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SUMMARY

Recent observations showed that nascent RNA polymerase II transcripts, pre-mRNAs, and
noncoding RNAs are highly susceptible to premature 3′-end cleavage and polyadenylation
(PCPA) from numerous intronic cryptic polyadenylation signals (PASs). The importance of this
in gene regulation was not previously appreciated as PASs, despite their prevalence, were
thought to be active in terminal exons at gene ends. Unexpectedly, antisense oligonucleotide
interference with U1 snRNA base-pairing to 5′ splice sites, which is necessary for U1 snRNP’s
(U1) function in splicing, caused widespread PCPA in metazoans. This uncovered U1’s PCPA
suppression activity, termed telescripting, as crucial for full-length transcription in thousands of
vertebrate genes, providing a general role in transcription elongation control. Progressive
intron-size expansion in metazoan evolution greatly increased PCPAvulnerability and depen-
dence on U1 telescripting. We describe how these observations unfolded and discuss U1
telescripting’s role in shaping the transcriptome.
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1 INTRODUCTION

Studies on the survival of motor neuron (SMN) complex
have shown that it is an assembly chaperone for RNA–pro-
tein complexes (RNPs) best characterized for outfitting uri-
dine-rich, noncoding small nuclear RNAs (snRNAs) with
seven-membered Sm protein rings (Sm cores) (Fischer et al.
1997; Liu et al. 1997; Yong et al. 2004b; Cauchi 2010; Fischer
et al. 2011; So et al. 2017). The assemblyof Sm cores is a rate-
limiting step in the biogenesis of small nuclear ribonucleo
proteins (snRNPs), designated U1, U2, U4, U5, U11, U12,
U4atac, which are well-characterized for their functions in
splicing (Guthrie and Patterson 1988; Patel and Steitz 2003;
Yong et al. 2004a; Battle et al. 2006;Wahl et al. 2009; Cauchi
2010; Yong et al. 2010; Fischer et al. 2011;Matera andWang
2014). However, SMN deficiency, which causes spinal mus-
cular atrophy (SMA), changes snRNP levels nonuniformly;
rather than reducing snRNPs proportionally, SMA cells and
cells engineered to have low SMN have an altered snRNP
repertoire (Gabanella et al. 2007; Zhang et al. 2008; Work-
man et al. 2009). It had been noted earlier that snRNPs’
abundances vary despite their 1:1 stoichiometry in spliceo-
somes (Baserga and Steitz 1993). For example, at around
1,000,000 copies per human (HeLa) cell, U1 snRNP (U1) is
several-fold more abundant than U4 and U6. However, the
potential role of snRNP abundance in pre-messenger RNA
(mRNA) processingwas unknown. Aswe had also observed
numerous splicing abnormalities in SMA (Zhang et al.
2008), we set out to determine what effects altering snRNP
repertoire might have on the transcriptome. Both the
snRNP repertoire and splicing changes were complex and
varied in SMA mouse tissues (Zhang et al. 2008, 2013),
suggesting a role for cell-specific factors and making it dif-
ficult to recapitulate in an experimental cell system. To cir-
cumvent this, we chose to systematically inhibit individual
snRNPs one at a time.

Decreasing individual snRNPs levels to varying degrees
by targeted RNA interference (RNAi) with shRNA or short
interfering RNAs (siRNAs) did not seem suitable, as it
takes more than 48 hours and is difficult to control. Instead,
we chose to systematically inhibit individual snRNPs’ splic-
ing activity using antisense morpholino oligonucleotides
(AMOs) to mask the sequences in their snRNAs that are
necessary for base-pairing with pre-mRNA (Kaida et al.
2010). Transfection of 25-mer AMOs toU2 andU12, tested
on select introns, had been previously shown by Harald
Konig and colleagues to inhibit splicing (Matter and Konig
2005). Based on this, we designed a series of snRNA target-
ing AMOs, including U1, U2, U5, U6, U11, and U6atac.
RT-PCR on select introns validated their efficacy and guid-
ed optimization of transfection conditions and selection of
doses and times.

