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SUMMARY

Understanding how splicing events are coordinated
across numerous introns in metazoan RNA tran-
scripts requires quantitative analyses of transient
RNA processing events in living cells. We developed
nanopore analysis of co-transcriptional processing
(nano-COP), in which nascent RNAs are directly
sequenced through nanopores, exposing the dy-
namics and patterns of RNA splicing without biases
introduced by amplification. Long nano-COP reads
reveal that, in human and Drosophila cells, splicing
occurs after RNA polymerase Il transcribes several
kilobases of pre-mRNA, suggesting that metazoan
splicing transpires distally from the transcription ma-
chinery. Inhibition of the branch-site recognition
complex SF3B rapidly diminished global co-tran-
scriptional splicing. We found that splicing order
does not strictly follow the order of transcription
and is associated with cis-acting elements, alterna-
tive splicing, and RNA-binding factors. Further,
neighboring introns in human cells tend to be spliced
concurrently, implying that splicing of these introns
occurs cooperatively. Thus, nano-COP unveils the
organizational complexity of RNA processing.

INTRODUCTION

Most metazoan genes contain many long introns with degen-
erate sequence information at splice sites, requiring sophisti-
cated mechanisms to correctly localize and coordinate the
excision of multiple introns within the same nascent transcript.
This process requires the multi-megadalton spliceosome com-
plex, which assembles in a stepwise fashion at each intron splice
site (SS) within a pre-mRNA (Fica and Nagai, 2017; Wahl et al.,
2009). Intron splicing comprises two catalytic transesterification
steps, which involve assembly and rearrangements of the spli-
ceosome. First, the branch point adenosine attacks the 5’ SS,
forming an intron lariat. Second, the free end of the 5’ SS attacks
the downstream 3’ SS, joining the exons and releasing the intron
lariat.

Much of our knowledge of splicing mechanisms has been
gleaned from in vitro experiments using externally synthesized
pre-mRNA (Black et al.,, 1985; Braun et al., 2018; Hoskins
et al., 2011; Krainer et al., 1984). However, because splicing is
predominantly co-transcriptional (Beyer and Osheim, 1988;
Khodor et al., 2011; Pandya-Jones and Black, 2009; Wuarin
and Schibler, 1994), such studies cannot capture a complete
view of in vivo splicing. For instance, mutations in the C-terminal
domain and trigger loop of RNA polymerase Il (RNA Pol Il) alter
splicing outcomes, suggesting a physical and mechanistic
coupling between the transcription and splicing machineries
(de la Mata et al., 2003; McCracken et al., 1997). If transcription
and splicing are coupled, then the order in which introns are tran-
scribed has been reasoned to influence the order in which they
are spliced. In fact, the “first-come, first-served” model of
splicing proposes that the first introns transcribed are the first
to be committed for splicing (Aebi and Weissman, 1987). How-
ever, even though the completion of intron splicing frequently
follows a defined order within a gene, the order of splicing is
not always concordant with the direction of transcription (Kessler
etal.,, 1993; Kim et al., 2017; Wetterberg et al., 1996). Splicing or-
der has the potential to contribute to alternative splicing mecha-
nisms (Takahara et al., 2002). For example, whether the splicing
of each intron is controlled by a defined kinetic window or
instead depends on the splicing status of nearby introns has pro-
found consequences for models of splicing regulation. Under-
standing the control of the order of intron splicing and the
coordination of splicing patterns across multi-intron genes is
critical to our understanding of alternative splicing.

A variety of approaches have provided estimates of the length
of time between the synthesis of an intron and its removal by
splicing in living cells. Measurements of intron synthesis, lariat
degradation, and the completion of the splicing reaction by
quantitative PCR (Singh and Padgett, 2009), metabolic labeling
(Pai et al.,, 2017; Rabani et al., 2014; Wachutka et al., 2019;
Windhager et al., 2012), or single-molecule imaging (Coulon
etal., 2014; Martin et al., 2013) have revealed that intron removal
can take between 30 s and 1 h in mammalian cells. Although
enlightening, these strategies fail to uncover the physical link be-
tween transcription and splicing, as well as the patterns of
splicing across nascent transcripts. Recent work in the yeast
species S. cerevisiae and S. pombe suggests that splicing is
completed nearly immediately after an intron is synthesized
(Oesterreich et al., 2016; Herzel et al., 2018), but it remains to
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be seen whether this is also the case in organisms with more
complex gene structures and abundant alternative splicing,
such as Drosophila and humans.

Methods to study the kinetics and regulation of co-transcrip-
tional splicing have been hindered by three main challenges in
the quantitative analysis of nascent transcripts. First, nascent
RNA is a very small fraction (<0.5%) of cellular RNA (Han and Lil-
lard, 2000; Jackson et al., 1998), presenting a purification chal-
lenge that can lead to overestimates of co-transcriptional
splicing kinetics if samples are contaminated with spliced
mature RNA. Second, length biases that arise during the enzy-
matic steps of library preparation can systematically distort rela-
tive measurements of spliced and unspliced RNAs that differ in
size by the length of an intron. Third, traditional short-read
sequencing does not provide isoform information across RNA
molecules, limiting its ability to detect multi-intron splicing
patterns.

Here, we describe nanopore analysis of co-transcriptional
processing (nano-COP), a technique designed to directly probe
the dynamics and regulation of pre-mRNA splicing in vivo. Nano-
COP uses direct RNA nanopore sequencing to determine the
native isoform of long nascent RNA molecules without amplifica-
tion-associated biases. Application of nano-COP to human and
Drosophila cells revealed key features of RNA processing in both
species. We observed pronounced differences in splicing ki-
netics between the two species, discovered global patterns in
the order of intron splicing, and identified coordinated patterns
of splicing in human cells. In cells treated with the SF3B1 inhib-
itor pladienolide B (PlaB), nano-COP detected a near-complete
abolishment of co-transcriptional splicing. Thus, nano-COP
represents an effective strategy for exposing the critical molec-
ular processes that occur during transcription in living metazoan
cells.

RESULTS

Unveiling the Nascent Transcriptome with Direct RNA
Nanopore Sequencing

We developed nano-COP in order to observe nascent RNA iso-
forms as they are transcribed. In this method, stringent purifica-
tion of nascent RNA followed by long-read nanopore sequencing
connects intron splicing to RNA Pol Il positions at the 3’ ends of
reads, revealing the relationship between transcription and
splicing in living cells (Figure 1A). To sequence long RNA mole-
cules without amplification-associated biases, we adopted a
direct RNA sequencing approach using Oxford Nanopore Tech-
nologies’ MinlON and PromethlON instruments (Garalde et al.,
2018). Since background levels of mature spliced RNA can result
in overestimation of co-transcriptional splicing measures, we
developed a stringent nascent RNA purification strategy by
combining two complementary techniques: cellular fractionation
(Pandya-Jones and Black, 2009; Wuarin and Schibler, 1994)
(Figure S1A) and 4-thiouridine (4sU) pulse labeling (Dolken
et al., 2008; Schwalb et al., 2016).

After cells are labeled with 4sU for 8 min, they are lysed and
subjected to sequential centrifugation steps that yield the chro-
matin, nucleoplasm, and cytoplasm cellular fractions. RNA
purified from the chromatin fraction is then subjected to 4sU pu-
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rification. Even for much longer periods than 8 min, 4sU treat-
ment does not show a decrease in splicing levels (Schofield
et al., 2018) (Figures S1B and S1C), supporting the use of this
metabolic labeling approach to quantify splicing rates (Pai
etal., 2017; Rabaniet al., 2014; Wachutka et al., 2019). The com-
bination of cellular fractionation and 4sU purification enriches for
RNAs that are both recently transcribed and localized to chro-
matin. Moreover, the use of both methods in tandem yields
higher amounts of unspliced RNA compared to either method
alone, resulting in a substantial improvement in the purification
of nascent RNA, especially at highly expressed genes that
have a higher likelihood of mature RNA contamination (Figures
1B and S1D-S1F). All nascent RNA purification strategies
enrich RNA from genes with comparable length distributions
(Figure S1G).

During direct RNA nanopore sequencing, each RNA molecule
is recruited to the nanopore via an adaptor ligated to its polyade-
nylated, or poly(A), tail and is consequently read from 3’ to 5’
(Garalde et al., 2018). Because we expect most 4sU-labeled,
chromatin-associated RNAs to be nascent, and therefore not
yet polyadenylated, we add poly(A) tails enzymatically using
E. coli poly(A) polymerase before ligating the adaptor (Figure 1A).
After sequencing and aligning reads to the genome, we can
computationally distinguish RNAs that have completed tran-
scription with endogenous poly(A) tails from nascent RNAs
with artificial poly(A) tails based on where the 3’ end of the
RNA aligns. As an alternative method for tailing nascent RNAs,
we also utilized a yeast poly(A) polymerase to add poly(l) tails
to the ends of nascent RNAs and ligated a custom poly(C)
adaptor for sequencing (Figure 1A).

We first applied nano-COP to human chronic myeloid leuke-
mia K562 cells using the poly(A) tailing approach. Analysis of
datasets from biological triplicates confirmed that nano-COP
read coverage was reproducible (Pearson’s R = 0.75-0.91; Fig-
ures S2A and S2B). Read accuracies were similar to those of
nanopore datasets acquired using poly(A)-selected mature
RNA (Workman et al., 2018), indicating that 4sU does not have
a detectable effect on base calling (Figures S2C and S2D). We
obtained a wide range of read lengths (median, 671 nt; longest,
7,420 nt; Figures S2E and S2F) that are shorter than DNA
nanopore sequencing read lengths but comparable to direct
RNA sequencing read lengths from mRNA (Workman et al.,
2018). Over 25% of nascent RNA nanopore reads were greater
than 1 kilobase (kb) in length, enabling detection of co-transcrip-
tional RNA processing over long ranges. To assess the variation
in processing dynamics between species with diverse gene ar-
chitectures and splicing regulation, we also applied nano-COP
to D. melanogaster S2 cells (Figure S3A).

Each nano-COP sequencing run yielded ~100,000 mapped
reads with the MinlON instrument and ~500,000 mapped reads
with the PromethlON instrument (Table S1). In total, over 1.5
million nano-COP reads from human K562 cells aligned to
>13,000 genes, with a median of 11 read mappings per gene (Fig-
ures S2G and S2H). For Drosophila S2 nano-COP libraries, reads
aligned to >8,500 genes with a median of 4 reads per gene. With
current coverage levels, we do not have sufficient depth for the
analysis of single genes or introns except for the highest-ex-
pressed genes. Thus, in this study, we have analyzed aggregated
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Figure 1. Capturing the Nascent Transcriptome in Human Cells with Nano-COP

(A) Schematic of the nano-COP protocol with nascent RNA purification and direct RNA nanopore sequencing. Cells are labeled with 4-thiouridine (4sU); cellular
fractionation is performed to isolate chromatin-associated RNA; and 4sU-labeled, chromatin-associated RNA is selected through biotinylation and affinity
purification. Subsequently, a poly(A) or poly(l) tail is added to the purified RNA, represented here as a string of Ns. The sample is subjected to direct RNA library
preparation, including 3’ end adaptor ligation, followed by nanopore sequencing.

(B) Splicing index, which represents the proportion of spliced transcripts in lllumina sequencing datasets, is plotted within different percentiles of total RNA gene
expression. The distribution of 4sU-labeled, chromatin-associated RNA (4sU+chr) differs significantly (t test p value < 0.05) between chromatin-associated RNA
(chr) and 4sU-labeled RNA (4sU) at all gene expression levels. Gene expression percentiles are based on total RNA expression levels out of 9,659 genes that have
at least 25 reads spanning splice junctions in all datasets.

(C) Representative nano-COP reads aligned to the GSTP1 gene in human K562 cells. The gene structure is represented from the transcription start site (TSS) to
the poly(A) site, with black boxes representing exons and lines representing introns. Within the reads, blue boxes represent read coverage, black lines represent
skipped coverage due to splicing, and the start of the read (3’ end of RNA) is represented with an arrow. Dashed lines represent reads that continue beyond the
region displayed.

(D and E) Distribution of nano-COP 3’ ends by nanopore sequencing in (D) human K562 cells with enzymatic poly(A) tail addition and (E) human K562 cells in the
absence of enzymatic poly(A) tail addition. See STAR Methods for descriptions of 3’ end alignment categories.

(F) The length of poly(A) tails for sequenced RNAs with enzymatic poly(A) tail addition was estimated using nanopolish-polyA (Loman et al., 2015; Workman et al.,
2018). Estimated tail lengths were plotted for RNAs in each sample that have 3’ ends aligning within gene bodies (exon, intron, or splice site), at poly(A) sites, or just
downstream of poly(A) sites (*** signifies t test p value < 1 x 107%9),

nano-COP data to observe global splicing dynamics that occur  capture a wide dynamic range of the transcriptome. Neverthe-
on average. Nano-COP read coverage correlates with short- less, our findings might be limited to the highly expressed genes
read RNA sequencing coverage by the lllumina platform (Pear-  that are well represented in nano-COP datasets.

son’s R =0.90; Figure S2I), suggesting that the lower sequencing Highly expressed genes, such as GSTP1 (Figure 1C), show-
depth of nanopore sequencing does not impact our capacity to  case the diversity of nascent transcript isoforms arising from a
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single gene. The positioning of read 3’ ends within genes, along
with the presence of unspliced introns, indicate that the
sequenced reads originated from RNAs that were in the midst
of being transcribed and processed. In addition to canonical
coding genes, nano-COP exposes the transcription and RNA
processing of noncoding RNAs. For instance, we observed
nano-COP reads that start and end at the boundaries of precur-
sor micro RNAs (pre-miRNA) within unspliced introns (Fig-
ure S3B), supporting previous findings that pre-miRNA cleavage
can occur before intron splicing (Kim and Kim, 2007). We also
detected cases of antisense transcription and the synthesis of
long noncoding RNAs (Figure S3C).

