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The upstream 5′ splice site remains associated to
the transcription machinery during intron synthesis
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Luna Tammer1, Jonathan Zonszain1, Ifat Keydar1, Dror Hollander1, Eran Meshorer 2 & Gil Ast 1✉

In the earliest step of spliceosome assembly, the two splice sites flanking an intron are

brought into proximity by U1 snRNP and U2AF along with other proteins. The mechanism that

facilitates this intron looping is poorly understood. Using a CRISPR interference-based

approach to halt RNA polymerase II transcription in the middle of introns in human cells, we

discovered that the nascent 5′ splice site base pairs with a U1 snRNA that is tethered to RNA

polymerase II during intron synthesis. This association functionally corresponds with splicing

outcome, involves bona fide 5′ splice sites and cryptic intronic sites, and occurs

transcriptome-wide. Overall, our findings reveal that the upstream 5′ splice sites remain

attached to the transcriptional machinery during intron synthesis and are thus brought into

proximity of the 3′ splice sites; potentially mediating the rapid splicing of long introns.
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Splicing is the mRNA maturation reaction where introns are
removed from pre-mRNA and exons are ligated together1,2.
The splicing machinery recognizes either exons or introns

as the spliced unit, through mechanisms called exon definition
and intron definition, respectively3. Splicing is carried out within
the spliceosome, a multi-component complex composed of five
nuclear ribonucleoprotein (snRNP) complexes—U1, U2, U4, U5,
and U6—and many additional proteins4,5. The splicing reaction is
governed by four main regulatory consensus sequences: the 5′
and the 3′ splice sites (5′SS and 3′SS, respectively), which are
located at exon–intron boundaries, the polypyrimidine tract
(PPT), and the branch site sequence. The PPT and the branch site
are located upstream of intronic 3′ ends6. The first step in spli-
ceosome assembly is the formation of the commitment complex.
In this complex, the U1 snRNP binds the 5′SS via base pairing
between U1 snRNA and the 5′SS, and the 3′SS and the PPT are
associated with a heterodimer of U2AF1 (U2AF35) and U2AF2
(U2AF65)7,8. Both splice sites are thus defined at this early stage
of the reaction. The commitment complex then advances into the
pre-spliceosome (complexes A and B), which transitions to other
complexes that catalyze intron removal and exon ligation in two
steps (complex C)6.

Recent studies indicate that most pre-mRNAs undergo splicing
while being transcribed by RNA polymerase II (pol II)9–12,
although there are exceptions13. This is termed co-transcriptional
splicing. The C-terminal domain (CTD) of pol II is necessary for
activation of transcription and for efficient pre-mRNA
processing14,15. U1 snRNP and U2AF2 associate with the pol II
CTD, and these interactions have functional effects on
splicing16,17. The 5′SS and the PPT interact with U1 snRNP and
U2AF2, respectively, immediately after emerging from within pol
II18,19.

A study of splicing kinetics revealed that a large fraction of
intron removal is complete within seconds20,21 to several minutes
in living cells13,22–24. During vertebrate evolution introns
lengthened by thousands of nucleotides, whereas the average exon
length has remained about 150 nucleotides25,26. Intron length-
ening was accompanied by only a minor compromise in splicing
efficiency25,27,28: In mammalian cells, short and long introns are
generally spliced rapidly irrespective of length23,28. This implies
that the formation of the commitment complex occurs almost
instantly following the synthesis of the 3′SS. However, the
mechanism that brings the two splice sites into proximity to
facilitate co-transcriptional splicing is unknown.

To interrogate this mechanism, we developed a CRISPR
interference-based assay that enables the analysis of factors
located over particular DNA regions that are associated with
particular regions of the pre-mRNA. Our findings suggest the
following model for co-transcriptional splicing: The U1 snRNP
associates with elongating pol II during transcription. Once the 5′
SS is synthesized, the U1 snRNA base pairs with the 5′SS and
remains tethered to pol II. The U1 snRNP, the 5′SS, and elon-
gating pol II progress together along the intron to the down-
stream 3′SS. These interactions result in intron looping between
the two splice sites and facilitate accurate and rapid splicing.

Results
During transcription of downstream introns, pol II associates
with the pre-mRNA 5′SS. To study co-transcriptional splicing
when pol II is located at specific genomic locations, we developed
a CRISPR interference-based approach. We first stably intro-
duced a segment of the human FRG1 gene containing three exons
and two long introns into Flp-In-HEK293 cells; these cells are
hereafter referred to as the wild-type (WT) cells. The same seg-
ment containing a point mutation at the 5′SS of the second intron

was also introduced into Flp-In-HEK293 cells to construct a
mutant (MUT) cell line. The mutation changes the splicing pat-
tern of the middle FRG1 exon from inclusion to skipping
(Fig. 1a). In order to examine whether FRG1 transcripts are co-
transcriptionally spliced, the cells were fractionated29 (Supple-
mentary Fig. 1a), and qRT-PCR on chromatin-associated RNA
demonstrates that FRG1 splicing is carried out co-
transcriptionally (Fig. 1b). We next sought to determine whe-
ther the binding of U2 snRNP to FRG1 transcripts is affected by
the downstream 5′SS. Therefore, the 5′SS of the second intron
was sequestered using an antisense oligonucleotide (ASO). We
performed RNA-ChIP-qPCR using an anti-U2 snRNP antibody
on extracts of WT and MUT cells and on extracts of WT cells
treated with the ASO. When the U1 interaction with the splice
site was disrupted by ASO treatment, exon 2 was skipped in about
30% of transcripts (Fig. 1c) and U2 snRNP binding to the
upstream branch site sequence was decreased (Fig. 1d). These
data demonstrate that this exon is selected via the previously
described exon-definition mechanism30. We also examined
U2AF2, the protein that recognizes the PPT, using RNA ChIP in
WT and MUT cells. Mutating the 5′SS of intron 2 increased
U2AF2 binding to the PPT of intron 1 (Supplementary Fig. 1b).
This increased binding of U2AF2 to the PPT of the first intron
likely reflects recognition of this site as a 3′SS although it is
unused in splicing (a cryptic site). Thus, unlike the binding of
U2 snRNP to the upstream branch site sequence, which is
affected by U1 snRNP binding to the downstream 5′SS, the
binding of U2AF2 to the upstream PPT is independent of the
binding of U1 snRNP to the downstream 5′SS. Independent
binding of U2AF2 to the PPT was also shown in an in vitro
system31. These results indicate that the binding of U1 snRNP to
the downstream 5′SS is important for U2 snRNP binding at the
upstream branch site, resulting in the formation of the cross-exon
complex.

To stall pol II in the middle of the FRG1 intron 2, over 1 kb
from upstream and downstream splice sites, we used two sgRNAs
complementary to the middle of the intron to direct the
catalytically inactive HA–dCas932 to this genomic location.
Binding of the HA–dCas9 halts transcription in the middle of
the intron (Supplementary Fig. 1c). Both HA–dCas9 and pol II
were located on the same DNA fragment as shown by western
blot (Supplementary Fig. 1d). sgRNAs binding efficiency was
confirmed by ChIP-qPCR (Supplementary Fig. 1e).

To study RNA–RNA interactions associated with pol II, cells
transfected with plasmids for expression of sgRNAs and
HA–dCas9 were crosslinked with formaldehyde (FA) and
psoralen derivative 4′-aminomethyltrioxsalen (AMT). FA cross-
links proteins–protein, protein–DNA, and protein–RNA interac-
tions, whereas AMT intercalates into RNA duplexes and, upon
irradiation with 365 nm UV light, generates inter-strand adducts
between juxtaposed pyrimidine bases to crosslink RNA–RNA
interactions33 (Supplementary Fig. 2a). Under our crosslinking
conditions, U1 snRNA was the most abundant snRNA found with
elongating and pausing pol II (identified as the serine 2-
phosphorylated (p-Ser2) and serine 5-phosphorylated (p-Ser5)
forms of the pol II CTD, respectively10,34) (Supplementary Fig. 2b,
c). Furthermore, using co-immunoprecipitation with both forms
of pol II, U1 snRNP and U2AFs are found to associate with pol II
in an RNA-independent manner (Supplementary Fig. 2d, e).

