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SUMMARY

Full-length transcription in the majority of human genes depends on U1 snRNP (U1) to co-
transcriptionally suppress transcription-terminating premature 3’-end cleavage and
polyadenylation (PCPA) from cryptic polyadenylation signals (PASSs) in introns. However, the
mechanism of this U1 activity, termed telescripting, is unknown. Here, we captured a complex,
comprising U1 and CPA factors (U1-CPAFs), that binds intronic PASs and suppresses PCPA. U1-
CPAFs are distinct from U1-spliceosomal complexes; they include CPA’s three main subunits,
CFIm, CPSF, and CstF, lack essential splicing factors, and associate with transcription elongation
and mRNA export complexes. Telescripting requires U1:pre-mRNA base-pairing, which can be
disrupted by U1 antisense oligonucleotide (U1 AMO), triggering PCPA. U1 AMO remodels Ul-
CPAFs, revealing changes, including recruitment of CPA-stimulating factors, that explain U1—
CPAFs’ switch from repressive to activated states. Our findings outline U1 telescripting
mechanism and demonstrate U1’s unique role as central-regulator of pre-mRNA processing and
transcription.

INTRODUCTION

Previous studies have revealed an essential role for U1 snRNP (U1), an abundant small
nuclear RNA-protein particle, in full-length RNA polymerase 11 (Pol 1) transcription in the
majority of protein-coding genes. This U1 role relies on its ability to suppress transcription-
terminating premature cleavage and polyadenylation (PCPA) from cryptic polyadenylation
signals (PASSs) in introns and 3’-untranslated regions (3’UTRs) (Berg et al., 2012; Kaida et
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al., 2010). U1 PCPA suppression, an activity termed telescripting, which is separate from
U1’s role in splicing, is particularly required for genes with large introns, thereby providing
regulation of size-function stratified metazoan genomes (Oh et al., 2017). In addition, U1
telescripting determines messenger RNA (mRNA) length and confers transcription
directionality from bidirectional promoters (Berg et al., 2012; Kaida et al., 2010; Almada et
al., 2013; Ntini et al., 2013; Vorlova et al., 2011; Langemeier et al., 2012). U1 has been
extensively characterized for its role in 5’-splice site (5°ss) recognition, an initiating step in
spliceosome assembly (Mount et al., 1983), however, the mechanism of U1 telescripting is
unknown.

U1 is comprised of 11 subunits: U1 snRNA [164 nucleotides (nt) in vertebrates], a
heptameric Sm protein core, and three U1-specific proteins, U1-70K, U1A and U1C. The
crystal structures of human U1 snRNP have been determined (Pomeranz Krummel et al.,
2009; Weber et al., 2010); however, major portions of the U1-specific proteins, including
their domains that interact with other spliceosomal proteins, are either not present or not
visible in these structures. U1 binding to a 5’ss is mediated by U1 snRNA’s 5’-sequence
(9nt) base-pairing, which is highly degenerate and generally insufficient to distinguish
canonical 5’ss from cryptic 5’ss and other RNA sequences (Roca et al., 2013). Thus,
additional interactions of U1 with pre-mRNA-binding proteins and with U2 snRNP (U2),
which binds the intron’s branch site near the 3’ss, are necessary for its recruitment to
internal 5’ss, and with the 5’-cap binding complex (CBC) for the first 5’ss (Lewis et al.,
1995). Nevertheless, U1 snRNA:pre-mRNA base-pairing is necessary both for splicing and
telescripting, as complementary antisense morpholino oligonucleotide (U1 AMO) that
interferes with this interaction inhibits splicing and elicits PCPA (Berg et al., 2012; Kaida et
al., 2010). While U1 AMO is an artificial tool, it mimics a physiological process, as some
level of PCPA that causes transcription attrition, occurs frequently and naturally in the same
locations in cells and tissues (Berg et al., 2012; Derti et al., 2012; Oh et al., 2017; Venters et
al., 2019).

PASs consist of three RNA sequence motifs: a PAS hexamer, generally AAUAAA and
variants thereof (Tian and Graber, 2012); a UGUA sequence upstream element (USE); and a
downstream G/U-rich element (DSE) (Figure 5). These elements bind cleavage and
polyadenylation factors (CPAFs) organized into three main subunits (Eckmann et al., 2011;
Shi and Manley, 2015; Tian and Manley, 2017). The CPSF subunit, comprising CPSF160/
CPSF1-WDR33-CPSF30/CPSF4-Fip1, binds the PAS hexamer (Chan et al., 2014;
Schénemann et al., 2014; Casafal et al., 2017; Sun et al., 2017; Clerici et al., 2017). This
CPSF, together with CPSF100/CPSF2, the endonuclease CPSF73/CPSF3, and the poly(A)
polymerase (PAP), are necessary and sufficient for the CPA reaction /n vitro. The USE-
binding subunit, CFIm, is a tetrameric complex consisting of a CFIm25/CPSF5/NUDT21
dimer and CFIm59/CPSF7 and/or CFIm68/CPSF6. CFIm59 and CFIm68 and have serine
and arginine (SR) repeats domains, a common protein-protein interaction domain in many
RNA-binding proteins (RBPs) that are involved in RNA processing (Riiegsegger et al.,
1998). The CstF subunit is a trimer-dimer of CstF64/CSTF2, CstF77/CSTF3, and CstF50/
CSTF1, which binds the DSE (Takagaki et al., 1990). Additional key factors include the
poly(A)-stimulating factor, PABPN1 (Preker et al., 1995), Symplekin/SYMPK, and CFlIm
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(Pcf11, Clpl). Multiple interactions among CPAFs and with Pol Il C-terminal domain
(CTD) help their assembly and regulate CPA (Shi and Manley, 2015).

Studies to date have focused on CPAFs in the context of PASs in 3’UTRs and their roles in
alternative polyadenylation (APA) mostly in the last exon (Li et al., 2015; Martin et al.,
2012; Masamha et al., 2014; Yao et al., 2012; Chan et al., 2014; Schénemann et al., 2014).
Here, to investigate how U1 telescripting silences numerous PASs in introns and throughout
nascent transcripts, we determined U1 and CPAFs’ transcriptome binding locations and
interactions. We show that U1 and CPAFs are associated in complexes that govern the
activity of PASs, providing insights into telescripting mechanism, CPA regulation and
transcription elongation.