RNA Pol Il Mapping with Nano-COP

In native elongating transcript sequencing (NET-seq)-based ap-
proaches, sequencing of the 3’ ends of nascent RNAs enables
high-resolution mapping of RNA Pol Il genome wide (Churchman
and Weissman, 2011; Mayer et al., 2015; Nojima et al., 2015). To
determine whether nano-COP also measures RNA Pol Il posi-
tion, we sought to verify that the start of nano-COP reads repre-
sents the 3’ ends of nascent RNA. We find that transcript 3’ ends
aligned mostly within gene bodies (Figures 1D, S4A, and S4D),
consistent with these reads deriving from RNAs in the middle
of synthesis. By contrast, libraries constructed from 4sU-
labeled, chromatin-associated RNA without enzymatic addition
of a poly(A) or poly(l) tail aligned predominantly to annotated
poly(A) sites (Figure 1E; chi-square p value < 2.2 x 10~ '6) and
thus represented pre-mRNA that remained associated with
chromatin after transcription is complete (Brody et al., 2011). In
nano-COP libraries made via poly(A) tailing, the tails at the start
of each nanopore read were shorter when aligned within gene
bodies and longer when aligned to poly(A) sites, demonstrating
that the former were polyadenylated in vitro and therefore distin-
guishable from the naturally polyadenylated RNAs (Figures 1F,
S4B, and S4C; t test p value <1 x 10739 (Loman et al., 2015;
Workman et al., 2018). Nano-COP libraries made using poly(l)
tailing resulted in more reads aligning to gene bodies compared
with poly(A) tailing libraries (Figure S4D; chi-square p value <
2.2 x 107'®), providing an increase in the proportion of reads
arising from RNAs in the process of transcription for each
sequencing run. Importantly, libraries made with poly(A) and
poly(l) tailing methods exhibited reproducible read coverage
across replicates (Pearson’s R = 0.935; Figure S4E) and so
were combined for all subsequent analyses.

To measure the alignment accuracy of RNA 3’ ends with direct
RNA nanopore sequencing, we tailed and sequenced an in vitro-
transcribed RNA. We found that 85% of sequenced RNA 3’ ends
correctly map within 25 nt of the expected transcript end position
(Figure S4F). Based on these results, we conclude that the 3
ends of nascent transcripts with artificial poly(A) or poly(l) tails
largely represent active transcription sites within a resolution
of 50 nt.

In addition to RNA Pol Il position, nano-COP also captures in-
termediates of the splicing reaction (i.e., free ends of upstream
exons after the first catalytic step of splicing), providing insights
into the regulation and efficiencies of the catalytic steps of
splicing (Burke et al., 2018; Chen et al., 2018) (Figures S4G
and S4H). The alignment positions of nascent RNA 3’ ends allow
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for the computational removal of reads that have completed
transcription (i.e., RNA 3’ ends aligning to poly(A) sites) or have
undetermined transcription status (i.e., RNA 3’ ends aligning to
splice sites) to focus on those reads arising from RNAs that are
being actively transcribed.

Nano-COP Reveals the Relationship between
Transcription and Splicing

Nano-COP simultaneously determines the position of RNA Pol I
and the splicing status of each intron in a nascent RNA read. To
determine the physical proximity between splicing catalysis and
transcription, we tallied the splicing status of introns within each
read as a function of RNA Pol Il position (i.e., the 3’ end of
nascent RNA) (Figure 2A). Focusing initially on constitutively
spliced introns, we found that in two human cell lines (myeloid
leukemia K562 cells and B lymphoblast BL1184 cells), <20%
of introns are spliced after RNA Pol Il has transcribed 2 kb (Fig-
ures 2B and S5A-S5E). Nano-COP analysis in Drosophila S2
cells revealed that the majority of intron splicing occurred more
proximally to RNA Pol Il compared with human cells (two-way
ANOVA p value < 107'9), such that ~25% of introns were
spliced within 1 kb, and more than 50% were spliced within
2 kb from the intron 3’ SS (Figures 2B, S5C, S5D, and S5F).
The introns included in these analyses have representative
lengths across the two genomes (Figure S5G), and the analysis
is consistent across gene expression levels (Figure S5H), sug-
gesting that a small number of overrepresented genes do not
dominate the analysis. Since introns at the boundaries of genes,
especially first introns, can have different splicing efficiencies
(Khodor et al., 2011; Pai et al., 2017; Tilgner et al., 2012), we
also repeated the analysis after removing datapoints from first
and last introns and found that the results are substantially the
same (Figure S5I).

A concern in co-transcriptional splicing analyses is the possi-
bility of contamination from fragmented mature RNA. If an RNA 3’
end is formed from fragmentation rather than gene transcription,
it does not represent the position of RNA Pol Il. If these frag-
mented RNAs were to be sequenced, it would be depicted as
a high level of splicing immediately after the 3’ SS, making it
appear as if RNA Pol Il has not transcribed as far when splicing
occurs for a subpopulation of transcripts. Our data show that
only ~5% of reads are spliced within 100 nt of the intron 3’ SS
and that the proportion rises only when the read end is kilobases
away from the intron. Thus, nano-COP data cannot be heavily
contaminated by fragmented RNA. Indeed, considering the
average human transcription elongation rate of 1-4 kb/min
(Danko et al., 2013; Veloso et al., 2014), nano-COP is consistent
with previous analyses of mammalian splicing kinetics that
describe splicing as generally completing on the order of mi-
nutes (Audibert et al., 2002; Coulon et al., 2014; Keohavong
etal., 1982; Pandya-Jones et al., 2013; Rabani et al., 2014; Singh
and Padgett, 2009; Wachutka et al., 2019).

To assess the extent of post-transcriptional splicing in both
species, we focused on the relationship between terminal intron
splicing and transcription termination. In human cells, terminal
introns were almost exclusively spliced post-transcriptionally
(Figure 2C). This finding corroborates established functional
links between polyadenylation and terminal intron splicing in



A
unspliced 3’ end 100 Drosophila S2 (N=55,774)
1 Human K562 (N=72,937
388 pol a :.—-_i 8% ( )
exon \ 2 o
- distance transcribed past 3'SS & °V1
intron IS
@ 40
spliced g
/ o 204
b O b =T——e
}—' T T T T
distance transcribed past 3'SS 0 500 1000 1500 2000
distance transcribed past 3'SS (nt)
c uncleaved 100 4 - 100 4 -
[ > Drosophila (S2) Drosophila (S2)
: -t o gp4 — <100 nt (N=37,910) o 80 constitutive (N=32,511)
B — 8 — >300 nt (N=8,766) 8 — AS flanking (N=3,221)
B 60 A S 604
g S— @ o
s s ¥ S 401 S 401
| — <4 IS4
e — 8 204 W*N/ 2 204 /.__'N-
_ -50 0 +50 _+550 0 - . . 0 . i i
distance from poly(A) site (nt) 0 500 1000 1500 0 500 1000 1500
o %] =2 Human (ks62) < '% Human (K562) < "% Human (K562)
_8 §80- Drosophila (S2) 8 804 — <100 nt (N=4,802) 8 801 — constitutive (N=60,080)
‘%E 60l & K 2 60 — > 300 nt (N=52,885) 2 60. — AS flanking (N=11,236)
© 'E 401 S 40+ S 40+
8s o 3 g
S ™ 20 x 201 1 f
0 o] bt

r r r 0 r r
500 1000 1500 0 1000 2000 3000
distance transcribed past 3'SS (nt) distance transcribed past 3'SS (nt)

0
cleaved uncleaved 0
RNA 3’ end position

Figure 2. Nano-COP Measures the Physical Proximity between Transcription and Splicing

(A) Cartoon depicting measurements of distance transcribed past the 3’ splice site (3’ SS) and splicing status using nano-COP data from two nascent transcripts.
(B) Global analysis of distance transcribed from the 3’ SS and the percent of spliced molecules in human K562 (blue) and Drosophila S2 (red) cells (two-way
ANOVA p value < 1079).

(C) Cartoon (top) represents example reads with 3’ ends near gene ends and the regions that differentiate “cleaved” (orange, 50 nt upstream and downstream of
poly(A) sites) from “uncleaved” (green, 50-550 nt downstream of poly(A) sites) transcripts. Bar plot (bottom) depicts the proportion of reads with spliced terminal
introns in the “cleaved” and “uncleaved” pools of transcripts for human K562 (solid) (N = 13,913 cleaved; N = 4,293 uncleaved) and Drosophila S2 (hashed) (N =
9,534 cleaved; N = 6,062 uncleaved) cells (Drosophila S2 chi-square test p value < 2 x 10~ '8; human K562 chi-square test p value < 2 x 10~ '6). Black points
represent results from each biological replicate.

(D) Global measurement of the percent spliced as a function of distance transcribed for introns smaller than 100 nt and larger than 300 nt (Drosophila S2 two-way
ANOVA p value < 10~ '3; human K562 two-way ANOVA p value = 0.2).

(E) Global analysis of transcribed distance from 3’ SS and the percent of spliced molecules separated by alternative splicing status of neighboring exons
(Drosophila S2 two-way ANOVA p value < 10~°; human K562 two-way ANOVA p value = 0.0297). Introns that do not neighbor an alternatively spliced exon are
labeled as “constitutive” while introns that do neighbor an alternatively spliced exon are labeled as “AS flanking.” Numbers (N) in (B), (D), and (E) represent the
number of introns within reads that were used to calculate the distance transcribed before splicing plots. Shaded regions (in B, D, and E) represent standard
deviation across biological replicates.

vertebrates (Berget, 1995; Niwa and Berget, 1991). In Drosophila
cells, ~25% of terminal intron splicing occurred prior to cleavage
and polyadenylation (Figure 2C), consistent with the faster co-
transcriptional splicing in those cells.

Variations in splicing kinetics between species are likely due to
mechanistic differences in splicing regulation. In vitro studies
have demonstrated that recruitment and assembly of the spli-
ceosome depends on the predominant gene architecture of an
organism. Splicing of short introns (<250 nt) typically occurs
through an intron definition model, in which spliceosome factors
are initially recruited to the 5’ and 3’ splice sites across an intron

to facilitate its splicing. By contrast, long introns (>250 nt) are
spliced through an exon definition model, in which splicing fac-
tors are recruited to the junctions of an exon at the 5’ SS of its
downstream intron and the 3’ SS of its upstream intron before
cross-intron interactions are made to facilitate intron splicing
(Berget, 1995; Schneider et al., 2010). Exon definition splicing
is presumed to dominate in human cells because most genes
contain long introns separated by short exons, whereas in
Drosophila melanogaster, which has an abundance of short in-
trons, intron definition splicing is more prevalent (Fox-Walsh
et al., 2005; Guo et al., 1993).
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In Drosophila cells, we found that short introns (<100 nt) were
generally excised faster than long introns (>300 nt) (two-way
ANOVA p value < 10~ '3; Figures 2D and S5J), and introns neigh-
boring alternative exons were spliced more slowly than those
neighboring constitutive exons (two-way ANOVA p value <
1073, Figure 2E). However, this difference was partly due to
the tendency of long introns to flank alternative exons in
Drosophila (Figure S5K) (Fox-Walsh et al., 2005). The abundance
of short introns that are rapidly and constitutively spliced in
Drosophila cells implies that splicing through intron definition is
more efficient than exon definition. These findings are partly in
contrast to efficient splicing of long introns (>284 nt) observed
using metabolic labeling in Drosophila S2 cells (Pai et al.,
2017), which may be due to differences in nascent RNA purifica-
tion strategies, represented transcripts in each dataset, or calcu-
lations of splicing kinetics by time as compared with distance. In
human K562 cells, we did not observe the same length depen-
dence for splicing kinetics (two-way ANOVA p value = 0.2; Fig-
ure 2D) and only a slight difference between introns flanking
constitutive exons versus alternative exons (two-way ANOVA
p value = 0.0297; Figure 2E). However, as highly expressed
genes have shorter introns on average, long introns are less rep-
resented in these analyses (Figure S5G), limiting a full analysis of
intron size in human cells. A difference at greater distances of
RNA Pol Il transcription may be found once increased read
lengths permit them to be resolved. Nonetheless, these data
indicate that the existence of other modes of splicing regulation
in humans are likely to be responsible for the differences in
splicing kinetics relative to Drosophila.

SF3B Activity Is Required for Co-transcriptional Splicing
Splicing factors are commonly mutated in certain cancer types
(Quesada et al., 2011; Wang et al., 2011; Yoshida et al., 2011),
motivating the characterization of splicing inhibitor compounds
that exert antitumor activity. For example, mutations in SF3B1,
a member of the SF3B complex that performs branch point
recognition prior to the first catalytic step of splicing, alter
splicing activity and are sufficient to cause cancer phenotypes
in mice (Obeng et al., 2016). Several SF3B1 inhibitors, both natu-
rally occurring and synthetically derived, have antitumor proper-
ties (Bonnal et al., 2012). However, even though this protein
plays a critical role in all splicing reactions, inhibiting SF3B1 by
small molecules typically leads to intron retention for a subset
of introns as well as other alternative splicing changes in mature
mRNA (Sciarrillo et al., 2019; Teng et al., 2017; Vigevani et al.,
2017). It remains unclear whether this response is due to differ-
ential impacts of SF3B1 on splicing or solely due to variation in
RNA turnover or surveillance processes.