Several features of AMOs make them an advantageous
tool for probing function and interactions of specific RNA
sequences. Their small size facilitates cell penetration, en-
suring transfection of all cells in the experimental popu-
lation. They are fast-acting, binding target RNAs nearly
instantaneously, which minimizes the likelihood of indirect
effects, and they are nondestructive to the RNP target (un-
like antisense deoxy oligonucleotides that elicit RNase H-
mediated RNAdegradation), thereby preventing changes in
the bound versus free RNP proteins pools. The morpholino
chemistry also increases base-pairing avidity for RNA tar-
gets, and they are more RNase resistant compared with
RNA antisense oligonucleotides (Summerton 1999; Heas-
man 2002), allowing the effects of a single transfection to be
measured 24–72hours later. Importantly, AMOdose can be
readily varied over a large range and nontargeting AMOs
can be used as controls.

2 U1 snRNP SUPPRESSES PASs IN NASCENT
TRANSCRIPTS

U1 AMO, which emerged as the key probe in this study,
illustrates the principles that guided the design of splicing-
interfering AMOs. U1 is a ubiquitous RNP in eukaryotes,
comprising U1 snRNA (164 nucleotides in human) and
11 proteins, including seven Sm proteins and three U1-
specific proteins: U1-70K, U1A, and U1C. U1-70K and
U1A bind stem-loops 1 and 2, designated in 5′ to 3′ order,
out of U1 snRNA’s four stem-loops. In addition to its
potential to advance understanding of SMA pathogenesis,
U1 was a target of interest in the context of snRNPs’
stoichiometry because it is the most abundant small non-
coding RNA in vertebrates, which was unexplained. Al-
though U1, along with U2 snRNA, had been detected in
the 1960s (Hodnett and Busch 1968; Weinberg and Pen-
man 1968), they received little attention and there was no
biological framework in which to consider them. That
changed with a series of landmark discoveries by Joan
A. Steitz’s group, beginning in 1979 (Lerner and Steitz
1979), of a new class of RNPs—the snRNPs, which con-
tained U1 and U2 snRNAs as well as additional snRNPs
they discovered, U4, U5, and U6. The same group then put
forward the transformative insight (Lerner et al. 1980),
confirmed shortly thereafter, by direct evidence (Mount
et al. 1983; Padgett et al. 1983), that U1 snRNP recognizes
the 5′ splice site (SS) by RNA:RNA base-pairing between
U1 snRNA’s 5′-end and the pre-mRNA, thus identifying
the first factors and initiating step in the removal of in-
trons. Based on this, to inhibit splicing, we have designed
U1 AMO, a 25-nt AMO complementary to U1 snRNA’s
5′-end, thereby providing a functional knockdown of U1’s
known function.
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Several assays were performed to verify that the trans-
fected U1 AMO bound U1’s 5′-end, determine the dose–
response profile and identify the dose required to mask all,
or nearly all, of U1 in these cells (Kaida et al. 2010). An
RNase H protection assay was performed on extracts from
cells transfected with various U1 AMO doses. This assay,
in which RNase H and an antisense DNA oligonucleotide
probe complementary to U1 snRNA’s 5′-sequence was
added to the extract, cleaves U1 snRNA that has this se-
quence accessible. The results showed a U1 AMO dose-
dependent decrease in U1 snRNA cleavage, indicating that
U1 AMO prevented the antisense DNA oligonucleotide
probe from binding. This determined the U1 AMO dose
at which complete or near complete interference with U1
snRNA 5′-base-pairing in cells was achieved (hereafter,
high U1 AMO). The same dose–response was observed
in a fluorescent in situ hybridization assay using a fluores-
cent labeled locked nucleic acid (LNA) probe complemen-
tary to U1 snRNA’s 5′ sequence on cells transfected with
various U1 AMO doses. In addition, U1 AMO inhibited
splicing of several test introns in vitro. Thus, U1 AMO

functionally inactivated U1 snRNP both in vivo and in
vitro (Kaida et al. 2010).

As these initial experiments (ca. 2008/2009) predated
high-throughput RNA sequencing (RNA-seq), we used
high density genomic tiling arrays, consisting of glass
slide-immobilized oligonucleotides covering three human
chromosomes harboring more than 3600 annotated genes,
the method of choice at the time for surveying transcrip-
tome differences between samples. For this, cDNA was
prepared from total RNA from HeLa cells 8-hours post-
transfectionwithU1AMOat a dose thatmasks all, or nearly
all, of U1’s 5′-end, and from cells transfected with nontar-
geting AMO control in the same experiment. Hybridization
of the cDNAs to the tiling arrays identified differential RNA
expression at each chromosomal location.

