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MUSCULAR DYSTROPHY

Applying genome-wide CRISPR-Cas9 screens
for therapeutic discovery in facioscapulohumeral
muscular dystrophy

Angela Lek"?*3*, Yuanfan Zhangz'3, Keryn G. Woodman', Shushu Huang1’4’5,

Alec M. DeSimone', Justin Cohen’, Vincent Ho', James Conner?, Lillian Mead?,
Andrew Kodani*3, Anna Pakula®?, Neville Sanjana7'8, Oliver D. Kings, Peter L. Jones®,
Kathryn R. Wagner"”", Monkol Lek', Louis M. Kunkel®31%13%

The emergence of CRISPR-Cas9 gene-editing technologies and genome-wide CRISPR-Cas9 libraries enables efficient
unbiased genetic screening that can accelerate the process of therapeutic discovery for genetic disorders. Here,
we demonstrate the utility of a genome-wide CRISPR-Cas9 loss-of-function library to identify therapeutic targets
for facioscapulohumeral muscular dystrophy (FSHD), a genetically complex type of muscular dystrophy for which
there is currently no treatment. In FSHD, both genetic and epigenetic changes lead to misexpression of DUX4, the
FSHD causal gene that encodes the highly cytotoxic DUX4 protein. We performed a genome-wide CRISPR-Cas9
screen to identify genes whose loss-of-function conferred survival when DUX4 was expressed in muscle cells. Genes
emerging from our screen illuminated a pathogenic link to the cellular hypoxia response, which was revealed to
be the main driver of DUX4-induced cell death. Application of hypoxia signaling inhibitors resulted in increased
DUX4 protein turnover and subsequent reduction of the cellular hypoxia response and cell death. In addition,
these compounds proved successful in reducing FSHD disease biomarkers in patient myogenic lines, as well as
improving structural and functional properties in two zebrafish models of FSHD. Our genome-wide perturbation
of pathways affecting DUX4 expression has provided insight into key drivers of DUX4-induced pathogenesis and
has identified existing compounds with potential therapeutic benefit for FSHD. Our experimental approach presents
an accelerated paradigm toward mechanistic understanding and therapeutic discovery of a complex genetic disease,
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which may be translatable to other diseases with well-established phenotypic selection assays.

INTRODUCTION

Many genetic disorders have a well-defined clinical phenotype asso-
ciated with specific mutations in a causative gene. However, in some
forms of muscular dystrophy, there continues to be a large gap in
knowledge between identification of causal genetic mutations and
understanding the molecular pathways underlying the disease patho-
physiology, which is vital for developing targeted therapies. The
process of elucidating this link is challenging, particularly for rare
diseases, and can take decades of basic science research for molecular
pathways to be mapped and drug targets identified. In this study, we
use a genetically complex type of muscular dystrophy, facioscapulo-
humeral muscular dystrophy (FSHD), to demonstrate how CRISPR-
Cas9 screens, when applied on a genome-wide scale, can be a powerful
tool for identifying targets for drug discovery. This approach, when
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coupled to a disease-relevant cell-based assay, rapidly identifies promis-
ing drug targets, thereby accelerating the process of therapeutic dis-
covery for rare diseases.

FSHD is one of the most common autosomal dominant forms of
muscular dystrophy, affecting both males and females at an incidence
of 1 in 8000 individuals (1). FSHD is a multifactorial genetic disorder
linked to epigenetic dysregulation of D4Z4 repeats in the subtelomeric
region of chromosome four (2-5). In healthy individuals, the D474
repeat array ranges from 11 to 100 copies on both 4q chromosomes,
whereas in individuals with FSHD1 (~95% of cases), the array is con-
tracted to 1 to 10 copies on at least one 4q chromosome, resulting in
the loss of repressive epigenetic regulation. For FSHD to manifest,
this contraction must also occur in cis with the disease-permissive
haplotype of 4gA (6). Individuals with FSHD2 (~5% of cases) are
not associated with contractions of D4Z4 repeats but instead harbor
loss-of-function mutations in either SMCHDI (7) or DNMT3B (8),
genes required for maintaining a repressive epigenetic state at D424
arrays, and share the same genetic requirement for the disease-
permissive haplotype (7). Together, these distinct pathogenic mecha-
nisms underlying FSHD1 and FSHD?2 lead to common epigenetic
alterations that result in chromatin relaxation and aberrant expression
of the DUX4 retrogene from the pathogenic locus. Although each D474
repeat unit encodes a copy of DUX4, only the mRNA transcribed from
the DUX4 gene embedded in the distalmost D4Z4 repeat unit is stably
expressed due to the presence of a required polyadenylation signal
conferred by the disease-permissive 4qA haplotype (6, 9-11). Thus,
FSHD is both an epigenetic and genetic dominant gain-of-function
disease and therefore should be amenable to loss-of-function screens.
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DUX4 is not normally expressed in adult somatic cells, whereas
during early human development, it activates the cleavage-stage
zygotic transcription program (12, 13). Thus, DUX4 encodes a potent
developmental transcription factor, and misexpression of DUX4 in
FSHD skeletal muscle inappropriately activates this expression program
and DUX4 target genes, which ultimately leads to pathology (14-18).
Several studies have identified altered gene expression signatures
triggered by misexpression of DUX4 via transcription expression pro-
filing (16, 19-23), and these results have implicated multiple poten-
tial pathogenic pathways, including those associated with activation
of stem cell and germline programs (20), repression of innate im-
munity (20), inhibition of myogenesis (24), oxidative stress, apoptosis,
and inhibition of nonsense mediated RNA decay (25). Individually,
these studies have yielded an abundance of data pertaining to
DUX4-specific changes in different cell models; however, together,
there is minor congruence between different studies. Despite these
experiments resulting in a comprehensive catalog of both direct
transcriptional targets of DUX4 and as genes dysregulated in the
presence of DUX4, no actionable pathogenic gene targets for thera-
peutic intervention beyond DUX4 itself have emerged from these
studies. However, DUX4-induced apoptosis is consistent across every
system tested and thus is likely a key mediator of FSHD pathogenesis
and a viable therapeutic target (16-18, 26).

