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SUMMARY
Arends et al. show that DUX4-induction of stable intranuclear RNA, including
pericentromeric human satellite Il (HSATII) repeat RNA, leads to nuclear protein aggregation.

HSATII ribonucleoprotein complexes impact RNA processing downstream of DUX4 expression.
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ABSTRACT

RNA-driven protein aggregation leads to cellular dysregulation by sequestering
regulatory proteins, disrupting normal cellular processes, and contributing to the development of
diseases and tumorigenesis. Here, we show that double homeobox 4 (DUX4), an early
embryonic transcription factor and causative gene of facioscapulohumeral muscular dystrophy
(FSHD), induces the accumulation of stable intranuclear RNAs, including nucleolar-associated
RNA and human satellite Il (HSATII) repeat RNA. Stable intranuclear RNAs drive protein
aggregation in DUX4-expressing muscle cells. Specifically, HSATII RNA sequesters m°A and
m>C RNA methylation factors. Furthermore, HSATII-YBX1 ribonucleoprotein (RNP) complex
formation is mediated by HSATII RNA accumulation, NSUN2 activity and RNA methylation.
YBX-1 specifically associates with HSATII double-stranded RNA. Aberrant HSATII-RNP
complexes affect key RNA processing pathways, including mRNA splicing. Differential splicing
of genes mediated by HSATII-RNP complexes are associated with pathways known to be
dysregulated by DUX4 expression. These findings highlight the broader influence of DUX4 on
nuclear RNA dynamics and suggest that HSATII RNA could be a critical mediator of RNA
processing regulation in DUX4-expressing cells. Understanding the impact of HSATII-RNP
formation on RNA processing pathways provides valuable insight into the molecular

mechanisms underlying FSHD.

INTRODUCTION

RNA plays a major role in the formation of ribonucleoprotein (RNP) complexes and the
formation of aberrant RNP complexes has been linked to aging, development and several
diseases including facioscapulohumeral muscular dystrophy (FSHD) (Cid-Samper et al., 2018;
Naskar et al., 2023; Paxman et al., 2022; Shadle et al., 2019; Tauber et al., 2020). In FSHD,
aberrant expression of DUX4 plays a critical role in driving both protein aggregation and RNA
accumulation, contributing to disease pathology (Arends et al., 2024; Campbell et al., 2023;
Feng et al., 2015; Homma et al., 2015; Homma et al., 2016; Shadle et al., 2019). Determining
the mechanism underlying DUX4-dependent protein aggregation is crucial to understanding
FSHD pathogenesis. Our work identified human satellite [l (HSATII) repeat expression and RNA
accumulation as a driver of protein aggregation of nuclear proteins, ADAR1 and elF4A3, and
polycomb repressive complexes (Arends et al., 2024; Shadle et al., 2019). DUX4 induced
toxicity of muscle cells is in part mediated by HSATII RNA accumulation (Shadle et al., 2019).

These studies indicate that DUX4-induced nuclear non-coding RNAs might have a role in FSHD
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pathology, normal development, and perhaps cancers that express DUX4. However, little is
known regarding the scope of the RNAs and proteins involved in RNP formation.

Human satellites are a high-copy tandem repeat found at pericentromeric regions
(Gosden et al., 1975; Tagarro et al., 1994) and are core pericentromeric components that
facilitate interactions with DNA-binding proteins to maintain heterochromatin architecture,
ensuring chromatin integrity and genome stability (Bierhoff et al., 2014; Bruckmann et al., 2018;
Pezer et al., 2012). Expression of human satellite regions occurs in response to stress, heat
shock, in early embryonic and senescent cells (Bai et al., 2016; Miyata et al., 2023; Ninomiya et
al., 2020; Ninomiya et al., 2021; Yandim and Karakulah, 2019), and has been correlated with
genomic instability in cancer and disease (Arends et al., 2024; Hall et al., 2017; Shadle et al.,
2019; Smurova and De Wulf, 2018; Ting et al., 2011). Human satellite regions produce
functional noncoding RNA that form RNP complexes by acting as scaffolds, sequestering RNA
binding proteins (RBPs) to modulate gene regulation (Hall et al., 2017; lwata et al., 2024;
Kishikawa et al., 2016; Ninomiya et al., 2020; Ninomiya et al., 2021; Shadle et al., 2019).

In this study, we interrogate possible mechanisms contributing to protein aggregation
and RNA processing dysregulation in a model system of FSHD. Our work demonstrates that
DUX4 expression induces accumulation of stable intranuclear RNAs composed of nucleolar-
associated RNA and HSATII RNA. Accumulation of stable intranucleolar RNAs correlates with
disruption in nucleolar architecture. Additionally, nucleolar-associated RNA and HSATII RNA
cause nuclear protein aggregation by sequestering certain RBPs forming RNA-specific RNP
complexes. Interestingly, HSATII RNA preferentially sequesters m°A and m°C RNA methylation
factors, and their recruitment is dependent upon HSATII RNA accumulation and RNA
methylation activity. Our data indicate that HSATII-RNP complexes impact RNA processing
pathways including mRNA splicing. The differential splicing of genes mediated by HSATII-RNP
complexes is linked to pathways disrupted by DUX4 expression. These findings suggest that
DUX4 has a wider impact on nuclear RNA dynamics and imply that HSATII RNA may play a

crucial role in regulating RNA processing downstream of DUX4 expression.

RESULTS
DUX4 induces accumulation of stable nuclear RNA aggregates.

To model the transient expression of DUX4 which occurs at the 4-cell stage in human
embryos (Hendrickson et al., 2017), cancers (Smith et al., 2023) and likely in FSHD muscle
cells (Snider et al., 2010), we used the MB135iDUX4 cell line, an immortalized human myoblast

cell line with a codon altered doxycycline-inducible DUX4 transgene that has been shown to
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recapitulate the transcriptional program of the endogenous DUX4 in a synchronized population
of cells (Jagannathan et al., 2016). We have previously described that both continuous (24-hour
doxycycline treatment) and brief (4-hour doxycycline treatment, “dox-pulse”) DUX4 expression
in our MB135iDUX4 (“iDUX4”) cell line recapitulates the FSHD gene signature and
transcriptional program in cleavage stage embryos (Jagannathan et al., 2016; Resnick et al.,
2019). This system allows us to interrogate the mechanisms downstream of DUX4 that
contribute to FSHD pathogenesis.

We have previously reported that DUX4 expression in human myoblast cells leads to
robust transcription and nuclear accumulation of HSATII RNA (Arends et al., 2024; Shadle et
al., 2019). To determine the stability of HSATII nuclear aggregates over time and whether DUX4
induces other nuclear RNA aggregates, we pulsed iDUX4 cells with doxycycline (dox) for four
hours and then incubated cells with an analog of uridine, 5-ethynyluridine (EU, an alkyne-
modified nucleoside) which is incorporated into nascent RNA, for 16 hours prior to a washout.
Cells were then fixed and analyzed at 24-hour time points (24-, 48-, 72- and 96-hours) (Fig. 1A).
DUX4 expression induced accumulation of intranuclear RNA aggregates (as labeled by EU,
“‘EU-RNA”) that persisted up to 72 hours after DUX4 expression (Fig. 1A). Twenty percent of
DUX4-expressing cells had intranuclear EU-RNA aggregates by 24 hours (4 hours post
washout of EU-labeling). These EU-RNA aggregates remained present at 48 hours (7% cells
positive) and 72 hours (3% cells positive) albeit at decreasing frequencies in the overall

population (Fig. 1B).

Two types of nuclear RNA aggregates induced by DUX4: HSATII RNA aggregates
and nucleolar-associated RNA aggregates.

We isolated EU-RNA using Click-iT chemistry which captures with high efficiency and
sensitivity EU-labeled molecules by a click reaction between a biotin azide and EU terminal
alkyne and then subsequently isolated using streptavidin magnetic beads. We isolated EU-RNA
at the 48-hour timepoint and performed quantitative RT-PCR for HSATII. HSATII RNA was
enriched in isolated EU-labeled RNA from DUX4-expressing cells, compared to RPL27 RNA
which had similar enrichment between uninduced (no dox induction) and DUX4-expressing cells
(Fig. 1C). To show that EU-labeling did not impact DUX4-induced HSATIlI RNA expression, RT-
gPCR of input RNA showed equivalent HSATII RNA levels in control and EU-labeled DUX4-
expressing cells (Fig. 1D). Time course experiments revealed that EU-labeled HSATII RNA
remained enriched up to 72 hours post DUX4-expression and started to decline by 96 hours,
compared to EU-labeled RPL27 RNA which quickly declined after 48 hours (Fig. 1E).
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Microscopy analysis revealed co-localization of HSATII RNA and EU-labeled RNA within
DUX4-expressing cells, as well as distinct EU-labeled RNA foci that did not localize with HSATII
RNA, which we will refer to as EU-RNA foci to distinguish them from the HSATII-associated EU-
labeled foci, now referred to as HSATII RNA foci (Fig. 1F). Many nuclei in dox-pulsed iDUX4
cells contained both EU-RNA and HSATII RNA foci (26%) compared to HSATII RNA foci only
(9%) or EU-RNA foci only (6%) (Fig. 1G). This suggested that HSATII RNA was enriched in the
EU-RNA population but did not constitute all the stable RNA aggregates. Additionally, depletion
of HSATII RNA using antisense oligonucleotides (ASOs) did not impact accumulation of all
stable EU-RNA foci, where 10% of control knockdown cells were EU-RNA foci positive
compared to 25% HSATII-depleted cells were EU-RNA foci positive (Fig. 1H and I).

The subset of stable EU-RNA foci that did not localize with HSATII RNA specifically co-
localized with nucleolar proteins, which we will now refer to as “nucleolar RNA foci.” DUX4-
induced nucleolar RNA foci localized with fibrillarin, which is enriched in the dense fibrillar
component of the nucleolus, and nucleophosmin-1 (NPM1) which is enriched in the granular
component of the nucleolus (Fomproix et al., 1998; Frottin et al., 2019; Lafontaine and
Tollervey, 2000) (Fig. 1J and K). HSATII RNA showed no localization with either fibrillarin or
NPM1 (Fig. 1J and K). Interestingly, DUX4 expression disrupted the localization of fibrillarin and
NPM1, where fibrillarin staining became more punctate with distinct round foci and NPM1
showed disrupted nucleolar staining and increased cytoplasmic signal (Fig. 1J and K). This
disruption in nucleolar staining only occurred in nuclei with DUX4-induced nuclear RNA
aggregates (Fig. 1L). The nucleolus is a site for ribosomal RNA (rRNA) biogenesis (Boisvert et
al., 2007), thus we next determined whether rRNAs were enriched in the DUX4-induced stable
EU-RNA foci. 45S precursor rRNA expression was slightly elevated in DUX4-expressing cells,
where 28S mature rRNA were unchanged between conditions (Fig. S1A). Isolated EU-RNA
from dox-pulsed iDUX4 cells showed enrichment of 45S precursor rRNA but not mature 28S
rRNA (Fig. S1B), similar to the enrichment of HSATII RNAs in the stable EU RNAs (Fig. S1C),
suggesting that some rRNAs may constitute a portion of the stable intranuclear EU-RNA foci
(Fig. S1B). These data indicate that DUX4 induces accumulation of distinct nuclear RNA foci,
either nucleolar RNA foci which comprises 45S RNA, or HSATII RNA foci, that persist for days

following DUX4 expression.

EU-RNA pulldown identifies protein components of DUX4-induced stable

ribonucleoprotein complexes.
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To determine the protein composition of DUX4-induced nuclear RNA foci, we modified
the RNA interactome using click chemistry (RICK) approach (Bao et al., 2018). To capture
DUX4-induced stable EU-RNA associated ribonucleoprotein (RNP) complexes (EU-RNPs),
iDUX4 cells were either pulsed with dox for 4 hours or not treated and then incubated with EU
for 16 hours prior to a second washout and terminally harvested at 48 hours. Cells were UV
crosslinked to preserve interactions between RNA and proteins and EU-RNA and any
associated RNP complexes were isolated, and the associated protein was subjected to mass
spectrometry (MS).

Mass spectrometry of EU-RNA associated proteins identified 105 proteins enriched in
the DUX4-induced stable EU-RNPs (>2 unique peptide matches and >1.5 fold difference; Suppl.
Table 1). Gene set enrichment using Enrichr (Chen et al., 2013; Kuleshov et al., 2016; Xie et al.,
2021) found that the DUX4-induced stable EU-RNA associated proteins were enriched in
biological processes including mRNA splicing, mRNA processing, RNA stabilization, regulation
of gene expression and regulation of translation (Fig. 2A). Some of these proteins were
previously shown to have disrupted localization and induced aggregation in DUX4-expressing
muscle cells, including TDP-43 and SRSF2/SC35 (Homma et al., 2015; Homma et al., 2016),
and we validated their enrichment in the dox-treated EU-RNA fraction by immunoblot (Fig. 2B).
Of particular interest, several factors involved in 5-methylcytosine (m°C) RNA regulation
including RNA methyltransferase NSUN2 and m°C-reader YBX-1 (Chen et al., 2019; Hussain et
al., 2013; Yang et al., 2017; Yang et al., 2019) were also enriched in these RNPs and validated
by immunoblot (Fig. 2B).

To determine whether identified RNA binding proteins were associated with either
nucleolar RNA foci or HSATII RNA foci, we determined their localization using microscopy.
Microscopy analysis revealed that SC35 specifically co-localized with nucleolar RNA foci (Fig.
2C). SC35 nuclear signal was significantly enriched within EU+ nucleolar RNA foci (mean signal
intensity: 1120 + 685) compared with random regions of interest (ROI) within the nucleoplasm of
EU-RNA+ nuclei (243 + 111) (Fig. 2D). SC35 did not localize with HSATII RNA, where SC35
signal intensity was not significantly changed between HSATII RNA foci (881 + 422) and ROI
within the nucleoplasm in HSATII RNA+ nuclei (974 + 494) (Fig. 2F). In contrast, TDP-43 did not
localize with all EU+ nucleolar RNA foci, where TDP-43 nuclear signal intensity was similar

between EU+ nucleolar RNA foci (528 + 408) and ROI within the nucleoplasm of EU-RNA+
nuclei (349 + 195) (Fig. 2G and H); whereas TDP-43 strongly co-localized with HSATII RNA foci
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(Fig. 21). TDP-43 signal intensity was significantly enriched in HSATII RNA foci (949 + 700)
compared to ROI in the nucleoplasm of HSATII RNA+ nuclei (327 + 250) (Fig. 2J).

To determine whether HSATII RNA accumulation was necessary for TDP-43 nuclear
aggregation, we depleted cells of HSATII RNA using ASOs. Depletion of HSATII RNA
completely diminished nuclear aggregation of TDP-43 (Fig. 2I), where 20% of control ASO
treated cells contained TDP-43 nuclear aggregates compared to HSATII-depleted cells where
no TDP-43 aggregates were observed (Fig. 2K). Therefore, the nuclear aggregation of SC35
and TDP-43 that was previously observed in FSHD muscle cells is due to sequestration by
nucleolar RNA or HSATII RNA, respectively.

HSATII RNA associates with m°C- and m®A-related RNA methylation factors.

To specifically identify the HSATII RNA-protein interactome, as opposed to all stable EU-
labeled RNAs, we employed a modified version of chromatin isolation by RNA purification
(ChIRP) approach and used biotinylated oligonucleotides complementary to HSATII sequences
to pull-down endogenous HSATII-RNP complexes (Fig. 3A) (Chu et al., 2012). We either
doxycycline-treated iDUX4 cells or left iDUX4 cells untreated and harvested 20 hours after a 4-
hour doxycycline pulse. We used our previously validated HSATII RNA probes which efficiently
capture all HSATII RNA (Arends et al., 2024; Shadle et al., 2019) or used control probes.
Compared to pull-down with a control ASO, quantitative RT-PCR analysis demonstrated robust
enrichment of HSATII RNA with the HSATII ASO from dox-pulsed iDUX4 cells whereas neither
ZSCAN4, a DUX4-induced gene, or RPL27 mRNA was isolated with the HSATII-ASO (Fig. 3B).
We also verified protein enrichment of known HSATII RNA interactors elF4A3 and MeCP2 (Fig.
3C) (Hall et al., 2017; Shadle et al., 2019). Proteomics identified over 300 proteins (>10 unique
peptide matches within +DOX HSATII ASO and >1.5 fold difference between +DOX HSATII
ASO and control ASO) associated with HSATII RNA from dox-pulsed iDUX4 cells, most of
which were not previously reported as HSATII interacting factors (Suppl. Table 2). Gene
ontology analysis using Enrichr indicated significant enrichment of proteins involved in ribosome
biogenesis, ribonucleoprotein complex biogenesis, RNA splicing, RNA modification and
noncoding RNA processing (Fig. 3D).