Following crosslinking, nuclear extracts were prepared and
subjected to nuclease digestion, sonication, and immunoprecipi-
tation with an antibody that binds the HA tag of dCas9 (Fig. 1e).
Using this strategy, we were able to examine fragments of RNA
and DNA of less than 500 bp that are associated with pol II in
living cells (Supplementary Fig. 1f). When we targeted the middle
of intron 2 with our CRISPR interference-based protocol,
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we detected specific interactions with 5′SSs of the first and second
introns as well as the sgRNA target area and observed no
interactions with other intronic regions (Fig. 1f). This demon-
strates that the mechanism of co-transcriptional splicing is
governed by the attachment of the 5′SS to pol II as it transcribes

the downstream intron. Strikingly, in the MUT FRG1 transcript,
the 5′SS of the first exon was significantly enriched in the pol II
precipitate, but the 5′SS of the skipped exon was not (Fig. 1g). The
mutation at the 5′SS+ 1 position is from purine to purine which
does not affect AMT crosslinking outcome. Therefore, the results
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Fig. 1 The 5′SS regions of pre-mRNAs are associated with pol II located in the middle of the downstream intron. a Upper panel: Diagram of FRG1
minigene. 5′SS+ 1 position mutation from G to A. Exon numbers and the exon and intron lengths are indicated. Lower panel: RT-PCR analysis of FRG1 WT
and MUT cells. Source data are provided as a Source Data file. b Amount of chromatin-associated RNA determined by qRT-PCR with exon–exon junction
quantity divided by the sum of exon–exon and exon–intron junctions quantity29. One experiment was done. Spliced-1 denotes the exon 1–exon 2 junction
and Spliced-2 denotes the exon 2–exon 3 junction. c Cells that express WT FRG1 were treated with or without 750 nM of antisense oligonucleotide (ASO)
complementary to the 5′SS region of intron 2 of the FRG1 minigene. After 48 h, RNA was extracted, and the splicing pattern was examined by RT-PCR for
ASO-treated cells, for WT and MUT cell lines. d RNA-ChIP analysis with anti-U2 snRNP antibody and IgG antibody as negative control were performed in
WT, WT ASO-treated, and MUT cells. qRT-PCR was performed to quantify the amount of branch-site region from the first intron that was precipitated.
N= 3 independent experiments. Error bars show mean values ± SD. Asterisk indicates for WT P= 0.006 and for ASO P= 0.005, two-tailed t-test. e
Schematic overview of our CRISPR interference-based protocol. Cells are co-transfected with plasmids for expression of HA–dCas9 and sgRNA
complementary to the desired location in a gene. After 48 h, cells are treated with FA and AMT, and nuclei are purified. Chromatin is digested with MNase
and sonicated. Immunoprecipitation is performed with an anti-HA antibody, followed by RNA or DNA extraction, and real-time PCR analyses. f–h CRISPR
interference-based experiments were performed with anti-HA antibody and IgG antibody as a negative control to evaluate the association of various
transcript regions with pol II located f mid-intron 2 of WT FRG1, g mid-intron 2 of MUT FRG1, and h mid-intron 1 of WT FRG1. Mean RNA levels were
measured. N= 3 independent experiments. Each bar corresponds to the amplified segment marked in the gene diagram below the graph. Error bars show
mean values ± SEM. Asterisk indicates from left to right for f P= 0.002, 8 × 10−4, 0.001, for g P= 0.01, 5 × 10−6, for h P= 0.004, 0.02, two-tailed t-test.
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indicate that only the functional 5′SS is associated with pol II. The
5′SSs level in the WT cells was confirmed by quantification of
the absolute amounts of each of the two exon–intron junctions
in the pre-mRNA by qRT-PCR. The second 5′SS level was
higher compared to the first 5′SS (Supplementary Fig. 1g).

These findings provide the first experimental evidence that
tethering of an upstream 5′SS to pol II as it transcribes the
downstream intron is correlated with splicing outcome.

To examine the involvement of the PPT in the tethering of the
5′SS with pol II, we targeted two sgRNAs to the middle of intron
1 and repeated the CRISPR interference-based protocol. There is
no upstream PPT in the middle of intron 1, and the downstream
PPT is not yet transcribed. We detected 5′SS enrichment of the
first intron, suggesting that the association of the 5′SS of intron 1
with pol II does not require the PPT (Fig. 1h). Also, knockdown
of U2AF2 (~50%) had no effect on the binding of the 5′SS of
intron 2 to pol II in the middle of intron 2 (Supplementary
Fig. 3a, b). The binding of U1 snRNA to the 5′SS independent of
the PPT and U2AFs was also shown in in vitro systems35.

To extend these findings to other genes, we examined the
association of an upstream 5′SS and intronic sequences with
downstream intron sequences in five endogenous genes. These
genes contain long introns, are highly expressed in HEK293 cells,
and the relevant exons are constitutively spliced (Supplementary
Fig. 4a). We used sgRNAs targeting the middle of the indicated
introns (Fig. 2). sgRNAs binding was validated by immunopre-
cipitating dCas9 using ChIP-qPCR with an HA tag antibody
(Supplementary Fig. 4b–f). We compared sgRNAs transfected to
non-transfected cells and found enrichment of both 5′SS’s
upstream exons and the sites of the sgRNAs, but no enrichment
for intronic sequences (Fig. 2). Interestingly, the 5′SSs of the first
and second introns were found to associate with pol II located in
the middle of the downstream intron. The different proportions
between the two 5′SSs in each gene might be due to the order and
efficiency of the splicing reaction, and to the crosslinking affinity
of AMT to each of the 5′SSs (see “Discussion” section for how
multiple 5′SSs can be simultaneously associated with pol II).
These findings support the generality of the association of the
upstream 5′SSs to pol II as it transcribes downstream introns.

The 5′SS is tethered to pol II through base pairing with
U1 snRNA. To identify the mechanism by which the 5′SS is
attached to pol II, we examined the base pairing of the upstream
5′SS with U1 snRNA, when the U1 snRNP attached to pol II is
located in the middle of an intron. We used a genetic approach in
which we generated mutations at the 5′SS of exon 2 in the FRG1
minigene (A to G and T to A at positions +3 and +6, respec-
tively), termed FRG1 MUTx2, (Fig. 3a). The FRG1 MUTx2
resulted in skipping of exon 2 in ~55% of mature mRNAs
(Fig. 3b, lane 1). Next, we created mutations in U1 snRNA to
complement the mutated 5′SS. In cells that express the FRG1
MUTx2, co-transfection with the plasmids that express the WT
or the MUT U1 snRNAs revealed that only the MUT U1 snRNA
restored full exon 2 inclusion, whereas overexpression of WT U1
enhanced the amount of the two isoforms without changing the
ratio between them (Fig. 3b lane 2 and 3). This was expected as
overexpression of U1 snRNA increases the amount of
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Fig. 2 The 5′SSs of endogenous pre-mRNAs are associated with pol II
located in the middle of the downstream intron. The CRISPR interference-
based protocol was used to evaluate five endogenous genes (as shown in
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U1 snRNP36, which further stabilizes spliceosome assembly and
splicing outcome37. These results indicate that complementary
base pairing between the mutated 5′SS and mutated U1 snRNA is
necessary for the inclusion of exon 2.

Next, we examined the presence of base pairing between the
mutated 5′SS and the mutated U1 snRNA associated with pol II
located in the middle of the downstream intron using the CRISPR
interference-based protocol. Results using qRT-PCR indicate that
co-transfection with the WT U1 snRNA elevated the amount of
the 5′SS of intron 2 attached to pol II located in mid-intron 2.
However, co-transfection with MUT U1 snRNA substantially

increased 5′SS of intron 2 attached to pol II (Fig. 3c). In addition
to the mutated 5′SS association to pol II, we examined the
association of the mutated U1 snRNA to pol II located at
the middle of intron 2, by RNA sequencing. In the input sample,
the ratio between the exogenous MUT and the endogenous WT
U1 snRNA was 1.2, reflecting overexpression efficiency. However,
in the IP sample, we detected over 2-fold higher MUT U1 than
WT U1 (Fig. 3d). These results indicate that the U1 snRNA-5′SS
base pairing is both important for the selection of the 5′SS as well
as for the tethering of the upstream 5′SS with pol II located in the
downstream intron, to enable functional splicing of that intron.