The emergence of CRISPR-Cas9 gene editing and its utility on a
genome-wide scale have been successful in elucidating cancer drug
resistance genes (27-29) and pathogen invasion factors (30-33). A
knockout CRISPR-Cas9 screen was also recently used to identify
suppressors and enhancers of an amyotrophic lateral sclerosis gene,
C90RF72, and the resulting dipeptide repeat protein toxicity that
underlies neurodegeneration (34). Together, these studies have led
to the discovery of previously unidentified genes and pathways in their
respective biological context, accelerated by the unbiased nature of the
genome-wide CRISPR-Cas9 screening approach. Therefore, we hy-
pothesized that an unbiased CRISPR-Cas9 screen that systematically
knocked out each human gene in the context of FSHD could be used
to identify those genes involved in enabling DUX4-mediated cell
death. The results of our screen point to perturbation of the hypoxia
signaling pathway as an effective therapy target to prevent DUX4-induced
cell death and FSHD-associated pathologies in patient cells and ze-
brafish disease models. The success of our screen in its identification of
therapeutic candidates for FSHD demonstrates that this approach can
be applied to other diseases with a quantifiable cellular phenotype
to accelerate the process of therapeutic discovery for rare disease.

RESULTS

Genome-wide CRISPR-Cas9 loss-of-function screens identify

DUX4-resistant gene knockouts

Aberrant DUX4 expression in cells from individuals with FSHD re-
sults in cell death (16), but its activation is sporadic and infrequent
(1 in every 200 to 1000 cells) (13, 35, 36) and thereby does not provide
a robust selection pressure for conducting genome-wide screens.
Therefore, we used an immortalized myoblast line (MB135-DUX4i)
with a doxycycline-inducible DUX4 transgene that ensures consistent
DUX4 expression in all cells (18, 22). Upon addition of doxycycline
and subsequent DUX4 expression, most cells are dead within 48 hours
(Fig. 1A), thus providing a robust negative selection mechanism that
could be leveraged to identify gene knockouts conferring resistance
to DUX4-induced cell death in a CRISPR-Cas9 screen (Fig. 1B). We
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transduced the lentivirus-packaged GeCKO (Genome-scale CRISPR-
Cas9 Knock Out) library into the MB135-DUX4i line at low multi-
plicity of infection (MOI) to target one virus entry per cell, achieving
300x library representation within the population. After 7 days of
puromycin selection and cell expansion for positively transduced cells,
we harvested half of the population to provide a snapshot of the
library representation before DUX4 selection [“early time point”
(ETP)]. To the remaining population, we subsequently activated
DUX4 expression by adding doxycycline. After 48 hours, dead cells
were removed, and the remaining DUX4-resistant cells were expanded.
These rare surviving cells were hypothesized to be DUX4 resistant
due to their CRISPR-Cas9-induced gene knockout.

Sequencing libraries generated from the ETP and post-DUX4
selection populations were sequenced by the NextSeq Illumina plat-
form to determine their single-guide RNAs (sgRNAs) and respective
gene targets. The resulting sequencing reads were aligned to the
sgRNA library sequences, and counts of each sgRNA were determined
for both ETP and post-DUX4 selection populations (Fig. 1C). Normal-
ized read counts for each of the six distinct sgRNAs per gene were
aggregated to perform statistical testing. The most significant gene
hits (P < 0.01) from two independent screens (library transduction,
selection for DUX4 resistance, and guide sequencing) (Fig. 1D) were
investigated for functional associations using GeneMANIA (fig. S1)
(37). The resulting groupings revealed potential pathways involved
in regulating DUX4 cytotoxicity and allowed for the prioritization
of candidates for follow-up studies (Fig. 1E). From this analysis, we
identified the most significant subnetwork of genes emerging from
our CRISPR-Cas9 screen as the hypoxia signaling pathway (Fig. 1F).
HIFIA and ARNT (HIFIB) are subunits of the hypoxia-inducible
factor 1 (HIF1) transcriptional complex that dimerize under hypoxic
conditions (38). CBP (CREBBP) is a transcriptional coactivator of the
HIF1 complex, and together, they bind hypoxia response elements
upstream of several genes essential for the cellular response to
hypoxia (39). CDKNIA is one of many downstream target genes of
the HIF1 complex and is reported to mediate hypoxia-related growth
arrest (40). We chose to focus on our hypoxia signaling candidate
genes in follow-up studies, given that they are well characterized
compared to other gene candidates from our screen and can also be
modulated by targeted chemical inhibitors.

DUX4 expression activates the cellular hypoxia signaling
pathway responsible for cell death

We further investigated the role of the cellular hypoxia pathway and
its link to DUX4 expression. In response to hypoxic stress, HIF1A
protein is stabilized and enriches in the nucleus, which we observed
via immunofluorescence in the presence of cobalt chloride, a chemical
inducer of hypoxia (Fig. 2A). We also observed a similar pattern of
protein stabilization and nuclear localization of HIF1A in response
to DUX4 expression. Our high-magnification images show colocal-
ization of HIF1A in nuclei with high DUX4 expression but not in
nuclei with low DUX4 expression, suggesting that a threshold of
DUX4 expression triggers downstream activation of HIF1A, the master
regulator of hypoxia signaling. Colocalization and enrichment of
HIF1A were similarly observed in rare DUX4" nuclei in myotubes
from a patient with FSHD (Fig. 2B). We further assessed expression
of hypoxia-responsive target genes (GLUTI and PDKI) that signal
metabolic changes during hypoxia and observed that their protein
expression was also up-regulated in the presence of DUX4 (fig. S2).
Applying a cell-permeable hypoxia detection reagent that fluoresces
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Fig. 1. Genome-wide CRISPR-Cas9 knockout screen identifies genes linked to DUX4 resistance. (A) Brightfield microscope image of MB135-DUX4i human myoblast
line with doxycycline-inducible DUX4 expression used in screen. Dox, doxycycline. (B) Flow diagram of CRISPR-Cas9 screening method. A CRISPR-Cas9 knockout library
was packaged in lentivirus and transduced into cells at an MOI range of 0.3 to 0.4. Two cell populations were harvested for genomic DNA isolation and sequencing: control
[early time point (ETP)] and after DUX4 selection. Two independent screens were performed and analyzed. (C) Guide RNA expression amounts before and after DUX4
selection from one CRISPR-Cas9 knockout screen. Guides from selected top genes are highlighted to show enrichment from multiple different guide RNA sequences.
(D) P value of genes derived from two independent CRISPR-Cas9 knockout screens as determined by the statistical package MAGeCK (72). Inset represents gene hits with
P <0.01in both experiments. (E) Representation of GeneMANIA functional associations between significant (P < 0.01) screen hits identified across two independent replicates.
See fig. S1. (F) Schematic of HIF-mediated transcription. Under hypoxic conditions, HIF1A is stabilized and translocates into the nucleus to dimerize with ARNT, forming

the HIF transcription factor. Together with coactivators CBP (CREBBP) and p300, HIFs induce transcription of hypoxia response genes, one of which is CDKNTA.

in intracellular environments with low oxygen concentration to
MB135-DUX4i cells showed that DUX4 expression is linked to intra-
cellular hypoxic conditions compared to control conditions (Fig. 2C).