Several known HSATII interacting proteins were identified in our mass spec analysis,
including MeCP2, elF4A3 and ADAR1 (Suppl. Table 2) (Hall et al., 2017; Shadle et al., 2019).
Notably, RNA methylation related factors were identified, including factors involved in m°C
(NSUN2 and YBX-1) and factors involved in N®-methyladenosine (m°A) (VIRMA, WTAP and
YTHDC1) (Suppl. Table 2) (Chellamuthu and Gray, 2020; Hussain et al., 2013; Yang et al.,
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2017; Zaccara et al., 2019). Verification of identified HSATIl-interacting proteins was confirmed
by immunoblotting of ChIRP-enriched proteins (Fig. 3E). These findings underscore selective
interactions of RNA binding proteins, particularly of RNA methylation-related proteins, with
HSATII RNA.

mCA-related factors are sequestered by HSATII RNA.

Interestingly, m®A-related factors have been shown to interact with human satellite 1|
RNA in cells undergoing stress response and recovery (Ninomiya et al., 2021; Timcheva et al.,
2022), and major satellite transcripts were found to be enriched for m®A-modification in mouse
embryonic stem cells (Duda et al., 2021). This suggests a possible conserved function of
satellite RNA to associate with m®A-related factors. To further validate the association and
localization of HSATII RNA with identified m°A-factors, including Vir-like m°A methyltransferase
associated (KIAA1429/VIRMA), Wilms tumor 1-associated protein (WTAP), and YTH domain-
containing protein 1 (YTHDC1), we performed immunofluorescence staining combined with
HSATII RNA-fluorescence in situ hybridization (RNA-FISH) (Fig. 4). m°A writer complex
component VIRMA, showed strong co-localization with HSATII RNA foci in dox-pulsed iDUX4
cells (Fig. 4A), where 74% of HSATII+ nuclei had VIRMA nuclear aggregates that at least
partially overlapped with HSATII RNA foci (Fig. 4B). VIRMA nuclear signal was specifically
enriched within HSATII RNA foci (1509 + 458) compared to ROI within the nucleoplasm of
HSATII+ dox-pulsed iDUX4 cells (768 + 454) (Fig. 4C). Nuclear aggregation of VIRMA was
dependent on HSATII RNA accumulation because depletion of HSATII RNA using ASOs in dox-
pulsed iDUX4 cells abolished VIRMA nuclear aggregates (Fig. 4A); where only 6% of HSATII
RNA-depleted cells contained VIRMA nuclear aggregates compared to 23% of control depleted
cells (Fig. 4D).

In addition, the regulatory subunit of the m°A writer complex, WTAP, showed co-
localization with HSATII RNA foci in dox-pulsed iDUX4 cells (Fig. 4E), where 91% of HSATII+
nuclei had WTAP nuclear aggregates that at least partially overlapped with HSATII RNA foci
(Fig. 4F). Within dox-pulsed iDUX4 cells, WTAP nuclear signal was specifically enriched within
HSATII RNA foci (1492 + 722) compared to ROI within the nucleoplasm (563 + 376) (Fig. 4G).
Nuclear aggregation of WTAP was also dependent on HSATII RNA accumulation because
depletion of HSATII RNA using ASOs in dox-pulsed iDUX4 cells nearly abolished WTAP
nuclear aggregates (Fig. 4E); where only 4% of HSATII RNA-depleted cells contained WTAP

nuclear aggregates compared to 23% of control depleted cells (Fig. 4H).
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Next, we validated the localization and association of m°PA-reader YTHDC1 with HSATII
RNA. YTHDC1 showed strong co-localization with HSATII RNA foci in dox-pulsed iDUX4 cells
(Fig. 41), where 97% of HSATII+ nuclei had YTHDC1 nuclear aggregate signal overlap with
HSATII RNA foci (Fig. 4J). YTHDC1 nuclear signal was specifically enriched within HSATII RNA
foci (799 + 660) compared to ROI within the nucleoplasm of dox-pulsed iDUX4 cells (211 + 155)
(Fig. 4K). Nuclear aggregation of YTHDC1 was dependent on HSATII RNA accumulation
because depletion of HSATII RNA using ASOs in dox-pulsed iDUX4 cells completely abolished
YTHDC1 nuclear aggregates (Fig. 41); where only 2% of HSATII RNA-depleted cells contained
YTHDC1 nuclear aggregates compared to 20% of control depleted cells (Fig. 4L). In connection
with the sequestration of m®A-related factors, there was an increase in signal overlap between
HSATII RNA aggregates and nuclear m°A signal (1873 + 605) compared to ROI within the
nucleoplasm (1583 + 405) within dox-pulsed iDUX4 HSATII+ cells (Fig 4M and N). Interestingly,
there was an overall increase in nuclear m°A signal within DUX4-expressing cells regardless of
HSATII RNA accumulation (HSATII neg: 1551 + 465, HSATII pos: 1801 + 611) compared to
uninduced control cells (950 + 74) (Fig. 40). Additionally, RNA dot blot probed using an m°A
antibody showed a similar increase in total m°A RNA levels in dox-induced iDUX4 cells
compared to uninduced controls (Fig. 4P). These data indicate that HSATII RNA associates with
mP°A-related factors, including m°A writer complex components (VIRMA and WTAP) and m°A-
readers (YTHDC1), and their nuclear aggregation in DUX4-expressing cells is dependent on
HSATII RNA accumulation. Furthermore, DUX4-expressing muscle cells have overall increased

m°A RNA methylation levels suggesting dysregulation of RNA methylation processing.

m°C-RNA methylation related factors are sequestered by HSATII RNA.

To confirm localization of m°C RNA methylation factors with HSATII RNA, we performed
immunofluorescence staining combined with HSATII RNA-FISH. RNA methyltransferase
NSUN2 co-localized with HSATII RNA foci (Fig. 5A), where 67% of nuclei with NSUN2 nuclear
aggregates in dox-pulsed iDUX4 cells showed co-localization with HSATII RNA foci (Fig. 5B).
Nuclear NSUN2 signal was specifically enriched within HSATII RNA foci (2394 + 165) compared
to ROI within the nucleoplasm (2194 + 93) (Fig. 5C). In connection, immunostaining using an
anti-m°C antibody showed overlap of m°C signal with HSATII RNA foci (Fig. 5D), although
multiple additional foci of m°C signal was also present. Overall, nuclear m°C signal was
increased in dox-pulsed iDUX4 cells regardless of HSATII RNA accumulation (HSATII neg: 329
+ 112, HSATII pos: 313 + 82) compared to uninduced cells (196 + 40) (Fig. 5E; Fig. S2A and B).
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However, within HSATII+ cell nuclei, m°C signal was enriched in HSATII RNA foci (447 +211)
compared with ROI within the nucleoplasm (315 + 135), and this enrichment was abolished
when cells were treated with methylase inhibitor 5-azacytidine (5-azaC) (337 + 172) (Fig. 5F).
The co-localization of NSUN2 and overlap of m°C signal with HSATII RNA suggested
that HSATII may associate with m°C-reader proteins. Based on our proteomics, m°C-reader
YBX-1 was identified as an HSATIl-associated protein. Using immunofluorescence combined
with RNA-FISH we confirmed that YBX-1 strongly co-localized with HSATIlI RNA foci in DUX4-
expressing cells (Fig. 5G), where 77% of nuclei with nuclear YBX-1 aggregates in dox-pulsed
iDUX4 cells showed co-localization with HSATII RNA foci (Fig. 5H). This was quite striking, as
YBX-1 is a mainly cytoplasmic protein, yet YBX-1 cytoplasmic signal was significantly reduced
in dox-pulsed iDUX4 cells that contained YBX-1 nuclear aggregates (926 + 177) compared to
uninduced control cells (1365 + 233) (Fig. 5G and I). Nuclear YBX-1 signal was only present in
dox-pulsed iDUX4 HSATII+ cells (563 + 287) compared to uninduced (234 + 138), dox-pulsed
iDUX4 HSATII- cells (304 + 182), or dox-pulsed HSATII KD iDUX4 cells (372 + 235) (Fig. 5J).
Within induced iDUX4 HSATII+ cells, YBX-1 signal was strongly enriched in HSATII RNA foci
(1283 + 1196) compared to ROI within the nucleoplasm (317 + 208) (Fig. 5K). Nuclear
aggregation of YBX-1 was dependent on HSATII RNA accumulation because depletion of
HSATII RNA using ASOs in dox-pulsed iDUX4 cells completely abolished YBX-1 nuclear signal
(Fig. 5G); where only 3% of HSATII RNA-depleted cells contained YBX-1 nuclear aggregates
compared to 20% of control depleted cells (Fig. 5L). HSATII RNA-depletion did not affect total
YBX-1 protein levels in dox-pulsed iDUX4 cells (Fig. 5M), indicating that HSATII RNA
accumulation impacts YBX-1 localization and not protein stability. These data indicate that m®C-
related factors, NSUN2 and YBX-1, co-localize and associate with intranuclear HSATII RNA.
Additionally, YBX-1 nuclear aggregation is dependent on HSATII RNA accumulation.

NSUN2 activity is necessary for YBX-1 localization with HSATII RNA.

We hypothesized that NSUN2 activity may be necessary for YBX-1 association with
HSATII RNA, as both were found to interact with and localize to HSATII RNA foci. NSUN2 has
been shown to methylate noncoding RNA which impacts its processing, activity and turnover
(Blanco et al., 2014; Hussain et al., 2013). First, we determined whether methylation contributed
to the localization of YBX-1 with HSATII RNA. Dox-pulsed iDUX4 cells were treated with
dimethyl sulfoxide (DMSO) as control or with 5-azaC for 20 hours and analyzed by microscopy
for localization of YBX-1 and HSATII RNA (Fig. 6A). Treatment with 5-azaC significantly
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decreased the frequency of dox-pulsed iDUX4 HSATII+ cells that showed HSATII RNA foci
overlap with nuclear YBX-1 aggregates from 24% in DMSO-treated to 5% in 5-azaC-treated
cells (Fig. 6A and B). To determine whether enrichment of m°C signal with HSATII RNA was
NSUN2 dependent, we depleted uninduced or dox-pulsed iDUX4 cells of NSUN2 using small
interfering RNAs (siRNA) or non-targeting control siRNA and performed immunofluorescence
combined with HSATII RNA-FISH to determine signal co-localization (Figs. 6C and D; and S3A).
Depletion of NSUN2 did not drastically alter total nuclear m°C signal (Fig. S3B and C), however
in dox-pulsed iDUX4 HSATII+ cells, NSUN2 depletion significantly decreased m°C signal
intensity within HSATII RNA foci (183 + 98) compared to control siRNA-depleted cells (281 +
144) (Fig. 6C and D), suggesting that NSUN2 may impact HSATII RNA methylation.

Next, we determined whether NSUN2 activity was necessary for YBX-1 co-localization
with HSATII RNA foci. NSUN2-specific methylation of RNA has been shown to recruit YBX-1 for
RNA regulation (Chen et al., 2024, Liu et al., 2024; Zhang et al., 2024). Nuclear localization of
YBX-1 was completely diminished in NSUN2-depleted dox-pulsed iDUX4 HSATII+ cells
compared to control siRNA-treated cells (Fig. 6E). In dox-pulsed iDUX4 HSATII+ cells treated
with control siRNAs, 35% of nuclei showed HSATII RNA foci and YBX-1 nuclear signal overlap,
whereas this co-localization decreased to only 6% in NSUN2-depleted cells (Fig. 6F).
Furthermore, there was an overall decrease in frequency of cells with YBX-1 nuclear
aggregates, from 4% in control siRNA treated dox-pulsed iDUX4 cells to less than 1% in
NSUN2-depleted cells (Fig. 6G). NSUN2 depletion did not impact total YBX-1 protein levels
(Fig. S3A), suggesting that NSUN2 activity influenced YBX-1 localization and not protein
homeostasis. These data point to NSUN2 activity being necessary for YBX-1 recruitment to
HSATII RNA foci in DUX4-expressing cells.

YBX-1 specifically localizes with HSATII double-stranded RNA.

Our published work shows that DUX4 expression in skeletal muscle induces temporally-
regulated, bidirectional transcription of HSATII sequences which leads to HSATII single-
stranded RNA (“ssRNA”; 12 hour post-dox) and double-stranded RNA (“dsRNA”; 20 hour post-
dox) accumulation (Shadle et al., 2019). Single-stranded and double-stranded HSATII RNA
have been shown to cause protein aggregation of RNA binding proteins (RBPs) including
elF4A3 and ADAR1 (Shadle et al., 2019). Bidirectional transcription and temporal expression of
pericentric satellites is not unique to DUX4-expressing myoblast cells, but also observed in
mouse (Probst et al., 2010) and human (Yandim and Karakulah, 2019) development, where

mouse Dux and human DUX4 are briefly expressed. In human myoblast cells, DUX4 expression
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leads to the production of HSATII “reverse” transcripts at 12 hours post-dox induction which
form nuclear ssRNA aggregates, followed by production of HSATII “forward” transcripts 16
hours post-dox induction, and the formation of dsRNA foci (Shadle et al., 2019). This suggests
potential differential regulatory roles of HSATII depending on HSATII RNA structure, i.e., single
or double stranded, and we considered whether this played a role in regulating protein
aggregation in DUX4-expressing myoblast cells.

Even though nearly 80% of nuclei that contained YBX-1 nuclear aggregates in dox-
pulsed iDUX4 cells showed localization with HSATII RNA foci (see Fig. 5H), only 16% of
HSATII+ nuclei showed HSATIl and YBX-1 co-localization (Fig. 7A and C), indicating that not all
HSATII RNA associated with or sequestered YBX-1. We postulated that HSATII RNA structure
dictated selective interaction with YBX-1. DUX4 robustly induces accumulation of intranuclear
dsRNA, and these dsRNA sequences were enriched for HSATII repeats (Shadle et al., 2019).
We have previously shown that the dsRNA antibody “K1” shows strict localization with HSATII
dsRNA foci and depletion of HSATII RNA abolishes K1 signal in DUX4-expressing cells (Shadle
et al., 2019), indicating that K1 signal is a good readout for HSATII dsRNA. To resolve the
association of YBX-1 with HSATIl ssRNA or dsRNA we performed a time course experiment
where we dox-pulsed iDUX4 cells and then fixed cells at either 16 hours (12 hours post dox
washout) to capture HSATII ssRNA detected by the FISH probe to the initially expressed
“reverse” strand, or 24 hours (20 hours post-dox induction) to capture the HSATII dsRNA using
the K1 antibody. At the 16-hour time point only the probe targeting HSATII reverse transcripts
showed signal for HSATII RNA (8% cells HSATII ssRNA positive) and the K1 antibody did not
show any signal, indicating no accumulation of HSATIl dsRNA (Fig. 7A and B). By the 24-hour
time point 21% of cells had HSATII foci detected by the reverse strand probe (ssRNA and/or
dsRNA) and 6% had K1 foci (dsRNA) (Fig. 7A and B). HSATII+ nuclei showed no nuclear
aggregation or localization of YBX-1 with HSATII RNA foci at the 16-hour time point. At the 24-
hour time point roughly 16% of HSATII+ nuclei had YBX-1 nuclear aggregation and co-
localization (Fig. 7A and C) and 70% of dsRNA+ nuclei had nuclear aggregation and co-
localization of YBX-1 with dsRNA foci (Fig. 7A and D). Nuclear YBX-1 signal was strongly
localized within dsRNA foci (1249 + 973) compared to ROI within the nucleoplasm (402 + 557)
in dox-pulsed iDUX4 dsRNA+ nuclei (Fig. 7E). These data indicate that YBX-1 is primarily
sequestered by HSATII dsRNA.

HSATII-RNP complexes impact mRNA processing pathways.
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We have previously shown that HSATII expression impacts localization and function of
nuclear regulatory proteins which has severe consequences on cellular pathway regulation
(Arends et al., 2024). HSATIlI RNA accumulation in DUX4-expressing cells impacts the
localization of several canonical RNA processing factors (see Figs. 4 and 5) (Shadle et al.,
2019). Our work, as well as others, has demonstrated that DUX4 expression in muscle cells
impacts RNA processing pathways including nonsense mediated decay (NMD), splicing and
RNA methylation (see Fig. 4M) (Campbell et al., 2023; Geng et al., 2012; Jagannathan et al.,
2019; Snider et al., 2010; Young et al., 2013). We hypothesized that HSATII sequestration of
RNA binding proteins may influence RNA processing pathways. We have previously
demonstrated that HSATII RNA sequesters exon junction complex (EJC) component elF4A3
(Shadle et al., 2019), and the EJC, as well as elF4A3, have been implicated in affecting splicing
and NMD (Le Hir et al., 2016; Ryu et al., 2019). Furthermore, RNA methylation and related
factor activity impact alternative RNA processing events and NMD (Elvira-Blazquez et al., 2024;
Lietal.,, 2019; Liu et al., 2021; Xiao et al., 2016; Yang et al., 2019; Yue et al., 2018).

