indicated DUX4-IGH
direct targets upon suberylanilide hydroxamic acid (SAHA) treatment in EV, wt DUX4, or DUX4-IGH REH cells. Bar plots show means + SD of three independent biological
replicates (n = 3). One-way ANOVA with multiple comparisons. **P < 0.01; ***P < 0.001; ****P < 0.0001. (B) CUT&Tag profile plot of DUX4-IGH on its direct targets in REH
DUX4-IGH cells treated with dimethyl sulfoxide (DMSO) (teal) or SAHA (blue). Wilcoxon rank sum test to compare the DUX4-IGH signal between DMSO and SAHA. (C)
Adhesion (left) and migration (right) performed in REH DUX4-IGH (teal) or NALM6 (blue) cells treated with DMSO or SAHA. Bar plots show means + SD of three inde-
pendent biological replicates (n = 3). Student's t test. *P < 0.05; **P < 0.01; ****P < 0.0001. (D) Real-time tumor spheroid quantification in REH DUX4-IGH cells after DMSO
or SAHA treatment. Curves show means + SD of six biological replicates (n = 6). Two-way ANOVA with Bonferroni's correction to compare curves at the 45-hour time point.
***¥P < 0.0001. (E) Proliferation of control REH cells expressing EV (left) or DUX4-IGH (right) treated with DMSO or SAHA. Curves show means + SD of three biological
replicates (n = 3). One-way ANOVA. *P < 0.05. (F) Apoptosis in REH cells expressing EV or DUX4-IGH, and NALM6 cells treated with DMSO or SAHA. Bar plots show means +
SD of three independent biological replicates (n = 3). Student’s t test. ****P < 0.0001. (G) Leukemia expansion in peripheral blood of NSG mice at 7 and 14 days after
NALM6-Lucia transplantation. Bar plots show means + SD signal of DMSO- or SAHA-treated mice (n = 8). Two-way ANOVA. **P < 0.01. (H) Kaplan-Meier survival analysis of
the above mice. *P < 0.05. See also fig. S5.
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redirects DUX4-r toward the binding and activation of targets in-
volved in leukemogenesis.

We found that wt DUX4 and DUX4-r bind to and activate highly
different gene sets, although they share the same DNA binding
domain and recognize the same DNA consensus. Our results
differ from those of a previous study (9), which reported a large
overlap between wt DUX4 and DUX4-r genomic targets. Those
authors performed ChIP-seq only for DUX4-IGH in NALM6
cells and compared their results to a previously published ChIP-
seq dataset of wt DUX4 performed by others in induced pluripotent
stem cells (9). To perform a side-by-side comparison and enrich for
primary targets, we instead used REH cells lacking endogenous wt
DUX4/DUX4-r expression, induced wt DUX4/DUX4-r at levels
comparable to those of DUX4-r B-ALL patients and performed
CUT&Tag early upon DUX4/DUX4-r induction. The technical dif-
ferences between the previously published and our study are prob-
ably responsible for the different results.

While wt DUX4 shows essentially the same transcriptional activ-
ity in every cell type that we and others have tested (10-12, 21, 23,
24, 42, 43), we found that the activity of DUX4-r is intimately linked
to GTF2I cellular availability. In DUX4-r B-ALL patients, the mag-
nitude of activation of the DUX4-r signature positively correlates
with GTF2I expression levels. At the genomic level, DUX4-r enrich-
ment at its targets is significantly higher in REH compared to HEK
cells, in line with GTF2I expression levels. Also, GTF2I down-reg-
ulation leads to significantly lower DUX4-r chromatin association
and target activation. Similarly, in HEK cells, which express relative-
ly low GTF2I endogenous levels, DUX4-r displays negligent chro-
matin association genome-wide. Notably, ectopic GTF2I expression
in HEK cells is sufficient to drive DUX4-r recruitment selectively to
its target genes. It thus is tempting to speculate that the DNA
binding activity of DUX4-r is not solely determined by its DNA
binding domain, but that it relies on GTF2I for target gene
definition.

In REH cells, we found that GTF2I is already associated with
DUX4-r targets in its absence. Hence, GTF2I pre-marking in the
vicinity of DUX4 binding sites could contribute to DUX4-r target
gene definition. Our results suggest that also GTF2I is affected by
DUX4-r. GTF2I enrichment at DUX4-r targets is significantly en-
hanced upon DUX4-r expression. While the precise mechanism at
the basis of the apparent synergy between DUX4-r and GTF2I
remains to be determined, it is tempting to speculate that DUX4-r
binding tethers GTF2I to target loci and/or that the two factors sta-
bilize each other chromatin association.

Previous work reported that treatment with the HDAC inhibitor
SAHA down-regulates GTF2I expression (41). We confirmed and
extended this result by showing that SAHA treatment in the nano-
molar range is sufficient to down-regulate GTF2I at both mRNA
and protein levels. Notably, SAHA blocks the activation of
DUX4-IGH targets and the downstream phenotypic effects as effec-
tively as direct GTF2I or DUX4-r knockdown. We found that
DUX4-r confers SAHA sensitivity to expressing leukemia cells in
line with the possibility that DUX4-r B-ALL cells are addicted to
the DUX4-r/GTF2I circuit.

Despite that our results provide a rationale for the development
of a pharmacological treatment for DUX4-r B-ALL, GTF2I target-
ing was not completely “curative.” Future studies are required to es-
tablish if interfering with GTF2I is not enough to completely block
DUX4-r leukemic progression or if negative selection against cells
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with a strong decrease in GTF2I expression was responsible for the
partial in vivo efficacy of GTF2I targeting.

While SAHA is already approved for the treatment of cutaneous
T cell lymphoma (44) and is in a clinical trial for several other types
of cancers (45, 46), further studies concerning the molecular mech-
anisms of GTF2I down-regulation by SAHA could identify addi-
tional targets to develop therapeutic strategies personalized to
DUX4-r B-ALL. Overall, our findings indicate that DUX4-r ac-
quires a neomorphic oncogenic activity depending on GTF2I that
can be targeted for therapeutic purposes in B-ALL.

