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Abstract

Protein Arginine Methyltransferase 5 (PRMT5) regulates RNA splicing and transcription by symmetric dimethylation of
arginine residues (Rme2s/SDMA) in many RNA binding proteins. However, the mechanism by which PRMT5 couples
splicing to transcriptional output is unknown. Here, we demonstrate that a major function of PRMTS5 activity is to pro-
mote chromatin escape of a novel, large class of MRNAs that we term Genomically Retained Incompletely Processed
Polyadenylated Transcripts (GRIPPs). Using nascent and total transcriptomics, spike-in controlled fractionated cell
transcriptomics, and total and fractionated cell proteomics, we show that PRMT5 inhibition and knockdown of the
PRMT5 SNRP (Sm protein) adapter protein pICin (CLNS1A) —but not type | PRMT inhibition—Ileads to gross detention
of mMRNA, SNRPB, and SNRPD3 proteins on chromatin. Compared to most transcripts, these chromatin-trapped pol-
yadenylated RNA transcripts have more introns, are spliced slower, and are enriched in detained introns. Using a
combination of PRMT5 inhibition and inducible isogenic wildtype and arginine-mutant SNRPB, we show that arginine
methylation of these snRNPs is critical for mediating their homeostatic chromatin and RNA interactions. Overall, we
conclude that a major role for PRMT5 is in controlling transcript processing and splicing completion to promote chro-
matin escape and subsequent nuclear export.

Keywords: Transcription, Splicing, Arginine Methylation, Arginine Methyltransferase, PRMT1, PRMT5, mRNA Pro-
cessing, Post-Translational Modifications

Introduction

Protein Arginine Methyltransferases (PRMTs) cata-
lyze the methylation of thousands of arginines in
hundreds of proteins.! This post-translational modi-
fication (PTM) modulates various cellular processes,
including RNA processing, transcription, and signal
transduction. Based on the nature of the arginine
methylation they catalyze, PRMTs are classified into

three types: Type | PRMTs (PRMT1, 2, 3, 4, 6, and
8) catalyze asymmetric dimethylation (Rme2a);
Type Il PRMTs (PRMTS5 and 9) catalyze symmetric
dimethylation (Rme2s); and a single Type |ll PRMT
(PRMT7) solely catalyzes monomethylation
(Rme1).2* PRMTS5 in complex with its obligate co-
factor MEP50 is the predominant enzyme responsi-
ble for symmetric arginine di-methylation; it has
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been implicated in various biological processes and
diseases, particularly in cancer.

Many PRMTS5 studies focused on how PRMT5-
mediated arginine methylation affects the assembly
and function of the spliceosome via its methylation
of three Smith antigen (Sm) proteins: SNRPB
(SmB/SmB’), SNRPD3 (SmD3), and SNRPD1
(SmD1).%% These proteins assemble with four non-
methylated Sm proteins into a heptameric ring onto
the U1, U2, U4, and U5 splicesomal snRNAs; this
assembly protects and organizes the catalytic snR-
NAs into snRNPs (small nuclear ribonuclear pro-
teins) that are critical for spliceosome function.®
While inhibition or knockdown of PRMT5 and its co-
factors disrupts some RNA splicing, most splicing
occurs normally.>! As measured by total mRNA-
seq, both Type | and Type || PRMT inhibition signifi-
cantly alters gene expression.. 1 However, the mo-
lecular mechanisms by which these global changes
occur remain elusive.

Uniquely among PRMTs, PRMTS has substrate
adaptor proteins that recruit specific substrates to
enhance their methylation efficiency. pICIn contains
an Sm protein fold and specifically interacts with the
spliceosome proteins SNRPB, SNRPD1 and
SNRPD3 to recruit them to PRMT5 and thereby en-
hance their methylation.*'%2 CoPR5 interacts with
PRMTS5 and histones H3 and H4.12 RIOK1 enhances
methylation of nucleolin and the ribosomal protein
RPS10.1415

RNA-chromatin interactions are increasingly rec-
ognized as vital regulatory mechanisms in the con-
trol of gene expression.!®!® Poly-adenylated
mRNAs, long non-coding RNAs (IncRNAs), and
small nuclear RNAs (snRNAs) all can associate with
chromatin, in part to influence transcriptional out-
comes. For instance, IncRNAs act as scaffolds to re-
cruit chromatin-modifying complexes to specific ge-
nomic loci, thereby altering the local chromatin state,
higher order chromatin structures, and gene expres-
sion.® Similarly, the association of mMRNA with chro-
matin is essential for its proper processing and ex-
port from the nucleus.!”'? One example of aberrant
chromatin-RNA interactions is R-loop (DNA-RNA
hybrid) formation, which can induce DNA damage
and genomic instability, impacting transcription and
higher-order chromatin structures.2’ We and others
previously showed that PRMT5 regulates specific in-
tron detention on chromatin.®%

Despite these advances, the precise molecular
mechanisms of gene expression and RNA splicing
regulation by PRMT5 remain enigmatic. Here, we in-
vestigate mechanisms by which PRMTS and its
adaptor proteins regulate mRNA processing and es-
cape from chromatin. Using small molecule inhibi-
tors of both Type | PRMTs and PRMT5, CRISPR in-
terference (CRISPRI) of PRMTS5 and its adaptors, as
well as spike-in normalized mRNA transcriptomics,
nascent transcriptomics, and proteomics, we reveal
surprising roles for arginine methylation in maintain-
ing RNA homeostasis and chromatin dynamics. The
loss of arginine methylation on Sm proteins, particu-
larly SNRPB, leads to snRNP and polyadenylated
mRNA on chromatin. By fractionating cells and using
spike-in normalization approaches, we show that the
many studies with total cell mMRNA are likely misrep-
resentative of actual productive changes. Indeed,
we observe that most PRMT5 inhibition and PRMT5
and cofactor genetic knockdown mRNA and splicing
changes are due to transcripts that remain trapped
on chromatin as the result of loss of methylation of
spliceosomal snRNP components like SNRPB.
Analysis of cytoplasmic transcriptome and proteome
consequences reveal that modest productive conse-
quences occur in response to PRMTS activity loss.
Our results demonstrate that PRMTS5 plays a critical
role in ensuring that transcripts are correctly pro-
cessed and released from chromatin, thereby main-
taining RNA homeostasis and likely preventing ge-
nomic instability. Overall, our study highlights a criti-
cal role for PRMTS5 in post-transcriptional processing
of MRNA and productive escape from chromatin and
the nucleus.

Results

PRMT inhibition results in temporal transcriptome
changes

PRMTs catalyze the post-transcriptional methylation
of the terminal peptidyl guanidino nitrogens of argi-
nine (Figure 1a).22 To gain further understanding of
the transcriptional consequences of arginine methyl-
ation inhibition, we performed poly(A)-RNA se-
quencing on A549 lung adenocarcinoma cells
treated with a time course of DMSO, 1 yM GSK591
(highly selective PRMT5 inhibitor), 1 yM MS023
(Type | PRMT specific inhibitor), or a combination of
1 UM GSK591 and 1 uM MS023 at 2, 4, and 7 days
(Supplemental Table $1).8232* Excessive cell tox-
icity precluded analysis of 7 day cotreatment data
(data not shown).
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Figure 1. PRMT5 inhibition results in gross transcriptome rearrangements. a) Overview of arginine methyltransferases and their methylation reactions.
b) PCA clustering analysis for an RNA-seq time course of Type | (MS023) and Type Il (GSK591) inhibition. c-d) Volcano plots of histone PTM proteomics
following 7 days of either GSK591 or MS023 treatment. Horizontal lines correspond to a 0.05 p.q cutoff and vertical lines to a 0.58 log, Fold Change. e)
Volcano plot of nascent Pro-seq after two days of GSK591 treatment, relative to DMSO control. Horizontal lines correspond to a 0.05 pagjcutoff and vertical
lines to a 0.58 log, Fold Change. f-g) Linear correlations of transcripts significantly called (p.4<0.05) in both RNA-seq and PRO-seq experiments for either
two days of GSK591 or MS023 treatment. h) Dot plot of biological function gene ontology for transcripts upregulated two days GSK591 RNA-seq and
downregulated in Pro-seq (Quadrant IV of Figure 1h). Size of the dots corresponds to the number of genes in each category and color is representative of

the group’s p-value.

A Principal Component Analysis (PCA) was per-
formed to visualize the transcriptome variance (Fig-
ure 1b). Principal Component 1 (PC1) showed a
temporally dependent variance for both the inhibition
of Type | and of Type || PRMTs. This opposite vari-
ance on PC1 likely represents the main conse-
quences of Type | and Type || PRMT inhibition. Dis-
tance along PC1 increased with time of PRMT inhi-
bition, while PC2 was almost entirely driven by co-
treatment with both PRMT inhibitors. Of note, de-
spite transcriptome changes at least as early as two

days post-PRMTS inhibition,

growth rate and

phenotypic changes associated with PRMT5 inhibi-
tion do not occur until later treatment times (Supple-
mental Figure S1a)..

To understand the molecular mechanisms driv-
ing this transcriptional regulation, we tested how
PRMT inhibition influences global histone modifica-
tions. We performed histone PTM mass spectrome-
try analysis on cells treated with either GSK591 or
MS023 (Figure 1c-d). Surprisingly, despite the large
transcriptome changes we observed after 7 days of
treatment, there were very few significant changes
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in histone PTMs with either inhibitor; we also did not
observe any histone arginine methylation. The only
robust change observed after GSK591 treatment
was a modest but significant increase in H3K27me3
abundance, consistent with a previous report linking
PRMTS5 inhibition with transcriptional repression.?
However, these minor changes are unlikely to ex-
plain the gross transcriptional changes seen upon
PRMT inhibition.

