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SUMMARY

Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common neuromuscular
disorders and has no cure. Due to an unknown molecular mechanism, FSHD displays overlapping
manifestations with the neurodegenerative disease amyotrophic lateral sclerosis (ALS). FSHD is
caused by aberrant gain of expression of the transcription factor double homeobox 4 (DUX4),
which triggers a pro-apoptotic transcriptional program resulting in inhibition of myogenic
differentiation and muscle wasting. Regulation of DUX4 activity is poorly known. We identify
Matrin 3 (MATR3), whose mutation causes ALS and dominant distal myopathy, as a cellular
factor controlling DUX4 expression and activity. MATR3 binds to the DUX4 DNA-binding
domain and blocks DUX4-mediated gene expression, rescuing cell viability and myogenic
differentiation of FSHD muscle cells, without affecting healthy muscle cells. Finally, we
characterize a shorter MATR3 fragment that is necessary and sufficient to directly block DUX4-
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induced toxicity to the same extent as the full-length protein. Collectively, our data suggest
MATRS3 as a candidate for developing a treatment for FSHD.

In brief

FSHD is one of the most common neuromuscular diseases and has no cure. It is caused by
aberrant DUX4 expression, which is toxic to muscle cells. Runfola et al. identify MATR3 as a
DUX4 interactor, which inhibits DUX4 expression and activity, thus opening the possibility of
future therapeutic developments.

Graphical abstract

FSHD muscle

=

Apoptosis

/\/\/\/J
FaVaVal
AN
AN

Wj’\/’\/’\

DUX4 target genes

Impaired muscle
differentiation

Rescue of cell viability

Rescue of muscle
differentiation

INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD) is one of the most prevalent
neuromuscular disorders! and leads to significant lifetime morbidity, with up to 20% of
patients requiring a wheelchair.23 Two genetic forms of FSHD have been reported. FSHD1
(MIM: 158900) accounts for 95% of the cases and is linked to the reduction in copy number
of the D4Z4 microsatellite repeat at 4935 below 10 units.3 FSHD2 (MIM: 158901) is
clinically indistinguishable from FSHD14 and is associated with mutations in some of the
genes encoding for regulators of D4Z4 epigenetic status.?
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The common molecular outcome of the genetic and/or epigenetic alterations of the FSHD
locus is chromatin relaxation and the subsequent aberrant reactivation of the double
homeobox 4 (DUX4) gene.b:” DUX4 is a transcription factor containing two homeodomains,
responsible for sequence-specific DNA binding, located at the N terminus of the protein.®
Physiologically, DUX4 contributes to genome activation during the cleavage stage of

early embryonic development.®-11 Subsequently, DUX4 expression is repressed in most
adult somatic tissues,’ including skeletal muscle. While the pathway(s) controlling DUX4
expression and activity and leading to muscular dystrophy are not fully understood, DUX4
ectopic expression in cells as well as in skeletal muscle /n vivo leads to apoptotic cell
death.12-16 |ncreased apoptosis and its dependence on DUX4 have been documented also in
FSHD muscle cells and tissues.#1517.18

Despite several pharmacological clinical trials,2-2° no therapeutic option is available for
patients with FSHD. The activation of its direct transcriptional targets is linked to DUX4-
induced muscle toxicity.12:30 Accordingly, DUX4 targets account for the majority of gene
expression alterations in FSHD.1314.16.31-42 Hence, blocking the ability of DUX4 to activate
its transcriptional targets has strong therapeutic relevance.

Here, we identified Matrin 3 (MATR3) as an endogenous modulator of DUX4 expression
and activity. MATR3 is a nuclear DNA- and RNA-binding protein, involved in regulation
of chromosomal and genome integrity, RNA metabolism, and maintenance of the nuclear
framework.43 Mutations in MATR3 have been associated with amyotrophic lateral sclerosis
(ALS), frontotemporal dementia (FTD), and distal myopathy“3; however, the molecular
mechanism underlying the role of MATR3 mutations in these pathologies remains poorly
understood. We found that MATR3 interacts directly with the DNA-binding domain of
DUX4 protein and hinders DUX4 target gene activation. Moreover, we identified a MATR3
fragment that is required and sufficient to inhibit DUX4 pathological activity in cellular
models of FSHD without affecting healthy muscle cells.

Proteomics to identify DUX4 nuclear interactors

A “guilt-by-association” approach is widely used in proteomics to characterize the
regulation and biological function of a protein based on the identification of its associated
factors. To this aim, we generated doxycycline-inducible HEK293 cells, where DUX4 was
fused to a streptavidin-binding peptide and a hemagglutinin tag (iISH-DUX4). In iSH-DUX4
cells, expression of DUX4 protein is detectable as soon as 4 h after doxycycline (dox)
administration, DUX4 target genes are upregulated by 8 h, and significant apoptosis is
detectable within 24 h of dox treatment (Figure S1), in line with previous results in human
muscle cells.** We performed tandem affinity purification (TAP) using nuclear extracts
from dox-induced control and iISH-DUX4 cells under high stringency, followed by mass
spectrometry (TAP-MS).#5-48 To avoid possible side effects due to apoptosis, we collected
the cells after just 8 h of dox treatment, the minimum time to observe induction of DUX4
targets but far from any detectable sign of cell death. We performed TAP purifications from
three independent sets of nuclear extracts, which were nuclease treated and precleared to
reduce nonspecific binding and to identify tight DUX4 interactors. Using stringent statistical
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evaluation, we identified 11 proteins that selectively associate with DUX4 (Figure 1A; Table
S1). Beside karyopherin beta 1 (KPNBL1), likely responsible for DUX4 nuclear localization,
the remaining proteins have been all involved in regulation of gene expression (Table S1).
Therefore, we investigated the role of each of the other 10 interactors on DUX4-mediated
toxicity.

MATR3 inhibits DUX4-induced toxicity in HEK293 cells

To determine whether the identified interactors have a role on DUX4-mediated cell toxicity,
we performed knockdown studies. Despite efficient knockdown (Figure 1B), depletion of
none of the 10 selected interactors showed significant effects on cell viability in absence

of DUX4 (Figure 1C). Intriguingly, silencing of MATR3 significantly increased DUX4-
induced apoptosis in HEK293 cells (Figure 1D). On the other hand, MATR3 expression
significantly protected cells from DUX4-induced apoptosis (Figure 1E). None of the other
interactors tested were able to consistently affect DUX4 toxicity (Figures 1D and 1E).

To assess the specificity of our findings, we treated HEK293 cells with the proapoptotic
drug staurosporine (STS) and evaluated the effect on cell death by MATR3 (Figure S2).
We found that MATR3 did not prevent STS-induced apoptosis (Figure S2), thus indicating
that MATR3 per se is not a general inhibitor of apoptosis. Hence, while the other DUX4
interactors here identified might be involved in different aspects of DUX4 biology, MATR3
stood out as the only factor playing a key role in modulating DUX4-induced toxicity.

MATR3 interacts with the DNA-binding domain of DUX4

MATR3 was originally identified as a major component of the nu clear matrix.*® However,
it also associates with nucleic acids through zinc-finger domains (ZFs) and RNA recognition
motifs (RRMs) and contributes to the regulation of gene expression, chromatin accessibility,
DNA repair, and RNA metabolism, via still unclear mechanism.*3 The rest of the protein
consists of two large intrinsically disordered regions.>°

To validate our findings, we initially performed semi-endogenous Strep-Tactin pull-down
experiments using nuclease-treated nuclear extracts from HEK293 cells ectopically
expressing DUX4. As shown in Figure 2A, DUX4 protein specifically interacts with the
endogenous MATR3, validating our proteomics. Intriguingly, endogenous MATR3 was
equally able to interact with a DUX4 fragment retaining just the DNA-binding domain
(DUX4 dbd) (Figure 2A), suggesting that MATR3 interacts with this region. We then
wanted to assess whether the interaction observed in HEK293 cells was conserved in FSHD
muscle cells. Since the endogenous DUX4 protein is expressed only in a minority of FSHD
myonuclei (Figure S3),51:52 co-immunoprecipitation experiments in FSHD muscle cells

are not feasible. Therefore, to investigate the interaction between the endogenous DUX4
and MATR3 proteins, we took advantage of /n situ proximity ligation assay (PLA), which
allows us to visualize protein-protein interactions at a single-cell level >3 We performed PLA
in human primary FSHD muscle cells using antibodies specific for DUX4 and MATR3.