Our next investigation centered on validating the hypoxia-responsive
genes emerging from our CRISPR-Cas9 screen and their link to
DUX4-induced cell death. We selected sgRNA sequences that demon-
strated enrichment in both screens and used these to generate single-
gene knockouts in the MB135-DUX4i line. Clonal populations were
selected for expansion and Sanger sequenced to confirm integration
of construct. Protein reduction was also confirmed via Western blot
(fig. S3). Using these single-gene knockouts, we induced DUX4 ex-
pression and validated that they were resistant to DUX4-induced cell
death compared to control cells. Reduced cell death was observed
qualitatively as minimal positive staining for caspase-3/7, a cell death
marker, using a fluorescence detection reagent (Fig. 2D). Findings
were confirmed quantitatively using a second caspase-3/7 luminescence
assay (Fig. 2E). Our results demonstrate that knockout of key
hypoxia signaling genes can desensitize cells to DUX4-induced
toxicity and cell death. Of the many pathways activated in response
to DUX4 expression, we propose that the hypoxia signaling path-
way is the key driver that propagates the pathogenic signal leading
to cell death.

Hypoxia signaling inhibitors attenuate

DUX4-induced cell death

We next sought to mimic the DUX4 resistance property of our
single-gene knockout lines via a pharmacological approach, reason-
ing that effective compounds may serve as potential therapeutic can-
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didates to treat FSHD. Studies have shown that the cellular hypoxia
response, acting via HIF1 complex assembly and stabilization, can
be disrupted using chemical inhibitors of the phosphatidylinositol
3-kinase (PI3K)/Akt/mTOR (40-42) and Ras/mitogen-activated pro-
tein kinase (MAPK) (43, 44) signaling pathways. We tested several
inhibitors’ ability to reduce DUX4-induced cell death using our
MB135 DUX4i line (Fig. 3A). Rapamycin (mTOR inhibitor) and
wortmannin and LY294002 (PI3K inhibitors) are known to limit
the synthesis of HIF1A protein (41). Herbimycin is used to inhibit
receptor tyrosine kinases that activate PI3K/Akt/mTOR signal trans-
duction, effectively blocking HIF1 complex stabilization (45). PD98059
and U0126 are MAPK kinase (MEK1 and MEK2) inhibitors that
block HIF1A protein synthesis (46, 47). When cells were incubated
in the presence of these HIF signaling inhibitors, we observed resist-
ance to DUX4-induced cell death to varying degrees, mimicking our
observation with our hypoxia gene knockout lines. The PI3K/Akt/
mTOR inhibitors appeared more efficacious at a lower dose than
the Ras/MAPK inhibitors and were thus selected for further analysis.
Reduced cell death using these compounds was further validated
using a secondary caspase-3/7 fluorescence assay (Fig. 3B). We also
tested the specificity of these compounds to inhibit DUX4-induced
cell death in the presence of a pro-apoptotic agent, etoposide (a
topoisomerase inhibitor), which causes accumulation of double-
stranded DNA breaks, hence functioning via a different pathway than
hypoxia-related apoptosis. Our results showed that these compounds
were not effective in inhibiting etoposide-induced cell death, thus
conferring specificity to inhibition of apoptotic signals derived from
hypoxic conditions underlying DUX4-induced cell death (fig. S4).
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Fig. 2. Role of hypoxia response A
genes in DUX4-induced cell
death. (A) Immunofluorescence
of HIF1A in MB135-DUX4i cells
under control (normoxia),
CoCl,-treated (hypoxia), and
doxycycline-treated (DUX4-
activated) conditions after
48 hours. (B) Immunofluores-
cence of FSHD patient myotubes
(17ABIC) fixed after 4 days of
differentiation and stained for
DUX4 (red) and HIF1A (green).
(C) Hypoxia reagent (green)
applied to MB135-wild-type (WT)
(top) and MB135-DUX4i (bottom)
cells with and without doxycycline.
(D) Individual gene knockouts
were engineered into the MB135-
DUX4i line. Cells were seeded
and doxycycline added 6 hours
later to induce DUX4 expres-
sion for 48 hours. CellEvent
Caspase-3/7 FITC reagent was B
added to each well to visualize
DUX4-induced cell death under
a fluorescent microscope. (E) Cell
death was quantified using a
caspase-3/7 luminescence as-
say. Error bars represent SEM of
six replicate wells. ***P < 0.01
using Mann-Whitney two-tailed
test, compared to the original
MB135-DUX4i line.
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inhibitors drastically re- & oo"Sx ¢ °°

duced DUX4 protein in

cells as measured by both

immunofluorescence and Western blot (Fig. 3D). DUX4 reduction
was most pronounced when inhibitors were added before activa-
tion of DUX4 but still exerted an effect up to 24 hours post-DUX4
activation (fig. S5). Transcript of DUX4 was not altered in the pres-
ence of these compounds, indicating that they were not preventing
the doxycycline inducibility of the DUX4 transgene itself (fig. S6).
Further investigation into the reduced DUX4 protein expression in
the presence of these compounds revealed an increase in DUX4
protein turnover. Application of a proteasome inhibitor (MG132)
in the presence of the compounds restored DUX4 protein expres-
sion (Fig. 3E), thus indicating that these compounds are acting to
increase DUX4 protein turnover to reduce the cellular hypoxia re-
sponse and subsequent apoptosis.
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Hypoxia signaling inhibitors reduce FSHD-related
biomarkers in patient cells

