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Abstract 

Protein arginine methyltransferases (PRMTs) methylate histones, splicing factors, and many other nuclear 
proteins. Type I enzymes (PRMT1-4,6,8) catalyze mono- (Rme1/MMA) and asymmetric (Rme2a/ADMA) 
dimethylation; Type II enzymes (PRMT5,9) catalyze mono- and symmetric (Rme2s/SDMA) dimethylation. 
Misregulation of PRMTs in multiple types of cancers is associated with aberrant gene expression and RNA 
splicing. To understand the specific mechanisms of PRMT activity in splicing regulation, we treated cells 
with the PRMT5 inhibitor GSK591 and the Type I inhibitor MS023 and probed their transcriptomic conse-
quences. We discovered that Type I PRMTs and PRMT5 inversely regulate core spliceosomal Sm protein 
Rme2s and intron retention. Loss of Sm Rme2s is associated with the accumulation of polyadenylated RNA 
containing retained introns and snRNPs on chromatin. Conversely, increased Sm Rme2s correlates with 
decreased intron retention and chromatin-association of intron-containing polyadenylated RNA. Using the 
newly developed SKaTER-seq model, comprehensive and quantitative analysis of co-transcriptional splicing 
revealed that either Type I PRMT or PRMT5 inhibition resulted in slower splicing rates. Surprisingly, altered 
co-transcriptional splicing kinetics correlated poorly with ultimate changes in alternatively spliced mRNA. 
Quantitation of retained intron decay following inhibition of nascent transcription revealed that Type I PRMTs 
and PRMT5 reciprocally regulate post-transcriptional splicing efficiency. 
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Introduction 

The mammalian genome encodes nine protein 
arginine methyltransferases (PRMTs 1-9; PRMT4 
is also known as CARM1). Arginine methylation is 
critical in regulating signal transduction, gene ex-
pression, and splicing (Guccione and Richard 
2019; Lorton and Shechter 2019). For instance, a 
core function of PRMT5, along with its cofactors 
pICln and MEP50 (also known as WDR77), is 

regulation of small nuclear ribonucleoprotein 
(snRNP) assembly (Meister et al. 2001; Boisvert 
et al. 2002; Meister 2002; Neuenkirchen et al. 
2015). This includes both non-enzymatic chaper-
oning of Sm proteins via PRMT5/pICln following 
their translation and also post-translational meth-
ylation of SmD1, SmD3, and SmB/B’, by PRMT5-
MEP50 (Matera and Wang 2014; Paknia et al. 
2016). Following their methylation, these Sm pro-
teins are delivered to SMN where they are bound 
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to small nuclear RNAs (snRNAs) in preparation for 
further processing and eventual nuclear import 
(Boisvert et al. 2002; Meister 2002; Pellizzoni 
2002; Matera and Wang 2014). Disruption of 
PRMT5 leads to numerous splicing defects, pri-
marily intron retention (retained introns; RI) and 
exon skipping (skipped exons; SE) (Boisvert et al. 
2002; Bezzi et al. 2013; Braun et al. 2017; Fedoriw 
et al. 2019; Fong et al. 2019; Radzisheuskaya et 
al. 2019; Tan et al. 2019). While the mechanistic 
role of Type I PRMTs (PRMT1-4, 6, 8) in splicing 
is still poorly understood, recent reports demon-
strated that there are consequences on SE follow-
ing Type I PRMT inhibition (Fedoriw et al. 2019; 
Fong et al. 2019). 

RNA splicing can occur during transcriptional 
elongation or after the transcript has been cleaved 
and released from chromatin (Bentley 2014; 
Neugebauer 2019). Although the importance of 
PRMTs in preserving splicing integrity is clear, 
whether PRMTs exert their influence over co- or 
post-transcriptional splicing is still unknown. Pre-
vious work has implicated PRMT5 as a regulator 
of detained introns (DI)—unspliced introns in pol-
yadenylated transcripts (poly(A)-RNA) that remain 
nuclear and are removed prior to cytoplasmic ex-
port (Braun et al. 2017). PRMT5 has also been in-
directly shown to regulate post-transcriptional 
splicing in Arabidopsis (Jia et al. 2020). However, 
both the mechanism of PRMT5’s function and the 
role of Type I PRMTs in this process remain un-
clear. 

Here, we test whether PRMTs regulate splicing 
co- or post-transcriptionally and also probe how 
arginine methylation of snRNP proteins influences 
this process. As both Type I PRMTs and PRMT5 
have been extensively reported to be required for 
the pathogenicity of lung cancer (Gu et al. 2012; 
Ibrahim et al. 2014; Avasarala et al. 2015; Sheng 
and Wang 2016; Li et al. 2019; Zhang et al. 
2019)—yet their role in the transcription and splic-
ing of this disease remains largely unstudied—we 
used A549 human alveolar adenocarcinoma cells 
(Lieber et al. 1976) as our model. Using GSK591 
(also known as EPZ015666 or GSK3203591), a 
potent and selective inhibitor of PRMT5 (Duncan 
et al. 2016), and MS023, a potent pan-Type I 

inhibitor (Eram et al. 2016), we demonstrate that 
Sm protein symmetric dimethylation and retained 
introns are inversely correlated with either Type I 
or PRMT5 inhibition (PRMTi). Loss of Sm protein 
Rme2s is associated with an accumulation of 
poly(A)-RNA bound snRNPs on chromatin. Fur-
thermore, assaying co-transcriptional splicing ki-
netics reveals that either Type I PRMT or PRMT5 
inhibition promotes slower splicing and that these 
changes do not reflect changes in alternatively 
spliced mRNA. Inhibition of nascent transcription 
followed by analysis of retained intron decay 
demonstrates that PRMTs regulate splicing post-
transcriptionally and that Type I PRMT inhibition 
increases post-transcriptional splicing efficiency 
whereas PRMT5 inhibition decreases efficiency. 

Results 

Type I or PRMT5 inhibition promotes changes in 
alternative splicing 

PRMTs consume S-adenosyl methionine 
(SAM) and produce S-adenosyl homocysteine 
(SAH) to catalyze the post-translational methyla-
tion of either one or both terminal nitrogen atoms 
of the guanidino group of arginine (Gary and 
Clarke 1998). Based on the isoform of their meth-
ylated product, PRMTs are classified as Type I, II, 
or III (Figure 1a). All PRMTs can generate 
monomethyl arginine (Rme1). Additional methyla-
tions are performed using a distributive mecha-
nism where Type I PRMTs catalyze formation of 
asymmetric NG,NG-dimethylarginine (Rme2a). 
Type II PRMTs (PRMT5 and 9) form symmetric 
NG,N’G-dimethylarginine (Rme2s). PRMT5 is the 
primary Type II methyltransferase (Yang et al. 
2015). The Type III PRMT7 has only been shown 
to generate Rme1 (Zurita-Lopez et al. 2012). 

As previous reports indicated that lengthy treat-
ment with PRMTi promotes aberrant RNA splicing, 
we wanted to determine whether alternative splic-
ing differences with PRMTi occurred as early as 
day two and, if so, how they evolved over time 
(Bezzi et al. 2013; Fong et al. 2019; Radzisheus-
kaya et al. 2019; Tan et al. 2019). Therefore, we 
performed poly(A)-RNA sequencing on A549 cells 
treated with DMSO, GSK591, MS023, or both 
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inhibitors in combination for two-, four-, and 
seven-days. 

Using replicate Multivariate Analysis of Tran-
script Splicing (rMATS) (Shen et al. 2014) to iden-
tify alternative splicing events, at day two we ob-
served significant differences in RI with PRMTi 
(FDR < 0.05) relative to DMSO (Figure 1b). 
Whereas RI were increased in GSK591 and co-
treatment—signified by a positive difference in 
percent spliced in (+ΔPSI or Ψ)—RI were de-
creased in MS023 (-ΔΨ) relative to DMSO. We 
found that SE were increased in GSK591, MS023, 
and co-treatment (Suppl. Figure 1a). Alternative 
5’ splice site (A5SS) and alternative 3’ splice site 
(A3SS) usage increased only in GSK591 and co-
treatment (Suppl. Figure 1a). Meanwhile, mutu-
ally exclusive exon (MXE) usage was bimodal in 
all conditions. Generally, the alternative splicing 
distributions present at day two were propagated 
through day seven (Suppl. Figure 1a). 

To confirm and quantify the presence of PRMT-
regulated RI by RT-qPCR, we selected two genes, 
HNRNPH1 and GAS5. These were identified by 
rMATS as containing RI at all treatment days (Fig-
ure 1c). Using HNRNPH1 intron 12 and GAS5 in-
tron 9 primers that flanked the intron-exon bound-
ary and normalized by exon-exon junction pri-
mers, at day two following PRMTi we confirmed 
the presence of the RI (Figure 1d). Consistent 
with our rMATS data, HNRNPH1 intron 12 had a 
significant increase in retention upon GSK591 
treatment (P < 0.001) and GAS5 exhibited signifi-
cantly reduced retention with MS023 (P < 0.0001) 
(Figure 1d). 

We next asked whether the RI in our data were 
common to other datasets in which PRMT activity 
was perturbed. To accomplish this, we used 
rMATS on publicly available data (Braun et al. 
2017; Fedoriw et al. 2019; Fong et al. 2019; 
Radzisheuskaya et al. 2019). In these experi-
ments–conducted in a variety of cell lines from dis-
eases including acute myeloid leukemia (THP-1), 
chronic myeloid leukemia (K562), pancreatic ade-
nocarcinoma (PANC03.27), and glioblastoma 
(U87)–arginine methylation was inhibited via 
PRMT knockdown using CRISPRi or with PRMTi 

including EPZ015666, GSK591/MS023 or 
GSK591/GSK712. As demonstrated by the high 
odds ratio (log2(OR) > 6) between all the datasets, 
we showed that there was a highly significant 
(Fisher’s exact adjusted P < 1e-05) overlap in RI 
(Suppl. Figure 1b). We next intersected all com-
mon RI between treatment conditions in A549 
across days two, four, and seven (Figure 2a). We 
found 58 common introns. Strikingly, whereas 
GSK591 and co-treatment had increased inclu-
sion, for the same introns MS023 resulted in de-
creased inclusion relative to DMSO (Figure 2a). 

To determine the common characteristics of 
the RI in A549 treated with PRMTi we analyzed 
their intra- and inter-gene locations and se-
quences. We found that the RI were shorter and 
closer to the transcription end site (TES) com-
pared to the genomic distribution of introns (P < 
2.2e-16) (Figure 2b). We also observed that RI-
containing genes were more likely to be closer to 
their upstream or downstream genes (P < 2.2e-
16) (Figure 2b). Moreover, in analyzing the prob-
ability of nucleotide distribution at the 5’ and 3’ 
splice sites we noted both a slight preference for 
guanine three nucleotides downstream of the 5’ 
splice site and increased frequency of cytosine in 
the polypyrimidine tract (Suppl. Figure 1c). This 
is consistent with previous literature demonstrat-
ing that RI have weaker 5’ and 3’ splice sites 
(Bezzi et al. 2013; Braun et al. 2017; Tan et al. 
2019). 