MATERIALS AND METHODS

Plasmids and cloning

Lentiviral vectors encoding inducible, N-terminally tagged DUX4,
DUX4-IGH, and DUX4-del50 were generated using Gateway tech-
nology (Invitrogen) starting from the destination vector pPCW57.1,a
gift from D. Root (Addgene, plasmid #41393; http://n2t.net/
addgene:41393; RRID:Addgene_41393). The N-terminal Twin-
Strep-2xHA (Strep-HA) double affinity tag was recovered by PCR
(table S5) from pCDNAS5/FRT/TO STREP-HA vector, kindly pro-
vided by G. Superti-Furga (CeMM Research Center for Molecular
Medicine of the Austrian Academy of Sciences, 1090 Vienna,
Austria), and inserted in the EcoRI site of pCW57.1 generating
the pCW57.1 Strep-HA vector, which was subsequently used as
an EV control. Codon-altered DUX4 open reading frame (ORF)
was recovered by PCR (table S5) from pCW57.1-DUX4-CA, a gift
from S. Tapscott (Addgene, plasmid #99281; http://n2t.net/
addgene:99281; RRID:Addgene_99281). DUX4-IGH ORF was re-
covered by PCR (table S5) from pMXs-DUX4-IGH JALSG-003, a
gift of H. Mano (5), using the same 5 primer but different 3’
ones (table S5). Wt DUX4 ORF was recovered by PCR (table S5)
from pCS2-mkgDUX4, a gift from S. Tapscott (Addgene, plasmid
#21156; http://n2t.net/addgene:21156; RRID:Addgene_21156).
Primers were designed to carry attB1/2 recombination sites. The
DUX4-del50 construct was generated through site-directed muta-
genesis starting from the wt DUX4 construct, by introducing a pre-
mature stop codon 150-base pair (bp) upstream of the DUX4 wt
stop codon.

The shRNA vector targeting DUX4-r was generated by the Gene-
Script gene synthesis service by introducing it into pLKO.1-hPGK-
Puro lentiviral vector, a gift from B. Weinberg (Addgene, plasmid
#8453; http://n2t.net/addgene:8453; RRID:Addgene_8453), the
shDUX4-r sequence described in (14). The nontarget shRNA
control plasmid pLKO.1-hPGK-Puro shCTRL vector was obtained
from Sigma-Aldrich (catalog no. SHC016). The GTF2I mammalian
expression vector was a gift from A. Roy (Addgene, plasmid #22148;
http://n2t.net/addgene:22148; RRID:Addgene_22148). The lentivi-
ral vector encoding for the constitutively expressed GFP reporter
was a gift from E. Campeau and P. Kaufman (Addgene, plasmid
#17447; http://n2t.net/addgene:17447; RRID:Addgene_17447).
The constitutive ShRNA vectors targeting GTF2I (pLV[shRNA]-
EGFP:T2A:Neo-U6 > hGTF2I[shRNA#1]) and control
(pLV[shRNA]-EGFP:T2A:Neo-U6 > Scramble_shRNA#1) were
sourced from VectorBuilder.

Lentivirus production
Preparation of lentiviral particles was performed by calcium phos-
phate cotransfection of HEK293T cells with the lentiviral vector of
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interest in combination with a pCMV-VSV-G lentiviral envelop, a
gift from B. Weinberg (Addgene, plasmid #8454; http://n2t.net/
addgene:8454; RRID:Addgene_8454), and the pCMV-dR8.2-dvpr
lentiviral packaging plasmids, a gift from B. Weinberg (Addgene,
plasmid #8455; http://n2t.net/addgene:8455; RRID:Addg-
ene_8455). For each transfection, 9 x 10° HEK293T cells were
plated 18 hours before transfection. Culture medium was replaced
with a fresh Iscove’s modified Dulbecco’s medium (IMDM)
medium (Lonza-LOBE12726F), supplemented with 10% FBS
(Gibco-10270106), or tetracycline-negative FBS when transfecting
inducible constructs, 5 mM r-glutamine, and 1% penicillin/strepto-
mycin antibiotic cocktail (P/S), 2 hours before transfection. Respec-
tively, 32,9, and 12.5 pg of lentiviral, VSV-G, and packaging vectors
were diluted in 0.06x tris-EDTA and brought to a final volume of
1125 ml. Ice-cold CaCl, (125 ul) was added and the mix was allowed
to incubate at room temperature (RT) for 10 min, following the
dropwise addition of 1250 ml of in-house—prepared 2x Hanks' ba-
lanced salt solution while vortexing the mix at full speed. The trans-
fection mix (2.5 ml) was gently added dropwise to HEK293T cells.
After 16 hours, the medium was replaced with a fresh IMDM
medium, and cells were incubated for 30 hours before collection
of the viral supernatant. Medium was then replaced and, after 24
hours of further incubation, a second round of virus collection
was performed. Viral collections were then pooled and ultracentri-
fuged at 20,000¢ for 2 hours at 4°C. Viral particles were then resus-
pended in 75 pl of Opti-MEM (Thermo Fisher Scientific, 31985-
047) for each tube and stored at —80°C.

Cell culture, transfection, and transduction

REH (DSMZ-ACC22), NALM6 (DSMZ-ACCI128), and JURKAT
(DSMZ-ACC282) cells were maintained in RPMI 1640 (Euro-
clone-ECM2001L) medium supplemented with 20, 10, and 10% tet-
racycline-negative FBS (Euroclone, ECS0182L), respectively, and
1% P/S. HEK293 [American Type Culture Collection (ATCC),
crl1573], HEK293T (ATCC, crl3216), and HS-5 (ATCC, crl11882)
cells were maintained in Dulbecco's modified Eagle's medium sup-
plemented with 10% FBS and 1% P/S.

Transient transfection experiments were performed in six-well
plates using Lipofectamine LTX&PLUS reagent (Invitrogen,
15338-100) according to the manufacturer’s instructions. Wt
DUX4, DUX4-IGH, and GTF2I-encoding and EV control plasmids
were transfected into HEK cells using 2 pg of inducible EV, wt
DUX4, or DUX4-IGH vectors and 250 ng of EV or GTF2I vectors
plus 750 ng of control vector to balance the transfection reaction.
After approximately 18 hours from transfection, Dox (1 pug/ml;
Sigma-Aldrich, D9891-10G) was added to a final concentration of
1 ug/ml. RNA was collected 8 hours after Dox induction.