As shown in Figures 2B, a positive PLA signal was detectable in a fraction of FSHD
myonuclei, as expected from the DUX4-expression pattern (Figure S3). Importantly, the
PLA signal disappeared upon depletion of DUX4 (Figure 2B), as well as when omitting
DUX4 and/or MATR3 antibodies, or when using antibodies for DUX4 and WDR5, a
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chromatin remodeling factor involved in the regulation of the FSHD locus® that does not
interact with DUX4, as negative controls (Figure S4). Collectively, these results demonstrate
that the endogenous DUX4 and MATR3 proteins interact in FSHD muscle cells and that
MATR3 interaction occurs with the DUX4 dbd.

MATRS3 inhibits the expression of DUX4 and DUX4 targets in FSHD muscle cells

Since DUX4’s ability to activate gene expression is linked to its toxicity,12-14.30.34,55

we analyzed the expression of DUX4 targets upon MATR3 loss- and gain-of-function in
primary FSHD muscle cells. DUX4 target genes were significantly downregulated in cells
overexpressing MATRS3 (Figure 2C). On the contrary, MATR3knockdown caused increased
expression of DUX4 targets (Figure 2D). Surprisingly, we found that the expression of the
endogenous DUX4 gene was significantly decreased by MATR3 gain of function, while
MATR3 loss of function led to a significant increase of DUX4 expression in FSHD muscle
cells (Figures 2C and 2D). MATR3 manipulation did not cause any significant alteration

in the expression of the control muscle gene Dystrophin (Figures 2C and 2D). Thus,
MATR3 delivery inhibits DUX4 expression and its transcriptional activity in a relevant
FSHD cellular model.

MATR3 rescues cell death of FSHD muscle cells

Apoptosis has been documented in FSHD muscle cells and tissues as a functional outcome
of aberrant DUX4 expression.16:35:39 Since DUX4 is expressed by a minority of FSHD
muscle cells nuclei®26 (Figure S3), only a fraction of FSHD muscle cells undergo DUX4-
induced cell death, making it difficult to monitor the efficacy of possible therapeutic
treatments. To address this issue, we took advantage of live, real-time, single-cell apoptotic
assays, which allows us to correlate apoptotic signals with high-definition phase contrast
images in an automated and unbiased manner. Importantly, we used primary FSHD muscle
cells, which have been reported to display higher than 10% DUX4-positive myonuclei,18
to help with the detection of cell death. To test the ability of MATR3 to protect from
endogenous DUX4-induced cell death, we transduced primary FSHD muscle cells from
two different FSHD donors with a control lentivirus or a lentivirus expressing MATR3
and monitored cell death over time. As shown in Figures 3A, 3B, S5A, and S5B, MATR3
delivery leads to a significant decrease of cell death with respect to control-infected FSHD
muscle cells. Conversely, MATR3knockdown in primary muscle cells from two different
FSHD donors caused a significant increase of cell death with respect to control knockdown
(Figures 3C, 3D, S5C, and S5D).

MATR3 rescues myogenic differentiation of FSHD muscle cells

DUX4 expression interferes with muscle differentiation, 3> and muscle cells from patients
with FSHD display impaired myogenesis.38>7 We wondered if MATR3, by allowing
survival of DUX4-expressing cells, can rescue the myogenic defects of FSHD muscle cells.
To test this, we transduced primary muscle cells from two different FSHD donors with
control or MATR3 lentiviruses and measured their ability to differentiate into myotubes.
As shown in Figures 3E, 3F, S5E, and S5F, MATR3 significantly rescues the myogenic
and fusion indexes of FSHD muscle cells, allowing them to produce myotubes with a
significantly increased number of myonuclei with respect to control-infected muscle cells.
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On the other hand, we scored a significant worsening of myogenic differentiation when we
silenced MATR3 in FSHD primary myotubes (Figures 3G, 3H, S5G, and S5H). Notably,
myogenesis was unaffected by MATR3 modulation in primary muscle cells from healthy
donors (Figures S6A-S6D), thus showing that the MATR3 effect on FSHD muscle cells is
DUX4 dependent.

Collectively, our results strongly indicate that MATR3 is a natural, physiological inhibitor of
DUX4, whose delivery to FSHD muscle cells prevents activation of DUX4 target genes and
induction of apoptosis and improves myogenic differentiation.

MATR3 N-terminal fragment binds directly to DUX4 dbd

To gain insights into the interaction between DUX4 and MATR3 proteins, we expressed

four MATR3 deletion mutants in HEK?293 cells (Figure 4A), we assessed their nuclear
localization (Figure S7), and we tested their effect on DUX4-mediated apoptosis in
comparison with full-length MATR3 (Figures 4B and 4C). Intriguingly, we found that an
N-terminal fragment of MATR3 devoid of any known functional domain (MATR3; »gg)

was sufficient to inhibit DUX4-induced cell death to the same extent of full-length MATR3
(Figure 4C). On the other hand, a MATR3 fragment lacking the above-mentioned N-terminal
part (MATR3289 ga7) Was unable to significantly protect from DUX4-induced apoptosis
(Figure 4C). Accordingly, MATR3, »gg interacts with DUX4 protein similarly to full-length
MATRS3, while its counterpart MATR3g9 g47 is not able to do so (Figure 4D). Notably,

by performing pull-down experiments using purified, recombinant versions of the DUX4
dbd and MATR3; ,gg (Figure S8), we found that MATR3, »gg interacts directly with the
DUX4 dbd (Figure 4E). Overall, our data indicate that the N-terminal fragment of MATR3 is
required and sufficient to directly bind to the DUX4 dbd.

MATR3 N-terminal fragment blocks DUX4 transcriptional activity in FSHD muscle cells

To test the ability of MATR3; ,gg to impair DUX4 transcriptional activity, we transduced
primary muscle cells isolated from two independent patients with FSHD with lentiviruses
carrying either MATR3, zggor a control lentivirus and evaluated the expression of DUX4
target genes. As shown in Figures 5A and S9A, MATR3,; ,gg significantly reduced the
expression of DUX4 targets compared to the control. Moreover, as observed for full-length
MATR3, MATR3; »gg led to a significant decrease of DUX4, without impairing the
expression of Dystrophin, used as control (Figure 5A). To broadly evaluate the effect

of MATR3; ,gg expression, we performed RNA sequencing in FSHD primary muscle
cells transduced with MATR3, sggor its control (Table S5). We found that MATR3; »gg
caused a significant impact on the DUX4-dependent gene expression, which is the major
molecular signature of FSHD.14:34 In particular, we found that genes upregulated by DUX4
were significantly downregulated by MATR3; ,gg expression, and vice versa (Figures

5B and 5C). Instead, no significant correlation was found between genes upregulated or
downregulated by both DUX4 and MATR3; »gg (Figures S9B and S9C).
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MATR3 N-terminal fragment rescues viability and muscle differentiation of FSHD muscle

cells

To evaluate the phenotypic effect of MATR3; ,gg delivery in a relevant cellular system,

we performed live-imaging apoptotic assays in primary FSHD myotubes transduced with

a lentivirus carrying MATR3, 2ggor a control lentivirus. As shown in Figures 5D and 5E,
MATRS3, »gg Was sufficient to significantly block DUX4-induced toxicity. Notably, no effect
on apoptosis was observed upon expression of MATR3, »gg in healthy primary muscle cells
(Figures S10A and S10B), thus indicating a DUX4-specific effect by MATR3, »gg. Upon
expression of MATR3; ,gg in FSHD primary muscle cells, we observed a significant rescue
of muscle differentiation (Figures 5F and 5G) that was scored by an increased differentiation
index, improvement of the fusion index, and distribution of nuclei in the myotubes (Figure
5G). Overall, our data indicate that MATR3, »gg is required and sufficient to directly bind
the DUX4 protein and inhibit its toxic activities in FSHD muscle cells.