Upon identifying pharmacological compounds that inhibit DUX4-
induced cell death in the inducible DUX4 cell line, we next sought
to investigate their potential therapeutic benefit in an in vitro model
of FSHD using four different patient-derived myogenic cells. Given
that DUX4 activation occurs in myotubes, we seeded patient myo-
blasts and switched to differentiation media to induce myoblast
fusion over 4 days. On the fourth day, cells were treated with com-
pounds for 12 hours and then harvested for transcript quantification.
DUX4 activation in patient cells is sporadic and infrequent, making
it difficult to directly quantify DUX4 transcript and protein expres-
sion. Alternatively, as with previous published studies (48, 49), we
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Fig. 3. Hypoxia signaling inhibitors prevent DUX4-induced
cell death. (A) Dose-response curves for known chemical in-
hibitors of hypoxia signaling. Cell death was quantified using a
caspase-3/7 luminescence assay. (B) Fluorescence imaging analy-
sis of DUX4-induced apoptosis in MB135-DUX4i cells incubated
with PI3K/Akt/mTOR inhibitor compounds. Green cells are
caspase-3/7 positive. (C) Fluorescence imaging analysis of hypoxia
in MB135-DUX4i cells cultured with inhibitor compounds; HIF1A
(green), DUX4 (red), and DAPI (blue). (D) Immunofluorescence
(P2B1 antibody, top) and quantification of Western blot (E55

il

antibody, bottom) of DUX4 protein expression in the presence of signaling inhibitors in MB135-DUX4i cells. **P < 0.01, ***P < 0.001. (E) Western blot for DUX4 protein with

MG132 proteasome inhibition in the presence of inhibitors in MB135-DUX4i cells.

assayed three well-established DUX4 target genes and FSHD disease
biomarkers: ZSCAN4, TRIM43, and MBD3L5. The up-regulation of
these genes is closely linked to disease state and DUX4 expression in
patients, and they are more readily detectable than DUX4 itself.
Reduction in transcript expression of all three biomarker genes tested
was observed across the four FSHD myogenic lines when treated
with inhibitor compounds (Fig. 4 and fig. S7). The observed reduc-
tion of these disease-related biomarkers to expression comparable
to healthy control cells demonstrates the therapeutic potential of
hypoxia signaling inhibitors to ameliorate the molecular signatures
associated with FSHD.

Hypoxia signaling inhibitors improve phenotypes
associated with DUX4 in zebrafish models

To assess the potential therapeutic benefit of hypoxia signaling
inhibitor compounds in vivo, we next performed short-term drug
treatments using two established DUX4 misexpression zebrafish
models of FSHD (50, 51). In the first model, we induced misexpression
of human DUX4 during zebrafish development by mRNA injection
at the one-cell stage (50). This model results in abnormalities that
recapitulate FSHD-related phenotypes including apoptosis and muscle

Lek et al., Sci. Transl. Med. 12, eaay0271 (2020) 25 March 2020

degeneration. DUX4 mRNA injection at the one-cell stage results in
asymmetric structural defects of the fin, facial, and trunk muscles
with variable severity ranging from lethal to mild (Fig. 5A), as well
as reduced physiological activity by day 5 after fertilization. This
model can be used to assess the efficacy of candidate compounds by
treatment in water. Dosing of DUX4-injected eggs with rapamycin,
wortmannin, and herbimycin, but not LY294002, during embryon-
ic development reduced the ratios of affected versus unaffected fish
in terms of their gross body phenotype after hatching (Fig. 5A). To
assess whether these gross structural improvements translated into
functional improvements, independent experiments were performed
using the DanioVision platform. DUX4-injected embryos with or
without inhibitor drugs in the water were individually placed in
wells of 48-well plates, and fish swimming activity was recorded on
day 5 after fertilization. Rapamycin-, wortmannin-, and herbimycin-
treated fish demonstrated a more active swim activity heatmap
compared to the untreated DUX4-injected cohort (Fig. 5B). Improve-
ment in cumulative mobility was larger than expected, given the
smaller percentage improvement in gross structural defects (Fig. 5C).
This suggests that the developmental structural defects in fish from
the drug-treated groups were less severe in nature than those observed
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fibrosis, and fat infiltration in the fin
muscle of herbimycin- and rapamycin-
treated groups compared to the untreated
DUX4-injected group (Fig. 5E). Our re-
sults indicate that drug treatment during
developmental stages can prevent DUX4-
induced muscle pathology in adulthood.
To assess the direct effect of herbimycin
. and rapamycin on DUX4 expression, we
used our inducible DUX4 transgenic

ﬁ&l h model (51) in which the addition of
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4 tamoxifen resulted in muscle-specific
expression of a DUX4-mCherry fusion
protein that could be visualized (Fig. 5F).
Quantification of DUX4-positive nuclei
(Fig. 5G) showed decreased expression
of DUX4 in drug-treated fish compared
to untreated, mimicking our observation
of reduced DUX4 in response to inhibitor
treatment in our in vitro studies.

e No drug
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v Rapamycin
+ Wortmannin

DISCUSSION

Here, we used FSHD as a model disease
to demonstrate how genome-wide
CRISPR-Cas9 screens can be used to
identify gene targets and pathways to
accelerate drug discovery and testing for
rare diseases. FSHD is a genetically com-
plex type of muscular dystrophy with a
shortage of therapies in development
compared to other forms of muscular
dystrophies (52-54). This is, in part, due
to the lack of understanding of the link
between DUX4 misexpression and dis-
ease pathology, and thus a shortage of
“druggable” pathways emerging from
basic science research in the field. In
contrast to previous transcriptome-based
studies that report dysregulation of many

e Nodrug

= Herbimycin
2 LY294002
v Rapamycin
+ Wortmannin

Fig. 4. Hypoxia signaling inhibitors reduce FSHD-related biomarkers in patient primary myotubes. Transcript
quantification of FSHD biomarkers MBD3L5, ZSCAN4, and TRIM43 from four patient donor muscle biopsies (12A, 16A,
17A, and 18A from UMMS Wellstone cohort) with or without compound treatment for 5 days were normalized and
summarized (original values of each line in fig. S7). Data are plotted as means + SEM. Statistical analysis: Two-way
ANOVA and multiple comparisons test were performed, and all treatment groups were significantly different from

untreated control (P < 0.0001).

in the untreated DUX4-injected group, thus resulting in improved
muscle function.