Transduction of suspension cells was performed by using 1 x 10°
cells in 1 ml of RPMI 1640 medium containing polybrene (8 pg/ml;
Sigma-Aldrich, TR-1003-G) and 100 pl of viral particles by spino-
culation to increase transduction efficiency. Spinoculation was per-
formed at 1290g, for 1.30 hours at 34°C, and cells were returned to
the cell culture incubator for 48 hours before changing the medium.

Inducible REH cells were generated by transduction with
pCW57.1 Strep-HA (EV), pCW57.1 Strep-HA codon-optimized
DUX4 (wt DUX4), pCW57.1 Strep-HA DUX4-IGH (DUX4-
IGH), or pCW57.1 Strep-HA DUX4-del50 (DUX4-del50) lentivi-
ruses as described above, followed by selection with puromycin
(0.25 pg/pl; Thermo Fisher Scientific, A1113803) for 2 weeks.
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Then, cells were maintained at puromycin (0.1 pg/pl). Versions of
these cells constitutively expressing GFP were generated by trans-
duction with the pCMV-GFP-Neo lentivirus and selected with
G418 sodium salt (500 pg/ml; Sigma-Aldrich, A1720-5G) dissolved
in water for 1 month. Then, cells were maintained at G418 (100 pg/
ml) and puromycin (0.1 pg/ml).

NALMBG cells expressing sShCTRL or shDUX4-r were generated
by transduction with pLKO.1-hPGK-Puro lentiviruses described
above. Versions of these cells constitutively expressing GFP were
generated by transduction with the pCMV-GFP-Neo lentivirus
as above.

Inducible REH, NALM6, or NALM6 LUCIA cells expressing
shCTRL or shGTF2I were generated by transduction with
pLV[shRNA]-EGFP:T2A:Neo-U6 lentiviruses described above.
Cells were selected with G418 sodium salt (500 pg/ml) for 1 month.

RNA extraction and RT-qPCR

For >2 x 10° cells, total RN'A was extracted using the PureLink RNA
Mini Kit (Life Technologies, 12183025), following the manufactur-
er's instructions. For processing fewer cells, total RNA was extracted
using the NucleoSpin RNA XS kit (Macherey-Nagel-FC140955N),
following the manufacturer’s instructions. Reverse transcription
was performed with SuperScript IIT First-Strand Synthesis Super-
Mix (Life Technologies, 11752-250), following the manufacturer’s
instructions. As input, 1 ug of DNA-free RNA was used, or the
same amount of RNA for each sample in case of less abundant
samples. Quantitative real-time PCR was performed with the iTaq
Universal SYBR Green Supermix (Bio-Rad, 1725122), using 5 or 3
ul of a 1:10 dilution of cDNA and 0.4 or 0.2 uM concentration of
primers in the 96- or 384-well PCR plates, respectively. The real-
time PCR program used was 10 min at 95°C, 30 s at 95°C, 30 s at
58°C, 30 s at 72°C, repeated 39 times, 5 s at 65°C, and 30 s at 65°C to
terminate the reaction. To evaluate the effect on gene expression,
inducible REH cells or NALM6 cells were treated with DMSO or
50 nM SAHA dissolved in 100% DMSO for 12 hours before induc-
tion of transgenes (EV, wt DUX4, and DUX4-IGH) in REH cells
and additional 12 hours during transgene induction. RNA was col-
lected after a total of 24-hour SAHA treatment and 12-hour trans-
gene induction.

Protein extraction and immunoblotting
Total proteins were extracted either via direct lysis by the addition of
50 pl of 2x Laemmli buffer (Bio-Rad, #1610747) to ~10° cells fol-
lowed by boiling for 10 min at 95°C. Alternatively, protein extracts
were performed in radioimmunoprecipitation assay (RIPA) buffer
[25 mM tris-HCI (pH 8), 150 mM NaCl, 10 mM NaF, 20 mM
Na3VO04, 0.1% SDS, and 1% NP-40) by incubation for 10 min in
ice, followed by centrifugation of the extract at 16,000g, for 10
min at 4°C, and the supernatant containing proteins was collected.
RIPA-extracted proteins were quantified with the Protein Assay Dye
Reagent Concentrate (Bio-Rad, 5000006) using gamma-globin (1
pg/ul) as a standard. Absorbance was read at 595 nm using a spec-
trophotometer. For immunoblotting analyses of REH, HEK, and
Jurkat cells, 1 pl of whole cell extract was diluted to 10 pl with 1x
Laemmli buffer. For the other immunoblotting analyses, 15 pg of
proteins was diluted in 4x Laemmli buffer to a concentration of
1x and boiled for 5" at 95°C.

For immunoblotting analysis of tandem affinity purification ma-
terial, 5, 5, and 10% fractions of input, first elution, and second
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elution were loaded, respectively. For immunoblotting analysis of
HEK cells supplemented with EV or GTF2I, cells were transfected
as indicated in the “Cell culture, transfection, and transduction”
section of Materials and Methods, and proteins were extracted via
direct lysis. Standard SDS—polyacrylamide gel electrophoresis was
performed at 10% polyacrylamide concentration, followed by wet-
transferred onto a 0.45-pm nitrocellulose membrane using an 80%
tris-HCl and 10% methanol solution for 1 hour and 30 min. Mem-
branes were stained with Ponceau solution, and then incubated with
a 5% milk-blocking solution in tris-buffered saline supplemented
with 0.1% Tween 20 for >1 hour. Primary Abs (table S6) were incu-
bated overnight (O.N.), oscillating at 4°C, and secondary, horserad-
ish peroxidase—conjugated Abs were incubated for 1 hour at RT.
The SuperSignal West Pico PLUS Chemiluminescent Substrate
(Life Technologies, 34580) was used for the visualization of
proteins.