U1 snRNP and pol II are tethered to 5′SS regions of unspliced
transcripts in a transcriptome-wide manner. To assess where
along the genome pol II and U1 snRNP interact in living cells, we
performed ChIP-seq or double ChIP-seq analyses with p-Ser2 pol
II and U1C antibodies. We crosslinked HEK293 cells with FA,
extracted nuclei, and fragmented DNA with sonication and
MNase. After treatment with RNase A, which we used to elim-
inate RNA-dependent associations, we performed IPs. This
method identifies DNA regions bound to elongating pol II that
interact directly and indirectly with U1 snRNP. The double ChIP-
seq profiles of both U1 snRNP and p-Ser2 were similar to those of
ChIP-seq analyses with p-Ser2 pol II alone or U1C alone (Fig. 4a).
The correlation between p-Ser2 pol II-bound and U1C-bound
regions is very high (r= 0.988, p < 10−15, two-tailed test of
Pearson’s correlation) (Supplementary Fig. 5a), indicating that
pol II and U1 progress together across most expressed genes.
These results are consistent with a previous study using mass
spectrometry to analyze immunoprecipitates from HeLa cells that
showed 90% overlap of the U1 snRNP interactome with the pol II
interactome38, as well as with the recently reported structure of
transcribing RNA polymerase II–U1 snRNP complex18. Com-
paring the ChIP-seq data with gene expression level data, revealed
that U1 snRNP is associated with elongating pol II from the
transcription start sites to polyadenylation sites (Fig. 4b). This
result is similar to the pattern shown in experiments that used an
antisense oligonucleotide-based method for U1 snRNA
purification39. The association of U1 snRNP and p-Ser2 pol II
was also shown on intronless genes40 (Supplementary Fig. 5b),
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suggesting that the interaction between U1 snRNP and p-Ser2 pol
II forms independently of the splicing reaction.

Examination of all internal exons and their surrounding
intronic regions revealed that U1 is associated with pol II across
5′SS regions and 3′SS regions and that levels of U1 snRNP:p-Ser2
pol II interactions were similar in exons and adjacent introns

(Fig. 4c). This implies that either U1 snRNP remains associated
with pol II, or that an additional U1 snRNP attaches to pol II as
soon as U1 snRNP is dissociated from pol II.

To identify the 5′SS regions that are associated with the
U1 snRNP and elongating pol II across the entire transcriptome,
we performed RNA ChIP-seq or double RNA ChIP-seq analyses
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with p-Ser2 pol II and U1C antibodies. We crosslinked HEK293
cells with FA and AMT. Cells treated as above but without AMT
were used as a control. After MNase digestion and sonication, we
performed immunoprecipitation with an anti-p-Ser2 pol II
antibody or double immunoprecipitation with the anti-p-Ser2
pol II antibody followed by an anti-U1C antibody. Next, we
reversed the FA and AMT crosslinking, and the RNA was
subjected to RNA-ChIP-seq. This strategy can capture the 5′SS
that base paired with U1 snRNA located on the CTD of pol II or
with U1 snRNA that is associated with pol II through RNA
synthesized by pol II.

We observed more than 3-fold enrichment of 5′SS junctions
for U1 snRNP:p-Ser2 pol II double RNA ChIP-seq with AMT
treatment than for U1 snRNP:p-Ser2 pol II double RNA ChIP-
seq with no AMT and for p-Ser2 pol II alone (Fig. 4d). This
indicates that the AMT crosslinking, and therefore base pairing
interaction of 5′SSs with U1 snRNA is required for immunopre-
cipitation of 5′SS with the U1 snRNP and p-Ser2 pol II. 6439 5′SS
junctions were enriched for U1 snRNP:p-Ser2 pol II double RNA
ChIP-seq. These 5′SS junctions were expressed at higher levels
compared with the average expression level of 5′SS junctions in
transcribed genes (Supplementary Fig. 5c). The 6439 5′SSs
constitute 33% of all 5′SSs of expressed genes in these cells, and
60% of the 5′SSs of the highly expressed genes (Supplementary
Fig. 5d). Genes that are highly transcribed have a higher
probability of capture by immunoprecipitation41, and also to be
captured by AMT crosslinking. It should be noted that double
immunoprecipitation results in very low yield42, and that AMT
crosslinking is an inefficient reaction43. Also, primer extension is
disrupted by the inefficiency of the AMT reverse-crosslinking
reaction, and the presence of psoralen monoadduct after crosslink
reversal44. Given these technical difficulties which result in
considerable down-sampling, our results strongly suggest
transcriptome-wide phenomena. Among expressed genes, we
identify on average 58 reads overlapping 5′SSs of the AMT
crosslinked 5′SSs, compared to only 0.6 reads overlapping 5′SS of
non-crosslinked 5′SS. This high coverage, which is also much
larger than the intron coverage, suggests that the 58 5′SSs reads
attached to U1 snRNP: elongated pol II together originated from
multiple locations downstream from the 5′SSs. About ~18% of
the 5′SS regions associated with U1 snRNP:p-Ser2 pol II together
originated from the first intron in the gene, compared to ~15% of
5′SS in all genes (P < 10−5, one-tailed population proportion test)
(Supplementary Fig. 5e, f). Enrichment of U1 sites within the first
500 nucleotides downstream of promoters was previously
shown45. In addition, the first and the last introns are likely to
be spliced out after internal introns are removed46. Also, 5′SSs
belonging to short and long introns were associated with
U1 snRNP:p-Ser2 pol II together (Supplementary Fig. 5g), and
the splice-site scores of the 5′SSs associated with U1 snRNP and
p-Ser2 pol II were similar to the average splice-site score in the

human genome (Supplementary Fig. 5h). This analysis implies
that the 5′SS attached to pol II during transcription of the
downstream sequences occurs in a transcriptome-wide manner.

Apart from the bonafide 5′SS enrichment, U1 snRNP:p-Ser2
pol II together also interact with putative intronic 5′SS within
expressed genes (Fig. 4e). The enrichment of U1 snRNA binding
to cryptic intronic 5′SS was previously demonstrated39. Most of
these putative intronic 5′SS are located up to 1000 bp upstream
from cryptic intronic polyadenylation signals (PASs) that can
activate premature polyadenylation. These results support the
telescripting model47. Furthermore, about 19,450 exon–exon
junctions in expressed genes were enriched for U1 snRNP and p-
Ser2 pol II together (compared to 6439 5′SS junctions). These
results show that the U1 snRNP and p-Ser2 pol II are tethered
together to both spliced and unspliced junctions, and indicate
that the majority of the time a transcript is attached to elongating
pol II is in its spliced form.

We next measured the levels of all spliceosomal snRNAs
associated with the U1 snRNP and p-Ser2 pol II. Only U1 snRNA
was significantly enriched (Supplementary Fig. 5i). This finding
suggests that precipitation of the U1 snRNP:p-Ser2 pol II together
captures only the early stages of spliceosome assembly. Taken
together, these findings support our model that intron looping
that results from interactions between the 5′SS and U1 snRNA
and U1 snRNA and pol II facilitate rapid co-transcriptional
splicing.

Discussion
Here, using a CRISPR interference-based approach to pause pol II
transcription in the middle of introns, we discovered that the
nascent 5′SS base pairs with a U1 snRNA tethered to pol II during
intron synthesis. These associations are functional and occur
across the transcriptome. Since the upstream 5′SS remains
attached to the transcriptional machinery an intron loop can
form during transcription, bringing the 5′SS into proximity with
the 3′SS. We speculate that this spatial proximity facilitates the
rapid splicing observed in mammalian cells in vivo even for genes
with very long introns.

The association of U1 snRNP with the transcription machinery
may be related to additional functions such as telescripting (in
which U1 snRNP binds to putative intronic 5′SSs and prevents
activation of premature polyadenylation sites), transcription
initiation, capping, polyadenylation48, and to the mobilization of
lncRNAs to nearby genes or regulatory sites within their proximal
or distal chromatin regions49.