To gain more insight into PRMT transcriptional
mechanisms, we further probed the transcriptomic
consequences of PRMT5 inhibition. Focusing on the
two-day GSK591 time point mRNA-seq, we ob-
served over 1500 significantly altered transcripts,
notably prior to any loss of proliferation (Supple-
mentary Figure S1a-b). To test if nascent transcrip-
tion was influenced by PRMT inhibition, we used
Precision Nuclear Run-on sequencing (PRO-seq)
through a matched time course of enzyme inhibition
(Figure 1e and Supplemental Table S2, GSK591
2 days; not shown: 15 min, 90 min, 3 hours, 2 days,
4 days, and 7 days of both GSK591 and MS023
treatment).2® PRO-seq revealed 898 and 509 genes
with significantly altered expression following Type |
or Il PRMT inhibition, respectively (pa¢<0.05). To un-
derstand the interplay of the nascent and mature
transcriptome, we intersected significantly altered
transcripts between PRO-seq and RNA-seq. Re-
markably, there was no correlation between nascent
transcription and bulk RNA after two days of Type |l
PRMT inhibition (Figure 1f). This contrasts with a
similar comparison of Type | PRMT inhibition with
MS023, which resulted in a significant positive cor-
relation (R=0.47, p<2.2x10"°) (Figure 1g). To deter-
mine which gene categories are differentially found
in in the nascent and mRNA-seq, we performed
gene ontology (GO) analysis on genes upregulated
in RNA-seq but downregulated in PRO-seq (lower
right quadrant—Quadrant IV—of Figure 1h). Inter-
estingly, this revealed an enrichment in genes in-
volved in RNA homeostasis, including ncRNA pro-
cessing, RNA splicing, and rRNA regulation (Figure
1h). This contrasts with the other three quadrants in
which there was no significant enrichment of RNA
processing terms (Supplementary Figure S1c-f).
We conclude that, while Type | PRMTs predomi-
nantly regulate nascent transcription, PRMT5 regu-
lates both nascent transcription and post-transcrip-
tional processing.

PRMT5 adaptor knockdown reveals a PRMTS-pl-
CIn-SNRP axis for splicing regulation

To further test the changes in chromatin upon
PRMTS5 inhibition, we performed immunoblots of
acid extracted chromatin from a time course of
treated cells (Figure 2a).2” The major Rme2s-con-
taining protein was observed at approximately 25
kDa, inconsistent with that of histones, but likely cor-
responding to SNRPB (SmB/SmB’). Furthermore,
we observed that both Sm proteins SNRPB and
SNRPD3 accumulated on chromatin over GSK591-
treatment time, corresponding to their loss of sym-
metric dimethyl arginine methylation. Consistent
with a histone-PTM independent mechanism of tran-
scriptional regulation, only a modest increase in
H3K27me3 was observed after 7 days of PRMT5 in-
hibition; H3K27me3 was not increased after 2 days
of treatment (Figure 2a). As Sm protein presence in
chromatin acid extractions was previously un-
described, we further tested their enrichment by re-
versed-phase HPLC chromatography (Supplemen-
tary Figure S2a). Upon subsequent immunoblot
analysis, we observed SNRPB in the pooled
H2A/H2B/H4 containing fractions (Supplementary
Figure S2b).

This accumulation of non-methylated Sm pro-
teins prompted us to consider whether Sm protein
methylation, rather than histone arginine methyla-
tion, could be a key mechanism of PRMT5 transcrip-
tional regulation. Therefore, we sought to clarify
which PRMT5 substrates were responsible for the
observed transcriptional changes and Sm chromatin
accumulation. To accomplish this, we used CRISPRI
to knockdown PRMT5 and three of its substrate
adaptors: pICln, CoPR5, and RIOK1.10.13.14.28:32 \y/g
observed substantial knockdown of each target pro-
tein via immunoblots and RT-qPCR (Figure 2b and
not shown). Consistent with our previous work, loss
of PRMT5 resulted in a loss of its obligate complex
member MEP50; however, knockdown of the other
PRMT5 adaptors did not have a major effect on ei-
ther PRMT5 or MEP50 protein levels (Figure
2b). >

To determine cellular phenotypic consequences
of the adaptor knockdowns, we performed growth
assays and cell cycle analyses (Supplemental Fig-
ure S2d-g). Compared to GSK591-treatment, the
PRMTS knockdowns exhibited similar growth inhibi-
tion as well a G1 cell cycle arrest (Supplemental
Figure S2h); this is consistent with observations in
previous studies.*>>° We observed similar growth in-
hibitions in both plCin and RIOK1 knockdowns but
not in the CoPR5 knockdowns. While plICIn and
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Figure 2. PRMT5-pICIn dependent methylation of SNRPB is required for chromatin accumulation. a) Immunoblot of acid extracted chromatin over
a time course of PRMT5 inhibition by GSK591. DMSO and MS023 controls are also present. b) Immunoblot of total cell extract of A549_dCas9-KRAB-
MECP2 cells transduced with various sgRNAs. ¢) Immunoblot analysis of acid extracted chromatin of A549_dCas9-KRAB-MECP2 cells transduced with
various sgRNAs. d) Immunoblot of IMR90-hTert cells over a time course of PRMT5 inhibition. ) PCA analysis of RNA-sequencing of PRMT5 and adaptor
protein knockdowns. f) Comparison of AY (Delta PSI / Percent Spliced In) of retained introns (RI) following PRMT5 and adaptor protein knockdowns. g)
Comparison of AY (Delta PSI) of skipped exons (SE) following PRMT5 and adaptor protein knockdowns.

RIOK1 knockdowns had similar G1 arrest to the
PRMTS knockdown, they also exhibited an increase
in G2/M phase and a decrease in S phase, suggest-
ing both PRMT5-mediated and independent pheno-
types.

In total lysate immunoblots, we observed a mod-
est decrease in SNRPB protein in PRMT5 knock-
down and a more pronounced loss in the plCin

knockdown (Figure 2b). This is consistent with a re-
port of Sm lysosomal degradation upon plCIn loss.?’
We also observe a significant decrease in methyl-
ated SNRPB and SNRPD3 in both the PRMT5 and
pICIn knockdowns.

To understand the mechanisms mediating Sm-
chromatin accumulation, we performed immunoblot
analysis of acid extracted chromatin from the
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PRMT5 and adapter knockdowns (Figure 2c). We
observed SNRPB and SNRPD3 accumulation on
chromatin only upon plCin and PRMT5 knockdown.
Overall, we concluded that SNRP arginine methyla-
tion via a PRMT5-pICIn axis drives SNRP accumu-
lation on chromatin.

We further tested if SNRPB and SNRPD3 chro-
matin accumulation upon PRMTS inhibition is a gen-
eral phenomenon in mammalian cells. We treated
both IMR90-hTERT cells, immortalized fibroblasts
from normal human lung tissue, and NSC-34 cells, a
mouse motor-neuron like cell line, with either Type |
or Type Il PRMT inhibition (Figure 2d and Supple-
mental Figure S2c). In both cell lines, we observed
SNRPB and SNRPD3 accumulation with concomi-
tant loss of Rme2s, demonstrating that SNRP-chro-
matin retention is a widespread consequence of
PRMTS5 inhibition.

Next, we studied the effects of adaptor knock-
downs on the transcriptome. We performed bulk
poly(A) RNA-sequencing on two individual knock-
downs for PRMT5 and each of the three substrate
adaptors, compared to a non-targeting scrambled
sgRNA control (Supplemental Table S1). Principal
component analysis and a z-score heatmap demon-
strated clear distinctions between the knockdown of
the different adaptor proteins (Figure 2e and Sup-
plemental Figure S2i). PC1 captured the majority
of variance and was separated by PRMT5, pICIn and
RIOK1 from the scrambled control and CoPR5. As
CoPR5 clustered with the scrambled control it had
no significant effect on the transcriptome. Variance
along PC2 was driven by RIOK1, while PRMT5 and
plICin clustered similarly (Figure 2e).

As the abundant RNA splicing consequences of
PRMTS5 inhibition are well established, we examined
if any of the adaptor knockdowns would replicate
these effects.®2%? Consistent with its role in enhanc-
ing Sm methylation, pICIn was the only adaptor to
mimic both PRMTS inhibition and knockdown splic-
ing consequences, such as retained introns (RI) and
skipped exons (SE) (Figure 2f-g). Notably, the over-
lap of shared retain introns was significant both by
Jaccard Index and Fisher Exact Test (p<0.05), com-
pared to the universe of all expressed introns in
A549 cells (Supplemental Figure S2j-k). This is
consistent with prior work implicating the PRMT5-pl-

Cln axis in the regulation of mMRNA splicing.*

Overall, these studies revealed that knockdown
of PRMT5 and its adapters produced unique tran-
scriptomic consequences. Moreover, these studies
revealed the role of PRMT5-plClIn axis in regulating
splicing consequences and concurrent SNRPB and
SNRPD3 retention on chromatin.

PRMTS5 regulates SNRPB abundance and subcellu-
lar localization

To further understand how PRMTS regulates tran-
scription, we investigated the proteomic conse-
quence of PRMT5 inhibition. First, we performed to-
tal proteomic mass spectrometry on cells treated
with GSK591 for two days (Figure 3a and Supple-
mental Table S3). While only a small number of pro-
teins were significantly changed in abundance (18
total proteins, pag; < 0.1), we observed that the most
upregulated protein was SNRPB; other upregulated
proteins included splicing and RNA-processing pro-
teins, including SART1, PRPF4B, and PRPF39.
Comparing the small number of proteomic changes
with the transcriptome after 2 days of PRMTS5 inhibi-
tion revealed a moderate positive correlation
(R=0.64, p=4.1x10°) (Figure 3b).