Apoptosis assay

Apoptosis was measured through Caspase-Glo 3/7 luminescent
assay (Promega, #G8090), following the manufacturer’s instruc-
tions. Luminescence was quantified by Wallac 1420 multilabel
Victor3 microplate reader (PerkinElmer). In inducible REH cells,
assays were performed 24 hours after Dox administration. In
shCTRL/shGTF2I NALMS6 cells, assays were performed 72 hours
after lentiviral infection. In shCTRL/shGTF2I REH DUX4-IGH
cells, Dox was added 48 hours after lentiviral transduction, and ap-
optosis was measured 24 hours after Dox administration. For SAHA
treatment, NALMG6 cells were treated with 1 uM of SAHA (dissolved
in 100% DMSQO) or DMSQ, as a control, for 72 hours before mea-
surement of apoptosis. For inducible REH cells, 1 uM of SAHA or
DMSO was administered at the start of the experiment, while Dox
was supplemented 24 hours after the start of the experiment. Apo-
ptosis was measured after 72 hours of SAHA treatment.

Cell-stroma adhesion assay

HS-5 cells were maintained in a fully supplemented RPMI 1640
medium for at least 72 hours before starting the experiment.
Next, 250,000 HS-5 cells were plated into a 12-well plate 8 to 12
hours before coculturing with 100,000 REH-GFP or NALM6-GFP
cells for 18 hours. Cells were then washed twice with phosphate-
buffered saline (PBS). Subsequently, adhering cells were recovered
with trypsin, washed, resuspended in PBS, and analyzed by fluores-
cence-activated cell sorting (FACS) for the percentage GFP-express-
ing cells.

To evaluate adhesion in knockdown cells, NALM6-GEFP cells or
GFP" (GFP-positive)-inducible REH cells were transduced with
shCTRL, shDUX4-r, or shGTF2I lentiviral particles 48 hours
before the start of the experiment.

To evaluate adhesion in SAHA-treated cells, NALM6-GFP cells
or GFP"-inducible REH cells were treated with DMSO or 1 uM
SAHA dissolved in 100% DMSO before coculture with HS-5 cells.
At the same time, GFP" REH cells were supplemented with 1 pg of
Dox to induce DUX4-IGH expression.

Transwell migration assay

HS-5 cells were maintained in a fully supplemented RPMI 1640
medium for at least 72 hours before starting the experiment. A
total of 100,000 HS-5 cells were plated into the bottom compart-
ment of a 24-Transwell plate (Corning, CLS3399) 18 to 24 hours
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before the start of the coculture. Once HS-5 cells were fully attached
and well-elongated, 50,000 inducible REH-GFP cells, shCTRL or
shDUX4-r NALM6-GFP, shCTRL or shGTF2I inducible REH-
GFP, were seeded in the upper compartment and Dox or vehicle
(H,O) was added. After 16- to 18-hour incubation, cells in the
bottom compartment were trypsinized and the amount of GFP*
cells that had migrated from the upper compartment was deter-
mined by flow cytometry.

To evaluate migration in SAHA-treated cells, NALM6-GFP cells
or GFP"-inducible REH cells were treated with DMSO or 1 pM
SAHA dissolved in 100% DMSO before incubation in the transwell
upper compartment. At the same time, GFP" REH cells were sup-
plemented with 1 pg of Dox to induce DUX4-IGH expression.

Cell proliferation assay

A total of 200,000 inducible REH or NALMS cells were seeded in 2
ml of RPMI 1640 medium supplemented with 5% of FBS in a six-
well plate to get a final concentration of cells of 100,000/ml. Trans-
genes were induced with Dox (1 pg/ml; for inducible REH cells) and
cell proliferation was measured by automatic cell counting (Bio-
Rad, TC20-1450102) every 48 hours, accompanied by replacement
of the medium with fresh Dox for up to 7 days.

Live-cell spheroid assay

A total of 40,000 inducible REH cells were seeded in 800 pl (50,000/
ml) of RPMI 1640 medium containing 5% of FBS and Dox (1 ug/
ml) into a 48-well plate (Costar, #3548). Cells were then incubated
for 72 hours in the Incucyte Live-Cell Analysis Systems (Sartorius)
for real-time analysis of cellular aggregation into spheroids. Cluster-
ing analysis was performed according to the Incucyte Handbook,
Chapter 5a, "Kinetic Assays for Immune Cell Activation and Prolif-
eration”. Label-free, phase-contrast imaging was used to detect
morphological differences between cells expressing different
DUX4 variants. Quantification of the average spheroid area was cal-
culated using the following parameters: Analysis of Phase Area
Object Average normalized to TO, cell/background ratio: —1, fill
holes: —5.

RNA sequencing

Total RNA was extracted as described above from ~3 x 10° inducible
REH cells per sample, after 12 hours of Dox induction in 2 ml (1.5 x
10%/ml) of a fully supplemented RPMI 1640 medium. RNA concen-
tration, purity, and integrity were determined through the BioAna-
lyzer 2100 system. All samples used for RNA-seq library preparation
showed an RNA integrity number greater than 9. RNA-seq libraries
were generated from biological quadruplicates using the TruSeq
Stranded mRNA library prep kit, using 100 ng of total RNA as
input. Libraries were run with a NovaSeq 6000 instrument and se-
quenced in single-end generating 75-bp reads, for a total number of
50 million clusters per sample.

Transcriptomic analyses

Sequencing adapters were removed using Trimmomatic (v0.39)
(47) and fastq files were then aligned to the human genome assem-
bly GRCh38 (hg38) using the STAR aligner (v2.5.3a) (48). Annota-
tion of genomic features was performed using the featureCounts
tool (v1.6.4) (49), using the GENCODE v31 gene transfer format
(GTF). DGE analysis was carried out with DeSeq2 (v1.3) package
(Bioconductor) (50).
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To generate lists of DUX4, DUX4-IGH, and DUX4-del50 up-
and down-regulated genes, DGEs showing Log,FC > 1 or Log,FC
< —1 for each condition have been compared with their relative ex-
pression levels [reads per kilobase per million mapped reads
(RPKM)] in the given condition. Only genes with RPKM > 0.5
were used for further analyses.