As PRMT5 is critical in snRNP assembly, we 
hypothesized that methylation of the Sm-protein 
component of snRNPs may play a pivotal role in 
regulating RI (Friesen et al. 2001a; Friesen et al. 
2001b; Meister et al. 2001; Meister 2002; Zhang 
et al. 2008). We performed rMATS on two publicly 
available datasets in which SmB/B’ was knocked-
down in U251 glioblastoma or HeLa cells (Saltz-
man et al. 2011; Correa et al. 2016) and compared 
the RI to those seen with PRMTi. There was a 
strongly significant (P < 2.2e-16) correlation at 
days two (Spearman’s rank correlation (ρ) = 0.52 
or 0.45), four (ρ= 0.44 or 0.39), and seven (ρ = 
0.34 or 0.31) with GSK591 treatment in A549 (Fig-
ure 2c). Moreover, there was a strongly significant 
anti-correlation (P < 2.2e-16) at days two (ρ = -
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0.16 or -0.20), four (ρ= -0.23 or -0.21), and seven 
(ρ = -0.41 or -0.37) with MS023 treatment (Figure 
2c). This result indicated that reduced SmB/B’ pro-
tein levels promote an increase in RI that parallels 
that of PRMTi. 

GSK591 results in Rme2s loss and increased Sm 
proteins on chromatin 

The strong overlap of RI with PRMTi and 
SmB/B’ knockdown led us to hypothesize that, in 
A549 cells treated with PRMTi, Sm-protein binding 
to nascent transcript is compromised. As nascent 
transcription occurs in the chromatin fraction of 
cells, we took advantage of the extremely basic 
isoelectric points (pI) of SmB/B’ (11.2), SmD1 
(11.6), and SmD3 (10.33) and performed acid ex-
traction of A549 chromatin treated with DMSO, 
GSK591, or MS023. Despite performing a strin-
gent wash with 400 mM KCl prior to extraction, 
GSK591-treated A549 cells had a gross increase 
of Sm proteins in the acid extracted chromatin 
fraction (Figure 3a). We did not observe a similar 
increase in Sm protein levels in the cytoplasmic 
fractions of either inhibitor treatment (Suppl. Fig-
ure 2a). Additionally, by western blot these Sm 
proteins had reduced Rme2s (Figure 3a, middle 
panel). Furthermore, consistent with the ability of 
different classes of PRMTs to scavenge each 
other’s substrates (Dhar et al. 2013; Lehman et al. 
2020), we observed an increase in Rme2a with 
GSK591. We also noted an increase in Rme2s in 
the MS023-treated A549 cells (Figure 3a). To fur-
ther test the large chromatin accumulation of Sm 
proteins upon GSK591 treatment, we performed 
an immunofluorescence assay targeting SmB/B’. 
In GSK591 treated cells, a drastic increase in nu-
clear DAPI stain overlapping SmB/B’ was appar-
ent (Figure 3b). 

To assess how Sm protein chromatin associa-
tion is connected to their arginine methylation, we 
determined the timeline of Sm Rme2a gain or 
Rme2 loss in relation to the protein’s chromatin re-
tention. We determined that the majority of Rme2s 
loss occurs after just one day of PRMT5 inhibition, 
with almost complete loss after two days (Figure 
3c). One day of treatment with GSK591 is associ-
ated with a corresponding gain of Rme2a, which 

increased throughout the seven days of treatment 
(Figure 3c). The initial accumulation of SmB/B’ 
and SmD3 was well correlated with the loss of 
Rme2s and gain of Rme2a. We observed similar 
results in A549 when using LLY283 (Bonday et al. 
2018)—a SAM-analog inhibitor of PRMT5—as 
well as in IMR90 cells treated with GSK591 
(Suppl. Figure 2b and 2c, respectively), signify-
ing that the Rme2s-loss correlated Sm protein 
chromatin association is specific to PRMT5 inhibi-
tion and not unique to A549 cells. 

To determine whether accumulation of Sm pro-
teins was due to loss of Rme2s or gain of Rme2a, 
we performed a co-treatment with GSK591 and 
MS023. Although the loss of Rme2s follows a sim-
ilar timeline as GSK591 alone, the gain of Rme2a 
is delayed until MS023 is removed (Figure 3d). 
Moreover, the accumulation of Sm proteins on 
chromatin is coincident with loss of Rme2s and ir-
respective of Rme2a gain. 

MS023 promotes increased Rme2s on Sm pro-
teins 

Although the loss of Rme2s and Sm chromatin 
accumulation provides insight to a potential mech-
anism underlying gene expression and splicing 
changes seen with GSK591, it does not account 
for the changes seen with MS023. Due to the con-
trasting effects of Type I PRMT or PRMT5 inhibi-
tion on RI ΔΨ, and the common substrate recog-
nition motifs shared by PRMTs, we speculated 
that an increase in Rme2s due to unopposed 
PRMT5 activity in MS023-treated cells may under-
lie the observed changes. We therefore isolated 
whole cell lysates of A549 cells treated for seven 
days with either GSK591 or MS023 and–after nor-
malizing for protein concentration–probed the ly-
sates for Rme2s. Whereas Rme2s was com-
pletely lost in GSK591 treated cells, in MS023 
treated cells there was an increase of Rme2s at 
molecular weights corresponding to SmB/B’, 
SmD1, and SmD3 (Suppl. Figure 2d). To confirm 
that the Rme2s increase was on Sm proteins—
typically found in a heptameric ring bound to 
snRNA, which together which form snRNPs—we 
performed a co-IP targeting SmD3, Smith Antigen 
(Y12, recognizing Sm Rme2s) (Lerner and Steitz 
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1979), and the U2 snRNP factor SF3B1. Indeed, 
we observed increased Rme2s in the MS023 
treated cells (Figure 3e). Additionally, despite the 
almost complete loss of Rme2s in the input of 
GSK591-treated cells, even after one week of 
treatment we observed residual Rme2s on Y12 
immunoprecipitated SmB/B’ (Figure 3e). To-
gether these results indicate that Type I or PRMT5 
inhibition leads to increased or decreased Rme2s 
levels of Sm-proteins, respectively. 

Chromatin retained Sm proteins are components 
of snRNPs 

To test if chromatin associated Sm proteins 
represent intact snRNPs, we first asked whether 
there was a corresponding increase in snRNA at 
the chromatin level with GSK591. We treated 
A549 cells for seven days with DMSO, GSK591, 
or MS023 and then fractionated them into cyto-
plasmic, nucleoplasmic, and chromatin compo-
nents. We then performed northern blotting with 
[32P]-labeled 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 
(Figure 4a). These observations were consistent 
with intact snRNPs accumulating on chromatin in 
a PRMT5-inhibited fashion. 

To determine whether the increased Sm pro-
teins in GSK591-treated cells are in complex with 
snRNA, using antibodies targeting SmB/B’ we im-
munoprecipitated snRNPs from whole cell lysate 
of PRMTi-treated A549 cells and northern blotted 
with [32P]-labeled snRNA probes. We observed 
that GSK591-treated A549 were associated with 
increased levels of the five major snRNAs. This 
was not seen for either DMSO or MS023 treated 
cells (Figure 4b). We also performed urea poly-
acrylamide gel electrophoresis followed by SYBR 
gold staining. We observed increased higher mo-
lecular weight RNA species as well as lower mo-
lecular weight RNAs corresponding to the snRNAs 
in GSK591 (Suppl. Figure 3a). This further sup-
ported the hypothesis that these Sm proteins rep-
resent intact snRNPs. As snRNPs bind to mRNA 
through complementary base pairing to facilitate 
splicing, we hypothesized that RNA was the 

driving force for their chromatin retention. To ad-
dress whether their chromatin accumulation was 
RNA-dependent, we isolated the chromatin frac-
tion of A549 cells treated with DMSO, GSK591, or 
MS023. We then washed the chromatin with 400 
mM KCl and, to ensure complete RNA degrada-
tion, treated the individual fractions with both 
RNase A and RNase T1 (Figure 4c). Upon treat-
ment of the nuclear fractions with RNase A/T1, the 
chromatin retained population of SmB/B’ and 
SmD3 was shifted to the nucleoplasm, demon-
strating that the retained Sm proteins are bound to 
chromatin through RNA interactions. 

snRNP chromatin accumulation is transcription 
dependent 

As we established that these Sm proteins are 
intact snRNPs, we asked whether snRNP chroma-
tin accumulation was dependent on active tran-
scription. We treated A549 cells with 100 µM 5, 6-
dichloro-1-β-D-ribofuranosylbenzimidazole 
(DRB)—an inhibitor of p-TEFb that prevents phos-
phorylation of DSIF and NELF consequently inhib-
iting RNA pol II pause-release (Wada et al. 1998; 
Singh and Padgett 2009)—and then probed 
snRNP chromatin accumulation across time. We 
noted that 100 µM DRB was able to reduce Sm 
chromatin association as early as one-hour post-
DRB (Suppl. Figure 3b). Next, to determine if this 
transcriptional elongation-associated Sm chroma-
tin accumulation was dependent upon PRMT5, in 
GSK591-treated cells, we performed a DRB pulse 
and washout. Indeed, DRB disrupted snRNP 
chromatin accumulation (Figure 4d). This indi-
cated that snRNP chromatin accumulation was 
dependent on transcription of nascent RNA. 

PRMT-dependent changes in co-transcriptional 
splicing do not reflect changes in steady state 
mRNA 

The dependence of snRNP accumulation on 
transcription in addition to the modulation of 
Rme2s with Type I or PRMT5 inhibition prompted 
us to investigate the kinetics of co-transcriptional 
splicing. To accomplish this, we used Splicing Ki-
netics and Transcript Elongation Rates by Se-
quencing (SKaTER-seq) (Casill et al. Submitted). 
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As most splicing changes are present as early as 
two days following GSK591 or MS023 treatment, 
we used this time point of PRMTi for our analysis. 
Briefly, this method uses a three-hour DRB treat-
ment to synchronize transcription, followed by a 
rapid wash-out, to allow productive elongation to 
commence. Once RNA pol II begins elongating, 
starting at 10 minutes nascent RNA is collected 
every five minutes until 35 minutes post-DRB 
washout (Figure 5a). Nascent RNA is isolated via 
a 1 M urea wash of chromatin (Wuarin and 
Schibler 1994) and an additional poly(A)-RNA de-
pletion. The nascent RNA is then sequenced. The 
rate of nascent RNA formation–including: (1) RNA 
pol II initiation and pause-release (spawn) rate, (2) 
elongation rate, (3) splicing rate, and (4) transcript 
cleavage rate–is then calculated by using a com-
prehensive model to determine the rates that best 
fit the sequencing coverage. 