TUNEL (terminal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick end labeling) staining on DUX4-injected
fish revealed the presence of apoptotic fibers, which were reduced
upon treatment with rapamycin and herbimycin (Fig. 5D). We sub-
sequently aged a cohort of drug-treated and untreated DUX4-injected
fish into adulthood and performed histological analysis at 8 months.
Trichrome staining revealed a decrease in collagen, endomysial
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ﬁ % n genes and pathways in response to DUX4
X expression (16, 19-22, 55), our genome-
wide CRISPR-Cas9 knockout screen
identified specific genes and pathways
that enabled resistance to DUX4-induced
cell death when modulated, thus pro-
viding a strategy to identify actionable
drug targets for further characterization.
The identification of several hypoxia
response genes, in particular, both sub-
units of the HIF1 complex (HIF1A and HIFIB/ARNT), from our
CRISPR-Cas9 screen led to the discovery that the cellular hypoxia re-
sponse pathway plays a key pathogenic role in mediating DUX4-induced
cell death. Perturbation of this signaling pathway in DUX4-expressing
cells by pharmacological compounds circumvented the hypoxic re-
sponse and cell death, suggesting that DUX4-associated pathogenesis
in individuals with FSHD may be targeted by similar approaches.
Although the hypoxia signaling pathway has not been a targeted
focus area in FSHD research, HIF1A has been cited in two previous
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Fig. 5. Hypoxia signaling inhibitors ameliorate FSHD-associated phenotypes in two DUX4 zebrafish models. (A) Representative image of a pool of uninjected AB
control and DUX4-injected zebrafish larvae at 3 days postfertilization (dpf). Affected versus unaffected larvae counts with and without drug treatments are shown below
(n=100, N=3). *P < 0.05, **P < 0.01 compared to DUX4-injected no-drug control (Mann-Whitney test across all replicates). (B) Representative heatmaps of swim activity
generated by DanioVision platform comparing uninjected, DUX4-injected control, and DUX4-injected drug-treated fish over 15 min. (C) Bar graph generated from swim
activity data comparing “mobile” versus “immobile” periods for each fish over the 15-min recording session in (B) (n=96). Data are plotted as means + SEM. Statistical
analysis: Two-way ANOVA identified interaction between treatment and mobility with P <0.0001. Tukey’s multiple comparisons test revealed that the uninjected and
three drug treatment groups were all significantly different from the no-drug control (P < 0.0001). (D) TUNEL staining (red) on DUX4-injected fish with and without drug
treatment (rapamycin and herbimycin) after drug treatment. Actin (phalloidin, green) and nuclei (hoechst, blue) are also stained. (E) Representative trichrome staining on
aged DUX4-injected fish with and without inhibitors (herbimycin or rapamycin). White arrows indicate excess collagen and fibrosis, and the yellow arrow indicates fat
infiltration. (F) Fluorescence images of DUX4-inducible fish treated with tamoxifen to activate DUX4 expression and fixed at day 4 after fertilization. Muscle myosin light
chain EGFP (green), Hoechst (blue), and DUX4-mCherry (red). (G) Quantification of DUX4-positive nuclei per myotome in DUX4-induced fish with and without inhibitor
treatment (n = 5). Statistical analysis: One-way ANOVA and multiple comparisons test were performed, and drug-treated groups were significantly different from the
no-drug control (**P < 0.01, ***P < 0.001).
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studies. The first study is a meta-analysis performed across multiple
FSHD sample datasets, which reported HIFIA as one of the most
rewired genes with increased activity in FSHD (56). The second is a
microarray study in which HIF signaling genes were observed to be
overrepresented among FSHD dysregulated genes (57). Our discovery
opens therapeutic prospects for individuals with FSHD using existing
drugs that modulate this pathway, many of which have been charac-
terized in the context of cancer therapy (41). Although we specifically
focused on inhibitors of the PI3K/Akt/mTOR pathway (58), other
HIF signaling inhibitors, including cardiac glycosides, topoisomerase
inhibitors, and MAPK pathway inhibitors, may also exert a similar
therapeutic benefit (42, 59, 60). A recent publication reported that
inhibition of p38 MAPK is effective at suppressing DUX4 expression
at the transcript level (61). p38 is also known to be a key regulator of
the cellular hypoxic response (62-64), and thus, inhibition of MAPK
may also exert beneficial effects on the downstream pathogenicity
associated with hypoxia signaling.

For rapid clinical translation, testing should prioritize U.S. Food
and Drug Administration-approved HIF signaling inhibitors (42),
with specific focus on those that are suitable for lifetime dosing in
patients, such as rapamycin, and demonstrate efficacy in FSHD
mouse models. These candidate inhibitors may be effective as a
prophylactic to promote DUX4 protein turnover and/or minimize
pathogenic signals that may lead to cell or myofiber death in patients
throughout the course of their lives. Our finding that FSHD bio-
marker gene expression can be reduced in patient myotubes with
the addition of inhibitor compounds after differentiation, when
myonuclei have been primed for DUX4 activation, indicates that the
inhibitors have the potential to exert a therapeutic benefit even when
applied after initiation of DUX4-triggered pathogenic signals.

Further fine mapping of the molecular signals linking hypoxia
signaling and cell death in the context of DUX4 expression will be
pursued in future studies and is anticipated to provide more in-depth
mechanistic insight into FSHD pathogenicity and additional thera-
peutic targets. Specifically, the role of p21 as a downstream mediator
of hypoxia signaling (p53 independent) in DUX4-expressing cells
warrants further investigation, given that several studies have reported
up-regulation of p21 in FSHD cell and animal models (65-67). In
addition, the identification of CREB-binding protein (CBP) as a
candidate gene emerging from our knockout screen supports recent
findings that p300/CBP compound inhibitors prevent DUX4-induced
cytotoxicity (68). Previous literature identifying DUX4 interaction
with coactivators p300/CBP to mediate chromatin opening and
transcriptional activation of target genes may explain the link between
DUX4 expression and activation of the hypoxia signaling cascade
that ultimately results in cell death (69). Furthermore, validation of
other unexplored hits from our CRISPR-Cas9 screen will likely
reveal more druggable pathways to test in patient cells and in vivo
models of FSHD. Several of our other top CRISPR-Cas9 screen hits
(DOTIL, SIN3B, and AMOTL2) are found highly expressed in the
testis, correlating with reported germline expression of DUX4 in the
testis, known as an active area of developmental apoptosis (13, 18).
Other gene clusters emerging from our screen with potential functional
correlation include two groups of transcriptional activation genes:
MED24, MED25, and MED16 and TADA1, TADA2B, and TAF6L.