GSEA was performed using the GSeABase software (1.57.0)
package (Bioconductor) (51), using the Canonical Pathways, Gene
Ontology, from the Molecular Signatures Database MSigDB
(v7.5.1) (52) and setting a false discovery rate (FDR) value to
0.05. To check the expression of DUX4/DUX4-IGH direct tran-
scriptional targets in EV control cells, direct target lists have been
compared with the list of genes expressed in EV REH cells with
RPKM > 0.5. To test the percentage of surface proteins activated
by DUX4-IGH, the list of direct DUX4-IGH transcriptional
targets has been compared with the list of surface proteins identified
by Bausch-Fluck et al. (53).

CUT&Tag

Starting from >5 x 10® REH/HEK cells induced with Dox for 12
hours, nuclei from two independent replicates were prepared by re-
suspending cells in NE1 buffer [20 mM Hepes-KOH (pH 7.9), 10
mM KCl, 0.5 mM spermidine, and 1% Triton X-100] at a cellular
density of 10° cells/ml, followed by 10-min incubation in ice.
Samples were spun for 4 min at 600g at 4°C and the nuclear pellet
was resuspended in 1 volume (V) of PBS. A light cross-linking was
performed by adding formaldehyde to 0.1% final concentration for
2 min, followed by quenching with a double molar concentration of
glycine. Nuclei were spun and resuspended in %2 V of wash buffer
150 [20 mM Hepes-KOH (pH 7.9), 150 mM NacCl, and 0.5 mM
spermidine]. Nuclei were then manually counted using the trypan
blue exclusion assay, as described (27). For each CUT&Tag assay
against different DUX4 versions and GTF2I, 100,000 nuclei were
immobilized to 4 pl of Concanavalin A-conjugated beads (ConA-
EpiCypher-21-1401) for 10 min at RT. For each CUT&Tag against
H3K27Ac, 50,000 nuclei were immobilized to 4 pl of Concanavalin
A for 10 min at RT.

The primary (first) Ab was diluted 1:100 in Ab buffer [0 mM
Hepes-KOH (pH 7.9), 150 mM NacCl, 0.5 mM spermidine, BSA
(bovine serum albumin; 0.5 mg/ml), and 0.4 mM EDTA (pH7.5)]
and incubated with the ConA-bound nuclei ON at 4°C while rotat-
ing. The following day, ConA-nuclei-1stAb were spun 100g, 1 s, the
supernatant was removed, nuclei were resuspended in 100 ul of
wash buffer 150 and incubated with a secondary Ab (second)
diluted 1:100 in wash buffer 150 for 1 hour at RT. After removal
of the second Ab, nuclei were washed once with 200 pl of wash
buffer 150 and incubated with the protein AG-conjugated transpo-
sase (pAG-Tn5, EpiCypher, #23615-1117) preloaded with sequenc-
ing adapters, diluted 1:20 in wash buffer 300 [20 mM Hepes-KOH
(pH 7.9), 300 mM NaCl, and 0.5 mM spermidine] for 1 hour at RT.
Nuclei were then washed twice in wash buffer 300 and a tagmenta-
tion reaction was performed by the addition of 10 mM MgCI2 fol-
lowing incubation at 37°C for 1 hour. After a wash with TAPS buffer
(10 mM TAPS in H,0), tagmented DNA was released by the addi-
tion of 5 pl 0.1% SDS release buffer (0.1% SDS and 10 mM TAPS in
H,0) following incubation at 58°C for 1 hour. Then, 15 ul of 0.67%
Triton X-100 was added to allow PCR for library preparation. For
the library prep, 2 pl of 10 uM i5 universal adapter primer (Nextera)
and 2 ul of 10 uM i7 uniquely barcoded adapter primers were added
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to released, tagmented DNA, followed by the addition of 25 pl of the
Q5 High-Fidelity 2X Master Mix (New England Biolabs, M0492L).

PCR was performed as follows: cycle 1: 72°C for 5 min (gap-
filling); cycle 2: 98°C for 30 s, cycle 3: 98°C for 10 s; cycle 4: 63°C
for 10 s, 72°C for 1 min and hold at 8°C. For H3K27Ac CUT&Tag
and CUTAC, we repeat cycles 3 and 4 13 times; for CUT&Tag
against different DUX4 versions and GTF2I, we repeat cycles 3
and 4 19 times. Amplified DNA was then recovered through size
exclusion purification by addition of 1.3 V of AMPureXP magnetic
beads (Beckman, A63881), followed by two washes in 80% ethanol
and elution in 22 yul of 10 mM tris-HCI (pH 8). Quantification and
average fragment size of libraries were performed via the 4200 Ta-
peStation system (Agilent), using the D5000 high sensitivity kit
(Agilent 5067-5592/5067-5593). The average library fragment size
(450 bp) was selected for library quantification. A 5 nM pool of
the libraries was then run with the NovaSeq instrument and se-
quenced in paired-end (PE), generating 2x 150-bp reads. A total
of 4 million to 10 million reads per sample for H3K27Ac
CUT&Tag and CUTAC and at least 10 million reads per sample
for TF (DUX4/DUX4-r/GTF2I) were obtained.

CUTAC
Starting from >5 X 10° REH cells induced with Dox for 12 hours,
nuclei from two independent replicates were prepared by resus-
pending cells in NEI buffer [20 mM Hepes-KOH (pH 7.9), 10
mM KCIl, 0.5 mM spermidine, and 1% Triton X-100] at a cellular
density of 10° cells/ml, followed by 10-min incubation in ice.
Samples were spun for 4 min at 600g at 4°C and the nuclear pellet
was resuspended in 1 volume (V) of PBS. Nuclei were then manu-
ally counted using the trypan blue exclusion assay, as previously de-
scribed (27). For each CUTAC assay, 50,000 nuclei were
immobilized to 4 pl of Concanavalin A-conjugated for 10 min at RT.