To interrogate whether HSATII-RNP formation impacts RNA processing events
downstream of DUX4-expression, we performed poly(A)-selected, short-read RNA-sequencing
on uninduced and dox-pulsed iDUX4 cells treated with HSATII-specific ASOs or control ASOs
(Fig. S4A). Depletion of HSATII RNA from DUX4-expressing cells did not significantly impact
DUX4-target gene expression (Suppl. Table 3). However, depletion of HSATII RNA did
influence the alternative splicing events mediated by DUX4 expression. Over 500 genes had
statistically significant differential splicing events between control and HSATII depleted samples
in DUX4-expressing cells (Suppl. Table 3). Significant differential splicing events resulted in 5’
UTR gain/loss, intron retention, and alternative transcriptional termination site usage within
DUX4-expressing cells with HSATII depletion (Fig. 8A). Gene set enrichment using Enrichr
(Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021) found that the these genes were
enriched in biological processes including regulation of innate immune response, telomere
regulation, protein transport, apoptotic signaling in response to oxidative stress, and RNA
methylation (Fig. 8B).

Of particular interest, we validated differential RNA isoform usage of elF4ENIF1, a
translational regulator that interacts with elF4E (Ferraiuolo et al., 2005). We have previously
reported that DUX4 expression results in broad translational repression in muscle cells, partially
through the regulation of elF4E activity (Hamm et al., 2023). HSATII-RNPs impacted the
differential isoform usage of el/F4ENIF1 (specifically isoform ENST00000423097.5, highlighted
in grey in Fig. 8C) analyzed using Isoform Switch AnalyzeR (Vitting-Seerup and Sandelin, 2019)
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(Fig. 8C) and validated by RT-qPCR using isoform-specific primers (Fig. 8D). Immunoblot of
elF4ENIF1 also detected differential protein isoforms that correlated with the predicted
translated protein product of the specific elF4ENIF1 RNA isoform (ENST00000423097.5,
predicted protein product ~20kDa) (Fig. 8E). Our data indicate that HSATII-RNP formation
impacts RNA processing pathways, leading to differential isoform usage of genes downstream

of DUX4 expression which are implicated in FSHD pathology.

DISCUSSION

In this study, we uncovered that DUX4 expression leads to the stable, long-lived
accumulation of nucleolar-associated RNA and HSATII RNA. These stable RNA aggregates
sequester RBPs and cause nuclear protein aggregation of proteins known to be impacted by
DUX4 expression, TDP-43 and SC35, as well as newly identified proteins, m°A and m°C RNA
methylation related factors. Formation of HSATII-YBX-1 RNP complexes is dependent on
HSATII double-stranded RNA (dsRNA) accumulation and NSUN2 methylation activity.
Importantly, aberrant formation of HSATII-RNP complexes in muscle cells affects RNA
processing downstream of DUX4 expression. Our study implicates HSATII RNA and the
formation of HSATII-RNP complexes as mediators of gene regulation.

An important finding in this study is the induction of stable RNA aggregates by DUX4.
We found that major components of these stable RNA aggregates were nucleolar-associated
RNAs and HSATII RNA. Our previous work indicated that DUX4 induces accumulation of
dsRNA and particularly HSATII RNA, where DUX4 binds to and transcriptionally activates
HSATII (Shadle et al., 2019; Young et al., 2013). However, the mechanism driving the apparent
accumulation of nucleolar-associated RNA, including ribosomal RNA (rRNA) is less clear. Loss
of rDNA stability has been shown to induce age-dependent aggregation of rRNA-binding
proteins through aberrant overproduction of rRNAs (Paxman et al., 2022). DUX4 expression
induces constitutive DNA damage and oxidative stress which could impact rDNA integrity
leading to aberrant overexpression of rRNA genes (Arends et al., 2024; Dmitriev et al., 2016).

The apparent reorganization of the nucleolus and mis-localization of nucleolar proteins,
including FBL and NPM1, suggest that DUX4 may impact nucleolar compartmentalization. Our
data indicate that nucleolar disruption co-occurs in nuclei that contain stable intranuclear RNA
aggregates (see Fig. 1L). During the stages of early embryogenesis when Dux/DUX4 is
expressed, nucleolus-precursor bodies (NPB) exist, but not mature nucleolus; however, at the
end of the 2-cell stage in mouse or 4-cell stage in human after Dux/ DUX4 expression occurs,

respectively, rRNA gene synthesis occurs, followed by maturation of the NPB into the nucleolus
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(Kresoja-Rakic and Santoro, 2019). Interestingly, pericentromeric repeats surround the NPB
and their spatial positioning around the NPB is necessary for their heterochromatin silencing
within the embryo (Jachowicz et al., 2013). Upon transcriptional activation of pericentromeric
satellite repeats during the 2-cell/ 4-cell stage, heterochromatin formation occurs, and satellites
associate with NPBs and structural changes occur. Our data suggest that DUX4-induction of
HSATII expression in muscle cells could indirectly impact nucleolar structure by disrupting RNA
metabolism. Interestingly, 2-cell (2C) mouse embryos and 2C-like cells that emerge from mouse
embryonic stem cell cultures, exhibit circular immature nucleoli which is similar to what we
observe in DUX4-expressing myoblast cells (Xie et al., 2022) (Fig. 1J and K). However, the
direct impact of HSATII expression on nucleolar architecture in DUX4 expressing cells still
needs to be determined.

This study highlights a mechanism driving protein aggregation in DUX4-expressing
muscle cells, via protein sequestration through induced stable intranuclear RNA accumulation.
Specific RNAs promote the formation of RNP complexes by acting as scaffolds for RBPs.
Evidence indicates that highly contacted RNAs are structured, have long UTRs, or are highly
repetitive (Cid-Samper et al., 2018). HSATII is a tandem repetitive element that contains several
repeat units within an RNA molecule. This highly repetitive RNA may in turn cause specific
protein sequestration. Indeed, we found that HSATIlI RNA sequesters specific RBPs including
RNA methylation related factors and TDP-43, among others. Aggregation of other proteins
observed in DUX4-expressing muscle cells may be due to accumulation of other RNAs
including nucleolar RNAs, as shown with EU+ nucleolar RNA and SC35 in this study. However,
other mechanisms may be driving protein aggregation in DUX4-expressing muscle cells
including dysregulation of RNA surveillance pathways. Defective mMRNA surveillance pathways
have been reported to drive protein production leading to protein aggregation (Jamar et al.,
2018). Recent work has shown that dysregulation of RNA quality control pathways in the
context of DUX4 expression results in aberrant protein production and protein aggregates
(Campbell et al., 2023). However, this mechanism does not account for all protein aggregation
in FSHD muscle cells and thus our current study underscores another mechanism driving
aberrant protein aggregation in FSHD muscle cells.

Our work is the first to comprehensively identify endogenous HSATII RNA interacting
proteins. The association with m°C and m°A RNA methylation factors was quite interesting, as
satellite repeats have been associated with these modifications in development and disease
(Duda et al., 2021; Ninomiya et al., 2021; Timcheva et al., 2022). RNA modifications have

emerged as important posttranscriptional regulators of gene expression and RNA processing.
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Of such modifications, N®-methyladenosine (m°A) and 5-methylcytosine (m°C) have been
shown to affect normal development by impacting splicing, export, stability and/or translation of
RNA (Frye and Blanco, 2016; Roundtree et al., 2017; Shi et al., 2019). The biological functions
of m°A and m°C are mediated by the writer and eraser which install and remove the
methylation, respectively, and reader proteins which recognize it. Perturbations in these factors
and/or aberrant expression has been linked to disease and cancer, suggesting a critical role for
RNA modification in cellular function (Blanco et al., 2014; Roundtree et al., 2017; Shi et al.,
2019; Sun et al., 2023). Thus, the aberrant association of RNA methylation factors with HSATII
could inhibit their normal activity and lead to dysregulation in global RNA methylation. The
mechanism of how HSATII sequestration of RNA methylation factors impact their activity still
needs to be explored further.

Our work uncovered that HSATII RNA, specifically HSATIlI dsRNA, preferentially
sequesters m°C reader protein YBX-1 through RNA accumulation and NSUN2 activity.
Importantly, our study is the first to propose the dsRNA association of YBX-1. Why YBX-1
preferentially associates with HSATII is unclear. Future work will dissect the mechanisms
regulating recruitment of factors to HSATII and how structure facilitates these interactions.
Importantly, YBX-1 plays a critical part in myogenesis, and YBX-1 depletion was shown to
impact differentiation in mouse myoblasts (Kobayashi et al., 2015). Sequestration of YBX-1 by
HSATII dsRNA may in turn impact its localization with target transcripts necessary for promoting
myoblast differentiation.

A proportion of the RNA processing defects identified in DUX4-expressing cells is a
direct result of the formation of HSATII-RNP complexes. How HSATII sequestration of each
factor impacts RNA processing is compounded by the fact that HSATII RNA sequesters several
RBPs known to have roles in RNA processing. HSATII sequestration of m®A- and m°C-related
factors may have profound effects on cellular RNA methylation. Indeed, we observed an
increase in total m°A RNA methylation in DUX4-expressing cells. RNA methylation has known
roles in regulating RNA processing including mRNA splicing, RNA localization and RNA stability
(Covelo-Molares et al., 2018; Sun et al., 2023). HSATII sequesters regulators of splicing and
NMD including elF4A3 which could contribute to the NMD pathway dysregulation observed in
DUX4-expressing muscle cells. Future work will determine how HSATII sequestration of RNA
methylation factors and other RBPs impact the RNA processing of specific genes. Importantly,
genes impacted by HSATII-RNP formation are enriched in pathways that are dysregulated by
DUX4 expression, including innate immune response signaling, telomere maintenance, cellular

stress response, DNA damage and cell cycle regulation (Arends et al., 2024; Dmitriev et al.,
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2016; Hamm et al., 2023; Heher et al., 2022; Himeda and Jones, 2019; Spens et al., 2023; Xu
et al., 2014). Through validation, we identified differential splicing of e/F4ENIF1, a translation
initiation factor, being mediated by HSATII-RNP. elF4ENIF1 plays a crucial role in regulating
cap-dependent translation (Dostie et al., 2000; Ferraiuolo et al., 2005) and dysregulation of
elF4ENIF1 downstream of DUX4 expression could disrupt normal translation. Our previous
studies indicate that cap-dependent translation is impacted by DUX4 expression (Hamm et al.,
2023). Differential RNA isoforms of e/F4ENIF1 may lead to functional variability, potentially
modifying its ability to interact with other translational machinery components which could
exacerbate the aberrant translation seen in DUX4-expressing cells. Thus, HSATII-RNP
formation impacts RNA processing pathways which may contribute to the dysregulation of

pathways downstream of DUX4 expression in FSHD muscle cells.
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MATERIALS AND METHODS

Cell culture
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Immortalized MB135 myoblast cells (H. sapiens, female, Fields Center for FSHD and
Neuromuscular Research at the University of Rochester Medical Center,
https://www.urmc.rochester.edu/neurology/fshd-center.aspx) that contain a tet-inducible DUX4
transgene (iDUX4) (RRID:Addgene_99281) (Resnick et al., 2019) were cultured in F10 medium

(Gibco/ ThermoFisher Scientific) supplemented with 20% Fetal Bovine Serum (GE Healthcare

Life Sciences) and 1% penicillin/streptomycin (Gibco/ ThermoFisher Scientific), 10ng/mL
recombinant human FGF (PeproTech) and 1uM dexamethasone (Sigma-Aldrich). iDUX4 cells
were induced in the presence of 2ug/mL of doxycycline-hyclate (“DOX”; Sigma-Aldrich) for 4-hrs

and assayed 20-hrs post-induction, unless otherwise noted.

EU Click-iT immunofluorescence

Cells were cultured in 35mm dishes or grown in 4- or 8-well chamber slides and were assayed
at various time points post-induction (24-, 48-, 72-, or 96-hrs post-induction). 0.1mM 5-ethynyl
uridine (ThermoFisher Scientific) was incubated with cells after dox-induction for 16-hrs followed
by a washout and then fixed at various time points. Cells were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences) for 10 min at RT, then quenched in 0.125M glycine for 5 min at
room temperature (RT). Cells were permeabilized (0.5% Triton X-100 in 1X PBS) for 15 minutes
at RT. EU-labeling click reaction solution was made using 0.25M conjugated-azide (biotin:
Vector labs; AF488-conjugate: Sigma), 0.5M CuS0O4, 0.25M THPTA, 0.1M sodium L-ascorbate
in 1X PBS and incubated for 15 minutes at RT. Cells were washed with 1X PBS and incubated
with 1 mL click reaction solution for 30 minutes at RT. Reaction was quenched 3x in 0.5% Triton
X-100 in 1X PBS with 2mM EDTA for 3 minutes at RT. For combined antibody staining: Cells
were then incubated in permeabilization and block buffer (0.5% Triton X-100, 5% Normal
donkey serum (Jackson Immuno Research) for 1 hour at RT and subsequently incubated
overnight at 4°C with primary antibody in staining buffer (0.1% Triton X-100, 1% BSA). Cells
were washed with 1X PBS 15 min (2x), then incubated with secondary antibody for 1 hour at RT
in staining buffer. Cells in 35mm dishes were washed with 1X PBS and nuclei were stained
using DAPI (1:1000, Sigma-Aldrich) for 10 min at RT. Cells in chamber slides were briefly air-
dried and mounted using ProLong Glass Antifade Mounting with NucBlue (ThermoFisher
Scientific). Cells were imaged in 1X PBS on a Zeiss AxioPhot fluorescence microscope using
25X/0.80NA water immersion objective or oil at RT. All fluorescence channels were imaged at
non-saturating levels, and settings were kept identical between all samples within replicates
used for comparisons or quantifications. For antibodies used refer to “Antibodies, primers and

reagents” section.
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Combined HSATII RNA-FISH and EU Click-iT immunofluorescence

Cells were cultured in 35mm dishes or grown in 4- or 8-well chamber slides. EU-click it
immunofluorescence was performed as stated in “EU Click-iT immunofluorescence” section with
modifications. After secondary staining cells were re-fixed in 4% paraformaldehyde for 7 min at
RT. Cells were then washed in hybridization wash buffer (2X SSC, 50% Formamide) for 10 min
at RT. Locked nucleic acid, FITC-conjugated HSATII probes were purchased from QIAGEN and
are based on the sequence used in previous publications (Hall et al., 2017). Probe: 5' FAM-
ATTCCATTCAGATTCCATTCGATC detects the reverse HSATII transcript. HSATII probes were
diluted to 5.0 pmol/mL in whole chromosome painting buffer (50% formamide (Sigma-Aldrich),
2X SSC (Invitrogen), 10% dextran sulfate and hybridized overnight at 37°C. Cells were washed
with 15% formamide/2X SSC for 20 min at 37°C, 2X SSC for 20 min at 37°C and 2X SSC for

5 min at RT. Cells were washed with 1X PBS and nuclei were stained using DAPI for 10 min at
RT. Cells in chamber slides were briefly air-dried and mounted using ProLong Glass Antifade
Mounting with NucBlue (ThermoFisher Scientific). Cells in 35mm dishes were imaged in 1X
PBS on a Zeiss AxioPhot fluorescence microscope using either 25X/0.80NA or 40X/0.90NA
water immersion objective at RT. All fluorescence channels were imaged at non-saturating
levels, and settings were kept identical between all samples within replicates used for

comparisons or quantifications. For antibodies used refer to “Antibodies and primers” section.

Immunofluorescence

Cells cultured in 35mm dishes were washed with 1X PBS then treated with cold Cytoskeletal
(CSK) buffer (100mM NaCl, 300mM Sucrose, 3mM MgCl,, 10mM Pipes pH 6.8, 0.2mM Triton
X-100) for 5 min. Cells were fixed in 2% or 4% paraformaldehyde (Electron Microscopy
Sciences) for 10 min at RT, then quenched in 0.125M glycine for 5 min at RT. Cells were
permeabilized and blocked (0.5% Triton X-100, 5% Normal donkey serum (Jackson Immuno
Research) for 1 hour at RT and subsequently incubated overnight at 4°C with primary antibody
in staining buffer (0.1% Triton X-100, 1% BSA). Cells were washed with 1X PBS 15 min (2x),
then incubated with secondary antibody for 1 hour at RT in staining buffer. Cells were washed
with 1X PBS and nuclei were stained using DAPI (1:1000, Sigma-Aldrich) for 10 min at RT. For
m°A immunostaining: Cells were fixed in 4% paraformaldehyde overnight at 4°C then
permeabilized with 0.5% Triton X-100 in 1X PBS for 10 min at RT. Cells were incubated with
0.2N HCI for 20 min at RT and washed briefly in 1X PBS. Cells were incubated with 1ug/mL
Proteinase K (20mg/mL, ThermoFisher Scientific, cat# AM2546) in Prot K buffer (100mM Tris


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

pH 8.0, 50mM EDTA) for 10 min at 37°C and quenched with 0.2% glycine in 1X PBS for 20 min
at RT. Immunostaining was carried out as described above. Cells were imaged in 1X PBS on a
Zeiss AxioPhot fluorescence microscope using either 25X/0.80NA or 40X/0.90NA water
immersion objective at RT. All fluorescence channels were imaged at non-saturating levels, and
settings were kept identical between all samples within replicates used for comparisons or

quantifications. For antibodies used refer to “Antibodies and primers” section.