DISCUSSION

Although the genetics underlying FSHD has been studied since decades, there is still an
incomplete understanding of FSHD pathophysiology, and no therapeutic option is currently
available for patients with FSHD.8 Two subtypes of the disease have been described, FSHD1
and FSHD2, which have different genetic causes but are clinically indistinguishable.®
Importantly, both have as common outcome loss of repression at the FSHD locus and

the consequent aberrant expression of DUX4, which is the main driver of the disease.8
Therefore, the current therapeutic emphasis in the FSHD field is on blocking DUX4

at different levels, including by modulating DUX4-regulating pathways, targeting DUX4
mRNA, DUX4 protein, or cellular pathways regulated by DUX4.33 However, results in
patients with FSHD thus far have been inconclusive, because of poor specificity and/or
inefficient /n vivo delivery, or inconsistent, due to small sample size and high variability.33.58

MATR3 is a physiological inhibitor of DUX4

In this study, we hypothesized that identifying DUX4 nuclear interactors and acting on
their availability might be a route to specifically interfere with DUX4 toxicity. While we
expected to find a DUX4 co-factor required for apoptosis, we instead identified MATR3 as
a physiological inhibitor of DUX4. We propose that MATR3 protects from DUX4-induced
toxicity by preventing transcriptional activation of DUX4 target genes, which are toxic to
muscle cells. As a result, MATR3 not only promotes survival of FSHD muscle cells but
also ameliorates their myogenic differentiation. Thus, MATR3 rescues two key features of
DUX4-induced toxicity.

While MATR3 is ubiquitously expressed, its levels vary in different tissues. Given that
skeletal muscle is one of the tissues displaying the lowest MATR3 levels,*3 it is tempting
to speculate that the normal free pool of endogenous MATR3 in skeletal muscle is not
sufficient to fully counteract DUX4 function when it is aberrantly expressed in FSHD.
Accordingly, we found that MATR3 knockdown increases the expression of DUX4 targets
and worsens the pathogenic signs of FSHD muscle cells. On the contrary, overexpressed
MATR3 interacts with DUX4 and inhibits its toxicity.
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MATR3 is a bifunctional DUX4 inhibitor

In addition to directly blocking DUX4-dependent transcription, we found that MATR3 is
also able to inhibit DUX4 expression. Recently, a positive feedforward mechanism has been
reported.®® It involves the DUX4 target MBD3L2, which is selectively expressed in FSHD
muscle cells and is required for the full induction of DUX4 transcription in FSHD muscle
cells. Indeed, MBD3L2 counteracts DUX4 transcriptional repression mediated by the
nucleosome remodeling deacetylase (NuRD) complex. Importantly, MDB3L 2 knockdown
significantly decreases DUX4 expression in FSHD muscle cells, suggesting that MBD3L2
contributes to the amplification of DUX4 transcription in FSHD muscle cells.>® Since we
found that MATR3 expression is associated with MBD3L 2 downregulation, it is tempting
to speculate that MATR3 decreases DUX4 expression in FSHD muscle cells indirectly, by
blocking the induction of MDB3L2by DUX4.

Identification of a MATR3 fragment devoid of possible toxic domains

Since MATR3 is a protein involved in many biological processes,*3:°0 administration of
full-length MATR3 could lead to side effects. Indeed, previous reports showed toxicity
associated with full-length MATR3 overexpression.59-62 For this reason, we characterized
the portion of MATR3 involved in the interaction with DUX4 and identified an N-terminal
fragment of MATR3 (MATR3; ,gg) that is required and sufficient to directly bind the DUX4
dbd and inhibit its activity. Importantly, we have shown that MATR3; »gg blocks DUX4
transcriptional activity comparably to full-length MATR3, with the functional consequence
of promoting survival and myogenic differentiation of FSHD muscle cells. Intriguingly,
MATRS toxicity was linked to its RRMs,50-62 which are absent in MATR3; 2gg.
Accordingly, MATR3; ,gg does not affect cell proliferation and survival of healthy donor
muscle cells. Importantly, all MATR3 interactors identified thus far bind MATR3 regions
located away from the region interacting with DUX4. Moreover, unlike DUX4, most of

the other MATR3 interactors bind MATR3 indirectly through nucleic acid bridges.*® Thus,
while further work is required, we are cautiously optimistic that a safe MATR3-based DUX4
inhibitor can be developed.

MATRS3 could contribute to FSHD heterogeneity

Despite having distinct clinical definitions, FSHD shares intriguing molecular features

with ALS, the most common motor neuron disease. Overlapping aspects include altered
proteostasis, aberrant RNA metabolism, activation of human endogenous retroviruses,
increased oxidative stress, aggregates of TDP-43, and cell death.18:30.35.37.57.63-72 p
molecular explanation for these similarities is still lacking. Intriguingly, evidence in the
literature indicates that MATR3 dysfunction is integrally linked to ALS pathogenesis,

since MATR3 interacts and forms aggregates with TDP-43 in ALS,*3 and that MATR3
mutations cause ALS.*3 ALS is linked to different forms of muscular disorders. In this
regard, a recurrent mutation in MATR3 causes asymmetric progressive autosomal-dominant
distal myopathy,’3 which also shows clinical manifestations overlapping with FSHD. While
MATR3; ,gg does not display any known functional domain, the hotspot of ALS-causing
mutations’4 and the S85C mutation causing distal myopathy’3 fall within this region. Given
these considerations, it is tempting to think about these disorders as different phenotypes
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of the same spectrum, which could help to identify common pathological pathways and
therapeutic targets.

FSHD is characterized by an extensive intrafamilial variability in clinical severity and
disease progression’®76 that is only partially explained by currently known FSHD disease
modifiers.8:77 Hence, it is plausible to think that MATR3 may act as an additional modifier
of disease severity in families with FSHD. For example, a MATR3 mutation decreasing

its ability to bind DUX4 could be associated with a more severe FSHD phenotype. On

the contrary, a MATR3 mutation strengthening its binding to DUX4 would be protective.
In the future, it would be interesting to investigate if mutations in MATR3; »gg, which is
responsible for DUX4 binding, affect its ability to inhibit DUX4 and segregate with the
variability of clinical phenotype encountered in FSHD families.

In summary, our results show that MATR3 is a natural inhibitor of DUX4 activity that

binds to the DUX4 dbd and inhibits activation of its targets and induction of apoptosis.
Moreover, we identified an N-terminal fragment of MATR3 that is sufficient to control
DUX4 expression and toxic activity, without affecting healthy muscle cells. Our results offer
a perspective for the development of therapeutic strategies to effectively treat FSHD.

Limitations of the study

Our data are in line with the possibility that MATR3, by binding to the DUX4 dbd,

inhibits DUX4 association to its genomic targets. To demonstrate our hypothesis, chromatin
immunoprecipitation (ChlP) for DUX4 in FSHD muscle cells overexpressing MATR3
would be required. Nevertheless, ChIP for the endogenous DUX4 is not feasible since

it is expressed only in a small percentage of FSHD muscle nuclei. Future work will be
required to determine if this issue could be overcome by using single-nucleus ChIP. Another
limitation concerns the fact that the MATR3; ,gg fragment identified in the present study is
still too big to be efficiently developed into a drug-like molecule. Therefore, in a therapeutic
perspective, further studies are required to identify the minimal MATR3 region sufficient to
inhibit DUX4.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Davide Gabellini
(gabellini.davide@hst.it).

Materials availability

. Plasmids generated in this study are available upon request to the lead contact.

Data and code availability

. Proteomics data have been deposited at ProteomeXchange database via the
PRIDE partner repository (ProteomeXchange: PXD011073 and https://doi.org/
10.6019/PXD011073) and RNA-seq data have been deposited at GEO database
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(GEO: GSE210008). They are publicly available as of the date of publication.
Accession numbers are listed in the key resources table.
. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture—HEK?293T cells were originally obtained from American Type Culture
Collection (ATCC). Flp-In T-REx 293 cells were originally obtained by Thermo Fisher
Scientific. Cell lines were authenticated by morphology, growth characteristics, tested
mycoplasma-free, and frozen. Cells were cultured for <3 months after thawing.

DUX4 Flp-In T-REx 293 cells were generated by transfection of FIp-In T-REx 293 cells
with pCDNAS5/FRT/TO STREP-HA_DUX4 and the pOG44 Flp-Recombinase Expression
vector (Thermo Fisher Scientific), according to manufacturer’s instructions. Resistant cells
were selected using Blasticidin and Hygromycin B (Thermo Fisher Scientific, #R210-01,
#10687010). The parental Flp-In T-REx 293 cells were grown in parallel and used as
negative control.