The primary (first) Ab targeting Phospho_Rbp1 CTD (Ser’) was
diluted 1:100 in Ab buffer [20 mM Hepes-KOH (pH 7.9), 150 mM
NaCl, 0.5 mM spermidine, BSA (0.5 mg/ml), and 0.4 mM EDTA
(pH 7.5)] and incubated with the ConA-bound nuclei ON at 4°C
while rotating. The following day, ConA-nuclei-1stAb were spun
100g, 1 s, the supernatant was removed, and nuclei were resuspend-
ed in 100 ul of wash buffer 150 and incubated with a secondary Ab
(second) diluted 1:100 in wash buffer 150 for 1 hour at RT. After
removal of the second Ab, nuclei were washed once with 200 pl of
wash buffer 150 and incubated with the protein AG—conjugated
transposase (pAG-Tn5, EpiCypher, #23615-1117) preloaded with
sequencing adapters, diluted 1:40 in wash buffer 300 [20 mM
Hepes-KOH (pH 7.9), 300 mM NaCl, and 0.5 mM spermidine]
for 1 hour at RT. Fifty microliters of prewarmed CUTAC buffer
(5 mM MgCI2 and 10 mM TAPS) was added to each tube followed
by incubation at 37°C for 20 min. After a wash with TAPS buffer (10
mM TAPS in H,0), tagmented DNA was released by the addition of
5 1l 0.1% SDS release buffer (0.1% SDS and 10 mM TAPS in H,O)
following incubation at 58°C for 1 hour. Then, 15 ul 0of 0.67% Triton
X-100 was added to allow PCR for library preparation. For the
library prep, 2 pl of 10 uM i5 universal adapter primer (Nextera)
and 2 yl of 10 uM i7 uniquely barcoded adapter primers were
added to released, tagmented DNA, followed by the addition of
25 ul of the Q5 High-Fidelity 2X Master Mix (New England
Biolabs, M0492L).

PCR was performed as follows: cycle 1: 72°C for 5 mini (gap-
filling); cycle 2: 98°C for 30 s, cycle 3: 98°C for 10 s; cycle 4: 63°C
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for 10 s, 72°C for 1 min and hold at 8°C. We repeat cycles 3 to 4 13
times. Amplified DNA was then recovered through size exclusion
purification by the addition of 1.3 V of AMPureXP magnetic
beads (Beckman, A63881), followed by two washes in 80%
ethanol and elution in 22 pl of 10 mM tris-HCI (pH 8). Quantifica-
tion of the average fragment size of libraries was performed via the
4200 TapeStation system (Agilent), using the D5000 high sensitivity
kit (Agilent, 5067-5592/5067-5593). The average library fragment
size (175 to 650 bp) was selected for library quantification. A 5
nM pool of the libraries was then run with the NovaSeq instrument
and sequenced in PE, generating 2x 150-bp reads.

CUT&Tag and CUTAC analyses

Sequencing adapters were removed via Cutadapt (v4.1) and then
trimmed fastq files were aligned with Bowtie2 (v2.2.1) (54) to the
human genome assembly GRCh38 (hg38) from Genome Reference
Consortium, using the following parameters: --local --very-sensi-
tive --no-mixed --no-discordant --phred33 -I 10 -X 700. Bam files
containing uniquely mapped reads were created using SAMtools
v1.15.1 (55).

CUT&Tag signals were called on using MACS (v2.2.7.1) (56) as
normalized to immunoglobulin G (IgG) control signal, using the
following settings: FDR cutoff of 1 x10~>, BAMPE format, keep
all duplicates.

The MACS --bdg setting was used to generate IgG control scaled,
normalized bigwig files, which were used to visualize normalized
binding signals. The same bigwig files were also used to generate
profile plots using deepTools plotprofile (v3.5.0) (57).

Genes proximal to peaks were annotated against the hg38
genome using annotatePeaks.pl from HOMER v4 (58). DUX4,
DUX4-IGH, and DUX4-del50 binding motifs were identified
using findMotifsGenome.pl from HOMER v4, using standard
parameters.

To identify regions associated by GTF2I both in REH and HEK
cells, intersectBed from the BEDtools suite was used with default
parameters.

DUX4 and DUX4-IGH direct targets lists were generated as
follows: nonredundant, annotated genes associated with DUX4 or
DUX4-IGH peaks were crossed with Log,FC > 1 and RPKM > 0.5
DGE:s in the respective lists. Only genes present in both peaks and
DGEs lists were considered as DUX4 or DUX4-IGH direct
target genes.

To assess the difference between genomics signals (coverage) for
selected regions sets (wt DUX4 or DUX4-IGH direct targets), per-
bin corrected Wilcoxon rank sum tests were performed using the
dsCompareCurves tool from deepStats (v0.4) (59).

To analyze genome-wide GTF2I DNA association in REH cells
expressing EV or DUX4-IGH, reads per genome coverage (RPGC)
normalized counts were generated using the deepTools bamCover-
age function with standard parameters. Coverage files were then
used as input for the deepTools plotHeatmap function and were
plotted against the human reference genome GENCODE v43. To
analyze DUX4-IGH association to chromatin in HEK cells in the
presence/absence of GTF2I, RPGC-normalized counts of DUX4-
IGH CUT&Tag in HEK + EV and HEK + GTF2I, as well as
RPGC-normalized counts of IgG control CUT&Tag were generated
using the deepTools bamCoverage function with standard parame-
ters. The generated coverage files were then used as input for the
deepTools plotHeatmap function and were plotted against the
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human reference genome GENCODE v43. Furthermore, to gener-
ate boxplots of normalized counts signals, the generated coverage
files were used as input for the multiBigWigSummary function of
deepTools.