To assess the accuracy of the rates determined 
by the SKaTER model, we used the spawn, elon-
gation, splicing, and cleavage rates to simulate a 
predicted poly(A)-RNA cassette exon Ψ and com-
pared these results with our poly(A)-RNA seq. We 
successfully predicted cassette exon Ψ detected 
in poly(A)-RNA in DMSO (ρ = 0.54), GSK591 (ρ = 
0.61), and MS023 (ρ = 0.55) (P < 2.2e-16) (Figure 
5b). Next, we compared spawn rate to poly(A)-
RNA seq transcripts per million (TPM). As pre-
dicted, we observed a strongly significant (P < 
2.2e-16) correlation between RNA pol II spawn 
rate and TPM in DMSO, GSK591, and MS023 (ρ 
= 0.50, 0.51, 0.51, respectively) (Suppl. Figure 
4a) (Casill et al. Submitted). Consistent with pre-
viously published reports, a comparison of splicing 
rates within each condition confirmed that consti-
tutive introns splice faster than cassette exons 
(Suppl. Figure 4b). (Pandya-Jones et al. 2013). 

As poly(A)-RNA seq revealed opposing alter-
native splicing changes—specifically increased RI 
with GSK591 and decreased RI with MS023—we 
next asked how PRMTi affected the global distri-
bution of splicing rates relative to DMSO. GSK591 
resulted in a modest shift toward slower global 
splicing (P = 0.0002, Kolmogorov-Smirnov test 
statistic (D-) = 0.03) and did not significantly 
change the median of this distribution (adjusted P 

> 0.05 via Dunn’s test) (Figure 5c). Furthermore, 
the distribution of splicing rates within GSK591 
was well correlated with the distribution of the 
rates in DMSO (ρ = 0.82, P < 2.2e-16) (Suppl. 
Figure 4c). Unexpectedly, MS023 resulted in a 
significant shift in splicing rates to be slower rela-
tive to DMSO (P < 2.2e-16, D- = 0.20) (Figure 5c). 
Despite the drastic decrease in global splicing 
rates, the distribution of rates within MS023 was 
strongly correlated to DMSO (ρ = 0.71, P < 2.2e-
16) (Suppl. Figure 4c). When comparing the 
splicing rate of RI, we found no significant differ-
ence in either GSK591 or MS023 relative to 
DMSO (Figure 5d). 

We next asked how RI splicing rates compared 
to the genomic distribution of intron rates. We ob-
served that introns that tended to be retained in 
GSK591 or MS023 were slower to splice (P = 
0.005, D- = 0.15 and P = 0.07, D- = 0.19, respec-
tively) when compared to the genomic distribution 
in either condition (Figure 6a). When examining 
additional characteristics of these RI we noted that 
they had a significantly higher GC percentage in 
both GSK591 (52%, P < 2.2e-16) or MS023 (50%, 
P = 1.87e-5) relative to the global median (41%) 
(Figure 6b), supporting results from prior reports 
(Justin et al. 2013; Braunschweig et al. 2014). 
When comparing transcription rate, RI took less 
time to transcribe compared to the genomic distri-
bution of introns in both GSK591 and MS023 (P = 
1.38e-14, D- = 0.42 and P = 0.0001, D- = 0.39, re-
spectively) (Figure 6c). As the distribution of RI 
length was shorter than genomic introns (Figure 
2b), we normalized for intron length and deter-
mined the intronic elongation rate. Consistent with 
an increased GC percentage for RI, we found that 
they have slower elongation rates relative to the 
genomic distribution (Suppl. Figure 5a). Next, as 
our total RNA-seq data indicated that RI were 
more likely to be closer to the TES (Figure 2b) we 
asked whether intron position correlated with 
splicing rate. Indeed, we determined that introns 
located closer to the TES tended to have slower 
splicing rates (Suppl. Figure 5b). 

PRMTs regulate splicing post-transcriptionally 
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The paradox of decreased RI with Type I 
PRMT inhibition, despite their slower co-transcrip-
tional splicing rates, led us to hypothesize that 
PRMTs exert their control over splicing post-tran-
scriptionally. To test this hypothesis, we used a 
metric that considers elongation, splicing, and 
cleavage rates to determine the probability that a 
transcript will be cleaved from RNA pol II prior to 
an intron being spliced. Surprisingly, more than 
half of all transcripts were likely to be cleaved prior 
to the completion of splicing (Figure 6d). The 
global distribution was significantly reduced with 
GSK591 (P < 2.2e-16, D- = 0.07) and increased 
with MS023 (P < 2.2e-16, D+ = 0.07) (Figure 6d). 
Consistent with the hypothesis that PRMTs regu-
late splicing of RI post-transcriptionally, the prob-
ability of transcript cleavage prior to RI splicing 
was higher when compared to the global distribu-
tion in GSK591 (P = 0.08, D+ = 0.13) or MS023 (P 
= 0.04, D+ = 0.28) (Figure 6e). Furthermore, intron 
position was strongly predictive of whether splic-
ing was likely to occur prior to transcript cleavage: 
TES proximal introns had a higher probability of 
cleavage prior to their splicing (Suppl. Figure 5c). 

snRNPs remain bound to poly(A)-RNA 

The data from SKaTER-seq demonstrated that 
for both RI and non-RI the probability of cleavage 
prior to splicing was greater than 50%. As we dis-
covered that GSK591 or MS023 inversely regulate 
snRNP arginine methylation and alter their chro-
matin association dynamics, we asked whether 
snRNPs are bound to chromatin-associated 
poly(A)-RNA. To address this question, we used 
UV-crosslinking (254 nm) followed by cellular frac-
tionation and then poly(A) enrichment of the chro-
matin fraction. We used a 25-nucleotide competi-
tor poly(A) to ensure the observed interactions 
were specific. In all conditions, we observed 
snRNPs bound to poly(A)-RNA (Figure 7a). Fur-
thermore, and consistent with the results de-
scribed above, in GSK591-treated cells there 
were more snRNPs on chromatin and bound to 
poly(A)-RNA. Surprisingly, the poly(A)-associated 
snRNPs in GSK591 did not contain Rme2s, sug-
gesting that this modification may be dispensable 
for nuclear import and recognition of nascent 
RNA. We also noted that the poly(A)-RNAs were 

associated with H3 and that this interaction was 
increased in GSK591 and decreased in MS023 
(Figure 7a). Importantly, with the addition of the 
25-nucleotide competitor poly(A), H3 and snRNP 
binding to poly(A)-RNA was lost; this confirmed 
that we had enriched for only poly(A)-associated 
snRNPs. These observations prompted us to in-
vestigate whether candidate RI can be found teth-
ered to chromatin. We detected increased RI in 
the chromatin fraction of GSK591 treated cells, 
and depletion of RI in MS023 treated cells (Figure 
7b). 

The slowing of co-transcriptional RNA splicing 
following PRMTi suggests that there would be an 
increase in observed RI. Paradoxically, total 
poly(A)-RNA seq revealed that although RI are in-
creased in GSK591, they are reduced in MS023 
relative to DMSO. This led us to hypothesize that 
MS023 promotes more efficient post-transcrip-
tional splicing, whereas the opposite is true for 
GSK591. To test this model, we pre-treated A549 
cells for two days with GSK591 or MS023 and 
then blocked transcription using actinomycin D. 
We then sampled poly(A)-RNA after 60 minutes 
and probed for HNRNPH1 intron 12 and GAS5 in-
tron 9 (Figure 7c). Consistent with a post-tran-
scriptional mechanism, MS023 led to decreased 
GAS5 intron 9 when compared to DMSO (P < 
0.0001), while the removal of HNRNPH1 intron 12 
was not changed. GSK591 led to a significant in-
crease in GAS5 intron 9 and HNRNPH1 intron 12 
relative to DMSO (P < 0.05). We therefore pro-
pose the following model: although Type I PRMTs 
and PRMT5 are required for maintaining the kinet-
ics of co-transcriptional splicing, their impact is ul-
timately determined post-transcriptionally (Figure 
7d). 

Discussion 

This study highlights the important role of 
PRMTs in regulating both snRNP chromatin asso-
ciation and post-transcriptional splicing. We char-
acterized the kinetics of nascent RNA formation 
and found that, although PRMTi resulted in slower 
co-transcriptional splicing, these changes were 
poorly correlated with ultimate alternative splicing 
changes seen in poly(A)-RNA. We also found that 
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Sm arginine methylation is inversely regulated by 
Type I PRMTs or PRMT5. Loss of Sm protein 
Rme2s is associated with a chromatin accumula-
tion of snRNPs as well as transcripts containing 
RI. When probing post-transcriptional splicing in 
candidate introns using actinomycin D, whereas 
GSK591 results in slower intron-decay, MS023 
leads to faster decay. The post-transcriptional, ra-
ther than co-transcriptional, consequences we ob-
served with PRMTi reflect those seen when we 
analyzed poly(A)-RNA. Therefore, we conclude 
that PRMTs regulate post-transcriptional splicing 
efficiency and transcript-associated snRNP dy-
namics. 

The effect of PRMT inhibition on splicing 

Many reports have documented that PRMT5 
has a crucial role in splicing (Bezzi et al. 2013; Koh 
et al. 2015; Braun et al. 2017; Fedoriw et al. 2019; 
Fong et al. 2019; Radzisheuskaya et al. 2019; Tan 
et al. 2019). However, the role of Type I PRMTs in 
splicing has only recently been appreciated (Fe-
doriw et al. 2019; Fong et al. 2019). We found that 
both types of PRMTi carry numerous and diverse 
consequences on splicing. Remarkably, RI were 
increased in GSK591, but decreased with MS023 
treatment. This is the first report showing that 
modulating arginine methylation levels can ac-
tively enhance splicing. Furthermore, in the pres-
ence of co-treatment, alternative splicing changes 
trended toward that of GSK591 alone, suggesting 
that Rme2s is dominant in regulating alternative 
splicing. 

Our observation that RI tended to be shorter 
and closer to the TES as well as enriched in GC 
content matches data from previous reports 
(Justin et al. 2013; Braunschweig et al. 2014; 
Boutz et al. 2015). However, we also observed 
that genes containing RI were more likely to be 
closer to their upstream or downstream genes. 
This suggests a potential for RI to be a conse-
quence of local gene density or higher-order chro-
matin organization. As has been suggested by 
others, RI may be an evolutionarily conserved 
class of introns (Braunschweig et al. 2014; Boutz 
et al. 2015; Pimentel et al. 2016). This is further 
supported by our comparison of RI across 

different publicly available datasets that despite 
using diverse cell models and methods of inhibit-
ing PRMTs, had a strong overlap with the RI pre-
sent in our data. 