HEK293T cells were grown in DMEM high glucose medium with L-Glutamine and
Sodium Pyruvate (EuroClone, #ECM0728L) supplemented with 10% FBS (Thermo
Fisher Scientific, #A4766801) and 1% penicillin/streptomycin (Pen/Strep, Thermo Fisher
Scientific, #15140122). FIp-In T-REx 293 and DUX4-FIp-In T-REx 293 cells were grown
in DMEM high glucose medium with L-Glutamine and Sodium Pyruvate supplemented
with 10% Tetracycline-negative FBS (EuroClone, #£CS0182L) and 1% Pen/Strep and
STREP-HA_DUX4 expression was induced upon doxycycline (Sigma-Aldrich, #D9891)
administration. All the above cell lines were maintained at 37°C in a humidified incubator
with 5% CO».

Human primary cells—Human primary muscle cells derived from FSHD patients

and healthy donors were kindly provided by Dr. Rabi Tawil, Richard Fields Center for
FSHD Research Biobank (Department of Neurology, University of Rochester, NY, USA).
Information about muscle cells is available in Table S6. Myoblasts were authenticated

by morphology, growth characteristics, PCR for tissue-specific gene expression and
differentiation markers, tested mycoplasma-free, and frozen. Cells were cultured for <2
months after thawing and were maintained at 37°C in a humidified incubator with 5% O,
and 5% CO,.

Myaoblasts were grown in Ham’s F-10 medium (Euroclone, #2ECB7503L), supplemented
with L-Glutamine (Thermo Fisher Scientific, #25030081), 20% FBS, 1% Pen/Strep, 10
ng/ml bFGF (Tebu-bio, #100-18B), and 1 mM dexamethasone (Sigma-Aldrich, #D4902). To
induce differentiation, growth medium was replaced by DMEM:F12 (1:1, Sigma-Aldrich,
#D9785) supplemented with 20% knockout serum replacement (KOSR, Thermo Fisher
Scientific, #10828028), 3.151 g/L glucose, 10 mM MEM non-essential amino acids
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(Thermo Fisher Scientific, #11140050), 1 mM sodium pyruvate (Thermo Fisher Scientific,
#11360070). Differentiation was carried out for 96h.

METHOD DETAILS

Constructs and cloning procedures—Expression pCMV vectors carrying FLAG-
tagged full-length MATR3, SMARCCZ, CDC27 and RUVBL 1 were obtained by Addgene
(see “Recombinant DNA” section in the “key resources table”).”®81 FL AG-MATR3, 2gg,
2 322 and » 79g mutants were generated by the introduction of termination codons into the
pCMV vector carrying full-length MATR3 through mutagenic PCR, using the QuikChange
Lightning site-directed mutagenesis kit (Agilent Technologies, #200517). FLAG-MATR3
289_end coding sequence was amplified by PCR (GoTaq flexi DNA polymerase, Promega)
and cloned into a pPCMV-Tag2B vector by restriction digest cloning.

DUX4 full-length and DUX4 dbd inserts were generated by PCR using pCS2-mkgDUX4
vector (see “Recombinant DNA” section in the “key resources table”) as template and
cloned into the pPCDNAS/FRT/TO STREP-HA destination vector, kindly provided by Dr.
Giulio Superti-Furga (CeMM Research Center for Molecular Medicine of the Austrian
Academy of Sciences, 1090 Vienna, Austria), by gateway technology (Thermo Fisher
Scientific).

For recombinant protein purification, DUX4 dbd was cloned into the bacterial expression
vector pET-GB1, carrying GB1 and 6xHIS tags,° and MATRS3 ; 2gg Was cloned into
pGEX-2tk vector by restriction digest (see “Recombinant DNA” section in the “Key
resources table™). Primers used for cloning are listed in Table S2.

Total proteins extraction and immunoblotting—HEK?293 cells were harvested and
lysed in IP buffer (50mM Tris-HCI pH 7,5; 150mM NaCl; 1% NP-40; 5mM EDTA,;

5mM EGTA, protease inhibitors). Cell extracts were resolved on a 10% or 6% SDS-

PAGE acrylamide gels, transferred to nitrocellulose blotting membrane (GE Healthcare
Life Sciences) and incubated with the following primary antibodies: anti-FLAG M2
(Sigma-Aldrich, #F1804), anti-HA.11 (Covance, #MMS-101R), anti-MATR3 (Thermo
Fisher Scientific, #PA5-57720), anti-6xHis (Clontech, #631212), anti-GST (Sigma-Aldrich,
#G1160), anti-tubulin (Sigma-Aldrich, #T9026). Anti-mouse 1gG-HRP #715-035-150 or
anti-rabbit IgG-HRP #711-035-152 (Jackson ImmunoResearch) were used as secondary
antibodies.

Affinity purification from nuclear extracts—For the STREP-HA affinity purifications
of parental and iISH-DUX4 Flp-In T-REx 293 cells, 1ug/mL of doxycycline was added

to the cell culture media for 8h prior to cell harvesting. Nuclear protein extraction and
STREP-HA affinity purification was conducted as previously described.8 Briefly, cells
were lysed in buffer N (300 mM sucrose, 10 mM HEPES pH 7.9, 10 mM KCI, 0.1 mM
EDTA, 0.1 mM EGTA, 0.1 mM DTT, 0.75 mM spermidine, 0.15 mM sperming, 0.1%
Nonidet P-40, 50 mM NaF, protease inhibitors) for 5 min on ice and then centrifuged (5009
for 5min) to separate the nuclear pellet from the supernatant containing the cytoplasmic
fraction. The nuclear pellet was then washed with buffer N and resuspended in buffer C420
(20 mM HEPES pH 7.9, 420 mM NacCl, 25% glycerol, 1 mM EDTA, 1 mM EGTA, 0.1
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mM DTT, 50 mM NaF, protease inhibitors), vortexed briefly, and shaken vigorously for

30 min. Samples were then centrifuged at 100000g for 1 h at 4°C and the supernatant
containing the soluble nuclear proteins were collected and quantified by Bradford assay. 100
mg of nuclear extracts were used for the two-step affinity purifications. Prior to purification,
nuclear extracts were adjusted to 150 mM NaCl with HEPES buffer (20 mM HEPES, 50
mM NaF, protease inhibitors) and brought to the final volume of 7.5 mL with TNN-HS
buffer (50 mM HEPES pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 50 mM NaF,
protease inhibitors). Samples were then incubated for 20 min at 4°C on a rotating wheel
with RNase A, benzonase and avidin to remove nucleic acids and saturate endogenously
biotinylated proteins, respectively. Nuclear extracts were then precleared with Protein G
Sepharose beads (GE Healthcare, #71708300) for 1h at 4°C on rotation, and then incubated
with Strep-Tactin Sepharose beads (IBA Lifesciences, #2-1201-002) overnight at 4°C on
rotation. The day after the flow-through was removed, beads were washed 3 times with
TNN-HS buffer and proteins bound to the beads were eluted with 3 consecutive incubations
with 300 pl of 2.5 mM D-Biotin (Sigma-Aldrich, #2031) in TNN-HS buffer. The biotin
eluate was subsequently incubated with anti-HA-agarose beads (Sigma-Aldrich, #A2095)
for 2 h at 4°C on a rotating wheel. Samples were centrifuged for 3 min at 300 g and

beads were washed 3 times with TNN-HS buffer. Another two washing steps with TNN-HS
buffer without detergent and inhibitors were performed to remove traces of detergent that
are detrimental to LC—MS analysis. Finally, proteins were eluted in 50 ul 2% SDS buffer,
boiled 5 min at 95°C and centrifuged 3 min at 300g. The supernatant containing the eluted
proteins was processed according to the Filter Aided Sample Preparation (FASP) protocol®’
to remove the SDS prior to trypsin digestion, using EMD Millipore Amicon Ultra-0.5
Centrifugal Filter Units (Thermo Fisher Scientific, #UFC500324). Within the procedure,
samples were reduced with Dithiothreitol (DTT), alkylated with lodoacetamide and digested
with Trypsin sequencing grade (Sigma-Aldrich), as previously described.88

MS analysis and protein identification—Tryptic peptides were desalted using
StageTip C18 (Thermo Fisher Scientific, #87782) and analyzed by nLC-MS/MS using a
Q-Exactive mass spectrometer (Thermo Fisher Scientific) equipped with a nano-electrospray
ion source and a nanoUPLC Easy nLC 1000 (Proxeon Biosystems). Peptide separations
occurred on a homemade (75 um i.d., 12 cm long) reverse phase silica capillary column,
packed with 1.9-um ReproSil-Pur 120 C18-AQ (Dr. Maisch GmbH, Germany). A gradient
of eluents A (distilled water with 0.1% v/v formic acid) and B (acetonitrile with 0.1% v/v
formic acid) was used to achieve separation (300 nl/min flow rate), from 5% B to 50% B
in 88 minutes. Full scan spectra were acquired with the lock-mass option, resolution set to
70,000 and mass range from /m/z 300 to 2000 Da. The ten most intense doubly and triply
charged ions were selected and fragmented.