As we had initially observed SNRPB and
SNRPD3 accumulation on chromatin post-PRMT5
inhibition (Figure 2a), we tested changes in the sub-
cellular distribution of the proteome in a Type |
PRMT and PRMT5-dependent manner. To perform
a fractionated cell proteomic analysis, we developed
a stringent cellular fractionation protocol to efficiently
separate cytoplasmic, nucleoplasm, and chromatin
proteins (Figure 3c). We treated cells with PRMT in-
hibitors GSK591 and MS023 over time (15 min, 90
min, 180 min, and 48 hours, in biological triplicate),
isolated protein from the cytoplasmic, nucleoplasm,
and chromatin fractions, and subsequently per-
formed mass spectrometry. We then determined the
differential abundance of proteins between each
fraction and drug treatment condition. To test enrich-
ments and changes between these conditions, we
used k-means clustering of the top 340 proteins al-
tered and plotted a heatmap of the centered normal-
ized intensities for the DMSO control and the 48-
hour GSK591 treatment (Figure 3d; other time
points not shown). The major clusters clearly sepa-
rated the cytoplasm, nucleoplasm, and chromatin.
Representative GO ontologies for each of the six k-
means clusters are indicated; these were consistent
with ontologies expected for the subcellular fraction
in which they were enriched (Figure 3e). For in-
stance, highly enriched proteins on chromatin were
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Figure 3. Fractionated proteomics reveal that SNPRB accumulation on chromatin is the major proteomic consequence of PRMT5 inhibition. a)
Volcano plot of total cell proteome following two days of GSK591 inhibition. Highlighted proteins are those above a p-value>0.05 and an absolute log,
fold change >0.58. b) Linear correlation of shared genes from total RNA-sequencing and proteomics (with a pag; <0.05 cutoff) following two days of PRMT5
inhibition. ¢) Schematic of cellular fractionation approach. d-e) Heatmap and representative ontology for each cellular fraction and treatment. Color
corresponds to a log, of centered intensity. f) Dot plot highlighting ontology of biological function of proteins in each cellular compartment. Size of dot
corresponds to gene ratio and color to the adjusted p-value. g) Volcano plot of mass-spec log, Fold change vs log10 p. of the chromatin fraction following
GSK591 treatment. h) Heatmap comparing changes in the chromatin proteome. Block color is representative of log, centered intensity. i) Selected
histograms of chromatin associated proteins and their centered intensity across different drug treatments.

represented by nucleosome organization terms.
Comparing 48-hour GSK591- and DMSO treated

two days of PRMT5 inhibition (Supplementary Fig-
ure 1a).

chromatin proteomes revealed gene ontology alter-

ation of proteins related to RNA processing, RNA
binding, and splicing (Figure 3e-f). This is consistent
with the transcriptomic ontology analysis at similar

Focusing specifically on the chromatin fraction,
the most upregulated protein was SNRPB (Figure
3g-i); this was consistent with the chromatin
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immunoblots (Figure 2a). SNRPD3, also methylated
by PRMT5, is similarly enriched on chromatin. We
also observed TAF15 chromatin depletion after
PRMT5 inhibition; this was consistent with reports
that arginine methylation affects its cellular localiza-
tion. %!

Unmethylated SNRPB chromatin accumulation is
transcription-dependent

Having confirmed that SNRPB and SNRPD3
chromatin accumulation is a consequence of
PRMT5 inhibition, we aimed to further understand
this phenotype. As some prior literature suggested
that Sm methylation is involved in UsnRNP assem-
bly via its interaction with SMN*, we first asked
whether methylation of Sm proteins via PRMT is re-
quired for their proper assembly into mature
snRNPs. To test whether arginine methylation of
SNRPB or SNRPD3 affects their assembly into ma-
ture snRNPs, we performed a co-immunoprecipita-
tion assay, enriching for the RNA Trimethyl-guano-
sine (TMG) cap—a marker of mature, fully assem-
bled snRNPs—in either control or PRMT5 inhibited
cells, followed by subsequent immunoblotting for Sm
proteins (Figure 4a).*2*> U1-70k and SNRPE were
positive controls for the co-immunoprecipitation as
they are non-arginine methylated components of
mature snRNPs.***> Strikingly, there was no differ-
ence in SNRPB or SNRPD3 levels with PRMT5 in-
hibition; highlighting that arginine methylation is not
necessary for assembly of mature snRNPs. This re-
sult is consistent with our and others work that
demonstrated Sm proteins lacking arginine in their
tails were incorporated into snRNPs and imported
into the nucleus®*® and provides further support that
PRMT5-mediated methylation of Sm proteins is not
required for proper snRNP assembly. We therefore
ruled out impaired UsnRNP assembly as the media-
tor of PRMT5-mediated transcriptional regulation.

Next, we asked if PRMT5-inhibition dependent
Sm chromatin accumulation is a consequence of
disrupted nuclear Cajal bodies. As Cajal bodies are
a site of snRNP assembly and recycling, we asked if
loss of the Cajal body organizing protein Coilin—and
concomitant impaired recycling of Sm proteins in
snRNPs—is responsible for Sm accumulation on
chromatin.*~2 After CRISPRi knockdown, we ob-
served no significant difference in SNRPB chroma-
tin-accumulation compared to a non-targeting con-
trol knockdown (Figure 4b and Supplemental

Figure S3a). We therefore concluded that Cajal
bodies are not responsible for SNRPB chromatin de-
tention.

To test if intact snRNPs or just Sm proteins were
chromatin detained, we performed Northern blotting
with snRNA probes. In GSK591-but not MS023-
treated cell nucleoplasm and chromatin fractions,
these blots revealed an increased amount of U2, U1,
U4, U5, and U6 major snRNAs (Supplemental Fig-
ure S3b). These observations were consistent with
intact snRNPs accumulating on chromatin in a
PRMT5-inhibited fashion.

As Sm proteins are part of RNA binding com-
plexes, we tested if the increased SNRPB and
SNRPD3 chromatin affinity was RNA dependent.
We treated cells with GSK591, followed by nuclear
extraction, combined RNase A/T1 treatment, and
nucleoplasm and chromatin isolation and immunob-
lotted for Sm proteins; we used the DNA-binding
TATA-binding protein (TBP) as a positive control.
Upon RNA removal, we observed a clear loss of
chromatin associated SNRPB and SNRPD3 as well
as a gain of soluble nucleoplasm proteins (Figure
4c). As we previously showed that SNRPB was
bound to poly(A)-RNA' | we next asked whether the
chromatin poly(A)-RNA bound Sm proteins with or
without Rme2s. Strikingly, after GSK591-treatment
and despite the complete absence of Rme2s on
SNRPB, its binding to poly(A) transcripts on chroma-
tin was not disrupted (Figure 4d).

To test if Sm-chromatin accumulation was di-
rectly due to Sm arginine methylation, we created an
isogenic system.®* We engineered a SNRPB over-
expression system in which we mutated each argi-
nine in the C-terminal tail to either an alanine (RtoA)
or lysine (RtoK) (Figure 4e). Each of these con-
structs consistently expressed at comparable levels
following a four-day induction with doxycycline
(DOX) (Supplemental Figure S3c). To test the pro-
pensity of unmethylated SNRPB to accumulate on
chromatin, we induced the mutant expression with
DOX followed by chromatin acid extractions. We ob-
served an increase in the amount of chromatin-
bound RtoA and RtoK compared with wildtype
SNPRB (Figure 4f). These results are consistent
with SNRPB accumulation on chromatin as a direct
consequence of its arginine methylation and not a
consequence of some other PRMT5-methylated tar-
gets.
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Figure 4. Unmethylated SNRPB chromatin accumulation is dependent on post-transcriptional mRNAs. a) Co-immunoprecipitation of TMG fol-
lowed western blotting for Sm proteins and mature snRNP components. b) Immunoblots of acid extracted chromatin following Coilin CRISPRi knock-
downs. ¢) Immunoblots of nucleoplasm and chromatin fractions after nuclei treatment with RNase A/T1. d) Immunoblot of pulldown with oligodT-linked
beads with crosslinked chromatin. A poly(A) competitor was used as a negative control for the pull-down. e) Schematic of cloned HA-SNRPB ORF with
each flag representing a site of arginine mutation on the C-terminal tail. f) Immunoblot of acid extracted chromatin of inducible SNRPB construct over-
expression with doxycycline treatment. g) Immunoblot of chromatin after inducing SNRPB WT and RtoA expression and a time course of DRB treatment.

We next asked if SNRPB chromatin retention
was also dependent on RNA Polymerase Il (Pol Il)
function. To test this, we DOX-induced both SNPRB
WT and RtoA mutant, followed by a time course of
5’6-dichlorobenzimidazole (DRB), an inhibitor of Pol
Il pause release.>” We observed only a modest de-
crease in the supra-normal chromatin bound
SNRPB RtoA mutants with DRB treatment (Figure
4q9). Taken together, these data demonstrate that
SNRPB chromatin retention is mediated by a loss of
arginine methylation on its intrinsically disordered
tails and through its interaction with mature, poly(A)
RNAs.

