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Facioscapulohumeral dystrophy (FSHD) is driven by a loss of epigenetic
repression at the D4Z4 repeat region, leading to aberrant expression of early embryonic
transcription factor Double Homeobox 4 (DUX4) and an embryonic transcriptional
program in skeletal muscle. Mechanisms that initiate and maintain epigenetic repression
at the D4Z4 are complex and incompletely understood. Here, | designed a functional
silencing reporter system to identify specific D424 sequences that drive silencing
activity and discovered that one discrete sequence, termed D4Z4-S5, was sufficient for
sequence-dependent silencer recruitment. This sequence drives silencing activity
through both de novo DNA methylation and repressive histone modifications, driven

specifically by several previously identified D4Z4 silencers: SETDB1, ATF7IP,



SIN3A/3B, and LRIF1. The reporter system also showed promise as a robust platform
for further discovery of FSHD therapeutics and disease modifiers, with candidate
therapeutic p38 pathway inhibitors showing increased repression in D4Z4-S5. Our
findings identify a key D424 regulatory sequence that drives epigenetic repression and
proposes a novel system for further screening of FSHD disease modifiers and
therapeutics.

The second focus of this work is based on the long-term effects of DUX4 in
cancer. Expression of DUX4 has been identified in a wide variety of solid tissue
cancers. DUX4 was recently found to be a driver of immune evasion and is associated
with poor prognosis in response to immune-mediated cancer therapies due to a loss of
antigen presentation machinery. Though the transcriptional activity of DUX4 has been
well characterized, recent studies have implicated DUX4 in post-transcriptional
modulation of cellular processes. Here, | describe the mechanism of DUX4-mediated
translational suppression, leading to translational reprogramming. | also describe
optimization attempts to develop a DUX4-lineage tracing system for further study of

long-term effects of DUX4 activity in cancer and FSHD.
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Chapter 1: Introduction

DUX4 expression in the early embryo drives the first wave of zyqgotic

genome activation

In the earliest stages of placental mammalian development post-fertilization,
cellular processes are driven by maternally deposited RNAs and proteins present in the
oocyte. After these deposited RNAs and proteins are degraded, the cleavage stage (4-8
cell stage in humans and the 2-cell stage in mice) occurs and the embryo undergoes
the maternal to zygotic transition (MZT), where the embryonic genome is activated and
begins expressing its own genes in a process called zygotic genome activation (ZGA)
[1]. Some of the main drivers of ZGA in placental mammals are DUXC-family genes,
such as Double Homeobox 4 (DUX4) in humans and murine Dux (Dux) in mouse, which
induce transcription of over a hundred genes involved in early embryonic developmental
processes [2,3]. This ZGA transcriptional program is characterized by expression of
totipotency and retroviral genes, elongation of telomeres, chromocenter formation, and
chromatin relaxation, leading to further activation of downstream embryonic
transcriptional programs [2,4,5]. Expression of Dux in mouse embryonic stem cells
(mESCs) or DUX4 in human ESCs promotes ZGA gene expression and cycling into a
totipotent 2C- or 4-8C-like state in culture [2,3,6]. Knockout (KO) of Dux in mouse
zygotes prevents exit from the 2C-like state and morula and blastocyst formation [3],
though the essentiality of Dux for ZGA activation is disputed [7,8]. This potent induction
of totipotency genes by DUXC-family members is tightly regulated and important for
embryonic development.

The DUX4 gene, like other DUXC family members, is thought to have arisen via
retrotransposition of an ancestral DUXC sequence because of the lack of introns and
similarity between DUXC family homeodomain sequences. Located in the highly
repetitive D424 region of the human genome, DUX4 expression is limited to a short
‘pulse’ in cleavage stage embryos and low levels in the testes; in other somatic tissues,
this region is highly epigenetically silenced [2,3,9]. The DUX4 gene is located within
each 3.3 kilobase (kb) tandem repeat unit of the D4Z4 macrosatellite arrays located in
the subtelomeric regions of chromosomes 4q and 10q [10-14]. Each tandem repeat unit
in the D4Z4 contains the coding region of DUX4, and humans typically have between 1
and 150 copies of the D424 [15]. Regulation of DUX4 expression from the D4Z4 in
embryonic development and somatic cells is an area of active research.
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DUX4 misexpression in skeletal muscle drives pathogenesis of

facioscapulohumeral dystrophy

Facioscapulohumeral dystrophy (FSHD) is the third most common muscular
dystrophy, estimated to effect one in every 8-10,000 individuals [16], and is an
autosomal dominant disease characterized by progressive wasting of muscles in the
face and upper extremities [17,18]. In the 1990s, the causal gene mutation in FSHD
was narrowed to chromosome 4q and eventually to deletions in, but not full loss of [19],
the D424 macrosatellite on chromosome 4q35 [14,20—24]. Further study of the genetics
of FSHD revealed that a putative gene (now identified as DUX4) was located within
each 3.3 kb D474 element [25], and that only those with the 4gA variant of chromosome
4q, present in about ~50% of the population, were associated with FSHD diagnosis
[26,27]. Later, DUX4 was detected in FSHD patient samples and was shown to be
cytotoxic in myoblasts, implicating DUX4 expression in the muscle wasting phenotype
presented in FSHD [28]. Finally, the molecular mechanism of DUX4 induction of FSHD
was identified as a misexpression of DUX4 due to hypomethylation of the D474
combined with the presence of a 4gA allele, which contains a poly(A) signal
downstream of the D4Z4 repeat region, allowing for expression of DUX4 from the
terminal D4Z4 repeat [29]. The discovery of DUX4 as the causal gene of FSHD spurred
a new wave of research into FSHD biology and led to further research into FSHD
pathogenesis.

FSHD is primarily an autosomal dominantly-inherited disease, requiring a
permissive 4gA allele containing a poly(A) site for DUX4 expression at the distal 3’ end
of the D4Z4 array [26]. Up to 30% of cases are caused by sporadic de novo mutations
with no family history, however, and many FSHD patient families include asymptomatic
carriers, indicating the inheritance, penetrance and severity of the disease are highly
variable [30-32]. FSHD is characterized by progressive weakening of the muscles in the
face (facio-), shoulders (scapulo-) and upper arms (humeral), and some cases,
weakness of muscles in the respiratory system [17,18]. Age at symptom onset is
extremely variable between patients, with average onset in early adulthood but many
instances of onset in infancy or much later into adulthood [31,33]. FSHD muscle is
generally characterized by presence of cellular necrosis, immune cell infiltration, fat
infiltration, and intramuscular edema that worsens over time [33].

Current diagnoses define two forms of FSHD with distinct mechanisms of D474
de-repression. FSHD1, which represents ~95% of FSHD cases, is caused by chromatin
relaxation due to a loss of D424 repeat copy number from 8-100 to 1-10 copies [23,24].
The other ~5% of cases are classified as FSHD2, characterized by intermediate repeat
copy number (8-20 copies) and hypomethylation of the D4Z4 due to mutation of
epigenetic regulators, such as Structural Maintenance of Chromosomes flexible Hinge
Domain Containing 1 (SMCHD1) (>95% of FSHD2 cases), its binding partner Ligand
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Dependent Nuclear Receptor Interacting Factor 1 (LRIF1), or DNA methyltransferase 3
beta (DNMT3B) [34-36]. Because FSHD1 and FSHD2 form a disease continuum based
on both repeat number and activity of epigenetic regulators, methods to counter FSHD-
causing mutations are focused on silencing DUX4 expression either by increasing the
number of D4Z4 repeats or increasing the activity of silencers.

Epigenetic requlation of DUX4 expression in FSHD pathogenesis

Extensive studies from our lab and others have revealed several mechanisms
that regulate epigenetic silencing of the D474, one of which is DNA methylation. A
hallmark of FSHD is DNA hypomethylation at the D424 [37,38], sometimes driven by
mutations in DNA methyltransferases, such as DNMT3B [36,39,40]. In addition to
Southern blot analysis of D4Z4 repeat array size, D4Z4 DNA methylation status has
increasingly been integrated into clinical practice for FSHD diagnosis [41]. Several
“hotspots” have been identified as areas of significant DNA hypomethylation in
individuals with FSHD compared to controls, indicating methylation gradient changes in
FSHD vary across the D4Z4 repeat unit [42—45]. The presence of these specific FSHD-
associated differentially methylated regions indicates there may be specific sequences
necessary for driving silencing of the D4Z4 region and subsequent DUX4 expression.

D474 silencing is also driven by several repressive histone modifications. A
previous study in our lab identified many of these drivers by precipitation of D474
repeats and unbiased proteomics analysis [46]. Components of the Nucleosome
Remodeling and Deacetylase (NuURD) and Chromatin Assembly Factor-1 (CAF-1)
complexes were identified as suppressors of DUX4 expression, likely through conferring
histone deacetylase (HDAC) activity and modulation of chromatin accessibility,
respectively [46]. Other HDACs, SIN3 Transcription Regulator Family Members A and B
(SIN3A and SIN3B), also suppressed DUX4 expression in myoblasts [46].

Repressive histone H3 lysine 9 trimethylation (H3K9me3) loss at the D474 is
also associated with FSHD [47]. Loss of histone lysine methyltransferase (HKMT) SET
Domain Bifurcated Histone Lysine Methyltransferase 1 (SETDB1) and Tripartite Motif
Containing 28 (TRIM28), which complexes with HKMT Suppressor of Variegation 3-9
Homolog 1 (SUV39H1), led to increased DUX4 expression in myoblasts [46,48].
Several other chromatin-related D474 repressors have also been identified, including
FSHD2 disease modifiers SMCHD1 and LRIF1, SMCHD1 interactor RuvB-like AAA
ATPase 1 (RUVBL1), histone H3 lysine 4 demethylase Lysine Demethylase 1A
(KDM1A), transcriptional repressor Yin Yang 1 (YY1), endogenous RNA interference
(RNAI) pathway members Dicer 1 (DICER1) and Argonaut RISC catalytic component 2
(AGO2), and chromatin binding proteins Heterochromatin Protein 1 gamma (HP1y),
Cohesin, and CCCTC-binding factor (CTCF) [9,34,35,46,47,49-53].
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Amongst all these D474 repressors, FSHD2 driver SMCHD1 has specifically
been suggested as an important modifier of FSHD disease severity, as FSHD1 patients
with SMCHD1 mutations present more aggressive disease progression [54]. In addition,
restoration of normal levels of wild-type SMCHD1 in cells with SMCHD1
haploinsufficiency can suppress DUX4 expression [55,56], indicating that increasing
levels of SMCHD1 may provide a therapeutic approach for both forms of FSHD.
Although its exact mechanistic basis is still largely unclear, SMCHD1 has been
extensively studied for its roles in both establishment and maintenance of H3K9me3
and higher order chromatin structure of repetitive regions, such as the X chromosome,
throughout development [57—60]. SMCHD1 chromatin immunoprecipitation sequencing
(ChlP-seq) analysis has shown large contiguous areas of binding in these repetitive
regions, including the D474, suggesting that SMCHD1 is recruited by broad epigenetic
silencing signatures, such as repressive histone modifications and CpG methylation,
rather than by distinct factor binding sequences. Additionally, this analysis also revealed
~30 isolated single-copy autosomal regions with distinct peaks of both SMCHD1 and
LRIF1 binding, including the LRIF1 promoter. Knockdown of SMCHD1 also increased
LRIF1 expression, indicating that SMCHD1 is acting as a repressor at this locus [56].
This distinct binding to single-copy loci could indicate SMCHD1/LRIF1 recruitment to
specific sequence motifs rather than by distributed chromatin silencing mechanisms.
Determining, mechanistically, how DUX4 is silenced by SMCHD1 and other regulators
will provide valuable insight into FSHD pathogenesis, as well as identify targets for
therapeutic intervention.

Current therapeutic strategies for targeting DUX4 in FSHD

There is currently no cure for FSHD, so current approaches used in the clinic
focus on alleviation of symptoms by non-specific treatments to augment muscle
function. Physical therapy, 32-adrenergic agonists, myostatin inhibitors, and creatine
have been administered to combat loss of muscle mass, glucocorticoids have been
used to combat inflammation and antioxidants have been administered to combat
oxidative stress found in FSHD muscle [61]. As the molecular basis of FSHD
pathogenesis has been increasingly elucidated, focus has shifted toward specific
approaches to limit DUX4 activity.

The search for successful DUX4-inhibitory drugs has been challenging due to the
sporadic and variable nature of disease pathogenesis in patients and the difficulties of
detecting low levels of DUX4 RNA and protein, as DUX4 is expressed sporadically in
~0.1%-1% of cells in patient myoblast samples [9,62,63]. Many screens for identifying
suppressors of DUX4 activity use artificial reporter systems driven by DUX4 target gene
promoters in FSHD myoblasts. Several compounds have been identified as inhibitors of
DUX4 target gene expression using these systems, including p38 pathway inhibitors
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[64—66], beta-2-adrenergic receptor agonists [67,68], bromodomain and extraterminal
(BET) protein inhibitors [67], phosphodiesterase (PDE) inhibitors [68], G-quadruplex
stabilizers [69], and Wnt pathway agonists [70]. The p38 inhibitor losmapimod was
recently in a Phase lll clinical trial (ClinicalTrials.gov Identifier: NCT04264442) for
treatment of FSHD, though the trial did not meet its endpoint for suppression of DUX4
target gene activation. Another FSHD clinical trial with beta-2-adrenergic receptor
agonist Clenbuterol is currently underway (ClinicalTrials.gov Identifier: NCT06721299).
Despite progress made in the identification of potential FSHD therapeutics, the search
for more specific therapeutic avenues is still underway.

An exciting new area of FSHD therapeutic research is in the application of
oligonucleotide therapies [63]. Several antisense oligonucleotide (ASO)-mediated
approaches have shown promise in reducing DUX4 transcript levels in FSHD cells and
mouse models [63]. In studies with siRNAs and ASOs targeting the DUX4 poly(A) site,
splice sites, or the DUX4 promoter, DUX4 transcript levels were reduced in FSHD
muscle cells [51,71,72]. Phosphorodiamidate morpholino oligomers (PMOs) targeting
the DUX4 poly(A) signal, locked nucleic acid (LNA) gapmers targeting DUX4 exon 3,
U7-small nuclear RNA (U7-snRNA) antisense transcripts targeting DUX4 splice sites,
microRNAs (miRNAs) targeting DUX4, and constrained ethyl gapmer (cEt) and 2°-O
methoxyethyl gapmers targeting the DUX4 coding region inhibited DUX4 expression in
FSHD muscle cells and mouse models [73—-82]. Finally, DNA aptamers, which bind
transcription factors and reduce their ability to bind and induce target gene expression,
have been successfully used to reduce DUX4 transcriptional activity [83,84]. Current
barriers to the adaptability of oligonucleotide therapies into the clinic include off-target
effects, inefficient delivery and uptake into cells, cost, and interruption of endogenous
RNA pathways [63]. As the field of oligonucleotide therapies advances, we hope some
of these highlighted systems will be effective in treating FSHD.

Clustered regularly interspaced short palindromic repeats (CRISPR)-based
approaches have also been undertaken in FSHD therapeutic intervention.
CRISPR/Cas9 editing of the DUX4 poly(A) signal to reduce DUX4 transcript expression
has had mixed success [85-87], while correction of and SMCHD1 mutation in FSHD2
cells decreased DUX4 levels [55]. CRISPR-based interference (CRISPRI) approaches,
such as single guide RNA (sgRNA)-mediated D474 targeting of catalytically dead
Streptococcus pyogenes Cas9 fused to epigenetic repressor proteins (dCas9-
repressor), have also been assessed as potential therapeutic approaches to FSHD
treatment [47,48,86,88—90] and have shown promise in silencing the D4Z4 to reduce
DUX4 misexpression. With all these promising approaches, the problem of how to
deliver these therapeutics to patients has become an area of focus. Systemic delivery to
reach every muscle in the body is difficult, with the only current method being adeno-
associated virus (AAV)- mediated delivery [63]. This method has been implemented in
several clinical trials for other muscular dystrophies, but is limited by high cost, sub-
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optimal efficiency of delivery, and the immunogenicity of delivering foreign DNA and
proteins to cells [91]. As gene therapy technology progresses, the hope is that these
therapies will provide successful therapeutic avenues for the treatment of FSHD.

Post-transcriptional effects of DUX4 expression

In addition to induction of an early embryonic transcriptional program, DUX4
expression in cells leads to a complex array of post-transcriptional modifications that
can impact cellular fate decisions. A well-studied example of post-transcriptional gene
regulation is the effect of DUX4 on mRNA stabilization due to inhibition of nonsense-
mediated decay (NMD) mechanisms. In cells without DUX4 expression, the presence of
NMD machinery will prevent mMRNAs with premature termination codons (PTCs) from
translation [92]. In the presence of DUX4, NMD machinery is inhibited, leading to the
translation of many PTC-containing mRNAs and induction of cellular stress, apoptosis,
insufficient proteasomal degradation, and protein aggregation [93,94]. In one study,
DUX4 induced post-transcriptional suppression of over 200 proteins despite no change
or even upregulation at the RNA level [95]. DUX4 inhibition of nonsense-mediated
decay machinery has also been shown to induce production of nonfunctional truncated
proteins, leading to protein loss [96—98]. Our own work, described in Chapter 4,
highlights an additional method of DUX4-induced post-transcriptional regulation; a brief
pulse of DUX4 leads to a long-term reduction of multiple translation initiation and
elongation proteins, leading to changes in the translatome, or the proteins that are
preferentially translated [99]. The culmination of these studies highlights the importance
of DUX4 not just as a transcription factor, but as a driver of long-term changes in
cellular phenotypes.

DUX4 expression in cancer leads to immune evasion and induction of

a stem-cell like program

An emerging focus in DUX4 biology is the discovery of DUX4 expression in
cancer. A landmark study from our lab and other collaborators identified DUX4 as one
of the top hits in a screen for genes with pan-cancer-specific expression [100]. Though
several studies have identified DUX4 fusion proteins as drivers of cancer pathogenesis
[101,102], these cancer cells did not express full length DUX4. Our lab found that
expression of full length, transcriptionally active DUX4 is correlated with resistance to
immune checkpoint blockade in many solid tissue cancers; patients with high DUX4
expression had a lower survival rate and poorer response to checkpoint blockade
immunotherapies [100,103]. This was found to be partially due to an inhibition in MHC
Class | (MHC-I) antigen presentation upon DUX4 expression [100]. It was later
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determined that DUX4 inhibits MHC-I though multiple different mechanisms. The DUX4
protein itself inhibits immune signaling, as DUX4 interacts directly with STAT1 to
prevent induction of interferon-stimulated genes [104]. Described in detail in Chapter 4,
my work with others in the lab has determined that DUX4 has also been implicated in
long term suppression of MHC-I proteins through inhibition of nascent protein translation
[99]. Ultimately, the immune evasion effect and its prevalence in cancers makes DUX4
an interesting target for cancer therapeutic intervention.

In addition to immune evasion, DUX4 expression has been implicated in
induction of a totipotent-like program in a subset of cancer cells. In classic cell culture
conditions, the DUX4 protein and its target H3Y1 are expressed in about 0.1% of many
cancer cell lines [105]. This induction of DUX4 leads to the expression of 8C- and ZGA-
like early embryonic transcriptional programs in a small subset of cancer cells, in
addition to suppression of MHC-I mRNA expression and presentation [105].
Additionally, treatment of cancer cells with common chemotherapeutic p53 inhibitors
doxorubicin and etoposide increases the number of DUX4-positive cells in cancer and
FSHD lines [105,106], indicating common therapeutic interventions may exacerbate
DUX4 expression and further induce an early embryonic program with immune evasion.

This induction of DUX4 and an early embryonic program in many different cancer
lines proposes the interesting hypothesis that DUX4 expression in a rare subset of
cancer cells leads to a cancer stem cell-like phenotype. Because DUX4 expression is
correlated with decreased translation [99] and translational inhibition is associated with
increased cancer cell plasticity [107,108], DUX4 inhibition of translation in a subset of
cancer cells could lead to increased viability in response to harsh environments, nutrient
deprivation, and therapeutic intervention.
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Chapter 2: A discrete region of the D474 is sufficient to
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Introduction

Facioscapulohumeral dystrophy (FSHD) is the third most common muscular
dystrophy, estimated to effect one in every 8-10,000 individuals [16], and is
characterized by progressive wasting of muscles in the face and upper extremities
[17,18]. Current treatments for FSHD focus on alleviation of symptoms, as there is no
cure [109]. FSHD is caused by misexpression of the transcription factor double
homeobox 4 (DUX4) in skeletal muscle [9]. DUX4 is normally expressed as a short
‘burst’ in the cleavage stage embryo and at low levels in the testes and is epigenetically
silenced in most other somatic tissues [2,3,9]. Loss of this epigenetic repression can
lead to DUX4 misexpression and activation of an embryonic program in skeletal muscle,
eventually leading to FSHD pathogenesis [62,110,111].

The DUX4 gene is located within each 3.3 kilobase (kb) tandem repeat unit of the
D4Z4 macrosatellite arrays located in the subtelomeric regions of chromosomes 4q and
10q [10-14]. There are two genetic causes of FSHD [26]: FSHD1, which represents
~95% of FSHD cases, is caused by a loss of D4Z4 repeat copy nhumber from 8-100 to 1-
10 copies [23,24], and FSHD2 (~5% of cases) which is due to mutation of epigenetic
regulators, such as Structural Maintenance of Chromosomes flexible Hinge Domain
Containing 1 (SMCHD1) (>95% of FSHD2 cases), its binding partner Ligand Dependent
Nuclear Receptor Interacting Factor 1 (LRIF1), or DNA methyltransferase 3 beta
(DNMT3B) [34-36]. Both FSHD1 and FSHD2 result in D4Z4 chromatin relaxation and
DNA hypomethylation with the subsequent mis-expression of DUX4 in skeletal muscle.

While SMCHD1 binding to the DUX4 locus and the mouse Dux locus is
implicated in the initial epigenetic silencing of DUX4 expression during development and
establishment of DNA methylation [112,113], many factors have been identified that
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maintain epigenetic repression of DUX4 expression in somatic cells and skeletal muscle
[110,114,115]. A previous study in our lab identified many of these drivers by
precipitation of D474 repeats and unbiased proteomics analysis [46]. Components of
the Nucleosome Remodeling and Deacetylase (NuRD) complex together with SIN3
Transcriptional Regulator Family Members A and B (SIN3A and SIN3B) and Chromatin
Assembly Factor-1 (CAF-1) complexes were identified as suppressors of DUX4
expression [46]. Histone H3 lysine 9 trimethylation (H3K9me3) loss at the D474 is
associated with FSHD [47] and loss of histone lysine methyltransferase (HKMT) SET
Domain Bifurcated Histone Lysine Methyltransferase 1 (SETDB1) and Tripartite Motif
Containing 28 (TRIM28), which complexes with HKMT Suppressor of Variegation 3-9
Homolog 1 (SUV39H1), led to increased DUX4 expression in myoblasts [46,48].
Several other chromatin-related D4Z4 suppressors have also been identified, including
FSHD2 disease modifiers SMCHD1 and LRIF1, SMCHD1 interactor RuvB-like AAA
ATPase 1 (RUVBL1), histone H3 lysine 4 demethylase Lysine Demethylase 1A
(KDM1A), transcriptional repressor Yin Yang 1 (YY1), endogenous RNA interference
(RNAI) pathway members Dicer 1 (DICER1) and Argonaut RISC catalytic component 2
(AGO2), and chromatin binding proteins Heterochromatin Protein 1 gamma (HP1y),
Cohesin, and CCCTC-binding factor (CTCF) [9,34,35,46,47,49-53]. The large number
of regulatory factors at the D4Z4 has made identification of the most critical silencing
pathways difficult.

In this study, we designed a silencing reporter system to identify specific
sequences in the D474 that are sufficient for epigenetic silencing. Our silencing reporter
system identified one discrete sequence in the D474, termed D4Z4-S5, that confers
epigenetic silencing activity and shows enrichment for SMCHD1 and LRIF1 binding. A
small interfering RNA (siRNA) panel of known D4Z4-regulatory proteins revealed
several factors necessary to silence the D4Z4-S5 reporter, including SETDB1, its
binding partner Activating Transcription Factor 7 Interacting Protein (ATF7IP),
SIN3A/3B, and LRIF1. The D4Z4-S5 reporter was also further suppressed by p38
inhibitors, which are known to suppress DUX4 expression in FSHD skeletal muscle
cells. Our study shows that initiation of epigenetic silencing, as measured by our
reporter assay, is not distributed across the full D4Z4 unit but instead limited to one
region and is regulated by specific factors. This reporter system also provides a simple
and robust tool for identification of key D474 regulators and potential therapeutics.

Results

Specific regions in the LRIF1 promoter and the D4Z4 suppress expression of an
integrated reporter

To functionally assess the effect of specific D4Z4 sequences on silencing activity,
we generated reporter constructs with the test sequence of interest placed upstream of
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a CMV promoter driving mEmerald green fluorescence protein (GFP) expression (Fig.
2.1A) and used homologous recombination to introduce these reporter constructs into
the AAVS1 (PPP1R12C) locus in HelLa cells. The AAVS1 locus is considered a “safe
harbor” due to its low intrinsic silencing and no discernible phenotype upon perturbation
[116]. HelLa cells were used to avoid the dynamic regulation of D474 expression during
myogenic differentiation [117,118].

Amongst D474 suppressors, SMCHD1 has an established role in initiation and
maintenance of D4Z4 epigenetic repression. Previous ChlP analysis established that
SMCHD1 and LRIF1 bind a discrete region adjacent to the LRIF1 promoter and
suppress LRIF1 expression [56,60]. Therefore, as a positive control for silencing
activity, we inserted the full-length 617 nucleotide (nt) region containing the SMCHD1
ChlP-seq peak (termed LRIF1-FL) upstream of the CMV promoter into the reporter
construct (Fig. 2.1B) and introduced this into the HeLa AAVS1 locus. Because this
region is directly upstream of the LRIF1 transcriptional start site (TSS), we reversed the
orientation of the LRIF1-FL sequence (LRIF1-FLr) to avoid changes in GFP expression
due to transcription from the LRIF1 promoter. The directionality of integration within the
AAVS1 construct is shown in Fig. 2.1B. For comparison, we also introduced a 200 nt
region (CTRL, chr11:114,494,095-114,494,295), previously identified as a sequence
with no regulatory activity [119], as a control and likely neutral sequence. Cells were
expanded under selection as a polyclone and accurate integration was confirmed by
polymerase chain reaction (PCR) genotyping (Suppl. Fig. S2.1A, B). To ensure low
GFP levels were due to silencing and not a stable GFP-*" population, GFPHidh cells
were sorted via fluorescence activated cell sorting (FACS) and cultured for two weeks to
allow for construct silencing. Flow cytometry showed that nearly 80% of the CTRL cells
expressed GFP at relatively high levels, whereas cells with LRIF1-FLr had
approximately 50% of cells showing low GFP fluorescence, approaching a bimodal
distribution (Fig. 2.1C). Reversing the orientation of LRIF1-FL was necessary for
silencing, as flow cytometry of the LRIF1-FL forward sequence (LRIF1-FLf) did not
induce silencing, indicating that the presence of the LRIF1 promoter sequence directly
upstream of the TSS was likely driving transcriptional activation (Suppl. Fig. S2.1C-E).
Fragmentation of the LRIF1-FLr into five overlapping segments showed silencing
activity above control levels and was restricted to the 112 nt LRIF1-S3r subfragment
(Fig. 2.1C) centered under the SMCHD1/LRIF1 ChIP peaks [56] (Fig. 2.1B), providing a
positive control to show that the integrated reporter can be silenced by a region shown
to bind SMCHD1/LRIF1. To ensure that directionality was not a specific driver of
silencing activity, the reverse compliment of LRIF1-S3, LRIF1-S3f, which contains the
sequence in the correct orientation relative to the endogenous LRIF1 TSS, was
integrated into the AAVS1 system (Suppl. Fig. S2.1C, D). Regardless of orientation,
LRIF1-S3 showed GFP suppression compared to the control sequence, indicating this
sequence is truly a silencer regulatory element (Suppl. Fig. S2.1E).
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To distinguish whether D4Z4 silencing is localized to a specific region of the
D4Z4 or is broadly distributed, the 3.3kb D4Z4 repeat unit was segmented into 14
overlapping fragments, cloned into the reporter construct, and integrated at the AAVS1
locus (Fig. 2.2A, Suppl. Fig. S2.2A). Flow cytometry revealed that over 40% of cells
showed substantial GFP suppression with a single 401 nt region, D4Z4 Segment 5
(D4Z4-S5), with minimal silencing activity in other D4Z4 regions (Fig. 2.2B). D424-S5
was the only region with a greater percentage of GFP-°¥ cells than the CTRL sequence.
Interestingly, this GFP silencing activity was orientation dependent, as reversing the
sequence (D4Z4-Sb5r) did not show increased GFP suppression compared to the CTRL
reporter (Suppl. Fig. S2.2B-D). To ensure that this bimodal distribution of GFP
fluorescence in D4Z4-S5 was due to de novo AAVS1 silencing and not due to a stable
population of GFP-°" cells in the polyclonal reporter line, cells containing the CTRL
reporter, or cell lines with D4Z4 reporter constructs were sorted via FACS for GFP"igh
cells and maintained in culture. At 1- and 5-weeks post sort, flow cytometry was
performed and showed substantial GFP suppression at week 5 relative to control levels
only in D4Z4-S5, confirming that the GFP suppression is not due to expression artifacts
in a polyclonal population of cells, but by sequence-dependent silencing over time
(Suppl. Fig. S2.2E, F). Further fragmentation of D4Z4-S5 (Fig. 2.2C) localized the
repressive region to a 146 nt fragment (D4Z4-S5.4, Fig. 2.2C, D, Suppl. Fig. S2.2G),
which showed a larger population of GFP-°" cells than the control.

GFP silencing regions D4Z4-S5, D4Z4-S5.4, LRIF1-FL, and LRIF1-S3 have
similar GC content and percentage of CpG dinucleotides to other regions of the D424
(Table 2.1), suggesting that other sequence-specific aspects may account for silencing
activity. LRIF1-S3 contains two regions with high conservation in placental mammals
predicted by PhyloP [120] (Suppl. Fig. S2.3A, B); a minimal subregion (LRIF1-S3f
Minimal Sufficiency), containing these motifs is sufficient for GFP silencing, whereas
deletion of one of the regions (LRIF1-S3fAsite#1) appears to reduce GFP silencing
(Suppl. Fig. S2.3C). These results indicate site#1 is important for GFP silencing
activity, though motif analysis did not reveal any obvious regulator candidates in either
conserved site. In contrast to LRIF1-S3, PhyloP predicted no conserved motifs among
100 representative vertebrates in D4Z4-S5.4, and fractionation to smaller fragments did
not strongly map silencing activity to a specific smaller region (Suppl. Fig. S2.4A-C).