To quantify proteins, the raw data were loaded into the MaxQuant82 software version 1.5.2.8
to search the human_proteome 20180425 (93,606 sequences; 37,037,628 residues). Searches
were performed with the following settings: trypsin as proteolytic enzyme; 3 missed
cleavages allowed; carbamidomethylation on cysteine as fixed modification; protein N-
terminus-acetylation, methionine oxidation as variable modifications. Peptides and proteins
were accepted with an FDR less than 1%. Label-free protein quantification was based

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Runfola et al.

Page 13

on the spectral counts considering only proteins identified with minimum two peptides in
any SH-DUX4 purification. The following filtering criterion was used to discriminate the
specific interactors of SH-DUX4: the protein must be detected in all the three STREP-HA
DUX4 biological replicates with spectral counts fold enrichment > 4 with respect of the
control affinity purifications performed on parental cells.

Transfection of sSiRNA and plasmids—siRNA transfection was performed using
Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific, #L.3000001),
following manufacturer’s instructions. For FSHD muscle cells, siRNAs were delivered 24
h after induction of differentiation and myotubes were harvested 96 h after induction of
differentiation. The list of SiRNAs used in this study is provided in Table S3.

Plasmids were delivered by using Lipofectamine LTX Reagent with PLUS Reagent (Thermo
Fisher Scientific, #15338-100), following manufacturer’s instructions.

When transfection of both siRNAs and plasmids was required, HEK293 cells were reverse-
transfected with siRNAs by Lipofectamine 3000 Transfection Reagent and the day after
they were transfected with plasmids using Lipofectamine LTX Reagent with PLUS Reagent,
following manufacturer’s instructions. Cells were harvested 48h after the last transfection.

Lentiviral production and transduction—For MATR3 overexpression experiments in
FSHD muscle cells, lentiviral particles were produced in HEK293T cells. Briefly, HEK293T
cells at 90% confluence were transfected in 10 cm dish with 6.5 pg of lentiviral vectors, 6

ug of pPCMV-dR8.91 plasmid and 0.65 pg of pPCMV-VSV-G plasmid. Lentiviral constructs
used for gene expression and differentiation experiments carry either GFPalone as control
(PFUGW:GFP, a kind gift from Shanahan CM lab), or MATR3-full length or MATR3 ; g3
cDNA fused to GFP. Lentiviral vectors used for IncuCyte assays carry BFPalone (pLBC2-
BS-RFCA-BCVIII, a kind gift from Dr. Mullighan CG lab, used as negative control), or
MATR3Z-full length or MATR3, o83 CDNA. After three collections of viral suspension (48
h, 72 h and 96 h post-transfection), viral preparations were concentrated of 100-fold by
ultra-centrifuging at 20,000 rpm for 2h at 4°C and then resuspended in Opti-MEM Reduced
Serum Medium (Thermo Fisher Scientific, #31985070) and stored at —80°C. FSHD muscle
cells were transduced 24h after induction of differentiation and harvested 72h after infection.

RNA extraction, reverse transcription, and quantitative real-time PCR—Total
RNA was extracted using PureLink RNA Mini Kit (Thermo Fisher Scientific), following
manufacturer’s instructions. Briefly, cells were lysed in Lysis buffer supplemented with
2-mercaptoethanol and homogenized through a 21-gauge syringe needle. After adding one
volume of 70% ethanol, lysates were loaded onto the spin cartridges provided by the kit,
washed, treated with DNAsel (PureLink DNase Set, Thermo Fisher Scientific), and eluted in
RNAse-free water.

cDNA synthesis was performed using SuperScript 111 First-Strand Synthesis System
(Thermo Fisher Scientific), following manufacturer’s instructions.
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Quantitative real-time PCR (gPCR) was performed with iTaq Universal SYBR Green
Supermix (Biorad) using CFX96 Real-Time PCR Detection System (Bio-Rad). Primers used
for RT-qPCR are listed in Table S4. Relative quantification was performed using the AACt
method. Specific details of each data set are provided in the Figure legends.

Immunofluorescence—Immunofluorescence of DUX4 was performed on FSHD muscle
cells were plated on coverslips and differentiated for 96h. Myotubes were fixed in 4%
paraformaldehyde in PBS for 10 min at room temperature. After 3 washes in PBS, cells
were permeabilized in 1% Triton X-100 (Sigma-Aldrich) in PBS for 15 min at room
temperature and blocked in 2% goat serum, 2% horse serum, 2% BSA, 0.1% Triton-X100
in PBS, for 45 min at room temperature. Cells were then incubated with 1:100 anti-DUX4
E5-5 antibody (Abcam) at 37°C in a humid chamber overnight. After 3 washes in PBS, cells
were incubated with fluorescent-conjugated Alexa 555 goat anti-rabbit secondary antibody
(Molecular Probes) for 45 min at RT and rinsed again in PBS. Counterstaining with Hoechst
33342 was performed for 10 min at RT and after 3 washes in PBS coverslips were mounted
and imaged by a fluorescence microscope.

For immunofluorescence of FLAG-tagged MATR3 mutants, HEK293 cells were plated on
coverslips, transfected as described in the “transfection” section above and fixed in 4% PFA
48 h after transfection. Cells were then permeabilized with 1% TritonX-100 in PBS and
immunostained with anti-FLAG M2 antibody (Sigma-Aldrich, dilution 1:1000) followed by
Alexa Fluor 488 (Molecular Probes, dilution 1:500) and DAPI. Cells were imaged using an
upright fluorescence microscope (Observer.Z1, Zeiss).

Myotube morphology analysis—For myotube morphology analysis, cells were fixed
in 4% PFA, permeabilized with 1% TritonX-100 in PBS and immunostained with mouse
MF20 antibody (Developmental Studies Hybridoma Bank; dilution 1:2) followed by Alexa
Fluor 488 or 555 goat anti-mouse (Molecular Probes, dilution 1:500) and Hoechst 33342,
Cells were imaged using a fluorescence microscope (Observer.Z1, Zeiss). The differentiation
index was scored by determining the percentage of myosin heavy chain-positive (MHC+)
nuclei. Fusion index analysis was performed with ImageJ software by determining the
percentage of nuclei included or not into myotubes (myosin positive syncytia containing

at least 3 nuclei). The nuclei distribution was quantified by determining the percentage of
myofibers carrying the indicated number of nuclei. For each treatment, three differentiation
experiments were performed and at least 4 fields per well were analyzed.

Cell viability and apoptotic assay—Cell viability was measured using the CellTiter-
Glo luminescent assay (Promega), following manufacturer’s instructions. Apoptosis was
measured through Caspase-Glo 3/7 luminescent assay (Promega) following manufacturer’s
instructions, and luminescence was quantified by Wallace 1420 multilabel Victor3
microplate reader (Perkin Elmer). These assays were performed in HEK-iSH-DUX4 cells
24h after doxycycline administration, and in HEK293 cells 48h after transfection.

For Staurosporine treatment, HEK293 cells were transfected with pCMV-FLAG empty
vector or carrying MATR3full-length, and then treated with 4 pM DMSO or 4 uM
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Staurosporine (Sigma-Aldrich) for 6 hours. Cells were then collected and the Caspase 3/7
Glo assay was performed.

Apoptotic levels in primary human myotubes from FSHD patients or healthy individuals
transduced with lentiviral vectors carrying BFP-MATR3 full-length, BFP-MATR3 ; gg Of
BFPonly as control were determined using the IncuCyte live-cell imaging system (Essen
BioScience). Briefly, 24 h post-transduction, differentiation medium was replaced with fresh
medium containing 1ml/ml of IncuCyte CASP3/7 assay GREEN reagent (Essen BioScience)
and the green fluorescence signal was acquired by the IncuCyte S3 Imager system as
follows: 36 scans/well every 3 h for 72 h. The signal was analyzed using the IncuCyte
software. Results are shown as average of the fluorescent signal from three replicates
normalized to the fluorescence detected at time 0.