Genome browser visualization of the first series of ex-
periments produced a surprising result, which was chal-
lenging to explain (Fig. 1). Expecting U1 AMO to inhibit
splicing, we performed in parallel the same analysis on cells
treated with spliceostatin A (SSA), a smallmolecule splicing
inhibitor that targets SF3B1 (Kaida et al. 2007; Kotake et al.
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Figure 1. Genomic tiling arrays detect, in U1 antisense morpholino oligonucleotide (AMO) transfected cells, tran-
scripts extending from the transcription start site (TSS) of the genes EGFR, BASP1, and NR3C1 into the first part of
the intron in which they abruptly end. (A) AMO (25-mer) to U1 snRNA’s 5′-end (U1 AMO) interferes with U1
snRNP (U1) base-pairing with 5′ splice sites, necessary for splicing of introns, and with other sequences on nascent
transcripts. (B) Transcriptome profiling with genomic tiling arrays show the fold change in RNA signals compared
with control. The top panel shows that, in addition to inhibiting splicing, U1 AMO also induces premature 3′-end
cleavage and polyadenylation (PCPA) as RNA reads downstream from these end points are strongly decreased. In
contrast (bottom panels), splicing inhibition with spliceostatin A (SSA) shows RNA reads increasing over the full
length of introns, as expected for unspliced pre-mRNAs. Schematic gene structures (based on RefSeq, hg19) are
depicted in red, with horizontal lines indicating introns and boxes indicating exons.
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2007), and with U2 AMO. Like AMOs, SSA is fast-acting,
and it produced patterns consistentwith splicing inhibition,
including accumulation of signals covering entire introns.
However, in the majority of genes, U1 AMO produced a
remarkably different pattern, consisting of reads extending
several kilobases from the transcription start site (TSS) into
an intron were they abruptly ended, followed by a precipi-
tous drop over the rest of the gene. Confirming U1’s expect-
ed activity, widespread splicing inhibition was evident by
the accumulation of unspliced introns upstream of the
point where the transcripts precipitously ended. U2 AMO
produced a similar pattern to SSA, indicating that the phe-
nomenon reflected U1-specific activity.

However, we could not discern from the pattern what
the mechanism might be. Possibilities included that U1 is a
transcription factor, particularly for elongation; that RNA
polymerases (Pol II) stalled at road blocks that required U1
base-pairing to overcome (namely, termination did not
occur; polymerases remained engaged but stopped mov-
ing); that transcription termination occurred early; or that
transcription was in fact full-length, but nascent transcripts
were being rapidly degraded leaving only 5′-side RNAs. It
was puzzling why such a dramatic effect had not been
previously detected or reported considering that U1 has
been one of the most intensively investigated RNAs over
decades and in many organisms. The likelihood of a tech-
nical artifact seemed remote, as the same result was ob-
served in three separate biological experiments, but it could
not be ruled out.

Significant progress in this respect came from applica-
tion of another tool, which we used to define the 3′-end
points of the U1 AMO-induced transcripts (Kaida et al.
2010). For this, we performed 3′ rapid amplification of
cDNA ends (3′-RACE) (Scotto-Lavino et al. 2006) on
RNAs using primers to produce cDNAs for 3′-end location
of several genes. Surprisingly, sequencing of these revealed
that they had 3′-end nongenomic poly(A) sequences ∼20–
60 nt downstream from aconsensus polyadenylation signal,
typically AAUAAAand its variants (Proudfoot and Brown-
lee 1976; Magana-Mora et al. 2017), indistinguishable from
canonical PASs that induce cleavage and polyadenylation
(CPA) (Shi and Manley 2015; Tian and Manley 2017)
at genes’ ends. This suggested that they were produced
by premature cleavage and polyadenylation (PCPA) from
cryptic polyadenylation signals (PASs) in introns, counter
to the prevailing view that PASs marked the end of
genes. Mutational inactivation of intronic PASs fromwhich
PCPA is elicited with U1 AMO (actionable PASs, used
hereafter to indicate locations that not only have consensus
PAS hexamer, but also showCPA activity) showed the PAS-
dependent nature of this phenomenon, confirming that
these intronic signals function like PASs at the canonical

3′-end of genes’ full-length transcripts. Interestingly, PAS
inactivation did not necessarily prevent PCPA; instead,
PCPA occurred from downstream PASs in the same intron
or pre-mRNA. Having the same 5′ to 3′ polarity as tran-
scription suggested that PCPA and its suppression by U1 is
a directional, cotranscriptional mechanism (Berg et al.
2012).