The effect of PRMT inhibition on snRNP dynamics 

Coincident with the changes in splicing, we ob-
served an increase of Sm proteins on chromatin 
with GSK591. As they co-immunoprecipitate with 
other Sm proteins and the major snRNAs, we con-
firmed that these Sm proteins are components of 
snRNPs. Furthermore, their chromatin association 
is transcription and RNA dependent. We also 
showed that the snRNP-chromatin accumulation 
is coincident with Sm Rme2s and is also con-
sistent with changes in alternative splicing. The 
overlap of RI following SmB/B’ knockdown in 
U251 or HeLa cells with either GSK591 or MS023 
in A549 suggests that modulation of Rme2s can 
mimic a loss or gain of function, respectively. Fur-
thermore, a subset of snRNPs are found associ-
ated with poly(A)-RNA. Our observation that 
snRNPs deficient in Rme2s were bound to chro-
matin-associated poly(A)-RNA suggests that the 
role of PRMT5 in snRNP ribonucleogenesis is pri-
marily a structural one (Brahms et al. 2001; Meis-
ter et al. 2001; Boisvert et al. 2002; Meister 2002). 
This is supported by the chaperone function of pI-
Cln following translation of Sm proteins (Paknia et 
al. 2016) and successful snRNP assembly in vitro 
by PRMT5-pICln and SMN in the absence of S-
adenosyl-L-methionine (Neuenkirchen et al. 
2015). Whether the poly(A)-RNA bound snRNPs 
arise as a result of stalled spliceosomal machin-
ery, intended loading for post-transcriptional splic-
ing, or failed recycling is unclear. Additionally, at 
which point of nascent transcription these snRNPs 
are bound and whether they directly influence nas-
cent RNA formation is also unknown. 

The effect of PRMT inhibition on co-transcriptional 
splicing 

By measuring the kinetics of nascent RNA for-
mation using SKaTER-seq, we determined that 
Type I PRMT or PRMT5 inhibition promotes 
slower co-transcriptional splicing. Using our 
measured rates, we were able to successfully 
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predict outcomes of cassette exon usage in 
poly(A)-RNA. Importantly, predicting cassette 
exon usage is limited to a few hundred cassette 
exons and the SKaTER model is designed to 
measure those spliced co-transcriptionally. There-
fore, co-transcriptionally spliced cassette exons 
will have the most comprehensively measured 
rates. 

GSK591 and MS023 promoted similar co-tran-
scriptional kinetic changes in nascent RNA for-
mation, yet they had contrasting abundance of al-
ternatively spliced isoforms. Consistently, when 
compared to the global distribution, introns ulti-
mately detected as RI tend to have slower splicing 
and elongation rates, take less time to transcribe, 
and are located closer to the TES. This combina-
tion is likely to facilitate their retention thus making 
them amenable to post-transcriptional regulation, 
as there is less time for splicing to be completed 
co-transcriptionally. These characteristics were 
true for Type I PRMT inhibited cells as well, de-
spite having less RI. 

Our data reveals that about half of all splicing 
may not occur prior to transcript cleavage from 
RNA pol II. Notably, our SKaTER-seq analysis is 
limited to the number of genes the model was able 
to solve: roughly 50% of expressed genes that are 
typically longer genes with fewer isoforms. None-
theless, our data is consistent with more recent 
studies highlighting that a considerable fraction of 
splicing remains to be completed after RNA pol II 
has transcribed at least a thousand nucleotides 
past the 3’ SS as well as after transcription has 
finished (Drexler et al. 2020; Jia et al. 2020; 
Sousa-Luis et al. 2020). 

Although little is known about how post-tran-
scriptional splicing is accomplished, previous work 
has demonstrated that post-transcriptional 
spliceosomes are retained in nuclear speckles 
(Girard et al. 2012). Furthermore, many SR pro-
teins—mainly SRSF2—are localized to nuclear 
speckles (Galganski et al. 2017). Proteomics have 
indicated that knockdown of Type I PRMTs can in-
crease SRSF2 speckle intensity (Larsen et al. 
2016). This presents the possibility that Sm pro-
tein Rme2s—which we demonstrated to be 

increased with Type I PRMT inhibition and de-
creased with PRMT5 inhibition—and SRSF2 argi-
nine methylation, is required for organization of 
these interchromatin granules and post-transcrip-
tional splicing. Future work will be needed to char-
acterize the methylarginine dependent mecha-
nisms for successful post-transcriptional splicing. 
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Experimental Procedures 

Cell Culture 

A549 and IMR90 cells were cultured in DMEM 
(Corning™, 10-013-CV) and MEM medium (Corn-
ing™, 10-009-CV), respectively, supplemented 
with 10% FBS (Hyclone), 100 µg/mL streptomycin 
and 100 I.U./mL penicillin (Corning, 30-001-CI) 
maintained at 37°C with humidity and 5% CO2. For 
this study, fresh cells were purchased from ATCC 
and tested routinely for Mycoplasma (PCR, FWD 
primer: ACTCCTACGGGAGGCAGCAGT, REV 
primer: TGCACCATCTGTCACTCTGTTAAC-
CTC). 

Immunofluorescence 

Cells were seeded on coverslips (Corning) and 
allowed to grow in the presence of 0.01% DMSO, 
1 µM GSK591 (Cayman), or 1 µM MS023 (Cay-
man) for seven days. Cells were then washed with 
37°C PBS (Hyclone) and fixed with 4% paraform-
aldehyde at 20-25°C for 10 minutes followed by 
washing with 4°C PBS. Residual aldehyde was 
quenched with 0.1 M glycine in 20-25°C PBS for 
15 minutes. Permeabilization was performed us-
ing 0.1% Triton X-100 at 20-25°C with gentle rota-
tion for 30 minutes. Cover slips were then washed 
with PBS and blocked for one hour using 0.1% 
Fish Skin Gelatin in PBS. Primary antibody (Pro-
teintech 16807-1-AP, 1:125) was added to the 
cover slip and incubated overnight at 4°C in block-
ing buffer. Coverslips were washed with PBS and 
incubated with secondary antibody (Goat anti-
Rabbit Alexa Fluor Plus 488 1:1000) for one hour 
at 20-25°C followed by PBS wash and mounting 
with DAPI prolong gold anti-fade (Thermo, 
P36935). Imaging was performed with an Olym-
pus IX-70 inverted microscope with a 60x objec-
tive. 

RT-qPCR 

RNA purification was performed using TRIzol 
(Thermo, 15596026). Isolated total RNA was re-
verse transcribed with Moloney murine leukemia 
virus (MMLV) reverse transcriptase (Invitrogen) 
and oligo-dT primers. LightCycler 480 Sybr Green 
I (Roche) master mix was used to quantitate cDNA 

with a LightCycler 480 (Roche). An initial 95°C for 
5 minutes was followed by 45 cycles of amplifica-
tion using the following settings: 95°C for 15 s, 
60°C for 1 minute. 

Poly(A)-RNA sequencing 

RNA was extracted using RNeasy® Mini Kit (Qi-
agen, 74104) following the manufacturer’s proto-
col. RNA quantitation and quality control were ac-
complished using the Bioanalyzer 2100 (Agilent 
Technologies). Stranded RNA seq libraries were 
constructed by Novogene Genetics US. The bar-
coded libraries were sequenced by Novogene on 
an Illumina platform using 150nt paired end librar-
ies generating ~30-40 million reads per replicate. 
Reads were trimmed and aligned to the human 
genome (hg19) with Spliced Transcripts Align-
ment to a Reference (STAR) (Dobin et al. 2013). 
Alternative splicing events were determined using 
Replicate Multivariate Analysis of Transcript Splic-
ing (rMATS, version 4.0.2) (Shen et al. 2014). IGV 
(Broad Institute) was used as the genome 
browser. Graphs pertaining to RNA seq were cre-
ated using Gviz (Hahne and Ivanek 2016) in R 
(4.0.2) and assembled in Adobe Illustrator 2020. 

Fractionation of GSK591- and MS023-treated 
A549 cells via stepwise KCl-elution 

After trypsin-digestion, DMSO (0.01%), 
GSK591- and MS023-treated (1 µM; seven-day 
exposure) cells were collected. Fractionation was 
performed as described previously (Shechter et 
al. 2007). Briefly, cells were resuspended in Hypo-
tonic Buffer (10 mM Tris-HCl pH 8.0 at 4°C, 1.5 
mM MgCl2, 1 mM KCl, Halt™ Protease and Phos-
phatase Inhibitor Cocktails (Thermo Scientific™, 
PI78429 and PI78428, respectively), 1 mM PMSF 
and 1 mM DTT) and incubated with inversion for 
30 minutes at 4 °C. Following centrifugation and 
removal of Hypotonic Buffer, 0.4-mL Nuclear Lysis 
Buffer (NLB; 10 mM Tris-HCl pH 8.0 at 4°C, 0.1% 
NP-40, 100-400 mM KCl, Halt™ Protease and 
Phosphatase Inhibitor Cocktails, 1 mM PMSF and 
1 mM DTT)  with increasing KCl concentrations 
was added stepwise to pellets and homogenized 
for 30 minutes. The remaining pellets were ex-
tracted with 0.4 N Sulfuric Acid. The supernatant 
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was isolated and reprecipitated with Trichloroace-
tic acid solution at a final concentration of 20%. 
The pellets were then washed 2x with cold ace-
tone, dried under vacuum and resuspended into a 
cold solution of 0.1% trifluoroacetic acid. Core his-
tones from acid extracted fractions were further 
analyzed and quantified via HPLC (205 nm). 

Immunoprecipitation 

A549 cells were grown with 0.01% DMSO, 1 
µM GSK591 (Cayman), or 1 µM MS023 (Cayman) 
for seven days. Cells were harvested using trypsin 
(Corning) and washed once with PBS. Cells were 
then resuspended in NP-40 Lysis Buffer (0.5% 
NP-40, 50 mM Tris pH 8 at 4 °C, 150 mM NaCl, 1 
mM EDTA) supplemented with 40 U/mL 
RNaseOUT (Thermo, 10777019) and protease in-
hibitor (Thermo, 78429). Lysates were incubated 
on ice for 10 minutes followed by sonication 5x for 
30 sec on/off on high using a Bioruptor (Dia-
genode). Lysates were then spun at 10,000 x g for 
10 minutes at 4°C. Supernatants were transferred 
to new low-adhesion RNase-free microcentrifuge 
tubes and normalized to the same protein concen-
tration. Primary antibody was added followed by 
incubation overnight at 4°C with gentle rotation. 
The next morning, Protein A or G agarose (Pierce, 
20333 or Millipore-Sigma 16-201, respectively) 
was equilibrated in lysis buffer and added to the 
lysates at 4°C with gentle rotation. The beads 
were washed three times with lysis buffer contain-
ing 300 mM NaCl followed by resuspension in ei-
ther 1x Laemmli buffer for western blotting or TRI-
zol (Thermo, 15596026) for northern blotting. 

RNase A/T1 treatment and its impact on Sm-pro-
tein accumulation onto chromatin 

GSK591-treated cells (1 µM for seven-days) 
were lysed in 1 mL of cold Hypotonic Buffer (as 
above) at 4°C while continuously inverted onto a 
tube roller for 30 minutes. After spinning down 
samples at 10,000 x g for 5 minutes, the pellets 
were homogenized and resuspended, then split 
into two equal fractions. To one sample, 0.5 µg of 
RNase A and 100 Units RNase T1 were added; 
both samples were kept at 37°C for 20 minutes 
under continuous mixing using a tube roller. 

Supernatants were removed by centrifugation 
(10,000 g, 5 minutes); matching pellets were sub-
ject to a 400-mM KCl wash and extracted via the 
Sulfuric Acid/TCA method (see above). 