Combined HSATII RNA-FISH and immunofluorescence

Cells were cultured in 35mm dishes or grown in 4- or 8-well chamber slides.
Immunofluorescence was performed as stated in “Immunofluorescence” section with
modifications. After secondary staining cells were re-fixed in 4% paraformaldehyde for 7 min at
RT. Cells were then washed in hybridization wash buffer (2X SSC, 50% Formamide) for 10 min
at RT. Locked nucleic acid, FITC-conjugated HSATII probes were purchased from QIAGEN and
are based on the sequence used in previous publications (Hall et al., 2017). Probe: 5' FAM-
ATTCCATTCAGATTCCATTCGATC detects the reverse HSATII transcript. HSATII probes were
diluted to 5.0 pmol/mL in whole chromosome painting buffer (50% formamide (Sigma-Aldrich),
2X SSC (Invitrogen), 10% dextran sulfate) and hybridized overnight at 37°C. Cells were washed
with 15% formamide/2X SSC for 20 min at 37°C, 2X SSC for 20 min at 37°C and 2X SSC for

5 min at RT. Cells were washed with 1X PBS and nuclei were stained using DAPI for 10 min at
RT. Cells in 35mm dishes were imaged in 1X PBS on a Zeiss AxioPhot fluorescence
microscope using either 25X/0.80NA or 40X/0.90NA water immersion objective at RT. Cells in
chamber slides were briefly air-dried and mounted using ProLong Glass Antifade Mounting with
NucBlue (ThermoFisher Scientific). Cells were imaged with a Zeiss Axio Imager Z2 upright
microscope as part of a TissueFAXS system (TissueGnostics, Vienna, Austria, software version
7.1.133) using a 40x/0.75 NA Zeiss EC Plan-NEOFLUAR air objective with an ORCA-Flash 4.0
monochrome sCMOS camera. All fluorescence channels were imaged at non-saturating levels,
and settings were kept identical between all samples within replicates used for comparisons or

quantifications. For antibodies used refer to “Antibodies and primers” section.

Microscope image acquisition and analysis

Widefield imaging was performed with a Nikon Eclipse Ti fluorescence microscope using a
Photometrics Prime BSI Express sCMOS monochrome camera or a Nikon DS-Fi3 color camera
using a 20x/0.45NA Air S Plan Fluor ELWD, PH1 ADM objective or a 40x/0.60NA Air S Plan
Fluor ELWD, PH2 ADM objective at RT. NIS Elements 5.42.01 acquisition software was used
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for image acquisition and analysis. Additional widefield imaging was performed using a Zeiss
AxioPhot fluorescence microscope with a AxioCam MRm camera (Zeiss) using either
25x/0.80NA or 40x/0.90NA water immersion/ oil objective at RT. AxioVision SE64 Rel. 4.9.1
acquisition software was used for image acquisition and analysis. ImagedJ analysis software was
used for further analysis including plot profile, mean fluorescence intensity measurements, and
co-localization analysis. Proportion of signal overlap between two channels was calculated by
segmenting individual nuclei and segmenting foci to be analyzed by thresholding signal and
generating ROI from nuclei or foci, then overlap of signal was generated from both channel
ROls. Integrated density measurements were performed on all measured ROIs and analysis of
proportion overlap between channels was performed. Protein signal intensity was measured by
segmenting individual nuclei or segmenting foci of interest in one channel to be analyzed by
thresholding signal and generating ROI. Then signal intensity from second channel was

measured in nuclear ROI or foci ROI.

RNA dot blot

Total RNA was harvested with the NucleoSpin RNA Kit (Takara) according to the
manufacturer’s protocol. RNA quality was verified by NanoDrop 2000 (ThermoFisher Scientific).
RNA was treated with DNasel, Amplification Grade (Invitrogen). RNA dot blot was performed as
previously described (Shen et al., 2017) with minor modifications. Briefly, RNA was denatured at
95°C for 5 minutes and chilled on ice immediately after denaturation. 2 uL of total RNA was
dropped onto an Amersham Hybond-N+ membrane (GE Healthcare, cat# RPN203B), then the
membrane was briefly air dried and crosslinked using Stratalinker 2400 UV Crosslinker twice
using Autocrosslink mode. Membrane was washed in 10 mL of wash buffer (0.02% Tween-20,
1X PBS) at RT (2x). Membrane was probed for total RNA using methylene blue (Statlab medical
products) prior to blocking. Membrane was blocked in 10 mL of blocking buffer (0.02% Tween-
20, 5% non-fat milk, 1X PBS) for 1 hour at RT with gentle shaking. Membrane was incubated
with anti-m5C antibody in 10 mL of blocking buffer overnight at 4°C. Membrane was washed in
10 mL wash buffer for 15 minutes at RT (2x). Membrane was incubated with HRP-conjugated
secondary antibody for 1 hour at RT. Membrane was washed in 10 mL wash buffer for 10
minutes (4x). Membrane was incubated with 5 mL with either SuperSignal West Pico PLUS
Substrate (ThermoFisher Scientific) or SuperSignal West Femto Substrate (ThermoFisher
Scientific) on a ChemiDoc MP imaging system (BioRad) using ImageLab 6.1 software (BioRad).
Blots were analyzed using ImagelLab 6.0 software (BioRad) and ImageJ for quantification of

signal intensities. For antibodies used refer to “Antibodies and primers” section.
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Gapmer-mediated knockdown

Gapmers were transfected into iDUX4 cells after doxycycline induction using Lipofectamine
RNAIMAX reagent (ThermoFisher Scientific) following the manufacturer’s instructions. Gapmers
were ordered from QIAGEN. Sequences of gapmers (a ‘+’ indicates a locked nucleic acid
modification in the following base): Control_gfp: +g+a+g+aAAGTGTGACA+a+g+t+g, HSATII_F:
+a+t+g+gAATCGAATGGA+a+t+c+a, and HSATI_R: +c+a+t+tCGATGATTCC+a+t+t+c.

Western blot

Cells were harvested in 100uL cold RIPA buffer (150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 25mM Tris-HCI pH 7.4) supplemented with Pierce Protease Inhibitors
EDTA-free (PIA32955) and Pierce Phosphatase Inhibitors (PIA32957). Cells were scraped and
cell lysate was incubated on ice for 15 min. Samples were sonicated in a Biorupter (Diagenode)
for 5 min on low, 30 sec on/ 30 sec off to aid in lysis. Samples were centrifuged at 16,000rcf for
10 min at 4°C and supernatant was quantified using Pierce Protein BCA assay kit
(ThermoFisher Scientific). Samples were diluted in 1X NuPAGE LDS buffer (Invitrogen)/ 2.5%
B-Mercaptoethanol and boiled at 70°C for 10 min. For SDS-PAGE, proteins were loaded onto a
4-12% NuPAGE Bis-Tris gel (Invitrogen) and run at 120V for 1-2 hours in NuPAGE MES SDS
Running Buffer or NUPAGE MOPS SDS running buffer (Invitrogen) with 250uL NuPAGE
antioxidant (Invitrogen). Proteins were transferred to a 0.2um or 0.4uM PVDF membrane that
was pre-soaked in MeOH for 1min and transferred at 30V or 200mA for 1-1.5hour at 4°C in
NuPAGE Transfer Buffer (Invitrogen) containing 20% MeOH. Membranes were blocked in 5%
milk/ 1X TBS/ 0.1% Tween or 5% BSA/ 1X TBS/ 0.1% Tween for 1 hour, then incubated with
primary antibody in blocking buffer overnight at 4°C with gentle rocking. Blots were washed with
1X TBS/ 0.1% Tween for 15 min at RT (2x) and incubated with HRP-conjugated secondary
antibody for 1 hour in blocking buffer. Blots were washed with 1X TBS/ 0.1% Tween for 15 min
at RT (2x), and bands were detected via chemiluminescence with either SuperSignal West Pico
PLUS Substrate (ThermoFisher Scientific) or SuperSignal West Femto Substrate
(ThermoFisher Scientific) on a ChemiDoc MP imaging system (BioRad) using ImagelLab 6.1
software (BioRad). Blots were analyzed using ImageLab 6.0 software (BioRad) and ImageJ for

quantification of signal intensities. For antibodies used refer to “Antibodies and primers” section.

Chromatin Isolation by RNA purification (ChIRP) and mass spectroscopy
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ChIRP was performed as previously described (Chu et al., 2012) with modifications. 6-10 15 cm
plates of cells were used per ChIRP-MS experiment. Cells are cross-linked in 2%
paraformaldehyde for 15 minutes at RT, followed by 0.125 M glycine quenching for 5 minutes,
scraped and pellet at 650xg for 5 minutes at 4°C. Cells were then lysed in lysis buffer (50 mM
Tris-HCI, pH 7.0, 10 mM EDTA, pH 8.0, 1% SDS supplemented with fresh 0.5 mM AEBSF
(ThermoFisher Scientific, cat# BP635-500), Pierce Protease Inhibitors EDTA-free (PIA32955)
and Pierce Phosphatase Inhibitors (PIA32957) and RNase inhibitor (TaKaRa, cat# 2313A)) for
10 minutes on ice. Samples were sonicated in a Biorupter (Diagenode) for 15 minutes on high,
30 sec on/ 30 sec off pulse intervals for 4-cycles. Samples were centrifuged at 16,000xg for 10
minutes at 4°C and 5% of the lysate was taken out as an input control. Lysates were pre-
cleared with beads (Invitrogen Dynabeads M-280 Streptavidin, cat# 11205D) at 37°C for 30
minutes at 800rpm. Hybridization was performed at 37°C for 4 hours shaking at 800rpm using
biotin-conjugated probes (HSATII probe: 5'-ATTCCATTCAGATTCCATTCGATC-3BioTEG-3’,
Control probe: 5-GTCCCGTTAGCTCAGGTGGTAGAGCAC-3BioTEG-3’ or 5'-
TGCTGATGAAGCAGAACAAC-3BIoTEG-3’) in hybridization buffer (750 mM NaCl, 1% SDS, 50
mM Tris-HCI, pH 7.0, 1 mM EDTA, 15% formamide (Sigma-Aldrich) and supplemented with
fresh 0.5 mM AEBSF (ThermoFisher Scientific, cat# BP635-500), Pierce Protease Inhibitors
EDTA-free (PIA32955) and Pierce Phosphatase Inhibitors (PIA32957) and RNase inhibitor
(TaKaRa, cat# 2313A)). Streptavidin magnetic beads (Invitrogen Dynabeads M-280
Streptavidin, cat# 11205D) were added (100 uL per 100 pmole of probes used) and incubated
at 37°C for 30 minutes at 800rpm. Beads were washed 3x in pre-warmed (37°C) wash buffer
(2X SSC (Invitrogen), 0.5% SDS and supplemented with Pierce Protease Inhibitors EDTA-free
(PIA32955) and Pierce Phosphatase Inhibitors (PIA32957) and RNase inhibitor (TaKaRa, cat#
2313A) and 1 mM DTT) for 5 minutes at 37°C at 800rpm. 10% of beads were removed for RNA
isolation and 90% of remaining beads were used for protein isolation. RNA was isolated in RNA
elution buffer (10 mM EDTA, pH 8.0, 95% formamide (ThermoFisher Scientific)) and incubated
at 95°C for 5 minutes at 1,000xg. Proteinase K was added (20mg/mL, ThermoFisher Scientific,
cat# AM2546) and incubated at 55°C for 1 hour. RNA was extracted using TRIzol and validation
of HSATII enrichment was performed using RT-gPCR. Protein was isolated by boiling beads for
30 minutes at 95°C in 2X NuPage LDS sample buffer (ThermoFisher Scientific, cat#NP0007).
Protein samples were using in immunoblotting or for LC-MS. For LC-MS, eluted protein samples
were electrophoresed into a NuPage 4-12% Bis-Tris gel, excised, and processed by the Fred

Hutchinson Cancer Research Center Proteomics Core. Samples were reduced, alkylated,
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digested with trypsin, desalted, and run on the Orbitrap Eclipse Tribid Mass Spectrometer
(ThermoFisher Scientific). Proteomics data were analyzed using Proteome Discoverer 2.4
against a UniProt human database that included common contaminants using Sequest HT and
Percolator for scoring. Results were filtered to only include protein identifications from high-
confidence peptides with a 1% false discovery rate. Proteins that were identified in all replicates
from both independent experiments with at greater than ten unique peptide matches and greater

than 1.5 difference between sample and control were analyzed further.

RNA Interactome using Click Chemistry (RICK)

RICK was performed as previously described (Bao et al., 2018). Briefly, cells were cultured in
15cm plates and 0.1mM 5-ethynyl uridine (ThermoFisher Scientific) was incubated with cells
after dox-induction for 16-hrs followed by a washout and then fixed at 48-hrs. After washing 3x
with 1X PBS, the plates were placed on ice and irradiated with 0.15 J/cm? UV light at 254 nm
(Stratalinker). Cells were then fixed with 90% ethanol for 30 min, washed 3x with 1X PBS, and
permeabilized with 0.5% Triton X-100 in 1X PBS for 15 min. Permeabilized cells were incubated
with 15 mL of click reaction buffer (0.25M biotin-azide (Click Chemistry Tools, cat# 1265-25),
0.5M CuS04, 0.25M THPTA, 0.1M sodium L-ascorbate in 1X PBS) for 30 minutes at RT.
Reaction was quenched 3x in 0.5% Triton X-100 in 1X PBS with 2mM EDTA for 3 minutes at
RT. Cells were then lysed in lysis buffer (20 mM Tris—HCI, pH 7.5, 500 mM LiCI, 1 mM EDTA
pH 8.0, 0.5% lithium-dodecylsulfate (LiDS), and 5 mM DTT) supplemented with Pierce Protease
Inhibitors EDTA-free (PIA32955) and Pierce Phosphatase Inhibitors (PIA32957) and RNase
inhibitor (TaKaRa, cat# 2313A), and harvested by scraping. Samples were sonicated in a
Biorupter (Diagenode) for 15 min on low, 30 sec on/ 30 sec off to aid in lysis. Samples were
centrifuged at 12,000 rcf for 10 min at 4°C and 5% of the lysate was taken out as an input
control. Complexes containing different RNA species, and their associated proteins, were
isolated with streptavidin-conjugated magnetic beads (100 ul beads for each plate; Dynabeads
MyOne Streptavidin C1, Thermo Fisher Scientific, cat# 65602). After incubation with the lysates
overnight under continuous rotation at 4°C, the beads were isolated on a magnetic stand and
washed using lysis buffer, buffer 1 (20 mM Tris—HCI, pH 7.5, 500 mM LiCIl, 1 mM EDTA pH 8.0,
0.1% LiDS, and 5 mM DTT), buffer 2 (20 mM Tris—HCI pH 7.5, 500 mM LiCl, 1 mM EDTA pH
8.0, and 5 mM DTT), and buffer 3 (20 mM Tris—HCI pH 7.5, 200 mM LiCl, 1 mM EDTA pH 8.0,
and 5 mM DTT) for two times each under rotation (for 10 minutes at 4°C). At last wash step
beads were split to isolate RNA or proteins. Proteins were extracted from the captured

complexes using RNase A/T1 mix (ThermoFisher Scientific, cat#¥ EN0551) and Ambion RNase
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Il (ThermoFisher Scientific, caté AM2290) at 37°C for 1 hour at 1,000xg, then boiled for 10
minutes 95°C. RNA was isolated in RNA elution buffer (10 mM EDTA, pH 8.0, 95% formamide
(ThermoFisher Scientific)) and incubated at 95°C for 5 minutes at 1,000xg. Proteinase K was
added (20mg/mL, ThermoFisher Scientific, cat# AM2546) and incubated at 55°C for 1 hour.

RNA was extracted using TRIzol.

RICK liquid chromatography mass spectroscopy (LC-MS)

For LC-MS, eluted protein samples were electrophoresed into a NuPage 4-12% Bis-Tris gel,
excised, and processed by the Fred Hutchinson Cancer Research Center Proteomics Core.
Samples were reduced, alkylated, digested with trypsin, desalted, and run on the Orbitrap
Eclipse Tribid Mass Spectrometer (ThermoFisher Scientific). Proteomics data were analyzed
using Proteome Discoverer 2.4 against a UniProt human database that included common
contaminants using Sequest HT and Percolator for scoring. Results were filtered to only include
protein identifications from high-confidence peptides with a 1% false discovery rate. Proteins
that were identified in all replicates from both independent experiments with at least two unique
peptide matches and greater than 1.5 difference between sample and control were analyzed
further.

HSATII KD RNA sequencing and data analysis

Total RNA was harvested with the NucleoSpin RNA Kit (Takara) according to the
manufacturer’s protocol. RNA was treated with DNasel, Amplification Grade (Invitrogen).