PRMT5 inhibition results in mRNA chromatin deten-
tion

As we determined that SNRPB and SNRPD3 accu-
mulated on chromatin in an RNA-dependent man-
ner, we next sought to understand to what extent

RNA itself was being detained on chromatin. To ac-
complish this, we performed a time course of
PRMTS inhibition followed by simultaneous RNA
and DNA extractions using TRIzol’! and quantified
the total amount of RNA relative to DNA. This re-
vealed increasing amounts of total RNA concomitant
with duration of PRMT5 inhibition (Figure 5a). Of
note, the increase in RNA abundance preceded in-
creased cell volume and decreased growth rate that
we observe in A549 cells after PRMTS inhibition
(Supplemental Figure S4a and Figure 1c). To
avoid confusing increased RNA with changes in cell
size or growth arrest we focused our studies on two
days of PRMT5 inhibition.2 Next, we determined
which cellular compartment was responsible for this
RNA increase. To accomplish this, we isolated RNA
from cytoplasm, nucleoplasm, and chromatin frac-
tions using an optimized a cellular fractionation pro-
tocol (Figure 5b).%2333* DNA and protein were sim-
ultaneously extracted from the chromatin fraction to
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Figure 5. PRMTS5 inhibition results in mRNA chromatin detention. a) Histograms depicting the amount of total RNA per cell normalized to the amount
of DNA. *<0.01, **<0.01, ****<0.0001, n.s. = not significant. b) Immunoblots validation of RNA cellular fractionation protocol into cytoplasm, nucleoplasm,
and chromatin fractions. ¢) Gross RNA abundance per cellular compartment, normalized to DNA in the chromatin fraction. *<0.01, n.s. = not significant.
d) Relative abundance of RNA per cellular compartment with GSK591 or DMSO control. e) Gross amount of mMRNA on chromatin, normalized to DNA.
mRNA measured via RNA conversion to cDNA using oligo dT primers. f) Relative abundance of RNA on chromatin for PRMTS5 and adaptor protein
knockdown, normalized to amount of cellular DNA per sample. *<0.01, **<0.01, n.s. = not significant.

both normalize RNA quantities and provide fraction-
ation controls, respectively. Strikingly, this experi-
ment revealed that RNA accumulated specifically
within the chromatin fraction. Upon PRMT5 inhibition
we found a significant increase in the amount of
chromatin-bound RNA (p<0.05) (Figure 5c-d). Of
note, as there was no notable RNA accumulation on
chromatin even after 7 days of Type | inhibition by
MS023, this RNA accumulation was specific to
PRMTS5 inhibition (Supplemental Figure S4b).

We next asked if mature, polyadenylated RNA
was trapped on chromatin. Using chromatin-isolated
RNA, we performed a reverse transcriptase reaction
with oligo-dT priming and generated cDNA. The
cDNA from polyadenylated RNAs was then normal-
ized to total DNA per sample (Figure 5e). We ob-
served a significant PRMT5-dependent enrichment
of mature, polyadenylated RNA transcripts on chro-
matin.

Finally, to gain insight into which PRMT5 meth-
ylation substrates may be responsible for the ob-
served RNA chromatin accumulation, we utilized the
PRMT5 adaptor knockdowns. sgRNAs targeting

each adaptor protein were transduced into the stable
A549 dCas9 cell line and passaged for 7 days post
selection. Cells were subsequently fractionated and
the chromatin RNA/DNA ratios were measured (Fig-
ure 5f). The PRMT5 knockdown recapitulated the in-
hibitor-based observation of increased RNA on chro-
matin. For the adaptor protein knockdowns, only pl-
Cln resulted in increased RNA on chromatin, sup-
porting that this phenotype occurred due to de-
creased Sm protein arginine methylation.

PRMT5 is required for polyadenylated mRNA tran-
script escape from chromatin

Having established that PRMT5-inhibition causes
mature, polyadenylated RNAs to accumulate on
chromatin, we next sought to identify these tran-
scripts by poly(A) enriched RNA-sequencing. We
pretreated cells with two days of PRMT5 inhibition,
followed by fractionation into cytoplasm, nucleo-
plasm, and chromatin (Figure 6a, Supplemental
Figure S5a-b, and Supplemental Table S4). To rig-
orously detect changes in RNA abundance that may
be otherwise missed by standard bioinformatic nor-
malization methods, we used a spike in of
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Figure 6. PRMT5 promotes mRNA escape from chromatin. a) Schematic of cellular fractionation and RNA-sequencing experiment. b-c) Volcano plots
of mMRNA-sequencing of each treatment comparing cytoplasm to chromatin using S2 spike-in normalization. Red transcripts have a log2FC>0.58 and a
Pagi>0.05. Blue transcripts have a log2FC<-0.58 and a p,¢>0.05. d-f) Volcano plots of mMRNA-sequencing of each cellular compartment between conditions
using S2 spike-in normalization. Red transcripts have a log2FC>0.58 and a p.>0.05. Blue transcripts have a log2FC<-0.58 and a p.q>0.05. g) Dot plot
of biological function gene ontology for chromatin-enriched transcripts. Dot size is representative to the number of genes per category and color represents
the p-adjusted value. h) Correlation of the log, average spike-in normalized read counts in TPM for transcripts in the cytoplasm and chromatin compart-
ments for untreated cells (DMSO). Dotted line represents y=x. Transcript color represents the density of points on the plot. i) Density plots of the ratio of
normalized TPM counts per gene (with TPM < median of all expressed genes) between chromatin and cytoplasm compartments, comparing genes found
to be enriched on chromatin upon PRMTi. Kolmogorov-Smirnov (KS) and Wilcoxon ranked sum tests were used to compare distributions.

Drosophila melanogaster S2 cells (5% relative to
starting cell number).>>>7 Importantly, when normal-
izing the transcriptome to the Drosophila RNA, we
observe that sequencing of the spiked-in, cross-spe-
cies RNA was consistent between samples (Sup-

plemental Figure

First, we compared the relative abundance of cy-
toplasmic to chromatin transcripts with PRMT5 inhi-
biton (Figure 6b-c). This revealed a striking

S5¢).

enrichment in chromatin-associated RNAs following
PRMTS5 inhibition. While some transcripts were pre-
dominantly cytoplasmic, others were enriched in the
chromatin fraction, indicating that they are not being
exported into the cytoplasm.

Next, we compared the relative abundance of
transcripts between PRMT5-inhibited and control
cells. In the cytoplasmic mRNA, we observed few
changes, with only 80 significantly altered transcripts
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(pagi < 0.05) (Figure 6d). This is consistent with our
findings of minimal changes in the total proteome
(Figure 3a). In the nucleoplasm, there were 409 sig-
nificantly altered transcripts, 407 of which were in-
creased in abundance (Figure 6e). Remarkably,
when examining the chromatin fraction, we ob-
served nearly 4,000 transcripts that were increased
in abundance with only a handful being downregu-
lated (Figure 6f). Most of the altered polyadenylated
transcripts were protein coding, representing 85.2%,
96.3%, and 90.6% of total altered transcripts in cyto-
plasm, nucleoplasm, and chromatin fractions, re-
spectively. The second most-abundant major class
of polyA RNAs following protein coding were
IncRNAs (Supplemental Figure S5d).

We next asked whether the fractionated mRNA
sequencing recapitulated the total transcriptome
analysis (Figure 1f). We divided the total PRMT5i
transcriptome analysis with PRMT5 inhibition into
three categories: all significantly altered genes; up-
regulated; and downregulated. We then performed
Fisher Exact tests comparing these gene sets to the
significantly altered transcripts in the fractionated se-
quencing. After two-days of PRMT5 inhibition, the
differentially expressed cytoplasmic transcripts sig-
nificantly overlap with the total cell mMRNA transcrip-
tome (Supplemental Figure S5e). Furthermore,
there was also a significant overlap with the total
transcriptome up- and down-regulated transcripts. In
contrast, for both the nucleoplasm- and chromatin-
significantly altered transcripts, we observed that
there was significant overlap only with the total and
up-regulated genes from the total transcriptome ex-
periment (Supplemental Figure S5f-g). These tests
indicated that the total cell transcriptome mRNA-seq
is predominantly measuring nuclear and chromatin
RNA accumulation and may not represent produc-
tive transcription.

GO analysis of the chromatin enriched tran-
scripts (pagg < 0.05 and log. Fold Change >= 0.58)
identified RNA splicing, and ncRNA and rRNA pro-
cessing ontologies, suggesting that PRMT5 regu-
lates proper maturation and export of RNA pro-
cessing transcripts (Figure 6g). GO analysis by cel-
lular component ontology also highlighted tran-
scripts involved in nuclear speckles and spliceo-
some complexes (Supplemental Figure S5h), fur-
ther signifying PRMTS'’s role in regulating nuclear
substructures and RMA processing. Of note, these
chromatin-enriched ontology analyses parallel that
of the upregulated in the bulk RNA-seq and down
regulated in nascent sequencing (Figure 1h).

To understand the normal compartmentalization
of polyadenylated RNAs, we plotted the log+ spike-
in normalized counts (TPM) of the cytoplasmic vs
chromatin fractions (Figure 6h) and nucleoplasm vs
chromatin fractions (Supplemental Figure S5i).
Consistent with prior studies, we observed that cer-
tain subsets of RNAs have higher relative counts on
chromatin whereas others predominantly are en-
riched in the cytoplasm.”® This indicated that at
baseline, certain mature transcripts are more likely
to associate with chromatin. We next subsetted the
transcripts into the top and bottom 50% of TPM
counts. We calculated the log, of the chromatin to
cytoplasm TPM ratio of our observed chromatin en-
riched transcripts upon PRMT5 inhibition vs. all ex-
pressed transcripts within the chromatin fraction
(Figure 6i and Supplemental Figure S5j). We used
a Kolmogorov-Smirnov (KS) test to compare the dis-
tribution and a Wilcoxon rank sum test of the lower
expressing transcript ratios; the chromatin enriched
transcripts had a significantly higher chromatin to cy-
toplasm ratio (p = 6.04x102°and 2.18x10?, respec-
tively). The higher expressing transcripts had a
much less significant change in chromatin to cyto-
plasm ratio (p=5.6x10°). We concluded that many
polyadenylated transcripts are predisposed to inter-
act with chromatin over cytoplasmic export.