Our results indicate that exon 2 of FRG1 is selected via exon
definition. The 5′SS of that exon is important for U2 snRNP
binding to the branch site of intron 1, implying that a cross-exon
complex is formed. However, the same 5′SS is associated with pol
II during the downstream intron synthesis in a fashion that
resembles intron definition3. The explanation for this discrepancy

Fig. 4 p-Ser2 pol II and U1 snRNP travel together during transcription and are linked to 5′SS regions. a Signals from ChIP-seq using p-Ser2 pol II
antibody alone (green), U1C antibody alone (blue), or p-Ser2 pol II antibody followed by U1C antibody (purple) over a representative region of the HEK293
genome containing transcribed and untranscribed genes compared to input (gray). b p-Ser2 pol II, U1C, and p-Ser2 pol II-U1C occupancy over genes in
HEK293 cells. Genes were divided based on expression (fpkm) into high (red), intermediate (orange), low (yellow), and silent (green). The signal is shown
across 22,000 bp. Genes were scaled to 20,000 bp; 1000 bp upstream of the transcription start site and 1000 bp downstream of the polyadenylation site
are shown. c p-Ser2 pol II, U1C, and p-Ser2 pol II-U1C occupancy over exons and 500 bp of the flanking intron sequences in HEK293 cells with genes
grouped by expression level. Exons were scaled to 150 bp. One replicate for all ChIP-seq experiments. d RNA-ChIP profile over internal exons with 5′SS
peaks and their 500 bp flanking introns in HEK293 cells for double RNA-ChIP using p-Ser2 pol II antibody followed by U1C antibody with AMT treatment
(red), for single RNA-ChIP using p-Ser2 pol II antibody with AMT treatment (gray), and for double RNA-ChIP without AMT treatment (orange). Signals are
normalized to input. e The number of pol II-U1C RNA-ChIP peaks on canonical 5′SS and on putative intronic 5′SS sites. Putative sites are divided according
to their 5′SS motif strength. RNA-ChIP-seq experiments were done in duplicate. f Schematic model of 5′SS association with pol II via base pairing with
U1 snRNA during intron synthesis.
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is that cross-exon interactions during the exon-definition mode
are later converted to a cross-intron complex, i.e., the commit-
ment complex6,50. Thus, U1 snRNP that binds to the 5′SS can
have a dual role, first in cross-exon definition and then, as pol II
transcribes the downstream intron, to facilitate the formation of a
cross-intron complex.

Our results imply that during exon definition, the advancement
from the commitment complex to complex A, in which
U2 snRNP binds the branch site, requires that U1 snRNP binds to
the downstream 5′SS. In contrast, Nojima et al.10 showed using
mNET-seq analysis, high intermediate signal when p-ser5 pol II
was accumulated over downstream exon. In addition, Reimer
et al20 pointed out that for 75% of mammalian introns splicing is
achieved when pol II is located within ~300 nucleotides down-
stream from the 3′SS. As exons are about 150 nucleotides long51,
this implies that for most of the introns splicing is carried out
during exon synthesis, and presumably independently of the
synthesis of the downstream 5′SS. This suggests that those introns
are spliced via intron definition, while for other introns the
synthesis of the downstream 5′SS is required for splicing via exon
definition.

There is evidence suggesting that only one U1 snRNP is
associated with pol II. In a cryo-EM structure of a complex
between purified pol II and purified U1 snRNP assembled
in vitro, the ratio is 1:118. This implies that only one 5′SS can be
handled each time. In this situation, when only one U1 snRNP
handles splicing of all introns in a multi-intron gene, the 5′SS
must be handed over from U1 to U5 and U6 snRNPs during exon
synthesis, in order to advance spliceosome assembly from the
commitment complex to complex B6,17. Under these conditions,
the same U1 snRNP is free to bind to the downstream 5′SS.
However, our data suggest that two or more unspliced 5′SSs can
be attached to pol II. Introns are not removed in a “first come first
serve” manner, meaning that some 5′SSs are spliced only after the
synthesis of several additional 5′SSs located downstream along
the gene46,52–54. In addition, intron splicing order has been
shown to influence alternative splicing in COL5A155, and intron
splicing order can affect splicing fidelity56,57. This implies that for
certain genes, several 5′SSs and apparently several U1 snRNP, are
associated with pol II, and following the formation of the com-
mitment complex, the advance to a higher order of spliceosome
assembly can be delayed until a downstream signal is obtained.
The association of several unspliced 5′SSs and 3′SSs of different
introns of the same gene along the CTD of pol II may also explain
how the back-splicing reaction can occur7.

The CTD of pol II and splicing factors are incorporated into
phase-separated condensates in a process mediated by CTD
phosphorylation15. The confinement of the growing intron,
regardless of its length, within a transcription droplet might
reduce the physical forces imposed on the base pairing between
U1 snRNA and the 5′SS during intron synthesis. This might
explain why during human evolution introns lengthened without
compromising the splicing fidelity23.

Our results support a model that explains how exon definition
occurs co-transcriptionally, rapidly, and independently of intron
length in vivo (Fig. 4f). During transcription, U1 snRNP and
U2AF2 bind the pol II CTD, and the elongating pol II remains
associated with the 5′SS throughout synthesis of an intron via
base-pairing interaction with the U1 snRNA. Transcription
elongation is slowed at the 3′SS and the pol II CTD-bound
U2AF2 binds the PPT, bringing the two ends of the intron
together to form the commitment complex. Upon synthesis of the
downstream 5′SS the same or another U1 snRNP located on the
CTD of pol II binds the downstream 5′SS, and together with
U2AFs bound to the upstream PPT-3′SS region, facilitates
binding of U2 snRNP to the upstream branch site. Thus, pol II

plausibly assists in the formation of the commitment complex
and in the selection of exons. In summary, our data imply that the
initial step of spliceosome assembly occurs rapidly because the
transcription machinery brings the upstream 5′SS into close
spatial proximity of the 3′SS.

Methods
Cell maintenance and minigene construction. Flp-In-HEK293 (Invitrogen),
HEK293 (ATCC), and HeLa (ATCC) cells were cultured in complete DMEM
medium (Biological Industries Israel), 10% fetal bovine serum (Biological Indus-
tries Israel), 2 mg/ml L-alanyl-L-glutamine (Biological Industries Israel), 100 U/ml
penicillin and 0.1 mg/ml streptomycin (Biological Industries Israel) at 37 °C in a
humidified atmosphere with 5% CO2.

Cloning. The FRG1 minigene (exons 4–6 genomic region of the endogenous gene)
was amplified from human genomic using primers containing restriction enzymes
KpnI and BamHI (Supplementary Table 2). The PCR product and the vector were
digested and ligated into the vector pcDNA™5/FRT/TO (Invitrogen). The clone was
verified by sequencing. For stable cell lines the plasmids were integrated into Flp-
In-HEK293 cells using the Flp-In system according to the manufacturer’s
instructions. U1 WT plasmid (a gift from Prof. Alan M. Weiner) was re-cloned into
pcDNA3.1 plasmid using BamHI.

sgRNA design and cloning. sgRNA expression plasmid pX552 was cut with SapI
(NEB). sgRNA sequences were designed using the CRISPR Design Tool (http://
crispr.mit.edu/). Each sgRNA was designed together with its complement sequence,
and 3 nt, ACC or CAA, were added to the 5′ end of each, respectively, to com-
plement the SapI restriction site. sgRNA and sgRNA_complement oligonucleotides
were annealed followed by phosphorylation at the 5′ end using T4 Polynucleotide
Kinase (NEB) (thermo-cycling program: 30 min at 37 °C PNK reaction, 20 min at
65 °C heat inactivation, 5 min at 95 °C denaturation and ramp to 4 °C at 0.5 °C
per sec to anneal). For each ligation reaction, sgRNAs were diluted 1:25. Ligations
of sgRNA inserts with linearized pX552 were done using T4 ligase (NEB) according
to the manufacturer’s instructions. A 2-µl aliquot of the ligation reaction was used
to transformation into Escherichia coli XL-10 Gold strain after heat shock. Positive
colonies were confirmed by Sanger sequencing. sgRNAs sequences are listed in
Supplementary Table 1.