RNA quality was verified by NanoDrop 2000 (ThermoFisher Scientific) and Tapestation
(Agilent). TruSeq stranded mRNA library preparation was done by the Fred Hutchinson Cancer
Research Center Genomics core. Libraries were sequenced using 100 bp single-end
sequencing on the lllumina NextSeq P2 platform by the Fred Hutchinson Cancer Center
Genomics core facility. RNA-seq analysis was done in a similar fashion as the EU labeled RNA-
seq above with volcano plots produced using EnhancedVolcano (Blighe et al., 2024).
Differential isoform usage and splicing analysis was done using IsoformSwitchAnalyzeR
(version 2.4.0) (Vitting-Seerup and Sandelin, 2017; Vitting-Seerup and Sandelin, 2019) and
Kallisto (version 0.48.0) (Bray et al., 2016) along with Gencode annotation release R45.
Settings for Kallisto pseudo-alignment were “--1 200 --s 200 --plaintext --bootstrap-samples=10 -
-pseudobam --genomebam —gtf gencode.v45.primary_assembly.annotation.gtf”. Gene set
enrichment analysis was analyzed using Enrichr (Chen et al., 2013; Kuleshov et al., 2016; Xie et
al., 2021).
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Quantitative RT-PCR

RNA was harvested with the NucleoSpin RNA Kit (Takara) according to the manufacturer’s
protocol. RNA quality was verified by NanoDrop 2000 (ThermoFisher Scientific). RNA was
treated with DNasel, Amplification Grade (Invitrogen). Reverse transcription was performed
using the Superscript IV First-Strand Synthesis System. For 20uL reaction: 200-1000ng total
RNA, 1uL 10mM dNTPs, 1uL 10mM random hexamers, 4uL 5X SSIV Buffer, 1uL 100mM DTT,
1uL RNaseOUT (Invitrogen), and 1uL SSIV RT enzyme. Thermal cycling conditions for reverse
transcription were as follows: 50°C for 40 min, 55°C for 30 min, and 80°C for 10 min.
Complementary DNA (cDNA) was treated with 1uL of RNaseH and incubated at 37°C for 20
min, then diluted 1:5 with RNase-free H.O. Quantitative real-time PCR (qPCR) was performed
on the QuantStudio™ 7 Flex Real-Time PCR System in a 10uL reaction: 2uL cDNA, 5ulL 2X
iTaq Universal SYBR Green Supermix, 0.3uL 10uM forward and reverse primer, and 2.4ulL H-O.
gPCR primers were synthesized by Integrated DNA Technologies (IDT) and are listed in
“Antibodies and primers” section. Thermal cycling conditions for gPCR were as follows: 50°C for
2 min and 95°C for 10 min; 40 cycles of 95°C for 15 sec and 60°C for 60 sec. For each
biological replicate, qPCR reactions were run in technical triplicates, including -RT controls.
Median CT values of the technical triplicates were used for analysis. Gene expression was
normalized to the housekeeping gene RPL27 (ribosomal protein L27). For primers used refer to

“Antibodies and primers” section.

siRNA knockdown

siRNAs were transfected into iDUX4 cells 24- to 72- hours prior to doxycycline induction using
Lipofectamine RNAIMAX reagent (ThermoFisher Scientific) following the manufacturer’s
instructions. ON-TARGETplus SMARTpool siRNAs were ordered from Horizon Discovery/
Dharmacon Reagents. siRNAs used: Human YBX-1 (Catalog ID L-010213-00-0005), Human
NSUN2 (L-018217-01-0005), Human KIAA1429 (VIRMA, L-019278-02-0005) and control (D-
001810-10).

Statistics
All statistical analyses were performed in Prism (GraphPad). Bars represent mean + SD. At
least three experimental replicates were performed unless otherwise stated. Statistical

measures are described in the figure legends.
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Antibodies and primers

Primary antibodies: SC35 (Abcam Cat# ab204916, RRID:AB_2909393), TDP-43 (Proteintech
Cat# 10782-2-AP, RRID:AB_615042), MeCP2 (Abcam Cat#ab137357), NSUN2 (Proteintech
Cat# 20854-1-AP, RRID:AB_10693629), NSUN2 (Cell Signaling Techonology Cat#52901),
MVP (Proteintech Cat# 16478-1-AP, RRID:AB_2147597), YBX-1 (Abcam Cat# ab76149,
RRID:AB_2219276), NPM1 (Proteintech Cat# 60096-1-lg, RRID:AB_2155162), FBL
(Proteintech Cat# 16021-1-AP, RRID:AB_2105788), m°C (Cell Signaling Technology Cat#
28692, RRID:AB_2798962), K1 (SCICONS Cat# 10020200, RRID:AB_2756865), GAPDH
(GeneTex Cat# GTX28245, RRID:AB_370675), elF4A3 (Abcam Cat#ab180573), H3.X/Y (Active
Motif Cat# 61161, RRID:AB_2793533), Beta Tubulin (Proteintech Cat# 10094-1-AP,
RRID:AB_2210695), VIRMA (Proteintech Cat# 25712-1-AP, RRID:AB_2880204), WTAP (Cell
Signaling Technology Cat# 56501, RRID:AB_2799512), YTHDC1 (Cell Signaling Technology
Cat# 77422, RRID:AB_2799899), m°A (Synaptic Systems Cat# 202 003, RRID:AB_2279214),
DUX4 (E14-3) (Geng et al., 2012), elF4ENIF1 (Thermo Fisher Scientific Cat# PA5-115169,
RRID:AB_2899805), TRIM21 (Thermo Fisher Scientific Cat# PA5-22294, RRID:AB_11153206),
Goat Anti-Rabbit IgG (H+L) Superclonal Recombinant Secondary Antibody, HRP (Thermo
Fisher Scientific Cat# A27036, RRID:AB_2536099), Goat Anti-Mouse IgG (H+L) Superclonal
Recombinant Secondary Antibody, HRP (Thermo Fisher Scientific Cat# A28177,
RRID:AB_2536163), Goat anti-Rat IgG (H+L) Secondary Antibody, HRP (Thermo Fisher
Scientific Cat# 31470, RRID:AB_228356), Rhodamine (TRITC)-AffiniPure Donkey Anti-Rabbit
IgG (H+L) (Jackson ImmunoResearch Labs Cat# 711-025-152, RRID:AB_2340588),
Rhodamine (TRITC)-AffiniPure Donkey Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Labs
Cat# 715-025-151, RRID:AB_2340767), Fluorescein (FITC)-AffiniPure Donkey Anti-Mouse 1gG
(H+L) (Jackson ImmunoResearch Labs Cat# 715-095-151, RRID:AB_2335588), Fluorescein
(FITC)-AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch Labs Cat# 711-
095-152, RRID:AB_2315776), Streptavidin, Alexa Fluor 555 conjugate antibody (ThermoFisher
Scientific Cat# S21381), Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 (Thermo Fisher Scientific Cat# A-21206, RRID:AB_2535792),
Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488
(Thermo Fisher Scientific Cat# A-21202, RRID:AB_141607), Donkey anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 555 (Thermo Fisher Scientific Cat# A-
31572, RRID:AB_162543), Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 555 (Thermo Fisher Scientific Cat# A-31570, RRID:AB_2536180).
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Primers: 5’-NNN-3’

RPL27 forward GCAAGAAGAAGATCGCCAAG
RPL27 reverse TCCAAGGGGATATCCACAGA
HSATII 1912 forward TGAATGGAATCGTCATCGAA
HSATII 1912 reverse CCATTCGATAATTCCGCTTG
ZSCAN4 forward TGGAAATCAAGTGGCAAAAA
ZSCAN4 reverse CTGCATGTGGACGTGGAC
TRIM43 forward ACCCATCACTGGACTGGTGT
TRIM43 reverse CACATCCTCAAAGAGCCTGA
GAPDH forward CATGTTCGTCATGGGGTGAACCA
GAPDH reverse AGTGATGGCATGGACTGTGGTCAT
45S rRNA forwmard ~ GAACGGTGGTGTGTCGTT

45S rRNA reverse  GCGTCTCGTCTCGTCTCACT

28S rRNA forward ~ AGAGGTAAACGGGTGGGGTC
28S rRNA reverse = GGGGTCGGGAGGAACGG
elF4ENIF1 forward GCTGGCGCCGTCCATTG
elF4ENIF1 reverse GAGTTCTTCTTTTGTATAGC

References

Arends, T., H. Tsuchida, R.O. Adeyemi, and S.J. Tapscott. 2024. DUX4-induced HSATII
transcription causes KDM2A/B-PRC1 nuclear foci and impairs DNA damage response. J
Cell Biol. 223.

Bai, X., W. Huang, C. Zhang, J. Niu, and W. Ding. 2016. Discovery of a Regulatory Motif for
Human Satellite DNA Transcription in Response to BATF2 Overexpression. Anticancer
Res. 36:1203-1210.

Bao, X., X. Guo, M. Yin, M. Tariq, Y. Lai, S. Kanwal, J. Zhou, N. Li, Y. Lv, C. Pulido-Quetglas, X.
Wang, L. Ji, M.J. Khan, X. Zhu, Z. Luo, C. Shao, D.H. Lim, X. Liu, N. Li, W. Wang, M. He, Y.L.
Liu, C. Ward, T. Wang, G. Zhang, D. Wang, J. Yang, Y. Chen, C. Zhang, R. Jauch, Y.G. Yang,
Y. Wang, B. Qin, M.L. Anko, A.P. Hutchins, H. Sun, H. Wang, X.D. Fu, B. Zhang, and M.A.
Esteban. 2018. Capturing the interactome of newly transcribed RNA. Nat Methods.
15:213-220.

Bierhoff, H., A. Postepska-Igielska, and I. Grummt. 2014. Noisy silence: non-coding RNA and
heterochromatin formation at repetitive elements. Epigenetics. 9:53-61.

Blanco, S., S. Dietmann, J.V. Flores, S. Hussain, C. Kutter, P. Humphreys, M. Lukk, P. Lombard, L.
Treps, M. Popis, S. Kellner, S.M. Holter, L. Garrett, W. Wurst, L. Becker, T. Klopstock, H.
Fuchs, V. Gailus-Durner, M. Hrabe de Angelis, R.T. Karadottir, M. Helm, J. Ule, J.G.
Gleeson, D.T. Odom, and M. Frye. 2014. Aberrant methylation of tRNAs links cellular
stress to neuro-developmental disorders. EMBO J. 33:2020-2039.


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Blighe, K., S. Rana, and M. Lewis. 2024. EnhancedVolcano: Publication-ready volcano plots with
enhanced colouring and labeling.

Boisvert, F.M., S. van Koningsbruggen, J. Navascues, and A.l. Lamond. 2007. The multifunctional
nucleolus. Nat Rev Mol Cell Biol. 8:574-585.

Bray, N.L., H. Pimentel, P. Melsted, and L. Pachter. 2016. Near-optimal probabilistic RNA-seq
guantification. Nat Biotechnol. 34:525-527.

Bruckmann, N.H., C.B. Pedersen, H.J. Ditzel, and M.F. Gjerstorff. 2018. Epigenetic
Reprogramming of Pericentromeric Satellite DNA in Premalignant and Malignant
Lesions. Mol Cancer Res. 16:417-427.

Campbell, A.E., M.C. Dyle, R. Albanese, T. Matheny, K. Sudheendran, M.A. Cortazar, T. Forman,
R. Fu, A.E. Gillen, M.H. Caruthers, S.N. Floor, L. Calviello, and S. Jagannathan. 2023.
Compromised nonsense-mediated RNA decay results in truncated RNA-binding protein
production upon DUX4 expression. Cell Rep. 42:112642.

Chellamuthu, A., and S.G. Gray. 2020. The RNA Methyltransferase NSUN2 and Its Potential
Roles in Cancer. Cells. 9.

Chen, E.Y., C.M. Tan, Y. Kou, Q. Duan, Z. Wang, G.V. Meirelles, N.R. Clark, and A. Ma'ayan. 2013.
Enrichr: interactive and collaborative HTMLS5 gene list enrichment analysis tool. BMC
Bioinformatics. 14:128.

Chen, X., A. Li, B.F. Sun, Y. Yang, Y.N. Han, X. Yuan, R.X. Chen, W.S. Wei, Y. Liu, C.C. Gao, Y.S.
Chen, M. Zhang, X.D. Ma, Z.W. Liu, J.H. Luo, C. Lyu, H.L. Wang, J. Ma, Y.L. Zhao, F.J. Zhou,
Y. Huang, D. Xie, and Y.G. Yang. 2019. 5-methylcytosine promotes pathogenesis of
bladder cancer through stabilizing mRNAs. Nat Cell Biol. 21:978-990.

Chen, Y., Z. Jiang, C. Zhang, L. Zhang, H. Chen, N. Xiao, L. Bai, H. Liu, and J. Wan. 2024. 5-
Methylcytosine transferase NSUN2 drives NRF2-mediated ferroptosis resistance in non-
small cell lung cancer. J Biol Chem. 300:106793.

Chu, C., J. Quinn, and H.Y. Chang. 2012. Chromatin isolation by RNA purification (ChIRP). J Vis
Exp.

Cid-Samper, F., M. Gelabert-Baldrich, B. Lang, N. Lorenzo-Gotor, R.D. Ponti, L. Severijnen, B.
Bolognesi, E. Gelpi, R.K. Hukema, T. Botta-Orfila, and G.G. Tartaglia. 2018. An Integrative
Study of Protein-RNA Condensates Identifies Scaffolding RNAs and Reveals Players in
Fragile X-Associated Tremor/Ataxia Syndrome. Cell Rep. 25:3422-3434 e3427.

Covelo-Molares, H., M. Bartosovic, and S. Vanacova. 2018. RNA methylation in nuclear pre-
MRNA processing. Wiley Interdiscip Rev RNA. 9:e1489.

Dmitriev, P., Y. Bou Saada, C. Dib, E. Ansseau, A. Barat, A. Hamade, P. Dessen, T. Robert, V.
Lazar, R.A.N. Louzada, C. Dupuy, V. Zakharova, G. Carnac, M. Lipinski, and Y.S. Vassetzky.
2016. DUX4-induced constitutive DNA damage and oxidative stress contribute to
aberrant differentiation of myoblasts from FSHD patients. Free Radic Biol Med. 99:244-
258.

Dostie, J., M. Ferraiuolo, A. Pause, S.A. Adam, and N. Sonenberg. 2000. A novel shuttling
protein, 4E-T, mediates the nuclear import of the mRNA 5' cap-binding protein, elF4AE.
EMBO J. 19:3142-3156.

Duda, K.J., R.W. Ching, L. Jerabek, N. Shukeir, G. Erikson, B. Engist, M. Onishi-Seebacher, V.
Perrera, F. Richter, G. Mittler, K. Fritz, M. Helm, P. Knuckles, M. Buhler, and T. Jenuwein.
2021. m6A RNA methylation of major satellite repeat transcripts facilitates chromatin


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

association and RNA:DNA hybrid formation in mouse heterochromatin. Nucleic Acids
Res. 49:5568-5587.

Elvira-Blazquez, D., J.M. Fernandez-Justel, A. Arcas, L. Statello, E. Goni, J. Gonzalez, B. Ricci, S.
Zaccara, . Raimondi, and M. Huarte. 2024. YTHDC1 m(6)A-dependent and m(6)A-
independent functions converge to preserve the DNA damage response. EMBO J.
43:3494-3522.

Feng, Q. L. Snider, S. Jagannathan, R. Tawil, S.M. van der Maarel, S.J. Tapscott, and R.K.
Bradley. 2015. A feedback loop between nonsense-mediated decay and the retrogene
DUX4 in facioscapulohumeral muscular dystrophy. Elife. 4.

Ferraiuolo, M.A,, S. Basak, J. Dostie, E.L. Murray, D.R. Schoenberg, and N. Sonenberg. 2005. A
role for the elF4E-binding protein 4E-T in P-body formation and mRNA decay. J Cell Biol.
170:913-924.

Fomproix, N., J. Gebrane-Younes, and D. Hernandez-Verdun. 1998. Effects of anti-fibrillarin
antibodies on building of functional nucleoli at the end of mitosis. J Cell Sci. 111 ( Pt
3):359-372.

Frottin, F., F. Schueder, S. Tiwary, R. Gupta, R. Korner, T. Schlichthaerle, J. Cox, R. Jungmann,
F.U. Hartl, and M.S. Hipp. 2019. The nucleolus functions as a phase-separated protein
guality control compartment. Science. 365:342-347.

Frye, M., and S. Blanco. 2016. Post-transcriptional modifications in development and stem cells.
Development. 143:3871-3881.

Geng, L.N,, Z. Yao, L. Snider, A.P. Fong, J.N. Cech, J.M. Young, S.M. van der Maarel, W.L. Ruzzo,
R.C. Gentleman, R. Tawil, and S.J. Tapscott. 2012. DUX4 activates germline genes,
retroelements, and immune mediators: implications for facioscapulohumeral dystrophy.
Dev Cell. 22:38-51.

Gosden, J.R., A.R. Mitchell, R.A. Buckland, R.P. Clayton, and H.J. Evans. 1975. The location of
four human satellite DNAs on human chromosomes. Exp Cell Res. 92:148-158.

Hall, L.L., M. Byron, D.M. Carone, T.W. Whitfield, G.P. Pouliot, A. Fischer, P. Jones, and J.B.
Lawrence. 2017. Demethylated HSATII DNA and HSATII RNA Foci Sequester PRC1 and
MeCP2 into Cancer-Specific Nuclear Bodies. Cell Rep. 18:2943-2956.

Hamm, D.C., E.M. Paatela, S.R. Bennett, C.J. Wong, A.E. Campbell, C.L. Wladyka, A.A. Smith, S.
Jagannathan, A.C. Hsieh, and S.J. Tapscott. 2023. The transcription factor DUX4
orchestrates translational reprogramming by broadly suppressing translation efficiency
and promoting expression of DUX4-induced mRNAs. PLoS Biol. 21:e3002317.