Epigenetic repression of D4Z4-S5 contributes to silencing activity

The D4Z4-S5 region partially overlaps with the previously described DR1 and 5P
regions of the D474 [42,121], and D4Z4-S5.4 is centered in the 5P region. Previous
studies have shown that both regions have relatively high percentage CpG methylation
and are specifically hypomethylated in FSHD [42—44,121]. The D4Z4 also shows high
levels of repressive histone modifications, where a loss of these modifications is
associated with DUX4 expression and FSHD pathogenesis [40,47,56,118]. To
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determine the contributions of DNA methylation and repressive histone modifications to
GFP silencing in our AAVS1 reporter system, D4Z4-S5 and LRIF1-FLr cells were
treated with the DNA demethylating agent 5-aza-2’-deoxycytidine (5-aza-dC) or the
histone deacetylase inhibitor entinostat for three days, and GFP fluorescence levels
were quantified via flow cytometry at several timepoints after treatment (Fig. 2.3A).
Treatment with either drug increased the proportion of GFPHigh cells in the population,
indicating a loss of GFP suppressive mechanisms (Fig. 2.3B, C, Suppl. Fig. S2.5A, B).
Increased time in culture also revealed a re-emergence of the GFP-°¥ population and a
restoration of pre-treatment median GFP fluorescence intensity (MFI) levels at days 7
and 10 (Fig. 2.3B, C, right). These results suggest the silencing in D4Z4-S5 and LRIF1-
FLr is due, in part, to epigenetic mechanisms.

To determine whether GFP suppression is correlated with higher DNA
methylation, D4Z4-S5 and LRIF1-FLr cells were sorted into GFPH9" and GFP-ow
populations (Fig. 2.3D), genomic DNA was bisulfite converted, AAVS1 reporter
construct regions were PCR-amplified, and amplicons were sequenced using long-read
nanopore technology to determine methylation status. Compiling two PCR amplicons for
each, higher methylation in GFP¥ cells was distributed throughout most CpG sites in
D4Z4-S5 (Fig. 2.3E, left) and larger differences in CpG methylation between GFPioh
and GFP-" populations were concentrated in one region, between 300 and 500nt, of
LRIF1-FLr (Fig. 2.3E, right). AAVS1 PCR amplicons from both D474-S5 and LRIF1-FLr
showed higher levels of overall CpG methylation per read in the GFP-*" cells compared
to the GFPHi9" cells (Fig. 2.3F). In the GFP-" cells, less than half of the reads are
completely unmethylated in both D4Z4-S5 amplicons and LRIF1-FLr PCR#2 (in LRIF1-
FLr PCR#1, less than 60% of reads are unmethylated), while in the GFP"igh
populations, 60-80% of reads are completely unmethylated in all AAVS1 amplicons,
correlating unmethylated AAVS1 DNA with higher GFP fluorescence (Fig. 2.3F). The
presence of unmethylated reads in the GFP-°" cell populations, however, indicates that
DNA methylation is only partially responsible for GFP silencing, and suggests that other
epigenetic mechanisms also contribute to sequence-dependent GFP suppression in
D4Z4-S5 and LRIF1-FLr.

Histone methyltransferase and de-acetylase activity contributes to silencing at
D424-S5 and LRIF1-FLr

Previously, we showed that specific histone methyltransferases, de-acetylases,
and components of the NURD complex were necessary to maintain D4Z4 epigenetic
repression in human myoblasts [46]. To determine if these known D4Z4 regulators are
also responsible for sequence-dependent silencing in D4Z4-S5 and LRIF1-FLr reporter
constructs, a focused siRNA-mediated knockdown (KD) panel of these factors [46] was
performed in reporter cells. Loss of CHD4 or MBD1 (Suppl. Fig. S2.6A-D), components
of the NuRD complex, did not strongly de-repress GFP expression in the D4Z4-S5 or
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LRIF1-FLr constructs, though loss of MBD1 led to a small but significant increase in the
average GFP MFI relative to siCTRL. However, loss of the H3K9 histone
methyltransferase SETDB1 robustly de-repressed GFP expression in both D424-S5
and LRIF1-FLr when compared to CTRL cells (Fig. 2.4A, Suppl. Fig. S2.7A). The
relative GFP MFI increased roughly 4- and 7-fold in D4Z4-S5 and LRIF1-FLr cells,
respectively, while decreasing in CTRL cells (Fig. 2.4A, right). Loss of ATF7IP, a
binding partner of SETDB1 that increases SETDB1 stability and methyltransferase
activity [122], significantly increased GFP fluorescence in all reporter cell lines;
however, the fold change in relative MFI is an order of magnitude greater for D424-S5
and LRIF1-FLr cells relative to CTRL (Fig. 2.4B, Suppl. Fig. S2.7B). ChlP-quantitative
PCR (gPCR) analysis revealed that loss of SETDB1 or ATF7IP lead to a significant loss
of H3K9me3 specifically at AAVS1 D4Z4-S5 and LRIF1-FLr inserts, whereas the
endogenous loci and control regions (a gene desert region (GDR) that has high
baseline H3K9me3 and a promoter region of housekeeping gene ribosomal protein
L13a (RPL13A) that has low baseline H3K9me3) did not show a change in H3K9me3
levels (Fig. 2.4C, Suppl. Fig. $2.7C). Of interest, knockdown of sequence-specific
SETDB1/ATF7IP recruitment factor TRIM28 did not de-repress these regions (Suppl.
Fig. S2.6E, F) suggesting alternative mechanisms are required for recruitment and/or
silencing activity of SETDB1 and ATF7IP at D4Z4-S5 and LRIF1-FLr.

In addition to H3K9 methyltransferases, loss of other repressive histone
modifying enzymes, such as histone deacetylases SIN3A and SIN3B and H3K4
demethylase KDM1A, were previously found to relieve suppression of DUX4 in
myoblasts [46]. Knockdown of SIN3A and SIN3B in our AAVS1 reporter cells showed a
2.5-fold increase in GFP fluorescence in D4Z4-S5 and LRIF1-FLr cells and not in CTRL
cells, indicating histone deacetylation may also contribute to silencing (Fig. 2.4D,
Suppl. Fig. S2.7D). Interestingly, knockdown of KDM1A did not show a substantial
increase in GFP fluorescence, with changes in relative GFP MFI less than 1.5-fold (Fig.
2.4E, Suppl. Fig. S2.7E), indicating demethylation of histone H3 on lysine 4 (H3K4) is
likely not a driver of sequence-specific GFP suppression in D4Z4-S5 and LRIF1-FLr.

SMCHD1 and LRIF1 are enriched at D4Z4-S5 and LRIF1-FLr yet display different
silencing roles

Prior studies from our lab and others document SMCHD1/LRIF1 binding to the
endogenous region corresponding to LRIF1-FLr [56,59,60]. ChIP-gPCR analysis of our
silencing reporter cells confirmed SMCHD1 and LRIF1 binding to the endogenous
LRIF1 promoter region and identified enriched binding at both the LRIF1-FLr and D4Z4-
S5 transgene AAVS1 inserts (Fig. 2.5A). Of additional interest, ChIP-gPCR also
identified enrichment of these factors at the endogenous D4Z4-S5.4 region (Fig. 2.5A).
Compared to CTRL cells, knockdown of LRIF1 (short and long isoforms) increased
reporter expression in both LRIF1-FLr and D4Z4-S5 cells with a significant increase in
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GFP MFI (Fig. 2.5B, Suppl. Fig. S2.8A-C), supporting our ChlP data showing specific
LRIF1 binding and silencer recruitment activity. In contrast, knockdown of SMCHD1
shows a significant decrease in reporter expression for all cell lines, indicating a
potential positive regulatory role for reporter expression (Fig. 2.5C, Suppl. Fig. S2.8A-
C). Although SMCHD1 can have a role as a transcriptional co-activator in some
contexts [123], SMCHD1 is known to negatively regulate LRIF1 expression [56]. GFP
suppression upon loss of SMCHD1 can potentially be explained by increased levels of
the silencer LRIF1; however, differences in LRIF1 RNA and protein levels were not
significant (Suppl. Fig. $S2.8A-C). In summation, LRIF1 and SMCHD1 are recruited in a
sequence-specific manner to D424-S5 and LRIF1-FLr, though only LRIF1 seems to
contribute to silencing activity in our assays.

D4Z4-S5 and LRIF1-FLr cell lines are sensitive to p38 pathway inhibition and can
be used to screen for novel FSHD therapeutics

Several studies have identified p38 inhibitors, beta-2-adrenergic receptor
agonists, bromodomain and extraterminal (BET) inhibitors, and G-quadruplex stabilizers
as repressors of DUX4 expression, with several of these drugs advancing to clinical
trials for treatment of FSHD [61,64,65,67,69,124,125]. To assess the efficacy of our
AAVS1 silencing reporter system as a tool for screening FSHD therapeutics, CTRL,
LRIF1-FLr, and D4Z4-S5 cells were treated with several candidate drugs at
concentrations sufficient to suppress DUX4 and DUX4 target genes in FSHD myoblasts.
Compared to vehicle dimethyl sulfoxide (DMSO) treatment, p38 inhibitors losmapimod
(ClinicalTrials.gov ldentifier: NCT04264442) and SB203580 substantially suppressed
GFP expression in a dose-dependent manner in D4Z4-S5, and to a lesser degree
LRIF1-FLr, cells when compared to CTRL cells (Fig. 2.6A, B). Higher doses of
losmapimod and SB203580 significantly decreased the median GFP fluorescence
intensity and increased the proportion of GFP-¥ cells in D4Z4-S5, while CTRL and
LRIF1-FLr cells showed similar trends but to a lesser degree (Fig. 2.6C, D). These
results indicate that p38 pathway inhibition may reduce DUX4 expression through
interactions with the D4Z4-S5 sequence.

In contrast, beta-2-adrenergic receptor agonists clenbuterol (ClinicalTrials.gov
Identifier: NCT06721299) and formoterol did not change levels of GFP expression in
any of the cell lines (Suppl. Fig. S2.9A-D). Treatment trends showed increases in GFP
MFI levels and decreased proportions of GFP-°% cells at higher doses, indicating that
these drugs likely do not impact DUX4 expression through regulation of the D4Z4-S5
sequence. Treatment with BET inhibitor (+)- JQ1 also did not substantially alter levels of
GFP fluorescence, though the highest dose had a significant suppressive effect on
D4Z4-S5 and LRIF1-FLr (Suppl. Fig. S2.9E, F). Surprisingly, treatment with G-
quadruplex stabilizer berberine strongly suppressed GFP in a dose dependent manner
specifically in D4Z4-S5 cells (Suppl. Fig. $S2.9G, H), despite the lack of known D474 G-
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quadruplex ligands in the D4Z4-S5 sequence [69]. Further study is necessary to
determine the mechanism of berberine-mediated transcriptional silencing through D4Z74-
S5.

Finally, to assess the efficacy of D424-S5 as a platform for large scale
therapeutic screens, GFP fluorescence changes in our AAVS1 reporter cells were
assessed in a live-cell imaging system. Cells were treated with 5-aza-dC to ensure
strong GFP expression before GFPHi9" cells were sorted via FACS into multi-well plates.
These cells were then cultured in the presence of p38 inhibitors losmapimod or
doramapimod for multiple days, during which live cell imaging quantified GFP+ cell
confluency per well every 2 hours (Fig. 2.6E). p38-inhibitor treatment continuously
suppressed LRIF1-FLr GFP expression over a six-day period, whereas D474-S5
showed transient suppression maximal at 3.5 days with substantial recovery during
longer treatment (Fig. 2.6F). Together these data indicate that LRIF1-FLr and D4Z4-S5
repressive activity is modulated by p38 signaling and that these AAVS1 reporter cells
provide a sensitive platform for live-cell imaging-based assays to identify additional
targets and compounds that modulate expression.

Discussion

Although many prior studies have described epigenetic repressors of the D424
repeats in somatic cells, it was unknown whether DNA sequences sufficient to initiate
silencing were broadly distributed across the 3.3kb D4Z4 unit, or whether multiple
copies of the D424 array were necessary for silencing. The major finding of our current
study is that, from the entire 3.3 kb D4Z4, only one discrete region of ~146 nt was
sufficient to initiate epigenetic silencing. This region overlaps with the 5P region of the
D474 [42—-44], a region that was relatively hypomethylated in FSHD cells compared to
controls. We showed that both DNA methylation and repressive histone modifications
contributed to the silencing activity of this D4Z4 region, as treatment with DNA
methyltransferase inhibitor 5-aza-dC or HDAC inhibitor entinostat partly relieved its
suppressive effect. In an siRNA panel of several known D474 regulators, suppression of
reporter expression was relieved by knockdown of SETDBH1, its binding partner ATF7IP,
HDACs SIN3A/SIN3B, and LRIF1. In addition, enhanced suppression of the reporter by
treatment with p38 inhibitors indicated that this pathway regulates the activity of a factor,
or factors, involved in epigenetic silencing, and supports the efficacy of this reporter
system as a platform for FSHD drug screening.

In our reporter system, only a subset of the factors previously shown to regulate
D474 epigenetic silencing were necessary for the repressive activity of D4Z4-S5.
SETDB1 and its enhancer of nuclear stability cofactor ATF7IP [122] were necessary for
silencing; however, TRIM28, part of a canonical SETDB1 repressive complex, was not
necessary to suppress D4Z4-S5, despite its role in maintaining silencing of the D474
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region as shown in several other studies [46,89,86,88,126]. Future studies might test
other factors in complexes with SETDB1, such as components of the human silencing
hub (HUSH) complex [127-129]. The decreased H3K9me3 levels at the AAVS1 D4Z4-
S5 reporter region upon knockdown of SETDB1 or ATF7IP suggest that this histone
modification might be necessary to initiate silencing followed subsequently by DNA
methylation. This agrees with our observations of D4Z4-S5 reporter DNA methylation,
where low levels of GFP were correlated with higher levels of DNA methylation, though
notably, many of the silenced cells had little or no DNA methylation. The presence of
GFP-repressed cells with no DNA methylation suggests that silencing occurs initially
through factor-mediated repression, such as SETDB1-mediated H3K9me3 deposition.
The maintenance of high levels of H3K9me3 at the endogenous D474 sequence
corresponding to D424-S5, despite loss of SETDB1/ATF71P, suggests that factors
associated with adjacent regions might be sufficient to maintain this repressive
chromatin modification. In future studies, genome-wide clustered regularly interspaced
short palindromic repeats (CRISPR) knockout screens have the potential to discover
additional factors and pathways necessary to both initiate and maintain repression of
D4Z4-S5.

Based on our ChIP analysis, the enrichment of SMCHD1 and LRIF1 at the D4Z4-
S5 reporter was less substantial than at the endogenous LRIF1 promoter and, as noted
above, the failure of SMCHD1 knockdown to de-repress D4Z4-S5 did not support a
direct role in silencing through this region. This agrees with previous work in control
myoblasts containing hypermethylated D474 regions, where loss of SMCHD1 was not
sufficient to alter H3K9me3 levels in the D4Z4 and led to only minor DUX4 de-
repression compared to levels present in FSHD2 myoblasts [56] and is also consistent
with a recent report showing that SMCHD1 can play a role as a transcriptional co-
activator in some contexts [123]. Future studies will need to determine whether
extending the D4Z4-S5 fragment size or creating a multi-copy array will enhance
SMCHD1 repressive activity.

The search for successful FSHD therapeutics has been challenging due to the
sporadic and variable nature of disease pathogenesis in individuals and the difficulties
of detecting low levels of DUX4 RNA and protein, as DUX4 is expressed sporadically in
~0.1%-1% of cells in patient myoblast samples [9,62,63]. Using artificial reporter
screens in muscle cells, several compounds have been identified that inhibit expression
of DUX4 and its target genes [64—70]. For our reporter assay, we used a non-muscle
cell line, Hela cells, to avoid the dynamic regulation of the D424 during skeletal muscle
differentiation [118] and because of the higher efficiency of integration into the safe
harbor locus. Extending these studies to human skeletal muscle cells will be important
to confirm that D4Z4-S5, and no other D4Z4 segments, have similar silencing activity,
and to assess the response during differentiation of myoblasts to differentiated muscle
cells. To compare the efficacy of our system in screening FSHD therapeutics to
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previously used muscle cell models, we assayed the effect of several DUX4 inhibitors in
D4Z74-S5 Hel a cells and identified the p38 inhibitor losmapimod as a repressor of GFP
expression. Currently, the necessary targets of the p38 pathway that contribute to DUX4
expression have not been elucidated, and our reporter system indicates that p38
pathway members may modulate expression through D424-S5. Longer-term studies in
our system, however, revealed that p38-inhibitor-induced silencing in D424-S5 did not
persist for the full time-course of treatment. This is consistent with a recent study
showing p38 inhibition of DUX4 expression in early myogenesis but not late myogenesis
[66], suggesting that compensatory pathways might limit the duration of efficacy. In this
context, the D4Z4-S5 reporter cell line might be particularly useful for drug screens to
identify suppressors of D474 without the secondary complications of altering
myogenesis and with the added value of long-term treatment monitoring.

Ultimately, the discovery of D4Z4-S5-mediated silencing activity in this isolated
reporter system provides a robust platform for identification of new D4Z4-regulating
factors, pathways, and therapeutics. We used Hel a cells to establish initial proof-of-
concept use of this system and believe it will be easily adaptable for other cell types.
Flow cytometry of GFP expression is a simple and sensitive system for future CRISPR-
or RNAi-mediated screens of epigenetic regulators that may interact with this important
D474-S5/5P regulatory sequence. This study also shows that cells with D4Z4-S5 can
be used for temporal studies in multi-well live-cell imaging screens to detect robust
changes in GFP+ cell confluency over time in response to treatment.

Materials and Methods

Cell culture

HelLa cells were grown in DMEM High Glucose with L-glutamine (Gibco,
#11965092), supplemented with 10% fetal bovine serum (FBS) (Cytiva Hyclone,
#SH30396.03) and 1% penicillin/streptomycin (Gibco, #15140122) and incubated at
37°C supplemented with 5% CO.. Cells were passaged by treatment with 0.25%
trypsin- Ethylenediaminetetraacetic acid (EDTA) (Gibco, #25200056) for 5 minutes at
37°C followed by growth media addition and subculturing. For the de novo silencing
experiment, HelLa cells were treated with growth media supplemented with 30uM 5-aza-
2’-deoxycytidine (Millipore Sigma #189825), 5uM entinostat (N/A) or equivalent volume
of DMSO (Sigma-Aldrich, #D2650) for 12 hours before washout and addition of growth
media for 12 hours, with 12 hour on/off treatments repeated for three days. Cells were
then harvested 1, 3, 7, and 10 days after the final washout for harvest of genomic DNA
(gDNA) and flow cytometry analysis of GFP. Cells were treated with DUX4 inhibitors
losmapimod (Sigma Aldrich, #SML3596), SB203580 (Selleckchem, #51076),
clenbuterol (Sigma Aldrich, #C5423), formoterol (Sigma-Aldrich, #F9552), (+)- JQ1
(Cayman Chemical, #11187-1), or berberine (Sigma Aldrich, #B3251) at escalating
doses for three days before harvest for flow cytometry analysis.

AAVS1 silencing reporter knock-in cell line generation




29

Various D474, LRIF1 promoter region, and control sequences were cloned into
the enhancer region of the AAVS1 HA(L)-CMV-mEmerald-hPGK-PuroR-AAVS1 HA(R),
parental plasmid pMK232 (CMV-OsTIR1-PURQO) Addgene#72834, which was a gift
from the lab of Robert Bradley (FHCC). This plasmid was linearized by inverse PCR
(Phusion Plus PCR Master Mix, Thermo Scientific #F631S), to exclude the CMV
enhancer region. The backbone was purified using NucleoSpin Gel and PCR cleanup
mini kit (Machery-Nagel, #740609). Inserts were amplified via PCR with primers (IDT)
containing backbone-overlapping sequences with flanking Hindlll and Sall cut sites for
easier subsequent cloning (primers [IDT] listed in Supplementary Material, Table S3)
and gel purified. D4Z4 segments were amplified from the lambda42 fragment, which
contains 2.5 copies of the D474 [24]. LRIF1 promoter region and control fragments
were PCR amplified from HelLa genomic DNA. These insert fragments were cloned into
the PCR-amplified or HindllI-HF- (NEB, #R3104L) and Sall-HF- (NEB, #R3138L)
digested linearized AAVS1 backbone via HiFi DNA Assembly Master mix (NEB,
#E2621L) according to manufacturers’ protocols. Plasmids were transformed into Stbl3
competent cells, extracted via PureLink Quick Plasmid Miniprep Kit (Invitrogen,
#K210011), verified via sanger sequencing (FHCC Genomics core), and further grown
and expanded for extraction via Nucleobond Xtra Maxi EF kit (Macherey-Nagel,
#740424.50). AAVS1 donor plasmids and pX459-sgAAVS1 (Addgene #184403), which
contains a single guide RNA (sgRNA) for the AAVS1 site and Cas9, were transfected
into HelLa cells with Lipofectamine 3000 (Invitrogen, #L.3000015) according to
manufacturer’s protocol. HelLa lines were selected for proper AAVS1 knock-in using
puromycin selection (Sigma-Aldrich, #P8833) at 1.5ug/mL. Cells were cultured in
puromycin for 1 week and then sorted for GFPHi9" cells via FACS. These GFP+ lines
were then expanded without puromycin for two weeks before experimentation and
analysis for GFP expression levels via flow cytometry. All cloning and sequencing
primers (IDT) are listed in Supplementary Material, Table S3. Cell lines were genotyped
for correct construct integration by extraction of genomic DNA according to
manufacturer’s instructions with GeneJet Genomic DNA Purification kit (Thermo
Scientific, #K0722), PCR amplification (Supplementary Material, Fig. S1A, primers listed
in Supplementary Material, Table S3) using Phusion Plus PCR Master Mix (Thermo
Scientific, Cat#F631S), and gel electrophoresis of PCR products on 1% agarose in 1X
TAE gels stained with ethidium bromide. CTRL, LRIF1-FLr, and D4Z4-S5 cell line
genotyping PCR products were purified using the NucleoSpin Gel and PCR cleanup
mini kit (Machery-Nagel, #740609) and sequenced using Premium PCR Sequencing
performed by Plasmidsaurus using Oxford Nanopore Technology with custom analysis
and annotation.

Flow cytometry and FACS

Cells were trypsinized and resuspended in FACS Buffer (1X phosphate buffered
saline (PBS) with 2%FBS and 5mM EDTA) and kept on ice until analysis. For flow
cytometry analysis, live cell samples were run on one of several analyzers (BD
Biosciences: FACSCanto I, LSR Fortessa x50, FACSymphony A3, or FACSymphony
A5). For FACS, cells were sorted into tubes or plates with growth media using a BD
Biosciences FACSymphony S6 or FACS Aria Il instrument. GFP (mEmerald)
fluorescence was quantified using Blue 488nm (200mW) laser readouts. For all samples
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shown on the same graph, the same voltage parameters and machine was used for
consistency. This analysis was supported by the Flow Cytometry Shared Resource
(RRID:SCR_022613) of the Fred Hutch/University of Washington/Seattle Children’s
Cancer Consortium (P30 CA015704). FlowJo v10.8 software (BD Biosciences) was
used for all flow cytometry and FACS analysis. For all GFP fluorescence intensity
graphs, cells were first gated for live cells to eliminate debris using forward and side
scatter (FSC and SSC), then gated on single cells to eliminate doublets using FSC-
Height and FSC-Width. GFP channel values reflect log scale distribution of fluorescence
intensity.

Quantitative reverse transcription PCR (RT-qPCR)

Total cellular RNA was isolated using the Nucleospin RNA kit (Machery-Nagel,
#740955.250) according to the manufacturer protocol. 0.5-1ug RNA was treated with
Amplification grade-DNasel (Thermo Fisher, #18068015), heat inactivated with EDTA
(Thermo Fisher, #AM9260G), and reverse transcribed into cDNA using random
hexamers or oligo-dT with the Superscript IV First-Strand Synthesis System (Invitrogen,
#18091050) following manufacturer instructions. Quantitative PCR was run on a
QuantStudio 7 Flex (Applied Biosystem) using iTaq SYBR Green Supermix (Bio-Rad,
#1725124). Primers (IDT) are listed in Supplementary Material, Table S3.

Immunoblotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (150mM NaCl,
1% NP-40, 0.5% Na-deoxycholate, 1% sodium dodecyl sulfate (SDS), 25mM Tris-HCI
pH7.4) with protease and phosphatase inhibitors (Pierce, #A32961) Protein lysate was
sonicated in a Bioruptor Sonication System (Diagenode) and cleared by centrifugation
at 16,000xg. Lysate was quantified via Pierce bicinchoninic acid (BCA) assay (Thermo
Scientific, #23225). Protein lysates were run on NuPAGE 4-12% Bis Tris polyacrylamide
gels (Invitrogen, #NP0322BOX) using NuPAGE MOPS buffer (Invitrogen, #NP0001)
and transferred onto polyvinylidene fluoride (PVDF) membranes (Invitrogen, #.C2002).
Membranes were blocked in PBS-Tween (PBST) buffer (0.1% Tween-20 in 1XPBS)
with 5% non-fat dry milk before incubation overnight at 4°C with primary antibody diluted
in PBST buffer (primary antibodies listed in Supplementary Material, Table S3).
Membranes were incubated in horseradish peroxidase-conjugated secondary antibody
(Supplementary Material, Table S3) for one hour at room temperature. SuperSignal
chemiluminescent substrate (Thermo Scientific, #34580) was added to membranes, and
a Mini-medical 90 processor (AFP Manufacturing) was used for detection on film.

SiRNA transfections

HelLa AAVS1 reporter cells were seeded into 6-well plates 24 hours before
transfection. 25-50pmol of siRNA was diluted in OptiMEM (Gibco, #31985070) and
transfected into cells using Lipofectamine RNAIMAX (Invitrogen #13778150) following
manufacturer’s instructions. 48 hours after transfection, wells were changed to fresh
growth media and the siRNA transfection was repeated. 48 hours after the second
transfection, cells were harvested for flow cytometry of GFP fluorescence, RNA isolation
for RT-qPCR analysis, and immunoblot analysis.
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Bisulfite sequencing and % CpG Methylation Analysis

HelLa AAVS1 reporter lines were harvested, pelleted, and flash frozen in a dry
ice/ethanol slurry before storage at -80°C. Genomic DNA was isolated using the
GenedJdet Genomic DNA Purification kit (Thermo Scientific, #K0722) following
manufacturer instructions. 200-500ng of genomic DNA was subjected to bisulfite
conversion using EZ DNA Methylation-Gold Kit (Zymo Research, #D5005) following
manufacturer instructions. Bisulfite-converted DNA was then used for PCR amplification
of the AAVS1 insert regions using ZymoTaq DNA Polymerase (Zymo Research,
#E2001) and degenerate primers (IDT, Supplementary Material, Table S3). PCR
products were gel purified using the NucleoSpin Gel and PCR cleanup mini kit
(Machery-Nagel, #740609) and sequenced using Premium PCR Sequencing performed
by Plasmidsaurus using Oxford Nanopore Technology with custom analysis and
annotation. Reads were aligned to insert contigs using BWAMeth.py [130] then filtered
to only includes reads covering 90% of the contig length using samtools [131]. After
subsetting, reads were imported into R [132] using GenomicAlignments [133], converted
to a dataframe via BioStrings [134] and percent methylation was calculated using the
tidyverse package of tools [135]. Raw sequencing reads are presented in
Supplementary Material, Table S2.

ChIP-gPCR

ChIP-gPCR was adapted from previously published protocols [136,137]. HeLa
AAVS1 cells were trypsinized, washed with 1xPBS, and fixed in 1% Formaldehyde
Ultrapure EM grade (EMS, #15710) for 10 minutes at room temperature with gentle
rocking. Formaldehyde was quenched with 125mM glycine, cells were washed with
PBS and then lysed in Lysis Buffer (Protease and phosphatase inhibitors (Pierce,
#A32961), 1% Na-deoxycholate, 1% SDS, 5mM EDTA pH 8, and 50mM Tris pH 8 in
1xPBS). Lysate was sonicated in Biorupter Plus TPX Polymethyl pentene tubes
(Diagenode, C30010010) using a Biorupter Plus Sonication System (Diagenode,
B01020001) until chromatin was sheared to a range of 200-600bp; a small aliquot of
sheared chromatin was incubated with RNase A at 37°C for one hour, treated with
Proteinase K overnight at 65°C, and purified using a NucleoSpin Gel and PCR cleanup
mini kit (Machery-Nagel, #740609) before concentration was determined using a Qubit
and chromatin was run on a 2% agarose gel in Tris/Borate/EDTA (TBE) buffer to assess
fragment size. Chromatin was centrifuged at 16,000xg for 10 min at 4°C to clear
insoluble fraction, and 10% of the chromatin was reserved for input DNA.

For immunoprecipitation, chromatin was diluted in Dilution Buffer (1% Triton X-
100, 150mM NaCl, 2mM EDTA pH 8, and 20mM Tris pH 8 in PBS) to reduce SDS
concentration to <0.1%. For LRIF1 and SMCHD1 ChIP, 5ug of antibody (roaSMCHD1
Abcam #Ab31865, rbaAnti-Ligand-dependent nuclear receptor-interacting factor 1,
Millipore #ABE1008, or Rabbit IgG control Millipore #PP64) was added to 30ug of
chromatin and incubated with rotation overnight at 4°C. Agarose Fast Flow Prot A
(Millipore Sigma #16-156) beads were pre-blocked overnight at 4°C in Dilution Buffer +
2% bovine serum albumin (BSA). For histone ChIP, 2-4ug of antibody (rbaH3K9me3
Abcam #Ab8898, or Rabbit IgG control Millipore #PP64) was added to ~2-5ug of
chromatin and incubated with rotation overnight at 4°C. Dynabeads Protein A
(Invitrogen #10002D) beads were pre-blocked overnight at 4°C in Dilution Buffer + 2%
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BSA. Samples were incubated with beads at 4°C for 2 hours, and washed with Wash
Buffer | (protease and phosphatase inhibitors (Pierce, #A32961), 0.1% SDS, 1% Triton
X-100, 2mM EDTA pH 8, 20mM Tris pH 8, 150mM NaCl), washed with Wash Buffer Il
(protease and phosphatase inhibitors, 0.1% SDS, 1% Triton X-100, 2mM EDTA pH 8,
20mM Tris pH 8, 500mM NaCl), washed with Wash Buffer Il (protease and
phosphatase inhibitors, 0.25M LiCl, 1% NP-40, 1% Na-deoxycholate, 1mM EDTA pH 8,
10mM Tris pH 8, 500mM NaCl), and washed twice with ice cold PBS. Beads and
attached chromatin were then de-crosslinked by resuspension in Ultrapure water with
1% SDS and 0.1M NaHCO3, incubated with RNase A (Thermo Scientific, # R1253) for
1 hour at 37°C, and incubated overnight at 65°C with Proteinase K (Thermo Scientific,
#EOO0491). IP DNA was then purified using NTB Buffer (Machery-Nagel, #740595.150)
and the NucleoSpin Gel and PCR cleanup mini kit (Machery-Nagel, #740609).
Quantitative PCR of IP DNA was run on a QuantStudio 7 Flex (Applied Biosystem)
using iTaqg SYBR Green Supermix (Bio-Rad, #1725124).