Site-directed mutagenesis. Overlapping oligonucleotide primers containing the
desired mutations were used to amplify the FRG1 MUT minigene plasmid (posi-
tion+ 1G to A), the FRG1 MUTx2 minigene plasmid (positions+ 3A to G and
+6T to A), and the U1 MUT gene (with compensatory mutations to FRG1
MUTx2) using KAPA HiFi HotStart (KAPA Biosystems) according to manu-
facturer’s instructions. After PCR amplification, DpnI (New England Biolabs)
digestion was done for 1 h at 37 °C. The Escherichia coli XL-10 Gold strain was
transformed with 1–3 μl of the reaction, and colonies were picked for Mini-prep
extraction (Geneaid). Sequencing confirmed that the plasmids carried the desired
mutations.

Transfection. HEK293 cells and cells that stably express either WT or MUT FRG1
minigenes were transfected with 3 µg of 2 sgRNAs expressions plasmid pX552
located in close proximity for each intron together with 3 µg of HA–dCas9
expression plasmid (a gift from Dr. Mazhar Adli58). sgRNAs sequences are listed in
Supplementary Table 1.

HEK293 cell lines were transfected with 3 µg of a plasmid for expression of U1
WT or U1 MUT together with 3 µg of an expression plasmid of the FRG1 MUTx2.
All transfections were done using TransIT®-LT1 transfection reagent (Mirus)
according to manufacturer instructions. Experiments were performed 48 h after
transfection.

Antisense oligonucleotide treatment. The cell line that stably expresses WT
FRG1 was treated with 750 nM of a 2′ O-methyl-RNA oligonucleotide (IDT) using
Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. The
oligonucleotide sequence is 5′-CAGCACUUACAUUUUGAAAG-3′. Experiments
were performed 48 h after transfection.

Small interfering RNA (siRNA) treatment. The cell line that stably expresses WT
FRG1 was treated with 200 nM non-targeting pool siRNA (Dharmacon; D-001810-
10-05) and 150 or 200 nM U2AF65 siRNA (Dharmacon)59 using RNAiMAX
(Invitrogen) according to manufacturer’s instructions. The siRNA sequence is 5′-
GCACGGUGGACUGAUUCGUdTdT-3′. Experiments were performed 48 h after
transfection.

Co-transcriptional splicing. HEK293 cells were fractionated according to Amy
Pandya-Jones protocol29. The fractionation was assessed by western blot using
antibodies to α-tubulin (ab18251) (1:40,000), U1C (ab157116) (1:200), and histone
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H4 (Millipore; 05-858) (1:30,000) proteins. Chromatin-associated RNA was
extracted using Trizol reagent (Sigma) and cDNA synthesis was performed with
random primers according to RT-FLEX (Quanta) manufacturer’s instructions.
qPCR was performed with primers located on exon–exon junction and
exon–intron junction (Supplementary Table 2).

Co-immunoprecipitation. Approximately 10 × 106 cells per sample were trypsi-
nized, washed with PBS, and crosslinked with 1% FA at 37 °C for 10 min. The
reaction was quenched by addition of glycine (0.125M) and incubated at 37 °C for
5 min. Samples were centrifuged at 2300 × g, washed with cold PBS, and cen-
trifuged again. Nuclei isolated as described in ref. 60. Cells’ pellet was suspended in
buffer 1 (60 mM KCl, 15 mM NaCl, 5 mMMgCl2, 0.1 mM EGTA, 15 mM Tris-HCl
[pH 7.5]) supplemented with 0.5 mM DTT, 0.1 mM PMSF, 1× complete protease
inhibitor (CPI), and incubated in 0.2% IGEPAL CA-630 (NP-40). After incubation
for 10 min, residual NP-40 was cleared by centrifugation on a 1.2 M sucrose
cushion. Nuclei were suspended in MNase digestion buffer (0.32 M sucrose, 50 mM
Tris-HCl [pH 7.5], 4 mM MgCl2, 1 mM CaCl2) supplemented with 0.1 mM PMSF.
MNase (10 U/106 nuclei, Worthington) was added, and samples were incubated at
37 °C for 10 min. The reaction was stopped by the addition of 1 mM EDTA. Nuclei
were then sedimented by centrifugation, and nuclei were used for experiments.
MNase-digested nuclei were suspended in immunoprecipitation (IP) buffer (50
mM HEPES [pH 7.6], 500 mM LiCl, 1 mM EDTA, 0.7% DOC, 1% NP-40, 0.1%
SDS, 1× CPI) and rotated for 1 hr at 4 °C. The samples were sonicated using a
Bioruptor (Diagenode) at 40% amplitude in intervals of 2.2 s pulses with 9.9 s
pauses for 10 min, followed by centrifugation 10,000 × g for 10 min. This super-
natant is denoted as “input”. Antibodies (6 μg) used for immunoprecipitation were
anti-pol II p-Ser2 (Abcam; ab5095), anti-pol II p-Ser5 (Abcam; ab5408), and anti-
IgG (Santa Cruz Biotechnology; sc2027). Antibodies were added to each input
sample and rotated overnight at 4 °C. Mix of protein A and G beads (50 μl,
Dynabeads Invitrogen) were washed and added to each sample and rotated for 4 h
at 4 °C. Beads were washed four times with IP buffer and once with 0.5 ml RNase A
buffer (PBS, 0.02% Tween 20, CPI, 0.1 mM PMSF). Samples were re-suspended in
450 μl RNase A buffer and 1 μl of 10 mg/ml RNase A (Sigma-Aldrich) and incu-
bated for 30 min at 37 °C. All samples were washed another three times with 0.5 ml
IP buffer. Protein was eluted from the beads by adding 100 μl PBS and 20 μl 6× SDS
sample buffer (272 mM Tris-HCl [pH 6.8], 30% glycerol, 12% SDS, 20% β-mer-
captoethanol, 0.01% bromophenol blue) and incubating in a thermo-shaker for 15
min at with vigorous shaking. The supernatant was moved to a new tube, reversed
crosslink at 75 °C for 1 h, and boiled for 5 min at 100 °C.

Western blots and antibodies. Proteins were separated by SDS-PAGE on 8% or
10% polyacrylamide gels and transferred to 0.45-μm nitrocellulose membranes
(Whatman Protran). The membranes were incubated with the appropriate primary
and secondary antibodies and washed with TBS-Tween 20. Horseradish-
peroxidase-conjugated secondary antibodies were detected by SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific; PI-34080). Antibodies used
were anti-pol II p-Ser2 (Abcam; ab5095) (1:500), anti-pol II p-Ser5 (Abcam;
ab5408) (1:1000), anti SNRPC (U1C) (Abcam; ab157116) (1:200), anti-U2AF2 (a
gift of Prof. Juan Valcarcel, Centre for Genomic Regulation, Barcelona, Spain)
(1:500), anti-U2AF35 (Abcam; ab172614) (1:250), anti-FUS (Abcam; ab23439)
(1:400), anti-SAP155/SF3B1 (MBL; D221-3) (1:1000), anti-NXF1/TAP (Santa Cruz
Biotechnology; sc- 32319) (1:500), anti-GAPDH (GenScript; A00191-40) (1:1000),
anti-PTBP1 (Abcam; ab133734) (1:5000), anti a-tubulin (abcam; ab18251)
(1:40000), anti-histone 4 (Millipore;05-858) (1:30000), donkey anti-rabbit IgG
(Abcam; ab97064), and goat anti-mouse IgG (Abcam; ab7068).