To explore this issue, we investigated the impact of the small
molecule PlaB, which competitively binds to SF3B1 (Cretu
etal., 2018; Kotake et al., 2007). RT-PCR analysis of cytoplasmic
RNA revealed that 1 h treatment of 100 nM PlaB caused no
detectable changes in splice isoforms (Figure 3A). However, an
RT-PCR analysis of chromatin-associated RNAs after the
same PlaB treatment uncovered an accumulation of unspliced
transcripts (Figure 3A). We analyzed published datasets of
RNAs that are closer to the site of transcription (nucleoplasm
RNA-seq [NP-seqg] and mammalian NET-seq [MNET-seq]) and
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observed only a 2.7% decrease by NP-seq and 10% decrease
by mNET-seq in the percent of spliced reads after 4 h of treat-
ment with 1 uM PlaB (chi-square p value < 2.2 x 10~'®; Figures
3B and 3C) (Nojima et al., 2015). These results indicate that either
PlaB does not have a global influence on splicing or that chal-
lenges in analyzing nascent RNA conceal its impact.

To directly investigate how splicing kinetics are affected by
interference with SF3B, we performed nano-COP and examined
the influence of PlaB on co-transcriptional splicing. When both
human K562 and Drosophila S2 cells were treated with 100 nM
PlaB for 1 h, the proportion of spliced nano-COP reads
decreased globally by 30% such that less than 10% of reads
were spliced in the PlaB datasets (chi-square p value < 2.2 x
1078; Figure 3D). Furthermore, co-transcriptional splicing was
nearly undetectable in cells treated with the splicing inhibitor
by three distinct analyses. First, in PlaB-treated cells from both
species, RNA Pol Il transcribed more than 1.5 kb before there
was any evidence of splicing, which is especially notable in
Drosophila, which exhibited rapid co-transcriptional splicing un-
der DMSO conditions (Figure 3E). Second, intermediates be-
tween the first and second catalytic steps of the splicing reac-
tion, represented by RNAs with 3’ ends at 5 SSs, were
abolished in the presence of the splicing inhibitor (Figure 3F).
Third, in PlaB-treated cells, terminal introns exhibited no evi-
dence of splicing prior to transcript cleavage and polyadenyla-
tion (Figure 3G). Thus, PlaB is a potent and global inhibitor of
pre-mRNA splicing. These results also demonstrate the capacity
of nano-COP to measure the immediate impact of splicing
perturbations.

Intron Splicing Does Not Strictly Follow the Order of
Transcription

To determine the extent to which transcription impacts splicing
order, we analyzed reads spanning pairs of introns in which
one intron was spliced and the other was not (Figure S6A, “inter-
mediate”). In contrast to the “first-come, first-served” model of
splicing (Aebi and Weissman, 1987), inspection of genes with
high coverage frequently revealed examples of downstream in-
trons that were transcribed last but spliced first, such as the third
intron of human EIF1 (Figure 4A).

To measure splicing order globally, we analyzed all reads that
spanned intron pairs and found that, in both K562 and BL1184
cells, splicing does not regularly occur in the order of transcrip-
tion (Figures 4B and S6B-S6E), consistent with earlier analyses
(Kim et al., 2017). In fact, 54% of the time, the downstream intron
within a pair was spliced first in K562 cells, indicating that human
introns have a slight bias in favor of splicing from 3’ to 5/, in
reverse of the transcription order (binomial test p value < 2 x
107%), a trend that does not change across gene expression
levels represented in the nano-COP dataset (Figure S6C). By
contrast, in Drosophila cells, the upstream intron tended to be
spliced first (65% of the time; binomial test p value < 8 x
109 (Figures 4B and S6C-S6E). This result is consistent
with the faster co-transcriptional splicing kinetics and longer
exon lengths in this species, as the upstream intron has the pos-
sibility of being spliced before the 3’ SS of the downstream intron
is transcribed. Because the median nanopore read length is less
than 1 kb, the introns examined in this analysis tended to be
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Figure 3. Co-transcriptional Splicing Is Abolished with the Splicing Inhibitor PlaB

(A) RT-PCR of example genes in cytoplasmic and chromatin RNA extracted from human K562 cells (left) and Drosophila S2 cells (right) treated with 0.1% DMSO
or different concentrations of PlaB (10 nM, 100 nM, and 1 uM).

(B and C) (B) NP-seq and (C) mNET-seq datasets from cells treated with 1 M PlaB or 0.1% DMSO for 4 h from Nojima et al., 2015 were compared for the global
percent of spliced reads (spliced reads/total reads aligning to 3’ SS junctions).

(D) Distribution of splicing patterns found in cells treated with 0.01% DMSO versus 0.1 uM PlaB for 1 h. In nano-COP reads spanning at least two introns, “all
spliced” represents reads where every intron within the read is spliced, “intermediate” represents reads where at least one intron is spliced and one intron is
unspliced, and “all unspliced” represents reads where every intron is present and therefore not spliced.

(E) Global analysis of distance transcribed past the 3’ SS and the percent of spliced molecules in cells treated in biological duplicates with DMSO versus PlaB
(human K562 two-way ANOVA p value < 10~°; Drosophila S2 two-way ANOVA p value < 1079).

(F) The frequency of RNA ends (the 3’ end of the RNA when aligned) around intronic 5’ SS represented as histograms in human and Drosophila cells treated with
DMSO or PlaB. High coverage of nascent RNA 3’ ends at 5’ SS likely represents free exon ends between the first and second catalytic steps of the splicing
reaction.

(G) The proportion of reads with spliced terminal introns in the “cleaved” (50 nt upstream and downstream of poly(A) site) and “uncleaved” (50-500 nt down-
stream of poly(A) site) pools of transcripts from cells treated with DMSO versus PlaB. Bars represent the range from two biological replicates. Chi-square tests
were used to compare spliced/unspliced proportions in DMSO versus PlaB for “cleaved” and “uncleaved” in each species (p value < 2 x 107'%). In (B), (C), and
(E)~(G), human K562 samples are represented in blue, Drosophila S2 samples in red, DMSO samples as the darker shade, and PlaB samples as the lighter shade.

shorter than the natural intron distributions of the two genomes We next asked whether splicing patterns are variable or
(Figures S2E, S2F, and S6F). However, analysis of splicing inter-  consistent across the same pair of introns, which would imply
mediates (in which the 3’ end of the RNA aligns to a 5’ SS)is not  that splicing is stochastic or ordered, respectively. For intron
similarly constrained by intron length (Figure S6G); for reads pairs that were covered by multiple reads exhibiting intermediate
corresponding to splicing intermediates, the downstream intron  splicing patterns, we measured the frequency of each pattern
is in the process of being spliced regardless of its length. Alarge  across the pair. In over 65% of these intron pairs, every read
proportion of upstream introns within splicing intermediate had the same splicing pattern (Figures 4C and 4D). Thus,
reads were not spliced (Figure S6H) as observed by previous an-  although splicing order does not always follow the direction of
alyses of splicing intermediates (Nojima et al., 2018), further con-  transcription, especially in human cells, for this set of highly
firming that splicing does not always follow the order of covered intron pairs, it does tend to complete in a
transcription. preferred order.
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Figure 4. Order of Transcription Does Not
Strictly Dictate Splicing Order

(A) lNlumina total RNA-seq coverage (top, gray) and
nano-COP reads (bottom, blue) that span the 3
SS of all three introns in the EIF1 gene from human
K562 cells. Dark blue reads represent RNA tran-
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scripts with at least one spliced intron.

(B) Measurements of the order of splicing between
neighboring intron pairs in both human (blue) and
Drosophila (red) cells. For reads that span two or
more introns, the top two boxes represent the
proportion of reads in which the upstream intron
within a pair is spliced first. The bottom two boxes
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represent the opposite situation, in which the
downstream intron within a pair is spliced first.
Black bars represent the standard error of the
mean across biological replicates. Values within
boxes represent the number of datapoints used to
calculate splicing order percentages for each
subset. A binomial test was used to test whether
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Role of cis- and trans-Acting Elements in Splicing Order
Given that transcription order does not play a dominant role in
splicing order for the introns covered in nano-COP datasets,
we asked whether cis-acting features are associated with pat-
terns of intron removal. We found that within pairs, spliced
introns tended to be shorter (Figures 5A and S6l) and have stron-
ger splice site scores (Figures 5B, 5C, S6J, and S6K) than the un-
spliced introns. These trends were especially pronounced in
Drosophila S2 cells but could be observed to a lesser extent in
the human K562 dataset.

To determine the impact of these global trends on splicing or-
der, we tested their predictive power using a random forest
model. We found that intron lengths, neighboring exon lengths,
and splicing consensus sequences were the strongest predic-
tors of splicing order (Table S2). Combining these three features
within the model improved the prediction (Table S2). The com-
bined model for Drosophila splicing performed well (AUC =
0.78) compared to models from each feature alone (AUC =
0.56, 0.57, and 0.67 for exon length, SS sequence, and intron
length, respectively) or a random model (AUC = 0.5), suggesting
that these cis-acting elements together play critical roles in
splicing order (Figures 5D and 5F). In human K562 cells, the com-
bined model for splicing did not perform as well (AUC = 0.63)
(Figures 5E and 5F), indicating that the cis-acting elements
included in the model are not sufficient to explain splicing order
for the set of human introns that are well represented in the nano-
COP data. As sequencing depth and read lengths of nano-COP
increase, it is possible that a broader range of cis-acting ele-
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ments across human intron pairs will lead to a more predic-
tive model.

To assess the influence of trans-acting factors on splicing or-
der in humans, we analyzed a large eCLIP dataset with occu-
pancy measurements for 120 RBPs in K562 cells (Van Nostrand
etal., 2018). By aggregating signals from all RBPs, we found that
total occupancy differed significantly between spliced and un-
spliced introns within pairs (Wilcoxon rank-sum p value <
107%%; Figure 5G). Examination of individual proteins revealed
that 27 RBPs were significantly more likely to be bound to un-
spliced introns than spliced introns within pairs, both in terms
of the number of introns bound and RBP occupancy levels (Bon-
ferroni-corrected chi-square p value < 6.6 x 10~*, Bonferroni-
corrected Wilcoxon rank-sum p value <5 x 10~%). Nine of these
RBPs are members of the core spliceosomal machinery, and six
are splicing regulators. The rest are uncharacterized RBPs or
factors with known roles in other areas of RNA biology (Table
S3; Figure S6L). Combining total RBP occupancy with the above
cis-acting features improved the prediction of splicing order with
the random forest model (AUC = 0.67; Figure 5H). We were con-
cerned that higher RBP density in unspliced introns could be
partly due to the opportunity for slowly spliced introns to be de-
tected more frequently in eCLIP datasets, even though the RBP
density measurements are calculated relative to eCLIP input
RNA. However, we do not observe a correlation between RBP
occupancy and splicing index in total RNA-seq data, indicating
that this is not a major contributing factor (Figure S6M). Interest-
ingly, some of the enriched RBPs in unspliced introns are
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Figure 5. cis and trans-Acting Elements Influence Splicing Order

(A-C) Distributions of (A) intron lengths (human Wilcoxon rank-sum p value < 10~%; Drosophila Wilcoxon rank-sum p value < 107%%), (B) 5’ SS consensus
sequence scores (human Wilcoxon rank-sum p value < 10~2%; Drosophila Wilcoxon rank-sum p value < 10-°%), and (C) 3’ SS consensus sequence scores (human
Wilcoxon rank-sum p value < 10~"%; Drosophila Wilcoxon rank-sum p value < 1079 in spliced versus unspliced introns within pairs.

(D and E) Receiver operating characteristic (ROC) curve from a random forest classifier that measures the predictive value of intron features on splicing order in (D)
Drosophila S2 cells (3,949 training and 1,317 testing intron pairs) and (E) human K562 cells (4,518 training and 1,506 testing intron pairs).

(F) Area under the curve (AUC) measurements for ROC curves from random forest models in (D) and (E).

(G) Total RNA-binding protein (RBP) density across introns was measured using eCLIP peaks from Van Nostrand et al., 2018. For all reads that span two or more
introns where one is spliced and the other is not spliced, total RBP occupancy was determined as the sum of fold change over input for all peaks from all RBPs in
the intron, normalized by intron length, and plotted as a boxplot for the spliced and unspliced introns separately (Wilcoxon rank-sum p value < 10~%%).

(H) ROC curve from a random forest classifier that measures the predictive value of combined intron features and RBP density on splicing order in human K562
cells (4,518 training and 1,506 testing intron pairs).

(I) The order of intron splicing across gene regions that undergo alternative splicing. For each splicing pattern, the proportion of cases where the upstream intron is
spliced first is represented. A binomial test was used to test whether splicing order percentages differ from random expectations (50%). * signifies binomial test
p value < 0.05; ** signifies binomial test p value < 0.01; *** signifies binomial test p value < 1 x 10~“. Dark gray boxes represent constitutive exons; light gray boxes
represent alternative exons; C, intron that neighbors constitutively spliced exons; A, intron that neighbors an alternatively spliced exon (“AS flanking”). Values
within boxes represent the number of datapoints in each category. Error bars represent standard deviation across biological replicates.

members of the activated spliceosome (B®Y) (Kastner et al., The order of intron splicing can control alternative splicing de-
2019), suggesting that these introns are prepared for splicing cisions (Takahara et al., 2002), so we also investigated the
but something, perhaps another regulatory factor, is delaying splicing order of intron pairs neighboring alternatively spliced
the subsequent reactions. exons. Across intron pairs, introns neighboring constitutively
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Figure 6. Splicing Is Coordinated across

Human Neighboring Introns in Human Cells

(K562)

(A) Cartoons of each possible intermediate
splicing combination across three sequential in-
trons appear to the left of bar plots representing
the percentage of each splicing combination
among nano-COP reads from Drosophila S2 cells
(red; 2,829 reads aligning to 1,209 genes) and
human K562 cells (blue; 4,116 reads aligning to

T 1,221 genes). The dotted lines at 33% represent

the expected percentage if each intron combina-
tion were distributed equally.