Tandem affinity purification

Tandem affinity purification from REH cells was performed 12
hours after Dox induction. A total of 2.5 x 10 cells were resuspend-
ed in 20 ml of buffer N [10 mM Hepes-KOH (pH 7.9), 300 mM
sucrose, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1 mM di-
thiothreitol (DTT), 0.75 mM spermidine, 0.15 mM spermine,
0.1% NP-40, and 50 mM NaF] and incubated in ice for 10 min to
isolate intact nuclei. After one wash in the same volume of buffer N,
nuclei were resuspended in the same volume of high-salt nuclear
extraction buffer C420 [20 mM Hepes-KOH (pH 7.9), 420 mM
NaCl, 25% glycerol, 1 mM EGTA, and 0.1 mM DTT, and 50 mM
NaF] and vigorously shaken in a thermomixer at 1400 rpm for 30
min at 4°C to extract nuclear proteins. Samples were then centri-
fuged at 16,000¢ for 10 min at 4°C, and the supernatant, which con-
tains nuclear proteins, was collected. Nuclear extracts were then
adjusted to 150 mM salt by addition of Hepes buffer [20 mM
Hepes-KOH (pH7.9) and 50 mM NaF] and incubated at 4°C
while rotating with avidin (1 pg/ml; IBA, #2-0204-015) to chelate
biotinylated proteins, and benzonase nuclease (20 U/ml; Sigma
Aldrich, E8263-5KU) and ribonuclease (RNase) A (50 ng/ml;
Thermo Fisher Scientific, EN0531) to remove any remaining
nucleic acids. After clearing at 16,000g for 10 min at 4°C, superna-
tants were precleared with 2.5 ml (bead volume) of cross-linked Se-
pharose (Sigma-Aldrich, DCL6B100) for 1 hour while rotating at
4°C. Extracts were then quantified with the Protein Assay Dye
Reagent Concentrate (Bio-Rad, #5000006) using gamma-globin (1
pg/ul) as standard. Absorbance was read at 595 nm using a spectro-
photometer. For each purification, 80 mg of precleared nuclear ex-
tracts was incubated with 2 ml (bead volume) of StrepTactin
sepharose beads (IBA, #2-1201-010), for 4 hours at 4°C while rotat-
ing. Then, three washes in TNN-HS [10 mM Hepes-KOH (pH 7.9),
150 mM NaCl, 0.1% NP-40, and 50 mM NaF] buffer were per-
formed, and beads-bound proteins were specifically eluted with
three subsequent incubations with 2 V of 2.5 mM biotin-containing
TNN-HS buffer. Next, eluted proteins were incubated with 2 ml
(bead volume) of anti-HA agarose beads (Sigma-Aldrich, A2095)
while rotating at 4°C O.N. The following day, two washes in
TNN-HS were performed, followed by two additional washes in
TNN buffer [10 mM Hepes-KOH (pH 7.9), 150 mM NacCl, and
50 mM NaF] to get rid of any leftover NP-40 detergent in the
buffer. Last, HA beads-bound proteins were eluted with elution
buffer [50 mM Hepes-KOH (pH 7.9), 150 mM NacCl, and 1%
SDS] and precipitated with acetone. For this, 4 V of ice-cold
100% acetone was added to 1 V of eluted proteins, followed by vor-
texing and incubation at —20°C for 1 hour. Samples were then cen-
trifuged at 15,000¢ for 10 min. The whole procedure was repeated
twice to get rid of all the remaining SDS. One aliquot of each protein
sample was kept for quantification via silver staining.

Mass spectrometry sample preparation

Samples were resolubilized in 50 pl of detergent-based buffer [1%
sodium deoxycholate, 10 mM tris(2-carboxyethyl)phosphine, 10
mM tris, and 40 mM chloroacetamide] with cOmplete Mini
EDTA-free protease inhibitor cocktail (Roche, 04693159001),
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sonicated for 15 cycles (30 s on, 30 s off), and heated at 95C for 10
min. Trypsin digestion (1.5 hours) and peptide cleanup were per-
formed using the S-trap system (Protifi) following the manufactur-
er's specifications. Peptides were eluted and vacuum centrifuged to
complete dryness. Purified peptides were resolubilized in 1% formic
acid (FA) to a concentration of 1 ug/pl and 1 pl was injected to
achieve a peptide load of 1 pug on a column.

Mass spectrometry data acquisition

Spectra were acquired on an Orbitrap Exploris 480 mass spectrom-
eter (Thermo Fisher Scientific) in a data-dependent fashion coupled
to an Ultimate3000 liquid chromatography system (Thermo Fisher
Scientific) and separated on a 50-cm reversed-phase column packed
in-house (Poroshell EC-C18, 2.7 um, 50 cm by 75 um; Agilent Tech-
nologies). Samples were eluted over a linear gradient ranging from 9
to 13% acetonitrile over 2 min and from 13 to 44% over 95 min, 44
to 99% acetonitrile in 3 min, followed by 99% acetonitrile for 5 min
with a flow rate of 300 nl/min. MS1 spectra had a resolving power of
60,000 at 200 mass/charge ratio (m/z) with the AGC target set to
“standard” and the maximum injection time set to “auto.” MS/MS
spectra were acquired with HCD fragmentation, an HCD collision
energy of 28%, a 1.4-m/z-wide isolation window, resolving power of
30,000 at 200 m/z, the AGC target set to standard, and the
maximum injection time set to auto.

Mass spectrometry data processing

To quantify proteins, the raw data were loaded into the MaxQuant
(60) software version 2.2.0 to search the human_proteome
20180425 (93,606 sequences; 37,037,628 residues). Searches were
performed using default settings, namely, trypsin as proteolytic
enzyme; one missed cleavage allowed; protein N-terminal acetyla-
tion. Peptides and proteins were accepted with an FDR of less than
1%. Label-free protein quantification was based on the spectral
counts considering only proteins identified with minimum of two
peptides in any tandem affinity purification. Specific interactors of
wt DUX4, DUX4-IGH, or DUX4-del50 were selected as those being
detected in all three biological replicates and showing spectral
counts (MS/MS) fold enrichment >2 with respect to the control
tandem affinity purifications. To generate protein-protein interac-
tion networks, Significance Analysis of INTeractome (SAINT v2.0)
(61) was performed using as input the list of identified wt DUX4-,
DUX4-IGH-, or DUX4-del50—specific interactors. Only proteins
showing a fold change score >1.5 and probability score (SAINT
SP) >0.9 were included in the protein-protein interaction network.