RNA-ChIP. RNA-ChIP was performed using the RNA ChIP-IT kit (Active Motif)
as detailed in the manufacturer’s instructions with the following minor modifica-
tion: cells from three 10-cm plates were harvested, placed on ice, and crosslinked
with 1% FA (Sigma) followed by crosslinking with 0.2 mg/ml AMT (Sigma; A4330)
by irradiation with 350 nm UV light (Vilber Lourmat ECX.F20.L; 7 mW/cm2) for
45 min. After isolation of nuclei (as describe in co-immunoprecipitation), 500 µl of
MNase buffer (0.32 M sucrose, 50 mM Tris-Cl, pH 7.5, 4 mM MgCl2, 1 mM CaCl2,
and 0.1 mM PMSF) was added. Chromatin and RNA were digested using 150 U of
MNase (Worthington) for 15 min at 37 °C with shaking at 400 RPM on a ther-
momixer. The enzyme was inactivated by adding 0.8 mM EDTA. The samples were
centrifuged at 12,000 × g for 5 min, and the nuclei were sonicated using a Bioruptor
at 40% amplitude with intervals of 2.2 s pulses with 9.9 s pauses for 10 min. This
yielded DNA and RNA fragments of 100–500 bp in size. Antibodies used for
immunoprecipitation were anti-pol II p-Ser2 (Abcam; ab5095), anti-pol II p-Ser5
(Abcam; ab5408), anti-U2 snRNP A (B-3) X (Santa Cruz; sc-393804X), anti-
U2AF2 (a gift of Prof. Juan Valcarcel, Centre for Genomic Regulation, Barcelona,
Spain), and anti-HA (Abcam; ab9110). Following elution and proteinase K
digestion the crosslinks were FA reversed by 65 °C for 1.5 h and AMT reversed by
irradiation with 254 nm UV light for 10 min with samples on ice. RNA was
extracted using Trizol-LS reagent (Invitrogen). For DNA extraction, samples were
eluted with elution buffer (0.5% SDS, 300 mM NaCl, 5 mM EDTA, 10 mM Tris-
HCl, pH 8.1), digested with RNase cocktail (Invitrogen) and RNase H (NEB) for

30 min at 37 °C following proteinase K and reverse crosslinking at 65 °C. Extraction
was done using phenol:chloroform:isoamyl alcohol (Sigma).

cDNA synthesis and qPCR. cDNA synthesis was performed with RT-FLEX
(Quanta) according to the manufacturer’s instructions. qPCR was performed using
KAPA SYBR FAST Universal qPCR kit (KAPA Biosystems) according to the
manufacturer’s instructions. Primers are listed in Supplementary Table 2.

RNA-seq. RNA was extracted from HEK293 cells using Trizol reagent (Sigma).
Deep sequencing libraries were prepared using TruSeq Stranded mRNA library
preparation kits as per the manufacturer’s instructions. Sequencing of 125-bp
paired-end reads was performed using an Illumina HiSeq 2000.

Double ChIP-seq. ChIP was performed as described previously61 with the fol-
lowing modifications: Approximately 7 × 106 HEK293 cells were used per sample.
After nuclei purification and MNase digestion as described in co-immunopreci-
pitation, samples were sonicated using a Bioruptor at 40% amplitude with intervals
of 2.2 s pulses with 9.9 s pauses for 12 min. For anti-pol II p-Ser2 immunopreci-
pitation, 80 µl of protein A and G Dynabeads (Invitrogen) mixture was combined
used with 18 µg anti-pol II p-Ser2 antibody (Abcam; ab5095) and added to the
sample. After immunoprecipitation, 1 µl of 10 mg/ml RNase A (Sigma) was added,
and samples were incubated for 30 min at 37 °C. Following washes, the samples
were eluted with 50 μl fresh 0.1 M DTT and incubated at room temperature for
5 min. As previously described44, 50 µl of freshly prepared 2X Chromatin Release
Buffer (500 mM NaCl, 2% deoxycholate, 2% SDS, 2 mM EDTA) with fresh
EDTAfree protease inhibitor cocktail and PMSF (from the RNA ChIP-IT kit) were
added, and samples were incubated at 37 °C for 55 min. The elution step was
repeated, and samples were incubated for 30 min at 37 °C. This step releases bound
chromatin and inactivates the antibodies used in the first ChIP. One-half of the
eluted samples were treated with 1.5 µl Proteinase K (NEB), and incubated for 16 h
at 65 °C. DNA was purified using phenol:chloroform:isoamyl alcohol (Sigma)
extraction. The other half of eluted samples were subjected for the second ChIP,
50 µl of protein A and G Dynabeads (Invitrogen) was combined with 10 µg anti-
U1C antibody (Abcam; ab157116) and added to the samples. After incubation of
16 h at 4 °C, the samples were washed and eluted as described previously61. Deep
sequencing libraries were prepared using Illumina TruSeq library preparation kits
as per the manufacturer’s instructions. Sequencing of 50-bp single-end reads was
performed using an Illumina HiSeq 2000.

Double RNA-ChIP-seq. Double RNA-ChIP was performed using the RNA ChIP-
IT kit (Active Motif) as detailed in the manufacturer’s instruction with the fol-
lowing modifications: First, 9 × 107 cells were used. For the first RNA-ChIP, 700 µl
of protein A and G Dynabeads mixture (Invitrogen) was combined with 90 µg anti-
pol II p-Ser2 antibody (Abcam; ab5095). After washes, the samples were eluted
with 150 μl fresh 0.1 M DTT and incubated at room temperature for 5 min. Next,
as described previously44, 150 µl of freshly prepared 2× Chromatin Release Buffer
with protease inhibitor cocktail, PMSF, and RNase inhibitor (from the RNA ChIP-
IT kit) were added and mixed well. The samples were incubated at 37 °C for 55
min. The elution step was repeated, and samples were incubated for 30 min at
37 °C. The eluted samples were divided into two aliquots. One aliquot of 300 µl was
kept at −80 °C until the second ChIP step. To the other 300 µl aliquot, 2 µl 5 M
NaCl and 2 µl proteinase K (from the RNA ChIP-IT kit) were added, and the
samples were incubated at 42 °C for 1 h to digest the proteins and then at 65 °C for
1.5 h to reverse FA crosslinking. The AMT crosslinks were reversed by irradiation
with 254 nm UV light for 10 min with samples kept on ice. The RNA was extracted
using Trizol reagent (Sigma). For the second RNA-ChIP, 150 µl protein A and G
Dynabeads (Invitrogen) mixture was combined with 40 µg anti-U1C antibody
(Abcam; ab157116) and added to the samples. Samples were incubated for 16 h at
4 °C. Washes and the elution were done as described in the instructions for the
RNA ChIP-IT kit. A no-AMT experiment was used for control. Deep sequencing
libraries were prepared using v2-pico (Takara Bio) library preparation kits.
Sequencing of 75 bp paired-end reads was performed using an Illumina
HiSeq 2000.

RNA-seq, ChIP-seq, and RNA ChIP-seq alignment. To improve read quality for
RNA-seq, paired reads were trimmed to keep only the first 100 bases prior to
alignments. For RNA ChIP-seq, duplicate experiments were combined. The last
3 bps of each single-end read were trimmed and TruSeq barcodes were removed
using trimmomatic software version 0.3962 prior to alignment. Sequenced reads
were aligned to the human genome (Assembly hg38, GRCh38 Genome Reference
Consortium Human Reference 38) using Bowtie2 v2.1.063 for reads derived from
DNA fragments and using STAR aligner v2.7.1a64.

ChIP-seq and RNA ChIP-seq occupancy. The sequencing coverage and depth
were represented using the UCSC bigWig format. Sequencing depth files at single-
base resolution were created using bam2wig.pl tool (http://search.cpan.org/
∼tjparnell/Bio-ToolBox-1.44/) and for each base, a normalized reads-per-million
value was calculated considering all the reads that span that base. The normalized
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input coverage was subtracted from the normalized ChIP-seq and RNA-seq cov-
erage to represent the difference between the two samples and the final occupancy
value for each base. Data stored in bigWig format was extracted using bwtool65 fed
with relevant BED files. The bwtool was also used to align features to start or end
coordinates and to calculate the mean single-base values for multiple features in a
given BED file. Exon–intron junctions that were enriched in AMT pol II-U1
conditions were identified using an in-house Perl script. A 5′SS was defined as a
peak if there was at least one read overlapping the exon–intron junction and in
addition, there was at least a 1.5-fold enrichment in the normalized (RPM) reads
compared to RNA-ChIP input. Putative intronic 5′SS peaks were called based on
the 1.5-fold-change difference in the region 200 bp upstream to the site relative to
input. For intronic peaks, every intron was split to 200 bp regions and each region
was tested for a 1.5-fold difference from input, and subsequently, adjacent peak
regions were merged.

Gene expression and isoform abundance calculation. RNA quantification was
performed using Cufflinks v2.2.166 fed with RefSeq genes table and with default
parameters. For DNA-ChIP analysis gene expression was defined as high, inter-
mediate, low, or silent based on whether fragments per kilobase per million (fpkm)
values were greater than 100, between 10 and 100, between 1 and 10, or below 1,
respectively. For RNA-ChIP analyses, genes were defined as expressed if they had
an fpkm value greater than 1.