These experiments revealed that, in addition to its splic-
ing role, U1 is also a PCPA suppressor. PCPA is not a
secondary effect of splicing inhibition as it frequently oc-
curs in introns at great distances before transcription reach-
es the 3′SS. Early, promoter proximal PCPA is the default
state for the majority of human genes, and full-length tran-
scription requires U1. For brevity, we refer to this activity as
telescripting because it is necessary for long-distance, full-
length synthesis.

As there was nothing known about this new process,
much more information was needed to understand its gen-
erality, potential role in biology and regulation. However,
genomic tiling arrays were a significant bottleneck in terms
of throughput, cost, labor, resolution, and availability of
arrays for probing diverse organisms. RNA-seq became
more widely available, but sequencing capacity, access to
instruments and informatics expertise were major con-
straints. The expense of transcriptome sequencing to a
depth required to identify differences between experimental
samples also limited its application more broadly. To over-
come these limitations, we devised a strategy for rapid tran-
scriptome profiling that greatly accelerated the pace of our
research by applying high-throughput RNA-seq only to
differentially expressed transcripts (HIDE-seq; Berg et al.
2012). Reasoning that the most relevant information we
sought was about what changed on U1 snRNP inhibition,
we used subtractive hybridization (Diatchenko et al. 1996;
Gurskaya et al. 1996) on cDNA fragments prepared from
poly(A) RNA from control and U1 AMO-treated samples
to eliminate identical sequences and thus only PCR amplify
differentially expressed fragments for sequencing. In devel-
oping HIDE-seq we have introduced several technical
improvements to subtractive hybridization, including di-
gestion of the cDNAs with two or more 4-cutter restriction
enzymes, which refined resolution, and ligation of bar-cod-
ed adaptors. These adaptors allowed samples to be com-
bined and sequenced together, drastically reducing cost and
controlling for sample-to-sample variation. By physically
eliminating sequences that did not change, HIDE-seq in-
creased sequencing depth of differential effects and greatly
simplified data analysis as the number of reads directly
reflected transcriptome change at any location. Algorithms
developed to process the HIDE-seq datasets helped classify
transcriptome changes, detect PCPA locations and visualize
them on genome browsers. It confirmed the finding from
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genomic tiling arrays and provided a wealth of new infor-
mation.

Applying HIDE-seq to human, mouse, and fruit fly (us-
ing U1 AMOmatching the U1 snRNA 5′-sequence of each
organism),we showed thatU1 telescripting is evolutionarily
conserved in metazoans (Berg et al. 2012). Genome-wide
maps of PCPA locations at high U1 AMO doses further
showed that it generally occurs in one of the first introns,
frequentlywithin 1 kb from the intron’s 5′SS.Assuming that
U1 base-paired at that 5′SS for the purpose of splicing also
provided telescripting, then effective U1 telescripting could
be estimated to have a range of around 1 kb. However, in
many genes, U1 AMO-induced PCPA occurred at much
greater distances from the intron’s 5′SS, raising the possi-
bility that U1 bound to 5′SS alone may be insufficient to
ensure telescripting of introns longer than 1 kb. Mutating a
5′SS to a sequence that is incompatiblewith splicing in cases
in which PCPA occurred from a PAS <1 kb downstream,
caused constitutive PCPA from that PAS. However, U1
AMO increased that PCPA several-fold, suggesting that
the PAS received additional suppression from U1 base-
paired elsewhere. Furthermore, transfection of synthetic
U1 snRNA with 5′-end complementary to the mutated
5′SS restored PAS suppression. This separated U1 splicing
and telescripting requirements and indicated that U1 base-
paired to any sequence could potentially function in tele-
scripting, even if it is nonfunctional in splicing. U1 base-
pairing to 5′SS is highly degenerate and depends on various
pre-mRNA binding proteins, which likely facilitates its
binding to cryptic 5′SS and many other RNA sequences.
An important conclusion from these experiments was that
U1 snRNP bound at 5′SS alone would likely be insufficient
to protect long introns (>1 kb), which are common in com-
plex organisms, requiring additional U1 base-paired in the
intron to fully suppress PASs within them.