Incucyte tracking of GFP+ cell confluence

HelLa AAVS1 lines were seeded at 80% confluency and 24 hours later were
treated with 5-aza-2’-deoxycytidine (Millipore Sigma #189825) for 12 hours. Cells were
then incubated with standard media for 12 hours; this was repeated twice more, for a
total of 36 hours of 5-aza-2’-deoxycytidine treatment in 72 hours. 24 hours after washing
out the third round of 5-aza-2’-deoxycytidine and replacement with standard media,
GFP+ cells were sorted by FACS at a density of 10,000 cells per well in a 96-well plate
with 100uL media per well. 24 hours later, 100uL of media with 2x concentration of
losmapimod (Sigma Aldrich, SML3596) or doramapimod (MedChem Express, #HY-
10320) (1uM, final concentration 0.5uM) and 96-well plates were placed in the Incucyte
S3 Live Cell Analysis system, kept at 37°C with 5% CO2. Wells were imaged for GFP+
and brightfield cell confluency, cell count, and GFP Mean Fluorescence intensity every
2 hours for 6 days. On day 3, plates were removed from the Incucyte between images
and media was changed and supplemented with fresh p38 inhibitors. GFP+ cell
confluency per well was normalized to t0 for that well and to the average of DMSO
treated wells to analyze differences in p38 inhibitor-treated wells.
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Figures

Figure 2.1: A safe harbor system identifies silencing activity driven by specific
sequences in the LRIF1 promoter.
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Figure 2.1: (A) Schematic of the safe harbor construct integrated into the AAVS1 locus
in HelLa cells. A sequence of interest is inserted upstream of a constitutive CMV
promoter driving GFP. HA-L and HA-R= left and right homology arm. (B) Top: UCSC
genome browser track of SMCHD1 ChlP-seq peak [60], LRIF1T mRNA, and CpG islands
at the LRIF1 promoter region. Bottom: Sequence maps of LRIF1 promoter region
segments. Arrowheads indicate orientation of sequence relative to genomic sequence
and construct schematics indicate orientation of sequences relative to integrated
reporter constructs (TSS = transcription start site, bp = base pair). (C) Flow cytometry
histogram of GFP fluorescence in cells containing various integrated LRIF1 promoter
silencing constructs (n=1 biological replicate of polyclonal line). Histograms are
normalized to the mode. Percentages of cell populations classified GFPH9" or GFPLow
are indicated.



Figure 2.2: Segmentation of the D4Z4 reveals one sequence with silencing

activity.
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Figure 2.2: (A) Schematic of one D4Z4 repeat unit and sequence segments inserted
into the silencing reporter construct (TSS = transcription start site, bp = base pair).
Previously identified differentially methylated regions are highlighted (30, 41-44).
Asterisks (*) indicate segment spans two D4Z4 units, across the Kpnl site. (B) Flow
cytometry histogram of GFP fluorescence in cells containing various integrated D474
segment constructs (n=1 biological replicate of polyclonal line). Histograms are
normalized to the mode. Percentages of cell populations classified GFPis" or GFPLow

are indicated. (C) Schematic of D4Z4-S5 and sequence sub-fragments inserted into the

silencing reporter construct (TSS = transcription start site, bp = base pair). (D) Flow
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cytometry histogram of GFP fluorescence in cells (n=1 biological replicate of polyclonal
line) containing various integrated D4Z4-S5 subfragment silencing constructs.

Histograms are normalized to the mode. Percentages of cell populations classified
GFPHigh or GFP°" are indicated.
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Figure 2.3: GFP silencing activity of D4Z4-S5 is partially due to de novo DNA
methylation and repressive histone modifications.
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Figure 2.3: (A) Schematic of experimental time course. Cells were treated with 5-aza-
dC or entinostat (Ent.) for 3 days with a 12 hour on/off schedule and harvested for flow
cytometry analysis at 1, 3, 7, and 10 days after washout. (B, C) Left: Representative
singleton GFP fluorescence histograms of D4Z4-S5 and LRIF1-FLr cells at various
timepoints after 5-aza-dC (B) or entinostat (C) treatment. Histograms are normalized to
the mode of the population. Right top: Fold change in GFP MFI at various timepoints
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after treatment compared to the DMSO control. Data represent mean + SD of biological
replicates, n=3. Statistical significance was determined by Welch’s t-test: *p<0.05,
**p<0.01, ***p<0.001. Right bottom: Percentage of GFP°" cells in the population at
various time points after treatment. Data represent mean + SD of biological replicates,
n=3. (D) GFP fluorescence histograms of D424-S5 and LRIF1-FLr, plotted based on
relative frequency. Gray boxes indicate FACS sorting gates for GFPHig" and GFP-o"
populations used in subsequent DNA methylation analysis. (E) Lollipop plots of
methylation levels at individual CpGs for D4Z4-S5 (left) and LRIF1-FLr (right). The
percentage of nanopore sequencing reads of bisulfite PCR products with methylation
(no C>T conversion) at each indicated CpG is plotted for GFP-°¥ and GFPHigh
populations. (F) Fraction of bisulfite PCR nanopore sequencing whole reads with
various percentages of CpG methylation for GFP-** and GFP"9" cell populations. Inset
graph shows read fractions with less than 25% total CpG methylation.
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Figure 2.4: Loss of histone methyltransferases and deacetylases specifically
relieves D4724-S5 and LRIF1-FLr GFP silencing.
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Figure 2.4: (A, B, D, E) Left: Representative singleton GFP fluorescence histograms of
CTRL, D4Z24-S5 and LRIF1-FLr cells treated with CTRL or SETDB1 (A), ATF7IP (B),
SIN3A/B (D), or KDM1A (E) siRNAs. Histograms are normalized to the mode of the
population. Right Top: Fold change in GFP MFI upon siRNA-mediated knockdown of
SETDB1 (A), ATF7IP (B), SIN3A/B (D), or KDM1A (E) compared to siCTRL. Data
represent mean = SD of biological replicates, n=3. Statistical significance was
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determined by Welch'’s t-test: *p<0.05, **p<0.01, ***p<0.001. Right bottom: Percentage
of GFP°" cells in the population at various time points after siRNA-mediated
knockdown of SETDB1 (A), ATF7IP (B), SIN3A/B (D), or KDM1A (E) compared to
siCTRL. Data represent mean * SD of biological replicates, n=3. (C) ChIP-gPCR of
H3K9me3 occupancy at various loci in D4Z4-S5 and LRIF1-FLr cells upon treatment
with siCTRL, siSETDB1, or siATF7IP (GDR = gene desert region with high H3K9me3,
the RPL13A promoter is an active gene control for low H3K9me3). Data is graphed as
the percent of total chromatin input that was immunoprecipitated by IgG or H3K9me3
antibodies. Data represent mean = SD of biological replicates, n=3. Statistical
significance was determined by Welch'’s t-test: *p<0.05.
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Figure 2.5: SMCHD1 and LRIF1 are enriched at D4Z24-S5 and LRIF1-FLr yet display
different silencing roles.
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Figure 2.5: (A) ChIP-gPCR analysis of SMCHD1 and LRIF1 occupancy at various
endogenous loci and the AAVS1 silencing construct transgene in D4Z4-S5 and LRIF1-
FLr cells (GDR = gene desert region). Data represents the % of input chromatin
immunoprecipitated by SMCHD1 and LRIF1 antibodies relative to IgG of three technical
replicates (n=1 biological replicate). (B, C) Left: Representative singleton GFP
fluorescence histograms of CTRL, D4Z4-S5 and LRIF1-FLr cells treated with CTRL or
LRIF1 (B) or SMCHD1 (C) siRNAs. Histograms are normalized to the mode of the
population. Right Top: Fold change in GFP MFI upon siRNA-mediated knockdown of
LRIF1 (B) or SMCHD1 (C) compared to siCTRL. Data represent mean + SD of
biological replicates, n=3. Statistical significance was determined by Welch'’s t-test:
*p<0.05, **p<0.01, ***p<0.001. Right bottom: Percentage of GFP-°¥ cells in the
population at various time points after siRNA-mediated knockdown of LRIF1 (B) or
SMCHD1 (C) compared to siCTRL. Data represent mean + SD of biological replicates,
n=3.
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Figure 2.6: Candidate p38 inhibitor FSHD therapeutics inhibit GFP expression

specifically in D4Z24-S5 and LRIF1-FLr.
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Figure 2.6: (A, B) Representative singleton GFP fluorescence histograms of CTRL,

D4Z4-S5 and LRIF1-FLr

cells treated for 3 days with DMSO or escalating doses of p38

pathway inhibitors Losmapimod (A) or SB203580 (B). Histograms are normalized to the
mode of the population. (C, D) Left: Fold change in GFP MFI upon 3-day treatment with
escalating doses of Losmapimod (C), or SB203580 (D) compared to DMSO treatment in
CTRL, D474-S5, and LRIF1-FLr cells. Data points represent mean fold change + SD of
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biological replicates, n=3. Statistical significance was determined by Welch'’s t-test:
*p<0.05, **p<0.01, ***p<0.001. Right: Percentage of GFP-" cells in the population upon
treatment with escalating doses of Losmapimod (C) or SB203580 (D). Data represent
mean = SD of biological replicates, n=3. (E) Schematic of live cell imaging experimental
time course. Cells were treated with 5-aza-dC for three days with a 12 hour on/off
schedule. 24 hours after washout, GFP"9" cells were FACS sorted into multi-well plates.
24 hours after sort, cells were treated with p38 inhibitors (p38i) and incubated for 6 days
in an Incucyte live cell imaging system, and images of each well were captured every 2
hours for GFP fluorescence quantification. On day 3 of Incucyte incubation, cell growth
media (GM) was refreshed and p38i were replenished. (F) Plots of GFP+ cell
confluency over 6 days upon treatment with Losmapimod (left) or Doramapimod (right).
Data shown is the GFP+ cell confluency in p38i-treated wells relative to DMSO-treated
wells in CTRL, D4Z4-S5, or LRIF1-FLr cells. Data points are the average relative GFP+
cell confluency + SD of biological replicate wells, n=6.
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Supplementary Figure S2.1: PCR genotyping reveals proper integration of LRIF1

constructs, and silencing activity of LRIF1-S3, but not LRIF1-FL, is independent

of sequence orientation.
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Supplementary Figure S2.1: (A) Schematic of genotyping PCR primer locations.
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Supplementary Figure S2.2: D4Z4-S5 silencing activity is orientation-dependent
and increases over time in culture.
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Supplementary Figure S2.2: (A, C, G) Gel electrophoresis indicating size of
genotyping PCR products in D474 (A), D4Z4-S5 and D4Z4-S5r (C), and D4Z4-S5 sub-
segmentation (G) construct cell lines. * Indicates faint band due to low concentration
genomic DNA. (B) Schematic of D4Z4-S5 and D4Z4-S5r orientation relative to the
genomic sequence and the integrated silencing reporter construct (TSS = transcription
start site, bp = base pair). (D) Flow cytometry GFP fluorescence histogram of D4Z4-S5
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and D4Z4-S5r compared to CTRL cells, normalized to mode. (E) Flow cytometry GFP
fluorescence histogram of D4Z4 silencing construct segments 1 (left) and 5 (right)
weeks after GFPHig" FACS sort, normalized to mode. (F) Percentage of GFP-" cells in
each D4Z4 silencing construct line 1 (clear) or 5 (filled) weeks after GFPHi9" FACS sort.



Supplementary Figure S2.3: LRIF1-S3 contains a conserved sequence that

conveys silencing activity.
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Supplementary Figure S2.3: (A) Top: Logo plot of LRIF1-S3 basewise conservation
consensus sequence based on UCSC genome browser phyloP analysis of 100
vertebrates. Middle: LRIF1-S3 sequences in 9 representative species show
conservation only in placental mammals. Bottom: Schematic of LRIF1-S3 conserved
site deletion inserts with arrowheads indicating orientation relative to genomic sequence
and LRIF1 transcriptional start site (TSS), (bp = base pair). (B) Gel electrophoresis
indicating size of genotyping PCR products in LRIF1-S3 conserved site deletion
construct cell lines. (C) Flow cytometry GFP fluorescence histogram of LRIF1-S3
conserved site deletion inserts, normalized to mode. Percentages of cell populations

classified GFPHigh or GFP-°¥ are indicated.
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Supplementary Figure S2.4: Further segmentation of D4Z24-S5.4 does not narrow

region that confers silencing activity.
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Supplementary Figure S2.4: (A) Schematic of D474-S5.4 sub-fragment inserts relative
to DUX4 TSS (nt=nucleotide). (B) Gel electrophoresis indicating size of genotyping PCR
products in D4Z4-S5.4 sub-segmentation construct cell lines. (C) Flow cytometry GFP
fluorescence histogram of D4Z4-S5.4 sub-fragment inserts, normalized to mode.
Percentages of cell populations classified GFPH9" or GFP-°** are indicated.
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Supplemental Figure S2.5: Treatment or D4Z4-S5 or LRIF1-FLr cells with 5aza-dC
or Entinostat initially increases GFP expression, followed by GFP re-silencing

over time.
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Supplemental Figure S2.5: (A, B) GFP fluorescence histograms of D4Z4-S5 and
LRIF1-FLr cells at various timepoints after 5-aza-dC (A) or entinostat (B) treatment.
Histograms are normalized to the mode of the population. Biological triplicate (n=3)
histograms are presented for each treatment at each time point.
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Knockdown of MBD1, CHD4, or TRIM28 does not
D4Z4-S5 and LRIF1-FLr cells.
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Supplementary Figure S2.6: (A, B, E) Left: Representative singleton GFP
fluorescence histograms of CTRL, D4Z4-S5 and LRIF1-FLr cells treated with CTRL or
CHD4 (A), MBD1 (B), or TRIM28 (E) siRNAs. Histograms are normalized to the mode
of the population. Right Top: Fold change in GFP median fluorescence intensity (MFI)
upon siRNA-mediated knockdown of CHD4 (A), MBD1 (B), or TRIM28 (E) compared to
siCTRL. Data represent mean £ SD of biological replicates, n=3. Statistical significance
was determined by Welch’s t-test: *p<0.05, **p<0.01, ***p<0.001. Right bottom:
Percentage of GFP-°¥ cells in the population at various time points after siRNA-
mediated knockdown of CHD4 (A), MBD1 (B), or TRIM28 (E) compared to siCTRL.
Data represent mean * SD of biological replicates, n=3. (C, D, F) RT-gPCR analysis of
GFP (left) and CHD4 (C), MBD1 (D) or TRIM28 (F) (right) expression compared to
housekeeping gene RPL27 expression in siRNA-treated CTRL, D4Z4-S5, and LRIF1-
FLr cells. Data plotted is fold change of expression in siCHD4- (C), siMBD1- (D), or
siTRIM28- (F) treated cells compared to siCTRL-treated cells. Data represent mean fold
change + SD of biological replicates, n=3. Statistical significance was determined by
Welch'’s t-test: *p<0.05, **p<0.01.
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Supplementary Figure S2.7: RT-qPCR analysis confirms GFP expression changes

and sufficient knockdown efficiency of identified epigenetic regulators.
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Supplementary Figure S2.7: (A-E) RT-gPCR analysis of GFP (left) and SETDB1 (A),
ATF7IP (B), SETDB1 and ATF7IP from H3K9me3 ChIP samples (C), SIN3A and SIN3B
(D), or KDM1A (E) (right) expression compared to housekeeping gene RPL27



53

expression in siRNA-treated CTRL, D4Z4-S5, and LRIF1-FLr cells. Data plotted is fold
change of expression in sSiISETDB1- (A, C), siATF7IP- (B, C), siSIN3A/B- (D), or
siKDM1A- (E) treated cells compared to siCTRL-treated cells. Data represent mean fold
change + SD of biological replicates, n=3. Statistical significance was determined by
Welch'’s t-test: *p<0.05, **p<0.01, ***p<0.001.
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Supplementary Figure S2.8: RT-qPCR and western blot analyses confirm changes
in GFP expression and sufficient knockdown of SMCHD1 and LRIF1.
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Supplementary Figure S2.8: (A) RT-gPCR analysis of GFP (left), SMCHD1 (middle)
and LRIF1 (right) expression compared to housekeeping gene RPL27 expression in
siRNA-treated CTRL, D4Z4-S5, and LRIF1-FLr cells. Data plotted is fold change of
expression in siSMCHD1- or siLRIF1-treated cells compared to siCTRL-treated cells.
Data represent mean fold change + SD of biological replicates, n=3. Statistical
significance was determined by Welch’s t-test: *p<0.05, **p<0.01, ***p<0.001. (B)
Immunoblot analysis of SMCHD1 and LRIF1 protein levels in CTRL, D4Z4-S5, and
LRIF1-FLr cells treated with siCTRL, siSMCHD1, or siLRIF1. Nonspecific band patterns
mirror those shown in LRIF1 KO line validation in Sikrova et al., 2023. GAPDH serves
as a loading control. (C) Quantification of SMCHD1 (left), LRIF1L (middle), and LRIF1
(right) levels in (B) using densitometry analysis normalized to GAPDH and graphed as
percentage relative to siCTRL-treated samples.
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Supplementary Figure S2.9: D4Z4-S5 and LRIF1-FLr show differential sensitivity

to candidate FSHD therapeutics.
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Supplementary Figure S2.9: (A, C, E, G) Representative singleton GFP fluorescence
histograms of CTRL, D4Z4-S5 and LRIF1-FLr cells treated for 3 days with DMSO or
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escalating dosages of candidate FSHD therapeutics clenbuterol (A), Formoterol (C),
(+)- JQ1 (E), or Berberine (G). Histograms are normalized to the mode of the
population. (B, D, F, H) Top: Fold change in GFP median fluorescence intensity (MFI)
upon 3-day treatment with escalating dosages of clenbuterol (B), Formoterol (D), (+)-
JQ1 (F), or Berberine (H) compared to DMSO treatment in CTRL, D4Z4-S5, and LRIF1-
FLr cells. Data points represent mean fold change + SD of biological replicates, n=3.
Statistical significance was determined by Welch'’s t-test: *p<0.05, **p<0.01, ***p<0.001.
Bottom: Percentage of GFP-* cells in the population upon treatment with escalating
dosages of clenbuterol (B), Formoterol (D), (+)- JQ1 (F), or Berberine (H). Data
represent mean * SD of biological replicates, n=3.
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Table 2.1: Characteristics of AAVS1 construct insert sequences.

Sequence #CpGs %GC Length (nt) % CpG Bases

CTRL 7 43% 201 6.96%

LRIF1-FLr 37 54% 617 11.99%
LRIF1-FLf 37 54% 617 11.99%
LRIF1-S1r 14 66% 206 13.59%
LRIF1-S2r 16 66% 201 15.92%
LRIF1-S3r 4 46% 112 7.14%

LRIF1-S3f 4 46% 112 7.14%

;'j]lffgi;?c’;'\’“”'ma' 2 38% |65 6.15%

LRIF1-S3fASite#1 4 46% 106 7.54%

LRIF1-S3fASite#2 3 47% 94 6.38%

LRIF1-S4r 12 48% 161 14.91%
LRIF1-S5r 5 46% 169 5.92%

D4z74-S1 46 76% 428 21.50%
D4z4-S2 34 74% 344 19.77%
D4z4-S3 37 74% 310 23.87%
D4Z4-S4 35 68% 334 20.96%
D4Z4-S5 37 66% 401 18.45%
D4Z4-S5r 37 66% 401 18.45%
D4Z4-S6 46 70% 600 15.33%
D4z74-S7 58 69% 600 19.33%
D4Z4-S8 33 70% 332 19.88%
D4z4-S9 47 74% 447 21.03%
D4Z4-S10 56 78% 501 22.36%
D4Z4-S11 67 75% 675 19.85%
D4Z4-S12 25 68% 320 15.63%
D474-S13 19 70% 265 14.34%
D4z4-S14 54 75% 519 20.81%
D474-S5.1 17 68% 156 21.79%
D4z4-S5.2 12 64% 138 17.39%
D4Z4-S5.3 13 65% 164 15.85%
D4Z4-S5.4 1 62% 146 15.07%
D4Z4-S5.4(nt1-75) 6 64% 75 16.00%
D4Z74-S5.4(nt39-113) 8 68% 75 21.33%
D4Z74-S5.4(nt76-146) 5 59% 71 14.08%

58
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Chapter 3: Using D4Z24-S5 and LRIF1-FLr reporter constructs
for unbiased discovery of novel FSHD requlators

This chapter contains unpublished work.

Introduction

Screening for FSHD therapeutics is challenging, as disease pathogenesis is
sporadic and variable in individuals and endogenous DUX4 is expressed in only 0.1-1%
of cells in patient myoblast lines, making RNA and protein detection difficult [9,62,63].
Though some success has been found in using artificial systems with a DUX4 target
gene promoter driving a reporter [67,111,138,139], the reliance on sporadic and
variable patient myoblast expression of endogenous DUX4 or artificial overexpression
of DUX4, which has many downstream consequences on cellular physiology [110], may
impact the efficacy of therapeutic screens. In Chapter 2, a silencing reporter system
identified a key D4Z4 regulatory sequence, D4Z4-S5, that was able to recruit silencers
to inhibit reporter expression in the absence of chromatin context. This reporter assay
was successfully performed in HelLa cells to avoid the dynamic regulation of the D424
during myogenic differentiation [118], indicating it can be used in other cell types. The
ability of this D4Z4-S5 reporter system to assess drug effects on inhibition of DUX4
activation in any cell type, without necessitating DUX4 expression for a readout, makes
it a valuable tool for large scale screening for FSHD therapeutics. This chapter uses the
D474-S5 reporter system for two different unbiased discovery screening approaches:
enChlP for discovery of proteins interacting with the D4Z4-S5 locus and a kinase
inhibitor screen in D4Z4-S5 reporter cells for discovery of novel regulatory pathways.

Results

enChIP-MS as an unbiased discovery tool to identify direct requlators of D4Z24-S5
and LRIF1-FLr

The identification in Chapter 2 of several known D474 regulators, such as
SETDB1, ATF7IP, SIN3A/3B and LRIF1 in modulation of expression through the D4Z4-
S5 reporter system led us to use an unbiased discovery approach, used previously to
discover proteins bound to the whole D4Z4 [46], to uncover proteins bound to D4Z4-S5.
We designed lentiviral constructs to perform engineered DNA-binding molecule-



60

mediated chromatin immunoprecipitation mass spectrometry (enChlP-MS) in the Hela
AAVS1 reporter system. A lentiviral construct containing a U6 promoter driving an
sgRNA targeting the exogenous sequence just upstream of the AAVS1 region of
interest (sgAAVS1) or a scrambled control (sgScram), a constitutive promoter driving
3xFLAG-tagged catalytically dead Cas9 (dCas9), and blasticidin resistance gene
(BlastR) was transduced into HeLa CTRL, D4Z4-S5, and LRIF1-FL cells (Fig. 3.1A).
The AAVS1 sgRNA should target dCas9 to any AAVS1 reporter construct insert, while
the sgScram should not target any specific human genomic sequence and serves as a
control for nonspecific binding (Fig. 3.1A). After transduction into AAVS1 reporter cells,
ChIP-gPCR for FLAG (dCas9) was performed to ensure proper targeting. Off target
binding was limited, as a gene desert region (GDR) showed little to no binding of dCas9
in the sgScram or sgAAVS1-targeted cells (Fig 3.1B). ChIP-gPCR of the AAVS1 region
revealed strong enrichment above IgG in two biological replicates of 3xFLAG-dCas9 in
sgAAVS1-transduced CTRL, D4Z4-S5, and LRIF1-FLr cell lines, while sgScram-
transduced cells did not show any enrichment above I1gG (Fig. 3.1C). Western blotting
of 3xFLAG-dCas9 revealed proper sizing (data not shown) and immunofluorescence
staining for FLAG revealed nuclear localization of the 3xFLAG-dCas9 protein (Fig.
3.1D), indicating the system was operating properly for downstream analysis.

EnChlP was then performed using CTRL, D424-S5, and LRIF1-FLr cells
transduced with sgAAVS1-3xFLAG-dCas9. The targeted FLAG-tagged dCas9 was
crosslinked to locus associated factors, DNA was fragmented, FLAG was
immunoprecipitated to pull down AAVS1-locus associated factors, proteins were de-
crosslinked from DNA, and peptides were identified via mass spectrometry (Fig. 3.2A).
Generally, peptide counts via mass spectrometry were low, though all identified in this
chapter met the 1% false discovery rate (FDR) cutoff. Approximately 20% of proteins
identified in the D4Z4-S5 enChIP-MS overlapped with previous whole D4Z4 enChIP [46]
and/or direct interactors with SMCHD1 via co-immunoprecipitation [53] (Fig. 3.2B).
Gene ontology (GO) biological process analysis revealed many processes associated
with RNA splicing and processing, though DNA conformational change and
chromosome organization were among the top hits (Fig. 3.2C). Several proteins
involved in gene silencing were identified in the D4Z4-S5 enChIP-MS, such as protein
SUMOylation factors, silencer complex recruiter TRIM28, heterochromatin regulators,
chromatin remodeling factors, and NuRD complex factors (Fig. 3.2D). The LRIF1-FL
enChlP also had extremely low peptide counts but revealed high overlap with D4Z24-
bound proteins and SMCHD1 interactors, with ~15% of MS hits overlapping with one or
both (Fig 3.3A). GO analysis of LRIF1-FL-bound proteins also revealed a majority of
terms relating to mMRNA processing, with only one of the top 15 being negative
regulation of gene expression (Fig. 3.3B). Looking at all proteins with regards to gene
silencing, several proteins overlap with those found in the D4Z4-S5 enChlP, and other
factors involved in transcription corepressor activity, suppressive ubiquitin ligase
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activity, and heterochromatin regulation were identified (Fig 3.3C). Ultimately, low
peptide counts limited the efficacy of enChIP-MS analysis for D4Z4-S5 and LRIF1-FL,
though the overlap in factors between several previous studies of D424 and SMCHD1
interactors is promising for the notion of D4Z4-S5 and the LRIF1 promoter as important
regulatory elements in FSHD biology.

A live cell imaging kinase inhibitor screen confirms p38 inhibitors as regulators
of DUX4 expression.

The encouraging response of the D4Z4-S5 silencing assay system to known
DUX4 inhibitory drugs, especially p38 inhibitors (see Chapter 2) led us to use D474-S5
reporter cells as a screening platform to identify new regulatory pathways and FSHD
therapeutics. With the help of our collaborator at FHCC, Taran Gujral, we used a panel
of kinase inhibitors, designed to span the cellular kinome and exploit the known
promiscuity, or polypharmacology, of kinase inhibitors on multiple targets [140—142] for
regulatory pathway deconvolution. CTRL, D4Z4-S5, and LRIF1-FL cells were treated
with previously identified DUX4 inhibitory drugs (Suppl. Fig. $2.9) and an optimized
kinase panel (Table 3.1), following the same live cell imaging scheme as in the earlier
losmapimod trial (Fig. 2.6E, Fig. 3.4A). Cells were treated with the kinase inhibitor
panel for 6 days, with one media change at day 3. The relative GFP confluency was
then calculated and compared to DMSO and the t0 time point (Fig. 3.4A). A heat map
of the ratio of GFP+/Total cell confluency relative to t0 and DMSO shows that DUX4-
suppressive p38 inhibitors and berberine are effective in further inhibition of GFP in
D4Z74-S5 (Fig 3.4B). In analysis of DUX4 inhibitors, p38 inhibitors showed the largest
reduction in relative GFP+ cell confluency over 144 hours (Fig. 3.5 A-D). Other
candidate DUX4 inhibitors showed similar phenotypes to those shown in Suppl. Fig.
S$2.9), with berberine showing suppression in D4Z4-S5 and LRIF1-FL and other drugs
not displaying a significant impact on GFP expression (Fig 3.5 E-H).

Other compounds in the kinase inhibitor screen showed inhibitory effects on
relative GFP+ confluency. BCR-ABL inhibitor GZD824, RTK and P1-3K inhibitor PP121,
and PDGFR, VEGFR, and FGFR inhibitor Vargatef displayed specific inhibition of
D4Z74-S5, while ALK and IGFR inhibitor AZD3463 inhibited relative GFP+ cell
confluency in both D4Z4-S5 and LRIF1-FLr cells (Fig. 3.6A-D). After measuring the
phenotypic effects of each kinase inhibitor involved in the kinase inhibitor panel,
computational deconvolution of the overlapping targets and pathways were used to
identify operative kinase targets for further validation, known as Kinase Inhibitor
Regularization (KiR) [140,141]. KiR analysis, using the values from the 48- and 120-
hour GFP+ cell confluency Incucyte data, identified several key kinases specific to
D474-S5 cells, shown in purple in Fig 3.6E. These KiR generated networks can be
used to identify and explore novel regulatory pathways of D4Z4-mediated expression of
DUX4.
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Discussion

Though great strides have been made in the identification of epigenetic
regulators of the D474 [9,34,35,46,47,49-53,110,112—-115], the mechanisms of DUX4
suppression in somatic cells are not fully elucidated. A number of pathways and drugs
have been identified as potentially important regulators of DUX4 expression [64—70],
though there is still no cure identified for FSHD [109]. The D4Z4-S5 reporter (see
Chapter 2) provides a simple tool to screen new FSHD therapeutics that epigenetically
silence DUX4 as well as screen for new modifiers that interact with that important
regulatory element.

Previous work in our lab successfully performed enChIP-MS by
immunoprecipitation of the entire D4Z4 and subsequent identification of bound proteins
[46]. Applying this technique to D4Z4-S5 was meant to narrow the focus into proteins
that directly interact with this key regulatory sequence, to mixed success. The enChIP
system did appear to work correctly in quality control checks (Fig. 3.1), but peptide
counts were extremely low in the mass spectrometry results, with many identified
proteins only having coverage of one peptide in just one of the two replicates, though all
hits were significant enough to qualify for the >1% FDR threshold. Though many of
these identified proteins did, promisingly, overlap with previous studies, most proteins
were also present in the CTRL sample, indicating a lack of specificity for D4Z4-S5 due
to nonspecific recruitment to the exogenous AAVS1 construct. One possible
improvement if this method that could increase specificity and yield would be usage of
nanobodies instead of anti-FLAG antibodies, which bind their targets more strongly and
allow for more stringent washing of nonspecific interactions [143]. Further optimization
of the enChlIP protocol and better peptide coverage will allow for proper identification of
the important interactors seeding silencing effects through D424-S5.