U1 and CPAFs co-localize at PCPA sites

As potential interactions of U1 and CPAFs in cells could be disrupted during cell lysis and
adventitious associations could occur, we sought to preserve native complexes by treating
cells with formaldehyde, a “zero distance” protein-protein and protein-RNA crosslinker. To
minimize excessive crosslinking and ensure specificity, we treated human HelLa cells for
only 10 minutes with a low-concentration of formaldehyde and immunopurified (IP) U1 and
CPAFs under stringent conditions, as described previously (Yong et al., 2010). To develop
genome wide maps of U1 and CPAFs, the crosslinked IPs (XLIPs) were digested with
RNase and the RNA fragments and proteins that remained were eluted and identified by
high throughput RNA sequencing (RNA-seq) and mass spectrometry, respectively. For
accurate comparisons, IPs with several antibodies were performed in parallel from the same
cell lysate.

XLIPs with antibodies to the three U1 proteins, ULA, U1C, and U1-70K; CPAFs
representing the CFIm, CPSF, and CstF subunits (CFIm25, Fip1, and CstF64, respectively);
spliceosomal U2 snRNP protein (SF3B1), provided a comprehensive picture of the locations
of U1 and CPAFs and their relations to spliceosomes. RNA-seq reads were aligned to the
human genome (hg38). The statistics of these XLIP-RNA-seq alignments are shown in Table
S1.

Representative genome browser maps of XLIPs-RNA-seq in protein-coding genes showed
co-localization of U1 and CPAFs in long introns, such as RAB7A, EXT1, and AKAP13
(Figure 1A). These peaks were particularly prominent in the longest intron, frequently the
first or second, in many cases tens of kilobases (kb) from the intron’s 5’ss. The binding
locations were frequently seen as a series of peaks, which may represent several U1 and
CPAFs hundreds or more nucleotides apart with looped-out pre-mRNA regions between
them. This interpretation is also congruous with observations that PASs are frequently found
as clusters (Almada et al., 2013; Chiu et al., 2018).

U1 and SF3B1 XLIPs co-localized in exons and splice sites, which represent spliceosome
assembly positions. The near absence of SF3B1 from intronic peaks of U1 and CPAFs
distinguishes these peaks from spliceosomes. HNRNPC was also under-represented in
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intronic U1 and CPAFs peaks compared to flanking intronic regions (Figures S1).
Comparisons with published binding sites of several CPAFs, determined by UV crosslinking
(PAR-CLIP-seq) (Martin et al., 2012; Schénemann et al., 2014), showed similar patterns to
U1 and CPAFs’ XLIPs, validating the locations of these factors and our XLIP methodology
(Figures S1, CLIP panel). U1 and CPAFs peaks were undetected in the input or non-specific
antibodies (SP2/0) tracks, further supporting the specificity of the XLIPs (Figure S1).

To determine if the U1 and CPAFs peaks are related to PCPA, we mapped the positions of
3’-poly(A) sequences from nascent transcripts in cells transfected with U1 AMO compared
to control AMO (non-targeting scrambled sequence; cAMO). Nascent RNAs were detected
by RNA-seq of 5 min pulse-labeled ethynyl-uridine (EU) RNA (EU-RNA-seq). This showed
that U1 and CPAFs peaks were bound at or near U1 AMO-induced PCPA positions,
suggesting that U1 and CPAFs bind at or near actionable PASs that are normally suppressed
(Figure 1A).

Metaplots of the XLIPs in introns of PCPAed genes demonstrate the generality of these
observations, showing that U1 and CPAFs peaks co-localized with PCPA points in introns
(Figure 1B). Furthermore, U1 and CPAFs peaks were also evident in the last exon,
downstream of the last 3’ss, suggesting that U1-CPAFs play a role in PAS regulation
throughout nascent transcripts. The corresponding metaplots confirmed the generality of this
conclusion (Figure 1C). A role for U1-CPAFs in regulation of PASs in the last exon is
consistent with 3’UTR shortening (usage of more proximal PASs among tandem PASs in the
last exon) observed with low U1 AMO doses (Berg et al., 2012). The decline in the ratio of
U1 to CPAFs with greater distances from the last 3’ss (Figure 1C) may explain why distal
PASs in 3’UTRs are normally used.

A complex of Ul and CPAFs (U1-CPAFs)

Two lines of evidence suggest that the co-localized U1 and CPAFs peaks represent U1l
complexes with CPAFs, as opposed to the same factors bound separately in the same
locations. First, alignment of RNA-seq reads to SnRNA sequences showed strong U1 snRNA
enrichment and selectivity in the U1 proteins” XLIPs (Figure S2), confirming the specificity
of the procedure. U1A and U1-70K XLIPed U1 snRNA nearly exclusively. U1C XLIPed Ul
SsnRNA preferentially and contained a smaller amount of U2 snRNA (17% compared to U1
snRNA), consistent with pervasive U1-U2 associations. As a reference, SF3B1 XLIPed U2
SsnRNA, preferentially, as well as significant amounts of U1 snRNA (about 30% compared to
U2 snRNA). Importantly, CstF64, CFIm25 and Fipl XLIPed large amounts of U1 sSnRNA,
suggesting an association between CPAFs and U1 in cells.

Second, mass spectrometry of the XLIPs showed in-cell crosslinking dependent specific
enrichment of CPAFs in U1 XLIPs and U1 in CPAFs XLIPs. Proteins captured in the XLIPs
were released with SDS and analyzed by liquid chromatography-mass spectrometry (LC-
MS/MS), which provided their composition and stoichiometry using label-free intensity
based absolute quantification (IBAQ) (Schwanhdusser et al., 2011). To ensure consistency
between samples, all XLIPs were performed in parallel from the same cell lysate (input)
(Table S2). A complete listing of the IBAQs of all the detected proteins in XLIP-MS with
U1A and U1-70K, and CstF64 are shown in Table S3. The same IP procedure without
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crosslinking (noXL), demonstrated the specificity of the antibodies and the stringency of the
procedure (Table S3). The low IBAQs of abundant cellular proteins, including histones,
cytoskeletal proteins, metabolic enzymes, and ribosomes, demonstrated that the crosslinking
was not excessive.