The genomic HIDE-seq maps revealed that telescript-
ing is a physiological process, as many PCPA sites coincide
with 3′-poly(A) sequence tags from diverse biological spec-
imens, including normal human tissues. Therefore, while
telescripting occurs naturally the PCPA elicited artificially
in our experiments withU1AMO enhance PCPA detection
of actionable PASs that are widespread nature. Thus, seren-
dipitously, U1 AMO uncovered telescripting and its ability
to recapitulate it in a controlled experimental setting makes
it a useful research tool for this process.

Testing the effect of various U1 AMO doses showed an
interesting and dose-dependent effect on PCPA locations.
While highU1AMOtriggered drastic TSS-proximal PCPA,
generally in the first quarter of the gene, at low U1 AMO
doses (masking <15% of U1) PCPA occurred at greater dis-
tances downstream, resulting in widespread 3′ untranslated
regions (3′ UTRs) shortening. These PCPAs corresponded

to an alternative 3′-end processing and polyadenylation
(APA) shift to usage of a more proximal PAS in 3′ UTRs
that contain tandem PASs. Such 3′ UTR shortening, which
maintains the full-length coding sequence (CDS) but could
de-regulate mRNA translation, stability, and localization, is
associated with stimulated immune cells and neurons, cell
proliferation, and cancer (Niibori et al. 2007; Flavell et al.
2008; Sandberg et al. 2008;Mayr and Bartel 2009; Lianoglou
et al. 2013). Thus, U1 AMO recapitulated 3′ UTR APA.
Knockdown of several 3′-end CPA factors (CPAFs),
CFIm25/CPSF5, CFIm68/CFSF6, or PABPN1, also shifts
APA to proximal PASs in the terminal exon, but apparently
not in introns (Gruber et al. 2012, 2014; Jenal et al. 2012;
Elkon et al. 2013; Masamha et al. 2014; Li et al. 2015; Zhu
et al. 2018).

In addition, inmany genes lowU1AMO induced a shift
to usage of a PAS in an intron, resulting in shorter mRNA
isoforms that lack the carboxy-terminal portion of the full-
length CDS. These events are frequently attributed to alter-
native splicing that gives rise to an alternative last exon that
has a PAS. However, as it emerged that potentially PAS
usage anywhere in the transcript is under U1 control we
considered a scenario whereby the primary event is PCPA
in an intron. Mutational inactivation of the intronic PAS
supported the PCPA-first scenario as U1 AMO no longer
induced the splicing of the alternative last exon. An example
of such a case, homer-1, illustrates the biological importance
of this type of U1-controlled PCPA. Homer-1 encodes a
scaffold protein critical for synaptogenesis and synapse
strengthening in neurons. Neuronal stimulation, which
can be experimentally mimicked in mouse neuronal-type
PC12 cells, rapidly shifts synthesis from full-length (homer-
ll) to a shorter isoform lacking the protein’s carboxy-ter-
minal domain (CTD) (homer-1s). homer-1s antagonizes
homer-ll, which is necessary to prevent overstimulation
causing epilepsy (Niibori et al. 2007). Interestingly, low
U1 AMO recapitulated homer-1l to homer-1s shift by
PCPA in the intron downstream fromhomer-1s’ alternative
last exon (Berg et al. 2012). Using several low U1 AMO
concentrations showed a dose-dependent increase in the
fraction of homer-1s and a reciprocal decrease in homer-1l.

3 U1 AMO PREMATURELY TERMINATES
ELONGATING Pol II IN GENE BODIES

We used chromatin immunoprecipitation-sequencing
(ChIP-seq) (Gilmour and Lis 1984) with antibodies to
RNA Pol II to investigate the relationship between PCPA
and Pol II transcription (Oh et al. 2017). ChIP-seq maps of
Pol II chromosomal locations in controls extended from the
TSS to the canonical 3′-end of genes, from which point it
progressively declined to background level within a few kb