To assess the efficacy of this reporter system as a platform for future drug
screens, we sought to determine if other readouts besides flow cytometry could be used
for detecting subtle changes in GFP expression. Live cell imaging is particularly useful
for drug screening, as it allows for screening of many chemicals simultaneously in a
multi-well plate format in addition to consistent monitoring over multiple days, rather
than endpoints requiring harvest and processing. In Chapter 2, live cell imaging of
D474-S5 and LRIF1-FL cells treated with p38 inhibitors reflected flow cytometry
experiments, where GFP levels were further decreased upon treatment. To ensure that
the effects of candidate DUX4-inhibitor drugs on GFP expression measured via flow
cytometry in Suppl. Fig. $2.9 were also consistent in the live cell imaging system,
clenbuterol, formoterol, (+)- JQ1, and berberine were assessed via live cell imaging.
Promisingly, live cell imaging of these candidate therapeutics showed similar trends
seen in the flow cytometry experiments, indicating the live cell imaging system is robust
enough for larger scale screens.
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Many different regulatory pathways have been implicated in regulation of DUX4
expression, though the mechanisms of action for many, including the p38 pathway,
remain an area of active study. By uncovering pathways that regulate expression
specifically through D4Z4-S5, we hope to narrow the focus for therapeutic discovery as
well as begin to elucidate regulatory mechanisms of action. Taran Guijral, a collaborator
at FHCC, explores the use of polypharmacology for discovery of key kinases and
pathways involved in a particular cellular phenotype [140,141]. Kinase inhibitors have
varying levels of promiscuity in their inhibitory activity, often inhibiting activity of other
kinases to varying degrees in addition to their target kinase(s) [142]. Exploiting this
promiscuity, a comprehensive panel of kinase inhibitors was created to inhibit most
kinases to varying degrees [141]. By incorporating known in vitro inhibition rates of each
kinase inhibitor on all known kinases, the phenotypic effect of each panel kinase
inhibitor can be deconvoluted to identify key kinases for that phenotype, known as
kinase inhibitor regularization (KiR) analysis [140,141]. We treated CTRL, D4Z4-S5, and
LRIF1-FLr cells with this panel of kinases and measured effects of each kinase on
GFP+ cell confluency. Before KiR analysis, visualization of GFP+ cell confluency levels
based on kinase inhibitor treatment revealed several kinase inhibitors that specifically
inhibited D424-S5 and/or LRIF1-FL more than CTRL: GZD824, AZD3463, PP121, and
Vargatef, which may be good candidates for future FSHD therapeutic study. KiR
analysis identified several key kinases for GFP modulation through D4Z4-S5, including
MAPKO9 (JNK2), FGFR1, VEGFR, RAF1, and TEK. The expanded STRING network
from those key kinases also contained p38 (MAPK14), indicating the network aligns with
known D474-S5 regulators that have been identified as modulators of D4Z4-S5. Further
exploration of these key kinases and their impact on D4Z4-S5 regulation will provide
new avenues for FSHD therapeutic exploration.

Materials and Methods

Cell culture

HelLa cells were grown in DMEM High Glucose with L-glutamine (Gibco,
#11965092), supplemented with 10% fetal bovine serum (FBS) (Cytiva Hyclone,
#SH30396.03) and 1% penicillin/streptomycin (Gibco, #15140122) and incubated at
37°C supplemented with 5% CO.. Cells were passaged by treatment with 0.25%
trypsin- Ethylenediaminetetraacetic acid (EDTA) (Gibco, #25200056) for 5 minutes at
37°C followed by growth media addition and subculturing.

enChlP construct cloning

The pZLCv2-3XFLAG-dCas9-HA-2XNLS (Addgene, #106357) vector was
modified to replace puromycin resistance with blasticidin resistance. Overlapping
fragments for the P2A, Blasticidin S deaminase gene, and PRE sequence were
amplified via PCR from the pZLCv2 plasmid and the pCW57-MCS1-P2A-MCS2 (Blast)
vector (Addgene, #80921), purified, and cloned into the Pmel (NEB, #R0560S)- and
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BamHI-HF (NEB, #R3136L)- digested backbone via HiFi DNA Assembly according to
manufacturer’s instructions. The pZLCv2-3XFLAG-dCas9-HA-2XNLS (Blast) plasmid
was verified via Sanger sequencing. Five sgRNAs targeting the AAVS1 insert sequence
were designed using the IDT Custom Alt-R CRISPR-Cas9 guide RNA design program.
The backbone was digested with BsmBI-v2 (NEB, #R0580) and annealed oligos (IDT)
containing the sgRNA sequence were cloned into the BsmBI site via T4 ligation. Verified
enChlP plasmid, psPAX2 (Addgene, #12260), and pMD2.G (Addgene, #12259) were
transfected into 293T cells with Lipofectamine 3000 as described above to produce
lentiviral particles. AAVS1 knock-in cells were then transduced with lentivirus in the
presence of 10ug/mL polybrene. Cells were selected for lentiviral integration with growth
media supplemented with 3ug/mL blasticidin S.

ChIP-gPCR
ChIP-gPCR was adapted from previously published protocols [136,137]. HeLa

AAVS1 cells were trypsinized, washed with 1xPBS, and fixed in 1% Formaldehyde
Ultrapure EM grade (EMS, #15710) for 10 minutes at room temperature with gentle
rocking. Formaldehyde was quenched with 125mM glycine, cells were washed with
PBS and then lysed in Lysis Buffer (Protease and phosphatase inhibitors (Pierce,
#A32961), 1% Na-deoxycholate, 1% SDS, 5mM EDTA pH 8, and 50mM Tris pH 8 in
1xPBS). Lysate was sonicated in Biorupter Plus TPX Polymethyl pentene tubes
(Diagenode, C30010010) using a Biorupter Plus Sonication System (Diagenode,
B01020001) until chromatin was sheared to a range of 200-600bp; a small aliquot of
sheared chromatin was incubated with RNase A at 37°C for one hour, treated with
Proteinase K overnight at 65°C, and purified using a NucleoSpin Gel and PCR cleanup
mini kit (Machery-Nagel, #740609) before concentration was determined using a Qubit
and chromatin was run on a 2% agarose gel in Tris/Borate/EDTA (TBE) buffer to assess
fragment size. Chromatin was centrifuged at 16,000xg for 10 min at 4°C to clear
insoluble fraction, and 10% of the chromatin was reserved for input DNA.

For immunoprecipitation, chromatin was diluted in Dilution Buffer (1% Triton X-
100, 150mM NaCl, 2mM EDTA pH 8, and 20mM Tris pH 8 in PBS) to reduce SDS
concentration to <0.1%. For ChlP, 5ug of antibody (Mouse Anti-FLAG [M2] Sigma
#F3165 or Mouse IgG isotype control Invitrogen #31903) was added to 30ug of
chromatin and incubated with rotation overnight at 4°C. Agarose Fast Flow Prot A
(Millipore Sigma #16-156) beads were pre-blocked overnight at 4°C in Dilution Buffer +
2% bovine serum albumin (BSA). Samples were incubated with beads at 4°C for 2
hours, and washed with Wash Buffer | (protease and phosphatase inhibitors (Pierce,
#A32961), 0.1% SDS, 1% Triton X-100, 2mM EDTA pH 8, 20mM Tris pH 8, 150mM
NaCl), washed with Wash Buffer Il (protease and phosphatase inhibitors, 0.1% SDS,
1% Triton X-100, 2mM EDTA pH 8, 20mM Tris pH 8, 500mM NacCl), washed with Wash
Buffer Il (protease and phosphatase inhibitors, 0.25M LiCl, 1% NP-40, 1% Na-
deoxycholate, TmM EDTA pH 8, 10mM Tris pH 8, 500mM NaCl), and washed twice with
ice cold PBS. Beads and attached chromatin were then de-crosslinked by resuspension
in Ultrapure water with 1% SDS and 0.1M NaHCO3, incubated with RNase A (Thermo
Scientific, # R1253) for 1 hour at 37°C, and incubated overnight at 65°C with Proteinase
K (Thermo Scientific, #2E00491). IP DNA was then purified using NTB Buffer (Machery-
Nagel, #740595.150) and the NucleoSpin Gel and PCR cleanup mini kit (Machery-
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Nagel, #740609). Quantitative PCR of IP DNA was run on a QuantStudio 7 Flex
(Applied Biosystem) using iTag SYBR Green Supermix (Bio-Rad, #1725124).

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde for 10 minutes and permeabilized
with 0.5% TritonX-100. Samples were incubated with primary antibodies (mouse anti-
FLAG Sigma# F1804 and Anti-GFP [EPR14104] rabbit monoclonal antibody,
Abcam#ab183734) at 4°C overnight, followed by incubation with fluorescently
conjugated secondary antibodies (Rhodamine (TRITC) Donkey Anti-Mouse IgG
Jackson ImmunoResearch #715-025-151 and Fluorescein (FITC) Donkey Anti-Rabbit
lgG Jackson ImmunoResearch #711-095-152) for 1 hour at room temperature, and
counterstained with DAPI (Sigma #D-9542). Plates were imaged using an immersion
lens, Zeiss Axiophot fluorescent microscope, AxioCam MRc digital camera, and
AxioVision 4.6 software.

enChlIP (engineered DNA-binding molecule-mediated chromatin immunoprecipitation)

enChlP was performed according to a modified protocol from Campbell et al.,
2018 [46] and Fuijita and Fuijii, 2013 [144]. HeLa AAVS1 cells were trypsinized, washed
with 1xPBS, and fixed in 1% Formaldehyde Ultrapure EM grade (EMS, #15710) for 10
minutes at room temperature with gentle rocking. Formaldehyde was quenched with
125mM glycine, cells were washed with PBS and then lysed in |P Buffer (Protease and
phosphatase inhibitors (Pierce, #A32961), 150mM NaCl, 1% Triton X-100, 0.5% NP-40,
5mM EDTA pH 8, and 50mM Tris-HCL pH 7.5 in water).

Lysate was sonicated in Biorupter Plus TPX Polymethyl pentene tubes
(Diagenode, C30010010) using a Biorupter Plus Sonication System (Diagenode,
B01020001) until chromatin was sheared to a range of 200-1500bp; a small aliquot of
sheared chromatin was incubated with RNase A at 37°C for one hour, treated with
Proteinase K overnight at 65°C, and purified using a NucleoSpin Gel and PCR cleanup
mini kit (Machery-Nagel, #740609) before concentration was determined using a Qubit
and chromatin was run on a 2% agarose gel in Tris/Borate/EDTA (TBE) buffer to assess
fragment size. Chromatin was centrifuged at 12,000xg for 10 min at 4°C to clear
insoluble fraction, and 10% of the chromatin was reserved for input DNA.

For pre-clearing, chromatin was diluted in IP Dilution Buffer (1% Triton X-100,
150mM NaCl, 2mM EDTA pH 8, 0.01% SDS and 20mM Tris pH 8 in water) to reduce
SDS concentration to <0.2%. Antibody slurry was generated per sample, mixing 25ug
mouse IgG isotype control into 200uL 0.1% PBST. Storage solution was removed from
100uL Dynabeads Protein G per sample and added to antibody slurry before incubation
with rotation for 10 minutes at RT. Beads were washed once with 0.1% PBST,
resuspended in 100uL 0.1% PBST per sample, and added to sonicated material before
incubation with rotation for 2 hours at 4°C.

For immunoprecipitation, storage buffer was removed from 150uL Protein G
Dynabeads and washed twice with 0.1M sodium phosphate buffer pH 7.0. 15uL FLAG
antibody (Sigma #F3165) and 15uL 0.1M sodium phosphate buffer were mixed for each
sample, then total mixture was added to beads before incubation for 25min at RT with
rotation. Beads were concentrated and washed twice with 0.1M sodium phosphate
buffer with 0.01% Tween-20. Beads were washed twice with 0.2M triethanolamine pH
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8.2 and resuspended in 20mM DMP in 0.2M triethanolamine pH 8.2 before incubation
with rotation for 30 minutes at RT. Beads were concentrated and incubated with rotation
at RT for 15 minutes with 50mM Tris-HCI pH 7.5. Beads were washed three times in
0.1% PBST and resuspended in 150uL 0.1% PBST per sample. Supernatant from pre-
clearing IgG beads was mixed with crosslinked beads for each sample and
immunoprecipitated at 4°C overnight.

To elute from beads, beads were concentrated and washed 4 times with cold
Low Salt Wash buffer (protease and phosphatase inhibitors (Pierce, #A32961), 20mM
Tris pH 8.0, 2mM EDTA, 150mM NaCl, 1% Triton X-100, and 0.1% SDS in water),
washed twice with cold IP Wash Buffer 2 (protease and phosphatase inhibitors (Pierce,
#A32961), 10mM Tris pH 8.0, 1mM EDTA, 0.25M LiCl, 1% NP-40/Igepal, and 1% Na-
deoxycholate in water), washed once with cold TE with protease and phosphatase
inhibitors (Pierce, #A32961), and washed once with cold TBS + 0.1% NP-40 with
protease and phosphatase inhibitors (Pierce, #A32961) before resuspension in Elution
Buffer and incubation at 37°C for 20 minutes with agitation. Eluted complexes were
precipitated by adding 1mL isopropanol, 150uL 3M sodium acetate, and 6.6uL of
15mg/mL GlycoBlue before storage at -20°C overnight.

To run on SDS-PAGE gel, samples were centrifuged at 17,000xg for 30 minutes
at 4°C, pellets were washed with 70% EtOH and centrifuged at 13,000xg for 5 minutes
at RT, and pellets were resuspended in 25uL 4X Sample Buffer (500mM Tris-HCI pH
6.8, 8% SDS, 20% BME, bromophenol blue, and 30% glycerol) before incubation at
98°C for 30 minutes. Samples were immediately run one cm into an SDS-PAGE gel and
cut out for submission to the Proteomics & Metabolomics Shared Resource of the Fred
Hutch/University of Washington Cancer Consortium (P30 CA015704). Samples were
prepped and desalted via ZipTip before analysis on an Orbitrap Ascend Mass
Spectrometer (Thermo Fisher). The raw mass spectrometry data files were searched
with Proteome Discoverer version 3.1 against a Uniprot Human database, custom
protein sequences from enChIP and AAVS1 constructs, and common
contaminants. The search results were filtered for high confidence, 1% FDR at the
peptide level.

Incucyte tracking of GFP+ cell confluence

HelLa AAVS1 lines were seeded at 80% confluency and 24 hours later were
treated with 5-aza-2’-deoxycytidine (Millipore Sigma #189825) for 12 hours. Cells were
then incubated with standard media for 12 hours; this was repeated twice more, for a
total of 36 hours of 5-aza-2’-deoxycytidine treatment in 72 hour, GFP+ cells were then
sorted by FACS at a density of 10,000 cells per well in 96-well plates with 100uL media
per well. 24 hours later, 100uL of media with 2x concentration of kinase inhibitors listed
in Table 3.1 or DUX4 inhibitors losmapimod (Sigma Aldrich, #SML3596), SB203580
(Selleckchem, #S1076), clenbuterol (Sigma Aldrich, #C5423), formoterol (Sigma-
Aldrich, #F9552), (+)- JQ1 (Cayman Chemical, #11187-1), or berberine (Sigma Aldrich,
#B3251). 96-well plates were placed in the Incucyte S3 Live Cell Analysis system, kept
at 37°C with 5% CO2. Wells were imaged for GFP+ and brightfield cell confluency, cell
count, and GFP Mean Fluorescence intensity every 2 hours for 6 days. On day 3, plates
were removed from the Incucyte between images and media was changed and
supplemented with fresh drug. GFP+ cell confluency per well was normalized to tO for
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that well and to the average of DMSO treated wells to analyze differences in inhibitor-
treated wells between cell lines. Kinase Inhibitor Regularization (KiR) analysis was
performed using previously established R scripts [140,141].
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Figures
Figure 3.1: Design and validation of AAVS1-targeting enChIP system.
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Supplementary Flgure S3.1: (A) Top: Schematic of enChlP lentiviral construct
encoding an sgRNA, 3xFLAG-tagged catalytically dead Cas9 (dCas9) and blasticidin
resistance. Bottom: Target sites for sgRNAs used. sgScramble (sgScram) should not
specifically target any human genomic sequence and sgAAVS1 targets the sequence
directly upstream of the sequence of interest in the exogenous AAVS1 reporter
construct. LTR= long terminal repeat, v = HIV-1 psi packaging element, RRE = HIV-1
rev response element, cPPT/CTS = central polypurine tract and central termination
sequence of HIV-1, sgRNA = specific guide RNA, HA = human influenza hemagglutinin
epitope tag, NLS = nuclear localization signal of SV40 large T antigen, P2A = 2A
peptide from porcine teschovirus-1 polyprotein, BlastR = blasticidin resistance, WPRE =
Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element, HA-L/R = AAVS1
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homology arm (left or right). (B, C) ChIP-gPCR of 3xFLAG-tagged dCas9 and IgG
binding to a non-specific gene desert region (GDR h16q21) (B) and the AAVS1 site (C)
in AAVS1 reporter cell lines transduced with either sgScram or sgAAVS1 enChlP
constructs. N=3 technical replicates. FLAG-1 and FLAG-2 represent two biological
replicates. (D) Immunofluorescence microscopy to determine localization of 3xFLAG-
dCas9 (aFLAG) and GFP (aGFP) in AAVS1 reporter lines with various enChIP
constructs co-stained with a DAPI nuclear stain. Bar = 50um.
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Figure 3.2: enChIP-MS analysis confirms binding of many previously identified
D4Z4-regulatory proteins to D4Z4-S5.
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Figure 3.2: (A) Schematic of enChIP workflow for detection of proteins bound to the
exogenous AAVS1 sequence. (B) Venn diagram of overlapping mass spectrometry
proteomics hits from this study in D4Z4-S5, whole D4Z4 enChIP (Campbell et al., 2018)
[46], and immunoprecipitated SMCHD1 interacting proteins (Goossens et al., 2021)
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[53]. (C) Gene ontology (GO) biological process enrichment analysis of overlapping
proteins from (B). Graph created using the ShinyGO tool [145]. (D) Table of selected
proteins, peptide coverage, and functions from enChlIP-MS proteomics analysis of
AAVS1-bound proteins in CTRL D4Z4-S5 reporter cells. Colors reflect Venn diagram
binning from (B). Bold indicates peptides were not detected in CTRL reporter line
enChIP-MS analysis.
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Figure 3.3: enChIP-MS analysis also confirms binding of many previously
identified D4Z4-regulatory proteins to LRIF1-FLr.
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Figure 3.3: (A) Venn diagram of overlapping mass spectrometry proteomics hits from
this study in LRIF1-FLr, whole D4Z4 enChlIP (Campbell et al., 2018) [46], and
immunoprecipitated SMCHD1 interacting proteins (Goossens et al., 2021) [53]. (B)
Gene ontology (GO) biological process enrichment analysis of overlapping proteins
from (A). Graph created using the ShinyGO tool [145]. (C) Table of selected proteins,
peptide coverage, and functions from enChlIP-MS proteomics analysis of AAVS1-bound
proteins in CTRL and LRIF1-FLr reporter cells. Colors reflect Venn diagram binning
from (A). Bold indicates peptides were not detected in CTRL reporter line enChlP-MS
analysis.
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Figure 3.4: Live-cell imaging kinase inhibitor screen of GFP fluorescence in
CTRL, D4Z4-S5, and LRIF1-FL cells.
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Figure 3.4: (A) Schematic of live cell imaging experimental time course. Cells were
treated with 5-aza-dC for three days with a 12 hour on/off schedule. 24 hours after
washout, GFPHi9" cells were FACS sorted into multi-well plates. 24 hours after sort, cells
were treated with kinase inhibitors (Ki) and incubated for 6 days in an Incucyte live cell
imaging system, and images of each well were captured every 4 hours for GFP
fluorescence quantification. On day 3 of Incucyte incubation, cell growth media (GM)
was refreshed, and Ki were replenished. (B) Heat map of kinase inhibitor screen results.
Data shown is the GFP+ cell confluency in Ki-treated wells relative to DMSO-treated
wells in CTRL, D4Z4-S5, or LRIF1-FLr cells. Color scale indicates average relative
GFP+ cell confluency + SD, n=3 biological replicates.
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Figure 3.5: Live-cell imaging GFP confluency analysis of candidate DUX4

inhibitors in AAVS1 reporter lines reflects previous flow cytometry results.
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Figure 3.5: (A-H) Plots of relative GFP+ cell confluency measured via live cell imaging
over 6 days upon treatment with DUX4 inhibitor drugs shown in Supplementary Figure
S2.9. Data shown is the GFP+ cell confluency in drug-treated wells relative to DMSO-
treated wells in CTRL, D4Z4-S5, or LRIF1-FLr cells. Data points are the average
relative GFP+ cell confluency + SD, n=3 biological replicates.
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Figure 3.6: Kinase Inhibitor Regularization (KiR) analysis of AAVS1 reporter

kinase inhibitor screen.
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Figure 3.6: (A-D) Selected plots of relative GFP+ cell confluency measured via live cell
imaging over 6 days upon treatment with kinase inhibitors. Kinase inhibitors selected
show inhibition of relative GFP+ cell confluency in D4Z4-S5. Data shown is the GFP+
cell confluency in drug-treated wells relative to DMSO-treated wells in CTRL, D4Z4-S5,
or LRIF1-FLr cells. Data points are the average relative GFP+ cell confluency + SD, n=3
biological replicates. (E) Key kinase networks for factors involved in modulation of GFP+
cell confluency, identified by Kinase Inhibitor Regularization (KiR) analysis [141,140].
Purple color indicates key kinases identified by KiR, squares indicate kinases, dotted
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lines indicate indirect effects, solid lines indicate direct effects, green lines are activating
effects, and red lines are inhibitory effects.



Tables

Table 3.1: Kinase inhibitors used in live cell imaging screen.

Compound CAS Final Conc. Primary Targets:
Baricitinib (LY3009104, INCB028050) 1187594-09-7 0.5uM JAK1, JAK2
Doramapimod (BIRB 796, p38 MAP Kinase Inhibitor X) 285983-48-4 0.5uM P38 MAPK
JNK Inhibitor VIII 894804-07-0 0.5uM JNK1, JNK2, JNK3
TCS ERK 11e (ERK Inhibitor VIII, VX-11e) 896720-20-0 0.5uM ERK1, ERK2
Rho Kinase Inhibitor Ill Rockout 7272-84-6 0.5uM ROCK
RTKs (ABL, EGFR, EPHB4, HCK, PDGFR, RET, SRC,
PP121 1092788-83-4 0.5uM VEGFI(RZ) and PI3-Ks (p110a/ B/ 3/ y, mTOR, DNA-PK)
GZD824 1421783-64-3 0.5uM BCR-ABL, BCR-ABL mutants
Staurosporine* 62996-74-1 0.5uM PKA, CAMK, MLCK, PKC, PKG
AZD3463 1356962-20-3 0.5uM ALK, IGF1R
NVP-BVU972 1185763-69-2 0.5uM MET
Y-39983 dihydrochloride 173897-44-4 0.5uM ROCK
Cobimetinib (GDC-0973, RG7420) 934660-93-2 0.5uM MEKA1
WZ3146 1214265-56-1 0.5uM EGFR
Aminopurvalanol A 220792-57-4 0.5uM CDK1, CDK2, CDK5
SB202190 (FHPI) 152121-30-7 0.5uM P38 MAPK
PD 166285 dihydrochloride* 212391-63-4 0.5uM WEE1, MYT1, CHK1
BIIB-057 (PRT062607, P505-15) 1370261-96-3 0.5uM gig IEXE ZPAAPK750 FGR, MLK1, YES, FLT3, LYN, SRC,
Akt Inhibitor VIII Isozyme Selective Akti-1/2 612847-09-3 0.5uM AKT1, AKT2, AKT3
CP 547,632 252003-65-9 0.5uM VEGFR2, FGFR
Bosutinib 380843-75-4 0.5uM SRC, ABL
AT7867 857531-00-1 0.5uM AKT1, AKT2, AKT3, PKA, P70S6K
Cdk1/2 Inhibitor I 443798-55-8 0.5uM CDK1, CDK2
PDK1/Akt/FIt Dual Pathway Inhibitor 331253-86-2 0.5uM PDK1 and AKT activities
SB 218078 135897-06-2 0.5uM CHK1, CDC2, PKC
PF-3644022 1276121-88-0 0.5uM MK2, MK3, PRAK
LY 333531 mesylate (Ruboxistaurin) 192050-59-2 0.5uM PKCBI, PKCBII, PKCn, PKC3, PKCy, PKCa, PKCe
Cot inhibitor-2 915363-56-3 0.5uM MAP3K8
PD 173955 260415-63-2 0.5uM SRC, ABL, YES, ATP, MAP
Vargatef (Nintedanib, BIBF 1120) 928326-83-4 0.5uM PDGFR, VEGFR, FGFR
TG02* 937270-47-8 0.5uM CDK2, FLT3, JAK2

* Exhibited strong cell toxicity, excluded from analysis
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Introduction

The double homeobox protein 4 (DUX4) gene encodes a transcription factor that
is expressed in immune-privileged niches such as the preimplantation embryo [2,3],
testis [9], and, possibly, thymus [40]. DUX4 is briefly expressed in the 4-cell human
embryo and serves as a key transcriptional activator of the zygotic genome, driving
expression of hundreds of coding genes and repetitive retroelements [2,3]. In addition to
zygotic genome activation (ZGA), regulation of mMRNA degradation and translation is
essential to rapidly diversify the proteome during early development [146] and has been
associated with increased developmental potential of human preimplantation embryos
[147]. It is becoming abundantly clear that translational control, both globally and at the
level of individual transcripts, helps mediate cell fate transitions. This includes the shift
from the maternal to the embryonic developmental program, the balance of stem cell
self-renewal and differentiation, and the plasticity of cancer [108,1438].

Emerging evidence has shown that broad translational suppression is a hallmark
of reprogramming in embryonic and somatic stem cells [149—-151], where low rates of
translation are thought to promote an undifferentiated state. This is further supported by
the finding that a rare population of totipotent mouse embryonic stem cells (ESCs)
known as 2-cell-like cells (2CLCs), thought to recapitulate the naive state of the
preimplantation embryo [152], exhibit global repression of nascent protein synthesis
[153,154]. Mouse Dux and human DUX4 belong to the conserved DUXC family of
proteins found in eutherian mammals [5]. Functionally, expression of mouse Dux
reprograms these rare populations of 2CLCs to have expanded developmental potential
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[2,3,152], and human DUX4 has been reported to drive a similar totipotent program in
human induced pluripotent stem cells (iPSCs) and ESCs [2,6].

DUX4 is also the causative gene of facioscapulohumeral muscular dystrophy
(FSHD), a complex genetic disorder that results in epigenetic de-repression of the
DUX4 locus in skeletal muscle and progressive muscle atrophy [11,17,33,155]. The
aberrant expression of DUX4 in skeletal muscle activates expression of genes
associated with germline and stem cell development [111,156], characteristic of the
early embryonic ZGA program. Although DUX4 is sporadically expressed in
approximately 0.1% of FSHD muscle cells in culture [9,62], DUX4 target gene activation
results in a host of pathogenic features including impaired myogenesis [157], oxidative
stress and DNA damage [158,159], compromised mRNA quality control [95,96], and
inflammation [160,161].

In addition to a role in FSHD, recent analysis of nearly 10,000 cancer
transcriptomes from 33 different cancer types revealed DUX4 to be one of the most
commonly expressed cancer-associated genes [100]. Full-length DUX4 expression in
diverse cancer types is strongly correlated with increased expression of high-confidence
DUX4 targets activated in the embryo [100,105]. DUX4 expression in cancers was
associated with decreased major histocompatibility complex class | (MHC-I) expression,
resistance to checkpoint inhibitors, and decreased patient survival rates [100]. DUX4
expression in several cancer cell lines was sufficient to prevent the induction of MHC-I
expression in response to interferon gamma (IFNy); however, it was unclear whether
this represented an activity restricted to MHC-I or a broader activity of DUX4 in
regulating protein expression.

In this study, we have implicated the DUX4 transcriptional program as a driver of
broad translational suppression that reprograms de novo protein synthesis. We initially
focused on the DUX4 suppression of MHC-class | and related interferon-stimulated
proteins to characterize the mechanisms of protein suppression. We found that a brief
pulse of DUX4 expression disrupts several key regulators of translation initiation and
elongation, which are sufficient to suppress protein synthesis of IFNy-stimulated MHC-I
and immunoproteasome (iProteasome) subunits. Moreover, high-throughput
translational profiling with ribosome footprinting and polysome gradients showed
significant changes in MHC-I translational efficiency (TE) and broad translational
suppression of many cellular mMRNAs, whereas DUX4-induced mRNAs were robustly
translated. Taken together, DUX4 activation of its transcriptional program resulted in the
replacement of the prior cellular proteome and lineage identity with the DUX4-induced
proteome enriched for ZGA-associated proteins. We propose that coordinated
regulation of transcription and translation is employed by DUX4 to reshape the cellular
translatome in both development and disease.
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Results

DUX4 activity induces prolonged suppression of antigen presentation factors

We recently reported that DUX4 blocks IFNy-stimulated induction of MHC-I and
surface antigen presentation [100]. To determine the mechanism of DUX4-induced
MHC-I regulation, we used a well-characterized cellular model system of human
myoblasts with a doxycycline (DOX)-inducible DUX4 transgene (MB135iDUX4) [97].
DUX4 expression occurs in transient bursts in rare populations of ESCs [2,6] and is
sporadically misexpressed in FSHD muscle cells [9,62], making it difficult to
characterize downstream mechanisms endogenously. We have previously
demonstrated that a short “pulse” of DUX4 in MB135iDUX4 myoblasts induced a
transcriptional program representative of FSHD muscle cells and the early cleavage-
stage embryo [162]. Pulsed DUX4 expression in this cell culture system enabled
reproducible and synchronized DUX4 induction, permitting the investigation of
mechanisms downstream of DUX4 that may have otherwise been masked by
heterogeneous populations of DUX4-expressing cells.

Using our MB135iDUX4 cell culture system, we tested both the immediate effect
of continuous DUX4 expression, as well as the prolonged consequences following a
brief pulse of DUX4 on the expression levels of several IFNy-induced factors involved in
immunogenic antigen presentation, including canonical MHC-| subunits (HLA-A, HLA-B,
HLA-C) and iProteasome subunits (PSMB8, PSMB9, PSMB10). MB135iDUX4
myoblasts were treated with DOX for 20 hours or for a 4-hour period followed by
washout to induce a “continuous” versus a “pulse” of DUX4 expression, respectively.
Cells were exposed to IFNy for the final 16 hours prior to harvest, collecting terminal
time points at 20 hours for the continuous treatment, and at 44 hours for the pulse (40
hours after the DOX washout) (Fig. 4.1A). Cells stimulated with IFNy showed elevated
protein levels of MHC-I and iProteasome subunits, whereas IFNy induction of MHC-I
and the iProteasome was suppressed in myoblasts continually expressing DUX4 (Fig.
4.1B, left). Remarkably, a pulse of DUX4 elicited the same degree of suppression
despite having diminished levels of DUX4 protein (Fig. 4.1B, right).