As expected, U1 XLIPs contained U1-specific and Sm proteins. U1C was under-represented
in U1A and U1-70K XLIPs, which may be explained by its limited interaction surface with
U1-70K (Pomeranz Krummel et al., 2009; Weber et al., 2010), and its propensity to
dissociate from U1 during the sample preparation (Hernandez et al., 2009). In keeping with
U1’s role in splicing, U1 XLIPs were highly enriched in spliceosomal proteins, including U2
(U2A’/SNRPA1, U2B”/SNRPB2, SF3A, and SF3B), U5 (U5-40K/SNRNP40, Brr2/
SNRP200, and hSNU114/EFTUD2), NineTeen complex (NTC; PRP19/PRPF19), and the
exon-junction complex (EJC; elF4A3 and Y14/RBMB8A). The SMN complex, which
assembles U1 and other snRNPs’ Sm cores, was selectively enriched in U1-70K XLIPs, as
expected (So et al., 2016) (Table S3).

Importantly, U1A XLIPs contained CPAFs of the CFIm and CPSF subunits, with greater
enrichment of CFIm (CFIm25>CFIm59>CFIm68 in an order of IBAQ values). U1-70K
XLIPs were enriched in the CFIm subunit CFIm25>CFIm68 and only small amounts of
CFIm59 (Figure 2). CFIm25, for example, was as highly represented as the U2 associated
splicing factor U2AF65 in U1A XLIPs. CstF64 XLIPs contained CPAFs of all three CPA
subunits, as expected for an assembled and functional CPA complex, as well as comparable
amounts of ULA and Sm proteins with CFIm25. PAP and CPA-regulating Pcf11 and Clpl
(CFIIm) were undetected in the XLIPs (Table S3), likely because they only transiently
interact with CPAFs (which makes crosslinking inefficient) and their abundance in the input
was very low.

Additional functional groups enriched in U1 and CstF64 XLIPs, include the transcription
elongation and export complex (TREX), Pol Il transcription regulators, mRNA degradation
factors, chromatin remodeling proteins, and hnRNP and SR proteins, known for their roles
in every aspect of pre-mRNA processing. (Figures 2 and Table S3).

Ul AMO alters interactions in U1-CPAFs, but does not disrupt the complex’s integrity

We next investigated the effect of UL AMO on U1-CPAFs. XLIPs-MS from cells
transfected with U1 AMO showed that U1 itself was not disrupted. Consistent with the
general splicing inhibition at the high U1 AMO dose used in these experiments (Berg et al.,
2012; Kaida et al., 2010; Oh et al., 2017), U1 interactions with spliceosome components
were reduced by 75-90% (Figure 2) though U1 interactions with U2 were less affected.
Interestingly, U1 AMO changes U1A interactions with CPAFs. For example, the CFIm and
CstF subunits decreased by 50-80%, and the ratio of CFIm59 and CFIm68 inverted, from
CFIm59>CFIm68 to CFIm68>CFIm59 in U1 AMO compared to cAMO (Figures 2 and S3).
In contrast, U1-70K XLIPs with CFIm25 and CFIm68 did not decrease with U1 AMO.
CstF64 XLIPs showed that U1 AMO did not disrupt interactions among CPAFs, however
crosslinks with U1A were strongly reduced (90%). Similar to ULA XLIPs, an increased
IBAQ ratio of CFIm68 compared to CFIm59, was also seen in the CstF64 XLIPs after Ul
AMO. These observations suggested that U1 AMO did not disrupt U1-CPAFs overall;
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instead, it had a selective effect on associations involving U1A, and it remodeled the CFIm
subunit. Another notable change with U1 AMO in CstF64 XLIPs was a strong increase in
SUMO2/3, previously shown to activate CPAFs (Vethantham et al., 2007); however, the
sumoylated proteins could not be ascertained from the MS data.

Consistent with this conclusion, XLIPs-RNA-seq showed that many of the U1 and CPAFs
peaks in introns remained in the same locations despite U1 AMO (Figure S4). As PCPA
occurred at these locations, this suggested that U1 base-pairing inhibition altered the
function of these U1-CPAFs without removing U1. Because U1 binding is thought to
depend on U1 snRNA base pairing, which U1 AMO inhibits, this unexpected observation
raised the remote possibility that that U1-CPAFs peaks included U1 proteins, but perhaps
not U1 snRNA. To test this, we transfected cells with biotin-U1 AMO or biotin-cAMO, and
performed crosslinking and pulldowns (XLPD) using streptavidin to capture the biotinylated
probes. RNA-seq confirmed that biotin-U1 AMO elicited PCPA like U1 AMO. Interestingly,
biotin-U1 AMO mapped to the same positions as U1-CPAFs at PCPA sites in introns
(Figure S4). Thus, U1 snRNA was in U1-CPAFs at PCPA locations in introns despite having
biotin-U1 AMO bound. While many prominent intronic U1-CPAFs remained after biotin-
Ul AMO, a more common outcome was that U1-CPAFs peaks, that are many kb away from
the TSS, were completely or partially eliminated because PCPA shifted upstream to more
TSS-proximal PASs, as previously described (Oh et al., 2017).

Ul AMO activates U1-CPAFs without releasing Ul

Genome browser views and metaplots showed the most prominent biotin-U1 AMO peak in
most genes was at the first 5’ss, ~250nt from the TSS, which corresponds to the median size
of the first exon (Figures 3A, 3B, and S4). This major biotin-U1 AMO peak was separate
from, and immediately downstream of, the promoter proximal paused (PPP) Pol |1 peak.
XLIPs of Ul and CPAFs coincided with the biotin-U1 AMO peak in the sense direction,
rising sharply from the first 5’ss and formed a broad peak in the first part of the intron, about
750-800nt downstream of the TSS, that tapered off gradually over several kb (Figures 3C
and S4C). This pattern, from aggregate data, is consistent with a model where U1-CPAFs
bind at the first 5’ss through U1, and at a PAS(s) in the first part of a long intron through
CPAFs. The widespread binding of biotin-U1 AMO to the first 5’ss provided striking
evidence that this interaction does not, at least not always, require RNA base-pairing. Loss
of splicing from this 5’ss are consistent with this, and suggest that U1 binding must be
underpinned by other U1 interactions.