Splicing Kinetics and Transcript Elongation Rates 
by Sequencing 

SKaTER-seq was performed as described 
(Casill et al. Submitted). Briefly, A549 cells were 
grown with 0.01% DMSO, 1 µM GSK591 (Cay-
man), or 1 µM MS023 (Cayman) for two days fol-
lowed by addition of 100 µM DRB. DRB-contain-
ing media was removed, and the cells were incu-
bated at 37°C until the indicated time point. The 
cells were washed once with 4°C PBS, and lysed 
by addition of 1 mL CL buffer (25 mM Tris pH 7.9 
at 4°C, 150 mM NaCl, 0.1 mM EDTA, 0.1% Triton 
X-100, 1 mM DTT and protease inhibitor mixture 
(Thermo 78429)) containing Drosophila melano-
gaster S2 cell spike-in. Next, lysate was centri-
fuged at 845 x g for 5 minutes at 4 °C. The pellet 
resuspended in 1 mL CL buffer without S2 spike-
in and incubated on ice for 5 minutes. Repeat cen-
trifugation was performed. The supernatant was 
removed, and cells resuspended in 100 µL GR 
buffer (20 mM Tris pH 7.9, 75 mM NaCl, 0.5 mM 
EDTA, 50% glycerol, 0.85 mM DTT) followed by 
addition of 1.1 mL NL buffer (20 mM HEPES pH 
7.6, 300 mM NaCl, 7.5 mM MgCl2, 1% NP-40, 1 
mM DTT, 1 M Urea). Following a 15-minute incu-
bation, the lysate was spun at 16,000 x g for 10 
minutes and the resulting chromatin pellet was re-
suspended and stored in TRIzol (Thermo, 
15596026) at -80 °C. RNA isolation was followed 
by poly(A)-depletion using the NEBNext Poly(A) 
mRNA magnetic isolation module (NEB, E7490L). 
RNA quantitation and quality control were accom-
plished using the Bioanalyzer 2100 (Agilent Tech-
nologies). Stranded RNA-seq libraries were pre-
pared using the KAPA RNA HyperPrep Kit with Ri-
boErase (HMR) and KAPA Unique Dual-Indexed 
Adapters (Roche) according to instructions pro-
vided by the manufacturer. The barcoded paired-
end libraries were sequenced by Novogene using 
a NovaSeq S4, generating ~70 million reads per 
replicate. 

Chromatin associated poly(A)-RNA enrichment 
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Poly(A)-RNA isolation was performed with 
modifications to a previously described protocol 
(Iadevaia et al. 2018). A549 cells were grown in 
the presence of 0.01% DMSO, 1 µM GSK591 
(Cayman), or 1 µM MS023 (Cayman) for seven 
days. Cells were washed with 4 °C PBS and irra-
diated on ice with 100 mJ cm-2 in a UV Stratalinker 
1800. Cells were centrifuged at 700 x g for 10 
minutes at 4 °C. Chromatin was isolated as de-
scribed above. The chromatin pellet was resus-
pended in NLB (only with 10 mM Tris pH 7.5 at 4 
°C) and sonicated for 5 seconds at 20% amplitude 
with a probe-tip sonicator using a 1/8” tip. The son-
icate was centrifuged at 10,000 x g for 10 minutes 
and the soluble material transferred to a low-ad-
hesion RNase-free microcentrifuge tube. The 
samples were split into two separate tubes, one of 
which received 10 µg of competitor 25-nt poly(A)-
RNA. Magnetic oligo-d(T) beads (NEB, S1419S) 
were equilibrated in NLB and added to the enrich-
ments. The samples were vortexed at 20-25 °C for 
10 minutes. The beads were then captured on a 
magnetic column, and the supernatant transferred 
to fresh tube for additional rounds of depletion. 
The beads were washed once with buffer A (10 
mM Tris pH 7.5, 600 mM KCl, 1 mM EDTA, 0.1% 
Triton X-100), followed by buffer B (10 mM Tris pH 
7.5, 600 mM KCl, 1 mM EDTA) and lastly buffer C 
(10 mM Tris pH 7.5, 200 mM KCl, 1 mM EDTA). 
The RNA was eluted by incubating the beads in 
10 µL of 10 mM Tris pH 7.5 at 80 °C for two 
minutes, capture of magnetic beads using a mag-
netic column, and quickly transferring the super-
natant to a new tube. The beads were then used 
for two additional rounds of poly(A)-RNA capture. 

Actinomycin D post-transcriptional splicing assay 

A549 cells were grown in the presence of 
0.01% DMSO, 1 µM GSK591 (Cayman), or 1 µM 
MS023 (Cayman) for two days. Following a two-
day incubation, the media was removed and re-
placed with media containing 5 µg/µL actinomycin 
D (Sigma, A1410) with 0.01% DMSO, 1 µM 
GSK591, or 1 µM MS023 for 60 minutes. RNA was 
isolated with TRIzol (Thermo, 15596018) and RT-
qPCR was performed as described above with ol-
igo-d(T) primers. 

Statistical Analysis 

All western and northern blots were performed 
independently at least twice. RT-qPCR was per-
formed at least three-times with independent bio-
logical replicates. Statistical analyses were per-
formed using either Prism software (Version 8.3.1, 
GraphPad) or R (version 4.0.2). To compare dis-
tributions, the Kolmogorov-Smirnov (KS) test was 
used. To account for differences in sample size 
between global and retained intron (RI) distribu-
tions, random sampling from the global population 
equivalent to the number of RI within the tested 
condition was performed. This was followed by the 
KS test and this process was repeated one thou-
sand times after which the median P and test sta-
tistic was reported. To compare means where 
greater than two groups exist, either two-way 
ANOVA with post-hoc Dunnett’s test or the Wil-
coxon rank-sum test with post-hoc Dunn’s test 
was performed. GeneOverlap with Fisher’s exact 
test was used to determine odds ratios of RI over-
lap between different RNA seq datasets (Shen 
2020). 
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Supplemental Experimental Procedures 

Antibodies 

Antibody Vendor Catalogue Dilution 

SNRPB Proteintech 16807-1-AP 1:2,000 

SNRPD3 Abcam ab157118 1:2,000 

Rme2s (A) Upstate Prj-8040 1:36,000 

Rme2s (B) CST 13222S 1:2,000 

Rme2a  Abcam ab194683 1:18,000 

H3 Abcam ab1791 1:100,000 

SF3B1 Bethyl A300-996A 1:10,000 

SF3B2 Bethyl A301-605A 1:10,000 

Y12 Abcam ab3138 1:2,000 

GAPDH Abcam ab8245 1:10,000 

Rabbit IgG HRP Cytiva NA934V 1:100,000 

Goat anti-Rabbit 488 Thermo 35552 1:1,000 

 

Publicly available data used in this study 

Accession Reference 

GSE93813 (Braun et al. 2017) 

GSE129652 (Radzisheuskaya et al. 2019) 

GSE123774 (Fong et al. 2019) 

GSE126651 (Fedoriw et al. 2019) 

PRJEB10298 (Correa et al. 2016) 

PRJNA136533 (Saltzman et al. 2011) 

 

Primer Sequences 

Target Fwd Primer Rev Primer 

HNRNPH1 E12-I12  TCAAGAAACTGCTTTGCCTAAGTT 
GGAGGCATGGGCTTGTGTAA 

HNRNPH1 I12-E13 CCTCCGTAACCCCCACTCA CCACCAGGTACCACATCACAT 
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HNRNPH1 E12-E13  GGTGGTGCTTACGAACACAG GTTTGACAAGCCCATGCCTC 

GAS5 E9-I9 ACCAAAACCTTTTGCCACCT ATTCATGATTGAAGAAATGCAGGTT 

GAS5 I9-E10 ACAGGTCTGCCTGTTTGAAGAT ACTGAGAAGGAAATTGAGTAGGGC 

GAS5 E9-E10 AGAAATGCAGGCAGACCTGTT TAAGCTGCATGCTTGCTTGTTG 

 

Western Blotting 

For acid extracted chromatin experiments, 
samples were resolved onto 15% SDS-PAGE 
(125 V; Tris-Glycine-SDS buffer). Following elec-
trophoresis, gels were equilibrated into cold trans-
fer buffer (15 minutes; Tris-Glycine with 20% 
Methanol) and further processed for transfer at 
4°C (55V, 16h; 0.025% SDS final concentration) 
onto 0.2 µm Immobilon™-PSQ PVDF membrane 
(EMD Millipore, ISEQ00010). Following this step, 
membranes were stained with Direct Blue 71 so-
lution (MeOH/AcOH/water, 50/10/40) and 
scanned. Membranes were washed with 0.1% 
PBS-T twice, further blocked with 1% Amersham 
ECL Prime Blocking Reagent in PBS-T (Cytiva, 
RPN418) for one hour at 20-25°C. Following a 
quick wash with 0.1% PBS-T, select membrane 
segments were incubated with primary antibodies 
against SmD3, SmB/B’, GAPDH and H3 (over-
night; 4°C). Upon processing and incubation with 
HRP-labelled secondary antibodies (1:50,000; 1h, 
20-25°C), membranes were washed, exposed to 
ECL reagent (Lumigen, TMA-100) and analyzed 
for their target proteins using an ImageQuant™ 
LAS 4000 imager. For all other experiments, west-
ern blotting was performed as above with the ex-
ception that the transfer was performed using 0.45 
µm Immobilon™-P PVDF membrane (EMD Milli-
pore, IPVH00010) for one hour at 4 °C at a con-
stant 180 mAmps in 1x NuPAGE buffer (25 mM 
bicine, 25 mM Bis-Tris, 1 mM EDTA, pH 7.2). 

Northern Blotting 

RNA was isolated using TRIzol (Thermo, 
15596026) and coprecipitated with GlycoBlue 
(Thermo, AM9516). The RNA pellet was resus-
pended in sample buffer (6.8 M Urea in TBE with 
10% glycerol and 0.25% Bromophenol Blue/Xy-
lene 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 followed by transfer to nitrocellulose in 
0.5x TBE at 6V, 130 mAmps for four hours at 4°C. 
Following transfer, RNA was crosslinked to the 
membrane at 12 mJ (UV Stratalinker 1800). 5’ end 
labeling of snRNA probes was performed using 
ATP [32P] (PerkinElmer) with T4 PNK reaction 
(NEB). Unincorporated ATP [32P] was removed 
using a Microspin G-25 column (Cytiva, 27-5325-
01). Post-transfer hybridization was performed in 
a 37°C water bath overnight 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% Polyvi-
nylpyrrolidone), 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 dis-
carded according to institutional guidelines. The 
membrane was left to expose on a Phosphoim-
ager screen (Cytiva) and imaged at 633 nm using 
a Typhoon 9400 Variable Mode Imager. 