Mature transcript retention on chromatin is due to
slower splicing and presence of retained introns

As we established that SNRPB chromatin accumu-
lation was RNA-dependent, plCIn knockdown reca-
pitulated RNA accumulation on chromatin, and the
well-defined role of PRMT5 in regulating splicing—
particularly intron retention—we further examined
the relationship between RNA splicing and mRNA
chromatin accumulation. We observed that PRMT5-
inhibition dependent chromatin-enriched transcripts
were longer (p< 2.2x107'®) (Supplemental Figure
S6a) and contained significantly more introns (p<
2.2x107'%) (Figure 7a) compared to the distributions
of all expressed genes in A549 cells. To test whether
a gene containing introns predicted its regulation by
PRMTS or being stuck on chromatin, we calculated
an Odds Ratios of how each transcript was altered
in these data sets. We included the Type | PRMT
inhibited (MS023) total transcriptome as an addi-
tional control. Strikingly, we found that if a transcript
has zero introns, it is unlikely to be either regulated
by PRMTS5 inhibition or trapped on chromatin. In con-
trast, if a transcript has one or more introns, it is
more likely to be both regulated by and enriched on
chromatin upon PRMTS inhibition (Figure 7b).
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Figure 7. Chromatin enriched transcripts are defined by slower splicing rate and retained introns. a) Number of introns per gene for chromatin
enriched transcripts and all expressed genes in A549 cells. Average compared by Wilcoxon Ranked Sum test. **** signifies p < 0.0001. b) Fisher Exact
Test and ODDS ratio of chromatin enriched transcripts, PRMT5i altered transcripts, and Type | PRMTi altered transcripts depending on their number of
introns. ¢) SKaTER-seq calculated splicing rate of chromatin enriched transcripts compared to global transcript splicing rates. Distribution compared with
Kolmogorov-Smirnov test. **** signifies p < 0.0001. d-e) Volcano plots of intron utilization for introns in cytoplasm, and chromatin, compared to DMSO
matched controls. Red introns have a log,FC>0.58 and a p.q>0.05. Blue introns have a log,FC<-0.58 and a p.q>0.05. f) Violin plots representing the
average Intron/Exon ratio of genes significantly expressed in each cellular compartment. The distribution of ratios per compartment was tested using the
Kolmogorov-Smirnov test. g-h) Selected transcript IGV tracks demonstrating scaled transcript and intron levels in cytoplasm, nucleoplasm, and chromatin
for DMSO and GSK591 treated cells. i) Model figure illustrating Genomically Retained Incompletely Processed Polyadenylated Transcripts (GRIPPs)
and their dependence on arginine methylation for productive escape from chromatin.

Notably, the Type | PRMT transcriptome is not sig-
nificantly enriched in either scenario, indicating that
Type | PRMTs have a separate, non-intron depend-
ent regulatory mechanism of transcription.

To gain further understanding of the characteris-
tics of the retained poly(A) RNAs, we analyzed data
from our previous Splicing Kinetics and Transcript
Elongation Rate (SKaTER)-seq study; in this work,
we calculated rates of co-transcriptional processing,
including RNA splicing, after PRMT5 inhibition.®*°
We observed no significant change in average
global splicing rate upon PRMT5 inhibition (p=1)
(Supplemental Figure S6b). Strikingly, when we
compared global splicing rate to rates of our

identified trapped mRNAs solved by the SKaTER-
seq algorithm, we observed that these transcripts
are on average spliced significantly slower com-
pared to the global population (p=1.44x10"%). There-
fore, chromatin-enriched transcripts are both intron
rich and slower to splice.

Next, we delineated how intron abundance var-
ied between cellular compartments following
PRMT5 inhibition. We calculated per intron read
counts normalized to the exon counts within the
same transcript for all significantly expressed genes
(normalized counts > 5) from polyadenylated RNA.
We then calculated differential intron abundance us-
ing the cross-species spike-in for normalization. In
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the cytoplasm, there were only 107 significantly re-
tained introns for 94 unique genes (Figure 7d).
These are true, “productive” retained introns as they
have the potential to be translated. In the nucleo-
plasm, we identified 531 differentially observed in-
trons from 440 genes (Supplemental Figure S6c).
In the chromatin fraction there were 48,260 upregu-
lated retained introns, corresponding to 10,219
unique genes (paqi<0.05, log2FoldChange>0.58)
(Figure 7e). We found that the percentage of tran-
script introns throughout a transcript was higher in
chromatin than in cytoplasmic or nucleoplasm tran-
scripts (Supplemental Figure S6d-f). Similarly, the
observed RI found on chromatin were evenly distrib-
uted throughout the transcripts (Supplemental Fig-
ure S6g). Furthermore, upon PRMTS5 inhibition, we
observe an increased distribution in the intron/exon
ratio on chromatin upon PRM5 inhibition (p=1.7x10"
43) (Figure 7f). PRMT5 inhibition had a modest in-
crease in intronic reads/gene in the nucleoplasm
(p=2.7x10*) and had no significant difference in the
cytoplasm (p=0.46). Despite the altered intron abun-
dances (Figure 7e), the cytoplasmic intron:exon ra-
tion remained unchanged (Figure 7f). Taken to-
gether, we conclude that transcripts with retained in-
trons are largely confined to the nucleus and are
therefore detained.

Finally, we hypothesized that the PRMT5-in-
duced, chromatin-enriched mRNAs would largely
contain these increased RI reads. Strikingly, 81.5%
of trapped transcripts have increased RI reads on
chromatin. Looking specifically at genome tracks for
chromatin-retained transcripts in PRMT5 inhibited
cells compared to control, we observed two patterns:
chromatin-retention with a corresponding depletion
in nucleoplasm and cytoplasm, or chromatin-reten-
tion without a corresponding depletion in other cell
compartments. This is exemplified by PNKP and
HNRNPH1, respectively (Figure 7g-h). Overall, this
demonstrates that chromatin-retained polyadenyl-
ated transcripts are rich in Rls. To better define the
identified polyadenylated RNAs, we named this
class of chromatin-enriched transcripts Genomically
Retained Incompletely Processed Polyadenylated
Transcripts (GRIPPs). To test if chromatin-trapped
transcripts had any impact on nascent transcription,
we compared PRO-seq metagene profiles of
GRIPPs and all A549 expressed transcripts (Sup-
plemental Figure S7h). No gross differences were
observed between these sets in promoter-proximal
PRO-seq signal or in gene body signal. A cartoon
model of our observations is shown in Figure 7i.

Discussion

In this study we showed that through the methyl-
ation of SNRPB, PRMT5-pICIn plays a pivotal role in
regulating both mRNA splicing and chromatin es-
cape. We demonstrate that PRMT5 inhibition leads
to the significant retention of both mature polyad-
enylated mRNAs, IncRNAs, and snRNPs on chro-
matin, revealing a critical function of PRMT5 in post-
transcriptional RNA processing. Our identification of
GRIPPs—transcripts normally found enriched on
chromatin and uncovered by PRMTS inhibition—em-
phasizes the importance of PRMT5 in ensuring the
efficient splicing and release of mMRNAs from chro-
matin for subsequent nuclear export. Previous stud-
ies demonstrated that PRMTS inhibition results in
gross transcriptomic changes; however, few of these
studies provide detailed mechanistic insight into the
regulatory role of PRMT5.121.%0 Qur findings high-
light the unique and non-redundant roles of different
PRMTs in transcriptional regulation, with PRMT5
specifically influencing both nascent transcription
and post-transcriptional processing.

As we observed significant transcriptional
changes in total MRNA-seq after Type | PRMT and
PRMTS5 inhibition, our initial hypothesis was that his-
tone modifications played an important role. The ab-
sence of any significant changes except for a mod-
est increase in H3K27me3 after 7 days of PRMT5
inhibition was therefore quite surprising. Further-
more, there remains a lack of evidence that histone
arginine methylation itself is abundant and critical for
transcription in somatic tissues. While more conclu-
sive studies are required, we were unable to observe
any bona fide histone arginine methylation in our
studies. We did observe one clear, confounding fac-
tor: histone acid extractions contain SNRP/Sm pro-
teins, which themselves are heavily arginine methyl-
ated. Thus, SNRPB and SNRPD3 are likely the pre-
dominant bands in our immunoblots for Rme2s iden-
tified by previous studies from our group and likely
from others.!

The concept of targeting PRMT5 adaptor pro-
teins to modulate methylation of different PRMT5
substrates has been gaining traction as a possible
therapeutic and also as an experimental test of
PRMTS5 function.??? As such, we decided to leverage
knockdowns of these proteins to discern the mecha-
nisms of both PRMTS5 transcriptional regulation as
well as our observed SNRPB chromatin accumula-
tion. Consistent with prior studies, only plCIn
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knockdown resulted in immunoblot changes con-
sistent with SNRPB and SNRPD3 methylation. Sim-
ilarly, only pICIn knockdown replicated the splicing
consequences of PRMT5 inhibition or knockdown.
This highlighted the importance of Sm methylation in
proper spliceosome function.®%Y  Interestingly,
RIOK1 knockdown had opposite effects on Rl while
affecting a shared subset of introns, consistent with
reports that the pICIn:RIOK1 ratio is critical in the
regulation of proper mRNA splicing.®! Despite stud-
ies suggesting that CoPR5 enhances PRMT5 meth-
ylation of histones H3 and H4, we demonstrated that
knockdown of CoPRS5 resulted in minimal transcrip-
tional changes.>

Both the total and fractionated proteomics anal-
yses revealed that a major proteomic consequence
of PRMT5 inhibition was the accumulation of
SNRPB on chromatin. While there was a correlation
between significantly altered protein and transcripts,
there were many transcriptomic alterations that were
not reflected in the proteomic analysis; this observa-
tion further suggested a potentially non-productive,
post-transcriptional PRMT5 mechanism. We further
demonstrated that SNRPB accumulated on chroma-
tin upon loss of arginine methylation.