In a recent study, we found that the DUX4 protein was sufficient to inhibit I[FNy
induction of interferon-stimulated genes (ISGs) at the mRNA level by interacting with
STAT1 and preventing RNA Pol-Il recruitment to STAT1-regulated genes [104]. Our
current findings that suppression of IFNy-stimulated factors persisted following a
transient pulse of DUX4 suggested an additional mechanism of regulation downstream
of DUX4 protein expression. We compared mRNA levels of MHC-I and iProteasome
subunits following continuous or pulsed DUX4 expression and found that transcriptional
suppression of IFNy signaling by continuous DUX4 mostly recovered at 44 hours
following the pulse of DUX4 (Fig. 4.1C). These data indicated that a pulse of DUX4
induced post-transcriptional suppression of MHC-I and iProteasome proteins through a
method distinct from its interaction with STAT1 to suppress ISG mRNA induction.
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To determine the necessity of DUX4 transcriptional activity for long-term protein
suppression of MHC-I and the iProteasome, we performed a time course with active
DUX4 and transcriptionally inactive DUX4 mutants carrying either a mutation in the
DUX4 DNA binding domain (F67A) or mutations within the (L)LxxL(L) motifs of the C-
terminal activation domain (mL1dL2). A prolonged time course revealed that protein
suppression persisted for several days following a pulse of active DUX4, whereas
transcriptionally inactive DUX4 mutants were insufficient to suppress MHC-I and
PSMB9 at later time points (Fig 4.1D). Suppression of MHC-I and PSMB9 induction at
the 20-hour time point was observed with the DUX4 F67A mutant, but not the mL1dL2
mutant (Fig. 4.1D). This is likely mediated by inhibition of interferon signaling and ISG
transcription by the DUX4 protein that requires the C-terminal activation domain and
(L)LxxL(L) motifs [104], whereas long-term suppression of MHC-I and PSMBS9 that
persists after the loss of DUX4 protein required the transcriptional activity of DUX4.
Collectively, these data suggest that DUX4 acts as a repressor of antigen presentation
factors through 2 distinct mechanisms. Here, we focus on the finding that transient
DUX4 expression activates a transcriptional program required for prolonged protein
suppression.

Subcellular fractionation of mMRNAs and proteins showed that a pulse of DUX4
did not disrupt HLA-A, HLA-B, HLA-C, PSMB8, PSMB9, or PSMB10 mRNA nuclear
export or protein localization to the cytoplasm following IFNy simulation (Suppl. Fig.
S4.1). Additionally, treatment with proteasome inhibitor MG132 or autophagy inhibitor
Bafilomycin did not rescue suppression of IFNy-stimulated MHC-I, PSMB8, PSMB9, or
PSMB10 following a pulse of DUX4 (Suppl. Fig. S4.2), eliminating protein degradation
as a causal mechanism. iProteasome production of immunogenic antigens has also
been linked to MHC-I protein stability; however, siRNA-mediated knockdown of
iProteasome catalytic subunits PSMB8 and PSMB9 in parental MB135 myoblasts did
not impact IFNy-induced MHC-I levels (Suppl. Fig. $S4.3). Furthermore, treatment with
ONX-0914, a selective inhibitor of the iProteasome, did not reduce IFNy-induced MHC-I
levels (Suppl. Fig. S4.3B). Thus, MHC-I stability does not require iProteasome-
dependent proteolysis. Together, these data suggest that DUX4 post-transcriptionally
suppresses MHC-I and the iProteasome independently through methods of translational
inhibition.

DUX4 modulates multiple pathways involved in translational regulation

We previously reported that DUX4 induces nuclear double-stranded RNA
(dsRNA) accumulation resulting in phosphorylation of PKR and the eukaryotic initiation
factor elF2-alpha [163]. In a time-course experiment, phosphorylation of elF2-alpha
persisted for several days following a pulse of DUX4 (Fig. 4.2A). PKR plays a key role
in blocking translation through the phosphorylation of elF2-alpha at serine 51, which
results in destabilized elF2-GTP/Met-tRNAI ternary complexes [164]. We generated a
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PKR knockout (KO) in MB135iDUX4 myoblasts and observed no differences in DUX4
suppression of MHC-I or iProteasome subunits between wild-type (WT) and PKR KO
cells with either continuous or pulsed DUX4 induction despite the rescue of DUX4-
induced elF2-alpha phosphorylation (Suppl. Fig. S4.3C-E). These results demonstrated
that inhibition of elF2-alpha was not necessary for DUX4-mediated protein suppression
of antigen presentation factors.

Notably, a pulse of DUX4 in MB135iDUX4 myoblasts also caused prolonged
dephosphorylation of 4E-binding protein 1 (4EBP1) (Fig. 4.2A), a negative regulator of
cap-dependent translation. In its hypo-phosphorylated state (denoted as alpha and
beta), 4EBP1 functions as a scaffold protein that sequesters eukaryotic initiation factor
4E (elF4E), a major mRNA cap-binding protein, to prevent engagement in translation
initiation. Active elF4E is marked by phosphorylation at serine 209 [165], and indeed, a
pulse of DUX4 resulted in a loss of phospho-elF4E (Fig. 4.2A). Several protein kinases
are assumed to phosphorylate 4EBP1, the best characterized being mechanistic target
of rapamycin complex 1 (mMTORC1). Therefore, we investigated other effectors
downstream of mTORC1 signaling pathways known to regulate translation. We found
that a pulse of DUX4 also increased phosphorylation of eukaryotic elongation factor 2
(eEF2) on threonine 56 (Fig. 4.2A), a functional modification that disables eEF2 in
mediating ribosome elongation during mRNA translation. Collectively, these data
strongly suggest that DUX4 has adverse effects on both translation initiation and
elongation.

Hypo-phosphorylated forms of 4EBP1 antagonize elF4E by sequestering it from
elF4F protein complex formation with other translation initiation complex subunits elF4A
and elF4G. Levels of active elF4E are rate limiting for elF4F complex assembly and
cap-dependent translation initiation [166]. To directly measure if DUX4 disrupts the cap-
binding capacity of the elF4F complex, we conducted a cap pull-down assay by
incubating sepharose beads coupled to 7-methylguaniosine 5'-triphosphate (m7GTP)
with whole cell lysate extracted from MB135iDUX4 myoblasts 3 days after a DUX4
pulse. The m7GTP beads failed to coprecipitate elF4G and elF4A following a pulse of
DUX4 compared to untreated cell lysate, despite equivalent precipitation of elF4E.
Instead, active complex subunits were displaced by inhibitory 4EBP1 as indicated by
increased precipitation of hypophosphorylated 4EBP1 with elF4E (Fig. 4.2B). These
data demonstrate that DUX4 disrupts the elF4F complex, likely having substantial
effects on cellular translation.

To evaluate the sufficiency of mTOR inactivation to block MHC-I and
iProteasome protein levels in the absence of DUX4, we treated MB135 myoblasts with
mTOR inhibitors everolimus or Torin2. While everolimus, a second-generation
rapamycin analog, blocked S6K phosphorylation of RPSG6, it did not efficiently target
4EBP1 hypo-phosphorylation or reduce elF4E phosphorylation. Furthermore, treatment
with everolimus followed by IFNy did not inhibit MHC-I or iProteasome expression (Fig.
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4.2C, left; Suppl. Fig. S4.4A), indicating that the S6K branch of mTORC1 signaling is
not sufficient on its own to suppress protein synthesis of MHC-I and the iProteasome
subunits. Conversely, treatment with Torin2, an ATP-competitive inhibitor of mTOR,
blocked phosphorylation of RPS6, resulted in robust phosphorylation of eEF2, hypo-
phosphorylation of 4EBP1, and reduced elF4E phosphorylation. Treatment with Torin2
suppressed MHC-I, PSMB8, PSMB9, and PSMB10 protein levels (Fig. 4.2C, right)
while having no significant effect on IFNy induction of MHC-I and iProteasome subunits
at the mRNA level (Suppl. Fig. S4.4A). These findings support previous observations
the 4EBP-elF4E axis, independent of RPS6, can significantly control cap-dependent
translation [167], and demonstrated that combined elF4E and eEF2 inactivation was
sufficient to suppress antigen presentation factors. Additionally, MB135 cells treated
with 4EGI-1, a small molecule that pharmacologically mimics 4EBP function and inhibits
elF4E [168], suppressed IFNy-induced MHC-I and iProteasome subunits at the protein
level with no significant effect on mRNA levels (Suppl. Fig. S4.4B, C). Together, these
findings indicate that DUX4 expression alters the activity of several key regulators of
translation initiation and elongation, which are sufficient to suppress protein expression
of antigen presentation factors.

Response to cellular hypoxia, metabolic signaling, oxidative stress, and DNA
damage are reported to be involved in early embryonic development [106,169-174] and
contribute to the pathogenicity of DUX4 in FSHD [158-160,175,176]. These pathways
have also been implicated in protein synthesis inhibition. Therefore, we investigated
whether agents that activate each of these stress pathways would be sufficient to
recapitulate the suppression of MHC-I and PSMB9 protein levels independent of DUX4.
MB135 myoblasts treated with hydrogen peroxide to induce oxidative damage, DNA-
damaging agent etoposide, or cobalt chloride to mimic hypoxic stress showed only
slight suppression of IFNy-induced MHC-I and PSMB9 (Suppl. Fig. S4.5A), much less
than that observed following a pulse of DUX4. Therefore, it is likely that multiple
pathways modulate protein suppression downstream of DUX4.

Transient DUX4 activity broadly suppresses nascent protein synthesis

Uncoupling of the transcriptome and proteome downstream of DUX4 is not
limited to antigen presentation factors. We previously reported a discordant relationship
between RNA and protein levels for a multitude of mMRNAs in DUX4-expressing cells
[95]. This, in combination with the dysregulation of multiple key translational regulators
(Fig. 4.2A), suggested that DUX4 might broadly alter cellular translation. Indeed,
metabolic labeling with 35S-methionine/cysteine in MB135iDUX4 myoblasts treated with
IFNy showed that de novo protein synthesis was transiently suppressed following a
pulse of DUX4, with an approximate 50% reduction at the 68-hour time point (Fig. 4.2D,
E), whereas induction of transcriptionally inactive DUX4(F67A) did not alter nascent
protein synthesis (Fig. 4.2E, right).
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We confirmed DUX4 inhibition of protein synthesis by labeling cells with
methionine analog L-homopropargylglycine (HPG) followed by fixation and Click-iT
chemistry, wherein fluorescence microscopy and flow cytometry showed a dramatic
reduction in HPG-labeled peptides after a pulse of DUX4 (Fig. 4.2F). As seen with 35S-
methionine/cysteine labeling, HPG signal was lowest 44 hours after a pulse of DUX4,
comparable to the degree of translational suppression induced by cycloheximide (CHX)
treatment alone, and nascent protein synthesis started to recover in a subset of cells by
68 to 92 hours. These findings establish long-lived, yet transitory, suppression of protein
synthesis downstream of the DUX4 transcriptional program that encompassed IFNy-
induced MHC-1 and PSMB9 expression.

Ribosome footprinting reveals a DUX4-induced loss of 5' ribosome occupancy

To globally profile translational regulation downstream of DUX4, we performed
ribosome footprinting (Ribo-seq) paired with RNA sequencing (RNA-seq) on
MB135iDUX4 myoblasts with 4 treatment conditions: untreated, IFNy alone, DUX4
pulse harvested at 68 hours, and DUX4 pulse+IFNy harvested at 68 hours (Fig. 4.3A).
Our sequencing reads representing ribosome-protected fragments (RPFs) displayed 3-
nucleotide (nt) periodicity and exhibited lengths of 26 to 29 nt (Suppl. Fig. S4.6).
Metagene analysis showed the majority of RPFs mapped to the coding region (CDS)
and revealed a profound depletion of Ribo-seq reads mapping to the mRNA region
surrounding the translation initiation site (T1S) in samples pulsed with DUX4 (Fig. 4.3B).

We calculated differential TE of steady-state mMRNAs by measuring Ribo-seq
reads relative to RNA-seq reads. As observed in our metaplot analysis, ribosome
occupancy was significantly reduced within the 5’ UTR, at the TIS, and across the first
coding exon in samples pulsed with DUX4 relative to untreated or IFNy-treated cells,
whereas fewer differential changes occurred across the CDS or 3' UTR (Fig. 4.3C, D).
These changes are consistent with a decrease in translation initiation affecting the 5-
prime mRNA region with relative preservation of ribosome footprints over the CDS, as
suggested by the molecular mechanisms identified in Fig. 4.2.

In cells treated with a DUX4 pulse+IFNy versus IFNy, 26.7% of transcripts
showed significantly reduced TE at the 5' UTR, 13.9% at the TIS, and 4.3% within the
first exon (Suppl. Fig. S4.7). These transcripts shared a large degree of overlap in
enriched Gene Ontology (GO) terms, including processes involved in mRNA regulation,
metabolism, translation, antigen processing, and MHC-I presentation (Fig. 4.3E). Thus,
Ribo-seq analysis suggests that a subset of RNAs and biological processes, such as
antigen presentation pathways, are particularly sensitive to DUX4 translational
suppression.
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Genome-wide polysome profiling identifies defects in translation initiation and
elongation

Because ribosome footprinting reports the distribution of ribosome protected
fragments rather than the ribosome abundance per transcript, it can be less effective at
identifying differences in translation that parallel changes in protein expression.
Therefore, we turned to classical polysome profiling to directly measure changes in
ribosome density per mRNA using sucrose gradient-based isolation from MB135iDUX4
myoblasts treated with a pulse of DUX4+IFNy harvested at 68 hours versus IFNy alone.
We pooled RNA fractions representing sub-polysome (40S-60S-80S), low polysome (1
to 3 ribosomes), and high polysome (>3 ribosomes) populations and performed RNA-
seq analysis (Suppl. Fig. S4.8A). We initially measured changes in steady-state mRNA
translation, excluding DUX4-altered gene expression. RNA abundance in each
polysome fraction was determined relative to total input mRNA reads normalized to an
internal spike-in (Suppl. Fig. S4.8B). The high-to-sub polysome (high/sub) ratio
identified 5,800 genes that had decreased polysome association following a pulse of
DUX4, consistent with a broad suppression of translation initiation, and 323 genes with
increased polysome abundance (|log2FC>1|; p-adj<0.01) (Fig. 4.3F).

GO analysis of the 323 genes enriched in the high polysome fraction showed an
abundance of mMRNAs characterized as ribosomal proteins and translation factors (Fig.
4.3G). Many of these mRNAs contain 5-prime terminal oligopyrimidine (TOP) motifs
[177] and are particularly sensitive to mTORC1 regulation of initiation factors [178,179]
and eEF2K-eEF2 control of translation elongation [180]. Analysis of mMRNAs with
characterized TOP motifs [177] showed that TOP mRNAs remain associated with
polysomes following a pulse of DUX4, while most other transcripts are depleted in the
high polysome fraction (Fig. 4.3H). This enrichment could reflect enhanced ribosome
biogenesis used to poise cells for a rapid shift in translation rate upon recovery from
DUX4 suppression. Conversely, mRNA enrichment in the high polysome fraction could
result from stalled and accumulating ribosomes correlated with inhibited elongation and
reduced protein expression. TOP mRNA-encoded ribosomal proteins RPL10A, RPL4,
RPS6, and RPS15A were suppressed by DUX4 even though the mRNAs remain bound
by polysomes (Fig. 4.31, J, and Suppl. Fig. S4.8C), consistent with inhibited translation
elongation.

To elucidate DUX4 posttranscriptional suppression of MHC-I and iProteasome
subunits specifically, we similarly assessed their mRNA high-to-sub polysome ratios.
HLA-A, HLA-B, and HLA-C mRNAs showed reduced polysome association indicative of
impaired translation initiation; however, PSMB8, PSMB9, and PSMB10 mRNAs
remained associated with polysomes, like TOP mRNAs (Fig. 4.3l). Therefore, we
propose that translation of MHC-I mRNAs is particularly sensitive to initiation defects,
while a subset of MRNAs, including a subset of TOP mRNAs and iProteasome mRNAs,



86

appear suppressed by DUX4 possibly through combinatorial inhibition of translation
initiation and stalled elongation.

Previous analysis of the DUX4-induced transcriptome in muscle cells showed
that DUX4 can both activate and inhibit genes to prevent myogenic differentiation
[157,181,182]. This led us to question whether a pulse of DUX4 also had a prolonged
suppressive effect on myogenesis. Interestingly, several early myogenic markers,
including ITGA7, PAX3, MEF2A, MEF2C, and MEF2D mRNAs, showed a loss of
polysome abundance and decreased protein levels indicative of reduced translation
(Fig. 4.31, J). While the master regulator of skeletal myogenesis, MYOD1, showed no
change in polysome abundance, and mRNAs encoding the muscle-specific gene
Desmin had an increase in polysomes (Fig. 4.31), both were suppressed at the protein
level following a pulse of DUX4 (Fig. 4.3J). Thus, consistent with our molecular and
Ribo-seq analysis, polysome profiling supports DUX4-induced translational suppression
of broad classes of mMRNAs, including those involved in antigen presentation and
lineage determination.

Translation of DUX4-induced mRNAs

Our previous studies showed that mMRNAs transcriptionally induced by DUX4 are
translated into protein [95]. Comparing the high polysome fractions of DUX4 pulse+IFNy
samples to IFNy-treated samples provided a measure of how DUX4 changes the overall
translatome and showed that DUX4-induced mRNAs were indeed associated with
polysomes (Fig. 4.4A). Thousands of mMRNAs were reduced in the DUX4 pulse+IFNy
high polysome fraction (7,765 genes; log2FC<-1, p-adj<0.01); whereas 256 polysome-
bound mMRNAs were significantly up-regulated (log2FC>1, p-adj<0.01), many of which
are well-characterized DUX4-target genes [183]. Immunoblot analysis confirmed that
several DUX4-induced mRNAs in the high polysome fraction correlated with translation
of these mRNAs (Fig. 4.4B).

The enrichment of DUX4-induced mRNAs in the high polysome fraction might
reflect their increased abundance following DUX4 expression or a relative resistance to
the DUX4-mediated translational inhibition, or both. Thermodynamic stability and RNA
secondary structures within the 5’ UTR of an mRNA can influence translation initiation
rates of distinct transcripts in cis (Fig. 4.4C), with higher predicted minimum free energy
(MFE) showing increased translation efficiency [184,185]. The annotated 5' UTRs of the
256 genes induced by DUX4 had a significantly higher predicted MFE per 100 nt
relative to the average of all annotated 5' UTRs, whereas the average MFE of 5’ UTRs
belonging to the 7,765 genes repressed by DUX4 was significantly lower (Fig. 4.4D).
Furthermore, selective usage of alternative transcription start sites (TSS) have been
shown to alter 5' UTR sequences to influence cell type—specific protein synthesis [186].
We have previously observed that some DUX4-bound repetitive elements are co-opted
to form alternative promoters for DUX4 target genes [156,183]. To account for
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noncanonical TSS and splicing events, we annotated the functional 5 UTRs of 70 direct
DUX4 targets based on RNA-seq alignment and published DUX4 ChIP peaks (Suppl.
Fig. S4.8D). Indeed, DUX4 targets were predicted to have less structured 5' UTRs on
average (Fig. 4.4D). Therefore, DUX4-induced mRNAs are predicted to be less
susceptible to inhibition of translation initiation, which correlates with their observed
increase in protein expression and polysome association.

Expression of endogenous DUX4 correlates with translational suppression and
reduced MHC-I surface antigens in cancer cells

To determine whether endogenous DUX4 expression alters mRNA translation
similar to our DOX-inducible DUX4 model system, we used FSHD muscle cells and
SuSa germinoma cells, 2 cell types previously shown to express DUX4 [9,111]. In both
FSHD and SuSa cells, a rare population of cells stochastically express endogenous
DUX4 at any given time. These cell types, like ESCs, exhibit cell-to-cell heterogeneity in
culture, with only about 0.1% to 5% of cells expressing the DUX4 transcriptional
program [6,9,62]. Metabolic labeling of de novo protein synthesis with HPG in FSHD
myotubes and SuSa cells showed a dramatic reduction in HPG Click-iT signal in cells
expressing DUX4-target genes H3.X and H3.Y (Fig. 4.4E), demonstrating translation of
DUX4-induced mRNAs in cells with otherwise broadly suppressed protein synthesis.

To study the downstream long-lived consequences of endogenous DUX4
expression in SuSa cells, we synchronized cells using a release from confluence culture
protocol (see Methods). This resulted in a burst of endogenous DUX4 expression and
prolonged expression of DUX4 target genes H3.X/Y, ZSCAN4, and LEUTX, and we
showed that gapmer-mediated knockdown of DUX4 abrogated target gene expression
(Fig. 4.4F). Fluorescence-activated cell sorting (FACS) of IFNy-stimulated SuSa cells
revealed that cells with low levels of MHC-I had elevated levels of DUX4 target gene
expression relative to MHC-| high cells (Fig. 4.4G, H). Knockdown of endogenous
DUX4 in SuSa cells rescued 5% of the MHC-I low population relative to control (Fig.
4.41, J), corresponding with the percentage of cells that expressed a brief pulse of
DUX4 as evidenced by prolonged expression of DUX4 targets H3.X/Y (Fig. 4.4E, F).
Together, these results show that endogenous DUX4 expression in 2 independent cell
types, FSHD muscle cells and SuSa germinoma cells, suppress protein synthesis and
that this correlates with suppression of IFNy-induced MHC-I| expression in cancer cells.
Our data demonstrate that DUX4 orchestrates broad inhibition of mMRNA translation
concurrent with de novo translation of DUX4-induced mRNAs (Fig. 4.4K), effectively
reprogramming the cellular translatome.

Discussion

In this study, we have shown that brief expression of the developmental
transcriptional factor DUX4 results in prolonged translational reprogramming of the cell.
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DUX4 expression drives an early embryonic gene program that facilitates a totipotent-
like state [2,3,6]. Reprogramming cells to totipotency requires both the activation of a
new gene expression program and suppression of existing gene products to erase the
previous cellular identity. Broad suppression of protein synthesis is often accompanied
by selective translation of MRNA networks during instances of cell stress and cellular
reprogramming [187-190]. Critically, we found that DUX4 induced relatively broad
translational regulation, where translation of many classes of mMRNAs—including factors
involved in antigen presentation, translation, and somatic cell lineage specification—
were suppressed while DUX4-induced transcripts were translated. Thus, DUX4-induced
transcription and downstream translational regulatory mechanisms ultimately result in
reprogramming of protein synthesis, underscoring the importance of understanding
DUX4 biology beyond its role as a transcriptional activator.

Many signaling pathways converge on the same key translation factors to rapidly
control protein expression at both the initiation and the elongation stages. Building upon
our previous observation of elF2-alpha phosphorylation and changes to the proteome in
DUX4-expressing myoblasts [95,163], we report novel effects of DUX4 involving the key
regulators of translation initiation 4EBP1, elF4E, and elongation factor eEF2. These
factors are often modulated by intracellular and environmental cues, including nutrient
and energy deprivation, cellular stress, hypoxia, and DNA damage. The exact
intermediate mechanisms disrupting these translation factors downstream of DUX4
remain unknown. However, we show that multiple pathways are involved that may act
redundantly. Complimentary to what we report here, recent studies have looked at early
time points following continuous DUX4 expression in muscle cells and identified
posttranscriptional regulatory mechanisms impacting protein phosphorylation, protein
stability, nonsense mediated decay, and mRNA splicing [95,96,191,192].

Mechanisms underlying broad repression of translation and selective translation
are often tightly coupled, and we argue that translational reprogramming is innate to the
role of DUX4 as a developmental regulator. Recent work in mammalian preimplantation
embryos optimized high-throughput ribosome profiling techniques for low-input
applications [193—195]. These studies demonstrated a marked shift in the translatome
associated with zygotic genome activation. As protein synthesis is an energetically
expensive cellular process, we propose a model by which DUX4 initiates broad
suppression of translation to reduce the cellular burden of protein synthesis while
DUX4-induced mRNAs undergo translation to produce proteins vital for development. In
line with this, we found that DUX4-induced mRNAs are predicted to have less structured
5" UTRs, are associated with polysomes, and are up-regulated at the protein level. We
propose that translational reprogramming by DUX4 facilitates translation of mMRNAs
promoting an early embryonic program when general protein synthesis is compromised.

We also provide evidence of decreased de novo protein synthesis in FSHD and
cancer cells endogenously expressing DUX4. Similar expression profiles are found in a
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rare cell population of mouse ESCs that exhibit a 2C-like signature driven by the
expression of mouse Dux, a functional ortholog of human DUX4 [152,196]. These
2CLCs have been associated with increased potency [152,197] and a global reduction
of translation [153], including suppression of pluripotency proteins [154] and ribosomal
proteins [198]. Like the transient attenuation of protein synthesis following a pulse of
DUX4 in human cells, translational suppression in this rare population of mouse ESCs
is transitory and protein synthesis resumes upon exit from the 2C-like state [154,198],
highlighting the dynamic nature of molecular events as cells transition between states.

Like stem cells, tumors exhibit heterogeneity with certain cells undergoing
dedifferentiation and reactivating developmental genes, giving rise to cells with
expanded potential [199]. Protein synthesis is frequently dysregulated in cancer [200—
204], and translational reprogramming is increasingly recognized as a contributor to
tumor heterogeneity and adaptive plasticity [108,205]. Indeed, examples of translational
control involving the ternary complex member elF2-alpha [206,207] and subunits of the
translation initiation complex elF4F, particularly elF4E [208], have been shown to
regulate tumor immune escape. Additionally, the eukaryotic elongation factor 2 kinase
(eEF2K), responsible for inhibitory eEF2 phosphorylation that impedes protein
synthesis, is overexpressed in several cancers and associated with poor survival
outcomes [209]. Our study extends these observations, as we find DUX4 disrupts many
of these same translational regulators to modulate immune signaling.

In summary, our study demonstrates that transient expression of DUX4
reprograms the translatome through combined transcriptional and post-transcriptional
control. Monumental shifts in the transcriptome and translatome occur during the initial
stages of development as the fertilized egg transitions to the totipotent cells of the early
embryo [146,210]. In human preimplantation embryos, ZGA is required for adequate
suppression of the previous maternal program [147]. We provide molecular insight into
how DUX4, a driver of ZGA, facilitates cellular reprogramming in somatic cells by
controlling mRNA translation and suggest that it likely has a similar role during
embryogenesis. We speculate that DUX4-expressing cancer cells might hijack these
mechanisms to enhance cellular plasticity and create an immunosuppressive milieu,
thereby promoting tumorigenesis and therapeutic resistance. This work provides new
insights into cellular reprogramming and highlights opportunities for FSHD and cancer
treatments targeting DUX4 and its downstream effectors. As a result, combining our
knowledge of DUX4 biology in cancer, FSHD, and embryonic development will be
critical to understand conserved pathways and to develop innovative therapeutic
approaches.

Materials and Methods

Cell culture
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MB135 myoblasts were grown in Ham’s F-10 supplemented with 10% FBS, 1%
penicillin/streptomycin, 10 ng/mL rhFGF, 1 yM dexamethasone, and 3 ug/mL puromycin
as appropriate to maintain lines carrying the DUX4 transgene. SuSa cells were grown in
RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin. Differentiation
of FSHD myoblasts into myotubes was achieved by switching myoblast grown to
confluence into DMEM, 1% penicillin/streptomycin, 10 pg/ml insulin, and 10 pg/ml
transferrin for 48 hours. Pulsed MB135iDUX4 myoblasts were treated with 1 to 2 pg/mL
DOX for 4 hours, rinsed with PBS, and fresh growth media added. MB135iDUX4
myoblasts with continuous DUX4 induction were treated with 1 ug/mL DOX for 20
hours. All cell types were stimulated with 50 ng/mL IFNy where specified. MB135iDUX4
myoblasts were pulsed with DOX for 4 hours, incubated for 48 hours, supplemented
with MG132 (0.5 uM), Bafilomycin A1 (0.5 uM), or ONX-0914 (200 nM) with the addition
of 50 ng/mL IFNy for 16 hours. MB135 myoblasts treated with mTOR inhibitors
Everolimus or Torin2 (Sigma) were incubated in media supplemented with 10 to 100 nM
inhibitor for 24 hours, followed by an additional 16-hour incubation in media
resupplemented with inhibitor plus 50 ng/mL IFNy. MB135 myoblasts were treated with
25 to 50 uM 4EGI-1 (Sigma) for 48 hours, followed by an additional 16-hour incubation
in media resupplemented with 4EGI-1 plus 50 ng/mL IFNy. MB135 myoblasts treated
with cell stress—inducing reagents etoposide (1 to 5 yM), hydrogen peroxide (200 to 400
MM), or cobalt chloride (250 to 500 uM) were incubated for 24 hours, followed by an
additional 16-hour incubation in media resupplemented with cell stress—inducing
reagent plus 50 ng/mL IFNy. All cell lines were cultured at 37°C in a humidified
incubator supplied with 5% CO2.

CRISPR-Cas9 knockout generation

Generation of MB135iDUX4 PKR KO myoblasts was achieved using a guide
RNA (gRNA) sequence targeting EIF2AK2 [211] cloned into the Cas9(BB)-2A-GFP
plasmid (Addgene). MB135iDUX4 myoblasts were transfected with this construct using
Lipofectamine 3000 Reagent (Invitrogen) according to the manufacturer protocol and
incubated for 1.5 days. Clonal cells lines were isolated using fluorescence activated cell
sorting. Individual PKR KO clones were screened using immunoblot analysis, and
mutant alleles were validated with Sanger sequencing.

Starvation-induced cell cycle synchronization

SuSa cells were seeded at 90% confluence on 0.1% gelatin-coated plates and
incubated for 1 week at 37°C and 5% CO2. Cells were supplemented with fresh growth
media and incubated for 3 to 4 hours to release from synchronization, lifted using
trypsin, seeded onto gelatin-coated plates at 30% confluence, treated with or without
IFNy for the last 16 hours, and harvested at terminal time points of 24, 48, or 72 hours
for downstream quantitative reverse transcription PCR (RT-gPCR), IF, or flow cytometry
analysis. For flow cytometry, cells were stained with BV605 anti-human HLA-A,B,C
Antibody (BioLegend #311432), sorted using BD FACS Aria Il, or analyzed using BD
LSRFortessa X-50, paired with BD FACSDiva software. Data were analyzed using
FlowJo V10.5.3.