Splice-site strength scores. We used MaxEntScan: score 5′SS67 using the max-
imum entropy model to calculate the strength of the 5′SS for each exon in our
RefSeq exons table. For analysis of cryptic sites, all 9mers around intronic GT sites
were defined as strong, medium, and weak if their score were above 8.77, 7.39, and
4, respectively, and the rest of GT sites were discarded following Almada et al45.

U1 mutant and wild-type read counts. To identify reads originated from the WT
versus MUT U1, sequenced reads were aligned to a customized reference genome
comprised of U1 WT and MUT sequences using Bowtie2 v 2.4.268 with default
parameters as well as: --fr --no-discordant --no-unal -X 164 --no-mixed. Reads
were then counted within the mutated region (see Site-directed mutagenesis) using
the bam signals R package (https://bioconductor.org/packages/release/bioc/
vignettes/bamsignals/inst/doc/bamsignals.html).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding author upon
reasonable request. All ChIP-seq, RNA ChIP-seq, and RNA-seq raw and processed data
generated in this study have been deposited in and are publically available in the GEO
database under accession code GSE145092. Source data are provided with this paper.

Received: 9 May 2021; Accepted: 2 July 2021;

References
1. Irimia, M. & Blencowe, B. J. Alternative splicing: decoding an expansive

regulatory layer. Curr. Opin. Cell Biol. 24, 323–332 (2012).
2. Papasaikas, P. & Valcarcel, J. The spliceosome: the ultimate RNA chaperone

and sculptor. Trends Biochem. Sci. 41, 33–45 (2016).
3. Berget, S. M. Exon recognition in vertebrate splicing. J. Biol. Chem. 270,

2411–2414 (1995).
4. Caceres, J. F. & Kornblihtt, A. R. Alternative splicing: multiple control

mechanisms and involvement in human disease. Trends Genet. 18, 186–193
(2002).

5. Ule, J. & Blencowe, B. J. Alternative splicing regulatory networks: functions,
mechanisms, and evolution. Mol. Cell 76, 329–345 (2019).

6. Will, C. L. & Luhrmann, R. Spliceosome structure and function. Cold Spring
Harb. Perspect. Biol. 3, https://doi.org/10.1101/cshperspect.a003707 (2011).

7. Li, X. et al. A unified mechanism for intron and exon definition and back-
splicing. Nature 573, 375–380 (2019).

8. Roca, X., Krainer, A. R. & Eperon, I. C. Pick one, but be quick: 5’ splice sites
and the problems of too many choices. Genes Dev. 27, 129–144 (2013).

9. Nieto Moreno, N., Giono, L. E., Cambindo Botto, A. E., Munoz, M. J. &
Kornblihtt, A. R. Chromatin, DNA structure and alternative splicing. FEBS
Lett. 589, 3370–3378 (2015).

10. Nojima, T. et al. Mammalian NET-Seq reveals genome-wide nascent
transcription coupled to RNA processing. Cell 161, 526–540 (2015).

11. Tilgner, H. et al. Deep sequencing of subcellular RNA fractions shows splicing
to be predominantly co-transcriptional in the human genome but inefficient
for lncRNAs. Genome Res. 22, 1616–1625 (2012).

12. Oesterreich, F. C. et al. Splicing of nascent RNA coincides with intron exit
from RNA polymerase II. Cell 165, 372–381 (2016).

13. Boutz, P. L., Bhutkar, A. & Sharp, P. A. Detained introns are a novel,
widespread class of post-transcriptionally spliced introns. Genes Dev. 29,
63–80 (2015).

14. Custodio, N. & Carmo-Fonseca, M. Co-transcriptional splicing and the CTD
code. Crit. Rev. Biochem. Mol. Biol. 51, 395–411 (2016).

15. Guo, Y. E. et al. Pol II phosphorylation regulates a switch between
transcriptional and splicing condensates. Nature 572, 543–548 (2019).

16. Hollander, D., Naftelberg, S., Lev-Maor, G., Kornblihtt, A. R. & Ast, G. How
are short exons flanked by long introns defined and committed to splicing?
Trends Genet. 32, 596–606 (2016).

17. Nojima, T. et al. RNA polymerase II phosphorylated on CTD serine 5
interacts with the spliceosome during co-transcriptional splicing. Mol. Cell 72,
369–379 (2018).

18. Zhang, S. et al. Structure of a transcribing RNA polymerase II-U1 snRNP
complex. Science 371, 305–309 (2021).

19. Ujvari, A. & Luse, D. S. Newly Initiated RNA encounters a factor involved in
splicing immediately upon emerging from within RNA polymerase II. J. Biol.
Chem. 279, 49773–49779 (2004).

20. Reimer, K. A., Mimoso, C. A., Adelman, K. & Neugebauer, K. M. Co-
transcriptional splicing regulates 3’ end cleavage during mammalian
erythropoiesis. Mol. Cell 81, 998–1012 (2021).

21. Alpert, T., Herzel, L. & Neugebauer, K. M. Perfect timing: splicing and
transcription rates in living cells. Wiley Interdiscip. Rev. RNA 8, https://doi.
org/10.1002/wrna.1401 (2017).

22. Drexler, H. L., Choquet, K. & Churchman, L. S. Splicing kinetics and
coordination revealed by direct nascent RNA sequencing through nanopores.
Mol. Cell https://doi.org/10.1016/j.molcel.2019.11.017 (2019).

23. Singh, J. & Padgett, R. A. Rates of in situ transcription and splicing in large
human genes. Nat. Struct. Mol. Biol. 16, 1128–1133 (2009).

24. Wachutka, L., Caizzi, L., Gagneur, J. & Cramer, P. Global donor and acceptor
splicing site kinetics in human cells. Elife 8, https://doi.org/10.7554/
eLife.45056 (2019).

25. Gelfman, S. et al. Changes in exon-intron structure during vertebrate
evolution affect the splicing pattern of exons. Genome Res. 22, 35–50 (2012).

26. Rogozin, I. B., Carmel, L., Csuros, M. & Koonin, E. V. Origin and evolution of
spliceosomal introns. Biol. Direct. 7, 11 (2012).

27. Farlow, A., Dolezal, M., Hua, L. & Schlotterer, C. The genomic signature of
splicing-coupled selection differs between long and short introns. Mol. Biol.
Evol. 29, 21–24 (2012).

28. Khodor, Y. L., Menet, J. S., Tolan, M. & Rosbash, M. Cotranscriptional
splicing efficiency differs dramatically between Drosophila and mouse. RNA
18, 2174–2186 (2012).

29. Pandya-Jones, A. & Black, D. L. Co-transcriptional splicing of constitutive and
alternative exons. RNA 15, 1896–1908 (2009).

30. De Conti, L., Baralle, M. & Buratti, E. Exon and intron definition in pre-
mRNA splicing. Wiley Interdiscip. Rev. RNA 4, 49–60 (2013).

31. Wu, S., Romfo, C. M., Nilsen, T. W. & Green, M. R. Functional recognition of
the 3’ splice site AG by the splicing factor U2AF35. Nature 402, 832–835
(1999).

32. Qi, L. S. et al. Repurposing CRISPR as an RNA-guided platform for sequence-
specific control of gene expression. Cell 152, 1173–1183 (2013).

33. Calvet, J. P. & Pederson, T. Heterogeneous nuclear RNA double-stranded
regions probed in living HeLa cells by crosslinking with the psoralen
derivative aminomethyltrioxsalen. Proc. Natl Acad. Sci. USA 76, 755–759
(1979).

34. Hsin, J. P. & Manley, J. L. The RNA polymerase II CTD coordinates
transcription and RNA processing. Genes Dev. 26, 2119–2137 (2012).

35. Rosbash, M. & Seraphin, B. Who’s on first? The U1 snRNP-5’ splice site
interaction and splicing. Trends Biochem. Sci. 16, 187–190 (1991).

36. Oh, J. M. et al. U1 snRNP regulates cancer cell migration and invasion
in vitro. Nat. Commun. 11, 1 (2020).

37. Rösel-Hillgärtner, T. D. et al. A novel intra-U1 snRNP cross-regulation
mechanism: alternative splicing switch links U1C and U1-70K expression.
PLOS Genet. 9, e1003856 (2013).