We took advantage of the biotin-U1 AMO XLPD to affinity purify CPA-active U1-CPAFs
and determine their composition by mass spectrometry. The biotin-U1 AMO XLPD
proteome showed strong enrichment (IBAQ ratios in biotin-U1 AMO compared to cAMO)
of U1 proteins, U1A, and U1-70K, as well as several CPAFs, confirming both the probe’s
specificity for U1 and demonstrating that U1-CPAFs were not disrupted (Table S4). Lack of
enrichment of other SnRNPs/SFs indicated that biotin-U1 AMO prevented the assembly of
spliceosomes. Importantly, the subset of CPAFs that were enriched in the biotin-U1 AMO
XLPD were consistent with U1-CPAFs being in an activated state, including CFIm68,
PABPN1 and CPSF100 (Figure 3D). For example, the IBAQ ratio of CFIm68 to CFIm59,
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which is <0.95 in biotin-cAMO, became >1.7 in biotin-U1 AMO. CFIm68 and CFIm59 bind
CFIm25 mutually exclusively; however, CFIm68 is CPA stimulatory while CFIm59 is not
(Dettwiler et al., 2004).

Several additional factors that were highly enriched in biotin-U1 AMO XLPD revealed links
to the CBC, Pol Il transcription, nuclear mRNA export, and RNA degradation by the nuclear
exosome (Figure 3D). These include the CBC’s, NCBP3 (Gebhardt et al., 2015) and Ars2;
TREX components, Aly/REF, ERH, PDIP3, and UAP56; Pol Il regulators, including CTD-
binding SR protein, SCAF11 (Tanner et al., 1997), ZNF326 and CCAR1/2, components of
the transcription elongation complex, DBIRD (Close et al., 2012), and the CTD kinases,
CDK11A and CDKZ12, which are required for Pol Il pause release (Bartkowiak et al., 2010);
the nuclear exosome adaptor complexes; poly(A) tail exosome targeting (PAXT); and
nuclear exosome targeting (NEXT) (e.g. ZC3H18, ZFC3H1, ZCCHC8 and XRN2)
(Andersen et al., 2013). Notably, ZFC3H1, which is specific to PAXT (Meola et al., 2016),
was as abundant as the NEXT adaptor ZCCHCS in Biotin-U1 AMO XLPD-MS (Table S4).
Sam68/KHDRBS1 has been recently shown to bind in proximity to U1 and play a role in 3’-
end processing in germ cells (Naro et al., 2019). Thus, U1-CPAFs at the first 5’ss plays a
crucial role in telescripting in genes with long first introns.

CFIm68 stimulates PCPA

The MS data revealed the CFIm subunit as a major interactor for U1, in particular CFIm68’s
increased representation with in U1-CPAFs after transfection of U1 AMO. To test the role
of CFIms to PCPA, we knocked down (KD) CFIm68 and CFIm25 by RNA interference
(siRNAs), which achieved 80-90% reductions of these proteins (Figure 4A). As previously
shown (Masambha et al., 2014), CFIm25 KD also decreased CFIm59 (>73%), but CFIm68
KD had little effect on CFIm25 and CFIm59 proteins (<20%). RNA-seq of newly
transcribed RNAs (labeled for 30min with 4-thiouridine), showed that CFIm68 KD
decreased the amount of natural PCPA, which is readily detected in the first 1kb from the
5’ss of the first long intron, illustrated in genome browser views of GLS, ACACA, and
SIAHI (Figure 4B). RNA-seq from U1 AMO transfected cells confirmed the identity of the
PCPA peaks indicated by arrows and their reciprocal relationship with the amount of
splicing from the first exon to those downstream. Calculation of the RNA-seq reads ratio in
the first 1kb of the intron to the first exon demonstrated the generality of these observations
(Figure 4C). To avoid potential signals from downstream exons, this analysis only included
first introns of 3kb or longer. These data suggest that CFIm68 is a PCPA stimulator and a
key role of U1 telescripting is to prevent CFIm68 from joining and activating U1-CPAFs.

DISCUSSION

Our studies have uncovered U1-CPAFs, a complex, distinct from U1 complexes with
spliceosomes, that regulates PAS dependent 3’-end processing and thereby Pol 11
transcription elongation and termination. The observation that U1 base-paired to nascent
RNA through U1 snRNA’s 5’ sequence suppresses actionable PASs by direct binding to
CPAFs rules out several other conceivable scenarios, such as that U1 hinders PASs, acts
indirectly from a distance, or as a secondary effect of splicing inhibition. Although earlier
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studies have described several interactions between U1-free ULA or U1-70K with individual
CPAFs (Awasthi and Alwine, 2003; Lutz et al., 1996), U1-CPAFs may not have been
detected previously because they readily dissociate upon cell lysis unless they are first
crosslinked in cells. Furthermore, U1 is not essential for CPA, which can be reconstituted in
vitro without U1 and uncoupled from transcription, which likely contributes to U1-CPAFs
assembly. The XLIP procedure allowed us to specifically capture U1-CPAFs with several
different antibodies for comprehensive profiling of their composition and RNA binding
locations. Previous studies to map U1 binding (Engreitz et al., 2014) or identify the U1
interactome (Chu et al., 2015) used much more extensive chemical crosslinking and lacked
U1l AMO. They have not achieved comparable mapping resolution or detected U1-CPAFs.

The compositional and crosslinking changes in U1-CPAFs caused by U1 AMO, illustrated
in Figure 5, suggest several potential mechanisms for U1 telescripting and regulation of
PASs. Under normal conditions, U1-CPAFs have U1 snRNA base-paired to a 5’ss or other
complementary sequence in the nascent transcript (pre-mRNA, INcCRNA or other), and the
CPAFs are bound to a PAS downstream. There are at least two potential explanations why,
despite having CPAFs, U1-CPAFs suppress the actionable PASs to which they bind. First,
U1 prevents the CPA-stimulating factors, CFIm68 and PABPN1, from joining the other
CPAFs. With U1 AMO, CFIm68 replaces CFIm59, which is not CPA-stimulating and
competes with CFIm68 for binding to CFIm25 (Riegsegger et al., 1998; Zhu et al., 2018).
Interestingly, the three CPAFs that are most abundant in Biotin-U1 AMO XLPD (U1-
CPAFs active state), CFIm25, CFIm68 and PABPN1 (Table S4), have been shown to
stimulate CPA (Ruegsegger et al., 1998; Zhu et al., 2018; Kerwitz et al., 2003) and shift
APA to usage of more proximal PASs (Jenal et al., 2012; Masamha et al., 2014; Yao et al.,
2012). Second, U1A could inhibit CPAFs. Although U1A has been shown to inhibit PAP in
specific contexts, such as /n vitro, in the last exon, and as U1-free protein (Boelens et al.,
1993; Gunderson et al., 1998; Workman et al., 2014), its selective disengagement from
CPAFs with U1 AMO, suggests that it could have a role in CPA suppression.