SiRNA and gapmer transfections
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Transfections of siRNAs into myoblasts were carried out using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’'s protocol. A double transfection
protocol was followed with MB135iDUX4ca pulse experimental conditions to ensure
prolonged depletion of target proteins, where cells were transfected 20 hours before
and 20 hours after a 4-hour pulse of DOX. SuSa cells were synchronized and released
as described above and reverse transfected with 1 pl/mL Lipofectamine RNAIMAX and
25 pmol/mL of either a pool of 2 DUX4-targeting gapmers [51] or a nontargeting control
gapmer. Cells were incubated with gapmers for 24 hours.

Immunoblotting

Protein samples were harvested in RIPA buffer [150 mM NaCl, 1% NP-40, 0.5%
Na-deoxycholate, 1% SDS, 25 mM Tris—HCI (pH7.4)] supplemented with protease and
phosphatase inhibitor tablets, followed by sonication in Diagenode Bioruptor. Lysate
was cleared by centrifugation at 16,000xg and quantified using a Pierce BCA assay.
Samples were run on NuUPAGE precast polyacrylamide gels and transferred to PVDF
membrane. Membranes were blocked in PBS containing 0.1% Tween-20 and 5% nonfat
dry milk before overnight incubation at 4°C with primary antibodies. Membranes were
incubated with horseradish peroxidase—conjugated secondary antibodies for 1 to 2
hours at room temperature, and SuperSignal chemiluminescent substrate was used for
detection on film. Membranes were stripped with Restore Western Blot Stripping Buffer.

Subcellular fractionation

MB135iDUX4 myoblasts were pulsed with DOX for 4 hours, incubated for 24
hours, supplemented with 50 ng/mL IFNy for 16 hours, and harvested at a terminal time
point of 44 hours. Samples divided for whole-cell lysate (WCL) and subcellular
fractionation were suspended in 300 pL ice-cold Cyto-lysis buffer (10 mM Tris (pH 7.4),
10 mM NacCl, 0.2% NP-40, 1 mM DTT in nuclease-free water). Subcellular fractionation
samples were centrifuged at 650 RCF to pellet nuclei, while cytoplasmic lysate
remained in the supernatant. WCL, cytoplasmic, and nuclear RNA and protein were
harvested for RT-gPCR and immunoblotting, respectively.

RT-gPCR

Total RNA was isolated using the NucleoSpin RNA kit according to manufacturer
instructions. Isolated RNA was treated with Amp-grade DNase |, heat inactivated in the
presence of EDTA, and reverse transcribed into cDNA using SuperScript IV First-Strand
Synthesis System following the manufacturer’s protocol. Quantitative PCR was carried
out on a QuantStudio 7 Flex using iTaq SYBR Green Supermix.

m7GTP cap-binding assay

MB135iDUX4 myoblasts were treated with and without a 4-hour pulse of DOX
and harvested at a terminal time point of 68 hours. Cells were lysed in cap binding
buffer [10 mM Tris—HCI (pH 7.5), 140 mM KCI, 4 mM MgClI2, 1 mM DTT, 1 mM EDTA,
1% NP-40] supplemented with protease and phosphatase inhibitor cocktails, incubated
on ice for 30 minutes, and lysate cleared at 12,000 rpm for 30 minutes at 4°C. Soluble
lysate was quantified with Pierce BCA assay and diluted in cap binding buffer without
NP-40 to bring final concentration to 0.5 mg/mL in 0.5% NP-40. Around 50 pl of
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prewashed 7-methyl-GTP-Sepharose bead slurry was added to 400 ug protein and
incubated at 4°C for 1 hour. Samples were centrifuged at 5,000 rpom for 5 minutes at
4°C, washed twice with cap binding buffer containing 0.5% NP-40 and twice with PBS.
Beads were suspended in NUPAGE LDS Buffer and incubated at 95°C for 10 minutes to
elute associated proteins.

[35S] Radiolabeling

Cells were treated with and without a 4-hour pulse of DOX. Eight hours prior to
harvest, cells were incubated in DMEM depleted for methionine and cysteine
supplemented with 90 microcurie 35S-methionine/cysteine and 50 ng/mL IFNy. Protein
samples were harvested and run on NuPAGE gels as previously described. Gels were
stained with InstantBlue Coomassie, dried on whatman paper, exposed to phosphor
screen, imaged on Typhoon Trio imager, and analyzed with ImageQuant.

HPG Click-iT and immunofluorescence

Cells were incubated for 30 minutes in DMEM or RPMI media depleted for
methionine and cysteine, followed by a 1-hour incubation in methionine-depleted media
supplemented with 200 uM HPG. Cells were fixed with 4% paraformaldehyde for 10
minutes, permeabilized 0.5% TritonX-100, and stained with Click-iT HPG Alexa Fluor
488 Protein Synthesis Assay Kit according to manufacturer’s protocol. Samples were
incubated with primary antibodies at 4°C overnight, followed by incubation with
fluorescently conjugated secondary antibodies for 1 hour at room temperature, and
counterstained with DAPI. Plates were imaged using an immersion lens, Zeiss Axiophot
fluorescent microscope, AxioCam MRc digital camera, and AxioVision 4.6 software. For
flow cytometry, cells were analyzed using BD LSRFortessa X-50 with BD FACSDiva
software. Data were analyzed using FlowJo v10.5.3.

Ribosome footprinting

Ribo-seq was performed as described previously by Calviello and colleagues
[212] using two 70% confluent 15 cm plates of MB135iDUX4 myoblasts per treatment
condition (n = 3). Ribosome complexes were isolated using MicroSpin S-400 HR
Columns and RNA extracted using the Direct-zol RNA Miniprep Kit. The rRNA Removal
Mix—Gold component of lllumina’s TruSeq Stranded Total RNA Library Prep Gold kit
was used to deplete rRNAs. RPFs were isolated by running samples on a 15% TBE-
Urea gel with 10 bp DNA Ladder and Marker-27nt and Marker-30nt. Gels were stained
with SYBR Gold and RNA fragments 27 to 30 nt were isolated. RNA samples were
diluted to equal input concentrations; libraries were prepared using the NEXTflex Small
RNA-Seq Kit v3 following the manufacturer’s instructions and sequenced using 50 bp
paired-end sequencing on the lllumina NextSeq platform by the Fred Hutchinson
Cancer Center Genomics Core.

Polysome fractionation

Polysome profiling was performed using three 70% confluent 15 cm plates of
MB135iDUX4 myoblasts per treatment condition (n = 3). MB135iDUX4 myoblasts were
pulsed with or without DOX for 4 hours, incubated for 48 hours, supplemented with 50
ng/mL IFNy for 16 hours, and harvested at a terminal time point of 68 hours. To harvest,
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culture medium was supplemented with 100 yg/mL CHX and cells were incubated at
37°C for 10 minutes. Media was aspirated and each 15 cm plate of adherent cells was
rinsed with 25 mL ice-cold PBS supplemented with 100 ug/mL CHX, lifted with 0.25%
Trypsin—EDTA supplemented with CHX, and resuspended in growth media
supplemented with CHX. Cells were pelleted and flash frozen in liquid nitrogen. Cells
were lysed with Polysome Lysis Buffer (10 mM Tris (pH 8), 140 mM NaCl, 7.5 mM
MgCl2, 0.25% NP-40, 0.1% Triton X-100, 150 ug/mL CHX, 20 mM DTT, 640 U/mL
SUPERase-In RNase Inhibitor) and clarified before quantification with the Bio-Rad
Protein Assay. About 1.5 mg of clarified lysate was loaded onto a 10% to 50% sucrose
gradient prepared in DEPC-treated water with 25 mM Tris (pH 7.4), 25 mM NaCl, 5 mM
MgCI2, 100 pg/mL heparin, and 2 mM DTT. Gradients were fractionated using a
Biocomp Piston Gradient Fractionator. Samples were resuspended in Trizol and
Drosophila S2 cells were added as an internal spike-in control. RNA was extracted
using the Direct-zol RNA Miniprep Kit. Relative mRNA abundance for each sample was
normalized to Drosophila spike-in to account for differences in RNA extraction
efficiency. RNA-seq libraries were prepared using the Illlumina TruSeq RNA Sample
Prep v2 Kit and sequenced using 50 bp paired-end sequencing on the lllumina NextSeq
platform by the Fred Hutchinson Cancer Center Genomics Core.

RNA-seq data analysis

To preprocess the RNA-seq data, we used Trimmomatic to trim the 3" adapter
sequence and aligned the trimmed reads to GRCh38 (p13) using Rsubread. We
counted mapped reads that overlapped with exons of gene features using the
summarizeOverlaps function of Bioconductor's GenomicAlignments package [133] with
the IntersectionStrict mode. The gene features were annotated by Gencode v35. We
applied DESeq2 for gene expression normalization, log transformation, and differential
analysis on different comparisons between treatment conditions.

Ribo-seq data analysis

We performed preprocessing and quality assessment for Ribo-seq data in the
following manner: (1) Clipped the 3" adapter sequence and trim the first and last 4 bases
from the adapter-clipped reads (cutadapt). (2) Removed rRNA and other small RNA
such as tRNA and snoRNA. We customized the rRNA reference genome from the RNA
central database (https://rnacentral.org/) and then used Bowtie2 to align the trimmed
reads against it; the unmapped reads are the desirable RPFs. (3) Aligned RPFs to the
GRCh38 (p.13) genome built by STAR. (4) Assessed the quality and size of RPFs using
Bioconductor’s ribosomeProfilingQC package. (5) Profiled ribosome footprints using
ribosomeProfilingQC and the Gencode (v35) annotation. We computed the p-sites
counts of RPFs of the dominant length (26 to 29 nt) for 5 different genomic features
including the 5’ UTRs, translation start sites (TIS; 13 nt extended up/downstream from
the start codon), CDS, and 3' UTRs (Suppl. Fig. S4.6). We formulated the treatment
effects on translation efficiency as changes in Ribo-seq reads between 2 different
treatments relative to RNA-seq reads. The null hypothesis is defined as

} —0.
RNA—seq

treated treated
Hy

02— 0gy————
untreated | Ribo—seq untreated
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We performed hypothesis tests on 5 different genomic features using DESeq2.
S7 Fig depicts the flow of the differential analysis and specifies the dynamic nonspecific
filtering prior to DESeq2 for different genomic features. To only analyze steady-state
genes, DUX4-altered genes (defined by [log2(DUX pulse/untreated) >1| and adjusted p-
value<0.05 in RNA-seq samples) and IFNy-altered genes (defined by
[log2(IFNy/untreated) >1| and adjusted p-value<0.05 in RNA-seq samples) were
excluded from differential analysis. We used Bioconductor’s goseq package to perform
GO analysis on the transcripts showing down-regulated translational changes (FDR =
0.05).

Polysome-seq data analysis

Polysome RNA-Seq reads were quality checked with FastQC, trimmed using
Trim Galore!, and aligned to the human reference genome GRCh38 p13 as well as the
DM6 Drosophila reference genome using Rsubread. Reads were mapped to the
Gencode v35 reference annotation using FeatureCounts. The human counts were
normalized using both the DM6 and GRCh38 library sizes, log transformed, and
analyzed for differential gene expression using DESeq2. Differential mMRNA polysome
association was analyzed in 3 different ways:

1. Polysome gradient relative to total mMRNA: We formulated the changes of mRNA
abundance in sub-polysome, low polysome, and high polysome fractions
between 2 different treatments as a ratio of ratios, calculating the abundance of
MRNA in each fraction relative to total RNA-seq. DUX4-altered genes (defined as
genes with |log2FC>2| and adjusted p-value<0.01 in DUX4 pulse+IFNy versus
IFNy sample inputs) were excluded from the differential analysis. The null
hypothesis is defined as

} = (.
IFNg

2. High-to-sub polysome ratio: We formulated the changes of mMRNA abundance in
the high polysome fractions relative to the sub-polysome fraction between 2
different treatments as a ratio of ratios. DUX4-altered genes were excluded from
the differential analysis. The null hypothesis is defined as

} = (.
IFNg

3. Differential gene expression in high polysome fraction: We formulated the
changes of mMRNA abundance in polysome fractions between 2 different
treatment conditions. DUX4-altered genes include in analysis. The null
hypothesis is defined as
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5' UTR analysis

Annotated 5' UTR coordinates were obtained from Gencode v35, and the
underlying sequences were extracted from the GRCh38 patch 13 genome using AGAT.
Genes were filtered to only include transcripts expressed in MB135iDUX4 myoblasts
expressing DUX4 for downstream 5' UTR analysis, and duplicate sequences and 5'
UTRs with less than 4 nt were excluded. Alternative 5' UTRs of direct DUX4 target
genes were annotated using RNA-seq alignments from the human myoblast inducible
DUX4 model (GSE85461). (RNAfold from ViennaRNA package [213] was used to
predict MFE.
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Figure 4.1: Brief expression of DUX4 results in long-term suppression of MHC-I

and iProteasome subunits.
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Figure 4.1: (A) Schematic of experimental time course. (B) Immunoblot analysis
following treatment with or without DOX and IFNy as noted. Cells expressing DUX4
continuously (left) or a pulse of DUX4 (right). (C) Normalized RNA-seq read counts;
data represent mean + SD of biological replicates, n = 3. (D) Immunoblot analysis of
extended experimental time course outlined in (A). DOX-inducible MB135 myoblasts
expressing active DUX4 (left) versus transcriptionally inactive DUX4 carrying F67A

mutation in the DUX4 DNA binding domain (center), or mutation of the first (L)LxxL(L)

- p— 'GAPDH
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motif and deletion of the second (L)LxxL(L) motif within the C-terminal activation domain
[104]. DUX4 E14-3 antibody detects epitope in active DUX4 and mutant DUX4 proteins.

DUX4 targets H3.X and H3.Y are expressed upon induction of active DUX4, but not

DUX4(F67A) or DUX4(mL1dL2). GAPDH serves as loading control. DOX, doxycycline;

DUX4, double homeobox protein 4; IFNy, interferon gamma; MHC-I, major
histocompatibility complex class I.
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Figure 4.2: A pulse of DUX4 negatively regulates the status of multiple

translational regulators and broadly suppresses nascent protein synthesis.
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Figure 4.2: (A) Immunoblot analysis 0—7 days following a 4-hour pulse of DOX in
MB135iDUX4 myoblasts. Alpha, beta, and gamma correspond to the phosphorylated
forms of 4EBP1. GAPDH serves as loading control. (B) Schematic of cap-dependent
translation initiation complex (top) and immunoblot analysis of m7GTP pull-downs
(bottom). (C) Immunoblot analysis of MB135 myoblasts treated with mTORC1 inhibitors
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Everolimus or Torin2. (D) Schematic of experimental time course for metabolic labeling
with 35S or HPG. (E) Autoradiograph of samples pulsed with active DUX4 (top, left) or
DNA-binding mutant F67A (top, right); Coomassie stain of total protein (middle);
quantification of relative 35S signal normalized to paired 0-hour condition (bottom). (F)
Immunofluorescence (left) and flow cytometry (right) of HPG/Click-iT labeled proteins
(scale bars, 50 um). DOX, doxycycline; DUX4, double homeobox protein 4; HPG, L-
homopropargylglycine; mTORC1, mechanistic target of rapamycin complex 1; m7GTP,
7-methylguaniosine 5'-triphosphate; 4EBP1, 4E-binding protein 1.
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Figure 4.3: Ribosome footprinting and polysome profiling reveal DUX4

suppressive effects on translation efficiency.
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Figure 4.3: (A) Experimental schematic illustrating genome-wide quantification of
MRNA counts and RPFs using RNA-seq and ribosome profiling (Ribo-seq). (B)
Metagene analysis of RPFs. (C) Schematic of annotated mRNA features 5' UTR, TIS
(-/+ 13 nt around start codon), first coding exon, CDS, and 3' UTR. (D) Box plots of
translational changes occurring at the level of mRNA features (|log2FC > 1|, p-adj <
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0.05); see Suppl. Fig. S4.7. Statistical comparisons were conducted using one-way
ANOVA, * p <0.001, ** p <0.0001, *** p < 2.2 x 10-16. (E) Gene Ontology analysis for
transcripts with significantly decreased ribosome occupancy in 5' UTR, TIS, and first
coding exon in MB135iDUX4 myoblasts treated with a DUX4 pulse+IFNy versus IFNy.
(F) Differential RNA-seq analysis of mMRNA levels in high polysome fractions relative to
sub-polysome fractions (high/sub). Volcano plot showing log2 fold-change differential
polysome abundance in cells treated with DUX4 pulse+IFNy harvested at 68 hours
versus IFNy (significance defined as basemean>50, |log2FC>1|, p-adj<0.01). (G) Gene
Ontology analysis for transcripts with significantly increased polysome abundance. (H)
Relative polysome abundance for 5 TOP mRNAs compared to all other mRNAs. (I)
Log2 fold-change in polysome abundance of MHC-I mRNAs, iProteasome subunits,
select TOP mRNAs, and myogenic factors. Data represent mean + SD of biological
replicates, n = 3. (J) Immunoblot analysis of total protein lysate from polysome profiling
samples representing biological replicates, n = 3. GAPDH serves as loading control.
CDS, coding sequence; DUX4, double homeobox protein 4; IFNy, interferon gamma;
MHC-I, major histocompatibility complex class I; nt, nucleotide; RNA-seq, RNA
sequencing; RPF, ribosome-protected fragment; TIS, translation initiation site; TOP,
terminal oligopyrimidine; UTR, untranslated region.
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Figure 4.4: DUX4 orchestrates translational reprogramming through broad
inhibition of translation concurrent with de novo translation of DUX4 target
mRNAs.
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Figure 4.4: (A) Differential RNA-seq analysis of high polysome fractions (high/high).
Volcano plot showing log2 fold-change of DUX4 pulse+IFNy harvested at 68 hours
versus IFNy (significance defined as basemean>50, |log2FC>1|, p-adj<0.01).
Polysome-bound mRNAs up-regulated by DUX4 highlighted in red (n = 256 genes).
Direct DUX4 target genes highlighted in orange (n = 70 genes). (B) Immunoblot
analysis of total protein lysate harvested for polysome profiling samples representing
biological replicates, n = 3. (C) Schematic of mMRNA with structured 5' UTR that impedes
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translation. (D) Box plot showing 5' UTR analysis of predicted MFE per 100 nt, including
all annotated mRNAs, a subset of direct DUX4 targets, mMRNAs up- or down-regulated
following a pulse of DUX4 (defined as mRNAs differentially expressed in (A)). Statistical
comparisons were conducted using Mann-Whitney U test, **** p <1 x 1078, (E)
Immunofluorescence of HPG Click-iT labeled nascent proteins in differentiated FSHD
myotubes and SuSa cells co-stained for DUX4-target genes H3.X/Y. MB2401 myotubes
serve as a control cell line that does not express DUX4 (scale bars, 50 um). (F) RT-
gPCR analysis of unsynchronized SuSa cells in log growth phase (log) relative to a time
course following release from synchronization with gapmer-mediated CTRL or DUX4
kd. Data represent mean + SD of biological replicates, n = 3 (G) FACS analysis of MHC-
| surface levels on SuSa cells 72 hours after synchronization and treated with and
without IFNy. (H) RT-gPCR analysis of SuSa cells treated with or without IFNy and
sorted based on high versus low MHC-I surface levels highlighted in (G). (I, J) Flow
cytometry analysis of MHC-I surface levels of SuSa cells 72 hours after synchronization
and gapmer-mediated CTRL or DUX4 kd with and without IFNy treatment. (K) Model of
ribosome abundance and translation efficiency resulting from DUX4-induced inhibition
of translation initiation and elongation. CTRL, control; DUX4, double homeobox protein
4; FACS, fluorescence-activated cell sorting; FSHD, facioscapulohumeral muscular
dystrophy; HPG, L-homopropargylglycine; IFNy, interferon gamma; kd, knockdown;
MFE, minimum free energy; MHC-I, major histocompatibility complex class I; nt,
nucleotide; RNA-seq, RNA sequencing; RT-gPCR, quantitative reverse transcription
PCR; UTR, untranslated region.
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Supplementary Figures

Supplementary Figure S4.1: Subcellular mRNA localization via cell fractionation.
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Supplementary Figure S4.1: (A) Immunoblot analysis of DUX4 targets H3.X/Y/Z,
MHC-I, iProteasome subunits PSMB9 and PSMB10, and localization controls GAPDH
(cytoplasmic) and Histone H3 (nuclear) after nuclear and cytoplasmic fractionation.
MB135iDUX4 myoblasts were treated with or without DOX for 4 hours, and 24 hours
later stimulated with or without IFNy 16 hours; harvested cells 44 hours post-DOX
treatment (DOX pulse, 44 hours). (B) RT-gPCR analysis shows no difference in mRNA
localization after a pulse of DOX. Proper localization of RPL27 (cytoplasmic)

and HSATII (nuclear) was observed. Data represent mean + SD. C, cytoplasmic
fraction; DOX, doxycycline; DUX4, double homeobox protein 4; IFNy, interferon gamma;
MHC-I, major histocompatibility complex class I; N, nuclear fraction; RT-qPCR,
quantitative reverse transcription PCR; WCL, whole-cell lysate.



Supplementary Figure S4.2: Treatment with MG132 or Bafilomycin does not

rescue DUX4-induced protein suppression of MHC-I and the iProteasome.
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Supplementary Figure S4.2: (A) Immunoblot analysis of MB135iDUX4 myoblasts
treated with or without a 4-hour pulse of DOX, incubated for 48 hours, stimulated with or
without IFNy, and treated with DMSO, 0.5 yM MG132, or 0.5 uM Baf for an additional
16 hours; harvested cells 68 hours post-DOX treatment (DOX pulse, 68 hours). DUXA
is a DUX4-activated target gene. GAPDH serves as loading control. (B) RT-gPCR
analysis shows no effect of MG132 or Baf on relative mRNA levels of housekeeping

gene RPL27, DUX4-target genes DUXA and H3.X/Y, MHC-I subunits HLA-A, HLA-B,

105
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HLA-C, or iProteasome subunits PSMB8, PSMB9, and PSMB10. Data represent mean
+ SD. Baf, Bafilomycin; DOX, doxycycline; DUX4, double homeobox protein 4; IFNy,
interferon gamma; MHC-I, major histocompatibility complex class |; RT-qPCR,
quantitative reverse transcription PCR.
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Supplementary Figure S4.3: MHC-I protein stability does not require iProteasome
catalytic subunits PSMB8 or PSMB)9.

A MB135 B  MB135iDUX4
. ' ' siPSMB8 DMSO ONX-0914
siCTRL siPSMB8 siPSMB9 siPSMB9 E— ~ _ +  DOX pulse, 68h
-+ -+ -+ - + IFNy -+ + - + + |IFNy
| - - - e G —— - |MHCH
| . - — |PSM88 ] PO Jp— |PSM88
[ = - B PsmBe [ SNER L SR |PSMBO
[ o e wwnw v [GAPDH | @@ - gw - |PSMB10
| e | GAPDH
C PKR KO D MB135iDUX4
(gRNA target sequence, exon 1) ¥ PAM WT KO
TAATACATACCGTCAGAAGCAGG PKR PKR
t. pul t. |
TAATACATACCGTCAGA--GCAG °D°c;‘x %“g; CD"(;‘X %“os)‘f
TAATACATACCGTCAGAAAGCAG — IFNy IFNy IFNy — IFNy IFNy IFNy
TAATACATACCGTCAGACAGCAG :
-— == |DUX4
E, p-elF2a levels -o— B DUXA
2.6 -~
5, - @ . HIXY
(]
T 1
£

P, cIF2a(S51)

~ P Eoxbox ™ Dox box " - - _|MHC-I
IFNy IFNy IFNy IFNy
PKRYT PKRY catms - PSMBS
W FSp—" - |PsmB9
| - - |PsmB10
" _
Bl . S g g |4EBPT
— — — — N———— — GAPDH

Supplementary Figure S4.3: (A) Immunoblot analysis of MB135 myoblasts treated
with siRNAs targeting PSMB8, PSMB9, or nontargeting siCTRL, with and without 16-
hour IFNy treatment. GAPDH serves as loading control. (B) Immunoblot analysis of
MB135iDUX4 myoblasts treated with DMSO or PSMBS8 inhibitor ONX-0914. Cells were
treated with a 4-hour pulse of DOX, incubated for 48 hours, followed by treatment with
200 nM ONX-0914 and IFNy for the terminal 16 hours; harvested cells 68 hours post-
DOX treatment (DOX pulse, 68 hours). GAPDH serves as loading control. (C) Genotype
of polyclonal CRISPR-Cas9 engineered PKR KO in MB135iDUX cells. (D) Immunoblot
analysis of MB135iDUX4 myoblasts expressing WT PKR (left) or PKR KO (right)
stimulated with IFNy following continuous DUX4 induction or a pulse of DUX4 harvested
at 68 hours. GAPDH serves as loading control. (E) Quantification of elF2-alpha
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phosphorylation levels in (D) using densitometric analysis normalized to GAPDH and
graphed as fold change relative untreated samples. DOX, doxycycline; IFNy, interferon
gamma; KO, knockout; MHC-I, major histocompatibility complex class I; siCTRL, siRNA
Control; WT, wild-type.
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Supplementary Figure S4.4: Validation of IFNy-induced mRNA expression levels

with Everolimus, Torin2, and 4EGI-1 treatments.
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Supplementary Figure S4.4: (A) RT-gPCR analysis shows no statically significant
effect of Everolimus or Torin2, or (B) 4EGI-1 treatment, on the relative mRNA levels of
MHC-I subunits HLA-A, HLA-B, HLA-C, or iProteasome subunits PSMB8, PSMB9, and
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PSMB10 induced by IFNy treatment in MB135 myoblasts. Data were normalized to
RPL27 then graphed relative to IFNy-treated samples and represent mean + SD. (C)
Immunoblot analysis of MB135 myoblasts treated with the elF4E/elF4G inhibitor 4EGI-
1, with and without IFNy. Beta-actin serves as loading control. IFNy, interferon gamma;
MHC-I, major histocompatibility complex class |; RT-gPCR, quantitative reverse
transcription PCR.
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Supplementary Figure S4.5: Oxidative stress, DNA damage, and hypoxia-induced
cell stress pathways moderately suppress MHC-I and PSMB9.
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Supplementary Figure S4.5: (A) Immunoblot analysis of MB135 myoblasts treated
with hydrogen peroxide (H20.) to induce oxidative stress, (B) etoposide to induce DNA
damage, or (C) cobalt chloride (CoCl.) to mimic hypoxia. Cells were treated with stress-
inducing reagents for 24 hours, followed by a 16-hour incubation in media re-
supplemented with cell stress—inducing reagent plus IFNy. Beta-actin serves as loading
control. IFNy, interferon gamma; MHC-I, major histocompatibility complex class I.
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Supplementary Figure S4.6: Quality control analysis of Ribo-seq data
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Supplementary Figure S4.6: (A) PCA of gene expression in Ribo-seq biological
replicates, n = 3. (B) Length distribution of RPFs. All downstream analysis was

restricted to the dominant fragment size of 26—-29 nt. (C) Metagene coverage of P-sites
in 3 different reading frames (green, red, blue) over 5’ UTR, TIS, CDS, and 3' UTR
regions; data represent the average of biological replicates for each treatment condition,
n = 3. CDS, coding sequence; nt, nucleotide; PCA, principal component analysis; RPF,
ribosome-protected fragment; TIS, translation initiation site.
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Supplementary Figure S4.7: Genome-wide quantification of ribosome-protected
mRNA fragments using RNA sequencing (RNA-seq) and ribosome profiling (Ribo-
seq).
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Supplementary Figure S4.7: (A) Workflow of differential analysis and filtering prior to
DESeq2 analysis to determine translation efficiency at genomic features. (B) Scatter
plots of reads aligning to annotated genomic features at the transcript or gene level as
indicated. Log2 fold-change values represent the average of biological replicates for
DUX4 pulse+IFNy condition relative to IFNy treatment alone in MB135iDUX4 myoblasts,
n = 3. Translationally up-regulated mRNAs (red) and translationally down-regulated
mRNAs (blue) are highlighted (]log2FC>1|, p-adj<0.05, n = 3). DUX4, double homeobox
protein 4; IFNy, interferon gamma; RNA-seq, RNA sequencing.
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Supplementary Figure S4.8: Polysome profiling and 5' UTR analysis.
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Supplementary Figure S4.8: (A) Absorbance at 254 nm across a density gradient
fractionation system. Traces represent biological replicates for each treatment condition,
n = 3 (black = IFNy; gray = DUX4 pulse+IFNy harvested at 68 hours). (B) Differential
RNA-seq analysis of sub-, low, and high polysome fractions relative to total mMRNA
levels. Volcano plot showing log2 fold-change differential abundance in cells treated
with DUX4 pulse+IFNy versus IFNy (significance defined as basemean>50, |log2FC>1|,
p-adj<0.01, n = 3). (C) 5' UTR sequences of select TOP mRNAs (blue = TOP motif). (D)
Two representative direct DUX4-target genes with alternative 5' UTRs based on RNA-
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seq alignment shown relative to the annotated transcripts. DUX4, double homeobox
protein 4; IFNy, interferon gamma; RNA-seq, RNA sequencing; TOP, terminal
oligopyrimidine.
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Chapter 5: Designing a lineage tracing system to track DUX4-
expressing cells and their progeny

This chapter contains unpublished work.

Introduction

The transcription factor DUX4 has been identified as a novel driver of immune
evasion in many solid cancers. DUX4 expression in cancer cells inhibits major
histocompatibility complex class | (MHC-I) antigen presentation and is correlated with
poor patient survival and response to immune checkpoint blockade therapies [100,103].
DUX4 and its transcriptional programs, in addition to a number of DUX4-fusions, have
been identified in cancers [105,214]. Recent single cell RNA-seq (scRNA-seq) analysis
from our lab has revealed that in several cancer cell lines, there is sporadic expression
of full length DUX4 in 0.1-10% of cells, leading to expression of a totipotent-like program
[105]. This DUX4 induction can be increased by treatment with several cancer
therapeutics, such as etoposide and doxorubicin, and nutrient starvation, a common
tumor microenvironment stressor [105,215]. Despite this induction of a totipotent
program exacerbated by common cancer interventions, the long-term effects of DUX4
expression on tumor pathogenesis are unclear.

Activation of DUX4 and its ZGA program in somatic cells leads to a wide variety
of consequences, including oxidative stress, inhibition of RNA quality control,
stabilization of alternative mRNAs, translational reprogramming (See Chapter 4 [99]),
modulation of immune responses, and induction of retroelements, protein aggregates,
cancer testis antigens, and double-stranded RNAs (dsRNAs) [110]. Prolonged DUX4
target induction eventually leads to a progressive muscle wasting phenotype in FSHD
[28,71,163,216,217], while expression in cancers is correlated with a poorer response to
immune therapies and a higher prevalence of remission [100,103]. The fate of DUX4-
expressing cancer cells, however, is unknown. Because a pulse of DUX4 is critical for
normal development and its expression in cancer correlates with immune evasion, it has
been hypothesized that cancer cells also express DUX4 in a short burst and do not
progress to apoptosis. Therefore, characterization of the long-term effects of this
transient burst of DUX4 expression is of utmost importance.