Heher, P., M. Ganassi, A. Weidinger, E.N. Engquist, J. Pruller, T.H. Nguyen, A. Tassin, A.E.
Decleves, K. Mamchaoui, C.R.S. Baneriji, J. Grillari, A.V. Kozlov, and P.S. Zammit. 2022.
Interplay between mitochondrial reactive oxygen species, oxidative stress and hypoxic
adaptation in facioscapulohumeral muscular dystrophy: Metabolic stress as potential
therapeutic target. Redox Biol. 51:102251.

Hendrickson, P.G., J.A. Dorais, E.J. Grow, J.L. Whiddon, J.W. Lim, C.L. Wike, B.D. Weaver, C.
Pflueger, B.R. Emery, A.L. Wilcox, D.A. Nix, C.M. Peterson, S.J. Tapscott, D.T. Carrell, and
B.R. Cairns. 2017. Conserved roles of mouse DUX and human DUX4 in activating
cleavage-stage genes and MERVL/HERVL retrotransposons. Nat Genet. 49:925-934.

Himeda, C.L., and P.L. Jones. 2019. The Good, The Bad, and The Unexpected: Roles of DUX4 in
Health and Disease. Dev Cell. 50:525-526.


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Homma, S., M.L. Beermann, F.M. Boyce, and J.B. Miller. 2015. Expression of FSHD-related
DUX4-FL alters proteostasis and induces TDP-43 aggregation. Ann Clin Transl Neurol.
2:151-166.

Homma, S., M.L. Beermann, B. Yu, F.M. Boyce, and J.B. Miller. 2016. Nuclear bodies reorganize
during myogenesis in vitro and are differentially disrupted by expression of FSHD-
associated DUX4. Skelet Muscle. 6:42.

Hussain, S., A.A. Sajini, S. Blanco, S. Dietmann, P. Lombard, Y. Sugimoto, M. Paramor, J.G.
Gleeson, D.T. Odom, J. Ule, and M. Frye. 2013. NSun2-mediated cytosine-5 methylation
of vault noncoding RNA determines its processing into regulatory small RNAs. Cell Rep.
4:255-261.

Iwata, T., T. Kishikawa, T. Seimiya, G. Notoya, T. Suzuki, C. Shibata, Y. Miyakawa, N. Odawara, K.
Funato, E. Tanaka, M. Yamagami, K. Sekiba, M. Otsuka, K. Koike, and M. Fujishiro. 2024.
Satellite double-stranded RNA induces mesenchymal transition in pancreatic cancer by
regulating alternative splicing. J Biol Chem. 300:105742.

Jachowicz, J.W., A. Santenard, A. Bender, J. Muller, and M.E. Torres-Padilla. 2013.
Heterochromatin establishment at pericentromeres depends on nuclear position. Genes
Dev. 27:2427-2432.

Jagannathan, S., Y. Ogata, P.R. Gafken, S.J. Tapscott, and R.K. Bradley. 2019. Quantitative
proteomics reveals key roles for post-transcriptional gene regulation in the molecular
pathology of facioscapulohumeral muscular dystrophy. Elife. 8.

Jagannathan, S., S.C. Shadle, R. Resnick, L. Snider, R.N. Tawil, S.M. van der Maarel, R.K. Bradley,
and S.J. Tapscott. 2016. Model systems of DUX4 expression recapitulate the
transcriptional profile of FSHD cells. Hum Mol Genet. 25:4419-4431.

Jamar, N.H., P. Kritsiligkou, and C.M. Grant. 2018. Loss of mRNA surveillance pathways results in
widespread protein aggregation. Sci Rep. 8:3894.

Kishikawa, T., M. Otsuka, T. Yoshikawa, M. Ohno, H. ljichi, and K. Koike. 2016. Satellite RNAs
promote pancreatic oncogenic processes via the dysfunction of YBX1. Nat Commun.
7:13006.

Kobayashi, S., T. Tanaka, M. Moue, S. Ohashi, and T. Nishikawa. 2015. YB-1 gene expression is
kept constant during myocyte differentiation through replacement of different
transcription factors and then falls gradually under the control of neural activity. Int J
Biochem Cell Biol. 68:1-8.

Kresoja-Rakic, J., and R. Santoro. 2019. Nucleolus and rRNA Gene Chromatin in Early Embryo
Development. Trends Genet. 35:868-879.

Kuleshov, M.V., M.R. Jones, A.D. Rouillard, N.F. Fernandez, Q. Duan, Z. Wang, S. Koplev, S.L.
Jenkins, K.M. Jagodnik, A. Lachmann, M.G. McDermott, C.D. Monteiro, G.W. Gundersen,
and A. Ma'ayan. 2016. Enrichr: a comprehensive gene set enrichment analysis web
server 2016 update. Nucleic Acids Res. 44:\W90-97.

Lafontaine, D.L., and D. Tollervey. 2000. Synthesis and assembly of the box C+D small nucleolar
RNPs. Mol Cell Biol. 20:2650-2659.

Le Hir, H., J. Sauliere, and Z. Wang. 2016. The exon junction complex as a node of post-
transcriptional networks. Nat Rev Mol Cell Biol. 17:41-54.

Li, F., Y. Yi, Y. Miao, W. Long, T. Long, S. Chen, W. Cheng, C. Zou, Y. Zheng, X. Wu, J. Ding, K. Zhu,
D. Chen, Q. Xu, J. Wang, Q. Liu, F. Zhi, J. Ren, Q. Cao, and W. Zhao. 2019. N(6)-


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Methyladenosine Modulates Nonsense-Mediated mRNA Decay in Human Glioblastoma.
Cancer Res. 79:5785-5798.

Liu, J., M. Gao, J. He, K. Wu, S. Lin, L. Jin, Y. Chen, H. Liu, J. Shi, X. Wang, L. Chang, Y. Lin, Y.L.
Zhao, X. Zhang, M. Zhang, G.Z. Luo, G. Wu, D. Pei, J. Wang, X. Bao, and J. Chen. 2021.
The RNA m(6)A reader YTHDC1 silences retrotransposons and guards ES cell identity.
Nature. 591:322-326.

Liu, X., Q. Wei, C. Yang, H. Zhao, J. Xu, Y. Mobet, Q. Luo, D. Yang, X. Zuo, N. Chen, Y. Yang, L. Li,
W. Wang, J. Yu, J. Xu, T. Liu, and P. Yi. 2024. RNA m(5)C modification upregulates E2F1
expression in a manner dependent on YBX1 phase separation and promotes tumor
progression in ovarian cancer. Exp Mol Med. 56:600-615.

Miyata, K., X. Zhou, M. Nishio, A. Hanyu, M. Chiba, H. Kawasaki, T. Osako, K. Takeuchi, S. Ohno,
T. Ueno, R. Maruyama, and A. Takahashi. 2023. Chromatin conformational changes at
human satellite Il contribute to the senescence phenotype in the tumor
microenvironment. Proc Nat/ Acad Sci U S A. 120:e2305046120.

Naskar, A., A. Nayak, M.R. Salaikumaran, S.S. Vishal, and P.P. Gopal. 2023. Phase separation and
pathologic transitions of RNP condensates in neurons: implications for amyotrophic
lateral sclerosis, frontotemporal dementia and other neurodegenerative disorders.
Front Mol Neurosci. 16:1242925.

Ninomiya, K., S. Adachi, T. Natsume, J. lwakiri, G. Terai, K. Asai, and T. Hirose. 2020. LncRNA-
dependent nuclear stress bodies promote intron retention through SR protein
phosphorylation. EMBO J. 39:102729.

Ninomiya, K., J. lwakiri, M.K. Aly, Y. Sakaguchi, S. Adachi, T. Natsume, G. Terai, K. Asai, T. Suzuki,
and T. Hirose. 2021. m(6) A modification of HSATIII IncRNAs regulates temperature-
dependent splicing. EMBO J. 40:e107976.

Paxman, J., Z. Zhou, R. O'Laughlin, Y. Liu, Y. Li, W. Tian, H. Su, Y. Jiang, S.E. Holness, E.
Stasiowski, L.S. Tsimring, L. Pillus, J. Hasty, and N. Hao. 2022. Age-dependent
aggregation of ribosomal RNA-binding proteins links deterioration in chromatin stability
with challenges to proteostasis. Elife. 11.

Pezer, Z., J. Brajkovic, I. Feliciello, and D. Ugarkovc. 2012. Satellite DNA-mediated effects on
genome regulation. Genome Dyn. 7:153-169.

Probst, A.V., |. Okamoto, M. Casanova, F. El Marjou, P. Le Baccon, and G. Almouzni. 2010. A
strand-specific burst in transcription of pericentric satellites is required for
chromocenter formation and early mouse development. Dev Cell. 19:625-638.

Resnick, R., C.J. Wong, D.C. Hamm, S.R. Bennett, P.J. Skene, S.B. Hake, S. Henikoff, S.M. van der
Maarel, and S.J. Tapscott. 2019. DUX4-Induced Histone Variants H3.X and H3.Y Mark
DUX4 Target Genes for Expression. Cell Rep. 29:1812-1820 e1815.

Roundtree, |.A., M.E. Evans, T. Pan, and C. He. 2017. Dynamic RNA Modifications in Gene
Expression Regulation. Cell. 169:1187-1200.

Ryu, I, Y.S. Won, H. Ha, E. Kim, Y. Park, M.K. Kim, D.H. Kwon, J. Choe, H.K. Song, H. Jung, and
Y.K. Kim. 2019. elF4A3 Phosphorylation by CDKs Affects NMD during the Cell Cycle. Cell
Rep. 26:2126-2139 e2129.

Shadle, S.C., S.R. Bennett, C.J. Wong, N.A. Karreman, A.E. Campbell, S.M. van der Maarel, B.L.
Bass, and S.J. Tapscott. 2019. DUX4-induced bidirectional HSATII satellite repeat


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

transcripts form intranuclear double-stranded RNA foci in human cell models of FSHD.
Hum Mol Genet. 28:3997-4011.

Shen, L., Z. Liang, and H. Yu. 2017. Dot Blot Analysis of N(6)-methyladenosine RNA Modification
Levels. Bio Protoc. 7:€2095.

Shi, H., J. Wei, and C. He. 2019. Where, When, and How: Context-Dependent Functions of RNA
Methylation Writers, Readers, and Erasers. Mol Cell. 74:640-650.

Smith, A.A., Y. Nip, S.R. Bennett, D.C. Hamm, R. Lemmers, P.J. van der Vliet, M. Setty, S.M. van
der Maarel, and S.J. Tapscott. 2023. DUX4 expression in cancer induces a metastable
early embryonic totipotent program. Cell Rep. 42:113114.

Smurova, K., and P. De Wulf. 2018. Centromere and Pericentromere Transcription: Roles and
Regulation ... in Sickness and in Health. Front Genet. 9:674.

Snider, L., L.N. Geng, R.J. Lemmers, M. Kyba, C.B. Ware, A.M. Nelson, R. Tawil, G.N. Filippova,
S.M. van der Maarel, S.J. Tapscott, and D.G. Miller. 2010. Facioscapulohumeral
dystrophy: incomplete suppression of a retrotransposed gene. PLoS Genet. 6:e1001181.

Spens, A.E., N.A. Sutliff, S.R. Bennett, A.E. Campbell, and S.J. Tapscott. 2023. Human DUX4 and
mouse Dux interact with STAT1 and broadly inhibit interferon-stimulated gene
induction. Elife. 12.

Sun, H., K. Li, C. Liu, and C. Yi. 2023. Regulation and functions of non-m(6)A mRNA
modifications. Nat Rev Mol Cell Biol. 24:714-731.

Tagarro, |., A.M. Fernandez-Peralta, and J.J. Gonzalez-Aguilera. 1994. Chromosomal localization
of human satellites 2 and 3 by a FISH method using oligonucleotides as probes. Hum
Genet. 93:383-388.

Tauber, D., G. Tauber, and R. Parker. 2020. Mechanisms and Regulation of RNA Condensation in
RNP Granule Formation. Trends Biochem Sci. 45:764-778.

Timcheva, K., S. Dufour, L. Touat-Todeschini, C. Burnard, M.C. Carpentier, F. Chuffart, R. Merret,
M. Helsmoortel, S. Ferre, A. Grezy, Y. Coute, S. Rousseaux, S. Khochbin, C. Vourc'h, C.
Bousquet-Antonelli, R. Kiernan, D. Seigneurin-Berny, and A. Verdel. 2022. Chromatin-
associated YTHDC1 coordinates heat-induced reprogramming of gene expression. Cell
Rep. 41:111784.

Ting, D.T., D. Lipson, S. Paul, B.W. Brannigan, S. Akhavanfard, E.J. Coffman, G. Contino, V.
Deshpande, A.l. lafrate, S. Letovsky, M.N. Rivera, N. Bardeesy, S. Maheswaran, and D.A.
Haber. 2011. Aberrant overexpression of satellite repeats in pancreatic and other
epithelial cancers. Science. 331:593-596.

Vitting-Seerup, K., and A. Sandelin. 2017. The Landscape of Isoform Switches in Human Cancers.
Mol Cancer Res. 15:1206-1220.

Vitting-Seerup, K., and A. Sandelin. 2019. IsoformSwitchAnalyzeR: analysis of changes in
genome-wide patterns of alternative splicing and its functional consequences.
Bioinformatics. 35:4469-4471.

Xiao, W., S. Adhikari, U. Dahal, Y.S. Chen, Y.J. Hao, B.F. Sun, H.Y. Sun, A. Li, X.L. Ping, W.Y. Lai, X.
Wang, H.L. Ma, C.M. Huang, Y. Yang, N. Huang, G.B. Jiang, H.L. Wang, Q. Zhou, X.J.
Wang, Y.L. Zhao, and Y.G. Yang. 2016. Nuclear m(6)A Reader YTHDC1 Regulates mRNA
Splicing. Mol Cell. 61:507-519.


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Xie, S.Q., B.J. Leeke, C. Whilding, R.T. Wagner, F. Garcia-Llagostera, Y. Low, P. Chammas, N.T.
Cheung, D. Dormann, M.T. McManus, and M. Percharde. 2022. Nucleolar-based Dux
repression is essential for embryonic two-cell stage exit. Genes Dev. 36:331-347.

Xie, Z., A. Bailey, M.V. Kuleshov, D.J.B. Clarke, J.E. Evangelista, S.L. Jenkins, A. Lachmann, M.L.
Wojciechowicz, E. Kropiwnicki, K.M. Jagodnik, M. Jeon, and A. Ma'ayan. 2021. Gene Set
Knowledge Discovery with Enrichr. Curr Protoc. 1:e90.

Xu, H., Z. Wang, S. Jin, H. Hao, L. Zheng, B. Zhou, W. Zhang, H. Lv, and Y. Yuan. 2014. Dux4
induces cell cycle arrest at G1 phase through upregulation of p21 expression. Biochem
Biophys Res Commun. 446:235-240.

Yandim, C., and G. Karakulah. 2019. Expression dynamics of repetitive DNA in early human
embryonic development. BMC Genomics. 20:439.

Yang, X., Y. Yang, B.F. Sun, Y.S. Chen, J.W. Xu, W.Y. Lai, A. Li, X. Wang, D.P. Bhattarai, W. Xiao,
H.Y. Sun, Q. Zhu, H.L. Ma, S. Adhikari, M. Sun, Y.J. Hao, B. Zhang, C.M. Huang, N. Huang,
G.B. Jiang, Y.L. Zhao, H.L. Wang, Y.P. Sun, and Y.G. Yang. 2017. 5-methylcytosine
promotes mMRNA export - NSUN2 as the methyltransferase and ALYREF as an m(5)C
reader. Cell Res. 27:606-625.

Yang, Y., L. Wang, X. Han, W.L. Yang, M. Zhang, H.L. Ma, B.F. Sun, A. Li, J. Xia, J. Chen, J. Heng, B.
Wu, Y.S. Chen, J.W. Xu, X. Yang, H. Yao, J. Sun, C. Lyu, H.L. Wang, Y. Huang, Y.P. Sun, Y.L.
Zhao, A. Meng, J. Ma, F. Liu, and Y.G. Yang. 2019. RNA 5-Methylcytosine Facilitates the
Maternal-to-Zygotic Transition by Preventing Maternal mRNA Decay. Mol Cell. 75:1188-
1202 e1111.

Young, J.M., J.L. Whiddon, Z. Yao, B. Kasinathan, L. Snider, L.N. Geng, J. Balog, R. Tawil, S.M. van
der Maarel, and S.J. Tapscott. 2013. DUX4 binding to retroelements creates promoters
that are active in FSHD muscle and testis. PLoS Genet. 9:e1003947.

Yue, Y., J. Liu, X. Cui, J. Cao, G. Luo, Z. Zhang, T. Cheng, M. Gao, X. Shu, H. Ma, F. Wang, X. Wang,
B. Shen, Y. Wang, X. Feng, C. He, and J. Liu. 2018. VIRMA mediates preferential m(6)A
MRNA methylation in 3'UTR and near stop codon and associates with alternative
polyadenylation. Cell Discov. 4:10.