The specific change that U1 AMO induces in U1-CPAFs, particularly in U1, remains to be
elucidated. It is nevertheless surprising that U1-CPAFs can assemble on nascent transcripts
in the same locations despite U1 AMO masking the U1 snRNA 5’-end. Other interactions
must therefore be sufficient to associate U1 with nascent RNAs, including protein-protein
interactions with CPAFs. Numerous interactions of U1 proteins with RBPs (hnRNP and SR
proteins) that bind pre-mRNAs and U2, as well as binding of SF3AL to U1 snRNA’s stem-
loop 4 (Sharma et al., 2011) could explain U1’s binding to pre-mRNAs. Moreover,
disruption of U1 base-pairing with 5’ss is a normal, necessary and highly regulated step in
splicing during spliceosomal B complex formation, and yet U1 is not released (Konforti et
al., 1993). Although U1 AMO is an artificial experimental tool, there is now a wealth of
evidence that it recapitulates natural PCPA, and it is therefore likely that it mimics
physiological regulation. PCPA frequently occurs from PASs in the first part of the first
intron, making the U1-CPAFs at the first 5’ss particularly important for telescripting (Berg
et al., 2012; Kaida et al., 2010; Almada et al., 2013; Ntini et al., 2013; Vorlova et al., 2011;
Langemeier et al., 2012). The U1-CPAFs peak rises sharply immediately downstream of the
promoter proximal Pol Il peak, which corresponds to PPP Pol Il, and is highest over the first
5’ss. It then slopes down to baseline over 1-3kb, where the first nucleosome and PAS
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clusters are located in thousands of genes (Berg et al., 2012; Oh et al., 2017; Venters et al.,
2019; Chiu et al., 2018). Thus, the first U1-CPAFs in long genes, constitutes a separate
check-point from the PPP.

The most prominent U1 peak with U1 AMO is over the first 5’ss and the biotin-U1 AMO
XLPDs provided clear information about U1 interactions at that location. In addition to the
CPAFs, these include addition to 5’-cap binding complex (CBC with Ars2; CBCA), the
TREX complex, Pol Il transcription elongation factors, and exosome adaptors (PAXT and
NEXT). These interactions explain the outcomes of PCPA and place U1 at the center of
decision points that determine transcription, RNA processing and mRNA fate. The CBC and
U1 have been shown to have mutually enhancing interactions that are crucial for U1 binding
to the first 5’ss (Lewis et al., 1995). It is likely that U1’s interaction with the CBCA and the
CPAFs help anchor U1 over the first 5’ss even without base-pairing. Ars2 plays a role in 3’-
end processing of various RNAs (Gruber et al., 2012) and its knockdown causes premature
loss of transcription in the same part of genes as PCPA (lasillo et al., 2017; Hallais et al.,
2013). TREX, which has multiple roles in transcription, pre-mRNA processing and mRNA
export (Heath et al., 2016), also binds the CBCA via interaction of Aly/REF with Ars2 (Silla
etal., 2018). Interestingly, TREX also interacts with CFIm68, CPSF100 and CDK11 (Pak et
al., 2015), which like CDK12, phosphorylates Pol 1l CTD heptad repeats’ serine 2 and
thereby enhances CPA (Davidson et al., 2014). It is therefore possible that a CBCA-U1-
CPAFs with associated TREX regulates telescripting/PCPA and transcription elongation
around the first 5’ss.

Previous studies showed that CDK inhibitors, DRB and flavopiridol elicit PCPA (Chiu et al.,
2018; Venters et al., 2019); however, their lack of specificity precluded determination of
which CDK is involved. Enrichment of CDK11 and CDKZ12 in biotin-U1 AMO suggests
that one, or both, of these kinases, have an analogous role in telescripting to that of CDKO,
which functions in PPP Pol Il release. For example, CDK11 and/or CDK12 could function
in facilitating Pol Il pause release at the actionable PASs. Like CDK9, CDK11 and CDK12
also phosphorylate other targets in addition to Pol 1l CTD (Bartkowiak et al., 2010;
Krajewska et al., 2019). The potential role of post-translational modifications, including
phosphorylation and sumoylation, in regulation of U1-CPAFs remains to be determined.

While some of the PCPA transcripts that arise in these locations are exported to the
cytoplasm, most are rapidly eliminated by the exosome, while the downstream RNA tethered
to elongating Pol 1l is chased and ultimately disassembled by the exonuclease Xrn2
(Proudfoot, 2016), which is also enriched in the biotin-U1 AMO XLPD (Figure 4). U1-
CPAFs association with PAXT is consistent with the polyadenylated nature of promoter
proximal PCPA RNAs. The presence of NEXT, albeit at much lower amounts than PAXT,
raises the possibility that some cleavage without polyadenylation may also occur. The
association of Xrn2 adds to the view that U1-CPAFs are resourced for 3’-end processing
and transcription termination.

STAR METHODS

Detailed methods are provided in the online version of this paper and include the following:
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LEAD CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to the Lead contact, Gideon
Dreyfuss (gdreyfuss@hhmi.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture conditions

Hela PV cells were grown in DMEM media supplemented with 10% FBS, L-glutamine,
penicillin and streptomycin.

METHOD DETAILS

Oligonucleotide transfection, RNA interference, and formaldehyde crosslinking

Antisense morpholino oligonucleotide (AMOs, 62.5 nmols) were transfected into 12.5
million HeLa cells by electroporation and grown for 6-8 hr, as previously described (Berg et
al., 2012; Kaida et al., 2010; Oh et al., 2017). Transfection of control siRNA or siRNAs
targeting CFIm subunits (Dharmacon, GE healthcare) into HelLa cells was performed with
Lipofectamine RNAIMAX according to the manufacturer’s protocol (Invitrogen). Control or
U1l AMO was transfected in HeLa cells for 6 hrs at 42—48 hrs post siRNA transfection.
Formaldehyde crosslinking was performed as previously described (Yong et al., 2010) using
native or AMO transfected cells with some modifications. Briefly, 10 million HeLa cells
were crosslinked with freshly prepared 1 mL PBS containing 0.2% formaldehyde for 10 min
at room temperature while rotating and quenched by 150 mM glycine for 10 min before
being washed with ice cold PBS twice.