Recent works have focused on long-term, post-transcriptional effects of DUX4;
DUX4 induced post-transcriptional suppression of over 200 proteins despite no change
in regulation at the RNA level [95]. DUX4 inhibition of nonsense-mediated decay
machinery also leads to production of nonfunctional truncated proteins, leading to
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protein loss [96,97,192]. As shown in Chapter 4, for several days after a pulse of DUX4,
translation is inhibited and MHCI and immunoproteasome (iP) proteins are suppressed
upon addition of interferon gamma (IFNy), while DUX4 target genes escape this
suppression [99]. Interestingly, expression of Dux targets in mouse embryonic stem
cells (MESCs) also leads to a translationally suppressed state [153,154]. Because
translational inhibition is also correlated with increased cancer cell plasticity [107,108],
DUX4 inhibition of translation in a subset of cancer cells could lead to increased viability
in response to harsh environments, nutrient deprivation, and therapeutic intervention.
Characterization of these DUX4-positive cells will provide valuable insight into the long-
term effects of induction during development and their role in cancer pathogenesis.

In this chapter, attempts to build a sensitive, yet specific lineage tracing system
to track DUX4-expressing cells and their progeny are described. In any given cell
culture -cancer, FSHD, or iPSC lines- it is unknown whether cells have cycled through a
DUX4-positive state if DUX4 or its target proteins are no longer present, which is likely
given the brief, pulse-like nature of DUX4 expression in embryonic development.
Moreover, it has yet to be shown that cells expressing endogenous DUX4 survive.
Lineage tracing is a powerful technique that is widely used for permanently tracking a
desired subpopulation of cells and their progeny. This technique is often used to study
cell fate decisions during development as well as in heterogenous tumors [218].
Development of a lineage tracing system that can track cells expressing transcriptionally
active DUX4 will allow for further study of its downstream effects in a variety of systems,
from FSHD and cancer to early embryonic development. Though the attempts in this
chapter have not established a robust system, there is hope that these techniques can
be refined in future attempts to develop this system.

Results

Design of a classical tamoxifen-inducible Cre recombinase-based system to track
DUX4-expressing cells and their progeny.

To date, there has been no method to permanently label DUX4-positive cells so
cell progeny can be tracked for multiple cell divisions after expression. Because DUX4
induces transcription of its distinct ZGA target genes through direct DNA binding to their
promoter regions [2,3,111], some studies [67,111,138,139] have had success using
reporter systems driven by DUX4 target gene promoters, such as ZSCAN4. These
systems provide a snapshot by expressing the reporter only when DUX4 is present.
However, there is currently no means to permanently track what happens to DUX4-
positive cells in the long term or identify cells that have previously expressed DUX4.

To design a lineage tracing reporter for long-term use, a Cre recombinase-based
dual-fluorescence reporter system was designed [219]. The “Stoplight” system uses a
constitutive promoter to drive expression of a Cre recognition site (loxP)- flanked
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DsRED containing a stop codon directly upstream of a GFP sequence [220]. Cells with
no Cre recombinase will continue to express DSRED alone, while Cre activation will
facilitate excision of DSRED and drive constitutive GFP expression. The DUX4
specificity is provided by the presence of a Cre recombinase driven by DUX4-specific
target gene promoters, such as H3Y71 or LEUTX, which are not known to have any other
transcriptional activators and have DUX4 ChIP-seq peaks in their promoter regions
[111,156,162]. Finally, an element of temporal regulation is necessary to ensure only
cells that have expressed DUX4 within a given window of time are tracked, avoiding
muddling data with cells that expressed DUX4 at times or passages not relevant to our
study. For these reasons, | employed Cre recombinase fused to two estrogen receptor
(ERT2) sequences, which ensure Cre recombinase is only active in the presence of 4-
hydroxytamoxifen (4’'OH-T) [221]. The ERT2CreERT2 system is preferred over other
CreER-based systems due to increased specificity and a reduction in background
excision events [222]. In summation, lentiviral incorporation of a “Stoplight” construct
and a DUX4 target gene-driven ERT2CreERT2 will provide a temporally regulated
lineage tracing system; cells that express transcriptionally active DUX4 will induce
expression of ERT2CreERT2, which is only enzymatically active in the presence of
4'0OH-T (Fig. 5.1A). Expression of ERT2CreERT2 in the presence of 4°OH-T will allow
for permanent excision of the DsRED sequence in the Stoplight construct, inducing GFP
expression in that cell and its progeny.

As an pilot test of this ERT2CreERT2- based lineage tracing system, H3Y1
promoter-ERT2CreERT2, LEUTX promoter-ERT2CreERTZ2, and constitutive positive
control for expression PGK promoter-ERT2CreERT2 lentiviral constructs were
transduced into three cell lines shown to express transcriptionally active DUX4 [105]:
rhabdoid kidney tumor line G401, FSHD type 2 myoblast line MB200, and inducible
DUX4 unaffected myoblast line MB135iDUX4ca#7. These lines were also transduced
with the “Stoplight” reporter construct (Fig. 5.1A). Cells were treated for three days with
4’0OH-T to track cells that express DUX4 and induce expression of the target gene-
ERT2CreERT2 reporters or constitutive control PGK-ERT2CreERT2 cells to excise
DsRED and induce GFP expression.

In G401 cells, positive control PGK-ERT2CreERT2 polyclonal cells had very little
GFP expression and did not show more GFP expression upon 4'OH-T addition, though
a population of GFP+ cells persisted in culture, indicating poor transduction efficiency
and/or poor temporal 4’OH-T control (Fig 5.1B). H3Y7 and LEUTX promoter-
ERT2CreERT2 cells showed promise as lineage tracing system, as flow cytometry
showed treatment with 4’OH-T caused a modest increase in GFP positive cells, with
levels reflecting previous studies where 0.1-10% of cells spontaneously express DUX4
[105] (Fig. 5.1B). RT-gPCR analysis of PGK-ERT2CreERT2 and LEUTX-
ERT2CreERT2 cells unsorted or FACS sorted for GFP+ cells revealed an increase in
GFP expression after 4’OH-T treatment, though there was no increase in DUX4 or
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target gene H3Y1 or ZSCAN4 expression in LEUTX-ERT2CreERT2 GFP+ sorted cells
(Fig. 5.1C), indicating nonspecific activation of Cre recombinase.

FSHD myoblast line MB200 cells showed more promise in temporally regulated
excision of DsRED and subsequent GFP expression. PGK-ERT2CreERT2 lines showed
the highest increase in percentage of GFP+ cells upon 4’'OH-T treatment, though low
transduction efficiency likely limited excision rates (Fig. 5.1D). In MB135iDUX4#7
polyclonal lineage tracing cell lines treated with doxycycline (DOX) to induce DUX4 for
three days, any cell line treated with 4°OH-T showed an increase in GFP+ cells,
regardless of whether cells were treated with DOX (Fig. 5.2E). This indicates temporal
regulation of ERT2CreERT2 with 4’0OH-T is robust, but cells are leaky and not
responding specifically to DUX4-induction of ERT2CreERT2. MB135iDUX4ca cells have
been shown to exhibit leaky DUX4 expression [99], so this line may not be suited to
assessing activity of the lineage tracing system.

Treatment with doxorubicin or etoposide increases DUX4 expression and the
number of GFP+ cells in the polyclonal line, but not in monoclonal lines

Because endogenous DUX4 is expressed in such a small percentage of cells
(~0.1% in FSHD cell lines [9,62,63]), determination of effective lineage tracing above
levels of leakiness may be difficult without artificial induction of DUX4. To increase the
proportion of DUX4-expressing cells without the dynamic regulation of DUX4 upon
myoblast differentiation [117,118], G401 polyclonal lineage tracing lines were pulsed
with 1TuM doxorubicin (Doxor) for six hours before release into media containing 2uM
4’0OH-T for three days, with a growth media change and 4'OH-T replenishment every 24
hours (Fig. 5.2A). Flow cytometry of G401 lineage tracing cells revealed almost no
excision of DsRED and expression of GFP in cells not treated with doxorubicin, though
there was a minor increase in GFP+ cells upon 4’OH-T treatment; this reflects rare
DUX4-expressing cells in culture and shows promise for 4’OH-T-mediated temporal
control (Fig. 5.2B). Doxorubicin treatment without 4'OH-T increased the percentage of
GFP+ cells from 0.02% to 2.55%, while doxorubicin treatment in the presence of 4°OH
increased the percentage of GFP+ cells from 0.2% to 3.8% (Fig. 5.2B). Though the
increase in GFP+ cells in Doxor + 4’0OH-T G401 H3Y1 promoter-ERT2CreERT2
polyclonal lines is promising, the level of leakiness of Cre recombinase excision activity
without 4’0OH-T is concerning. To determine if GFP+ cells were truly DUX4 and DUX4
target gene positive, GFP+ cells were sorted via FACS in Doxor + 4’0OH-T G401 H3Y1
promoter-ERT2CreERT2 polyclonal lines and RNA expression via RT-qPCR was
compared to unsorted populations of other treatments (Fig. 5.2C). GFP+ sorted cells
showed the highest expression of GFP and Cre, but they also showed the highest
expression of DSRED. Promisingly, levels of DUX4 exon 1, H3Y1, and ZSCAN4 were
higher in cells treated with doxorubicin, indicating DUX4 expression can be increased
by doxorubicin treatment for further lineage validation. Temporal regulation mediated by
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4’0OH-T was leaky, however, as Doxor + EtOH vehicle cells also showed high levels of
GFP expression. This leakiness could be a product of a polyclonal line.

To determine if leaky expression of Cre could be prevented by monoclonal cell
line generation, G401 H3Y1 promoter-ERT2CreERT2 cells were single cell sorted via
FACS, expanded, and flow cytometry was performed to ensure clones did not have
leaky Cre activity and remained DsRED+/GFP-. Of all clones screened, many showed
DsRED-/GFP+ populations, though a few remained DsRED+/GFP-, such as clone #4
(Fig. 5.2D). To test if these clones were responsive to DUX4 induction and temporally
regulated by 4’0OH-T, monoclones were treated with etoposide (etop) and 4'OH-T
according to the doxor schedule in Fig. 5.2A. Etop treatment increased the percentage
of GFP+ cells, but there was no temporal control upon addition of 4’OH-T (Fig. 5.2D),
indicating the 40H-T was not working properly or ERT2CreERT2 was still active in its
absence.

A doxycycline-inducible Cre recombinase lineage tracing system to tightly
control Cre expression and stoplight excision.

Because the ERT2CreERT2 system seemed to have leaky Cre activity in the
absence of 40OH-T, we sought to redesign the lineage tracing system to temporally
control Cre at the level of expression instead of enzymatic activation using a
doxycycline-inducible mechanism [223]. In this system the lentiviral dual fluorescence
“Stoplight” reporter was used with the puromycin resistance cassette removed; cells
were then selected by FACS sorting for DsRED+/GFP- cells (Fig 5.3A). Instead of
random lentiviral integration, Cre recombinase, under the control of a TetON
doxycycline (DOX) inducible promoter, was knocked into the AAVS1 safe harbor site
[116] and selected for proper integration with puromycin (Fig. 5.3A). Finally, lentiviral
constructs with constitutive (PGK) or DUX4 target gene (H3Y7) promoters driving
reverse tetracycline-controlled transactivator (rtTA) expression were incorporated and
selected with blasticidin (Fig. 5.3A). The system functions as follows: in the presence of
DUX4, the H3Y1 promoter drives rtTA expression, which will not induce activation of
Cre recombinase unless doxycycline is also present, providing a level of temporal
regulation. Doxycycline induces a conformational change in rtTA, allowing for binding
and activation of the TetON promoter. Therefore, only cells expressing DUX4 in the
presence of doxycycline will express Cre recombinase, leading to excision of DsRED
from the Stoplight construct and permanent expression of GFP (Fig. 5.3B). The
constitutive PGK-rtTA construct is always expressing rtTA and will express Cre and
GFP only in the presence of doxycycline.

A pilot test of this system was performed in G401 polyclonal lines that were
treated with doxor or etop for 6 hours to induce DUX4 expression and treated with
doxycycline for three days before harvest for flow cytometry and RT-qPCR analysis
(Fig. 5.3C). In the constitutive PGK-rtTA cells, there was a large presence of leaky
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GFP+ cells without DOX treatment (~24% of the population), but there was a substantial
increase in GFP+ cells (~35% of the population) upon DOX treatment (Fig. 5.3D). In the
H3Y1 promoter-riTA cells, all conditions had GFP+/DsRED- leaky excision in
approximately ~20% of the population (Fig. 5.3D). Treatment with DOX in all conditions
also leads to higher percentages of GFP+ cells, with a ~2% increase in untreated, ~6%
increase in etop treated, and a ~15% increase in doxor treated cells, aligning with
changes in numbers of DUX4+ cells seen previously [105] (Fig. 5.3D). RT-gPCR
analysis showed a strong increase in DUX4, H3.X/Y, Stoplight and excised Stoplight
upon etop and doxor treatment, as seen in the ERT2CreERT2 system (Fig. 5.3E, Fig.
5.1C, Fig. 5.2C). Excised Stoplight levels are higher in DOX-treated samples, however
(Fig. 5.3E). Interestingly, Cre recombinase levels are substantially higher in all DOX+
samples in the PGK-rtTA cells and only in the doxor and etop DOX+ samples in the
H3Y1-rtTA cells, indicating the promoter-driven expression of rtTA is correct and the
DOX is providing temporal regulation (Fig 5.3E). Because DsRED and GFP fluorescent
proteins are stable, long-lived proteins in culture [224], we sought to determine if
GFP+/DsRED- (fully excised Stoplight) or GFP+/DsRED+ (newly excised Stoplight with
residual DsRED) were enriched for DUX4 and target genes. FACS sorting followed by
RT-gPCR analysis of these populations in DOX + doxor treated cells (Fig. 5.3D)
revealed high levels of Stoplight excised in both populations, but substantially higher
Cre Recombinase expression in the GFP+/DsRED+ population (Fig. 5.3F).
Interestingly, both GFP+/DsRED- and GFP+/DsRED+ populations showed high levels
of DUX4 expression, while expression of DUX4 target H3.X/Y was higher in the double-
positive population (Fig. 5.3F).

Monoclonal selection was ineffective in producing constitutive control lines but
revealed marginal success in DUX4 lineage tracing lines.

Because there was a large population of GFP+ cells in the -DOX conditions of
both the PGK-rtTA and H3Y1 promoter-rtTA polyclonal G401 lines, a reduction in DOX-
independent Cre expression was imperative. Creation of monoclonal lines that can be
assured to have the correct integration of all three lineage tracing constructs was
performed. Polyclonal lines were single cell FACS sorted, expanded, and screened for
no aberrant GFP expression in the absence of DOX. In the constitutive PGK-rtTA
monoclones, several showed low levels of aberrant GFP expression (Fig. 5.4A). When
DOX was added to test activation of Cre Stoplight excision, however, the clones were
not responsive and did not induce excision (Fig. 5.4A). Additionally, only one clone (#5)
showed expression levels of rtTA above background, indicating improper functionality of
the PGK-rtTA construct (Fig. 5.4B).

Screening the H3Y7-rtTA monoclonal lines revealed two clones with minimal
leaky GFP expression, though 9-20% of the population was still GFP+ (Fig. 5.5A). To
test responsiveness, the clones were treated with the doxor and DOX time course in
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Fig. 5.3C. In both clones, there was a drastic increase in Stoplight excision upon doxor
+ DOX treatment (Fig. 5.5A). When GFP-/DsRED+ and GFP+/DsRED+ cells in doxor +
DOX samples were FACS sorted and RNA levels were compared to other treatment
conditions, the GFP+/DsRED+ populations unsurprisingly had the highest levels of
Stoplight excised and Cre recombinase (Fig. 5.5B). Encouragingly, the doxor + DOX
GFP+/DsRED+ cell populations had substantially higher levels of rtTA, DUX4, and
H3Y1 than their GFP-/DsRED+ counterparts, indicating that activation of DUX4 in
individual cells was inducing rtTA and Cre excision activity, and that cells that did not
activate DUX4 were not excising the Stoplight construct (Fig. 5.5B).

Another recently developed method, dubbed “Catch and Release” or “release
from confluence”, has been shown to induce endogenous DUX4 expression in cancer
cells [105]. Cells are incubated in the same media for 11 days before trypsinization and
seeding into fresh media at low confluency. H3Y7-rtTA monoclonal lines were subjected
to this protocol and harvested at 24-, 48-, and 72- hours post “release” for flow
cytometry and RT-qPCR analysis (Fig. 5.6A). Flow cytometry revealed increasing
percentages of GFP+ cells specifically in the +DOX condition (Fig. 5.6B). At the RNA
level in Clone #8, however, Cre recombinase levels were equal in both — and + DOX
conditions at all time points, indicating a lack of temporal regulation of rtTA-mediated
expression (Fig. 5.6C). In Clone #11, Cre recombinase levels were substantially higher
in the +DOX condition, though the levels of rfTA were higher at Ohr than 24hr, despite
higher levels of DUX4 expression at 24hr (Fig. 5.6C), indicating that higher levels of
rtTA and Cre might not be specific to DUX4-mediated induction.

Antisense oligonucleotide (ASO)-mediated knockdown of DUX4 partially
decreases Cre expression in G401 H3Y1-rtTA lineage tracing monoclones.

To determine the sufficiency of DUX4 in activation of Cre and stoplight excision
in G401 H3Y1-rtTA monoclonal lines, an antisense oligonucleotide (ASO)-mediated
knockdown of DUX4 was performed in a doxor + DOX lineage tracing time course (Fig.
5.7A). In clone #8, flow cytometry of GFP and DsRED fluorescence showed the largest
increase in the proportion of GFP+ cells in the DOX + doxor treatment condition, as
previously shown. KD of DUX4 modestly decreased the proportion of GFP+ cells in
each condition (Fig. 5.7B). In clone #11, however, a sharp increase in the percentage of
GFP+ cells was present in the +DOX -doxor condition, unlike previous experiments.
DUX4 KD only decreased the percentage of GFP+ cells in the DOX + doxor condition
(Fig. 5.7B). In both clones, KD of DUX4 revealed a substantial reduction in DUX4 and
H3Y1 transcript levels (Fig. 5.7C). Interestingly, though DUX4 KD reduced Cre
recombinase expression, it had little to no impact on levels of rtTA (except for clone #8
Doxor -DOX CTRL KD, which displayed unusually high amounts of rtTA) and excised
Stoplight (Fig. 5.7C). Additionally, the levels of rtTA in Clone#11 showed the inverse
pattern across treatments when compared to previous experiments, with rtTA levels
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decreasing upon doxor treatment (Fig. 5.7C). Ultimately this experiment shows that
even monoclones have expression of rtTA and Cre that is not entirely due to DUX4
expression.

Design and pilot trial of endogenous DUX4 target gene knock-in of lineage tracing
machinery.

To prevent aberrant activation of DUX4 target promoter-rtTA due to random
lentiviral integration, we designed a system to knock in the rtTA specifically at the
endogenous locus of DUX4 target genes H3Y1 and ZSCAN4, ensuring native-like
chromatin signatures and the presence of potential DUX4-interaction or regulatory
sequences of the endogenous target gene. To create a donor template for homologous
recombination, homology arms were designed directly up and downstream of the target
gene start codon, with the rtTA coding region template aligning with the start codon of
the endogenous gene (Fig 5.8A). This KI cassette also contained an FRT-flanked PGK-
BlastR sequence, allowing for selection of cells with blasticidin and later excision of the
active promoter that may induce leaky expression with transient transfection of Flippase
Recombinase (FLPe) (Fig. 5.8A). The Stoplight and Cre recombinase components of
the lineage tracing system remain the same as in (Fig. 5.3A, B).

After selection for all lineage tracing elements, MB135 (unaffected) and MB073
(FSHD1) myoblast polyclonal cell lines were subjected to a six-hour pulse of etoposide,
followed by three days of DOX treatment (Fig 5.8B) to test for any responsiveness in
the lineage tracing system in cells with little to no (MB135) or high (MB073) endogenous
DUX4 expression. MB135 cells with the H3Y7-rtTA Kl showed very slight increases in
the percentage of GFP+ cells in cells treated with DOX regardless of etop treatment,
while the ZSCAN4-rtTA Kl cells showed higher increases in the +DOX cells without etop
treatment than any other condition (Fig. 5.8C). MBO73 cells with ZSCAN4-rtTA Kl
followed this leaky trend, with the +DOX cells in the absence of etop showing the
highest increase in GFP+ cell populations (Fig 5.8C). The MB073 cells with H3Y7-rtTA,
however, showed promise, with a minor (~2%) increase in GFP+ percentages upon
DOX treatment in cells without etop, and a ~4% increase upon DOX treatment in etop
pulsed cells (Fig 5.8C). Ultimately, in this polyclonal system, there is a population of
leaky cells that express GFP in the absence of DOX. Screening monoclones to ensure
proper integration of every part of the lineage tracing system will allow for thorough
assessment of this system.

Discussion

The development of a lineage tracing system to permanently track DUX4+ cells
and their progeny is of tantamount importance to address several open questions in
DUX4 biology: 1) Do somatic cells that have expressed DUX4 survive and divide in
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culture? 2) What proportion of cancer or FSHD cells are cycling through a DUX4
positive state at a given time in culture? 3) What properties, such as altered replication
or differentiation capacity, stress tolerance, or induction of stem cell-like
transcriptional/post-transcriptional programs do DUX4-expressing cells and their
progeny maintain? and, 4) What is the competitive fithess of DUX4-expressing cells in
cancer, development, and FSHD? In this chapter, iterations of potential lineage tracing
systems and their varying success were outlined, including tamoxifen-inducible and
doxycycline inducible Cre recombinase systems in lentiviral and knock-in based
constructs. Though no system to date is fully robust in terms of temporal regulation and
DUX4 specificity, this chapter describes important groundwork for future development of
a lineage tracing system.

Classical lineage tracing systems involve specific activation, usually by cell-type
specific promoters, of Cre recombinase, leading to a trackable change in exogenous
constructs by creation of a molecular “switch” to detect cells that have activated those
cell-type specific reporters [219]. In all proposed lineage tracing systems described
here, Cre recombinase is used to alter a “Stoplight” construct which in the absence of
Cre constitutively expresses DsRED and after Cre activity, excises DSsRED and
constitutively expresses GFP [220]. To add a level of temporal regulation, a (4-hydroxy)
tamoxifen-inducible ERT2CreERT2 was used [221], which is a standard approach in in
vivo studies in mice [225] as well as in cell culture studies. In the context of DUX4
lineage tracing, this system showed twofold problems in successful lineage tracing:
inability to activate in the presence of 4’OH-T and leaky Cre excision and GFP
expression without 4’'OH-T administration. The first might be due to the insolubility of
4’0OH-T in water and EtOH and the low solubility in DMSO. In our hands, the compound
crashed out of solution in most solvent conditions, and it is difficult to tell if the
compound remains in solution once added to culture media. Despite this, administration
of 40OH-T led to a modest increase in GFP+ cell populations in lineage tracing lines (Fig
5.1, 5.2). The second problem with this system was an activation of Cre Recombinase
activity and Stoplight excision in the absence of 4’OH-T, indicating leaky activity not
controlled temporally by 4’0OHT. In this lineage tracing system, ERT2CreERT2 is
expressed in the presence of DUX4, and the estrogen receptor ERT2 segments should
induce a tighter temporal regulation requiring 4’OH-T. Our data indicate activation of
Cre in the absence of 4’0OH-T, which was not improved by monoclonal selection in our
study. Interestingly, estrogens were shown to antagonize DUX4 activity and reduce
transcriptional activity of DUX4 in FSHD cells [226], indicating the administration of
4’0OH-T may add confounding variables to tracking endogenous DUX4 expression.

The culmination of concerns with tamoxifen-inducible lineage tracing led to a
complete redesign of the lineage tracing system in DUX4-expressing cells. We first
adopted a doxycycline-inducible lineage tracing system for expression of Cre only when
DUX4 could induce expression of rtTA through lentiviral-delivered target gene promoter
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constructs and when DOX was added to the cells [223]. This design prevented Cre
expression unless DUX4 and DOX were present, leading to regulation at the level of
Cre expression, not Cre activity. Moderate success was achieved in polyclonal lines,
leading to monoclonal selection. Unfortunately, none of the constitutively controlled
PGK-lines showed any specific and robust activation of tTA. Of note, constitutive
expression of Cre has been shown to cause reduced proliferation and an increase in
cell death [227,228], implying that the clones with properly integrated lineage tracing
systems may not have survived to be screened and that a constitutive DOX-inducible
temporal control might not be feasible. Nevertheless, all clones from DUX4 target-rtTA
G401 lines showed some leaky activation of Cre, indicating the system may be flawed
due to improper activation of Cre Recombinase expression. One reason for this could
be due to the properties of lentiviral integration into the host genome, where open,
active regions are more accessible and more likely to be lentiviral integration sites [229].
This active chromatin environment may contribute to nonspecific activation of rtTA in
our lineage tracing system.

In the final lineage tracing system covered in this chapter, we attempted to
combat the leakiness of rtTA expression from randomly integrated lentiviral DUX4
target-rtTA lines by knock in of rtTA into the coding region of DUX4 targets. Adapting
the donor plasmid template for AAVS1-mediated Kl of silencing reporter constructs
shown in Chapter 2, donor templates containing homology arms for DUX4 targets
ZSCAN4 and H3Y1 were created and used to knock rtTA into the coding region for
these genes in unaffected and FSHD myoblasts, along with the rest of the lineage
tracing system. Though the polyclonal lines showed leaky Stoplight and GFP excision,
the H3Y1-rtTA Kl lines showed appropriate changes in percentages of GFP+ cells in the
presence of etoposide and DOX. We hope that screening monoclones will ensure cell
lines with proper integration of the whole system and provide a platform for long term
tracing of DUX4-positive cells and their progeny.

Materials and Methods

Cell culture

G401 cells were grown in McCoy’s 5A Modified Media (Gibco, # 16600082),
supplemented with 10% fetal bovine serum (FBS) (Cytiva Hyclone, #SH30396.03) and
1% penicillin/streptomycin (Gibco, #15140122). MB135, MB135iDUX4ca#7, and MB200
cells were grown in Ham’s F-10 Media (Gibco, #11550043), supplemented with 10%
fetal bovine serum (FBS) (Cytiva Hyclone, #SH30396.03), 1% penicillin/streptomycin
(Gibco, #15140122), 10 ng/mL rhFGF, 1 yM dexamethasone, and 3 pyg/mL puromycin
as appropriate to maintain lines carrying the DUX4 transgene. All cells were incubated
at 37°C supplemented with 5% CO.. Cells were passaged by treatment with 0.25%
trypsin- Ethylenediaminetetraacetic acid (EDTA) (Gibco, #25200056) for 5 minutes at
37°C followed by growth media addition and subculturing. Cell treatments to induce
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DUX4 include treatment with 1TuM doxorubicin or 10uM etoposide for 6 hours, followed
by washout and addition of lineage tracing chemicals (see below).

Establishment of 4°OH-tamoxifen-inducible lineage tracing lines

pRRLSIN-cPPT-PGK-GFP-WPRE plasmid (Addgene #12252) was linearized to
eliminate GFP-WPRE via digestion with Kpnl-HF (NEB, #R3142) and Agel-HF (NEB,
#R3552). Primers containing linearized pRRL backbone overhangs were used to PCR
amplify ERT2CreERT2-polyA from pCAG-ERT2CreERT2 (Addgene #13777) using
Phusion Plus PCR master mix (Thermo Scientific #/631S) according to manufacturer’'s
instructions. Product size was confirmed via 1XTAE agarose gel electrophoresis and gel
purified using NucleoSpin Gel and PCR cleanup mini kit (Machery-Nagel, #740609).
The ERT2CreERT2 fragment was inserted into the pRRL backbone via HiFi DNA
Assembly Master Mix (NEB, #E2621) according to manufacturer’s instructions.
Plasmids were transformed into Stbl3 competent cells, extracted via PureLink Quick
Plasmid Miniprep Kit (Invitrogen, #K210011), and verified via sanger sequencing (FHCC
Genomics core). The intermediate pRRL-PGK-ERT2CreERT2 plasmid was digested
and linearized with Kpnl-HF. PGK-BlastR was amplified with backbone overhangs from
pCW&57.1-TetON-iDUX4ca-PGK-BlastR (Tapscott Lab) and inserted via HiFi into the
backbone. The pRRL-PGK-ERT2CreERT2-PGK-BlastR sequence was confirmed and
expanded as previously described. Completed plasmid was further grown in Stbl3 cells
and expanded for extraction via Nucleobond Xtra Maxi EF kit (Macherey-Nagel,
#740424.50).

DUX4 reporter lines were created by digesting pRRL-PGK-ERT2CreERT2 with
EcoRI-HF (NEB, #R3101) and Sall-HF (NEB, #R3138) to excise PGK-ERT2. ERT2 with
backbone and target promoter sequence overhangs was PCR amplified. H3Y1 and
LEUTX promoter sequences were amplified with backbone and ERTZ2 overhangs from
G401 genomic DNA. The DUX4 target gene amplicon and ERT2 inserts were cloned
into the pRRL-CreERT2-PGK-BlastR linearized backbone via HiFi DNA assembly,
confirmed, and expanded as stated previously. Verified plasmids pRRL-PGK-
ERT2CreERT2-PGK-BlastR, pRRL-H3Y1 promoter-ERT2CreERT2-PGK-BlastR, pRRL-
LEUTX promoter-ERT2CreERT2-PGK-BlastR, or pLV-CMV-loxPDsREDIloxP-GFP-
IRES-PuroR “Stoplight” (Addgene #65726), along with psPAX2 (Addgene, #12260), and
pMD2.G (Addgene, #12259) were transfected into 293T cells with Lipofectamine 3000
to produce lentiviral particles. G401 and myoblast cells were then transduced with
lentivirus in the presence of 10ug/mL polybrene. Cells were selected for lentiviral
integration with growth media supplemented with 3ug/mL puromycin then 3ug/mL
blasticidin S.