Fractionation of GSK591- and MS023-treated 
A549 cells via stepwise KCl-elution  

After trypsin-digestion, 1.0 x 107 cells for each 
DMSO, GSK591- and MS023-treated (1 µM; 
seven-day exposure) conditions were collected 
and flash-frozen in liquid nitrogen (long-term stor-
age at -80°C possible). At 4°C, cells were resus-
pended in 1.5-mL cold Hypotonic Buffer (10 mM 
Tris-HCl pH 8.0 at 4°C, 1.5 mM MgCl2, 1 mM KCl, 
Halt™ Protease and Phosphatase Inhibitor Cock-
tails (Thermo Scientific™, PI78429 and PI78428, 
respectively), 1 mM PMSF and 1 mM DTT); sus-
pensions were continuously inverted using a tube 
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roller for 30 minutes at 4 °C. After spinning down 
samples at 10,000 x g for 5 minutes, supernatants 
were isolated and kept at -80°C (Hypotonic Frac-
tion), while remaining pellets were homogenized 
and washed once with Hypotonic Buffer (30 
minutes). Following centrifugation and removal of 
Hypotonic Buffer, 0.4-mL Nuclear Lysis Buffer 
(NLB; 10 mM Tris-HCl pH 8.0 at 4°C, 0.1% NP-40, 
100-400 mM KCl, Halt™ Protease and Phospha-
tase Inhibitor Cocktails, 1 mM PMSF and 1 mM 
DTT) with increasing KCl concentrations were 
added stepwise to pellets (pH kept at 8.0; other 
additives same as Hypotonic Buffer) and homog-
enized for 30 minutes. Following the last step (400 
mM KCl), pellets were extracted with Sulfuric Acid 
(0.4 mL, 0.4 N) for 2-3h. Acidic solutions were 
spun down (20,000 g; 5 minutes), transferred into 
a new tube and trichloroacetic acid solution 
(100%) was added for a final concentration of 
20%. Samples were vortexed and left on ice for 30 
minutes prior to centrifugation. Supernatants were 
discarded and pellets washed twice with cold ac-
etone. Pellets were dried under vacuum and re-
suspended into a cold solution of trifluoro acetic 
acid (TFA, 0.1%), vortexed for one hour and incu-
bated for an extra hour at 4°C. Core histones from 
acid extracted fractions were further analyzed and 
quantified via HPLC (205 nm). Following quantifi-
cation, 7.5 µg of core histones, their matching 
equivalents in the 100, 200, 300 and 400 mM KCl 
wash fractions with amounts proportional to the 
7.5 µg core histones, and the hypotonic fractions 
(50 µg total protein) were loaded and resolved 
onto SDS-PAGE followed by western blotting as 
described above. 

Splicing Kinetics and Transcript Elongation Rates 
by Sequencing 

A549 (2 x 106 cells/plate) were plated in 100 
mm dishes (Corning) containing DMEM supple-
mented with 10% FBS (Hyclone), 100 µg/mL 
streptomycin and 100 I.U./mL penicillin (Corning, 
30-001-CI) and either 0.01% DMSO, 1 µM 
GSK591, or 1 µM MS023 such that there was one 
plate per time point (0, 10, 15, 20, 25, 30, 35 
minutes). Cells were incubated at 37 °C with hu-
midity and 5% CO2 for two days prior to treatment 
with DRB. On the day of DRB treatment, all 

reagents were pre-warmed to 37 °C. Complete 
media was removed and replaced with complete 
media containing 100 µM DRB with either 1 µM 
GSK591 or MS023 (or 0.01% DMSO for negative 
control). The plates were then incubated at 37 °C 
with humidity and 5% CO2 for three hours. Follow-
ing DRB incubation, complete media containing 1 
µM of either GSK591 or MS023 was prepared at 
37 °C. DRB-containing media was removed (ex-
cept for 0 minute DRB treatment and negative 
control) and cells were quickly washed twice with 
37 °C PBS prior to addition of 6 mL 37 °C com-
plete media containing 1 µM GSK591 or MS023. 
Cells were then incubated at 37°C until the indi-
cated time point, at which point the plate was re-
moved from the incubator and placed immediately 
on ice. The supernatant was quickly removed and 
the cells were washed once with 4°C PBS, fol-
lowed by addition of 1 mL CL buffer (25 mM Tris 
pH 7.9 at 4°C, 150 mM NaCl, 0.1 mM EDTA, 0.1% 
Triton X-100) containing Drosophila melanogaster 
S2 cell spike-in supplemented with 1 mM DTT and 
protease inhibitor complex (Thermo, 78429). Cells 
were isolated using a cell scraper and kept on ice 
until all time points were collected. Following col-
lection of all additional time points, cells were cen-
trifuged at 845 x g for 5 minutes at 4 °C. The su-
pernatant was removed, and the cells resus-
pended again in 1 mL CL buffer without S2 spike-
in and incubated on ice for 5 minutes. Cells were 
then spun again at 845 x g for 5 minutes at 4 °C. 
The supernatant was removed, and cells resus-
pended in 100 µL GR buffer (20 mM Tris pH 7.9, 
75 mM NaCl, 0.5 mM EDTA, 50% glycerol) sup-
plemented with 0.85 mM DTT followed by addition 
of 1.1 mL NL buffer (20 mM HEPES pH 7.6, 300 
mM NaCl, 7.5 mM MgCl2, 1% NP-40) supple-
mented with 1 mM DTT and 1 M Urea. The lysate 
was incubated on ice for 15 minutes with vortexing 
every three minutes. The lysate was spun at 
16,000 x g for 10 minutes and the resulting chro-
matin pellet was resuspended in TRIzol (Thermo, 
15596026) (long-term storage at -80°C possible). 
RNA was isolated per recommended TRIzol pro-
tocol followed by poly(A)-depletion using the NEB-
Next Poly(A) mRNA magnetic isolation module 
(NEB, E7490L). Briefly, TRIzol extracted RNA was 
resuspended in 50 µL RNase-free H2O (Thermo, 
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10977015). Oligo-d(T) magnetic beads were 
equilibrated in 2x binding buffer (NEB, E7490L). 
50 µL of RNA was then added to magnetic beads 
in 50 µL 2x binding buffer. Samples were incu-
bated at 65°C on a thermocycler for 5 minutes and 
then the beads and RNA carefully resuspended 
followed by incubation at 25°C for 5 minutes, re-
suspension and then an additional 5-minute incu-
bation at 25°C. The beads were captured on a 
magnet and the supernatant was carefully trans-
ferred to an RNase-free microcentrifuge tube. The 
RNA was precipitated using ammonium acetate 
and 100% Ethanol at -80 °C for one hour. The nas-
cent RNA pellet was carefully dried and then 

resuspended in 12 µL H2O and stored at -80 °C 
for 48 hours until library preparation for sequenc-
ing. RNA quantitation and quality control were ac-
complished using the Bioanalyzer 2100 (Agilent 
Technologies). Stranded RNA-seq libraries were 
prepared using the KAPA RNA HyperPrep Kit with 
RiboErase (HMR) and KAPA Unique Dual-In-
dexed Adapters (Roche) according to instructions 
provided by the manufacturer. The barcoded 
paired-end libraries were sequenced by Novo-
gene using a NovaSeq S4 generating ~70 million 
reads per replicate. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 19, 2020. ; https://doi.org/10.1101/2020.11.18.389288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.389288
http://creativecommons.org/licenses/by-nc-nd/4.0/


Maron et al.                                                  Rme2s regulates Post-Transcriptional Splicing 

18 
 

References 

Avasarala S, Van Scoyk M, Karuppusamy Rathinam MK, Zerayesus S, Zhao X, Zhang W, Pergande MR, 
Borgia JA, Degregori J, Port JD et al. 2015. PRMT1 Is a Novel Regulator of Epithelial-
Mesenchymal-Transition in Non-small Cell Lung Cancer.  290: 13479-13489. 

Bentley DL. 2014. Coupling mRNA processing with transcription in time and space. Nature Reviews 
Genetics 15: 163-175. 

Bezzi M, Teo SX, Muller J, Mok WC, Sahu SK, Vardy LA, Bonday ZQ, Guccione E. 2013. Regulation of 
constitutive and alternative splicing by PRMT5 reveals a role for Mdm4 pre-mRNA in sensing 
defects in the spliceosomal machinery. Genes & Development 27: 1903-1916. 

Boisvert FO-M, CôTé J, Boulanger M-C, CléRoux P, Bachand FO, Autexier C, Richard SP. 2002. 
Symmetrical dimethylarginine methylation is required for the localization of SMN in Cajal bodies 
and pre-mRNA splicing. Journal of Cell Biology 159: 957-969. 

Bonday ZQ, Cortez GS, Grogan MJ, Antonysamy S, Weichert K, Bocchinfuso WP, Li F, Kennedy S, Li B, 
Mader MM et al. 2018. LLY-283, a Potent and Selective Inhibitor of Arginine Methyltransferase 5, 
PRMT5, with Antitumor Activity. ACS Medicinal Chemistry Letters. 

Boutz PL, Bhutkar A, Sharp PA. 2015. Detained introns are a novel, widespread class of post-
transcriptionally spliced introns. Genes & Development 29: 63-80. 

Brahms H, Meheus L, De Brabandere V, Fischer U, Lührmann R. 2001. Symmetrical dimethylation of 
arginine residues in spliceosomal Sm protein B/B′ and the Sm-like protein LSm4, and their 
interaction with the SMN protein.  7: 1531-1542. 

Braun CJ, Stanciu M, Boutz PL, Patterson JC, Calligaris D, Higuchi F, Neupane R, Fenoglio S, Cahill DP, 
Wakimoto H et al. 2017. Coordinated Splicing of Regulatory Detained Introns within Oncogenic 
Transcripts Creates an Exploitable Vulnerability in Malignant Glioma. Cancer Cell 32: 411-
426.e411. 

Braunschweig U, Barbosa-Morais NL, Pan Q, Nachman EN, Alipanahi B, Gonatopoulos-Pournatzis T, 
Frey B, Irimia M, Blencowe BJ. 2014. Widespread intron retention in mammals functionally tunes 
transcriptomes. Genome Research 24: 1774-1786. 

Correa BR, De Araujo PR, Qiao M, Burns SC, Chen C, Schlegel R, Agarwal S, Galante PAF, Penalva 
LOF. 2016. Functional genomics analyses of RNA-binding proteins reveal the splicing regulator 
SNRPB as an oncogenic candidate in glioblastoma. Genome Biology 17. 

Dhar S, Vemulapalli V, Patananan AN, Huang GL, Di Lorenzo A, Richard S, Comb MJ, Guo A, Clarke SG, 
Bedford MT. 2013. Loss of the major Type I arginine methyltransferase PRMT1 causes substrate 
scavenging by other PRMTs. Scientific Reports 3. 

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR. 2013. 
STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29: 15-21. 

Drexler HL, Choquet K, Churchman LS. 2020. Splicing Kinetics and Coordination Revealed by Direct 
Nascent RNA Sequencing through Nanopores. Molecular Cell 77: 985-998.e988. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 19, 2020. ; https://doi.org/10.1101/2020.11.18.389288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.389288
http://creativecommons.org/licenses/by-nc-nd/4.0/


Maron et al.                                                  Rme2s regulates Post-Transcriptional Splicing 

19 
 

Duncan KW, Rioux N, Boriack-Sjodin PA, Munchhof MJ, Reiter LA, Majer CR, Jin L, Johnston LD, Chan-
Penebre E, Kuplast KG et al. 2016. Structure and Property Guided Design in the Identification of 
PRMT5 Tool Compound EPZ015666. ACS Medicinal Chemistry Letters 7: 162-166. 