Antibody conjugation to magnetic beads

Magnetic beads (M-270 Epoxy, Invitrogen) were conjugated to U1 or CstF64 antibody
according to the manufacturer’s protocols. Briefly, 4 mg of the magnetic beads were pre-
washed with 0.1M sodium phosphate buffer (pH 7.4) twice by vortexing for 30s. For the
coupling reaction, 7.5 pg of antibody in 0.1 M sodium phosphate buffer pH 7.4 (200 pL) was
mixed with 3 M ammonium sulfate (200 uL), and incubated for 16 hrs at 300C while
rotating. The antibody conjugated beads were quickly washed with 200 mM glycine-HCl
(pH 2.5), 10 mM Tris-HCI (pH 8.8), and 100 mM freshly prepared triethylamine. The beads
were incubated for 15 min in PBS, 0.5% Triton X-100 at room temperature while rotating
and then washed with PBS 3 times. The beads were resuspended in PBS, 0.02% Triton
X-100 to a final concentration of 10 pg/uL and stored at 40C.

Nascent RNA labeling, purification, and library preparation for RNA-seq

Nascent transcripts were metabolically labeled in HeLa cells with 1 mM 5’-ethynyl uridine
(EV) for 5 min at 8 hr post AMO transfection or with 200 uM 4-thiouridine (4-shU) for 30
mins at 47.5-48 hr post siRNA transfection. After total RNA extraction from cells using
TRIzol (Invitrogen), ribosomal RNAs were depleted by the Ribo-Zero kit (Invitrogen) using
the manufacturer’s instruction. For nascent RNA isolation, EU-labeled total RNAS (10 pg)
were coupled with 1 mM azide-modified biotin in 50 L reaction, then captured by
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streptavidin magnetic beads (Jao and Salic, 2008) using Click-iT Nascent RNA capture kit
(Invitrogen), according to the manufacturer’s protocol. 4-shU labeled total RNAs (100 ug)
were reacted with 0.2 mg/mL EZ-link biotin-HPDP (Thermo Scientific) in 100 UL reaction,
then purified on streptavidin beads (Dynabeads MyOne Streptavidin C1, Invitrogen), as
previously described (Oh et al., 2017). After RNA elution and precipitation steps, the above
procedure was repeated to obtain high-purity RNAs. Nascent poly(A) RNAs were further
purified using oligo-dT columns (Oligotex kit, Qiagen). cDNA synthesis and RNA-seq
libraries were prepared using Kapa stranded RNA-seq library preparation kit, (Kapa
Biosystems) according to the manufacturer’s instructions. Sequencing was performed on
Illumina HiSeq 2500.

RNP immunoprecipitations for RNA binding sites mapping and proteomics

Procedures for immunoprecipitation were modified from previous studies (So et al., 2016;
Yong et al., 2010). The cell pellet was resuspended in RSB300 (10 mM Tris-HCI, pH 7.8,
300 mM NacCl, and 2.5 mM MgCI2) containing 1% Empigen BB and 0.5% TritonX-100
(Empigen buffer) and sonicated 3 times for 10 seconds at 4W output. The lysate was then
centrifuged at 10,000 rpm for 10 min at 4 °C and the supernatant was collected for
immunoprecipitation. The soluble lysate (2-2.5 mg in 500 pL) was incubated with 50-60 pl
of antibodies-crosslinked Dynabeads M270 Epoxy beads (Invitrogen) (Alber et al., 2007) for
1.5 hr in 96-well plates (5-6 wells per immunoprecipitation). The beads were washed in the
lysis buffer (200 pL) 4 times and then washed once in RSB150 containing 0.02%
TritonX-100 using a Kingfisher 96 magnetic particle processor (Thermo Fischer Scientific).
The RNP-bound beads were digested by RNAse T1 (Fermentas) at 0.1 unit/uL for 6 min
before being washed 5 times with the lysis buffer. For RNA-sequencing, washed beads were
incubated in buffer containing 20 mM Tris-HCI/pH 7.8, 150 mM NaCl, 1 mM EDTA and 5
mM DTT at 70 °C for 16 hr for crosslinking reversal and then treated with 1 mg/mL
protease K (Sigma-Aldrich) for 30 min at room temperature. The beads were discarded; the
RNA in solution was purified by phenol-chloroform, treated with TURBO DNase, (0.1 unit/
pL, Ambion) and ethanol precipitated. The RNA fragment size distribution prior to library
preparation was between 100 to 500bp as analyzed on a Bioanalyzer, with peaks around 150
to 200bp. cDNA synthesis and RNA-seq libraries were prepared as described above,
excluding any further fragmentation with high heat (65-94 °C) and MgCI2. For proteomics,
RNP complexes were eluted with 30 puL of LDS sample buffer (Invitrogen) without DTT for
10 mins at room temperature; after bead removal, were reversed by incubating samples with
2mM DTT at 70 °C for 16 hr.

Biotin-U1l AMO crosslinking pulldown for RNA-seq and mass spectrometry

After cell lysis using the Empigen buffer, the cell lysates (2-2.5 mg in 500 pL) were
incubated with 25 mg of Dynabeads MyOne Streptavidin C1 (Invitrogen) beads at 4 °C for 1
hr. The beads were washed in the lysis buffer (200 L) as described above. The purified
RNP complexes on beads were digested with RNase A (0.4 mg/mL) and T1 (1 unit/uL)
resulting in RNA fragments <150nt. After the stringent Empigen buffer washing,
streptavidin bead bound complexes were eluted for RNA-seq and mass spectrometry
analysis, as described above.
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Liquid chromatography tandem mass spectrometry

Samples (25 pL) eluted from each XLIPs with LDS buffer were run separately on a 4-12%
Tris-Bis SDS-PAGE gel (Invitrogen) with a short path-length (~1 cm) and stained with
Coomassie blue. The bands were cut and subjected to in-gel trypsin digestion and peptides
were identified by LC-MS/MS (Reyes et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Processing RNA-seq reads

Paired-end RNA-seq reads were trimmed of any adaptor sequences with the FASTX-ToolKkit
(version 0.0.14). The two paired reads were merged into one single fragment using PEAR
(version 0.9.8), and then fragments larger than 150nt were filtered out. The remaining reads
were aligned to the GRCh38/hg38 reference genome using STAR (version 2.5.3a) with the
following parameters: --twopassMode Basic -- alignSJoverhangMin 5 --
alignSJDBoverhangMin 5 --outSAMmapgUnique 255 -- outFilterMultimapNmax 1 --
outSJfilterReads Unique. Reads per exon were grouped, from which RPKM (reads per
kilobase per million mapped reads) values were calculated using SAMtools (version 0.1.19).
In order to directly compare samples that have a different number of mapped reads, the read
coverage for each sample was normalized to the total number of mapped reads per million
(RPM). This normalized value was also used to scale the samples for visualization on the
UCSC Genome Browser (http://genome.ucsc.edu/). External CLIP-seq and Pol 1l ChlP-seq
datasets were downloaded in raw format from the Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) and then processed and aligned as described above.