Surprisingly, but consistent with some prior stud-
ies, we did not find any clear evidence that loss of
SNRPB methylation affected its assembly into ma-
ture snRNPs.2“¢ Our findings suggest that the accu-
mulation of SNRPB on chromatin upon PRMT5 inhi-
bition is a direct consequence of the loss of arginine
methylation. While the mechanism of enhanced
SNRPB affinity for chromatin and RNA remains to be
deciphered, we propose that modulation of RNA-
protein interactions and cellular RNA homeostasis
may be a fundamental role of arginine methyla-
tion. 923

In keeping with this proposed mechanism, we
demonstrated that PRMT5 inhibition resulted in RNA
detention on chromatin. As dysregulation of chroma-
tin-RNA interactions has significant implications in
gene regulation and disease, including cancer 7, we
further explored the relationship between RNA splic-
ing and subcellular transport from transcription to
nuclear export. The accumulation of GRIPPs on
chromatin in the absence of PRMT5 activity points
to a novel regulatory mechanism in which Sm sym-
metric dimethylarginine plays pivotal role in ensuring
the timely processing and export of these tran-
scripts. The significant enrichment of RNA

processing and splicing-related transcripts among
GRIPPs underscores a potential biological function
of PRMT5 in maintaining RNA homeostasis and pre-
venting genomic instability due to RNA-chromatin in-
teractions. We also note that the use of a cross-spe-
cies spike-in normalization control for the fractioned
cell RNA-sequencing was essential for robust iden-
tification of true observations. Therefore, compara-
tive studies conducted in the absence of spike-in
control should be interpreted with appropriate skep-
ticism.

To understand determinants of what makes a
GRIPP transcript, we were struck by the strong con-
nection between splicing and their presence on
chromatin. This is exemplified by the correlation be-
tween the number of introns in a transcript and its
likelihood of being detained on chromatin upon
PRMTS inhibition. GRIPPs, on average, had signifi-
cant but modestly slower splicing rates than do all
other transcripts. We conclude that GRIPPs consist
of more complex transcripts, with a higher number of
longer introns that are more susceptible to chromatin
detention upon PRMT5 inhibition. A broad conclu-
sion relevant across all PRMT5 mechanistic studies
is that loss of Sm protein methylation and concomi-
tant transcript trapping on chromatin may be in part
responsible for observed total cell transcriptional
phenotypes.

The identification of GRIPPs in our study sug-
gests a previously unrecognized layer of RNA home-
ostasis that could play a significant role in normal
cellular physiology. In the absence of PRMT5 inhibi-
tion, GRIPPs might function as a regulatory check-
point within the nucleus, ensuring that only fully pro-
cessed and correctly spliced mRNAs are exported to
the cytoplasm for translation. This checkpoint mech-
anism could help maintain the fidelity of gene ex-
pression by preventing the premature release of in-
complete or improperly spliced transcripts, which
could otherwise lead to the production of aberrant
proteins or non-functional RNA species. Addition-
ally, GRIPPs might be involved in the fine-tuning of
gene expression in response to cellular signals and
stress. By temporarily retaining certain transcripts on
chromatin, cells could rapidly adjust their gene ex-
pression profiles without the need for new transcrip-
tion, allowing for a swift response to changing envi-
ronmental conditions. This mechanism could be par-
ticularly important in processes requiring rapid adap-
tation, such as during cell differentiation, stress re-
sponses, and immune activation. Moreover, the as-
sociation of GRIPPs with RNA processing and
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splicing-related transcripts suggests that they might
play a role in the regulation of RNA processing ma-
chinery itself. By retaining these transcripts, cells
might regulate the availability and activity of splicing
factors and other RNA-binding proteins, thereby
modulating the splicing landscape according to cel-
lular requirements.

In summary, our study provides new under-
standing of the molecular mechanisms by which
PRMTS5 regulates RNA processing and chromatin in-
teractions. Our findings highlight the essential role of
PRMT5-mediated methylation in facilitating the
proper splicing and release of mMRNA from chromatin
to maintain cellular RNA homeostasis. PRMT5-reg-
ulation of GRIPP transcript retention on chromatin
represents a sophisticated mechanism by which
cells ensure the integrity of their transcriptome and
may rapidly respond to internal and external cues.
Overall, our study expands the broader understand-
ing of RNA-chromatin dynamics and emphasizes the
importance of post-translational modifications in reg-
ulating gene expression and RNA metabolism.

Limitations of This Study

While we robustly tested SNRPB accumulation
on chromatin in a PRMTS and methylarginine-de-
pendent fashion, further studies will be needed to ex-
plore how unmethylated Sm proteins interact with

GRIPPs and trap them on chromatin. Additionally,
while we demonstrated that unmethylated SNRPB
and SNRPD3 do assemble into mature snRNPs, this
does not exclude the possibility that they form
unique oligomeric complexes or have altered prote-
omic interactions upon loss of methylation. Further
studies will explore how PRMT5-methylation affects
SNRPB-protein interactions. Lastly, while we have
characterized GRIPPs as a novel transcript class,
further studies will explore their genomic character-
istics and how they are protected from RNA degra-
dation by the RNA exosome complex and prevented
from RNA nuclear export.
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Methods
Cell culture

A549 cells were purchased from ATCC for this
study. Both A549 and HEK293T cells were cul-
tured in DMEM (Corning), supplemented with 10%
FBS (Hyclone), 100 L.U./mL penicillin and 100
pug/mL streptomycin. IMR90-hTERT were cultured
in EMEM using the above additions. NSC-34 cells
were cultured in DMEM, supplemented with 10%
FBS and 1% 200 mM L-glutamine solution
(Gibco). All cells were maintained at 37°C with 5%
CO.. All cells were routinely tested for myco-
plasma via PCR.* Treatment with small molecule
inhibitors dissolved in DMSO maintained final con-
centration of 0.01% DMSO, with 1 yM GSK591
(Cayman) or 1 yM MS023 (Cayman).

Poly(A)-RNA sequencing

RNA was extracted using RNEasy Mini Kit (Qi-
agen) or Trizol (Invitrogen) for the cofactor knock-
down and cellular fractionation experiments, re-
spectively, as per the manufacturer’s protocols.
RNA quantification and quality control were ac-
complished with the Qubit RNA BR Assay Kit (Invi-
trogen) and the Bioanalyzer 2100 (Agilent Tech-
nologies). Unstranded (PRMT inhibition time
course) and stranded libraries (PRMT5 inhibition
subcellular fractionation) were created by Novo-
gene Genetics US. Barcoded libraries were se-
quenced on an lllumina platform using 150 nt
paired-end libraries generating approximately 30
million paired-end reads (9GB total data) per bio-
logical replicate. Reads were trimmed and aligned
to the human genome (hg38) or to a custom com-
bined human and Drosophila melanogaster ge-
nome (hg38-dm6) using the nf-core/rnaseq pipe-
line.®> Differential abundance analysis for non-
spike in studies was performed using DESeq2
with a custom script
(https://qgithub.com/Shechterlab/nextflow-rnaseq)
and for the spike-in studies with a different script
(https://github.com/Shechterlab/DESeq2 with S
pikelnNormalization). Alternative splicing events
were determined using Replicate Multivariate
Analysis of Transcript Splicing (rMATS, version
4.0.2).

Precision Run-On (PRQO) nascent transcriptome
sequencing

PRO-seq was performed as previously de-
scribed.?’

Acid extraction of chromatin

This protocol was adapted from our previously
published protocol.? Hypotonic Lysis Buffer (HLB)
was made by mixing 10 mM Tris-HCI pH 8.0, 1 mM
KCI, 1.5 mM MgClz, and 1 mM DTT, and supple-
mented with protease and phosphatase inhibitors.
The Nuclear Lysis Buffer (NLB) was prepared with
10 mM Tris-HCI pH 8.0, 250 mM KCl, 0.1% NP40,
and 1 mM DTT, and supplemented with protease
and phosphatase inhibitors. Cell pellets were re-
suspended in HLB and incubated for 30 minutes
to promote hypotonic swelling and mechanical ly-
sis, followed by centrifugation to pellet intact nu-
clei. Nuclei were washed with additional HLB. Nu-
clei were then resuspended in NLB and rotated for
30 min at 4°C. Chromatin was then collected via
centrifugation and washed with NLB.

Chromatin was then resuspended in 0.4N
H,SO., incubated for 30 min., then spun at
16,000xg for 10 min. at 4°C to remove nuclear de-
bris. The supernatant, containing histones and
acid-soluble proteins, was transferred to a fresh
tube and treated with TCA to precipitate histones,
which were then pelleted, washed with ice-cold
acetone, and air-dried. The histone pellet was dis-
solved in an appropriate volume of ddH-»0, char-
acterized for concentration, and analyzed further
using SDS/PAGE gel.

Histone PTM mass spectrometry

Histones were acid-extracted from chromatin
using the above protocol. Histone pellets were dis-
solved in 50 mM ammonium bicarbonate, pH 8.0,
and histones were subjected to derivatization us-
ing 5 uL of propionic anhydride and 14 yL of am-
monium hydroxide (all Sigma Aldrich) to balance
the pH at 8.0. The mixture was incubated for 15
min and the procedure was repeated. Histones
were then digested with 1 ug of sequencing grade
trypsin (Promega) diluted in 50mM ammonium bi-
carbonate (1:20, enzyme:sample) overnight at
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room temperature. Derivatization reaction was re-
peated to derivatize peptide N-termini. The sam-
ples were dried in a vacuum centrifuge.

Prior to mass spectrometry analysis, samples
were desalted using a 96-well plate filter
(Orochem) packed with 1 mg of Oasis HLB C-18
resin (Waters). Briefly, the samples were resus-
pended in 100 pl of 0.1% TFA and loaded onto the
HLB resin, which was previously equilibrated us-
ing 100 pl of the same buffer. After washing with
100 ul of 0.1% TFA, the samples were eluted with
a buffer containing 70 pl of 60% acetonitrile and
0.1% TFA and then dried in a vacuum centrifuge.