(B) Distribution of splicing patterns in reads that
span at least four introns in Drosophila S2 cells
(red; 1,214 reads aligning to 565 genes) and hu-
man K562 cells (blue; 2,268 reads aligning to 710
genes). Dotted lines at 25% for one and three
spliced introns and 16.7% for two spliced introns
represent the expected percentage if each intron
pattern were distributed equally. Error bars

represent standard error of the mean across bio-

logical replicates. A binomial test was used to test
whether percentages differ from random expec-
tations (dotted lines). * signifies binomial test
p value < 0.05; *** signifies binomial test p value <
1 %1075,

(C) Heatmap representing the frequency that two
introns within aread that spans at least four introns

0 25 50
frequency

2 25 50 have the same splicing status (both spliced or both
requency not spliced) in human K562 cells. Intron number

represents the position of each intron within a read

that spans at least four introns such that “intron 1” is the first intron and “intron 4” is the last intron within the set of four introns that a read spans. Results of chi-
square tests used to determine statistical significance of differences between pairs are shown in Figure S7E.

spliced exons show a preference to be spliced before the introns
neighboring alternatively spliced exons (binomial test p value <
3 x 107% and < 0.05 for human K562 and Drosophila S2 cells,
respectively; Figure 5l). Because the splicing of one intron before
another could alter the availability of cis-acting elements that in-
fluence the splicing regulation in a neighboring exon, this bias
has important implications for models of regulated splicing.

Splicing Is Coordinated across Multi-intron Genes in
Humans

In vitro single-molecule studies have demonstrated the capacity
for synergistic spliceosomal assembly across human introns
(Braun et al., 2018), motivating an analysis of higher-order pat-
terns of splicing in vivo. Long-read sequencing enables analysis
of splicing patterns of more than two introns, so we assessed the
frequencies of all possible splicing patterns for reads that
spanned three or more introns and from RNAs in the process
of being spliced (i.e., those containing a mix of spliced and un-
spliced introns).

In Drosophila cells, the splicing of multiple sequential introns
tended to follow the direction of transcription (Figures 6A, 6B,
S7A, and S7B; binomial test p value < 1 x 10734, consistent
with our analysis of intron pairs (Figure 4B). In human cells, by
contrast, intron splicing followed a defined splicing pattern that
was not necessarily concordant with the direction of transcrip-
tion (Figures 6A, 6B, S7A, and S7B). Furthermore, adjacent in-
trons in human cells were also more likely to have the same
splicing status than separated introns (chi-square test p value <
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0.001), supporting a model that proximal introns are coordinately
spliced (Figures 6C, S7E, and S7F). These patterns did not
change when the first and last introns of all genes were removed
from the analysis, confirming that this global pattern is not a
result of splicing order differences at the beginnings or ends of
genes (Figures S7C and S7D). Intriguingly, the patterns of intron
splicing in human cells showed that the most upstream and
downstream introns in each read were more frequently spliced,
suggesting that coordinated splicing begins from the ends of
transcripts and works inward. Together, these results reveal
that higher-order coordinated patterns of splicing are orches-
trated across nascent transcripts in human cells.

DISCUSSION

Nano-COP probes the relationship between transcription and
splicing in living metazoan cells. This approach works by (1)
combining two established approaches for purifying nascent
RNA, 4sU labeling and cellular fractionation, thereby substan-
tially improving the enrichment of unspliced pre-mRNA tran-
scripts, and (2) sequencing the stringently purified nascent
RNA directly through nanopores, which reveals both the location
of transcription and the splice isoform of nascent RNA without
amplification-based biases. Importantly, treatment with the
splicing inhibitor PlaB abolished evidence of co-transcriptional
splicing detected by nano-COP, confirming that the approach
effectively captures nascent RNA and is sensitive to changes
in RNA processing rates.
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Figure 7. Coupling of Transcription and RNA Processing during
Intron Definition versus Exon Definition Splicing

A model depicting the differences in splicing regulation between Drosophila
genes (top), which have an abundance of short introns that are spliced through
intron definition, and human genes (bottom), which contain mostly long introns
that are spliced through exon definition. In Drosophila cells, we observe that
splicing typically occurs rapidly, co-transcriptionally, and in the order of
transcription. By contrast, in human cells, splicing is slower such that intron
splicing does not follow the order of transcription, and terminal introns are
spliced after cleavage and polyadenylation. Even though splicing catalysis is
slower with exon definition, we propose that splicing factors still assemble on
the transcribing RNA and likely drive the regulated and coordinated splicing
order we observe in human cells.

Nano-COP reveals the average physical proximity between
nascent RNA ends (or RNA Pol Il position) and introns at the
moment that splicing completes. We found that the vast majority
of human introns were not spliced until after RNA Pol Il tran-
scribed 4 kb downstream, whereas in Drosophila S2 cells the
majority of splicing occurred within 2 kb of introns. Given that
the median transcription rate in both K562 and S2 cells is
~1.25 kb/min (Ardehali et al., 2009; O’Brien and Lis, 1993; Ve-
loso et al., 2014), our splicing kinetics results are consistent
with median splicing half-lives estimated from metabolic labeling
data: 2 and 7-14 min in Drosophila and mammalian cells,
respectively (Pai et al., 2017; Rabani et al., 2014; Wachutka
et al., 2019). Our findings suggest that in contrast to
S. cerevisiae and S. pombe, in which splicing completes nearly
immediately upon synthesis (Oesterreich et al., 2016; Herzel
et al., 2018), in metazoan cells RNA Pol Il is not in close physical
proximity to introns when splicing occurs. Since the rate of tran-
scription is proposed to regulate alternative splicing patterns
(Dujardin et al., 2014; Fong et al., 2014; Takahara et al., 2002),
components of the spliceosome could still assemble on nascent
RNA soon after introns are transcribed, in a manner that depends
on transcriptional kinetics, even though the transcription ma-
chinery is not in close physical proximity when splicing occurs
in human cells (Bentley, 2014; Naftelberg et al., 2015).

As nano-COP cannot determine the fate of nascent RNA, it is
formally possible that some nano-COP reads originated from
RNAs that were destined to be degraded before splicing
completion. However, it is unlikely for these species to dominate
the sample since most transcribed pre-mRNA splice junctions
are successfully spliced (Audibert et al., 2002; Wachutka et al.,
2019). We find that introns with differing conversion rates into
spliced mRNA junctions (“splicing yield” as measured by RNA
metabolic labeling; Wachutka et al., 2019) exhibit similar splicing

dynamics (Figure S7G), albeit with a slight trend for introns with
high splicing yields to be spliced more slowly.

The differences observed by nano-COP between Drosophila
and human cells are consistent with previously established
models of intron and exon definition splicing but provide novel
insight in both cases (Figure 7). Drosophila has an abundance
of short (<100 nt) introns that are assumed to be spliced through
intron definition, where the spliceosome assembles at the 5’ and
3’ SSs across the intron. Intron definition only requires the coor-
dination of one intron at a time, so the reaction can be completed
rapidly in the order of transcription, which we observe. We pro-
pose that the prominent role of cis-acting features (e.g., intron
length and splice site sequences) in Drosophila splicing regula-
tion is a consequence of intron-definition-based splicing in which
only one intron is recognized at a time. Human cells, on the other
hand, have an abundance of long introns that are predominantly
spliced through exon definition, in which the spliceosome initially
assembles across exon boundaries before reorganizing to form
cross-intron interactions and complete the splicing reaction.
The greater distance between RNA Pol Il and introns at the time
splicing occurs in human cells is in line with exon definition
splicing: the extra step of identifying exon boundaries before
intron boundaries presumably increases the time required to
splice each individual intron. Furthermore, the extra coordination
of multiple introns during exon definition splicing likely relies on
accessory factors to direct splicing across multiple introns. We
propose that the simultaneous regulation of multiple introns by
exon definition drives the coordinated splicing patterns that we
observed across groups of three and four introns within human
genes. Certainly, some differences between our human and
Drosophila observations could be due to cell-type differences
rather than species differences, although the human and
Drosophila results differed more substantially than our observa-
tions across two human cell lines. Nevertheless, nano-COP anal-
ysis across many cell types will be critical for determining the vari-
ability of splicing dynamics within a single species.

Nano-COP provides a new method to visualize early RNA
processing steps in living cells. Our initial nano-COP analyses
both corroborated known features of splicing and uncovered
intriguing unappreciated aspects of splicing, such as the coordi-
nated splicing across neighboring introns. Future studies will be
needed to discover how these splicing patterns are regulated
and whether they contribute to alternative splicing decisions.
As nanopore sequencing improves in the coming years, nano-
COP will only increase in resolution and depth; deeper coverage
will allow for analyses of specific introns, longer read lengths will
expose patterns across larger transcripts, and greater accuracy
will provide allele-specific information.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Pysam https://github.com/pysam- N/A
developers/pysam

Pybedtools Dale et al., 2011 N/A

MaxEnt Yeo and Burge, 2004 N/A

Python scikit learn Pedregosa et al., 2011 N/A

All scripts and data analyses

This study

https://github.com/churchmanlab/nano-COP

Other

E. coli poly(A) polymerase New England Biolabs Cat#M0276S

E. coli poly(A) polymerase Clontech/Takara Cat#2180

Yeast poly(A) polymerase ThermoFisher Cat#74225225KU
Agencourt RNAClean XP beads Beckman Coulter Cat#A63987

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, L. Stirling
Churchman (churchman@genetics.med.harvard.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

K562 cells (ATCC, CCL-243) and B lymphoblast BL1184 cells (ATCC, CRL-4959) were maintained at 37°C and 5% CO, in RPMI 1640
medium (ThermoFisher, 11875119) containing 10% FBS (ThermoFisher, 10437036), 100 U/mL penicillin and 100 ug/mL streptomycin
(ThermoFisher, 15140122). L-Glutamine (ThermoFisher, 25030081) was added to the BL1184 medium to a concentration of 2 mM. S2
cells (Expression Systems, 94-005) were maintained at 25°C in Schneider’s Drosophila medium (ThermoFisher, 21720024) contain-
ing 10% heat inactivated FBS (ThermoFisher, 16140063), 50 U/mL penicillin and 50 ug/mL streptomycin (ThermoFisher, 15070063).
To monitor co-transcriptional splicing in the presence of a splicing inhibitor, cells were incubated with 100 nM Pladienolide B (PlaB,
Santa Cruz Biotechnology, sc-391691) or 0.01% DMSO (Sigma, D2438) for 1 h, unless indicated otherwise.

METHOD DETAILS

4sU labeling

Cells were labeled in media containing 500 uM 4-thiouridine (4sU, Sigma, T4509) for 8 min. We found that 8 min was the shortest
labeling time to obtain enough nascent RNA for nanopore sequencing (> 500 ng) from 100 million human cells or 500 million
Drosophila cells. K562 cells were harvested in suspension at 0.8-1 million cells/mL. Drosophila S2 cells were labeled as an adherent
layer at 95% confluency and lifted with gentle pipetting before harvesting. Cells were collected by centrifugation at 500 g for 2 min
and washed once in 1X PBS. Samples for total or 4sU labeled RNA were immediately resuspended in Qiazol lysis reagent (QIAGEN,
79306) for RNA extraction. Samples for chromatin-associated RNA purification proceeded immediately to the cellular fractionation
protocol.

Cellular fractionation

The cellular fractionation protocol was performed exactly as described in steps 8-21 of (Mayer and Churchman, 2016). In brief, sam-
ples with 10 million K562 cells or 50 million S2 cells were lysed for 2 min with 200 pL cytoplasmic lysis buffer (0.15% (vol/vol) NP-40
(Thermo Fisher Scientific, 28324), 10 mM Tris-HCI (pH 7.0), and 150 mM NaCl), layered over 500 pL of a sucrose cushion (10 mM Tris-
HCI (pH 7.0), 150 mM NaCl, 25% (wt/vol) sucrose), and nuclei were collected by centrifugation at 16,000 g for 10 min. The nuclei pellet
was resuspended in 800 pL wash buffer (0.1% (vol/vol) Triton X-100, 1 mM EDTA, in 1X PBS) and collected by centrifugation at
1,150 g for 1 min. Washed nuclei were resuspended in 200 pL glycerol buffer (20 mM Tris-HCI (pH 8.0), 75 mM NaCl, 0.5 mM
EDTA, 50% (vol/vol) glycerol, 0.85 mM DTT), and mixed with 200 pL nuclei lysis buffer (1% (vol/vol) NP-40, 20 mM HEPES
(pH 7.5), 300 MM NaCl, 1 M urea, 0.2 mM EDTA, 1 mM DTT) before pulse vortex and incubation on ice for 2 min. The chromatin pellet
was collected by centrifugation at 18,500 g for 2 min and resuspended in 1X PBS. All steps were performed at 4°C and all buffers were
prepared with 25 uM a-amanitin (Sigma, A2263), 0.05U/ul SUPERase.In (ThermoFisher Scientific, AM2694) and protease inhibitor
mix (Roche, 11873580001).
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Western blot

Samples for western blot analysis were mixed with 1X PBS to equal volumes for all fractions. The chromatin sample was homoge-
nized by adding 2 uL Benzonase (Sigma, E1014) and mixing with a 1 mL syringe and 22G needle. Western blots were performed using
an antibody against Ser2-phosphorylated CTD (transcribing RNA Pol Il) (Active Motif, 3E10) or GAPDH (LifeTechnologies, AM4300/
6C5) and imaged using a Li-Cor Odyssey.