Metagene analysis

To remove potential background binding, mapped reads in Biotin-ULAMO XLPD or XLIPs
RNA-seq were normalized using a log?2 ratio to the corresponding input RNA or SP2/0
XLIP, respectively, using bamCompare from deepTools (v3.1.3) All profiles were generated
using computeMatrix and plotProfile from the same package. Metagene plots of U1-CPAFs
co-localization were carried out starting from EU polyA RNA peaks located in introns
(n=1,485). These peaks were determined by searching for the local signal maxima of EU
polyA RNA peaks using Piranha (version 1.2.0) with the following parameters: -s -b 50 -u
50 -p 0.05 -a 0.95 -v -d ZeroTruncatedNegativeBinomial. The middle-points of these peaks
were defined as the peak center and used for centering the metagene plots with the
aforementioned normalized reads of U1 and CPAFs binding from control and U1 AMO
transfected XLIP-seq. For metagene profiles around the TSS, first 5°ss, or last 3’ss, genes
with either directly overlapping transcripts or transcripts within 2.5kb of these points were
excluded from the metagenes so as not to skew the plots with off-target signals. The
resulting 15,091 genes were selected for metagene analysis. These metagene profiles were
then plotted from the normalized read values across a 4kb window.

snRNA sequence alignment

All sequences for the spliceosomal snRNAs (U1, U2, U4, Udatac, U5, U6, U6atac, U11 and
U12) were downloaded from Ensembl release 91 (http://useast.ensembl.org) and compiled
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into an artificial genome. After RNA-seq pre-alignment processing as describe above, reads
were aligned to this SnRNA genome using Bowtie 2 (version 2.3.1) with the --sensitive
parameters. Uniquely aligned reads longer than 20nt were filtered for further analysis, and
read counts were determined using Bedtools (version 2.15.0).

Proteomic data analysis

Raw data were analyzed by MaxQuant using the UniProt Human Proteome (http://
www.uniprot.org) and protein-protein interactions were determined using label-free
quantification (Cox and Mann, 2008; Schwanhé&usser et al., 2011; Hubner and Mann, 2011).
IBAQ values for each IP target were adjusted to compare the relative stoichiometries.
Known common contaminants were removed (e.g., keratins, immunoglobin heavy/light
chains and trypsin/LysC-proteases). Protein functions were annotated based on the
GeneCards database (www.genecards.org) and literature searches. The proteins shown in the
figures and described in the text have been cross-verified by two or more biological repeats.
To defining Biotin-U1 AMO-associated proteins from XLPD, IBAQ values of U1 AMO
associated proteins in XLPD only that were 1.2-fold higher than in control AMO XLPD or
only detected in U1 AMO XLPD were considered to be enriched.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ul and CPAFs co-localize at PCPA locations in introns.
(A) Genome browser views of XLIP-seq data for the indicated factors from HeLa cells

transfected with U1 AMO or cAMO in select regions of representative genes (RAB7A,
EXT1, and AKAP13). Non-genomic 3’-poly(A)s identified in the RNA-seq of 5min EU
pulse-labeled and oligo(dT)-selected RNAs indicate the positions of PCPA elicited with U1
AMO (green arrows). In cCAMO, these are located at the end of the genes, which are not
included in the views shown. The Y-axis indicates reads per million (RPM) for the highest
peak within the genome browser field for each sample. Annotated RefSeq gene structures
are shown in blue with thin horizontal lines indicating introns and thicker blocks indicating
exons (See also Figure S1). (B) Metagene plots for U1-CPAFs co-localization at PCPA sites
(n=1,485). Normalized XLIP binding (log2 RPM in XLIPs over SP2/0) of the factors was
rescaled using the lowest values as a baseline and were plotted around the PCPA sites within
a 2kb window. (C) Metagene plots of the normalized U1-CPAFs XLIP binding for PCPA
genes as shown in (B) around the last 3’ss, (n=1,469) within a 4kb window.
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Figure 2. The most enriched proteins in U1 and CstF64 XLIPs in control and U1 AMO
transfected cells.

The bar graph represents the IBAQ abundance of proteins in the indicated XLIPs (See also
Figure S3, Tables S2, and S3). Proteins were ranked by IBAQs from U1A XLIP in control
(cAMO) and classified into indicated functional groups according to protein (UniProt) and
gene databases (GeneCards). Spliceosomes indicates spliceosomal components, including
all snRNPs except U1 (shown separately); CPAFs indicate 3’-processing cleavage and
polyadenylation factors; TREX indicates the transcription and export complex proteins;
hnRNP/SR indicates RBPs of the hnRNP proteins family and the SR domain subgroup;
Transcription regulators indicates proteins involves in mRNA maturation and export. The
scale of the IBAQs for each group is indicated under the bar graphs except for the highest
IBAQ proteins in each XLIP due to high enrichment of the IP target proteins (U1A, Sm
proteins (average), and CstF64 in ULA, U1-70K, and CstF64 XLIPs shown as a broken bar,
respectively).
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Figure 3. Ul and CPAFs co-localize at PCPA locations proximal to the first 5’ splice site in long
introns.