Samples were resuspended in 10 pl of 0.1%
TFA and loaded onto a Dionex RSLC Ultimate 300
(Thermo Scientific), coupled online with an Or-
bitrap Fusion Lumos (Thermo Scientific). Chroma-
tographic separation was performed with a two-
column system, consisting of a C-18 trap cartridge
(300 pm ID, 5 mm length) and a picofrit analytical
column (75 um ID, 25 cm length) packed in-house
with reversed-phase Repro-Sil Pur C18-AQ 3 um
resin. Peptides were separated using a 30 min
gradient from 1-30% buffer B (buffer A: 0.1% for-
mic acid, buffer B: 80% acetonitrile + 0.1% formic
acid) at a flow rate of 300 nl/min. The mass spec-
trometer was set to acquire spectra in a data-inde-
pendent acquisition (DIA) mode. Briefly, the full
MS scan was set to 300-1100 m/z in the orbitrap
with a resolution of 120,000 (at 200 m/z) and an
AGC target of 5x10e5. MS/MS was performed in
the orbitrap with sequential isolation windows of
50 m/z with an AGC target of 2x10e5 and an HCD
collision energy of 30.

Histone peptides raw files were imported into
EpiProfile 2.0 software.®® From the extracted ion
chromatogram, the area under the curve was ob-
tained and used to estimate the abundance of
each peptide. To achieve the relative abundance
of post-translational modifications (PTMs), the
sum of all different modified forms of a histone
peptide was considered as 100% and the area of
the particular peptide was divided by the total area
for that histone peptide in all of its modified forms.
The relative ratio of two isobaric forms was esti-
mated by averaging the ratio for each fragment ion
with different mass between the two species. The
resulting peptide lists generated by EpiProfile

were exported to Microsoft Excel and further pro-
cessed for a detailed analysis.

Immunoblots

Whole cell lysis was performed using RIPA buffer
(1% NP-40, 150 mM NaCl, 1mM EDTA, 50 mM
Tris-HCI pH 8 at 4°C, 0.25% Sodium Deoxycho-
late, 0.1% SDS, protease inhibitor, and phospha-
tase inhibitor). Immunoblots were performed on
PVDF (Immobilon, Millipore), detected by ECL
chemiluminescence (Lumigen, TMA-6) and im-
aged with an ImageQuant LAS4000 (GE). A list of
antibodies used is presented in Supplemental
Table S5.

Lentiviral CRISPRI knockdown

A two-plasmid lentiviral approach was used for
knockdown of target genes. The lenti_dCas9-
KRAB-MeCP2 plasmid was a gift from Andrea
Califano  (Addgene plasmid #  122205;
http://n2t.net/addgene:122205;
RRID:Addgene_122205) and pXPR_050 was a
gift from John Doench & David Root (Addgene
plasmid # 96925; http://n2t.net/addgene:96925;
RRID:Addgene_96925).%’ Custom sgRNA se-
quences (Supplementary file #) were designed us-
ing the Broad CRISPick software (https://por-
tals.broadinstitute.org/gppx/crispick/public) and
then cloned into pXPR_050 as previously de-
scribed.”’ Lentiviral particles were generated and
transduced into A549 cells as previously done in
our group.® Stable expression of the dCas9-
KRAB-MeCP2 construct was achieved in A549
cells with Blasticidin (Cayman) selection at 10
ug/mL before subsequent transduction with the
sgRNA and selection with Puromycin at 2 ug/mL
(Cayman). A list of sgRNAs used in this study are
listed in Supplemental Table S6.

Immunoprecipitation

After treatment, cells were harvested with trypsin
(Corning), washed twice with 4°C PBS, and resus-
pended in modified RIPA buffer (0.5% NP-40, 150
mM NaCl, 1mM EDTA, 50 mM Tris-HCI pH 8 at
4°C) supplemented with 40 U/mL RNaseOUT
(Thermo Fisher Scientific) and protease inhibitor
(Thermo Fisher Scientific) at 10x cell pellet
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volume. Samples were incubated on ice for 10 min
followed by sonication for 3x5 sec at 20% ampli-
tude with a 1/8-inch probe-tip sonicator. All subse-
quent steps were completed at 4°C: Insoluble ma-
terial was removed by 10,000g centrifugation for
10 min and lysates were pre-cleared by incubating
with Protein G agarose (Millipore-Sigma, 16-201)
for 30 minutes with rotation; supernatant was col-
lected from agarose by centrifugation at 10,000g
for 10 minutes. Concentrations of the cleared su-
pernatants were normalized by bicinchoninic acid
assay (Pierce) to 750 ug per condition (1.5 ug/uL).
Primary antibody targeting Tri-methyl Guanosine
(MBL Life Science, RNO19M, clone 235-1; 5ug)
was added and incubated over-night with rotation.
Samples were treated with Protein G agarose and
rotated for 2 hours, then washed three times by
pelleting at 10,000g for 30 seconds and resus-
pending in fresh lysis buffer. Samples were pre-
pared in 1x Laemmli buffer for western blotting
with antibodies as specified.

Northern Blotting

RNA was isolated using TRIzol (Thermo) and co-
precipitated with GlycoBlue (Thermo). The RNA
pellet was resuspended in sample buffer (6.8 M
Urea in TBE with 10% glycerol and 0.25% Bromo-
phenol Blue/Xylene Cyanide), heated at 90 °C for
3 minutes, followed by loading onto an 8% Urea
Gel (National Diagnostics) that was pre-run for 45
minutes at 45 watts. The gel was run for one hour
at 45 watts in 1x TBE (100 mM Tris, 100 mM Boric
acid, and 0.2 mM EDTA) followed by transfer to
nitrocellulose in 0.5x TBE at 30 mAmps for four
hours at 4 °C. Following transfer, RNA was cross-
linked to the membrane at 120,000 pyd/cm2 (UV
Stratalinker 1800). 5 end labeling of snRNA
probes was performed using 3?P-y-ATP (Perki-
nElmer) with T4 PNK reaction (NEB). Unincorpo-
rated 3?P-y-ATP was removed using a Microspin
G-25 column (Cytiva). Post-transfer hybridization
was performed at 37 °C in a hybridization oven
over-night with gentle agitation in hybridization
buffer containing 100 mM NaHPO4 pH 7.2, 750
mM NaCl, 1x Denhardt’s Solution (0.02% BSA,
0.02% Ficoll 400, 0.02% Polyvinylpyrrolidone),
1% Herring sperm DNA, and 7% SDS. The next
morning, the hybridization solution was carefully
discarded according to institutional protocol and
the membrane was washed twice with wash buffer

(40 mM NaHPO4 pH 7.2, 2% SDS, 1 mM EDTA).
The wash buffer was also discarded according to
institutional guidelines. The membrane was left to
expose on a Phosphoimager screen (Cytiva) and
imaged at 633 nm using a Typhoon 9400 Variable
Mode Imager.

Chromatin associated poly(A)-RNA protein
enrichment and immunoblotting

Poly(A)-RNA isolation was performed with
modifications to a previously described protocol .
A549 cells were grown in the presence of 0.01%
DMSO, 1 uM GSK591 (Cayman), or 1 yM MS023
(Cayman) for two days. Cells were washed with 4
°C PBS and irradiated on ice with 100 mJ cm-2 in
a UV Stratalinker 1800. Cells were centrifuged at
500 x g for 10 minutes at 4 °C. Chromatin was iso-
lated with nuclear lysis buffer (NLB; 10 mM Tris-
HCI pH 7.5 at 4°C, 0.1% NP-40, 400 mM KCI, 1
mM DTT) supplemented with 40 U/mL RNaseOUT
(Thermo), protease inhibitor (Thermo), and phos-
phatase inhibitor (Thermo). The chromatin pellet
was resuspended in NLB and sonicated for five
seconds at 20% amplitude with a probe-tip soni-
cator using a 1/8” tip. The sonicate was centri-
fuged at 10,000 x g for 10 minutes and the soluble
material transferred to a low-adhesion RNase-free
microcentrifuge tube. An aliquot from each sample
was saved to serve as the unenriched control. The
samples were split into two separate tubes, one of
which received 10 ug of competitor 25-nt poly(A)
RNA. Magnetic oligo-(dT) beads (NEB) were
equilibrated in NLB and added to the enrichments.
The samples were vortexed at room temperature
for 10 minutes. The beads were then captured on
a magnetic column, and the supernatant trans-
ferred to fresh tube for additional rounds of deple-
tion. The beads were washed once with buffer A
(10 mM Tris pH 7.5, 600 mM KCI, 1 mM EDTA,
0.1% Triton X-100), followed by buffer B (10 mM
Tris pH 7.5, 600 mM KCI, 1 mM EDTA) and lastly
buffer C (10 mM Tris pH 7.5, 200 mM KCI, 1 mM
EDTA). The RNA was eluted by incubating the
beads in 10 pL of 10 mM Tris pH 7.5 at 80 °C for
two minutes, capture of magnetic beads using a
magnetic column, and quickly transferring the su-
pernatant to a new tube. Protein from each condi-
tion and fraction was then immunoblotted with an-
tibodies as indicated.
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Cellular Fractionation for Proteomics

This cellular fractionation was done as previously
described.t Briefly, cells were harvested via tryp-
sinization post treatment and washed with PBS.
All subsequent steps were performed at 4°C. Cells
were suspended in 300 uL of Hypotonic Lysis
Buffer (10 mM Tris-HCI pH 8 at 4°C, 0.1% NP-40,
1 mM KCI, 1.5 mM MgCl,, supplemented with pro-
tease inhibitor, phosphatase inhibitor, and 1uM of
appropriate PRMT inhibitor) and rotated at for 30
min. Nuclei were spun down at 10,000xg for 10
min and the cytoplasm was collected. Nuclei were
washed with Hypotonic Lysis Buffer. Nuclei were
then resuspended in 300 uL of Nuclear Lysis
Buffer (10 mM Tris-HCI pH 8 at 4°C, 0.1% NP-40,
400 mM KCI, 1 mM DTT, supplemented with pro-
tease inhibitor, phosphatase inhibitor, and 1uM of
appropriate PRMT inhibitor) and rotated for 30
min. Chromatin was spun down at 10,000xg for 10
min and nucleoplasm was collected. The chroma-
tin pellet was washed with additional Nuclear Lysis
Buffer. Chromatin was resolubilized with prove-tip
sonication at 20% amplitude for 5s. Total proteo-
mic mass spectrometry was then performed on
the cellular fractions.