Splicing inhibitor PlaB RT-PCR

K562 and S2 cells were incubated with 0.1% DMSO or 10 nM, 100 nM, or 1 uM PlaB splicing inhibitor for 1 h. The cells were subjected
to cellular fractionation to collect cytoplasmic and chromatin-associated RNA. Both RNA samples were extracted using Qiazol lysis
reagent (QIAGEN, 79306) following the manufacturer’s instructions and DNA was degraded with DNase | (QIAGEN, 79254). RNA was
reverse transcribed with the SuperScript lll First-Strand Synthesis System (Invitrogen, 18080051) using 5 ng/ul random hexamer
primers following manufacturer’s instructions. PCR was performed with Phusion High Fidelity polymerase (ThermoFisher, 5F30S),
0.5 uM primers, and 1 puL. cDNA from the RT reaction for 1 cycle of 2 min 98°C, 30 cycles of 20 s 98°C, 30 s 60°C, and 1.5 min
72°C and 1 cycle of 3 min 72°C. Samples were run on a 1% agarose gel to separate DNA fragments. Primer sequences are shown
in Table S4.

Biotinylation and labeled RNA selection

RNA was first extracted using Qiazol lysis reagent (QIAGEN, 79306) following the manufacturer’s instructions. Total RNA (~300 ng
per reaction) and chromatin-associated RNA (~50-60 pg per reaction) were subjected to 4sU labeled RNA purification as previously
described (Ddlken et al., 2008; Schwalb et al., 2016). In brief, labeled RNA (1 ng / 10 pl) was incubated with 10% biotinylation buffer
(100mM Tris pH 7.5, 10mM EDTA) and 20% EZ-Link Biotin-HPDP (1 mg/mL resuspended in DMF, Thermo Fisher Scientific, 21341)
for 1.5 h at 800 rpm and 24°C in the dark. RNA was purified by mixing with a 1:1 ratio by volume of chloroform/isoamylacohol (24:1),
separating with a phase-lock tube at 16,000 g for 5 min, and performing isopropanol precipitation. Biotinylated RNA separation was
performed using the uMACS streptavidin kit (Miltenyi Biotec, 130-074-101). RNA was mixed with uMACS streptavidin beads at a 2:1
ratio by volume at 800 rpm and 24°C for 15 min. RNA-streptavidin beads mix was transferred to the fMACS column and washed with
wash buffer (100 mM Tris pH 7.5, 10 mM EDTA, 1 M NaCl, 0.1% Tween 20) at 65°C and room temperature each 3 times. Selected
RNA was eluted off the magnet with 0.1M DTT and purified using the miRNeasy micro kit (QIAGEN, 217084) with on-column DNase |
treatment (QIAGEN, 79254).

RT-qPCR splicing analysis

100 ng RNA was reverse transcribed with the SuperScript Ill First-Strand Synthesis System (Invitrogen, 18080051) using 5 ng/ul
random hexamer primers following the manufacturer’s instructions. gPCR was performed with SsoFast EvaGreen Supermix (Biorad,
1725200) with 1 pM primers using manufacturer’s instructions and a dilution series of cDNA as the standard curve. Samples were
denatured at 95°C for 30 s followed by 40 cycles of 95°C for 5 s and 55°C for 10 s. Fluorescence was captured after every step
of the 55°C extension. Primers were designed as in the cartoon on the top left of Figure S1D and analysis was performed according
to the equation in the right of Figure S1D [percent spliced = 1/(1+2ACt(spliced-unspliced))]. Primer sequences are indicated in
Table S4.

Illumina sequencing library preparation and sequencing

Libraries were prepared using the Ovation Universal RNA-seq System (NUGEN, 0343-32) with Universal Human rRNA strand selec-
tion reagent (NUGEN, S01859) following the manufacturer’s instructions. All samples were sequenced 2x80 on a NEXTseq 500
sequencer (lllumina, San Diego, CA, USA) in the Biopolymers Facility at Harvard Medical School.

Illumina sequencing data analysis

Paired-end reads were aligned to ENSEMBLE GRCh38 (release-86) and FlyBase dm6 (r6.19) reference genomes using STAR
(v2.5.1a) (Dobin et al., 2013) with default parameters (except for readFilesCommand = cat, limitlObufferSize = 200000000,
limitBAMsortRAM = 64000000000, outReadsUnmapped = Fastx, outSAMtype = BAM SortedByCoordinate, outSAMattributes =
All, outFilterMultimapNmax = 101, outSJfilterOverhangMin = 3 1 1 1, outSJfilterDistToOtherSJmin = 0 0 0 0, alignintronMin = 11,
alignEndsType = EndToEnd). Total RNA RPKM was measured by counting the number of read pairs within the coding region of
each gene divided by the length (in kilobases) of the gene divided by million mapped reads for each sample. Global percent spliced
calculations were determined by dividing the number of spliced reads by total (spliced + unspliced) reads that span 3'SS junctions.
Splicing index calculations were determined for each gene by counting the number of read pairs that span exon junctions by at least 3
nucleotides and measuring the number of spliced reads divided by unspliced reads; splicing index = 2 x spliced read pairs / (5'SS
unspliced + 3'SS unspliced read pairs). NP-seq and mNET-seq datasets from Hela cells treated with 0.1% DMSO or 1 uM PlaB for
4 h were retrieved from (Nojima et al., 2015) under the GEO accession number GSE60358. lllumina total RNA sequencing from K562
cells treated with 100 uM 4sU for 4 h were retrieved from (Schofield et al., 2018) under the GEO accession number GSE95854.
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Oxford Nanopore direct RNA library preparation and sequencing

Ribosomal RNAs were depleted from the 4sU-selected chromatin-associated RNA sample using Ribo-Zero Gold rRNA Removal kit
(Mumina, MRZG126) or RiboMinus Eukaryotic Kit v2 (ThermoFisher, A15020) (Table S1). The change in rRNA depletion kits was due
to discontinuation of the stand-alone lllumina Ribo-Zero kit between experiments. Poly(A) tails were added to the 3’ ends of the 4sU
labeled chromatin-associated RNA with E. coli poly(A) polymerase from New England Biolabs (M0276S) for unperturbed samples or
Clontech/Takara (2180) for PlaB/DMSO samples, incubating at 37°C for 1 h or 7.5 min, respectively. Poly(l) tails were added to the 3’
ends of RNA with yeast poly(A) polymerase (ThermoFisher, 74225225KU) and Inosine triphosphate (Sigma, 10879) following manu-
facturer’s instructions and incubating at 37°C for 30 min. The “no tailing” sample proceeded to sequencing without the enzymatic
addition of a poly(A) or poly(l) tail. The direct RNA sequencing protocol using the SQK-RNAO001 kit (Oxford Nanopore Technologies
Ltd.) or SQK-RNAO0O2 kit (Oxford Nanopore Technologies Ltd.) (Table S1) was followed exactly as described by the manufacturer with
minor modifications described below. In brief, 500 ng of RNA sample was ligated to the provided T10 splinted adaptor for poly(A)
tailed RNA or custom C10 splinted adaptor for poly(l) tailed RNA using T4 DNA ligase (New England Biolabs, 2,000,000 units/mL,
MO0202M) for 15 min at room temperature. The custom C10 splinted adaptor was generated by annealing two oligonucleotides
(IDT, ONT_oligoA and ONT_oligoB_C10 shown in Table S4) at 1.4 uM in 10 mM Tris-HCI pH 7.5, 50 mM NaCl by heating to 95°C
and slowly cooling to room temperature. The ligated RNA sample was reverse transcribed using SuperScript Ill (Invitrogen,
18080044), as recommended by Oxford Nanopore Technologies. The resulting cDNA does not get sequenced, but instead serves
to minimize secondary structures in the RNA that can interfere with RNA threading through the pore, thereby improving sequencing
throughput. Samples were purified with Agencourt RNAClean XP beads (Beckman Coulter, A63987) and ligated to the sequencing
adaptor with preloaded motor protein. After a second purification step with Agencourt RNAClean XP beads, the sample was resus-
pended in Elution Buffer, mixed with RNA Running Buffer, loaded onto a primed FLO-MIN106 flowcell, and sequenced using
MINKNOW software for 48 h with default settings for direct RNA sequencing. nano-COP datasets from human K562 cells, human
BL1184 cells and Drosophila S2 cells were prepared in five, two and three biological replicates, respectively (Table S1). An additional
sample from human K562 cells and Drosophila S2 cells was prepared as a technical replicate and was combined with the other tech-
nical replicate for downstream analyses (Table S1). nano-COP datasets from each cell type treated with 0.01% DMSO and 100 nM
PlaB were prepared in biological duplicates (Table S1).

Direct RNA nanopore sequencing basecalling and alignment

Raw signal fast5 files from the unperturbed poly(A)-tailed samples were basecalled using Albacore 2.2.7 (Oxford Nanopore Technol-
ogies Ltd.) with the following parameters: read_fast5_basecaller.py—flowcell FLO-MIN106-kit SQK-RNAOO1-recursive—output_
format fast5,fastg—worker_threads 8-save_path ${savePath}-input ${inputPath}. PlaB/DMSO and unperturbed poly(l)-tailed
sequences were collected by live basecalling with MinKNOW (release 18.12.6 and 18.12.9). To enable sequence alignment, RNA
sequences that pass basecalling thresholds were converted into DNA sequences by substituting U to T bases before mapping.
The reference genomes used for K562 and S2 sequence alignments were obtained from ENSEMBLE GRCh38 (release-86) and
FlyBase dm6 (r6.19), respectively. Sequences were aligned to the reference genomes using minimap2 (version 2.10-r764-dirty)
(Li, 2018) with recommended parameters for Oxford Nanopore Technologies direct RNA sequencing (-ax splice -uf -k14) and
GMAP (version 2018-03-25) (Wu and Watanabe, 2005) with default parameters. We observed consistent results between the two
aligners and decided to display all analyses using minimap2. All analyses were performed using reads that pass the MINKNOW
sequencing threshold (QC > 7) and align uniquely to the genome. The direct RNA basecalling step is designed to remove the poly(A)
or poly(l) tail when converting between raw signal into nucleotide sequences, but does exhibit higher error at the start of reads. The
alignment software minimap2 is designed to manage these errors by soft-clipping the start of nanopore reads until it is confident in
the alignment. Many of the analyses in this manuscript used a filtering step to remove reads with large soft-clipping events to prevent
inaccuracies in read end alignments.

Read coverage per gene visualization and comparisons

To display nano-COP reads for figures, split bed files with read information were converted into diagrams using pyGenomeTracks
(Ramirez et al., 2018). All sequences from K562 nano-COP replicates were combined when comparing with lllumina sequencing
data. Coverage per gene for comparing ONT and lllumina samples was calculated using BEDTools coverage (Dale et al., 2011; Quin-
lan and Hall, 2010) with parameters s = True and mean = True. Counts per gene for comparing ONT replicates was calculated using
BEDTools coverage (Dale et al., 2011; Quinlan and Hall, 2010) with parameters s = True and counts = True. The top 10% of expressed
genes for intron distribution plots were determined using nano-COP read counts per gene divided by gene length.

Comparisons between nano-COP and direct RNA sequencing of poly(A)-selected mRNA

Direct RNA sequencing samples with poly(A) selected RNA from immortalized human B-lymphocyte cells (GM12878) by the Oxford
Nanopore RNA Consortium (Hopkins run 1 and UCSC run 1) (Workman et al., 2018) were accessed from https://s3.amazonaws.
com/nanopore-human-wgs/rna/fastq/Hopkins_Run1_20170928_DirectRNA.pass.dedup.fastq and https://s3.amazonaws.com/
nanopore-human-wgs/rna/fastqg/UCSC_Run1_20170907_DirectRNA.pass.dedup.fastg. The reads were aligned to the hg38 refer-
ence genome using the same parameters for nano-COP as outlined above. Direct RNA reads from nano-COP and Oxford Nanopore
RNA Consortium mRNA were analyzed for ‘match percent’, which represents the number of bases that match the reference genome
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divided by the total number of bases that align to the reference genome for each read. Samples were also compared for ‘read length’,
as determined by the length of the read in the fastq file. To generate confusion matrices from each library to compare sequencing and
alignment accuracies, all mapped regions of direct RNA nanopore reads were recorded for their aligned base and reference base. For
100,000 random aligned sequence segments in each sample, the frequency of each base matching the reference was recorded and
plotted as a matrix.