Eram MS, Shen Y, Szewczyk MM, Wu H, Senisterra G, Li F, Butler KV, Kaniskan HÜ, Speed BA, Dela 
Seña C et al. 2016. A Potent, Selective, and Cell-Active Inhibitor of Human Type I Protein Arginine 
Methyltransferases. ACS Chemical Biology 11: 772-781. 

Fedoriw A, Rajapurkar SR, O'Brien S, Gerhart SV, Mitchell LH, Adams ND, Rioux N, Lingaraj T, Ribich 
SA, Pappalardi MB et al. 2019. Anti-tumor Activity of the Type I PRMT Inhibitor, GSK3368715, 
Synergizes with PRMT5 Inhibition through MTAP Loss. Cancer Cell. 

Fong JY, Pignata L, Goy P-A, Kawabata KC, Lee SC-W, Koh CM, Musiani D, Massignani E, Kotini AG, 
Penson A et al. 2019. Therapeutic Targeting of RNA Splicing Catalysis through Inhibition of Protein 
Arginine Methylation. Cancer Cell 36: 194-209.e199. 

Friesen WJ, Massenet S, Paushkin S, Wyce A, Dreyfuss G. 2001a. SMN, the Product of the Spinal 
Muscular Atrophy Gene, Binds Preferentially to Dimethylarginine-Containing Protein Targets.  7: 
1111-1117. 

Friesen WJ, Paushkin S, Wyce A, Massenet S, Pesiridis GS, Van Duyne G, Rappsilber J, Mann M, 
Dreyfuss G. 2001b. The Methylosome, a 20S Complex Containing JBP1 and pICln, Produces 
Dimethylarginine-Modified Sm Proteins.  21: 8289-8300. 

Galganski L, Urbanek MO, Krzyzosiak WJ. 2017. Nuclear speckles: molecular organization, biological 
function and role in disease. Nucleic Acids Research 45: 10350-10368. 

Gary JD, Clarke S. 1998. RNA and Protein Interactions Modulated by Protein Arginine Methylation. pp. 65-
131. Elsevier. 

Girard C, Will CL, Peng J, Makarov EM, Kastner B, Lemm I, Urlaub H, Hartmuth K, Lührmann R. 2012. 
Post-transcriptional spliceosomes are retained in nuclear speckles until splicing completion. Nature 
Communications 3: 994. 

Gu Z, Gao S, Zhang F, Wang Z, Ma W, Richard, Wang Z. 2012. Protein arginine methyltransferase 5 is 
essential for growth of lung cancer cells. Biochemical Journal 446: 235-241. 

Guccione E, Richard S. 2019. The regulation, functions and clinical relevance of arginine methylation. 
Nature Reviews Molecular Cell Biology. 

Hahne F, Ivanek R. 2016. Visualizing Genomic Data Using Gviz and Bioconductor. Methods Mol Biol 
1418: 335-351. 

Iadevaia V, Matia-González AM, Gerber AP. 2018. An Oligonucleotide-based Tandem RNA Isolation 
Procedure to Recover Eukaryotic mRNA-Protein Complexes. Journal of Visualized Experiments. 

Ibrahim R, Matsubara D, Osman W, Morikawa T, Goto A, Morita S, Ishikawa S, Aburatani H, Takai D, 
Nakajima J et al. 2014. Expression of PRMT5 in lung adenocarcinoma and its significance in 
epithelial-mesenchymal transition. Human Pathology 45: 1397-1405. 

Jia J, Long Y, Zhang H, Li Z, Liu Z, Zhao Y, Lu D, Jin X, Deng X, Xia R et al. 2020. Post-transcriptional 
splicing of nascent RNA contributes to widespread intron retention in plants. Nat Plants. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 19, 2020. ; https://doi.org/10.1101/2020.11.18.389288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.389288
http://creativecommons.org/licenses/by-nc-nd/4.0/


Maron et al.                                                  Rme2s regulates Post-Transcriptional Splicing 

20 
 

Justin, Ritchie W, Olivia, Selbach M, Jason, Huang Y, Gao D, Pinello N, Gonzalez M, Baidya K et al. 
2013. Orchestrated Intron Retention Regulates Normal Granulocyte Differentiation. Cell 154: 583-
595. 

Koh CM, Bezzi M, Low DHP, Ang WX, Teo SX, Gay FPH, Al-Haddawi M, Tan SY, Osato M, Sabò A et al. 
2015. MYC regulates the core pre-mRNA splicing machinery as an essential step in 
lymphomagenesis. Nature 523: 96-100. 

Larsen SC, Sylvestersen KB, Mund A, Lyon D, Mullari M, Madsen MV, Daniel JA, Jensen LJ, Nielsen ML. 
2016. Proteome-wide analysis of arginine monomethylation reveals widespread occurrence in 
human cells. Science Signaling 9: rs9-rs9. 

Lehman SM, Chen H, Burgos ES, Maron M, Gayatri S, Nieves E, Bai DL, Sidoli S, Gupta V, Marunde MR 
et al. 2020. Transcriptomic and proteomic regulation through abundant, dynamic, and independent 
arginine methylation by Type I and Type II PRMTs. Cold Spring Harbor Laboratory. 

Lerner MR, Steitz JA. 1979. Antibodies to small nuclear RNAs complexed with proteins are produced by 
patients with systemic lupus erythematosus. Proceedings of the National Academy of Sciences 76: 
5495-5499. 

Li M, An W, Xu L, Lin Y, Su L, Liu X. 2019. The arginine methyltransferase PRMT5 and PRMT1 distinctly 
regulate the degradation of anti-apoptotic protein CFLARL in human lung cancer cells. Journal of 
Experimental & Clinical Cancer Research 38. 

Lieber M, Todaro G, Smith B, Szakal A, Nelson-Rees W. 1976. A continuous tumor-cell line from a human 
lung carcinoma with properties of type II alveolar epithelial cells. International Journal of Cancer 
17: 62-70. 

Lorton BM, Shechter D. 2019. Cellular consequences of arginine methylation. Cellular and Molecular Life 
Sciences. 

Matera AG, Wang Z. 2014. A day in the life of the spliceosome. Nature Reviews Molecular Cell Biology 
15: 108-121. 

Meister G. 2002. Assisted RNP assembly: SMN and PRMT5 complexes cooperate in the formation of 
spliceosomal UsnRNPs. The EMBO Journal 21: 5853-5863. 

Meister G, Eggert C, Bühler D, Brahms H, Kambach C, Fischer U. 2001. Methylation of Sm proteins by a 
complex containing PRMT5 and the putative U snRNP assembly factor pICln. Current Biology 11: 
1990-1994. 

Neuenkirchen N, Englbrecht C, Ohmer J, Ziegenhals T, Chari A, Fischer U. 2015. Reconstitution of the 
human U sn RNP assembly machinery reveals stepwise Sm protein organization. The EMBO 
Journal 34: 1925-1941. 

Neugebauer KM. 2019. Nascent RNA and the Coordination of Splicing with Transcription. Cold Spring 
Harbor Perspectives in Biology 11: a032227. 

Paknia E, Chari A, Stark H, Fischer U. 2016. The Ribosome Cooperates with the Assembly Chaperone 
pICln to Initiate Formation of snRNPs. Cell Reports 16: 3103-3112. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 19, 2020. ; https://doi.org/10.1101/2020.11.18.389288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.389288
http://creativecommons.org/licenses/by-nc-nd/4.0/


Maron et al.                                                  Rme2s regulates Post-Transcriptional Splicing 

21 
 

Pandya-Jones A, Bhatt DM, Lin CH, Tong AJ, Smale ST, Black DL. 2013. Splicing kinetics and transcript 
release from the chromatin compartment limit the rate of Lipid A-induced gene expression. RNA 
19: 811-827. 

Pellizzoni L. 2002. Essential Role for the SMN Complex in the Specificity of snRNP Assembly.  298: 1775-
1779. 

Pimentel H, Parra M, Gee SL, Mohandas N, Pachter L, Conboy JG. 2016. A dynamic intron retention 
program enriched in RNA processing genes regulates gene expression during terminal 
erythropoiesis. Nucleic Acids Research 44: 838-851. 

Radzisheuskaya A, Shliaha PV, Grinev V, Lorenzini E, Kovalchuk S, Shlyueva D, Gorshkov V, 
Hendrickson RC, Jensen ON, Helin K. 2019. PRMT5 methylome profiling uncovers a direct link to 
splicing regulation in acute myeloid leukemia. Nature Structural & Molecular Biology 26: 999-1012. 

Saltzman AL, Pan Q, Blencowe BJ. 2011. Regulation of alternative splicing by the core spliceosomal 
machinery. Genes & Development 25: 373-384. 

Shechter D, Dormann HL, Allis CD, Hake SB. 2007. Extraction, purification and analysis of histones. 
Nature Protocols 2: 1445-1457. 

Shen L. 2020. GeneOverlap: Test and visualize gene overlaps. http://shenlab-sinaigithubio/shenlab-sinai/. 

Shen S, Park JW, Lu Z-X, Lin L, Henry MD, Wu YN, Zhou Q, Xing Y. 2014. rMATS: Robust and flexible 
detection of differential alternative splicing from replicate RNA-Seq data. Proceedings of the 
National Academy of Sciences 111: E5593-E5601. 

Sheng X, Wang Z. 2016. Protein arginine methyltransferase 5 regulates multiple signaling pathways to 
promote lung cancer cell proliferation. BMC Cancer 16. 

Singh J, Padgett RA. 2009. Rates of in situ transcription and splicing in large human genes. Nature 
Structural & Molecular Biology 16: 1128-1133. 

Sousa-Luis R, Dujardin G, Zukher I, Kimura H, Carmo-Fonseca M, Proudfoot N, Nojima T. 2020. Point 
Technology Illuminates The Processing Of Polymerase-Associated Intact Nascent Transcripts. 
Cold Spring Harbor Laboratory. 

Tan DQ, Li Y, Yang C, Li J, Tan SH, Chin DWL, Nakamura-Ishizu A, Yang H, Suda T. 2019. PRMT5 
Modulates Splicing for Genome Integrity and Preserves Proteostasis of Hematopoietic Stem Cells. 
Cell Reports 26: 2316-2328.e2316. 

Wada T, Takagi T, Yamaguchi Y, Ferdous A, Imai T, Hirose S, Sugimoto S, Yano K, Hartzog GA, Winston 
F et al. 1998. DSIF, a novel transcription elongation factor that regulates RNA polymerase II 
processivity, is composed of human Spt4 and Spt5 homologs. Genes Dev 12: 343-356. 

Wuarin J, Schibler U. 1994. Physical isolation of nascent RNA chains transcribed by RNA polymerase II: 
evidence for cotranscriptional splicing. Molecular and Cellular Biology 14: 7219-7225. 