Zaccara, S., R.J. Ries, and S.R. Jaffrey. 2019. Reading, writing and erasing mRNA methylation.
Nat Rev Mol Cell Biol. 20:608-624.

Zhang, X., K. An, X. Ge, Y. Sun, J. Wei, W. Ren, H. Wang, Y. Wang, Y. Du, L. He, O. Li, S. Zhou, Y.
Shi, T. Ren, Y.G. Yang, Q. Kan, and X. Tian. 2024. NSUN2/YBX1 promotes the progression
of breast cancer by enhancing HGH1 mRNA stability through m(5)C methylation. Breast
Cancer Res. 26:94.


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A 16hr
T=Ohr  4hr EUpulse 20nr 24hr 48hr 72hr 96hr
P <
I i } f | } —]
Qo’\' ,{47) é{’? 4 4 4 4 B 0.0772
00
é’(’f -DOX +EU ,_|°'°°°6
-DOX -EU 24hr 96hr 2 <0.0001
3 25
32 20
o O
2%
£< 15
H
2% 10
R
+DOX+EU \2§ 5
24hr 48hr 72hr 96hr 2 2
ox: - - + + + + -
EU: - + + + + + +
hrs: 24 4872 96
c D HSATII
RPL27 HSATH 0.0205 E
- RPL27
5 4x107 0.000004 0.0772 5 °
H x10 25 §06 o HSATII
2 507 0.000003 2.0 ° ° °
e 004
s 7 0.000002 g 15 k]
© 2x10 ?\1 3
£ 1.0 £o2
1x107 0.000001
E™ 05 £
£ = 0.0
€ 0 0.000000 0.0. iy
“ dox: - + + dox: - + o+ dox: -+ + s s o s
EU + + - EU:+ + - EU:+  + - S s S
F +DOX+EU
: H
- G +DOX+EU +DOX+EU
= 40 I 4000166 00006 *DOX+EU
2 CTRL KD HSATII KD oCtrl KD

OHSATII KD

EU-RNA
w
o

% cells with nuclear
RNA aggregate type
> 8

% cells with nuclear
RNA aggregate type
N

o

HSATII RNA/ EU-RNA/ DAPI

EU HSATII both

K EU-RNA HSATII RNA
+DOX

-

o
o

100

Fibrillarin
NPM1

53
=}

Percent nuclei with nucleolar
o

disruption that are RNA aggregate+

NPM1 FBL
Nucleolar stain

Merge + DAPI
Merge + DAPI

Figure 1. DUX4 induces two types of intranuclear stable RNA species: HSATII RNA and
nucleolar-associated RNA. (A) Immunofluorescence of EU-RNA aggregates (gray) in iDUX4
cells that were left untreated (-DOX) or pulsed for 4-hours using 1ug/mL doxycycline (+DOX)

and then incubated with 0.1mM 5-ethynyluridine (+EU) for 16-hours prior to washout and fixed
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at 24-hour time points (24-96 hours). Control cells were uninduced (-DOX) iDUX4 cells
incubated with EU and fixed at either 24 hours or 96 hours or without EU and fixed at 24 hours.
Scale bar = 20um. Images are representative of two independent experimental replicates
performed. (B) Percent of cells with intranuclear EU-RNA aggregates in -DOX or +DOX iDUX4
cells labeled with EU for 16-hours at 24-hour time points. EU-RNA aggregates are present
within +DOX iDUX4 cells from 24-hour to 72-hour time points. N= 200 nuclei per condition. Data
show two independent experimental replicates. Data represent means * standard deviation
(SD). Statistical differences between groups were analyzed employing one-way ANOVA
Dunnett’s multiple comparisons test between each group and a control (-DOX+EU 24-hour time
point). (C) Enrichment of RPL27 or HSATII RNA in isolated EU-RNA from -DOX or +DOX
iDUX4 cells incubated with EU for 16-hours or +DOX iDUX4 cells with no EU treatment, all
harvested at the 48-hour time point. Housekeeping gene RPL27 is used as a control. Data show
three biological replicates graphed. Data is representative of four independent experimental
replicates. Data represent means + SD. (D) Quantitative RT-PCR of HSATII expression (2" in
-DOX or +DOX iDUX4 cells treated with EU for 16-hours or +DOX iDUX4 cells with no EU
treatment, all harvested at the 48-hour time point. EU-treatment does not impact HSATI/ RNA
expression. Data show three biological replicates graphed. Data is representative of four
independent experimental replicates. Data represent means + SD. Statistical differences
between groups were analyzed employing one-way ANOVA Dunnett’'s multiple comparisons
test between each group and a control (-DOX+EU). (E) Enrichment of RPL27 or HSATII RNA in
isolated EU-RNA from -DOX or +DOX iDUX4 cells incubated with EU for 16-hours and
harvested at 24-hour time points from 48-hours to 96-hours. Housekeeping gene RPL27 is used
as a control. Data show three biological replicates graphed. Data is representative of three
independent experimental replicates. Data represent means + SD. (F) Combined
immunofluorescence and HSATIlI RNA-fluorescence in situ hybridization (RNA-FISH) of HSATII
RNA (green) and EU-RNA (magenta) in +DOX+EU iDUX4 cells fixed at 48-hour time point.
Scale bar = 20um. Images are representative of three independent experimental replicates
performed. (G) Percent of cells with intranuclear EU-RNA aggregates only (“EU”), HSATII RNA
aggregates only (“HSATII”) or both EU-RNA/ HSATII RNA aggregates (“both”) in +DOX+EU
iDUX4 cells fixed at the 48-hour time point. N = 200 nuclei. Dots represent averages of three
experimental replicates graphed. Data represent means + SD. (H) Combined
immunofluorescence and HSATIlI RNA-FISH of HSATII RNA (green) and EU-RNA (magenta) in
control depleted (“CTRL KD”) or HSATII RNA-depleted (“HSATII KD”) +DOX+EU iDUX4 cells

fixed at 48-hour time point. Scale bar = 20um. Images are representative of two independent
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experimental replicates performed. (I) Percent of cells with intranuclear RNA aggregates: EU
only, HSATII only or both in CTRL KD or HSATII KD +DOX+EU iDUX4 cells fixed at the 48-hour
time point. N = 200 nuclei. Dots represent averages of two experimental replicates graphed.
Data represent means + SD. Statistical differences between groups were analyzed employing
two-way ANOVA Sidak’s multiple comparisons test between CTRL KD and HSATII KD within
each group (EU, HSATII, both). (J) Combined immunofluorescence (IF) of EU-RNA (green) and
Fibrillarin (magenta) in -DOX+EU or +DOX+EU iDUX4 cells fixed at 48-hour time point or
combined immunofluorescence and HSATII RNA-FISH of HSATII RNA (green) and fibrillarin
(magenta) in -DOX and +DOX iDUX4 cells fixed at 24-hours. Scale bar = 20um. Arrows indicate
nuclei with disrupted nucleolar staining. Images are representative of two independent
experimental replicates performed. (K) Immunofluorescence (IF) of EU-RNA (green) and
nucleophosmin-1 (NPM1) (magenta) in -DOX+EU or +DOX+EU iDUX4 cells fixed at 48-hour
time point or combined immunofluorescence and HSATII RNA-FISH of HSATII RNA (green) and
NPM1 (magenta) in -DOX and +DOX iDUX4 cells fixed at 24-hours. Scale bar = 20um. Arrows
indicate nuclei with disrupted nucleolar staining. Images are representative of two independent
experimental replicates performed. (L) Percent of cells with nucleolar disruption present in cells
with intranuclear RNA aggregates. N = 300 nuclei. Dots represent averages of fields analyzed.

Two experimental replicates performed.
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Figure 2. Distinct ribonucleoprotein complexes are formed with nucleolar-associated EU-
RNA and HSATII RNA aggregates. (A) Biological process pathway analysis of DUX4-induced
stable EU-RNA associated RNPs (EU-RNPs) proteomics filtered protein hits (>2 unique peptide
matches and >1.5 difference) ran through Enrichr. EU-RNP complexes were isolated from -
DOX+EU, +DOX+EU or +DOX-EU iDUX4 cells harvested at the 48-hour time point using the
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“RICK” approach (Bao et al., 2018). Protein was purified from isolated EU-RNP complexes and
was subjected to mass-spectrometry. Proteomics was performed in experimental duplicates. (B)
Validation of selected proteins identified through EU-RNP proteomics: Known DUX4-induced
protein aggregates SC35 and TDP-43, and m°C-related factors NSUN2 and YBX-1. Proteins
were isolated as stated in Fig. 2A. GAPDH and beta-tubulin were used as loading controls for
inputs and negative controls for pulldown samples. Blot shows singletons, but representative of
experimental triplicates. -D+E, -DOX+EU samples; +D+E, +DOX+EU samples; +D-E, +DOX-EU
samples. (C) Immunofluorescence of EU-RNA (green) and SC35 (magenta) in -DOX+EU or
+DOX+EU iDUX4 cells fixed at 48-hour time point. Scale bar = 20um. Images are
representative of two independent experimental replicates performed. (D) Mean signal intensity
of SC35 within specified regions of interest (ROI) in the nucleus: either within EU-RNA foci or
the remainder of the nucleoplasm in +DOX EU-RNA+ nuclei in iDUX4 cells. Dots are each
individual ROI. N = 35 ROI. ROI within the nucleoplasm is drawn with relatively the same
circumference as EU-RNA foci ROI. Data are representative of two independent experimental
replicates. Data represent means. Statistical differences between groups were analyzed
employing Mann Whitney test. (E) Combined immunofluorescence and HSATIlI RNA-FISH of
HSATII (green) and SC35 (magenta) in -DOX or +DOX iDUX4 cells fixed at 24-hour time point.
Scale bar = 20um. Images are representative of two independent experimental replicates
performed. (F) Mean signal intensity of SC35 within specified ROI in the nucleus: either within
HSATII RNA foci or the remainder of the nucleoplasm in +DOX HSATII+ nuclei in iDUX4 cells.
Dots are each individual ROI. N = 35 ROI. ROI within the nucleoplasm is drawn with relatively
the same circumference as HSATIlI RNA foci ROI. Data are representative of two independent
experimental replicates. Data represent means. (G) Immunofluorescence of EU-RNA (green)
and TDP-43 (magenta) in -DOX+EU or +DOX+EU iDUX4 cells fixed at 48-hour time point.
Scale bar = 20um. Images are representative of two independent experimental replicates
performed. (H) Mean signal intensity of TDP-43 within specified ROI in the nucleus: either within
EU-RNA foci or the remainder of the nucleoplasm in +DOX EU-RNA+ nuclei in iDUX4 cells.
Dots are each individual ROI. N = 30 ROI. ROI within the nucleoplasm is drawn with relatively
the same circumference as EU-RNA foci ROI. Data are representative of two independent
experimental replicates. Data represent means. Statistical differences between groups were
analyzed employing Mann Whitney test. (I) Combined immunofluorescence and HSATII RNA-
FISH of HSATII (green) and TDP-43 (magenta) in -DOX or +DOX iDUX4 cells with CTRL KD or
HSATII KD fixed at 24-hour time point. Scale bar = 20um. Images are representative of three

independent experimental replicates performed. (J) Mean signal intensity of TDP-43 within
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specified ROI in the nucleus: either within HSATII RNA foci or the remainder of the nucleoplasm
in +DOX HSATII+ nuclei in iDUX4 cells. Dots are each individual ROI. N = 90 ROI. ROI within
the nucleoplasm is drawn with relatively the same circumference as HSATII RNA foci ROI. Data
are representative of three independent experimental replicates. Data represent means.
Statistical differences between groups were analyzed employing Mann Whitney test. (K)
Percent of cells with TDP-43 nuclear aggregates in +DOX iDUX4 cells with CTRL KD or HSATII
KD. N = 200 nuclei. Dots represent averages of three experimental replicates graphed. Data
represent means + SD. Statistical differences between groups were analyzed employing two-
tailed Unpaired t-test.
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Figure 3. Identification of HSATII RNA interacting proteins. (A) Experimental schematic
showing ChIRP protocol. (B) RT-PCR showing enrichment of RPL27, ZSCAN4 or HSATII RNA
in ChIRP pulldowns using either control ASOs or HSATII-specific ASOs in +DOX iDUX4 cells.
N=3 experimental replicates. (C) Immunoblot showing enrichment of known HSATII interacting
proteins MeCP2 and elF4A3 in ChIRP pulldowns (PD) using either control ASOs (CTRL) or
HSATII-specific ASOs (HSATII) in -DOX or +DOX iDUX4 cells. GAPDH used as loading control
for inputs and negative control for PD samples. Immunoblot shows two biological replicates.
N=3 experimental replicates performed. (D) Biological process pathway analysis of HSATII RNA
associated RNPs (HSATII-RNP) proteomics filtered protein hits (>2 unique peptide matches and
>1.5 difference) ran through Enrichr. HSATII-RNP complexes were isolated from -DOX or +DOX
iDUX4 cells harvested at the 24-hour time point using the “ChIRP” approach (Chu et al., 2012).
Protein was purified from isolated HSATII-RNP complexes using antisense oligonucleotides

(ASO) targeting HSATII or control sequences and was subjected to mass-spectrometry.
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Proteomics was performed in biological triplicate. (E) Validation of selected proteins identified
through HSATII-RNP proteomics: m°C-related factors YBX-1 and m°A-related factors YTHDC1,
WTAP, and VIRMA. Proteins were isolated as stated in Fig. 3B. GAPDH was used as a loading
control for inputs and negative control for pulldown samples. Blot shows singletons, but
representative of experimental triplicates. CTRL, Control ASO; HSATII, HSATII-specific ASO;
PD, pulldown.
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Figure 4. HSATII sequesters and causes nuclear aggregation of m®A-related factors. (A)
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Combined immunofluorescence and HSATII RNA-FISH of HSATII (green) and VIRMA
(magenta) in -DOX or +DOX iDUX4 cells with CTRL KD or HSATII KD fixed at 24-hour time
point. Scale bar = 20um. Images are representative of three independent experimental
replicates performed. (B) Percent of nuclei with VIRMA signal that at least have partial signal
overlap with HSATII RNA foci in +DOX HSATII+ nuclei in iDUX4 cells. N = 200 nuclei. Dots
represent fields taken from representative experiment. Data represent means + SD. (C) Mean
signal intensity of VIRMA within specified ROl in the nucleus: either within HSATII RNA foci or
the remainder of the nucleoplasm in +DOX HSATII+ nuclei in iDUX4 cells. Dots are each
individual ROI. N = 60 ROI. ROI within the nucleoplasm is drawn with relatively the same
circumference as HSATII RNA foci ROI. Data are representative of three independent
experimental replicates. Data represent means. Statistical differences between groups were
analyzed employing Mann Whitney test. (D) Percent of cells with VIRMA nuclear aggregates in
+DOX iDUX4 cells with CTRL KD or HSATII KD. N = 200 nuclei. Dots represent fields taken
from representative experiment. Data represent means + SD. Data are representative of three
independent experimental replicates. Statistical differences between groups were analyzed
employing Mann Whitney test. (E) Combined immunofluorescence and HSATIlI RNA-FISH of
HSATII (green) and WTAP (magenta) in -DOX or +DOX iDUX4 cells with CTRL KD or HSATII
KD fixed at 24-hour time point. Scale bar = 20um. Images are representative of three
independent experimental replicates performed. (F) Percent of nuclei with WTAP signal that at
least have partial signal overlap with HSATII RNA foci in +DOX HSATII+ nuclei in iDUX4 cells.
N = 200 nuclei. Dots represent fields taken from representative experiment. Data represent
means + SD. (G) Mean signal intensity of WTAP within specified ROI in the nucleus: either
within HSATII RNA foci or the remainder of the nucleoplasm in +DOX HSATII+ nuclei in iDUX4
cells. Dots are each individual ROI. N = 60 ROI. ROI within the nucleoplasm is drawn with
relatively the same circumference as HSATII RNA foci ROI. Data are representative of three
independent experimental replicates. Data represent means. Statistical differences between
groups were analyzed employing Mann Whitney test. (H) Percent of cells with WTAP nuclear
aggregates in +DOX iDUX4 cells with CTRL KD or HSATII KD. N = 200 nuclei. Dots represent
fields taken from representative experiment. Data represent means + SD. Data are
representative of three independent experimental replicates. Statistical differences between
groups were analyzed employing Unpaired t-test. (I) Combined immunofluorescence and
HSATII RNA-FISH of HSATII (green) and YTHDC1 (magenta) in -DOX or +DOX iDUX4 cells
with CTRL KD or HSATII KD fixed at 24-hour time point. Scale bar = 20um. Images are

representative of three independent experimental replicates performed. (J) Percent of nuclei