Although we have successfully identified a potential therapeutic
avenue for FSHD, there are limitations to the screening approach.
First, the screen was based on cells surviving a toxic dose of DUX4
expression, and DUX4-induced cell death may not be the sole factor
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contributing to disease pathology in patients with FSHD. This sug-
gests that preventing DUX4-induced cell death may not be entirely
effective in halting FSHD pathology in patients and that additional
studies may be required to further elucidate the complete underlying
pathogenic mechanism before clinical translation. The second lim-
itation is inherent in the method of DUX4 induction used in our
CRISPR-Cas9 screen, which involves the use of doxycycline-inducible
transcriptional activation (Tet-On system). In our pilot CRISPR-Cas9
screens in which baculovirus was used to induce widespread DUX4
expression, we observed enrichment of known virus uptake genes
(B3GAT3, SLC35B2, and B4GALT7) (70). These genes were inter-
preted to be false-positive hits given that their knockout would pre-
sumably interfere with baculovirus entry into cells, thus circumventing
DUX4 expression to yield a false-positive “resistance” outcome. Like-
wise, it is possible that some of our CRISPR-Cas9 screen hits de-
rived using the doxycycline-inducible DUX4 cell line may perturb
the activation of the Tet-On system, thus inhibiting DUX4 tran-
scription to yield a false-positive hit. Our control experiments have
demonstrated that perturbation of the hypoxia signaling pathway
does not inhibit the doxycycline inducibility of the DUX4 transgene.
As we have demonstrated, assessment of DUX4 transcript expres-
sion for candidate compounds during screen validation steps is im-
portant to avoid false-positive hits.

In conclusion, our knockout CRISPR-Cas9 screen produced a
valuable resource for mining potential therapeutic targets for FSHD.
Further mapping of functional associations between hits may yield
additional druggable pathways. Although we have identified several
therapeutic targets from our screen, our current dataset is limited to
DUX4 resistance conferred by inactivation of genes. Future screen-
ing approaches using CRISPR-Cas9 technology can be used to sys-
tematically discover DUX4 resistance acquired through other types
of genetic perturbations to reveal additional therapeutic targets.
Our successful demonstration of using genome-wide CRISPR-Cas9
screen as a therapeutics discovery platform for FSHD may serve as
a model for finding potential druggable targets for other rare genetic
diseases with a high-throughput assayable cellular phenotype.

MATERIALS AND METHODS

Study design

The objective of this study was to identify key drivers of DUX4-
induced cell death that can yield insight into FSHD pathogenesis and
serve as therapeutic targets. We performed a genome-wide CRISPR
screen identifying genes whose knockout conferred survival in the
presence of DUX4 misexpression. To select gene candidates for
follow-up studies, we performed pathway analysis and identified
several candidates involved in the regulation of the cellular hypoxic
response pathway. We subsequently used a combination of genetic
and pharmacologic tools to validate these candidates. Single-gene
knockout cell lines and pharmacological compounds targeting the
hypoxia response pathway were used in the presence of DUX4 to
confirm resistance. To test compounds for potential efficacy on
three FSHD disease biomarkers, we used four myogenic lines derived
from patients. To test the efficacy of these compounds in an in vivo
model, we selected two different DUX4 expression models in
zebrafish: mRNA injection and an inducible transgenic model. Doses
of each compound were selected at the maximal nontoxic concen-
tration in wild-type fish embryos. Sample size was calculated to
achieve 80% power with a type I error rate of 5% and an anticipated
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difference of ~20% in percentage of larvae pathology. The duration
of treatment was determined before starting each experiment. Fish
embryos were randomly assigned to control or treatment groups.
Assays were performed nonblinded. All data points available were
included in the final analysis.

GeCKOv2 library preparation and lentivirus packaging
GeCKO human libraries A and B were obtained from Addgene and
amplified according to provided protocol (71I). Briefly, library com-
ponents A and B were electroporated into New England Biolabs (NEB)
DH5a cells and plated across multiple plates for overnight growth.
Once >50x colonies per construct for each library component were
established, colonies were collected across all plates and resuspend-
ed in LB for maxi prep. For lentivirus packaging of plasmid library,
human embryonic kidney 293 T cells were grown to 60% confluence
in nine T225 flasks. Cells in each flask were transfected with 20 pug of
library A, 20 ug of library B, 20 ug of pVSV-g (envelope plasmid),
and 30 ug of pspax2 (packaging plasmid) using FuGENE transfection
reagent. After 72 hours, the supernatant was collected and filtered
using a 0.45-um vacuum filter and incubated with Lenti-X concentrator
(Clontech) overnight. The next day, the supernatant was centrifuged
at 1800g for 1 hour at 4°C, and the resulting pellet was resuspended in
Dulbecco’s modified Eagle’s Medium and stored in —80°C. Virus
preparations were titered to determine an MOI range of 0.3 to
0.4 before screen.

Genome-wide knockout screen for DUX4 resistance
Genome-wide knockout screen was conducted using an immortal-
ized human myoblast line with a doxycycline-inducible DUX4
transgene (MB135-DUX4i blasticidin). For each screen, 5 x 10° cells
were plated across 11 T150 plates—10 plates were transduced with
GeCKOV2 lentivirus, and one was used as the untransduced control.
The next day, media with puromycin (2 pg/ml) were added to all
plates. After all cells had died in the control plate, remaining live
cells were split between 16 T150 plates—8 were harvested and frozen
down as ETP sample as soon as they reached 4 x 107 cells (300x library
representation), whereas the rest were maintained for an additional
week (passaged to ensure no less than 300x library threshold). Next,
doxycycline (2 pg/ml) was added to activate DUX4 expression.
Remaining DUX4 “resistant” cells were expanded for 2 weeks and
frozen down upon reaching 4 x 107 cells. Genomic DNA extraction
was performed on both ETP and DUX4 populations using protocols
described by Chen et al. (28). Polymerase chain reaction (PCR) re-
actions were performed to amplify sgRNA insert and attach sequenc-
ing barcodes, also according to protocols by Chen et al. (28).

Next-generation sequencing and analysis

Experimental replicate samples from two independent screens con-
sisting of two ETP samples and two corresponding DUX4 resistant
samples were multiplexed and sent to Broad Institute for sequenc-
ing using the Illumina NextSeq-75 platform to produce 75-base
pair (bp) single-end reads on one lane of a flowcell. PhiX was added
at 35% due to low sample complexity. The sequencing data were
demultiplexed using custom scripts, and the 20-bp sgRNA sequences
were aligned to the GeCKOv2 library sequences using bowtie. A
custom script was used to count the aligned reads to each of the
sgRNA, and MAGeCK was then used to identify genes in DUX4 that
were enriched relative to the ETP. The sequencing data generated
from the screen and raw sgRNA counts have been deposited to
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Gene Expression Omnibus (GEO) series GSE133332. This includes
the output of MAGeCK and R code to generate Fig. 1 (C and D):
https://github.com/leklab/fshd_ko_screen. The 18 genes that were
significant (P < 0.01) in both experiments (Fig. 1D) were entered into
GeneMANIA web interface (http://genemania.org) selecting only
pathway analysis. The HIF signaling pathway was highlighted as the
most significant gene set (false discovery rate = 0.000392) in the
network topology diagram (Fig. 1E).