U1 snRNP Telescripting
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downstream from the PAS (Fig. 2). The gradual decline in
the post-3′-end section, described as the termination zone
(TZ) (Fong et al. 2015), is consistent with the torpedo ter-
mination model in which XRN2 exonuclease degrades, in
the 5′ to 3′ direction, the unprotected 5′-end of the tran-
script (because of a lack of a 5′-methylated G cap) trailing
fromPol II before it catches up and causes the polymerase to
release (Connelly andManley 1988; Fong et al. 2015; Proud-
foot 2016). In PCPAed genes, Pol II patterns were the same,
including a TZ, except that the PCPA point marked the 3′-
end. Pol II occupancy downstream, through the rest of the
gene, was sharply reduced or eliminated. These observa-
tions indicated that PCPA causes premature transcription
termination, supporting a cotranscriptional U1 telescript-
ingmodel as opposed to an alternativemechanismwhereby
PCPA products are processed from full-length transcripts,
posttranscriptionally. The Pol II ChIP-seq patterns, which
trackedwith nascent RNAs also indicated that transcription

initiationwas not inhibited despite PCPA; rather, transcrip-
tion continued to flow into genes.

4 SELECTIVE TELESCRIPTING DEPENDENCE
OF LONG GENES

Improvements in RNA-seq instruments and greater avail-
ability made next-generation RNA-seq a tool of choice for
whole-transcriptome sequencing, which we used to obtain
more comprehensive definition of U1 AMO’s effect at nu-
cleotide resolution (Fig. 2). Knowing that PCPA and tele-
scripting are cotranscriptional, we used a brief (5–30 min at
3.5 to 7.5 h post-AMO transfection) metabolic labeling
with 4-thiouridine and selected thiol-labeled RNAs for
RNA-seq, which enhanced detection of nascent transcripts,
short-lived PCPA products and newly spliced mRNAs
(Dolken et al. 2008; Younis et al. 2013; Oh et al. 2017). Of
note, in terms of technologies, HIDE-seq remains a power-
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Figure 2. Genome browser images of a medium/large, PCPAed gene, E2F3, and a small, up-regulated gene,Myc, in
control and U1 antisense morpholino oligonucleotide (AMO)-transfected cells. The distinct RNA-seq read changes
in these two genes show the gene-size-dependent transcriptome changes after U1 AMO treatment. Further evidence
for these peaks being premature 3′-end cleavage and polyadenylation (PCPA) is shown with the overlap between
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ful tool detecting segmental differences, especially rare
ones, among RNAs in multiple samples. Although dedicat-
ed 3′-poly(A)-seq is more suitable for pinpointing locations
of this specific processing step, it does not inform about any
other transcriptome changes.

PCPA calling algorithms developed to capture charac-
teristic RNA-seq features of PCPAed transcripts, consisting
of increased reads in the 5′-portions of introns and de-
creased reads in downstream exons, detected PCPA in tran-
scripts of thousands of genes in high U1 AMO-treated
human (HeLa) cells. Multiple 3′-poly(A) reads were fre-
quently detected in the same gene along with clusters of
closely spaced 3′-poly(A) reads in the same intron, suggest-
ing that full-length transcription in some genes requires
multiple actionable PASs to be suppressed. Actionable
PASs in introns and throughout pre-mRNAs are therefore
transcription elongation checkpoints that depend on U1
and other factors to clear. The higher number of PASs in
large genes, that arose stochastically, makes them more
dependent on telescripting, which makes PCPA a gene reg-
ulationmechanism based on gene size, which to our knowl-
edge is unprecedented.

Many U1 AMO-induced PCPAs coincided with 3′-
poly(A) reads in normal (control) cells and tissues (Derti
et al. 2012), indicating that, despite U1’s abundance, tele-
scripting is insufficient to permanently suppress all PASs
(Fig. 2). The resulting loss of polymerases in midgenes is a
process we call transcription attrition. The extent of this
unanticipated phenomenon is probably much greater than
the 3′-poly(A) reads suggest because PCPAed transcripts
are generally unstable and rapidly cleared away by the exo-
some (Lubas et al. 2015; Ogami et al. 2018). Although it
seems wasteful, transcription attrition likely has a biological
purpose.

However, around 1000 genes showed no evidence of
PCPA under the same U1 AMO conditions (e.g., Myc;
Fig. 2). A clear difference between this group and the
PCPAed genes was gene size, which in higher eukaryotes
is derived almost entirely from intron size; as PCPAed genes
had a median size of 39 kb versus 14.2 kb for non-PCPAed
genes (median size of all expressed genes was 22.8 kb).
This showed that U1 telescripting is selectively required
for full-length transcription of large genes. Remarkably,
many of the PCPA-resistant genes were up-regulated
(median 6.8 kb), producing full-length, spliced mRNAs,
in the same environment where widespread splicing inhi-
bition was evident and large genes were PCPAed (Oh et al.
2017).