Strep-Tactin pull-down assays—HEK293T cells were transfected with
pCDNAGS/FRT/TO STREP-HA empty vector, or carrying DUX4 full-length or DUX4 dbd
using PolyFect Transfection Reagent (QIAGEN), according to manufacturer’s instructions.
24 hours after transfection, cells were harvested, and nuclear extracts were prepared as
described above. Pull-down was performed using 600 ug of nuclear proteins, by adding

2 volumes of HEPES buffer (20mM Hepes pH 8; 50mM NaF; protease inhibitors) and

TNN buffer (50mM Hepes pH 8.0; 150mM NaCl; 5mM EDTA,; 0.5% NP-40 substitute;
50mM NaF; protease inhibitors) to reduce the NaCl concentration. Nuclear extracts were
incubated for 1h at 4°C with Avidin, Benzonase and RNase A and precleared with Protein G
Sepharose beads for 1h at 4°C with rotation. Protein complexes were obtained by incubation
of nuclear extracts with 40 pl of Strep-Tactin Sepharose beads overnight at 4°C in gentle
rotation. After 3 washes with IP-buffer (50mM Tris-HCI pH 7.5, 150mM NaCl, 1% NP-40,
1mM EDTA, 0.5mM EGTA), proteins were eluted adding 2.5mM D-Biotin. Input (10% or
0,5%) and bound fractions (10%) of the pull down were analyzed by immunoblotting.

Proximity ligation assay—Proximity ligation assay of MATR3 and DUX4 or WDR5
and DUX4 (negative control) was performed in muscle cells plated on coverslips and
differentiated for 96h, by using Duolink /n situ Red kit (Sigma-Aldrich). Myotubes were
fixed in 4% paraformaldehyde in PBS for 10 min at 4°C. After 3 washes in PBS, cells were
permeabilized in 1% TritonX-100 in PBS for 15 min at room temperature and blocked in
2% goat serum, 2% horse serum, 2% BSA, 0.1% Triton-X100 in PBS, for 45 min at room
temperature. Coverslips were then incubated with primary antibodies and PLA was carried
out following manufacturer’s instructions and imaged using a fluorescence microscope.
Primary antibodies used are a-MATR3 (1:200, Thermo Fisher Scientific), a-DUX4 (1:50,
P2B1, Sigma-Aldrich) and a-WDR5 (1:200, Cell Signaling Technology).

FLAG-immunoprecipitation (FLAG-IP) assay—HEK-iSH-DUX4 cells were
transfected with pPCMV-FLAG empty vector, or carrying MATR3 full-length, MATR3 5_»gg
or MATR3 g9_ga7, Using Lipofectamine LTX Reagent with PLUS Reagent, following
manufacturer’s instructions. 24 hours after transfection, DUX4 expression was induced by
1 ug/ml doxycycline administration. Cells were harvested 8 h post-induction and lysed in
IP buffer (50mM Tris-HCI pH 7,5; 150mM NaCl; 1% NP-40; 5mM EDTA; 5mM EGTA;
protease inhibitors). Protein extracts were treated with Avidin, Benzonase and RNase A for
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1h at 4°C and then incubated with anti-FLAG M2 Affinity Gel (Sigma-Aldrich) for 3h at
4°C with rotation. After 3 washes with IP buffer, proteins were eluted in Laemmli buffer and
Input (10%), and IP fractions were analyzed by immunoblotting with anti-FLAG M2 and
anti-DUX4 E5-5 antibodies.

Recombinant protein purification—6xHis-DUX4 dbd, GST and GST-MATR3

2 28g constructs were transferred to Rosetta2(DE3) pLys £. coli (Novagen) following
manufacturer’s instructions, and selected on kanamycin or ampicillin plates, respectively.

A single bacterial colony was grown in LB medium supplemented with antibiotics at

37°C until they reached an ODgggnm= 0.6-0.7. The induction was made with 1 mM IPTG
(Biosciences) for 3 hours at 37°C for GST-MATR3 ; »gg and GST or 20 hours at 18°C

for 6xHis-DUX4 dbd. Bacterial pellets were resuspended in Lysis Buffer 1 (PBS; 1mM
PMSF; 5mM 2-mercaptoethanol) or Lysis Buffer 2 (50 mM NaH2PO4, 1M NacCl, pH 8.0,
plus protease inhibitors) for GST- and His-tagged proteins, respectively. Bacteria were then
sonicated using a Bandelin-sonoplus HD3100 (probe MS73) sonicator (10 cycles of 30sec
on and 30sec off 80% amplitude), incubated by gentle rotation for 15 minutes at 4°C after
adding Triton X-100 (1%; Sigma-Aldrich), and centrifuged at 15000 rpm at 4°C for 20
minutes. Cleared lysates were incubated for 1 hour at 4°C with Glutathione-Sepharose beads
(GE Healthcare) or His-Select Nickel Affinity gel beads (Sigma-Aldrich), for GST- and
His-tagged proteins, respectively. Beads were washed with Lysis Buffer 1 or Lysis Buffer 2
plus 10 mM imidazole (Fluka), for GST- and His-tagged proteins respectively. Proteins were
eluted with elution solution 1 (20mM glutathione, 100mM Tris-HCI pH8.0, 120mM NaCl)
for GST-tagged protein and with elution solution 2 (50 mM NaH2PO4, 1M NacCl, 250 mM
imidazole pH 8.0) for His-tagged proteins.

Proteins were dialyzed overnight at 4°C in Slide-A-Lyzer dialysis cassettes (Thermo Fisher
Scientific) in Lysis solution. The purification steps and the obtained proteins were analyzed
by Coomassie Blue staining loading samples on 10% polyacrylamide gels. Purified proteins
were quantified at Nanodrop and on gel using Bovine Serum Albumin (BSA) as protein
standard.

GST pulldown assay—For GST pulldown assays, 40 pmol of purified GST or GST-
MATR3 , »gg were immobilized on Glutathione-Sepharose beads (GE Healthcare) and
incubated with 40 pmol of purified soluble His-DUX4 dbd in 1 ml of IPP100 buffer (10
mM Tris—HCI, pH 8, 100 mM NacCl, 0.1% NP-40) supplemented with 2 mM DTT and
1mM PMSF for 2 hours at 4°C. Beads were washed three times with IPP100 buffer and
boiled in Laemmli buffer. Bound fractions (10%) were loaded on 10% acrylamide gel and
immunoblotted using a-GST (Sigma-Aldrich) and a—6xHis antibody (Clontech).

RNA-sequencing—NGS libraries were generated with the mRNA Stranded TruSeq
protocol. Sequencing was performed on an Illumina Nova-Seq 6000 (Illumina, San Diego,
CA), obtaining an average of 50 million pair-end reads, 100nt long per sample. Reads were
trimmed using Trimmomatic, version 0.39, to remove adapters and exclude low-quality
reads from the analysis. The remaining reads were then aligned to the reference genome
GRCh38, GENCODE v31, using STAR aligner, version 2.5.3a.83 FeatureCounts (v 1.6.4)
software84 was used to assign reads to the corresponding genes. Only genes with a CPM
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(Counts per million) value higher than 1 in at least four samples were retained. Gene
expression read counts were exported and analyzed in the R environment (v. 4.0.5) to
identify differentially expressed genes (DEGs, Table S5) using the DESeq Bioconductor
library.89 To control differences due to library preparation batches, we included this variable
in the DGE design (~condition+batch). P-values were adjusted using a threshold for false
discovery rate (FDR) < 0.05.%0 Using the 500 most variable genes in terms of RPKM
(counts per million reads normalized on library sizes and gene lengths), we perform
Principal Component Analysis (prcomp function in R) and clustering analysis via heatmap
(CRAN package pheatmap - v.1.0.12). Volcano plot analysis was performed in R [using
ggplot2 R library (v3.3.5)], labelling the 20 upregulated and downregulated genes with the
most significant adjusted p-value. The lists of genes induced or repressed by more than
two-fold by iDUX4, vDUX4 and enDUX4 proposed by Jagannathan et al. (Table S4)34
were compared to the modulated genes of this study, filtered for absolute values of |log2
FC| > 1. Annotation differences between this dataset and our annotation (GENCODE v31
basic annotation) were corrected by updating the gene names from Jagannathan et al. to
their most recent gene alias in GENCODE v31. This conversion was performed using the
Ensembl 1Ds, which remain comparable across different annotation versions. To test the
statistical significance of the overlap between gene lists, we used the Bioconductor package
GeneOverlap (v3.15) using the number of expressed features in our experiment as genome
size. List intersections were drawn with the CRAN package “venn” (v1.11).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, San
Diego, USA). Quantitative data are presented as mean + standard deviation (SD). Statistical
significance was calculated on at least three independent experiments. P-value: *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. Details of statistical test used for each dataset are
provided in the corresponding figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
MATR3 is a nuclear interactor of DUX4 in FSHD muscular dystrophy

MATR3 is a bifunctional DUX4 inhibitor that blocks its expression and
pathogenic activity

MATR3; »gg binds directly to DUX4 DNA-binding domain
MATR3; ogg is required and sufficient to inhibit DUX4
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(A) Graphical representation of DUX4 nuclear interactors identified by proteomics. Proteins
identified in all the STREP-HA affinity purifications with a spectral count average of
DUXA4/EV control ratio >4 are displayed. DUX4 is highlighted in yellow, and the interactors
are displayed in gray. The thickness of the edges is proportional to the spectral count average
of DUXA4/EV ratio.