(A) Genome browser views of EU pulse-labeled 3’-poly(A)-seq, biotinylated U1 AMO
XLPD, and XLIP-seq data on representative genes (CDK6and EGFR). The Y-axis indicates
RPM for the highest peak within the genome browser field for each sample. Annotated
RefSeq gene structures are shown in blue with thin horizontal lines indicating introns and
thicker blocks indicating exons. Green arrows indicate end points of major PCPA locations
(See also Figure S5). (B) Metagene plots of Pol Il ChIP-seq for PCPA genes from cAMO-,
U1l AMO-transfected cells (Oh et al., 2017), and biotin-U1 AMO XLPD-seq around the TSS
are shown within a 4kb window (n=1,469) (See also Figure S5). (C) Metagene plots of
normalized XLIP binding (log2 RPM in XLIPs over SP2/0) of the factors (left) and
biotinylated U1 AMO binding (log2 RPM in U1 AMO over cAMO, right) were rescaled
using the lowest values as a baseline and were plotted around the first 5’ss, within a 4kb
widow (n=1,469). (D) Relative stoichiometry of proteins enriched in the main functional
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groups as indicated. X-axis indicates IBAQ enrichment values in U1 AMO-compared to
cAMO-XLPD. U1 snRNP, CPAFs, CBC, TREX, Pol Il-associated, and exosome adaptor
complex proteins are indicated (See also Table S4).
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Figure 4. CFIm25/68 is a natural PCPA activator.
(A) Western blot analysis of HelLa cell lysates transfected with control, CFIm25, or CFIm68

siRNA. The knockdown efficiencies relative to Actin as a loading control are indicated as
percentages of residual protein for each knockdown compared to control. (B) Genome
browser views of 4-thiouridine-labeled RNA-seq data with indicated siRNA knockdowns in
HeL a cells on representative genes (GLS, ACACA, and S/IAHI). The Y-axis indicates RPM
for the highest peak within the genome browser field for each RNA-seq. Annotated RefSeq
gene structures are shown in blue with thin horizontal lines indicating introns and thicker
blocks indicating exons. The 5’ss is indicated by a black arrow above the gene structure.
Green arrows indicate major peaks showing natural PCPA within 1kb downstream of the
first 5’ss. We note that the increase in the PCPA peak is readily apparent by comparison to
the nearby peak in exonl. (C) Box plots showing the distribution of RNA-seq read counts in
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the 1kb downstream of the intron to the reads the first exon upon siRNA knockdown or Ul
AMO. The median of the data is indicated as a notch in the box, while the whisker depicts
1.5 times the inter- quartile range, and outliers are shown as dots. The significance of
difference between each knockdown group was performed using Wilcoxon rank sum test, all
the P-values are <2.2 x 10716,
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Figure 5. Schematic representation of UI-CPAF complex function in telescripting.
Two modes of the U1-CPAF complexes are shown. U1-specific proteins, U1-70K and U1A

bind stem loop (SL) 1 and 2, respectively, while U1C associates with U1 through U1-70K.
A heptameric Sm core on U1’s Sm site between SL3 and SL4. (A) An active mode of Ul-
CPAF complex in telescripting at the cryptic PAS in the first introns. The U1 is not a part of
productive spliceosomes and associates with CFIm, CPSF, CstF complexes, Symplekin/
SYMPK, and PABPN1, which suppresses premature termination. (B) A stimulatory mode of
U1-CPAFs complex active in P/CPA. Loss of U1 snRNA’s 5’-end base-pairing with the
nascent transcript, due to U1 AMO, switches U1-CPAFs from suppressed to CPA-active
states, likely by a combination of removal of inhibitory ULA-CPAF interactions and by
allowing the CPA-stimulatory factor, CFIm68, as the main CFIm25 binder. U1 AMO does
not release U1 from U1-CPAFs, which maintains its overall composition and binding
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locations. For simplicity, other aspects of the model described in the text are not shown,
including interactions with the CBCA, TREX, and exosomes.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

U1-70K Synaptic system 203011

UlA Abcam ab55751
uic Sigma-Aldrich SAB4200188
SF3B1 Bethyl laboratories A300-996A
CFIm25 Proteintech 10322-AP
CFIm68 Abcam ab175237
Fipl Bethyl laboratories A301-462A
CstF64 Bethyl laboratories A301-092A
hnRNPC (Choi and Dreyfuss, 1984) 4F4

SP2/0 (Choi and Dreyfuss, 1984) SP20
Chemicals, Peptides, and Recombinant Proteins

Formaldehyde Sigma-Aldrich F8775
RNAse T1 ThermoFisher ENO0541
RNAse A ThermoFisher EN0531
TURBO DNAse ThermoFisher AM2238
Ribo-Zero rRNA removal kit Hlumina MRZH11124
Click-iT Nascent RNA capture kit Invitrogen C10365
KAPA Stranded RNA- Seq Library Preparation Kit Kapa Biosystems KK8400
Oligotex kit Qiagen 70022
Dynabeads MyOne Streptavidin C1 Invitrogen 65001
Dynabeads Antibody Coupling kit Invitrogen 14311D
NUPAGE LDS Sample Buffer (4X) Invitrogen NP0008
Deposited Data

Raw RNA sequencing data This study GEO: GSE135140

PAR-CLIP RNA-seq

(Martin et al., 2012)

GEO: GSE37398

Pol Il ChIP RNA-seq

(Ohetal., 2017)

GEO: GSE103252

Mendeley

Experimental Models: Cell Lines

Human: HeLa cells

Oligonucleotides

oligonucleotide

Control antisense morpholino oligonucleotide (Kaida et al, 2010) N/A
U1 antisense morpholino oligonucleotide (Kaida et al, 2010) N/A
3’-biotinylated control antisense morpholino This study, GeneTools N/A
oligonucleotide

3’-biotinylated U1 antisense morpholino This study, GeneTools N/A

Software and Algorithms
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

FASTX-Toolkit (version 0.0.14)

(Gordon and Hannon, 2010)

http://hannonlab.cshl.edu/fastx_toolkit/

PEAR (version 0.9.8)

(Zhang et al., 2014)

http://www.exelixis-lab.org/web/software/pear

STAR (version 2.5.3a)

(Dobin et al., 2013)

https://github.com/alexdobin/STAR

SAMutools (version 0.1.19)

(Lietal., 2009)

http://samtools.sourceforge.net/

Piranha (version 1.2.0)

(Uren et al., 2012)

http://smithlabresearch.org/software/piranha/

deepTools (version 3.1.3)

(Ramirez et al., 2016)

http://deeptools.readthedocs.io/en/latest/

Bedtools (version 2.15.0)

(Quinlan and Hall, 2010)

http://bedtools.readthedocs.io/en/latest/

Bowtie 2 (version 2.3.1)

(Langmead and Salzberg, 2012)

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml
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