The ability of acute stimuli to elicit PCPA, including in
3′ UTRs, could be the result of a transient U1 shortage
caused by transcription up-regulation that draws U1 to an
increasing number of nascent transcripts. Increasing U1

levels to keep up with greater demand would inevitably be
slower because it entails an elaborate assembly of U1
snRNAwith Sm proteins by the SMN complex in the cyto-
plasm and additional processing and transport steps. Alter-
natively, cell stimulation might change the balance between
PCPA and telescripting in some other way. Regardless of its
mechanism, the shift to shorter transcripts suggests that
transient U1 telescripting insufficiency is a built-in aspect
of immediate/early response.

The U1 AMO transfections have also tested the effect of
U1 base-pairing interference on splicing in human cells. As
expected, high U1 AMO strongly reduced splicing, but not
uniformly. Intron retention, a reflection of splicing inhibi-
tion, was apparent in small and intermediate size introns. In
large genes, the number of splicing events was sharply low-
er, howevermuch of it was secondary to PCPA, which elim-
inated the opportunity of splicing from downstream
introns. However, splicing in small genes that were up-reg-
ulated with U1 AMO was surprisingly robust in the same
environment. How might this be explained? One potential
explanation is a residual amount of uninhibited U1 re-
mained and is sufficient for splicing in these genes, typically
in all their introns. Another possibility is that these introns
can use U1 that has U1 AMO bound, without U1 snRNA
base-pairing. U1’s ability to interact with nascent tran-
scripts independent of base-pairing has been described
(Spiluttini et al. 2010). A third potential explanation is
that these introns could splice even without U1 at all. Pre-
vious studies have shown that splicing in U1-depleted ex-
tracts can be restored by the addition of excess of SR
proteins, a group of splicing-activating hnRNP proteins
(Crispino et al. 1994; Tarn and Steitz 1994; Fukumura
et al. 2009). It is plausible that by decreasing the number
of introns that compete for the same factors, PCPA creates
similar conditions of excess SRproteins in the nuclei of cells.

For this model to make sense, sustaining or increasing
mRNA productivity from small genes that are up-regulated
with U1 AMO must be critically important, or, more gen-
erally, up-regulation of these genes and simultaneous PCPA
in large genesmust be beneficial. Several arguments support
this proposition. The small genes that are up-regulated with
U1 AMO are ubiquitously expressed and enriched in pri-
mary response genes that are induced during acute cell
stimulation. They include genes such as Myc, Cyr61, and
GADD45B whose functions are necessary to adapt to ad-
verse environmental changes and stressors. In contrast,
these functions are underrepresented in large genes, which
encode more diverse functions generally expressed in dif-
ferentiated tissues. For example, neuronal and developmen-
tal genes are among the largest (Bertagnolli et al. 2013;
Gabel et al. 2015), which makes them highly susceptible
to PCPA (Fig. 3). Under circumstances that threaten cell
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survival PCPA of large genes transientlymight be a strategic
sacrifice to enhance expression of cell survival genes.

The architecture of large and small genes seems well-
suited for such a model. Small genes take less time to tran-
scribe and their small size reduces susceptibility to PCPA.
Interestingly, comparison of orthologous genes in several

organisms showed that the size of PCPAed genes increased
in vertebrates, especially in mammals, whereas small genes
that are up-regulated with U1 AMOmaintained a relatively
small size (Fig. 3). Striking intron size expansion occurred
in the course of evolution of vertebrates, especially in mam-
mals (Catania and Lynch 2008; Gelfman et al. 2012; Rogo-
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terms (Supek et al. 2011; Fang et al. 2016) for the top 50% of genes, ranked by fold change, in either non-PCPAed, up-
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the gene size (D) of human gene orthologs among non-PCPAed, up-regulated genes and PCPAed genes in five
metazoans. The sizes of non-PCPAed and up-regulated genes did not change across Drosophila melanogaster
(median 3.5 kb), Takifugu rubripes (median 2.5 kb), Gallus gallus (median 4.3 kb), Mus musculus (median 5.9
kb), and Homo sapiens (median 6.8 kb); but PCPAed and down-regulated genes expanded significantly in these
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zin et al. 2012). The significance of this expansion and its
impact on gene expression are unknown. However, our
studies suggest that intron size expansion was a strategic
process, rather than random. It was selected against in es-
sential acute response and survival genes but permissible in
other genes. The selective intron size expansion stratified
genes according to size and function, made progressively
more polarized in vertebrate evolution. Its adoption sug-
gests that it was beneficial.