Establishment of doxycycline-inducible lineage tracing lines

pRRL-PGK-ERT2CreERT2-PGK-BlastR and pRRL-H3Y1 promoter-
ERT2CreERT2-PGK-BlastR plasmids were linearized by digestion with BamHI-HF
(NEB, #R3136) and Fsel (NEB, #R0588) to excise the ERT2CreERT2 fragment. pRRL-
TetON 3G (rtTA) and bGH poly(A) fragments were amplified with backbone overhangs
from pCW57.1-TetON-iDUX4ca-PGK-BlastR and AAVS1 HA(L)-CMV-mEmerald-hPGK-
PuroR-AAVS1 HA(R) plasmids, respectively, and inserted into the linearized backbones
via HiFi DNA assembly. Puromycin resistance was removed from the pLV-CMV-
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loxPDsREDIoxP-GFP-IRES-PuroR “Stoplight” (Addgene #65726) construct by digestion
and linearization with Agel-HF (NEB, #R3552) and Nsil-HF (NEB, #R3127). The bGH
poly(A) fragment was PCR amplified from AAVS1 HA(L)-CMV-mEmerald-hPGK-PuroR-
AAVS1 HA(R) with backbone overhangs and was inserted into the linearized backbone
via HiFi DNA assembly. For the AAVS1 knock-in Tet-responsive Cre construct, AAVS1
HA(L)-CMV-mEmerald-hPGK-PuroR-AAVS1 HA(R) was linearized by digestion with
Hindlll-HF (NEB, #R3104) and Hpal (NEB, #R0105). The TRE3GS promoter and Cre
Recombinase sequences were amplified from pCW57.1-TetON-iDUX4ca-PGK-BlastR
and pCAG-ERT2CreERT2 (Addgene #13777), respectively, with backbone overhangs.
These segments were inserted into the linearized backbone via HiFi DNA assembly. All
plasmids were confirmed and expanded as previously described. Verified plasmids
pRRL-PGK-rtTA-BlastR, pRRL-H3Y1 promoter-rtTA-PGK-BlastR, or pLV-CMV-
loxPDsREDIoxP-GFP “Stoplight”, along with psPAX2 (Addgene, #12260), and pMD2.G
(Addgene, #12259) were transfected into 293T cells with Lipofectamine 3000 to
produce lentiviral particles. G401 and myoblast cells were then transduced with
lentivirus in the presence of 10ug/mL polybrene and selected with growth media
supplemented 3ug/mL blasticidin S. For TetOn-Cre knock-in at the AAVS1 locus, HA(L)-
AAVS1-TetOn-Cre-PGK-PuroR-HA(R) and pX459-sgAAVS1 (Addgene #62988), which
contains a sgRNA for the AAVS1 site and Cas9, were transfected into HelLa cells with
the Lipofectamine 3000 kit (Invitrogen, #L3000015) according to manufacturer’'s
protocol. Lines were selected for proper AAVS1 knock-in using puromycin selection
(Sigma-Aldrich, #P8833) at 1.5ug/mL. Cells were finally selected for “stoplight” lentiviral
integration by FACS for DsRED+/GFP- cells.

Establishment of endogenous DUX4 target doxycycline-inducible lineage tracing lines
Cell lines contain the same AAVS1-TetOn-Cre-PGK-PuroR-HA(R) and
“Stoplight” constructs as described in the previous section. To make plasmid donor
templates for knock-in at the endogenous H3Y7 and ZSCAN4 promoters, the ZSCAN4
construct was created first. AAVS1 HA(L)-CMV-mEmerald-hPGK-PuroR-AAVS1 HA(R)
was digested with EcoRI-HF (NEB, #R3101), which has two sites outside both
homology arms. Five different fragments were amplified via PCR with overhang
sequences for HiFi assembly: 841bp upstream of the ZSCAN4 CDS was amplified from
genomic DNA (ZSCAN4 HA-L), TetON 3G (rtTA)- poly(A) and PGK-BlastR were
amplified from pRRL-PGK-rtTA-PGK-BlastR with long primers for PGK-BlastR that
incorporate FRT sites, bGH poly(A) was amplified from AAVS1 HA(L)-CMV-mEmerald-
hPGK-PuroR-AAVS1 HA(R), and 861 bp downstream from the ZSCAN4 CDS was
amplified from genomic DNA (ZSCAN4 HA-R). These five fragments were inserted into
the backbone via HiFi DNA assembly to form ZSCAN4 promoter HA-L-rtTA-FRT-PGK-
BlastR-Frt-ZSCAN4 HA-R. The H3Y1 promoter endogenous Kl was created when
AAVS1 HA(L)-CMV-mEmerald-hPGK-PuroR-AAVS1 HA(R) was digested with EcoRI-
HF (NEB, #R3101), which has two sites outside both homology arms. Three PCRs were
amplified with overlapping overhangs for insertion: 816 bp upstream of the H3Y71 CDS
was amplified from genomic DNA (H3Y1 HA-L), fTA-FRT-PGK-BlastR-FRT was
amplified from ZSCAN4 promoter HA-L-rtTA-FRT-PGK-BlastR-Frt-ZSCAN4 HA-R, and
803 bp downstream of the H3Y7 CDS was amplified from genomic DNA (H3Y1 HA-L).
These three fragments were inserted into the backbone via HiFi DNA assembly to form
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H3Y1 promoter HA-L-tTA-FRT-PGK-BlastR-Frt-H3Y1 HA-R. All plasmids were
confirmed and expanded as previously described. In G401 and myoblast lines with
“Stoplight” and AAVS1-TetOn-Cre-PGK-PuroR-HA(R) integration, ZSCAN4 promoter
HA-L-rtTA-FRT-PGK-BlastR-Frt-ZSCAN4 HA-R or HA-L-rtTA-FRT-PGK-BlastR-Frt-
H3Y1 HA-R were transfected with TrueCut Cas9 protein v2, TrueGuide sgRNAs
targeting each specific locus, and Lipofectamine CRISPRMAX Transfection Reagent (all
Invitrogen, TrueTag Donor DNA kit #A42992) according to manufacturer’s protocols.
Cells were selected with growth media supplemented with 3ug/mL blasticidin S. Finally,
cells were transfected with pCS-FLPe (Addgene #31130) using the Lipofectamine 3000
kit (Invitrogen, #L3000015) according to manufacturer’s protocol. To excise the BlastR
cassette at the endogenous loci.

Flow cytometry and FACS

Cells were trypsinized and resuspended in FACS Buffer (1X PBS with 2%FBS
and 5mM EDTA) and kept on ice until use. For flow cytometry analysis, live cell samples
were run on one of several analyzers (BD Biosciences: FACSCanto I, LSR Fortessa
x50, FACSymphony A3, or FACSymphony A5). For FACS, cells were sorted into tubes
or plates with growth media using a BD Biosciences FACSymphony S6 or FACS Aria Il
instrument. EGFP fluorescence was quantified using Blue 488nm (200mW) laser
readouts and DsRED fluorescence was quantified using Green 552nm (200mW) laser
readouts. This analysis was supported by the Flow Cytometry shared resource of the
Fred Hutch/University of Washington Cancer Consortium (P30 CA015704). FlowJo
v10.8 software (BD Biosciences) was used for all flow cytometry analysis. For all
GFP/DsRED fluorescence intensity dot plots, cells were first gated for live cells to
eliminate debris using FSC and SSC, then gated on single cells to eliminate doublets
using FSC-H and FSC-W. Single color and no color (WT) cell lines were used as
compensation controls. Compensation matrices were kept consistent within
experiments.

Quantitative reverse transcription PCR (RT-qPCR)

Total cellular RNA was isolated using the Nucleospin RNA kit (Machery-Nagel,
#740955.250) according to the manufacturer protocol. 0.5-1ug RNA was treated with
Amplification grade-DNasel (Thermo Fisher, #18068015), heat inactivated with EDTA
(Thermo Fisher, #AM9260G), and reverse transcribed into cDNA using random
hexamers or oligo-dT with the Superscript IV First-Strand Synthesis System (Invitrogen,
#18091050) following manufacturer instructions. Quantitative PCR was run on a
QuantStudio 7 Flex (Applied Biosystem) using iTaq SYBR Green Supermix (Bio-Rad,
#1725124).

ASO-mediated KD of gene expression

Cells were seeded at a density of 1x10° cells per well of a 6-well plate 24 hours
before transfection. 50pmol 2’MOE ASOs were diluted in OptiMEM and transfected into
cells using Lipofectamine RNAIMAX (Invitrogen #13778150) following manufacturer’'s
instructions. 24 hours after transfection, cells were harvested for flow cytometry of GFP
and DsRED fluorescence and RNA isolation for RT-gPCR analysis.
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Figures

Figure 5.1: Pilot testing of the 4°OH-Tamoxifen-inducible Cre system shows some
promise in temporal control of lineage tracing.
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Figure 5.1: (A) Schematic of constructs used in 4’OH-Tamoxifen (4'OH-T)-based
lineage tracing system. 4’0OH-T treatment of cells with constitutive hPGK-ERT2CreERT2
expression should induce excision of DsRED and expression of GFP. Cells with DUX4
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target gene promoters should only express ERT2CreERT2 in the presence of DUX4.
4’0OH-T addition to DUX4-expressing cells with DUX4 target-ERT2CreERT2 constructs
should induce excision of DSRED and expression of GFP. LTR= long terminal repeat, v
= HIV-1 psi packaging element, RRE = HIV-1 rev response element, cPPT/CTS =
central polypurine tract and central termination sequence of HIV-1, loxP = Cre
recombinase recognition site, IRES = internal ribosome entry site, PuroR = puromycin
resistance, ERT2 = estrogen receptor T2, BlastR = blasticidin resistance. (B, D) Flow
cytometry dot plots of various G401 (B) or MB200 (D) polyclonal control or DUX4
lineage tracing lines treated for three days, replenishing every 24 hours, with EtOH
vehicle or 2uM 4’OH-T. DsRED fluorescence is on the x axis and GFP fluorescence is
on the y axis. Percentages of cells in each quadrant are indicated. (C) RT-gPCR
analysis of expression of various RNAs compared to housekeeping gene RPL27
expression in G401 PGK-ERT2CreERT2 or LEUTX promoter-ERT2CreERT2 polyclonal
lines treated with EtOH vehicle or 4’OH-T for three days. Data represents mean + SD of
technical replicates (n=3) of one biological replicate (n=1). (E) Flow cytometry dot plots
of MB135iDUX4ca#7 polyclonal control or DUX4 lineage tracing lines treated with
vehicle or 1ug/mL doxycycline to induce DUX4 expression for 4 hours before washout
and addition of 2uM 4’OH-T or EtOH vehicle for three days, replenishing every 24
hours. DsRED fluorescence is on the x axis and GFP fluorescence is on the y axis.
Percentages of cells in each quadrant are indicated.



131

Figure 5.2: Increasing expression of DUX4 with doxorubicin or etoposide
treatment does not improve temporal efficiency of ERT2CreERT2-based lineage

tracing system.
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Figure 5.2: (A) Time course of treatment in G401 lineage tracing monoclonal lines.
Cells are treated with 1TuM doxorubicin to induce DUX4 expression or equivalent
volumes of DMSO vehicle for 6 hours before washout and addition of 2uM 4’OH-T or
EtOH vehicle. Cells are treated with 4'OH-T or EtOH for three days, with washout and
replenishment every 24 hours, before harvest for flow cytometry and RNA analysis. (B)
Flow cytometry dot plots of G401 H3Y1 promoter- ERT2CreERT2 polyclonal lines
treated according to the time course in (A). DSRED fluorescence is on the x axis and
GFP fluorescence is on the y axis. Percentages of cells in each quadrant are indicated.
Green box indicates cell population sorted via fluorescence activated cell sorting
(FACS) for separate RNA analysis. (C) RT-gPCR analysis of expression of various
RNAs compared to housekeeping gene RPL27 expression in G401 H3Y1 promoter-
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ERT2CreERT2 polyclonal cells treated according to (A) and/or FACS sorted according
to (B). Data represents mean + SD of technical replicates (n=3) of one biological
replicate (n=1). (D) Flow cytometry dot plots of G401 H3Y1 promoter- ERT2CreERT2
monoclone #4 treated according to the time course in (A). DSRED fluorescence is on
the x axis and GFP fluorescence is on the y axis. Percentages of cells in each quadrant
are indicated.
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Figure 5.3: Doxycycline-inducible Cre recombinase system increases efficacy of

Stoplight construct Cre excision.
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Figure 5.3: (A) Schematic of constructs used in the doxycycline (DOX)-inducible Cre
lineage tracing system. LTR= long terminal repeat, v = HIV-1 psi packaging element,
RRE = HIV-1 rev response element, cPPT/CTS = central polypurine tract and central
termination sequence of HIV-1, loxP = Cre recombinase recognition site, HA-L/R =
homology arm (left or right), TRE3GS = Tet 3G On promoter, PuroR = puromycin
resistance, rtTA = TetOn 3G, BlastR = blasticidin resistance. (B) Schematic of DOX-
inducible lineage tracing system. DOX treatment of cells with constitutive hPGK-rtTA
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expression should induce excision of DsRED and expression of GFP. Cells with DUX4
target gene promoters should only express rtTA in the presence of DUX4. DOX addition
to DUX4-expressing cells with DUX4 target-rtTA constructs should induce TetOn-Cre
recombinase expression, leading to excision of DSRED and expression of GFP. (C)
Time course of treatment in G401 lineage tracing monoclonal lines. Cells are treated
with 1TuM doxorubicin or 10uM etoposide to induce DUX4 expression or equivalent
volumes of DMSO vehicle for 6 hours before washout and addition of 1ug/mL DOX or
vehicle. Cells are treated with DOX or vehicle for three days, with washout and
replenishment every 24 hours, before harvest for flow cytometry and RNA analysis. (D)
Top: Flow cytometry dot plots of G401 polyclonal PGK-rtTA lines with and without
doxycycline. Bottom: Flow cytometry dot plots of G401 H3Y1 promoter-rtTA polyclonal
lines treated according to the time course in (C). DSRED fluorescence is on the x axis
and GFP fluorescence is on the y axis. Percentages of cells in each quadrant are
indicated. Black boxes indicate populations sorted via FACS for separate RNA analysis.
(E) RT-gPCR analysis of expression of various RNAs compared to housekeeping gene
RPL27 expression in G401 PGK and H3Y1 promoter-rtTA polyclonal cells treated
according to (C) or (D). Data represents mean + SD of technical replicates (n=3) of one
biological replicate (n=1). (F) RT-qPCR analysis of expression of various RNAs
compared to housekeeping gene RPL27 expression in G401 H3Y1 promoter-rtTA
polyclonal cells treated according to (C) with or without sorting via FACS as shown in
(D). Data represents mean + SD of technical replicates (n=3) of one biological replicate
(n=1).
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Figure 5.4: G401 PGK-rtTA monoclonal lines are not responsive to DOX induction.
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Figure 5.4 (A) Flow cytometry dot plots of G401 PGK-rtTA monoclonal lines with and
without three days of doxycycline treatment. DSRED fluorescence is on the x axis and
GFP fluorescence is on the y axis. Percentages of cells in each quadrant are indicated.
(B) RT-gPCR analysis of expression of various RNAs compared to housekeeping gene
RPL27 expression in G401 PGK-rtTA monoclonal lines treated according to (A). Data
represents mean * SD of technical replicates (n=3) of one biological replicate (n=1).
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Figure 5.5: Enhancing DUX4 expression with doxorubicin shows robust response

in G401 lineage tracing monoclones treated with doxycycline, but monoclone

expression of GFP is still leaky.
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Figure 5.5: (A) Flow cytometry dot plots of G401 H3Y1 promoter-rtTA monoclonal lines
treated according to the time course in Fig. 5.2C. DsRED fluorescence is on the x axis
and GFP fluorescence is on the y axis. Percentages of cells in each quadrant are
indicated. Black boxes indicate populations sorted via FACS for separate RNA analysis.
(B) RT-gPCR analysis of expression of various RNAs compared to housekeeping gene
RPL27 expression in G401 H3Y1 promoter-rtTA monoclonal lines in (A). Data
represents mean * SD of technical replicates (n=3) of one biological replicate (n=1).



138

Figure 5.6: Enhancing DUX4 expression with “Catch and Release” shows robust
response in G401 lineage tracing monoclones treated with doxycycline, but
monoclone expression of GFP is still leaky.
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Figure 5.6: (A) Schematic of “catch and release” protocol for induction of DUX4 in
G401 lineage tracing monoclones. Cells are kept and starved in the same growth media
for 11 days before trypsinization and “release” into fresh media. Upon release, cells are
treated with DOX or vehicle for three days, with harvest for RNA and flow analysis and
DOX replenishment every 24 hours. (B) Flow cytometry dot plots of G401 H3Y1
promoter-rtTA monoclonal lines treated according to the time course in (A). DSRED
fluorescence is on the x axis and GFP fluorescence is on the y axis. Percentages of
cells in each quadrant are indicated. (B) RT-gPCR analysis of expression of various
RNAs compared to housekeeping gene RPL27 expression in G401 H3Y1 promoter-rtTA
monoclonal lines in (B). Data represents mean + SD of technical replicates (n=3) of one
biological replicate (n=1).
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Figure 5.7: Stoplight excision and GFP expression in G401 monoclonal lines is

partially DUX4-dependent, though leaky GFP expression is still prevalent.
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Figure 5.6: (A) Schematic of antisense oligonucleotide (ASO)-mediated knockdown
(KD) of DUX4 and doxorubicin (Doxor)-mediated induction of DUX4 in G401 lineage
tracing monoclones. Cells are treated with 1uM doxor for 6 hours before washout and
transfection with CTRL or DUX4 ASOs and with DOX or vehicle treatment for three
days, washout DOX replenishment every 24 hours, before harvest for flow cytometry
and RNA analysis. (B) Flow cytometry dot plots of G401 H3Y71 promoter-rtTA
monoclonal lines treated according to the time course in (A). DSRED fluorescence is on
the x axis and GFP fluorescence is on the y axis. Percentages of cells in each quadrant
are indicated. (B) RT-gPCR analysis of expression of various RNAs compared to
housekeeping gene RPL27 expression in G401 H3Y1 promoter-rtTA monoclonal lines
in (B). Data represents mean + SD of technical replicates (n=3) of one biological
replicate (n=1).
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Figure 5.8: Myoblast polyclonal lineage tracing lines with rtTA knocked into DUX4
target loci are partially responsive to etoposide treatment.
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Figure 5.8: (A) Schematic of constructs used in the doxycycline (DOX)-inducible Cre
lineage tracing system with rtTA knock-ins at endogenous loci. Cells with rtTA Kl at
DUX4 target gene promoters should only express rtTA in the presence of DUX4. DOX

addition to DUX4-expressing cells with DUX4 target-rtTA knock-ins should induce
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TetON-Cre recombinase expression, leading to excision of DSRED and expression of
GFP. To select for tTA knock-in at endogenous loci, cells are treated with blasticidin.
After blasticidin selection, cells can be transfected with pCS-FLPe to excise the
blasticidin resistance cassette and prevent spurious expression from the presence of a
constitutive promoter at DUX4 target loci. LTR= long terminal repeat, v = HIV-1 psi
packaging element, RRE = HIV-1 rev response element, cPPT/CTS = central polypurine
tract and central termination sequence of HIV-1, loxP = Cre recombinase recognition
site, HA-L/R = homology arm (left or right), TRE3GS = Tet 3G On promoter, PuroR =
puromycin resistance, rtTA = TetOn 3G, FRT = FLP recombinase target sequence,
BlastR = blasticidin resistance, FLPe = enhanced flippase recombinase. (B) Time
course of treatment in myoblast lineage tracing polyclonal lines. Cells are treated with
10uM etoposide to induce DUX4 expression or equivalent volumes of DMSO vehicle for
6 hours before washout and addition of Tug/mL DOX or vehicle. Cells are treated with
DOX or vehicle for three days, with washout and replenishment every 24 hours, before
harvest for flow cytometry and RNA analysis. (C) Flow cytometry dot plots of MB135
(top) or MB0O73 (bottom) myoblast lines with H3Y1 promoter-rtTA or ZSCAN4 promoter-
rtTA polyclonal knock-in lines treated according to the time course in (B). DsRED
fluorescence is on the x axis and GFP fluorescence is on the y axis. Percentages of
cells in each quadrant are indicated.
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Chapter 6: Discussion

Epigenetic requlation of the D424 and implications for FSHD

therapeutic screens

Due to its repetitive nature, the epigenetic landscape of the D424 is presumed to
be extremely heterochromatic and silenced during early development. Regulators of the
D4Z4 in early development, such as SMCHD1, are known to silence highly repetitive
sequences, and are involved in implementation of higher order chromatin structural
elements. In Chapter 2 we have designed a reporter system that can assess the ability
of a sequence to recruit factors that drive silencing activity. This system revealed
silencing activity in the LRIF1 promoter and surprisingly, only in one discrete segment of
the D474, D4Z4-S5. Though many studies characterizing the D474 and other repetitive
genomic loci have revealed large contiguous areas of DNA methylation and repressive
histone modifications [37,38,56], they have not focused on detection of specific
sequences that may seed and initiate silencing in these regions. Several studies have
identified D4Z4 segments that show hypomethylation in FSHD cells when compared to
controls. One of these regions, 5P [42—44,121], overlaps with D4Z4-S5.4, the segment
in our reporter system that showed the highest silencing activity. Therefore, this region
may be an essential regulatory sequence of the D4Z4 that modulates DUX4 expression,
where insufficient activity of epigenetic regulators leads to hypomethylation at this
sequence. Further screening using this reporter may provide insight into additional
regulators of the D4Z4.

Several KAP1 core repressor proteins were identified in our siRNA panel of
potential D4Z4-S5 regulators, such as SETDB1 and its enhancer of nuclear stability
cofactor ATF7IP [122]. Although KD of the main scaffold protein in the KAP1 complex
TRIM28 did not rescue GFP expression, it has been shown in several studies to induce
DUX4 expression [46,86,88,89,126], indicating its role as a D4Z4 silencer although this
activity may not be specific to D4Z4-S5. The silencing activity of SETDB1 is not
restricted to its activity through TRIM28, however. Targeting of HP1 isoforms to
sequences with incomplete suppressive methylation is sufficient to recruit SETDBA1,
which deposits H3K9me3 and confers silencing activity in both mouse and human cell
systems [230,231]. SETDB1 is also recruited by the Human Silencing Hub (HUSH)
complex to H3K9me3-rich sequences to confer both maintenance and spreading of
H3K9me3 and heterochromatin [127,128]. SETDB1 interacts directly with DNMT3A to
silence promoters [232], increases the activity of Polycomb Repressive Complex 2
(PRC2)-mediated deposition of H3K27me3 [233], and binds directly to H3K14Ac- and
H3K9me1/2/3-modified histones to initiate H3K9me3 deposition [234].
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The variety of mechanisms by which SETDB1 confers epigenetic silencing is
showcased by its diverse roles in the cell. SETDB1 is involved in regulation of cell
division and proliferation, maintenance of pluripotency gene expression in early
development, X chromosome inactivation, and regulation of retroelement expression
(reviewed thoroughly in [235]). Interestingly, SETDB1 and FSHD2 disease modifier
SMCHD1 were both identified as Modifier of murine metastable epiallele (Momme)
genes, shown to silence variegated gene expression from an artificial repeat array in
mice [57,236]. SMCHD1 has also been implicated in X chromosome inactivation, early
embryonic gene suppression, and silencing of specific autosomal genes [58—60,112].
Despite no known cases of FSHD2 being driven by mutations in SETDB1, the similarity
in functions of SETDB1 and SMCHD1 may indicate some overlap in activity and
regulation of DUX4 expression. The strong relief in GFP suppression upon KD of
SETDB1 or ATF7IP in our system indicates that increasing SETDB1 levels may be
another approach to abrogating DUX4 expression in FSHD, potentially compensating
for SMCHD1 haploinsufficiency. Our ChIP data showed a significant loss of H3K9me3
occupancy at the AAVS1 D4Z4-S5 and LRIF1-FLr loci in cells with SETDB1 or ATF7IP
KD, though the endogenous D474-S5.4 and LRIF1-FL loci maintained high levels of
H3K9me3 deposition. This may indicate that SETDB1/ATF7IP exhibit silencing initiation
at these loci, but are not involved in H3K9me3 maintenance, or that there are
compensatory maintenance mechanisms from other D4Z4 regulators that are
maintaining D4Z4 heterochromatin at the D4Z4 in these Hela cells. In parallel with
previous work [56], loss of SMCHD1 or LRIF1 did not alter H3K9me3 levels at the D424
in control cells, indicating multiple silencing maintenance mechanisms are functioning in
somatic cells. Further characterization of SETDB1/ATF7IP in FSHD is necessary to
determine its efficacy as a DUX4 suppressor and its role in D4Z4 silencing initiation and
maintenance.

Compared to the striking increase in GFP expression upon SETDB1, ATF7IP, or
LRIF1 KD in our reporter system, it was surprising to find that GFP decreased upon loss
of SMCHD1. One potential reason for this decrease is that SMCHD1 is a known
suppressor of LRIF1 expression [56], and if LRIF1 is the primary driver of silencing
through D4Z4-S5 and LRIF1-FLr, loss SMCHD1 would lead to increased levels of the
silencer LRIF1. In our system, however, LRIF1 expression did not increase upon
SMCHD1 KD. Another possible reason for the lack of SMCHD1-mediated silencing
activity is the dynamic nature of SMCHD1 and LRIF1 silencing activity in different cell
types. In a previous study, KD of SMCHD1 or LRIF1 in control myoblast lines only
modestly increased DUX4 expression, as underlying heterochromatic marks deposited
in early development were sufficient to maintain D4Z4 silencing. Indeed, loss of
SMCHD1 or LRIF1 in control cells did not decrease D4Z4 heterochromatin marks, as is
seen in FSHD2 myoblast lines [56]. The heterochromatin state at the D4Z4 should not
impact SMCHD1 modulation of expression from our reporter system, as it is in the
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AAVS1 “safe harbor” locus. H3K9me3 has been shown to be crucial for recruitment of
SMCHD1 to the D4Z4 in somatic cells [48]; this potentially indicates there is insufficient
H3K9me3 at the AAVS1 D4Z4-S5 and LRIF1-FLr loci to robustly recruit SMCHD1 for
silencing activity. Our ChlP-qgPCR data, however, indicates recruitment of SMCHD1 and
LRIF1 to both the endogenous and exogenous AAVS1 sequences above levels of a
control region and robust H3K9me3 enrichment at the AAVS1 insert region. These
results suggest that while H3K9me3 deposition at the AAVS1 insert region may recruit
SMCHD1, it is not conveying silencing activity, indicating more surrounding sequence is
necessary for recruitment of cofactors that mediate SMCHD1 activity, or that other
factors may be more important drivers of silencing at this locus in somatic cells.
Repeating the reporter construct experiment in FSHD cell lines may provide insight into
the dynamics of SMCHD1 activity at this sequence and its relevance as a therapeutic
intervention for FSHD.

Several screens have identified p38 inhibitors as repressors of DUX4 and DUX4
target gene expression [64,65]. Furthermore, p38 inhibition in our reporter system
further decreases GFP expression, indicating that p38 kinases or their downstream
effectors may be modulating DUX4 expression through interactions with the D4Z4-S5
sequence. It is currently unknown why p38 inhibition decreases DUX4 expression in
FSHD drug screens. The p38 pathway is a known regulator of muscle differentiation;
p38a kinase activity increases throughout myogenic differentiation and is essential for
proper myoblast fusion [237-239]. A recent study has found that the effects of p38
inhibition in FSHD myoblast differentiation are temporally regulated; in early
myogenesis, the p38 pathway drives DUX4 and DUX4 target gene expression, while in
late differentiation, the p38 pathway is dispensable for expression of DUX4 and its
target genes [66]. This may explain why the clinical trial for losmapimod failed to meet
its primary endpoint of decreasing target expression, as DUX4 levels are not changed
upon p38 inhibition in late-differentiating myoblasts. Of interest, our study revealed that
prolonged p38-inhibitor treatment of HeLa reporter D4Z24-S5 cells under live cell
imaging resulted in a short-term decrease in GFP confluency that recovered at later
timepoints, while in the LRIF1-FLr cells, GFP confluency remained suppressed. These
cells were not differentiating, so there may be some growth or confluency-dependent
mechanism to p38 inhibitor-mediated transcriptional suppression. If these trends are
consistent at the endogenous D474-S5 locus, then this would indicate that long-term
treatment of FSHD with p38 inhibitors may be less effective at silencing DUX4
expression over time.

Ultimately, the discovery of D4Z4-S5-mediated silencing activity in this isolated
reporter system provides a robust platform for identification of new D4Z4-regulating
factors, pathways, and therapeutics. We used Hela cells to establish initial proof-of-
concept use of this system and believe it will be easily adaptable for other cell types.
Flow cytometry of GFP expression is a simple and sensitive system for future CRISPR-
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or RNAi-mediated screens of epigenetic regulators that may interact with this important
D474-S5/5P regulatory sequence. This study also shows that cells with D4Z4-S5 can
be used for temporal studies in multi-well live-cell imaging screens to detect robust
changes in GFP+ cell confluency over time in response to treatment. Our hope is that
this system may be used as a platform for future discoveries in FSHD research.

Long term effects of DUX4 expression in development and disease

In addition to previous studies of DUX4-induced post-transcriptional regulation
and immune modulation discovered by our lab and others, the work outlined here
describes a mechanism in which transcriptionally active DUX4 expression leads to an
inhibition in translation and reshaping of the translatome, allowing DUX4-induced RNAs
to be translated while other cellular RNAs are suppressed [99]. Combining this
translational reprogramming with the induction of a totipotent, 2C-like transcriptional
program [105] implicates cancer cell fate may be altered by expression of DUX4.

Although suppression of translation and subsequent cell growth seems
counterintuitive to cancer pathogenesis, a growing body of work suggests translational
suppression can confer increased adaptive plasticity, or ability to alter cell fate through
translational or epigenetic alterations. Cancer plasticity leads to tumor heterogeneity
and the ability to adapt to cellular stressors, such as harsh tumor microenvironments
(TME) and therapeutic interventions [107,108]. The rapid expansion of tumor cells leads
to the development of harsh TMEs with competition for access to nutrients and oxygen
[240]. The early embryonic microenvironment is also hypoxic [241], so DUX4-induction
of a 2C-like “totipotent” program may confer better fithess in hypoxic TMEs. |
hypothesize that DUX4 expression in cancer cells will confer higher adaptive plasticity
and fitness in response to extracellular stressors.

Tantamount to determination of the long-term effects of DUX4 expression in a
subset of cancer cells is development of a lineage tracing system. Though | was
unsuccessful in in creating a lineage tracing system that was responsive, specific, and
temporally regulated, | believe | have laid the groundwork for future development. Using
the classical 4’'OH-T (tamoxifen)-inducible system for lineage tracing proved both
nonspecific and insufficiently-responsive in the control line, possibly indicating issues
from complications with DUX4 and estrogen signaling or negative effects of constitutive
Cre expression [226—228]. The introduction of a doxycycline-inducible lineage tracing
system in Chapter 5 was an effort to decrease unnecessary Cre activity by temporal
control at the level of expression instead of activity. Further optimization led to knock-in
of the rtTA at the endogenous DUX4-target promoters, eliminating bias in transgene
activity due to location of genomic integration. We hope that identification of monoclonal
lines with proper integration can be used to robustly track DUX4+ cells and their

progeny.
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