(B) Quantitative real-time quantitative PCR showing the efficiency of knockdown for
the indicated DUX4 interactors in HEK293 cells. Values are expressed relative to cells

Figure 1. MATR3 protects HEK293 cells from DUX4-induced apoptosis
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transfected with control small interfering RNAs (siRNAs; siNTs) (unpaired Student’s t test,
*p <0.05; ***p < 0.001; ****p < 0.0001, n = 3).

(C) Caspase-3/7 activity assays performed upon knockdown of the indicated DUX4
interactors in HEK293 cells not expressing DUX4 (paired Student’s t test, n = 4).

(D) Caspase-3/7 activity assays performed in HEK293 cells collected 48 h after transfection
with empty vector (EV), DUX4, or DUX4 in combination with siRNAs specific for the
indicated targets (paired Student’s t test, *p < 0.05, n =5).

(E) Caspase-3/7 activity assays performed in HEK293 cells collected 48 h after transfection
with EV, DUX4, or DUX4in combination with expression vectors for the indicated factors
(paired Student’s t test, **p < 0.01, ***p < 0.001, n = 4).

See also Figures S1 and S2 and Table S1.
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Figure 2. MATR3 interacts with DUX4 dbd and blocks DUX4 transcriptional activity in primary
FSHD muscle cells

(A) Strep-Tactin pull-down in HEK293 cells transfected with EV, DUX4 full-length, or
DUX4 dbd. Nuclear proteins were incubated with Strep-Tactin beads, pull-down complexes
were eluted with D-Biotin, and immunoblotting was performed with antibodies against
MATR3 (detecting endogenous MATR3) or HA (detecting DUX4 and DUX4 dbd, lane 6
and 7, respectively).

(B) Proximity ligation assay (PLA) performed in terminally differentiated FSHD muscle
cells treated with control (SINT) or DUX4 siRNAs. Positive PLA signals (white arrows) are
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1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Runfola et al.

Page 28

present in nuclei of FSHD cells treated with siNT (top left), while they are absent in cells
treated with siDUX4 (bottom left). The bar graph on the right shows quantification of the
percentage of PLA-positive nuclei (unpaired Student’s t test, ****p < 0.0001, n = 9). Scale
bar: 10 pm.

(C) Quantitative real-time quantitative PCR for the indicated genes performed on RNA from
differentiated primary FSHD muscle cells transduced with a control (CTRL) or MATR3
lentiviruses. Data are represented as relative to CTRL (unpaired Student’s t test, *p < 0.05,
**p <0.01, n=4).

(D) Quantitative real-time quantitative PCR for the indicated genes performed on RNA from
primary FSHD muscle cells transfected with control (SINT) or MATR3 (siMATR3) siRNAs.
Data are represented as relative to sSiNT (unpaired Student’s t test, *p < 0.05, **p < 0.01,
****p < 0.0001, n = 4).

See also Figures S3 and S4.
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Figure 3. MATR3 overexpression rescues viability and myogenic differentiation of FSHD muscle
cells

(A) Live-cell, real-time, caspase-3/7 apoptotic assays on primary FSHD muscle cells
transduced with CTRL or MATRS3 lentiviruses. Live-cell imaging was performed by
IncuCyte S3 Imager system and quantified using the IncuCyte software. Data are reported
as a percentage (%) of green-fluorescent apoptotic cells normalized to time O (two-way
ANOVA, **p < 0.01, ***p < 0.001, n = 3).

(B) Quantification of the area under the curve in (A) (unpaired Student’s t test, **p < 0.01).
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(C) Live-cell, real-time, caspase-3/7 apoptotic assays on primary FSHD muscle cells
transfected with control (siNT) or MATR3 (siMATRS3) siRNAs. Live-cell imaging was
performed by IncuCyte S3 Imager system and quantified using the IncuCyte software. Data
are reported as a percentage (%) of green-fluorescent apoptotic cells normalized to time 0
(two-way ANOVA, **p < 0.01, ****p < 0.0001, n = 3).

(D) Quantification of the area under the curve in (C) (unpaired Student’s t test, ****p <
0.0001).

(E) Representative images of myosin heavy-chain (MyHC; green) and nuclei (Hoechst
33342, blue) staining performed on differentiated primary FSHD muscle cells transduced
with CTRL or MATR3 lentiviruses. Scale bar: 100 um.

(F) Quantification of differentiation index, fusion index, and nuclei distribution in primary
FSHD muscle cells treated as in (E) (unpaired Student’s t test, *p < 0.05, **p < 0.01, ***p <
0.001, n=3).

(G) Representative images of MyHC (green) and nuclei (Hoechst 33342, blue) staining
performed on differentiated primary FSHD muscle cells transfected with control (SiNT) or
MATRS3 (siMATR3) siRNAs. Scale bar: 100 um.

(H) Quantification of differentiation index, fusion index, and nuclei distribution in primary
FSHD muscle cells treated as in (G) (unpaired Student’s t test, **p < 0.01, n = 3).

See also Figures S5 and S6.
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Figure 4. MATR3,_ogg is sufficient to block DUX4-induced apoptosis and directly bind DUX4
dbd

(A) Schematic representation of MATRS3 full length (MATR3-fl) and MATR3 deletion
mutants MATR3,_7gg, MATR32_322, MATR3,_pgg, and MATR32g9_g47. The N-terminal
yellow box indicates the FLAG tag.

(B) Immunoblotting on total protein extracts from HEK293 cells transfected with EV,
DUX4, or DUX4 in combination with the indicated MATR3 constructs, incubated with
anti-MATR3 (recognizing endogenous as well as transfected MATRS3), anti-HA (recognizing
transfected DUX4), and anti-tubulin (as loading control).
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(C) Caspase-3/7 assay in HEK293 cells transfected with EV, DUX4, and DUX4in
combination with the indicated MATR3 constructs (unpaired Student’s t test, *p < 0.05,
**p < 0.01, ***p < 0.001, n = 10).

(D) FLAG-immunoprecipitation (IP) on total protein extracts from HEK293 cells transfected
with EV, MATR3-f], or the indicated MATR3 constructs in combination with DUX4,
incubated with anti-DUX4 and anti-FLAG (recognizing transfected MATR3 constructs).
(E) Pull-down assay with recombinant, purified His-DUX4 dbd plus purified GST-
MATR3,_ogg or GST (as negative control), analyzed by immunoblotting with antibodies
against GST or His tag. Asterisks (*) indicate the position of two degradation products of
GST-MATR3,_sgs.

See also Figures S7 and S8.
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Figure 5. MATR3,_pgg blocks DUX4-dependent gene expression and rescues viability and
muscle differentiation in primary FSHD muscle cells

(A) Quantitative real-time quantitative PCR for the indicated genes performed on RNA from
differentiated primary FSHD muscle cells transduced with a CTRL or with MATR3_»gg
lentiviruses. Data are represented as relative to CTRL (unpaired Student’s t test, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, n = 3).

(B) Volcano plot showing the significantly downregulated genes by MATR3,_ogg
overexpression among the lists of DUX4 upregulated targets from Jagannathan et al.,3*
filtered for absolute values of |log2 fold change (FC)| >1.
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(C) Wolcano plot showing the significantly upregulated genes by MATR3,_»gg
overexpression among the lists of DUX4 downregulated targets from Jagannathan et al.,3*
filtered for absolute values of |log2 FC| >1.

(D) Live-cell, real-time, caspase-3/7 apoptotic assays on primary FSHD muscle cells
transduced with CTRL or MATR3,_ogg lentiviruses. Live-cell imaging was performed by
IncuCyte S3 Imager system and quantified using the IncuCyte software. Data are reported
as a percentage (%) of green-fluorescent apoptotic cells normalized to time O (two-way
ANOVA, *p < 0.05, ****p < 0.0001, n = 3).