Direct RNA 3’ end analysis

RNA 3’ ends (deriving from the 5’ ends of sequenced reads) were recorded from minimap2 sequence alignments and assigned to
gene feature categories. “Intron” and “exon” regions refer to their respective annotated features within protein coding genes
from hg38 RefSeq annotations. “Poly(A)” sites are defined as regions within 50 nucleotides of the end coordinate of annotated genes.
In K562 datasets, the poly(A) region also includes coordinates within 50 nucleotides of RNA-PET annotations from cytoplasm and
chromatin fractions in K562 ENCODE data (ENCODE Project Consortium, 2012). “Post-poly(A)” sites are defined as the region be-
tween 50-550 nucleotides after the end of annotated genes. “Splice sites” are defined as 50 nucleotides upstream and 10 nucleo-
tides downstream of annotated 5’ splice sites. “Undetermined” categorizes reads that align to more than one category and “other”
represents read ends that do not align in the sense direction of annotated gene features (e.g., antisense transcripts, noncoding RNAs,
intergenic transcription, etc.). Significant differences between poly(A) site alignments between samples with and without enzymatic
poly(A) tail addition were compared using a chi-square test. Poly(A) tail lengths were estimated using Nanopolish version 0.11.1 (Lo-
man et al., 2015; Workman et al., 2018). Raw signal fast5 files were indexed with nanopolish index; reads were segmented and poly(A)
tail lengths were calculated with nanopolish polya using default parameters. Reads with the quality control flag “PASS” and with esti-
mated tail lengths greater than 0 were used to plot tail length distributions for RNA 3’ ends aligning to gene bodies (intron, exon or
splice site), poly(A) sites, or post-poly(A) sites based on annotated features from hg38 RefSeq annotations as described above.
ERCC-00048 was synthesized as a G-block with a T7 promoter (IDT, see Table S4) and in vitro transcribed using the HiScribe T7
High Yield RNA Synthesis kit (NEB, E2040S). The resulting RNA was purified by gel extraction and tailed using E. coli poly(A) poly-
merase (Clontech/Takara, 2180) with ATP or yeast poly(A) polymerase (ThermoFisher, 74225725KU) with ITP and sequenced with
the SQK-RNAO0O02 kit on the MinlON instrument (Oxford Nanopore Technologies Ltd.) following the same methods described previ-
ously for nano-COP. Live basecalled reads were aligned using the same default parameters of minimap2 (Li, 2018) for nano-COP as
outlined above. The 3’ end positions of reads were plotted in relation to the known transcript end site of the ERCC-00048 transcript.

Splicing intermediates analysis

The prevalence of splicing intermediates, which are reads deriving from the splicing process rather than active transcription, were
observed by measuring the coverage of read starts (RNA 3’ ends) at 5'SS’s. Reads with more than 75 nt soft-clipped from the
RNA 3’ ends during alignment were discarded from the analysis due to uncertainty in alignment accuracy. RNA 3’ ends that align
exactly at 5'SS (or the last base of an exon) are considered to be splicing intermediates because they likely arise from a free RNA
end during the splicing reaction rather than active transcription. With the assumption that the downstream intron is actively under-
going splicing when the 3’ end of the read is at the 5'SS of the downstream intron, splicing order was determined for these interme-
diates by measuring the splicing status of the upstream (first transcribed) intron. Splicing status and order were implemented as
described below.

Identifying constitutively spliced introns for splicing analyses

Constitutively spliced introns were identified using short-read total RNA sequencing data from human K562 cells in this study, human
B-lymphoblasts from ENCODE (accession number ENCSRO00AEE) and Drosophila S2 cells from (Pai et al., 2017) under the GEO
accession number GSE93763. RefSeq annotations of all gene and intron coordinates were extracted from the UCSC table browser
both for hg38 and dm6. Constitutively spliced introns were determined to be those that have at least 20 reads that span its 5’ and 3’
splice junctions with at least 4 nt of the read overlapping the junction on both sides (either into the upstream/downstream exon or
intron) and more than 80% of the spanning reads are spliced. These constitutively spliced introns were labeled as the “medium strin-
gency” introns and used in all analyses for the distance transcribed before splicing plots. “High stringency” (5 nt overlap; 50 read
coverage; 90% spliced), “low stringency” (3 nt overlap; 10 read coverage; 50% spliced), and “no stringency” (3 nt overlap;
0 read coverage, and 0% spliced) intron datasets were also produced to demonstrate the variation in results with different levels
of intron retention. Maximum stringency categories for all introns are reported in Tables S5 and S6. Intron “splicing yield” measure-
ments that calculate the ratio of synthesis rates between unspliced intron-exon junctions and the spliced exon-exon junctions were
retrieved from (Wachutka et al., 2019).

Determining splicing status of introns in Oxford Nanopore direct RNA sequencing reads

Due to the high error rate of nanopore sequencing, custom scripts were utilized to determine splicing status of direct RNA nanopore
reads. First, aligned reads that overlap annotated intron coordinates (see above section for details on included introns) were identified
and characterized using BEDTools intersect (Dale et al., 2011; Quinlan and Hall, 2010). Features of read cigar strings were extracted
for the 50 nt around the intron 5’ and 3’ splice sites and the entirety of the intron using the Pysam toolkit (https://github.com/pysam-
developers/pysam) (Li et al., 2009). Reads were called as ‘not spliced’ if the alignment file shows no indication of splicing (CIGAR
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string “N” = 0) within the 50 nt around each splice site, mapped portions of the read (rather than deletions) represent greater than 50%
of the 50 nt around each splice site, and at least 75% of the read within the intron is aligned to the reference. Reads were called as
‘spliced’ if the alignment file displays the start or end of a splicing event within the 50 nt around both splice sites and the size of the
aligned splicing event is within 90%-110% and 100 nt of the intron size. If aligned reads that map to introns do not meet these qual-
ifications, the splicing event is characterized as ‘undetermined’ and not used in subsequent analyses.

Measuring the distance transcribed before splicing

Reads with transcript 3’ ends that map near poly(A) sites or splice sites were removed from this analysis since they likely correspond
to completed RNAs or splicing intermediates, respectively, rather than actively transcribing RNA Pol II. Poly(A) sites were defined as
the RefSeq annotated end coordinate of a gene from hg38 and dm6 genome assemblies as well as coordinates of RNA-PET 3’ end
signal from cytoplasm and chromatin fractions in K562 ENCODE data (ENCODE Project Consortium, 2012). Reads with 3’ ends
within 150 nt upstream or any distance downstream of an annotated poly(A) site were discarded from the analysis. We also discarded
reads that end within 50 nt upstream or downstream of a read end alignment in the -poly(A) dataset to avoid signal from unannotated
polyadenylation sites. To discard reads that possibly originated from splicing intermediates, RNA sequences with 3’ ends between
50 nt upstream and 10 nt downstream of an annotated intronic 5’ splice site were discarded from the analysis. Reads with more than
150 nt soft-clipped from the RNA 3’ ends during alignment were also discarded from the analysis due to uncertainty in RNA Pol I
position. RNA 3’ end mapping was performed with BEDTools intersect (Dale et al., 2011; Quinlan and Hall, 2010). The remaining reads
were characterized for intron coverage and splicing status as described previously. In order to avoid read length constraints biasing
the distance transcribed before splicing results, we only included cases where the length of the read is greater than the genetic dis-
tance from the read end to the intron 3'SS by at least 150 nt. Thus, the intron would be measured regardless of whether or not other
introns within the same read are spliced or not spliced. For all reads included in the analysis, the distance between the 3’ end of the
read and the 3'SS of the intron(s) it aligns to as well as the splicing status of the intron(s) it aligns to were recorded. Transcribed dis-
tances past intron 3'SS’s were binned into 100-500 nt windows depending on the number of datapoints in each bin. For all points
within a bin, the percent of spliced introns was measured such that percent spliced = number of spliced molecules / total number
of molecules. Statistical significance in differences in the distance transcribed before splicing was tested by two-way ANOVA using
the function aov in R, considering percent spliced as the dependent variable and group (e.g., species, intron class, expression level,
etc.) and distance bins as the independent variables (percent spliced ~group + distance).

Characterizing the relationship between transcription termination and last intron splicing

For this analysis, poly(A) sites were defined as the end coordinate of RefSeq annotated genes from hg38 and dm6. Only the 3'-most
poly(A) site for each terminal intron was utilized in this analysis to prevent ambiguity between uncleaved reads and downstream
poly(A) sites. Reads with 3’ ends within 50 nt upstream and 50 nt downstream of poly(A) sites are referred to as “cleaved” and likely
represent 3’ end processed and polyadenylated transcripts. Reads with 3’ ends between 50 to 500 nt downstream of poly(A) sites are
referred to as “uncleaved” and likely represent pre-cleaved nascent transcripts. For reads in these two classes that also span the
3'SS of the terminal intron within the same gene, the splicing status of the intron it spans was determined as described above.
The proportion of spliced terminal introns out of total was determined and plotted for each class and species.

Determining introns flanking alternative splicing (“AS flanking”)

Alternative exons were identified from total RNA sequencing data in K562 cells from this study and S2 cells from (Pai et al., 2017)
using MISO (Katz et al., 2010). Mean insert length and standard deviation were assessed using CollectinsertSizeMetrics from Picard
v.18.15 (http://broadinstitute.github.io/picard). Alternative event annotations (skipped exon, alternative 5’ or 3’ splice sites, and
mutually exclusive exons) were obtained from the MISO annotations webpage (https://miso.readthedocs.io/en/fastmiso/
annotation.html) for dm3 and hg19 (version 2) and lifted over to dm6 and hg38 using CrossMap (Zhao et al., 2014). Only alternative
exons with percent spliced in (PSI) > 0.8 in the corresponding cell type (K562 or S2 cells) were considered for further analyses to use
similar criteria for exon inclusion as the “medium stringency” measure used for introns in the distance transcribed before splicing
analysis and exclude the confounding effect of partial splicing on kinetics measurements. In addition, annotations of all gene, tran-
script and exon coordinates were obtained in GTF format from NCBI (RefSeq) for hg38 and from FlyBase for dm6. For S2 cells, introns
were considered “AS flanking” when they adjoin exons that are not present in every transcript of an annotated RefSeq gene and are
identified as alternative by MISO with PSI > 0.8. For alternative 5’ or 3’ splice sites, only introns in 3’ or in 5’ of the alternative exon,
respectively, were considered “AS flanking.” Conversely, introns were considered constitutive when they adjoin exons that are pre-
sent in every isoform of an annotated RefSeq gene and are not identified as alternative by MISO. Introns that did not meet these
criteria were excluded from the analysis. For K562 cells, since most introns neighbor exons that are not present in every isoform
of a gene, introns were only considered “AS flanking” when they adjoin exons that are identified as alternative by MISO with
PSI > 0.8 and introns were considered constitutive when they adjoin exons that are not identified as alternative by MISO. Introns
that did not meet these criteria were excluded from the analysis. For measuring the distance transcribed before splicing of reads
spanning “AS flanking” and constitutive introns, we used the same approach described above. Alternative splicing classifications
for all introns are reported in Tables S5 and S6.
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Determining the order of intron splicing

Reads that span two or more introns were used to characterize the order of intron splicing by nanopore sequencing. The algorithm
requires that the length of the read must be greater than the genetic distance (containing the intron sequences) between the 3’ end of
the read and the 5’ splice site of the first intron transcribed in the pair. This step ensures that the size of either intron in the pair does not
bias the order of splicing findings. For reads that span two or more introns, the splicing status of introns in each neighboring pair was
recorded as described above. For neighboring introns that have different splicing statuses, the frequency at which the upstream
intron in the pair (first transcribed) is spliced before the downstream intron in the pair (second transcribed) was recorded for each
species. A binomial test was used to assess the statistical significance that splicing order deviates from random (50%). For the
splicing order comparisons between intron pairs with multiple spanning reads, we collected all intron pairs with 4 or more reads
that span both introns. The splicing order was determined for each read and frequency of the order across all reads spanning the
intron pair was plotted. Results were consistent when different coverage thresholds were used and so a coverage of 4 was used
to include a reasonable number of intron pairs.

Intron features that influence splicing order and kinetics

RefSeq annotations of gene and intron coordinates were extracted from the UCSC table browser for hg38 and dm6. Features of all
introns in K562 and S2 cells, such as lengths of introns and neighboring exons, were recorded to determine which cis elements in-
fluence splicing kinetics and/or order. 5'SS and 3'SS consensus sequence scores were extracted from hg38 and dm6 assemblies
using MaxEnt with default parameters (Yeo and Burge, 2004). Intron position within genes (e.g., first, middle, and last) was also deter-
mined from the annotation file. Intron features are reported in Tables S5 and S6.

Analysis of eCLIP data in K562 cells

For assessing RNA-binding protein (RBP) density in K562 cells, the fold change over input for significant peaks in publicly-available
enhanced crosslinking and immunoprecipitation (eCLIP) data was obtained for 120 RBPs (Van Nostrand et al., 2018). eCLIP peaks
located in introns were identified using BedTools intersect, requiring that at least 50% of the peak overlap with the intron. For each
intron, we calculated the sum of the density of all peaks within this intron for all RBPs. RBP density was set to 0 for introns that do not
overlap any peaks. Total RBP density per intron is reported in Table S5. To compare RBP density in pairs of spliced and unspliced
introns, we used all reads that span two or more introns as described above and normalized by intron length. For each individual RBP,
if at least two intron pairs displayed binding in one intron (n = 101 RBPs), the difference in binding density between spliced and un-
spliced introns within pairs was assessed using Wilcoxon rank-sum. In addition, for RBPs binding at least one spliced and one un-
spliced intron (n = 76 RBPs), the number of bound spliced and unspliced introns was compared using a chi-square test. Multiple
testing correction was performed using the Bonferroni method.