Endogenous GTF2I-DUX4-r co-IP

A total of 5 x 10" NALMSG cells were resuspended in 4 ml of buffer N
[10 mM Hepes-KOH (pH 7.9), 300 mM sucrose, 10 mM KCI, 0.1
mM EDTA, 0.1 mM EGTA, 0.1 mM DTT, 0.75 mM spermidine,
0.15 mM spermine, 0.1% NP-40, and 50 mM NaF] and incubated
on ice for 10 min to isolate intact nuclei. At this step, a 30-pl aliquot
was collected and lysed in Laemmli buffer to be used as input. The
remaining nuclei, after one wash in the same volume of buffer N,
were resuspended in the same volume of high-salt nuclear extrac-
tion buffer C420 [20 mM Hepes-KOH (pH 7.9), 420 mM NaCl,
25% glycerol, 1 mM EGTA, 0.1 mM DTT, and 50 mM NaF], and
vigorously shaken in a thermomixer at 1400 rpm for 30 min at
4°C to extract nuclear proteins. Samples were clarified by centrifu-
gation at 16,000g¢ for 10 min at 4°C, and the supernatant, which

Campolungo et al., Sci. Adv. 9, eadi3771 (2023) 15 September 2023

contains nuclear proteins, was collected. Nuclear extracts were
then adjusted to 150 mM salt by addition of Hepes buffer [20
mM Hepes-KOH (pH 7.9) and 50 mM NaF] and incubated at
4°C while rotating with benzonase (20 U/ml; Sigma-Aldrich,
E8263-5KU) and RNase A (50 ng/ml; Thermo Fisher Scientific,
ENO0531) to remove any remaining nucleic acids. After clearing at
16,000¢ for 10 min at 4°C, supernatants were precleared with 200
ul (bead volume) of cross-linked Sepharose (Sigma-Aldrich,
DCL6B100) for 1 hour while rotating at 4°C. Extracts were then
quantified with the Protein Assay Dye Reagent Concentrate (Bio-
Rad, #5000006) using gamma-globin (1 ug/pl) as standard. Absor-
bance was read at 595 nm using a spectrophotometer. Two milli-
grams of nuclear proteins was then incubated with 4 pg of anti-
DUX4 Ab (R&D Systems, MAB95351) or ChromPure Rabbit IgG
(Jackson ImmunoResearch, #011-000-003), as a negative control,
and rotated O.N. at 4°C. The following day, Protein G Dynabeads
(Invitrogen, #10004D) were blocked with three washes with 500 pl
of 0.5% BSA/PBS solution, and then 30 pul was added to each Ab-
protein complex and incubated for 3 hours, rotating at 4°C.
Samples were then washed three times by incubation with TNN-
HS [50 mM Hepes (pH 8.0), 150 mM NaCl, 5 mM EDTA, 0.5%
NP-40, 50 mM NaF, and protease inhibitors], followed by 3 min
of rotation at 4°C. Last, beads were boiled with 30 ul of 2x
Laemmli buffer at 95°C for 10 min, and centrifuged for 5 min at
1200 rpm to remove beads. Five microliters of input sample and 7
ul of either DUX4-r IP or IgG were loaded in a 10% acrylamide gel
for Western blot (WB) analysis.

In vivo studies

All mouse experiments were approved by the Institutional Animal
Care and Use Committee of San Raffaele and by the Italian Ministry
of Health (Rome, Italy). Mice were kept in a specific-pathogen-free
(SPF) facility within individually ventilated cages and were given ir-
radiated food and water ad libitum. Eight- to 10-week-old NSG
mice (Charles River Laboratories) were infused intravenously (iv)
with 250,000 shCTRL or shGTF2I NALM6-Lucia cells. After 1
week, blood was collected, and cell engraftment was evaluated by
reading the secreted luciferase using the Berthold Mithras (LB-
940) Luminometer with a read time of 10 s. Subsequently, blood
was collected every 7 days and mice were euthanized when relative
light units (r.l.u.) exceeded the threshold of 1.5 x 10° or when man-
ifesting clinical signs of suffering.

For the pharmacological treatment, NSG mice were transplanted
with 250,000 NALM6-Lucia cells. One week after transplantation,
once efficient engraftment was reached, mice were randomly split
into groups and treated intraperitoneally (ip) with either SAHA
or DMSO (50 mg/kg), as vehicle control dissolved in 2% DMSO
+ 30% PEG300 + 5% Tween 80 + ddH,0. SAHA or DMSO IP in-
jections were repeated every day, changing sides on every adminis-
tration. Animals were euthanized when r.l.u. exceeded the threshold
of 1.5 x 10° or when manifesting clinical signs of suffering.

To determine leukemia cell engraftment in BMs and spleens of
euthanized mice, cells were purified from respective compartments
as follows. To purify leukemia cells from BM, both tibias and fibulas
were harvested and crushed via mortar and pestle in 5 ml of PBS.
The resulting suspension was then passed through a 40-pm cell
strainer (Sarstedt, 833945070) to remove debris and centrifuged
for 10 min at 300g at 4°C to pellet extracted cells. Then, cell
pellets were resuspended in 1 ml of 1x red blood cell (RBC) lysis
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buffer (Life Technologies, 00433357) for 10 min and centrifuged
again to isolate leukemic cells. The final pellet was then resuspended
in 100 pl of PBS, and 5 yl of the final cell suspension was used to
evaluate cell engraftment using the Berthold Mithras Luminometer
with a read time of 10 s. The remaining cells were then pelleted for
10 min at 300g at 4°C and used as input for total RNA extraction for
subsequent RT-qPCR analysis as described above. To purify splenic
leukemia cells, harvested spleens were crushed using a 5-ml syringe
plunger in 5 ml of PBS in a 10-cm cell culture dish (Falcon, 353003).
The resulting suspension was then passed through a 40-um cell
strainer to remove debris and centrifuged for 10 min at 300g at
4°C to pellet extracted cells. Then, cell pellets were resuspended in
1 ml of 1x RBC lysis buffer (Life Technologies, 00433357) for 10
min and centrifuged again to isolate leukemic cells. The final
pellet was then resuspended in 100 pl of PBS, and 5 pl of the final
cell suspension was used to evaluate cell engraftment using the Bert-
hold Mithras Luminometer with a read time of 10 s.

Quantification and statistical analyses

Statistical analysis was performed with either GraphPad Prism 9 or
R. For RNA-seq, CUT&Tag, CUTAC, RT-PCR, WB, FACS, spher-
oid formation assay, proliferation assay, and in vivo experiments,
statistical parameters including P value, replicates, and SD are de-
tailed on the figures or annotated in the respective figure legends.

Supplementary Materials
This PDF file includes:

Figs. S1to S5

Legends for tables S1 to S6

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S6
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