Generation of single CRISPR-Cas9 knockouts

Guide sequences (table S1) used to generate single-gene knockout
lines were cloned into the lenti-CRISPR_v2 plasmid backbone
(Addgene #52961) and packaged into lentivirus similar to GeCKO
library preparation. To create individual knockout lines, MB135-
DUZX4i cells were transduced with lentivirus for CRISPR-Cas9s tar-
geting each gene. The next day, cells were put on puromycin selection
(2 ug/ml) for 1 week. To generate clonal lines, cells were diluted to
a concentration of five cells in 10 ml and distributed evenly across a
96-well plate. After 3 weeks, clonal populations were selected and
harvested for Western blot quantification of protein knockout.

Western blot analysis

Cells were harvested in radioimmunoprecipitation assay (Thermo
Fisher Scientific #89900) buffer supplemented with Protease Inhib-
itor cocktail (Thermo Fisher Scientific #32963) and PhosSTOP
phosphatase inhibitor (Thermo Fisher Scientific #4906845001).
Protein assay was performed using a DC assay kit (Bio-Rad
#5000112). Samples were run on a 4 to 20% Tris-Glycine eXtended
(TGX) gel (Bio-Rad #4561096) and transferred using the Bio-Rad
Transblot Turbo. Membranes were blocked in 5% milk in tris-buffered
saline (TBS)-Tween 20 before addition of primary antibodies over-
night at 4°C on a rocker. Primary antibody list and concentrations are
detailed in table S2. After TBS-Tween 20 washes, secondary horse-
radish peroxidase antibody (1:2000) was added, and blots were incu-
bated for 1 hour at room temperature on a rocker. After additional
TBS-Tween 20 washes, membranes were incubated in enhanced
chemiluminesence blotting substrate (Bio-Rad #1705062) for 5 min
and imaged using Bio-Rad Chemidoc. Protein quantification and analy-
sis were performed using Bio-Rad’s Image Lab software and GraphPad.

Apoptosis measurements

Apoptosis assays were conducted on cells seeded in clear 96-well
plates (10,000 cells per well). For testing of signaling inhibitor drugs,
cells were resuspended in respective drugs before seeding: rapamycin
(1 uM, Cell Signaling #9904S), herbimycin (10 pM, Santa Cruz #3516),
wortmannin (1 uM, Cell Signaling #9951S), and LY294002 (1 pM,
Cell Signaling #9901S). To induce DUX4 expression, doxycycline
(2 ug/ml) was added 6 hours later. For caspase-3/7 fluorescence
visualization, a single drop of the CellEvent caspase-3/7 reagent
(Thermo Fisher Scientific #R37111) was added to each well 48 hours
after addition of doxycycline and incubated in a tissue culture incu-
bator for 15 min. The Echo Revolve microscope was used to visualize
and image fluorescence in the fluorescein isothiocyanate (FITC)
channel for caspase-3/7 apoptotic cells. For caspase-3/7 quantifica-
tion assays, the Caspase-Glo 3/7 (Promega #G8090) luminescence
reagent was added to cells 48 hours after addition of doxycycline.
The BioTek plate reader was used to take measurements on the
luminescence channel every 30 min for 2 hours. Peak luminescence
values were used for analysis.
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Immunofluorescence

Cells (5 x 10*) per chamber were plated on four-chambered slides.
The following day, media was replaced with media containing the
indicated test compounds. Four hours later, doxycycline (2 pg/ml)
was added to the relevant samples. Twenty-four hours after the addi-
tion of doxycycline, samples were washed with phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde in PBS for 10 min
at room temperature with agitation. Slides were then washed three
times for 3 min with PBS and were permeabilized for 15 min with
0.1% Triton X-100 in PBS. Slides were blocked for at least 1 hour in
2% blocking buffer (2% horse serum, 2% goat serum, 2% bovine
serum albumin, and 0.2% Triton X-100 in PBS) and were incubated
overnight with primary antibodies in 2% blocking buffer at 4°C with
agitation. Slides were washed three times for 3 min with PBS, incu-
bated with 1:300 dilution of Alexa Fluor secondary antibody for
2 hours at room temperature with agitation, stained with Hoechst
(1 pg/ml) for 10 min, and mounted using fluoro-gel or VECTASHIELD
with 4',6-diamidino-2-phenylindole (DAPI). Imaging was performed
using a Leica DMR fluorescence microscope or the Echo Revolve.
Confocal microscopy was performed on selected samples using the
Leica SP5 at the Yale Center for Cellular and Molecular Imaging
Advanced Light Microscopy core.

Hypoxia detection experiments

MB135-DUX4i cells were plated at 90% confluence in a 96-well
plate, and doxycycline (2 pg/ml) was added after cells had attached.
Image-iT Green hypoxia reagent (Thermo Fisher Scientific #114834)
was added 24 hours later (5 uM final concentration), and cells were
incubated at 37°C for 1 hour before imaging. Green fluorescence was
visualized and captured using the Echo fluorescent microscope.

Cell culture

MB135-DUX4i myoblast line was provided by S. Tapscott (University
of Washington). Cells were cultured in F10 media (Thermo Fisher
Scientific #11550-043) supplemented with 20% fetal bovine serum
(FBS) (Atlanta Biologicals), antibiotics (Thermo Fisher Scientific
#15240062), 1 uM dexamethasone (Sigma-Aldrich #D4902), and fibro-
blast growth factor (10 ng/ml; Promega #G5071). DUX4 expression was
induced by addition of doxycycline hyclate (2 pg/ml; Sigma-Aldrich
#D9891). Primary myogenic lines (17U, 17A, 18A, 12A, and 16A) were
provided by the Wellstone Center for FSHD research (University of
Massachusetts, Worcester) and were cultured in skeletal muscle growth
media (Promocell #C-23060) supplemented with 20% FBS (Atlanta Bio-
logicals #S11150) and antibiotics (Thermo Fisher Scientific #15240062).
To induce myotube formation in primary lines, cells were switched
to skeletal muscle differentiation media (Promocell #C-23061).