Total and fractionated proteomic mass spectrom-
etry

Cells were homogenized with a probe soni-
cator in a buffer containing 5% SDS, 5 mM DTT
and 50 mM ammonium bicarbonate (pH = 8), and
left on the bench for about 1 hour for disulfide
bond reduction. Samples were then alkylated with
20 mM iodoacetamide in the dark for 30 minutes.
Afterward, phosphoric acid was added to the sam-
ple at a final concentration of 1.2%. Samples were
diluted in six volumes of binding buffer (90% meth-
anol and 10 mM ammonium bicarbonate, pH 8.0).
After gentle mixing, the protein solution was
loaded to an S-trap filter (Protifi) and spun at 500
g for 30 sec. The sample was washed twice with
binding buffer. Finally, 1 ug of sequencing grade
trypsin (Promega), diluted in 50 mM ammonium
bicarbonate, was added into the S-trap filter and
samples were digested at 37°C for 18 h. Peptides
were eluted in three steps: (i) 40 yl of 50 mM am-
monium bicarbonate, (ii) 40 pl of 0.1% TFA and
(ii) 40 pl of 60% acetonitrile and 0.1% TFA. The
peptide solution was pooled, spun at 1,000 g for

30 sec and dried in a vacuum centrifuge. Peptides
were then desalted as performed for the histone
peptides.

Samples were resuspended in 10 pl of 0.1%
TFA and loaded onto a Dionex RSLC Ultimate 300
(Thermo Scientific), coupled online with an Or-
bitrap Fusion Lumos (Thermo Scientific). Chroma-
tographic separation was performed with a two-
column system, consisting of a C-18 trap cartridge
(300 uym ID, 5 mm length) and a picofrit analytical
column (75 um ID, 25 cm length) packed in-house
with reversed-phase Repro-Sil Pur C18-AQ 3 um
resin. Peptides were separated using a 90 min
gradient from 4-30% buffer B (buffer A: 0.1% for-
mic acid, buffer B: 80% acetonitrile + 0.1% formic
acid) at a flow rate of 300 nl/min. The mass spec-
trometer was set to acquire spectra in a data-de-
pendent acquisition (DDA) mode. Briefly, the full
MS scan was set to 300-1200 m/z in the orbitrap
with a resolution of 120,000 (at 200 m/z) and an
AGC target of 5x10°%. MS/MS was performed in the
ion trap using the top speed mode (2 secs), an
AGC target of 1x10* and an HCD collision energy
of 35.

Proteome raw files were searched using Pro-
teome Discoverer software (v2.5, Thermo Scien-
tific) using SEQUEST search engine and the
SwissProt human database (updated March
2024). The search for total proteome included var-
iable modification of N-terminal acetylation, and
fixed modification of carbamidomethyl cysteine.
Trypsin was specified as the digestive enzyme
with up to 2 missed cleavages allowed. Mass tol-
erance was set to 10 pm for precursor ions and
0.2 Da for product ions. Peptide and protein false
discovery rate was set to 1%. For all proteomic
studies, DEP2 (Differential Enrichment analysis of
Proteomics data 2)’? was used for data analysis
with a maximum of one missing value and either
GSimp or k-nearest number data imputation and
False Discovery Rate control with Strimmer’'s g-
value. Heatmaps were generated from the log, of
the centered intensity measurements for the top
differentially abundant proteins across all meas-
urements. ClusterProfiler was used for protein on-
tology analysis.”®

Lentiviral inducible protein overexpression
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SNRPB constructs were derived from plas-
mids created by Maron et al. and cloned into a
Gateway Lentiviral system (Invitrogen).2 SmB WT,
RtoA, and RtoK ORFs were individually PCR am-
plified and cloned into pDONR221 (Invitrogen) via
a Gateway BP Clonase Il Enzyme Mix (Invitrogen)
using the manufacture’s protocol. Entry clones
were then cloned into the destination vector,
pLIX 403, via a Gateway LR Clonase Il Enzyme
Mix (Invitrogen). pLIX_403 was a gift from David
Root (Addgene plasmid # 41395;
http://n2t.net/addgene:41395;
RRID:Addgene_41395). Lentiviral particles con-
taining these constructs were generated and
transduced into A549 cells as previously de-
scribed.® Transduced cells were selected with
2ug/mL Puromycin (Cayman) and maintained with
1ug/mL. Maximal protein induction was found af-
ter treating cells with Doxycycline at 1 ug/mL after
three days (not shown).

RNase treatment of Nuclei

Cells were pre-treated with 1 yM GSK591 for
seven days. Cells were collected with trypsin, as
described above. 5x10° cells were lysed in 1 mL
hypotonic lysis buffer (10 mM Tris pH 8 at 4°C, 1
mM KCI, 1.5 mM MgCl., 0.1% NP-40, protease in-
hibitor cocktail, am 1 mM DTT) with end over end
rotation for 30 min. Nuclei were pelleted at
10,000xg for 5 min. Nuclei were washed in 400 yL
hypotonic lysis buffer and split in half. To one sam-
ple, 2 yg RNase A and 250 U RNase T1 were
added; both samples were incubated at 37°C for
1 hour with intermitant mixing. Following incuba-
tion and at 4°C, nuclei were recovered by centrif-
ugation at 10,000xg for 5 min. Nuclei were lysed
with nuclear extraction buffer (see cellular fraction-
ation for proteomics above) and chromatin was
pelleted at 10,000 x g for 5 min. Nucleoplasm was
collected as the supernatant. Chromatin was re-
suspended in 150 uL nuclear lysis buffer and sol-
ubilized with a tip sonicator. Nucleoplasm and
chromatin fractions were then analyzed by im-
munoblotting.

Subcellular RNA fractionation
This protocol followed previously described

procedures with minor alterations.®2233% Briefly,
following appropriate experimental treatments,

cells were collected via a brief trypsinization fol-
lowed by a PBS wash. Cells were then lysed in a
hypotonic lysis buffer containing 10 mM Tris, 1
mM KCI, 1.5 mM MgCI2, 0.1% NP40, 0.5 mM
DTT, and 0.5 mM EDTA, as well as 1x protease
inhibitor and 40 U/ml RNaseOUT. Cells were ro-
tated at 4°C for 15 minutes to promote lysis. The
lysate was overlaid onto a 24% sucrose cushion,
a density gradient solution consisting of 10 mM
Tris, 15 mM KCI, 1 mM EDTA, 24% Sucrose (w/v),
0.5 mM DTT, 1x protease inhibitor, and 40 U/ml
RNaseOUT, and centrifuged at 10,000xg for 10
min. Nuclei were washed in a PBS/1mM EDTA so-
lution, and recollected by centrifuging at 10,000xg
for 2 min. Nuclei were then resuspended in glyc-
erol buffer, composed of 20 mM Tris, 75 mM NacCl,
0.5 mM EDTA, 50% Glycerol (v/v), 0.85 mM DTT,
40 U/ml RNaseOUT, and 1x protease inhibitor,
and subsequently lysed using equal volume of nu-
clei lysis buffer, which contained 20 mM HEPES,
1 mM DTT, 7.5 mM MgCI2, 0.2 mM EDTA, 300
mM NacCl, 1% NP40, 1M Urea, 1x protease inhib-
itor, and 40 U/ml RNaseOUT. Following another
PBS/EDTA wash, all three fractions were dis-
solved into TRIzol (Thermo Fisher Scientific), fol-
lowed by subsequent isolation of RNA, DNA, and
Protein as described in the manufacturer's man-
ual. RNA and DNA were subsequently quantified
using the Qubit RNA BR Assay Kit and dsDNA BR
Assay Kit, respectively (Invitrogen).

Polyadenylated RNA quantification

Following Trizol purification, equal amounts
(ng) of RNA were reverse transcribed using the
Moloney Murine Leukemia Virus (MMLV) reverse
transcriptase (Invitrogen) and oligo-dT primers.
Residual RNA was removed via a RNase H diges-
tion. cDNA was then quantified via the ssDNA
Qubit Assay Kit (Invitrogen).

Fractionated RNA-sequencing

The fractionation method used for the sequencing
experiment is identical to the above subcellular
RNA fractionation. Cells were counted in duplicate
to obtain 5 million cells per condition and per bio-
logical replicate (collected on separate days). A
batch of TRIzol was used with a spike in of total D.
melanogaster S2 cells such that there are 250k
(5% relative starting cell number) S2 cells per 750
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uL of TRIzol. TRIzol was then aliquoted at 750
uL/tube and stored at -80°C until needed.

Statistical analysis

All immunoblots were performed in at least two in-
dependent biological replicates. Statistical analy-
sis was performed either using GraphPad Prism
(v10.2.3) or R (v4.4.0). Wilcoxon Rank rank-sum
test was used to compare the median between
groups. Kolmogorov-Smirnov test was used to
compare the distributions between groups. Inde-
pendent t-tests were performed to compare
means between only two groups. GeneOverlap™
with Fisher’s exact test was used to determine
ORs of RI overlaps and transcript overlaps be-
tween different RNA-seq data sets.

Data Availability

Raw data for RNA-seq and PRO-seq is depos-
ited under GEO (upload pending). Raw data for
total cell and fractionated LC-MS/MS is deposited
to the ProteomeXchange Consortium via the
PRIDE partner repository (PXD054308). All code
used to generate data in this manuscript can be
found here:
(https://qgithub.com/Shechterlab/DeAngelo 2024).
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