Random forest model to determine features that influence splicing order in pairs

The predictive value of intron features for splicing order was determined using a Random Forest model with python scikit learn (Pe-
dregosa et al., 2011). Features for intron length (lengths of upstream and downstream introns), surrounding exon lengths (lengths of
upstream, middle, and downstream exons), splice site scores (5’ and 3’ splice sites for both introns), intron position within genes
[intron number and position (i.e., first, middle, or last) within gene], and RBP density (for K562 cells only) were compiled for all introns.
In total, the compiled dataset included 15 features and compiled + RBP included 16 features. Feature importance scores were gener-
ated using a random forest classifier with 75% training and 25% testing sets. The total reads spanning intron pairs in the model are
5266 for S2 cells and 6024 for K562 cells. To avoid the same intron pairs in training and test sets, the intron pairs were sorted by
chromosome location with the parameter “shuffle=False” during splitting. The following parameters were used in the random forest
classifier, except for random_state = None, n_estimators = 300, max_features = None, max_depth = None. Parameters were deter-
mined using a validation set to avoid overfitting. ROC curve and AUC measurements were determined from binary prediction prob-
abilities. Prediction accuracy was determined by measuring the difference between the model’s predictions on a held-out test set
and measured values. The baseline score was determined using a “null” parameter that has the same value for every training and
testing pair; thus, baseline represents the prediction accuracy with no additional information added to the model.

Splicing coordination across multiple introns

Reads that span 3 or more introns were collected in the same manner as reads spanning intron pairs (described above) and used to
characterize the coordination of intron splicing. In cases where at least one of the three introns in the triplet has a different splicing
status than the others, the order of splicing was determined as described for intron pairs. The frequency of triplet and quadruplet
splicing patterns was recorded and mapped as a bar plot for all samples in K562 and S2 cells. The heatmaps of intron splicing com-
parisons in human K562 and BL1184 cells were prepared by compiling all reads that span four introns where at least one of the four
introns has a different splicing status than the others. In every read the splicing status of each intron was compared to the splicing
status of each other intron within the same read. The frequency at which two distinct introns within a quadruplet have the same
splicing status (e.g., both not spliced or both spliced) was plotted as a heatmap. To test statistical significance across pairs in the
heatmap, a chi-square test was used to compare each pair of intron pairs and multiple testing correction was performed using
the Bonferroni method.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details for individual experiments can be found in the figure legends, the Results section, or in the STAR Methods. This
includes number of observations, number of replicates, statistical tests used, and significance level.

DATA AND CODE AVAILABILITY
The accession number for the lllumina and nanopore sequencing data reported in this paper is Gene Expression Omnibus (GEO):

GSE123191. Other raw data are published on Mendeley (https://doi.org/10.17632/9gfs2kkxbc.2). All scripts and data analyses
are available at https://github.com/churchmanlab/nano-COP.
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Figure S1. Nascent RNA enrichment with cellular fractionation and 4sU metabolic labeling
(related to Figure 1). (A) Western blot of subcellular fractions from K562 cells with primary
antibodies against Pol II Ser2 phosphoisoform (elongating Pol I1) and GAPDH. cyt = cytoplasm;
nuc = nucleoplasm; chr = chromatin. (B-C) Total RNA-seq datasets of cells incubated with and
without 100 uM 4sU for 4 hours acquired from (Schofield et al., 2018) were compared for (B)
global percent of spliced molecules (less than 0.5% increase in the percent of spliced reads in
+4sU sample; chi-square p-value < 0.05) and (C) splicing index (increased distribution of
splicing index in +4sU samples; t-test p-value < 0.05). (D) Measurement of the percent of spliced


https://paperpile.com/c/x2OrRl/HLaA6

molecules at intron 5 in the PYCR2 gene and intron 61 of the DYNCIH1 gene in human K562
cells using a RT-qPCR assay with forward primers in either the upstream exon or tested intron
(top). Cells were either left untreated or incubated with 4sU for indicated time points. Total RNA
and chromatin-associated RNA were purified from each sample. All 4sU labeled RNA was
isolated through biotinylation and separation. (E) Correlation plots of splicing index for each
[llumina sequencing library. Pearson’s R is labeled at the bottom right of each plot. (F)
Distribution of the splicing index for each sample across two biological replicates. tot = total
RNA; chr = chromatin-associated RNA; 4sU = 4sU labeled RNA; chr+4sU = 4sU labeled
chromatin-associated RNA. The distribution of 4sU+chr splicing index differs significantly
(t-test p-value < 0.05) from all other samples in each replicate. (G) Cumulative distribution plot
of gene lengths for transcripts with RPKM > 1 in each dataset compared with all multi-exon
genes (all). The distribution of gene lengths represented in the 4sU labeled chromatin associated
RNA sample is moderately larger than those represented in the chromatin associated RNA
sample (t-test p-value < 0.05) due to more opportunity for longer transcripts to have 4sU
incorporation (Duffy et al., 2019). Median gene lengths are 29337, 29403, 30040, 33335, and
32121 from all, total, chromatin-associated, 4sU-labeled, and 4sU-labeled chromatin-associated
RNA, respectively. Percent spliced = spliced reads / total reads aligning to 3’SS junctions;
splicing index = 2 x spliced reads / unspliced reads that align to 5’ and 3’ splice junctions.
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Figure S2. Key sequencing and alignment statistics of nano-COP (related to Figure 1).
(A-B) Pairwise correlation plots of read counts per gene from three nano-COP biological



replicates from (A) K562 cells and (B) S2 cells. (C) Cumulative distribution plot of alignment
match percent (the percent of the read that exactly matches the reference sequence) from
nano-COP and poly(A)-selected mRNA datasets. nano-COP reads have a slightly lower match
percent than poly(A)-selected mRNA (decrease by 3+0.15% match percent; t-test p-value <
0.05). (D) Confusion matrix of read base calls versus reference bases for nano-COP and
poly(A)-selected mRNA. (E) Cumulative distribution plot of direct RNA read lengths passing
the default basecalling threshold from nano-COP and poly(A)-selected mRNA datasets.
nano-COP reads have a slightly shorter read length distribution than poly(A)-selected mRNA
(median decrease by 130+£35 nt; t-test p-value < 0.05). The direct RNA sequencing datasets of
poly(A)-selected mRNA in C-E were generated as part of the Oxford Nanopore RNA consortium
and originated from labs at the University of California, Santa Cruz (UCSC) and Johns Hopkins
(Hopkins) (Workman et al., 2018). (F) Descriptions of ONT read lengths for all reads that pass
the default basecalling threshold from human K562 and Drosophila S2 nano-COP datasets.
Replicates 1a and 1b from Drosophila S2 cells were prepared as technical replicates. (G)
Histogram of nano-COP read counts per gene from human K562 cells. (H) Cumulative fraction
of total reads that align to individual genes from nano-COP in human K562 cells. (I) Correlation
plot of K562 4sU labeled chromatin-associated RNA sequenced on an [llumina instrument and
Oxford Nanopore Technologies (ONT) MinlON as read coverage per gene.
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Figure S3. Example nano-COP reads reveal detection of alternative splicing, miRNA
processing, and noncoding transcription (related to Figure 1). (A) Reads aligning to the Ars2
gene in Drosophila S2 cells show alternative nascent isoforms in fruit flies. (B) Reads aligning to
the RpS23 gene in Drosophila S2 cells display processing around the mir-308 pre-miRNA. A
pileup of reads (designated in light purple) that end and start near the boundary of the mir-308
pre-miRNA (designated by the light gray box) suggests a mechanism where pre-miRNAs are



excised from intron segments before splicing completes. (C) Reads aligning to the LAMTORS
gene and LAMTORS5-AS1 IncRNA in human K562 cells display nascent noncoding RNAs
stemming from antisense transcription. Boxes represent read coverage and black lines represent
skipped coverage due to splicing. Arrows on boxes represent the direction of transcription;
purple boxes are reads transcribed in the sense direction of the coding gene; red boxes are reads
transcribed in the antisense direction of the coding gene.
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Figure S4. Alignment of nascent transcript 3’ ends in nano-COP data (related to Figure 2).
(A) Distribution of nano-COP 3’ ends by nanopore sequencing in Drosophila S2 cells with
enzymatic poly(A) tail addition. See Methods for descriptions of 3” end alignment categories.
(B-C) The length of poly(A) tails for sequenced RNAs from (B) Drosophila S2 cells with
enzymatic poly(A) tail addition and (C) human K562 cells with no enzymatic poly(A) tail
addition. Tail lengths were estimated using nanopolish-polyA (Loman et al., 2015; Workman et
al., 2018) and plotted for RNAs in each sample that have 3’ ends aligning within gene bodies
(exon, intron, or splice site), at poly(A) sites, or just downstream of poly(A) sites (*** signifies
t-test p-value < 1 x 107 * signifies t-test p-value < 1 x 107°). (D) Distribution of nascent RNA
3’ ends from nano-COP data from human K562 cells with enzymatic poly(I) tail addition. (E)
Pairwise correlation plot of nano-COP data generated with poly(A) versus poly(]) tailing
strategies (Pearson R = 0.935) (F) Cumulative distribution plot of transcript 3° end positions
from direct RNA nanopore sequencing of the in vitro transcribed ERCC-00048 transcript with
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enzymatic poly(A) or poly(I) tail addition. Vertical dotted lines are at -25 and 25 nt from
annotated poly(A) site; horizontal dotted line is at 0.50. (G) Cartoon demonstrating the catalytic
steps of RNA splicing. The asterisk (*) represents the available RNA 3’ end at the intron 5°SS
between the two catalytic steps of the splicing reaction. (H) The frequency of RNA ends (the 3’
end of the RNA when aligned) around intronic 5’SS’s represented as a histogram in human K562
cells. High coverage of nascent RNA 3’ ends at 5’SS’s likely results from free exon ends
between the first and second catalytic steps of the splicing reaction.
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Figure S5. Extensions of plots that reveal the distance transcribed before splicing (related
to Figure 2). (A-B) Global analysis of the distance transcribed before splicing in human B
lymphoblast cells (BL.1184) across (A) two biological replicates up to two kb and (B) combining



replicates out to 5 kb. (C) Global analysis of transcribed distance from 3’SS and the percent of
spliced molecules with two different alignment programs, GMAP (Wu and Watanabe, 2005) and
minimap?2 (Li, 2018) (human K562 two-way ANOVA p-value = 0.572 and Drosophila S2
two-way ANOVA = (0.715). (D) The distance transcribed before splicing with varying stringency
levels of included introns (human K562 two-way ANOVA p-value = 0.005, Drosophila S2
two-way ANOVA p-value < 1077). “No” stringency signifies that all introns were included.
“Low”, “medium”, and “high” stringency levels include varying numbers of introns in the
analysis based on intron retention levels from total RNA-seq data (see the Methods section for
stringency descriptions). (E, F) Combining all biological and technical replicates to plot the
global distance transcribed by percent spliced up to (E) 4 kb in human K562 cells and (F) 3 kb in
Drosophila S2 cells. Numbers above points represent the total counts used to calculate the
percent spliced measurement at each position. (G) Distribution of intron lengths that were
utilized in the distance transcribed before splicing plot in Figure 2B. Analyzed introns are
compared with all introns (all) and introns in top 10% expressed genes by read count per gene
length (top 10%, which are covered by ~30% of the nano-COP dataset) in each respective
species. (H) Comparing the distance transcribed before splicing for introns from transcripts with
varying gene expression levels as measured by total RNA RPKM from Illumina short read
sequencing in human K562 (left) and Drosophila S2 (right) cells (Pai et al., 2017) (human K562
two-way ANOVA p-value < 10 and Drosophila S2 two-way ANOVA p-value < 10'%). (I) The
distance transcribed before splicing middle introns within genes after computationally removing
first and last introns from the analysis (two-way ANOVA p-value < 107'%). (J) The proportion of
reads from Drosophila libraries with spliced terminal introns and 3’ ends in the “cleaved” bin
(between 50 nt upstream and 50 nt downstream of poly(A) sites) and “uncleaved” bin (between
50-550 nt downstream of poly(A) sites). Bars are separated by intron length such that short
introns (<100 nt) are represented as solid boxes while long introns (>300 nt) are represented as
hashed boxes. Black points distinguish the results from three biological replicates. (K)
Distribution of intron lengths that were utilized in the distance transcribed before splicing plots
in Figure 2E. Analyzed introns neighboring alternative (“AS flanking”) versus constitutive exons
are compared with all introns in the two categories.
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Figure S6. The features and regulators of splicing order (related to Figures 4 and 5). (A)
Distribution of splicing patterns in nano-COP reads spanning at least two introns. “all unspliced”
represents reads where every intron is present and therefore not spliced; “intermediate”
represents reads where at least one intron is spliced and one intron is not spliced; “all spliced”
represents reads where every intron within the read is spliced. (B) The proportion of reads that
span two or more introns where the upstream intron within the pair is spliced first in human
BL1184 cells (N=2973). Black bar represents the range across two biological replicates. (C) Bar
plots show changes in the order of splicing across intron pairs from genes with different gene
expression patterns in total RNA. “low” includes intron pairs from genes with RPKM <2 in
human K562 cells and < 10 in Drosophila S2 cells; “medium” includes intron pairs from genes
with RPKM between 2 to 10 in human K562 cells and between 10 to 50 in Drosophila S2 cells;
“high” includes intron pairs from genes with RPKM > 10 in human K562 cells and > 50 in
Drosophila S2 cells. (D) Bar plots to show changes in the order of splicing across intron pairs by
position within the gene. “First” includes intron pairs where the upstream intron is the first intron
within the gene; “middle” includes all intron pairs that do not contain a first or last intron within
the gene; “last” includes all intron pairs where the downstream intron is the last intron within the
gene. Error bars represent standard error of the mean across three biological replicates. (E) The
frequency that the upstream intron is spliced first in reads that spain pairs of introns where both
introns are constitutively spliced in total RNA (as defined by meeting the medium stringency
splicing criteria described in the Materials & Methods section). A binomial test was used to test
whether splicing order percentages differ from random expectations (50%). ** indicates
binomial test p-value < 8 x 107%; *** indicates binomial test p-value <2 x 10", (F) Cumulative
distribution of intron lengths between all introns (blue), introns from top 10% expressed genes
(dark blue), and only the upstream and downstream introns (green) analyzed within pairs. (G)
Cumulative distribution of intron lengths between all introns (blue) and the upstream and
downstream introns from RNAs that end at an intron 5’SS and are likely derived from splicing
intermediates. The downstream intron is assumed to be in the process of splicing (between the
first and second catalytic steps) while the upstream intron is either spliced or not spliced. (H) The
frequency at which the upstream intron is spliced within reads deriving from splicing
intermediates. A binomial test was used to assess whether splicing order percentages differ from
random expectations (50%). ** indicates binomial test p-value < 3 x 107; *** indicates binomial
test p-value <4 x 10, (I) The percent change in intron length between first and second spliced
introns within pairs. Human first spliced introns are shorter 56.8% of the time; Drosophila first
spliced introns are shorter 61.1% of the time. (J, K) The difference in (J) 5’SS consensus scores
and (K) 3’SS consensus scores between spliced and unspliced introns within pairs. In human
cells, the spliced introns within pairs have higher 5°SS scores in 56.0% of cases and 3’SS scores
in 54.5% of cases. In Drosophila cells, the spliced introns within pairs have higher 5’SS scores
in 58.2% of cases and 3’SS scores in 53.0% of cases. (L) MA plot comparing individual RBP
binding in spliced and unspliced introns. Each circle represents an RBP. The x-axis represents
the mean number of spliced and unspliced introns with peak(s) while the y-axis represents the
log?2 ratio of the number of unspliced introns with peak(s) and spliced introns with peak(s).
Larger circles show RBPs that bind more than five spliced and unspliced introns and that display
statistically significant differences in a chi-square test comparing number of spliced and
unspliced introns (Bonferroni-corrected p-value threshold = 0.000658) and in a Wilcoxon
rank-sum test comparing RBP density in spliced and unspliced introns (Bonferroni-corrected