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

with YTHDC1 signal that at least have partial signal overlap with HSATII RNA foci in +DOX
HSATII+ nuclei in iDUX4 cells. N = 200 nuclei. Dots represent fields taken from representative
experiment. Data represent means + SD. (K) Mean signal intensity of YTHDC1 within specified
ROl in the nucleus: either within HSATII RNA foci or the remainder of the nucleoplasm in +DOX
HSATII+ nuclei in iDUX4 cells. Dots are each individual ROI. N = 25 ROI. ROI within the
nucleoplasm is drawn with relatively the same circumference as HSATII RNA foci ROI. Data are
representative of three independent experimental replicates. Data represent means. Statistical
differences between groups were analyzed employing Unpaired t-test. (L) Percent of cells with
YTHDC1 nuclear aggregates in +DOX iDUX4 cells with CTRL KD or HSATII KD. N = 200 nuclei.
Dots represent fields taken from representative experiment. Data represent means + SD. Data
are representative of three independent experimental replicates. Statistical differences between
groups were analyzed employing Unpaired t-test. (M) Combined immunofluorescence and
HSATII RNA-FISH of HSATII (green) and m°A (magenta) in -DOX or +DOX iDUX4 cells fixed at
24-hour time point. Scale bar = 20um. Images are representative of three independent
experimental replicates performed. (N) Mean signal intensity of m°A within specified ROI in the
nucleus: either within HSATII RNA foci or the remainder of the nucleoplasm in +DOX HSATII+
nuclei in iDUX4 cells. Dots are each individual ROI. N = 100 ROI. ROI within the nucleoplasm is
drawn with relatively the same circumference as HSATII RNA foci ROI. Data are representative
of three independent experimental replicates. Data represent means. Statistical differences
between groups were analyzed employing Mann-Whitney test. (O) Mean signal intensity of
nuclear m°A signal in -DOX or +DOX cells fixed at 24-hour time point. Dots are individual nuclei.
N = 50 nuclei. Data are representative of three independent experimental replicates. Data
represent means. Statistical differences between groups were analyzed employing One-way
ANOVA Tukey’s multiple comparison test. (P) RNA dot blot of RNA isolated from uninduced (-
DOX), control depleted (siCTRL), VIRMA depleted (siVIRMA) or +DOX iDUX4 cells harvested at
24-hours. 200ng of RNA was loaded. RNA was probed using anti-m°A antibody or total RNA
was determined using Methylene Blue. Signal intensity showed an increase in m°A RNA levels
in +DOX iDUX4 cells compared to uninduced cells. Data are representative of three

independent experimental replicates.
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Figure 5. HSATII RNA sequesters m°C-related factors NSUN2 and YBX-1. (A) Combined
immunofluorescence and HSATII RNA-FISH of HSATII (green) and NSUN2 (magenta) in -DOX
or +DOX iDUX4 cells fixed at 24-hour time point. Scale bar = 20um. Images are representative
of three independent experimental replicates performed. (B) Fraction of nuclei with NSUN2
signal that at least have partial signal overlap with HSATII RNA foci in +DOX iDUX4 cells. N =

200 nuclei. Dots represent mean of three independent experimental replicates. Data represent


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

means + SD. (C) Mean signal intensity of NSUN2 within specified ROl in the nucleus: either
within HSATII RNA foci or the remainder of the nucleoplasm in +DOX HSATII+ nuclei in iDUX4
cells. Dots are each individual ROI. N = 50 ROI. ROI within the nucleoplasm is drawn with
relatively the same circumference as HSATII RNA foci ROI. Data are representative of three
independent experimental replicates. Data represent means. Statistical differences between
groups were analyzed employing Unpaired t-test. (D) Combined immunofluorescence and
HSATII RNA-FISH of HSATII (green) and m°C (magenta) in +DOX iDUX4 cells either pre-
treated with DMSO or 5uM 5-azaC for 24-hours, then dox-induced and fixed 24 hours post-
induction. Scale bar = 20um. Images are representative of three independent experimental
replicates performed. (E) Mean signal intensity of m°C within specified ROl in the nucleus: either
within HSATII RNA foci or the remainder of the nucleoplasm in untreated or 5-azaC treated
+DOX iDUX4 cells. Dots are each individual ROI. N = 55 ROI. ROI within the nucleoplasm is
drawn with relatively the same circumference as HSATIlI RNA foci ROI. Data are representative
of three independent experimental replicates. Data represent means. Statistical differences
between groups were analyzed employing one-way ANOVA Tukey’s multiple comparison test.
(F) Combined immunofluorescence and HSATII RNA-FISH of HSATII (green) and YBX-1
(magenta) in -DOX or +DOX iDUX4 cells with CTRL KD or HSATII KD and fixed 24-hours post-
induction. Scale bar = 20um. Images are representative of three independent experimental
replicates performed. (G) Fraction of nuclei with YBX-1 signal that at least have partial signal
overlap with HSATII RNA foci in +DOX iDUX4 cells. N = 200 nuclei. Dots represent fields taken
from representative experiment. Data represent means + SD. (H) Cytoplasmic signal intensity of
YBX-1in -DOX or +DOX iDUX4 cells that have no YBX-1 nuclear aggregates (YBX-1-) or with
YBX-1 nuclear aggregates (YBX-1+). N = 200 nuclei. Dots are individual cells. Data represent
means  SD. Statistical differences between -DOX (control) and +DOX iDUX4 cells were
analyzed employing one-way ANOVA Tukey’s multiple comparison test. (I) Nuclear mean signal
intensity of YBX-1 within -DOX, +DOX HSATII-, +DOX HSATII+ or +DOX HSATII KD iDUX4
nuclei. Dots indicate individual nuclei. N = 10-40. Data are representative of three independent
experimental replicates. Statistical differences between -DOX (control) and +DOX iDUX4 cells
were analyzed employing one-way ANOVA Tukey’s multiple comparison test. (J) Mean signal
intensity of YBX-1 within specified ROl in the nucleus: either within HSATII RNA foci or the
remainder of the nucleoplasm in +DOX HSATII+ iDUX4 cells. Dots are each individual ROI. N 2
50 ROI. ROI within the nucleoplasm is drawn with relatively the same circumference as HSATII
RNA foci ROI. Data are representative of three independent experimental replicates. Data

represent means. Statistical differences between groups were analyzed employing Mann
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Whitney test. (K) Percent of cells with YBX-1 nuclear aggregates in +DOX iDUX4 cells with
CTRL KD or HSATII KD. N = 200 nuclei. Dots represent fields taken from representative
experiment. Data represent means + SD. Data are representative of three independent
experimental replicates. Statistical differences between groups were analyzed employing
Unpaired t-test. (L) Immunoblot of whole cell lysate from -DOX or +DOX iDUX4 cells with CTRL
KD or HSATII KD and harvested at 24-hours post-induction. Blot was probed for YBX-1 total
protein levels. GAPDH was used as loading control. (M) Quantification of YBX-1 relative protein
levels are indicated above YBX-1 blot.
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Figure 6. NSUN2 activity is necessary for YBX-1 association with HSATII RNA. (A)
Combined immunofluorescence and HSATII RNA-FISH of HSATII (green) and YBX-1
(magenta) in +DOX iDUX4 cells either pre-treated with DMSO or 5uM 5-azaC for 24-hours, then
dox-induced and fixed 24 hours post-induction. Scale bar = 10um. Images are representative of
three independent experimental replicates performed. (B) Fraction of HSATII+ nuclei with YBX-
1 signal that overlap with HSATII RNA foci in +DOX iDUX4 cells with or without 5-azaC
treatment. N = 200 nuclei. Dots represent mean of independent experimental replicates. Data
represent means = SD. Statistical differences between groups were analyzed employing two-
tailed Unpaired t-test. (C) Combined immunofluorescence and HSATII RNA-FISH of HSATII
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(green) and m°C (magenta) in +DOX iDUX4 cells either pre-treated with siRNAs targeting
control sequences (siCTRL) or NSUN2 (siNSUN2) for 24-hours, then dox-induced and fixed 24
hours post-induction. Scale bar = 20um. Images are representative of three independent
experimental replicates performed. (D) Mean signal intensity of m°C within specified ROI in the
nucleus: either within HSATII RNA foci or the remainder of the nucleoplasm in +DOX HSATII+
iDUX4 cells with control (siCTRL) or NSUN2 (siNSUN2) depletion. Dots are each individual
ROI. N = 50 ROI. ROI within the nucleoplasm is drawn with relatively the same circumference
as HSATII RNA foci ROI. Data are representative of three independent experimental replicates.
Data represent means. Statistical differences between groups were analyzed employing one-
way ANOVA Tukey’s multiple comparison test. (E) Combined immunofluorescence and HSATII
RNA-FISH of HSATII (green) and YBX-1 (magenta) in +DOX iDUX4 cells either pre-treated with
siRNAs targeting control sequences (siCTRL) or NSUN2 (siNSUN2) for 24-hours, then dox-
induced and fixed 24 hours post-induction. Scale bar = 20um. Images are representative of
three independent experimental replicates performed. (F) Percent of HSATII+ nuclei with YBX-1
signal that overlap with HSATII RNA foci in +DOX iDUX4 cells with control (siCTRL) or NSUN2
(siNSUN2) depletion. N = 200 nuclei. Dots represent fields taken from representative
experiment. Data represent means + SD. Statistical differences between groups were analyzed
employing Mann Whitney test. (G) Percent of nuclei with YBX-1 nuclear aggregates in +DOX
iDUX4 cells with control (siCTRL) or NSUN2 (siNSUN2) depletion. N = 200 nuclei. Dots
represent fields taken from representative experiment. Data represent means + SD. Data are
representative of three independent experimental replicates. Statistical differences between

groups were analyzed employing Mann Whitney test.
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Figure 7. YBX-1 associates with HSATIl dsRNA. (A) Top panel: combined
immunofluorescence and HSATIlI RNA-FISH of HSATII (green) and YBX-1 (magenta) in +DOX
iDUX4 cells and fixed at either 16-hour time point or 24-hour time point; Bottom panel:
Immunofluorescence of dsRNA (green) and YBX-1 (magenta) in +DOX iDUX4 cells and fixed at
either 16-hour time point or 24-hour time point. Scale bar = 20um. Images are representative of
three independent experimental replicates performed. (B) Frequency of nuclei with either
HSATII ssRNA or dsRNA in -DOX or +DOX iDUX4 cells at either 16-hour time point or 24-hour
time point. N = 200 nuclei. Dots represent independent experimental replicates. Data represent
means = SD. (C) Percent of HSATII+ nuclei with YBX-1 signal that overlap with HSATII RNA
foci in +DOX iDUX4 cells at either 16-hour time point or 24-hour time point. N = 200 nuclei. Dots
represent fields taken from representative experiment. Data represent means + SD. Statistical
differences between groups were analyzed employing Mann Whitney test. (D) Percent of
dsRNA+ nuclei with YBX-1 signal that overlap with dsRNA foci in +DOX iDUX4 cells at either
16-hour time point or 24-hour time point. N = 200 nuclei. Dots represent independent
experimental replicates. Data represent means £ SD. (E) Mean signal intensity of YBX-1 within
specified ROI in the nucleus: either within dsRNA foci or the remainder of the nucleoplasm in
+DOX dsRNA+ iDUX4 cells. Dots are each individual ROI. N = 30 ROI. ROI within the
nucleoplasm is drawn with relatively the same circumference as dsRNA foci ROI. Data are
representative of three independent experimental replicates. Data represent means. Statistical

differences between groups were analyzed employing two-tailed Unpaired t-test.
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Figure 8. HSATII-RNP complexes impact RNA processing of genes involved in DNA
damage response. (A) RNA processing consequences and fraction of genes with indicated
consequence in control depleted (CTRL) -DOX or +DOX iDUX4 cells or in +DOX iDUX4 cells
with control (CTRL KD) or HSATII depletion (HSATII KD). RNA-sequencing was performed in
biological duplicate. UTR: untranslated region; SE: skipped exon; IR: intron retention; MES:
mutually exclusive splicing; ATSS: alternative transcription start site; MEE: mutually exclusive
exon; ATTS: alternative transcription termination site; FDR: false discovery rate. (B) Top
enrichment of Biological Processes of significantly affected genes between +DOX iDUX4 CTRL
KD compared to HSATII KD. Ratio indicated number of genes within pathway. (C) Top panel:
elF4ENIF1 transcript isoforms and their associated Ensembl gene ID. Coding potential is
indicated next to the transcript isoforms (e.g. Coding or NMD sensitive); Middle panel: changes
in elF4ENIF1 transcript isoform usage in -DOX versus +DOX iDUX4 cells with CTRL KD;


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.17.628988; this version posted December 18, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

bottom panel: changes in e/F4ENIF1 transcript isoform usage in +DOX iDUX4 cells with CTRL
KD or HSATII KD. Within middle and bottom panels: (Left) Gene expression of elF4ENIF1.
TPM: transcripts per million. (Middle) Expression of individual transcript isoforms. (Right)
Isoform usage. (D) Expression of elF4ENIF1 transcript isoform (ensemble gene ID#
00000423097.5, highlighted in grey) in -DOX or +DOX iDUX4 cells with (HSATII KD) or without
(CTRL KD) HSATII depletion. N= 3. (E) Protein expression of elF4ENIF1 in -DOX or +DOX
iDUX4 cells with (HSATII KD) or without (CTRL KD) HSATII depletion. N= 3. Immunoblot shows
two protein isoforms that correspond to the predicted translated products of their respective
RNA isoforms. Quantitation of protein signal intensity for both protein products are shown below

immunoblot.
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Supplemental Figure 1. Identification of DUX4-induced EU-labeled RNA aggregates. (A)
Relative expression of either 45S precursor ribosomal RNA (rRNA) or mature 28S rRNA from
isolated EU-RNA from -DOX or +DOX iDUX4 cells that were incubated with EU (+EU) or without
EU (-EU) for 16-hours and then harvested at 48-hours. Dots represent individual experimental
replicates. N=3. Data represent means + SD. Statistical differences between groups were
analyzed employing one-way ANOVA Dunnett’s multiple comparison test. (B) Relative
enrichment of either 45S precursor rRNA or mature 28S rRNA in isolated EU-RNA fraction
compared to input from -DOX or +DOX iDUX4 cells that were incubated with EU (+EU) or
without EU (-EU) for 16-hours and then harvested at 48-hours. Dots represent individual
experimental replicates. N=3. Data represent means + SD. Statistical differences between
groups were analyzed employing one-way ANOVA Dunnett’s multiple comparison test. (C)
Enrichment of HSATII RNA from isolated EU-RNA from -DOX or +DOX iDUX4 cells that were
incubated with EU (+EU) or without EU (-EU) for 16-hours and then harvested at 48-hours. Dots

represent individual experimental replicates. N=3. Data represent means £ SD.
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Supplemental Figure 2. Treatment with 5-azacytidine in iDUX4 cells. (A)
Immunofluorescence of m°C (magenta) in -DOX or +DOX iDUX4 cells either pre-treated with
DMSO or 5uM 5-azacytidine for 24-hours, then dox-induced and fixed 24 hours post-induction.
Scale bar = 20um. Images are representative of two independent experimental replicates
performed. (B) Nuclear m°C mean intensity in -DOX or +DOX iDUX4 cells either pre-treated
with DMSO or 5uM 5-azacytidine for 24-hours, then dox-induced and fixed 24 hours post-
induction. N = 70 nuclei. Data are representative of two independent experimental replicates.

Statistical differences between -DOX (control) and +DOX iDUX4 cells were analyzed employing
one-way ANOVA Tukey’s multiple comparison test.
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Supplemental Figure 3. NSUN2 depletion does not impact YBX-1 protein levels or global
m®C nuclear signal. (A) Immunoblot of NSUN2, YBX-1 and H3.X/Y protein levels from whole
cell lysate from -DOX or +DOX iDUX4 cells with control depletion (siCTRL) or NSUN2 depletion
(siNSUN2). GAPDH was used as loading control. Asterisk indicates blot with increased
exposure time. Immunoblot shows three biological replicates, which is representative of two
experimental replicates performed. (B) Protein levels NSUN2 and YBX-1 relative to GAPDH
loading control of immunoblot shown in (A). Dots indicate biological replicate. (C)
Immunofluorescence of m°C (magenta) in -DOX or +DOX iDUX4 cells either pre-treated with
siRNAs targeting control sequences (siCTRL) or NSUN2 (siNSUN2) for 24-hours, then dox-
induced and fixed 24 hours post-induction. Scale bar = 20um. Images are representative of two
independent experimental replicates performed. (D) Nuclear m*C mean intensity in -DOX or
+DOX iDUX4 cells either pre-treated with siRNAs targeting control sequences (siCTRL) or
NSUN2 (siNSUNZ2) for 24-hours, then dox-induced and fixed 24 hours post-induction. N = 100

nuclei. Data are representative of two independent experimental replicates.
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Supplemental Figure 4. Identification of RNA splicing changes mediated by HSATII-RNP.
(A) Relative expression of Zscan4 (DUX4-target and negative control for HSATII-specific
depletion) and HSATII from isolated total RNA from -DOX or +DOX iDUX4 cells treated with
control knockdown (Ctrl KD; black filled-in circle) or HSATII-specific depletion (HSATII KD; black

outlined circle). Samples were used for RNA-sequencing experiments. Dots indicate biological
duplicates.


https://doi.org/10.1101/2024.12.17.628988
http://creativecommons.org/licenses/by-nc-nd/4.0/