38. Chi, B. et al. Interactome analyses revealed that the U1 snRNP machinery
overlaps extensively with the RNAP II machinery and contains multiple ALS/
SMA-causative proteins. Sci. Rep. 8, 8755 (2018).

39. Engreitz, J. M. et al. RNA-RNA interactions enable specific targeting of
noncoding RNAs to nascent Pre-mRNAs and chromatin sites. Cell 159,
188–199 (2014).

40. Brody, Y. et al. The in vivo kinetics of RNA polymerase II elongation during
co-transcriptional splicing. PLoS Biol. 9, e1000573 (2011).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24774-6

10 NATURE COMMUNICATIONS |         (2021) 12:4545 | https://doi.org/10.1038/s41467-021-24774-6 | www.nature.com/naturecommunications

https://bioconductor.org/packages/release/bioc/vignettes/bamsignals/inst/doc/bamsignals.html
https://bioconductor.org/packages/release/bioc/vignettes/bamsignals/inst/doc/bamsignals.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145092
https://doi.org/10.1101/cshperspect.a003707
https://doi.org/10.1002/wrna.1401
https://doi.org/10.1002/wrna.1401
https://doi.org/10.1016/j.molcel.2019.11.017
https://doi.org/10.7554/eLife.45056
https://doi.org/10.7554/eLife.45056
www.nature.com/naturecommunications


41. Jiang, S. & Mortazavi, A. Integrating ChIP-seq with other functional genomics
data. Brief. Funct. Genomics 17, 104–115 (2018).

42. Sadeh, R., Launer-Wachs, R., Wandel, H., Rahat, A. & Friedman, N.
Elucidating combinatorial chromatin states at single-nucleosome resolution.
Mol. Cell 63, 1080–1088 (2016).

43. Sharma, E., Sterne-Weiler, T., O’Hanlon, D. & Blencowe, B. J. Global Mapping
of Human RNA-RNA Interactions. Mol. Cell 62, 618–626 (2016).

44. Wassarman, D. A. Psoralen crosslinking of small RNAs in vitro. Mol. Biol.
Rep. 17, 143–151 (1993).

45. Almada, A. E., Wu, X., Kriz, A. J., Burge, C. B. & Sharp, P. A. Promoter
directionality is controlled by U1 snRNP and polyadenylation signals. Nature
499, 360–363 (2013).

46. Kim, S. W. et al. Widespread intra-dependencies in the removal of introns
from human transcripts. Nucleic Acids Res. 45, 9503–9513 (2017).

47. Berg, M. G. et al. U1 snRNP determines mRNA length and regulates isoform
expression. Cell 150, 53–64 (2012).

48. Guiro, J. & O’Reilly, D. Insights into the U1 small nuclear ribonucleoprotein
complex superfamily. Wiley Interdiscip. Rev. RNA 6, 79–92 (2015).

49. Yin, Y. et al. U1 snRNP regulates chromatin retention of noncoding RNAs.
Nature 580, 147–150 (2020).

50. Schneider, M. et al. Exon definition complexes contain the tri-snRNP and can
be directly converted into B-like precatalytic splicing complexes. Mol. Cell 38,
223–235 (2010).

51. Schwartz, S., Meshorer, E. & Ast, G. Chromatin organization marks exon-
intron structure. Nat. Struct. Mol. Biol. 16, 990–995 (2009).

52. de la Mata, M., Lafaille, C. & Kornblihtt, A. R. First come, first served
revisited: factors affecting the same alternative splicing event have different
effects on the relative rates of intron removal. RNA 16, 904–912 (2010).

53. Drexler, H. L., Choquet, K. & Churchman, L. S. Splicing kinetics and
coordination revealed by direct nascent RNA sequencing through nanopores.
Mol. Cell 77, 985–998.e988 (2020).

54. Herzel, L., Straube, K. & Neugebauer, K. M. Long-read sequencing of nascent
RNA reveals coupling among RNA processing events. Genome Res. 28,
1008–1019 (2018).

55. Takahara, K. et al. Order of intron removal influences multiple splice
outcomes, including a two-exon skip, in a COL5A1 acceptor-site mutation
that results in abnormal pro-alpha1(V) N-propeptides and Ehlers-Danlos
syndrome type I. Am. J. Hum. Genet. 71, 451–465 (2002).

56. Blazquez, L. et al. Exon junction complex shapes the transcriptome by
repressing recursive splicing. Mol. Cell 72, 496–509 (2018).

57. Boehm, V. et al. Exon junction complexes suppress spurious splice sites to
safeguard transcriptome integrity. Mol. Cell 72, 482–495 (2018).

58. Kuscu, C., Arslan, S., Singh, R., Thorpe, J. & Adli, M. Genome-wide analysis
reveals characteristics of off-target sites bound by the Cas9 endonuclease. Nat.
Biotechnol. 32, 677–683 (2014).

59. Pacheco, T. R., Coelho, M. B., Desterro, J. M., Mollet, I. & Carmo-Fonseca, M.
In vivo requirement of the small subunit of U2AF for recognition of a weak 3’
splice site. Mol. Cell Biol. 26, 8183–8190 (2006).

60. Kfir, N. et al. SF3B1 association with chromatin determines splicing outcomes.
Cell Rep. 11, 618–629 (2015).

61. Yearim, A. et al. HP1 is involved in regulating the global impact of DNA
methylation on alternative splicing. Cell Rep. 10, 1122–1134 (2015).

62. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics. 30, 2114–2120 (2014).

63. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence
of insertions, deletions and gene fusions. Genome Biol. 14, R36 (2013).

64. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15–21 (2013).

65. Pohl, A. & Beato, M. bwtool: a tool for bigWig files. Bioinformatics. 30, 1618–
1619 (2014).

66. Trapnell, C. et al. Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation. Nat
Biotechnol. 28, 511–515 (2010).

67. Yeo, G. & Burge, C. B. Maximum entropy modeling of short sequence
motifs with applications to RNA splicing signals. J. Comput. Biol. 11, 377–394
(2004).

68. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–359 (2012).

Acknowledgements
The research was funded by the Israel Science Foundation [ISF 671/18, ISF 142/13, 1140/
17]; German-Israel Foundation for R&D [GIF I-1460]; Israel Cancer Association [ICA
20170034]; Israel Cancer Research Foundation [ICRF PG-18-105]; and United States –
Israel Binational Science Foundation [BSF 2017086].

Author contributions
Y.L. and G.L.M. performed the biological experiments. R.S. and M.H. helped with bio-
logical experiments. L.T. generated the FRG1 WT and mutant cell lines and cloned the
U1 snRNA plasmid. J.Z. generated the RNA-seq results. I.K. analyzed RNA-seq. M.S.
performed bioinformatics analyses of RNA-seq, ChIP-seq, and RNA ChIP-seq. O.H.
analyzed RNA ChIP-seq. Y.L., G.L.M., M.S., E.M. and G.A. wrote the manuscript. D.H.
was involved in shaping the research hypothesis. All authors read and approved the final
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24774-6.

Correspondence and requests for materials should be addressed to G.L.M. or G.A.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24774-6 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:4545 | https://doi.org/10.1038/s41467-021-24774-6 | www.nature.com/naturecommunications 11

https://doi.org/10.1038/s41467-021-24774-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	The upstream 5′ splice site remains associated to the transcription machinery during intron synthesis
	Results
	During transcription of downstream introns, pol II associates with the pre-mRNA 5′SS
	The 5′SS is tethered to pol II through base pairing with U1�snRNA
	U1�snRNP and pol II are tethered to 5′SS regions of unspliced transcripts in a transcriptome-wide manner

	Discussion
	Methods
	Cell maintenance and minigene construction
	Cloning
	sgRNA design and cloning
	Site-directed mutagenesis
	Transfection
	Antisense oligonucleotide treatment
	Small interfering RNA (siRNA) treatment
	Co-transcriptional splicing
	Co-immunoprecipitation
	Western blots and antibodies
	RNA-ChIP
	cDNA synthesis and qPCR
	RNA-seq
	Double ChIP-seq
	Double RNA-ChIP-seq
	RNA-seq, ChIP-seq, and RNA ChIP-seq alignment
	ChIP-seq and RNA ChIP-seq occupancy
	Gene expression and isoform abundance calculation
	Splice-site strength scores
	U1 mutant and wild-type read counts

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