p-value threshold = 0.000495). RBPs are colored based on their annotated functions in Table S5
from (Van Nostrand et al., 2018); functions that do not relate to “spliceosome” or “splicing
regulation” are labeled as “other”. (M) Correlation plot between the intron splicing index (2 x
spliced reads / unspliced reads) from Illumina total RNA-seq and RBP density across the intron
for introns used in the splicing order analysis with RBP density > 0.
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Figure S7. Characteristics of coordinated splicing across neighboring introns (related to
Figure 6). (A-B) The size distribution of introns contributing to (A) intron triplet and (B) intron
quadruplet plots compared with all introns and introns from top 10% of expressed genes in



human K562 and Drosophila S2 cells. (C—D) The proportion of reads in Drosophila S2 cells
(red) and human K562 cells (blue) that exhibit the same splicing pattern as the schematic to the
left across (C) intron triplets and (D) intron quadruplets when first and last introns within genes
are not included in the analysis. Error bars represent standard error of the mean across biological
replicates. A binomial test was used to assess whether percentages differ from random
expectations (dotted lines). * signifies binomial test p-value < 0.05; ** signifies binomial test
p-value < 0.01; *** signifies binomial test p-value < 10~ (E) Pairwise comparisons between all
compartments of the matrix in Figure 6C. Counts represent the number of reads spanning four or
more introns with the same splicing status (both spliced or both unspliced) for the respective
intron pairs. For each pair of intron pairs, a chi-square test was used to test the statistical
significance of one pair having the same splicing status more frequently than the second pair.
The column “sig” indicates whether the difference is statistically significant after multiple testing
correction (Bonferroni-corrected p-value threshold = 0.003). (F) Heatmap representing the
frequency that two introns within a read that spans at least four introns have the same splicing
status (both spliced or both not spliced) in human BL.1184 cells. Intron number represents the
position of each intron within a read that spans at least four introns such that “intron 1” is the
first intron and “intron 4” is the last intron within the set of four introns that a read spans (**
signifies chi-square test p-value < 0.003, *** signifies chi-square test p-value < 107,
Bonferroni-corrected p-value threshold = 0.003). (G) Comparing the distance transcribed before
splicing introns in human K562 cells with varying “splicing yield” values (1) that represent the
proportion of pre-mRNA introns that get converted into spliced mRNA as measured by
(Wachutka et al., 2019) (two-way ANOVA p-value < 107).
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Table S2. Characteristics of random forest models for splicing order (related to Figure 5).
Importance percentages for each intron feature represent the weight of each feature within the
prediction model. For each feature, “1” represents the upstream intron (first transcribed) and “2”
represents the downstream intron (second transcribed). The prediction accuracy for each random
forest classifier from Drosophila and human intron pairs represents the percent of time the
prediction is correct. Baseline represents the accuracy of predicting splicing order without any
information from the feature inputs.

Importance
Feature Drosophila Human
intron length 1 14.0% 10.9%
intron length 2 11.2% 11.5%
upstream exon length 8.5% 8.2%
middle exon length 10.4% 8.6%
downstream exon length 8.2% 8.2%
5'SS MaxEnt score 1 9.9% 9.7%
5'SS MaxEnt score 2 9.5% 9.6%
3'SS MaxEnt score 1 8.3% 9.2%
3'SS MaxEnt score 2 8.0% 9.0%
position 1 3.8% 5.7%
position 2 4.0% 5.7%
alternative 1 2.4% 1.8%
alternative 2 2.0% 1.9%

prediction accuracy

Feature Drosophila Human
intron length 69% 56%
exon length 59% 55%
sequence 62% 55%
positional 62% 49%
combined 74% 60%

baseline 62% 51%



Table S3. Comparison of RBP binding in pairs of spliced and unspliced introns within the
same read (related to Figure 5). RBPs that are significantly more likely to be bound to
unspliced introns than spliced introns within pairs are shown. RBP binding was compared in two
ways: 1) using a chi-square test comparing the number of spliced and unspliced introns bound by
an RBP. Only RBPs with at least one bound spliced intron and one bound unspliced intron were
considered (n=76); 2) using a Wilcoxon rank-sum test comparing RBP density normalized by
intron length in spliced and unspliced introns (normalized by intron length) within the same pair.
Only RBPs with binding in at least one intron of the pair in at least two pairs were considered
(n=101). Multiple testing correction was performed using the Bonferroni method using
alpha=0.05. The Bonferroni-corrected p-value thresholds for significance were 0.000658 (chi-
square test) and 0.000495 (Wilcoxon rank-sum test). The annotated function was obtained from
Table S5 of (Van Nostrand et al., 2018) and annotations that do not relate to “spliceosome” or
“splicing regulation” are labeled as “other”.

RBP number of number of chi- mean density | mean density | rank-sum annotated
spliced unspliced square / intron / intron test p- function
introns introns with test p- length length value

with peak(s) value spliced unspliced
peak(s) introns introns

BUD13 251 736 3.61E-58 0.008548508 0.020045879 3.81E-76 | spliceosome
PRPF8 839 1524 1.66E-55 0.015095547 0.021645688 1.11E-63 | spliceosome
DDX24 45 269 3.04E-37 0.003291424 0.020524135 8.85E-54 | other

UCHL5 34 221 5.38E-32 0.00278193 0.016504893 7.70E-47 | other

SF3B4 1081 1710 6.79E-42 0.02068125 0.026350117 3.06E-37 | spliceosome
RBFOX2 48 214 6.59E-25 0.003842254 0.017749303 4.02E-37 | splicing_regulation
RBM15 37 190 2.31E-24 0.005473396 0.021331966 6.54E-33 | splicing_regulation
TIA1 75 272 1.31E-26 0.007602917 0.015705973 3.19E-32 | splicing_regulation
AQR 1340 1842 4.04E-25 0.017805771 0.022669265 6.77E-30 | spliceosome
ZNF622 6 98 3.19E-19 0.001366442 0.019304699 2.05E-28 | other

GRWD1 8 108 2.55E-20 0.002530093 0.021980754 5.91E-28 | other

SMNDCA1 205 428 1.25E-19 0.014404601 0.02223641 4.82E-21 | spliceosome
XRCC6 22 94 3.49E-11 0.002099768 0.010355444 2.69E-18 | other

FUS 6 63 1.37E-11 0.000748567 0.008690731 7.99E-17 | splicing_regulation
HNRNPK 19 90 1.64E-11 0.003536965 0.010888288 1.36E-14 | splicing_regulation
AKAPS8L 12 62 1.11E-08 0.001775097 0.015196145 3.29E-13 | splicing_regulation
NIPBL 47 128 1.12E-09 0.005944474 0.013855176 8.32E-13 | other

GTF2F1 15 60 3.46E-07 0.002858943 0.012792316 1.50E-11 | other

U2AF2 97 197 5.05E-09 0.010035114 0.018562803 1.36E-09 | spliceosome
PHF6 30 78 5.55E-06 0.009182859 0.021527962 6.22E-09 | other

GEMIN5S 13 48 1.28E-05 0.003424917 0.012838977 2.93E-08 | spliceosome
XRN2 93 178 2.46E-07 0.014877535 0.018720319 7.79E-08 | other




EFTUD2 960 1230 2.09E-10 0.023178007 0.026148912 1.86E-06 | spliceosome
DROSHA 27 63 | 0.0002129 0.006117862 0.015816022 2.42E-06 | other
AATF 69 129 2.36E-0€1'> 0.017330203 0.026003891 3.06E-06 | other
ZC3H8 44 87 | 0.0002245 0.011394434 0.016989358 2.49E-05 | other
U2AF1 31 80 4.71 E-Og 0.007087029 0.011201301 7.35E-05 | spliceosome




Table S4. Primers and oligonucleotides used in this study (related to STAR methods). A list
of all primer and oligo sequences that were utilized in this study.

Name Sequence Species
BRD2_F CAAAATTATAAAACAGCCTATGGACATG Human
BRD2_R TTTTCCAGCGTTTGTGCCATTAGGA Human
Set_F AAATTGATGCCTGCCAGAAC Drosophila
Set_R GGATTCTCGTCGAAATGGAA Drosophila
PYCR2_e5e6_F GGCTTTGCTGGGAGCTGCCAAGATG Human
PYCR2_i5e6_F TTCCCCATAGGGAGCTGCCAAGAT Human
PYCR2_e6_R TGATGAGCAGAGAGCGGAAG Human
DYNC1H1_e61e62_F CAAAGGACCTCTTCCAGGTG Human
DYNC1H1_i61e62_F TATGGAACAACATCGTCTCCTG Human
DYNC1H1_e62_R TGCCCTTCAGTTTGATTCTTG Human
ONT_oligoA /5SPHOS/GGCTTCTTCTTGCTCTTAGGTAGTAGGTTC -
GAGGCGAGCGGTCAATTTTCCTAAGAGCAAGAAGAAGCC

ONT _oligoC_C10 CCCCCCCCCe -

TAATACGACTCACTATAGGGAGATCTGTAAATCCCGTAAA
CGAGTAGTACGAATCCGGACTTGAATACACGCGTCAATCC
CTTTTATATCCTAGAATGGACCGTGTGGACGGCAACTCAG
AGATAACGCATATCTATGTGCTCGCTTGCCCATCAAAGAA
GAGACGGCGACCAAACGGACGACATATAGTGACATGGTC
AACCCGTACGCCTGCTTCGTAAGCCGACGGTCCTTTGAA
GAGGCTGGCGAATCATGTCGTTTGTGCTTACTATTACATG
CTAGCTTGGTTGGGGCATCTCGGGACAACGTCTATGTACA
ATAAACACAAAGCCGCGTAGTTATCTTCCGCGAGTTCCGC
CCAATACATTGGCGGTGACTTGAGACCGCTAAAATGCACA
TAGAAGCCTCAAACATGGTAAGACTATAGATAAGCGGCGC
GAAAACACGGCATTTGGAATGATGTGTACTGGGAATAAGA
T7_ERCC-00048_Gblock CGACGTCGCTATGGCCTCTCCGGAAGGCGGTGTATGTGC -
CAAGCGATGTTTCATTAATGTAACGGACAGGTCGCTGAGG
TGGCTTTCGTTGGGGGCGCCGTCTTTGGGGGAGATTGCG
TCAATTTTGACTGTCAGATCAGCGACTAGATTTTAGGCAG
ATTAGTGTGCCACCTGAATCAATAGAACAATATCAGTTATG
GCGGTGCAGTATACTATACAATGGGTTGGGCGCATCTGC
ATGTCTCATGCTGTCATGGCAATCGACCTCTAGTCTGGGG
TGATCCGAGGCGCTTCTCTTATTAGGAATAGTGCAGGACC
CGAAACCGCCATAGGGAAAGGGTGAGCGAGGTAGCAGC
GTAATAATTCGCGGTGGGCAGGAAATGCTTAGTGTTCTGT
CTCAAGACCTAAGCGACAGCGTGACCTTGTTTCACTTACC
TCTGAAGCTCTTCGACGTTATAGATATTGGCATCCCTAAA
CAACGAGTACCTTGTGCTACGACAGAAAAGTGACCTG
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