Yang Y, Hadjikyriacou A, Xia Z, Gayatri S, Kim D, Zurita-Lopez C, Kelly R, Guo A, Li W, Clarke SG et al. 
2015. PRMT9 is a Type II methyltransferase that methylates the splicing factor SAP145.  6: 6428. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 19, 2020. ; https://doi.org/10.1101/2020.11.18.389288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.389288
http://creativecommons.org/licenses/by-nc-nd/4.0/


Maron et al.                                                  Rme2s regulates Post-Transcriptional Splicing 

22 
 

Zhang S, Ma Y, Hu X, Zheng Y, Chen X. 2019. Targeting PRMT5/Akt signalling axis prevents human lung 
cancer cell growth. Journal of Cellular and Molecular Medicine 23: 1333-1342. 

Zhang Z, Lotti F, Dittmar K, Younis I, Wan L, Kasim M, Dreyfuss G. 2008. SMN Deficiency Causes Tissue-
Specific Perturbations in the Repertoire of snRNAs and Widespread Defects in Splicing. Cell 133: 
585-600. 

Zurita-Lopez CI, Sandberg T, Kelly R, Clarke SG. 2012. Human Protein Arginine Methyltransferase 7 
(PRMT7) Is a Type III Enzyme Forming ω-NG-Monomethylated Arginine Residues. Journal of 
Biological Chemistry 287: 7859-7870. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted November 19, 2020. ; https://doi.org/10.1101/2020.11.18.389288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.18.389288
http://creativecommons.org/licenses/by-nc-nd/4.0/


a

d

HNRNPH1 Intron 12

In
tro

n 
In

cl
us

io
n

(lo
g2

FC
)

GSK591 MS023

***

-2

-1

0

1

2

****

ns ns

GAS5 Intron 9

0

6000

0

3000

D
M

SO
G

SK
59

1
M

S0
23

HNRNPH1 
exon: 13 12 10 9

c

GAS5

SAM

SAH

Type I
Type II
Type III

PRMT1,2,3,4,6, and 8
PRMT5,9
PRMT7

Type II
Rme2s

Type I, II, III
Rme1

N
H

HN

O

NH2H2N

N
H

HN

O

NHH2N

Type I
Rme2a

CH3

CH3

N
H

HN

O

NH2N

CH3

N
H

HN

O

NHHN
CH3CH3

MS023

GSK591

 ΔΨ

MS023

GSK591

MS023

GSK591+ MS023

GSK591

Day 2

Day 4

Day 7

MS023

GSK591+ MS023

GSK591

b
****

ns
****

*
****

****
****

-1 0 1

Retained Intron Levels

More IncludedLess Included

n = 1,660

1,860

589

n = 1,969

2,021

786

n = 1,486

776

Figure 1Maron et. al.

Figure 1. Type I PRMT and PRMT5 activity is required for homeostatic splicing 
a. Overview of protein arginine methyltransferases and their catalyzed reactions.
b. Comparison of ΔΨ for RI following PRMTi. ΔΨ = Ψ (PRMTi) – Ψ (DMSO). Treatments are noted as follows: 
    GSK591 (green); MS023 (purple); GSK591 and MS023 (orange).
c. Genome browser track of poly(A)-RNA seq aligned reads for HNRNPH1 and GAS5.
d. RT-qPCR validation of RI highlighted in panel f after two-day treatment with DMSO, GSK591, or MS023. 
    Significance determined using two-way ANOVA with Dunnett’s multiple comparisons test (* < 0.05, ** < 0.01, 
    *** < 0.001, **** < 0.0001).
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Figure 2. Type I PRMTs and PRMT5 regulate a common group of introns shared with SmB/B’ knockdown
a. Heatmap comparing the z-score of ΔΨ for common retained introns in A549 treated with PRMTi across 
    poly(A)-RNA seq experiments on days two, four, or seven.
b. Cumulative distribution function plots of genomic or RI detected in A549 following two days of PRMTi for 
    intron length, intron distance to the TES, or the distance of the intron containing gene to the nearest adjacent 
    gene in log10 units. Significance determined using one-sided Kolmogorov-Smirnov Test (**** < 0.0001).
c. Comparison of RI ΔΨ detected in day seven of treatment with either PRMTi in A549 or SmB/B’ knockdown 
    in U251 or HeLa cells.
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Figure 3. Loss of Rme2s promotes Sm chromatin accumulation 
a. Western blots of acid extracted chromatin following seven-day treatment with DMSO or PRMTi.
b. Immunofluorescence for SmB/B’ following seven-day treatment with DMSO or PRMTi.
c-d. Western blots of acid extracted chromatin with GSK591 treatment for seven days (c) or co-treatment PRMTi 
    for three days followed by four days with GSK591 alone (d).
e. Western blot of co-immunoprecipitation with SmD3, Y12, or SF3B1 antibodies following seven-day 
    treatment with DMSO or PRMTi; BO = beads only.
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Figure 4. Chromatin-retained Sm proteins are in transcriptionally and RNA-associated snRNPs 
a-b. Northern blots for snRNA in cytoplasmic, nucleoplasmic, and chromatin fractions following seven-day 
    treatment with DMSO or PRMTi (a) or snRNA in RNA immunoprecipitation of SmB/B’ following seven-day 
    treatment of DMSO or PRMTi (b).
c-d. Western blots of nucleoplasmic and chromatin fractions of control or RNase A/T1 treated chromatin 
    following seven-day treatment with GSK591 (c) or acid extracted chromatin in either DMSO or GSK591 
    treated cells with indicated DRB co-treatment (d).
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Figure 5. Type I PRMT and PRMT5 activity is necessary for maintaining co-transcriptional 
splicing kinetics
a. Histogram of DMSO-treated SKaTER-seq aligned reads across WASL. 
b. Correlation of SKaTER-seq model simulated cassette exon Ψ versus poly(A)-RNA seq Ψ.
c-d. Distribution of splicing rates for common genomic introns (c) or retained introns (d) between DMSO 
    or PRMTi following two days of treatment. Dashed line indicates DMSO median. Solid line within 
    boxplot is condition-specific median. Significance determined using one-sided Kolmogorov-Smirnov Test 
    (ns = not significant, **** < 0.0001).
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Figure 6. Retained introns have features that decrease the probability of splicing prior to cleavage
a-c. Comparison of the distribution of splicing rates (a), GC percentage (b), or time to transcribe intron (c) 
    of genomic introns to those of RI in cells treated with PRMTi for two-days. Dashed line 
    indicates global median. Solid line within boxplot is condition-specific median. Significance determined 
    using one-sided Kolmogorov-Smirnov Test (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).
d. Distribution in probability of cleavage prior to splicing in common introns for cells treated with DMSO, 
    GSK591, or MS023 for two-days. Dashed line indicates DMSO median. Solid line within boxplot is 
    condition-specific median. Significance determined using one-sided Kolmogorov-Smirnov Test 
    (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).
e. Comparison of the distribution in probability of cleavage prior to splicing for genomic versus RI. Dashed 
    line indicates global median. Solid line within boxplot is condition-specific median. Significance determined 
    using one-sided Kolmogorov-Smirnov Test (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).
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Figure 7. Type I PRMTs and PRMT5 have opposing effects on the removal of retained introns
a. Western blot of poly(A)-RNA enriched with oligo(dT) from the chromatin fraction of cells treated with 
    DMSO or PRMTi for two-days with or without the presence of competitor poly(A)-RNA.
b. RT-qPCR of poly(A)-RNA isolated from the chromatin fraction of cells treated with DMSO or 
    PRMTi for two-days.
c. Intron decay following treatment with actinomycin D for one hour in cells pre-treated with GSK591 
    or MS023 for two-days.
d. Bathtub model representing the regulation of splicing by PRMTs. Nascent transcription is represented 
    by the faucet. The lever (initiation/pause release, elongation, co-transcriptional splicing, cleavage) regulates 
    inflow of water into the bathtub (steady state). Post-transcriptional regulation is represented by the bathtub 
    water (processing/localization) and the drainage (translation/decay).
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Suppl. Figure 1Maron et. al.
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Suppl. Figure 1Maron et. al.

Supplemental Figure 1. Type I PRMT or PRMT5 inhibition promotes gross changes in splicing
a. Comparison of the ΔΨ where ΔΨ = Ψ (DMSO) – Ψ (PRMTi) of MS023 or GSK591 treated cells at 
    indicated time points. SE = skipped exons; A5SS = alternative 5’ splice site; A3SS = alternative 3’ splice site; 
    MXE = mutually exclusive exons. Significance determined using two-sided Kolmogorov-Smirnov Test 
    (* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001, ns = not significant).
b. Matrix comparing the log2(odds ratio) and significance as determined by the Fisher’s Exact Test of 
    overlapping RI from indicated experimental models.
c. Web logo diagram of nucleotide distribution probability of global or retained introns.
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Suppl. Figure 2Maron et. al.
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Supplemental Figure 2. Loss of Rme2s is associated with Sm chromatin-retention
a-d. Western blots of hypotonic or sequential salt extraction of chromatin with indicated KCl concentrations in A549 cells treated with 
    DMSO, GSK591, or MS023 for seven days (a), acid extracted chromatin from A549 cells treated with LLY283 for the indicated duration (b), 
    acid extracted chromatin from IMR90 cells treated with GSK591 for indicated duration (c), whole cell extract from A549 cells treated 
    with PRMTi or DMSO for seven days (d).
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Suppl. Figure 3Maron et. al.

Supplemental Figure 3. Sm proteins in PRMT5 inhibited cells are enriched for snRNA and chromatin-
accumulation is transcription dependent
a. Urea-PAGE with SYBR gold staining of RNA immunoprecipitation with SmB/B’ in cells treated for 
    seven-days with DMSO, GSK591, or MS023. 
b. Western blot of acid extracted chromatin from A549 cells treated with DRB for indicated time.
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Suppl. Figure 4Maron et. al.
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Supplemental Figure 4. Comaprison of spawn rate to transcript abundance and splicing rate to event type  
a. Correlation of RNA pol II initiation and pause-release (spawn rate) with poly(A)-RNA seq transcripts per million (TPM). x-axis is spawn rate 
    in tertiles; y-axis is poly(A)-RNA seq TPM.
b. Distribution of splicing rate versus splicing event as determined by SKaTER-seq. A5SS = alternative 5’ splice site, A3SS = alternative 3’ splice 
    site. Significance determined using two-sided Kolmogorov-Smirnov Test (ns = not significant, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).
c. Correlation of splicing rates in A549 cells treated with GSK591 or MS023 to the splicing rates in DMSO treated cells.
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Suppl. Figure 5Maron et. al.
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Supplemental Figure 5. Retained introns have slower RNA pol II elongation rates and intron position correlates with splicing rate 
as well as the probability of cleavage prior to splicing
a. Comparison of RNA pol II intronic elongation rate (bp/min) in genomic versus retained introns. Significance determined using 
    one-sided Kolmogorov-Smirnov Test (* < 0.05).
b. Correlation of splicing rate and intron position in cells treated with DMSO, GSK591, or MS023 for two-days.
c. Cumulative Distribution Functions of the probability of transcript cleavage prior to intron splicing compared to intron position. Color range 
    indicates intron position where light blue is closer to TSS and dark blue closer to TES.
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