(E) Quantification of the area under the curve in (D) (unpaired Student’s t test, ***p <
0.001).

(F) Representative images of MyHC (green) and nuclei (Hoechst 33342, blue) staining
performed on differentiated primary FSHD muscle cells transduced with CTRL or
MATR3,_zgg lentiviruses. Scale bar: 100 pum.

(G) Quantification of differentiation index, fusion index, and nuclei distribution in primary
FSHD muscle cells treated as in (F) (unpaired Student’s t test, *p < 0.05, **p < 0.01, n = 3).
See also Figures S9 and S10 and Table S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat# F1804, RRID: AB_262044
Mouse monoclonal anti-HA.11 (Clone 16B12) Covance Cat# MMS-101R, RRID: AB_291262

Rabbit polyclonal anti MATR3

Mouse monoclonal anti-6xHis

Mouse monoclonal anti-GST

Mouse monoclonal anti-Tubulin (clone DM1A)
Anti-mouse 1gG-HRP

Anti-rabbit IgG-HRP

Rabbit monoclonal anti-DUX4 E5-5

Mouse monoclonal anti-DUX4 P2B1 (for PLA)
Mouse monoclonal anti-myosin

Rabbit monoclonal anti-WDR5 (clone D9E1I)
Alexa 555 goat anti-rabbit

Alexa 555 goat anti-mouse

Alexa Fluor 488 goat anti-mouse

Thermo Fisher Scientific
Clontech

Sigma-Aldrich
Sigma-Aldrich

Jackson ImmunoResearch
Jackson ImmunoResearch
Abcam

Sigma-Aldrich

DSHB

Cell Signaling Technology
Molecular Probes
Molecular Probes

Molecular Probes

Cat# PA5-57720, RRID: AB_2643782
Cat# 631212, RRID: AB_2721905

Cat# G1160, RRID: AB_259845

Cat# T9026, RRID: AB_477593

Cat # 715-035-150, RRID: AB_2340770
Cat # 711-035-152, RRID: AB_10015282
Cat# ab124699, RRID: AB_10973363
Cat# SAB5200019, RRID: AB_2612761
Cat# MF20, RRID: AB_2147781

Cat# 13105, RRID:AB_2620133

Cat# A-27039, RRID: AB_2536100

Cat # A-21422, RRID: AB_141822
Cat# A-32723, RRID: AB_2633275

Bacterial and virus strains

Rosetta2 (DE3) pLysS competent cells

Novagen

Cat #71403

Biological samples

FSHD primary muscle cells

Healthy primary muscle cells

Richard Fields Center for FSHD

Research Biobank

Richard Fields Center for FSHD

Research Biobank

Table S6 of this paper

Table S6 of this paper

Chemicals, peptides, and recombinant proteins

Staurosporine

Doxycycline

D-Biotin

DL-Dithiothreitol

Trypsin-EDTA (0,5%)

Dimethyl sulfoxide

L-Glutamine

Dexamethasone

Paraformaldehyde

GST recombinant protein
GST-MATR3 ,_5gg recombinant protein
HIS-DUX4 dbd recombinant protein

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Gibco

Sigma-Aldrich

Thermo Fisher Scientific

Sigma-Aldrich

Electron Microscopy Sciences

This paper
This paper
This paper

19123
D9891
2031
D9779
15400054
D2650
25030081
D4902
157-8
N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Caspase-Glo 3/7 luminescent assay Promega G8091
CellTiter-Glo luminescent assay Promega G7570
CASP3/7 assay GREEN reagent Essen BioScience 4440

Duolink /n situ Red kit Sigma-Aldrich DU092101
QuikChange XL Site-Directed Mutagenesis Kit Agilent Technologies 200517
Gateway LR Clonase Enzyme mix Invitrogen 11791019
Lipofectamine 3000 Transfection Reagent Thermo Fisher Scientific L3000001
Lipofectamine LTX Reagent with PLUS Reagent  Thermo Fisher Scientific 15338-100
PureLink RNA Mini Kit Thermo Fisher Scientific 12183025
DNAsel (PureLink DNase Set) Thermo Fisher Scientific 12185010
SuperScript 111 First-Strand Synthesis System Thermo Fisher Scientific 18080051
iTag Universal SYBR Green Supermix Biorad 1725122
Polyfect Transfection Reagent QIAGEN 301107
Slide-A-Lyzer dialysis cassettes Thermo Fisher Scientific 66380

Protein G Sepharose beads GE Healthcare 71708300
Strep-Tactin Sepharose beads IBA Lifesciences 2-1201-002
anti-HA-agarose beads Sigma-Aldrich A2095
Glutathione-Sepharose beads GE Healthcare 17513201
anti-FLAG M2 Affinity Gel Sigma-Aldrich A2220
His-Select Nickel Affinity gel beads Sigma-Aldrich H0537
Deposited data

Raw and analyzed RNA-seq data This paper GEO: GSE210008 and Table S5
Raw and analyzed proteomics data This paper ProteomeXchange: PXD011073, https://

DUX4 core target gene list

Table S4 (Jagannathan S et al.)34

doi.org/10.6019/PXD011073 and Table S1

https://doi.org/10.1093/hmg/ddw271

Experimental models: Cell lines

HEK?293T cells ATCC CRL-3216
Flp-In T-REx 293 cells Thermo Fisher Scientific R78007
DUX4 Flp-In T-Rex cells (HEK-iSH-DUX4) This manuscript N/A
Oligonucleotides

See Table S2 for a list of primers for cloning This paper N/A

See Table S3 for a list of SIRNAs N/A N/A

See Table S4 for a list of primers for RT-qPCR This paper N/A

Recombinant DNA

PCMV_FLAG-MATR3
PCMV_FLAG-SMARCC2

(Salton et al.)’®

(Xietal.)™®

RRID: Addgene_32880
RRID: Addgene_19142
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

pECE-M2-CDC27
pCDNA-3xFLAG-RUVBL1
PCMV_FLAG-MATR3 ; 23
pPCMV_FLAG-MATR3 ; 32,
PCMV_FLAG-MATR3 ; 798
PCMV-FLAG-MATRS 29 end
pCS2-mkg DUX4 vector
pET-GB1-DUX4 dbd
PGEX-2tk- MATR3 5 54
pCDNAS5/FRT/TO STREP-HA

pCMV-dR8.91
VSV-G/pMD2G
pFUGW:GFP

pFUGW:GFP- MATR3-full length
PFUGW:GFP- MATR3, »g8
pLBC2-BS-RFCA-BCVIII

pLBC2-BS-RFCA-BCVIN-att-MATR3-full
length

PLBC2-BS-RFCA-BCVIII-att-MATR3, 6

(Banko et al.)8
(Venteicher et al.)8!
This paper

This paper

This paper

This paper

(Snider et al.)52
This paper

This paper

Dr. Superti-Furga G, CeMM Research
Center for Molecular Medicine

Broad Institute
Broad Institute

Dr. Shanahan CM, King’s College
London, London, UK

This paper
This paper
Dr. Mullighan CG, St. Jude

Children’s Research Hospital, Memphis,

Tennessee, USA
This paper

This paper

RRID: Addgene_31661
RRID: Addgene_51635
N/A
N/A
N/A
N/A
RRID: Addgene_21156
N/A
N/A

Austrian Academy of Sciences, 1090 Vienna,
Austria

http://www.broadinstitute.org/rnai/trc
http://www.broadinstitute.org/rnai/trc

https://doi.org/10.1091/mbc.E16-06-0346

N/A
N/A

https://doi.org/10.1038/ng.3691

N/A

N/A

Software and algorithms

GraphPad PRISM 8
ImageJ

CFX Manager Software 3.1

MaxQuant (v 1.5.2.8)

STAR aligner (v 2.5.3a)

CRAN package pheatmap (v.1.0.12)
CRAN package “venn” (v1.11).
FeatureCounts (v 1.6.4)

GraphPad Software
National Institutes of Health

Biorad

(Cox J. et al.)8
(Dobin A et al.)3
CRAN package
CRAN package
(Liao Y etal.)8

https://www.graphpad.com/
https://imagej.nih.gov/ij/

https://www.bio-rad.com/it-it/sku/1845000-cfx-
manager-software?ID=1845000

https://doi.org/10.1021/pr101065j
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