DUX4 expression analysis

Drug compounds were added to MB135-DUX4i media (5 uM
wortmannin, 10 uM LY294002, 10 nM rapamycin, and 0.1% dimethyl
sulfoxide vehicle). After 4 hours, doxycycline was added to the ap-
propriate samples. Samples were harvested 24 hours later for RNA
extraction, and 0.3 ug of total RNA was used for complementary
DNA (cDNA) synthesis. cDNA (10 ng) was used as template in
PCR reactions using DUX4 and GAPDH primers listed in table S3.

FSHD biomarker analysis
Cells from four different individuals with FSHD (17A, 18A, 12A,
and 16A) and control (17U) lines from the University of Massachusetts
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Medical School (UMMS) Wellstone Center biobank were used for
biomarker analysis. Cells were grown to confluence in growth media
before switching to differentiation media for 4 days. On day 4, in-
hibitor compounds were added overnight, and cells were harvested
for RNA extraction the next day. TRIzol total RNA extraction
(Thermo Fisher Scientific #15596018) and SuperScript III (Thermo
Fisher Scientific #18080085) cDNA synthesis were used according
to the manufacturer’s protocols. Biomarker quantitative PCR reac-
tions were performed using TagMan Master Mix (Thermo Fisher
Scientific #4304437) and run on a StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific). Results were analyzed using
StepOne Software and visualized graphically using Microsoft Excel
and GraphPad Prism 8. Specific TagMan assays for ZSCAN4
(Hs00537549_m1, Thermo Fisher Scientific), MBD3L5 (Hs04190573_
mH, Thermo Fisher Scientific), and TRIM43 (Hs00299174_m]1,
Thermo Fisher Scientific) were used. Expression was normalized to
PPIA (Hs99999904_m1, Thermo Fisher Scientific), which was found
to not change in response to drug treatment. Reactions were set up
in duplicate and repeated. Biomarker expression of each compound
treatment group was normalized to the untreated cells from the same
donor before being summarized in the final figures because baseline
quantities of biomarker expression vary from patient to patient.

Zebrafish drug studies using DUX4-injection model

Zebrafish (Danio rerio) wild-type AB strain was maintained in the
Boston Children’s Hospital (BCH) Zebrafish facility under approved
protocols. Zebrafish embryos were raised at 28.5°C and cared for as
previously described (50, 51). Briefly, for DUX4-injection model,
human DUX4 mRNA was synthesized by in vitro transcription. AB
fish embryos at the one-cell stage were injected with 0.1 pg of DUX4
mRNA and 0.1% phenol red. DUX4-injected eggs were mixed and
randomly assigned to drug or no-drug groups. Drug-treated groups
received inhibitor compound in their fish water at the following con-
centrations: rapamycin at 100 nM, LY294002 at 10 uM, wortmannin
at 50 nM, and herbimycin at 10 nM, starting at 6 hours after injection
and maintained for 5 days. Dead eggs were cleared each day and
recorded. On day 5, fish were phenotyped by examination under a
light microscope. Each drug was tested in three replicates of 100 eggs
and across three independent repeats. To assess swim activity,
DUX4-injected eggs were harvested and randomly assigned to
treatment groups. At day 1, individual eggs were selected at random
to fill a 48-well plate. The DanioVision platform was used to record
swimming activity for 15 min in the dark on day 5. Distance and
velocity data were collected and analyzed according to the manual.
Heatmaps and mobility state data were produced by the DanioVision
software. Adult DUX4-injected fish with or without drug treatment
were harvested at 8 months (n = 3 each group), fixed in Bouin’s solu-
tion, and processed for paraffin embedding and sectioning. Histological
analysis with hematoxylin and eosin and Masson trichrome stainings
were performed on slides as previously described (51). TUNEL stain-
ing was performed on zebrafish embryos at 24 hours after drug
treatment according to the Click-iT Plus (Thermo Fisher Scientific
#C10617) TUNEL assay user guide.

Zebrafish drug studies using inducible transgenic model

Inducible DUX4 transgenic strain was used to visualize and quantify
DUX4 protein expression in response to herbimycin and rapamycin
treatment. This strain was generated as previously described (51).
Briefly, tamoxifen addition resulted in Cre"*>-mediated loxP excision
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of the mylz-enhanced green fluorescent protein (EGFP) signal and
subsequent activation of the DUX4-mCherry fusion transgene, thus
turning on quantifiable DUX4 expression in the fish muscle. All eggs
were switched to water with 20 uM tamoxifen at 6 hours after fertil-
ization and randomly assigned to drug or no-drug groups. In the
drug-treated groups, at 12 hours after fertilization, rapamycin was
added to the tamoxifen water at a final concentration of 100 nM and
herbimycin at 10 nM. Tamoxifen was removed from water after
24 hours, whereas drugs were maintained until day 4. On day 4, fish
were sorted to isolate those that contain both GFP-positive heart
(Cre transgene) and GFP-positive body (DUX4-inducible transgene)
and then euthanized and fixed in paraformaldehyde. Nuclei were
visualized with Hoechst dye (1:5000). Muscle (mylz-EGFP, green)
and DUX4 (DUX4-mCherry, red) labeling in the transgenic line did
not require any additional antibodies for visualization. To visualize
DUX4 expression, images of fluorescence slides were captured on a
Zeiss LSM 700 laser scanning confocal microscope at BCH Cellular
Imaging core.

Statistical analysis

Statistical analysis was performed in GraphPad Prism 8. Specifically,
Mann-Whitney U (two-tailed test) was used to determine significance
for caspase assays (P < 0.01). For the primary cell biomarker analysis,
two-way ordinary analysis of variance (ANOVA) (with treatment
and cell line as two factors) and Holm-Sidak’s multiple comparison
to the untreated control group were performed; and for the zebrafish
drug study analysis, one-way Welch and Brown-Forsythe ANOVA
test and Dunnett’s multiple comparison to the no-drug control group
were performed. P values from the analysis are included in the figure
legends. Primary data are reported in data file S1.
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Screening for survival

Facioscapulohumeral muscular dystrophy (FSHD) is caused by altered expression of DUX4, a gene
important during development that is not usually present in adult cells. In FSHD skeletal muscle, activation of
DUX4 leads to apoptosis. To identify potential targets that mediate DUX4-induced cell death, Lek et al. performed
an unbiased screen using CRISPR-Cas9. Hypoxia signaling emerged as a target, and treating patient cells and
zebrafish models of FSHD with inhibitors of hypoxia signaling reduced cell death and expression of DUX4 target
genes and improved structural defects and muscle function. Results demonstrate the utility of this CRISPR-Cas9
screen for identifying putative therapeutic targets for FSHD.
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