We suggest that an important benefit of large introns is
that they increase the opportunity to use PCPA to rapidly
decrease competition from large genes for both transcrip-
tion and pre-mRNA processing factors to boost expression
from small, PCPA-insensitive genes. Many studies suggest
that competition among pre-mRNAs for various binding
factors can have strong effects on mRNA synthesis of many
other genes (Timchenko et al. 1996; Miller et al. 2000; Coo-
per et al. 2009; Berg et al. 2012; Elkon et al. 2013; Munding
et al. 2013). Another interesting and unexplained aspect of
intron expansion is its positional bias for introns in the 5′

portion of genes. In humans, the first or second introns are
frequently the largest (Bradnam and Korf 2008), and it is
there that PCPA typically occurs. As large genes tend to
have more exons, PCPA in the first or second introns elim-
inates multiple downstream exons and introns. We specu-
late that this architecture was selected for because it
leverages PCPA to maximize the loss of competition for
splicing resources and thus the potential gain for non-
PCPAed genes.

A potential advantage of a polarized genomewith genes
stratified by size and function is that provides a layer of
regulation and an ability to shift gene expression priorities

nearly instantly, without a need for de novo synthesis of
transcription and pre-mRNA processing factors. It is diffi-
cult to imagine thatmetazoan genome evolution could have
taken such a course without U1 telescripting. Figure 4 pre-
sents a schematic overview of the role of U1 telescripting in
gene expression regulation.

5 BEYOND PROTEIN-CODING GENES:
TELESCRIPTING’S ROLE IN SHAPING
THE TRANSCRIPTOME

As the shift to shorter mRNA and protein isoforms, repre-
sented by homer-1, illustrated, PCPA is not necessarily de-
structive and is also potentially useful for increasing
proteome diversity (Berg et al. 2012). An additional way
in which PCPA in introns contributes to protein isoform
diversity is by the translation of an open reading frame that
extends into the intron. Cartegni’s group described such
cases for the EGF receptor and related receptor protein
kinases (Vorlova et al. 2011). Like in homer-1, the short
protein isoform lacks or has a different CTD and is antag-
onistic to the full-length protein.

Adding an important dimension, several studies from
Phillip Sharp’s and Torben Jensen’s groups discovered that
Pol II upstream antisense RNAs (uaRNAs) (Flynn et al.
2011, also known as PROMPTs; Preker et al. 2008) gener-
ally receive insufficient U1 telescripting relative to their
prevalence of PASs (referred to in that study as U1-PAS
axis), resulting in their rapid elimination by the nuclear
exosome targeting complex, thereby reinforcing transcrip-
tion in the sense direction (Almada et al. 2013; Andersen
et al. 2013; Ntini et al. 2013; Lubas et al. 2015). This high-
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Figure 4. A schematic representing the role of U1 telescripting, suppression of premature transcription termination,
by 3′ cleavage and polyadenylation (CPA) from polyadenylation signals (PASs) scattered throughout genes’ nascent
transcripts. Shown are the common components known to carry out 3′ cleavage and polyadenylation processing at
the canonical terminal PAS in the last exon; it is unknownwhich of these play a role in premature 3′-end cleavage and
polyadenylation (PCPA) in introns. The precise location of U1 small nuclear ribonucleo protein (snRNP) binding
relative to PASs is unknown but is likely to be generally within 1 kb. Transcription length depends on the balance
between available U1 and CPA factors, and on the density of potential U1 base-pairing sites, which include 5′SS,
cryptic 5′SS, and other sequences that U1 can bind, as well as PASs.
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lighted U1’s important role in transcription regulation,
placing it as a central and bidirectional regulator of tran-
scription elongation from divergent promoters (Almada
et al. 2013; Ntini et al. 2013). This same study noted the
evolutionary pressure to maintain and reinforce a U1 to
PAS ratio in the sense direction and a low or inverse ratio
in the antisense direction.

6 TELESCRIPTING MECHANISM

The molecular mechanism by which U1 telescripting sup-
presses actionable PASs particularly in introns remains un-
known. CPAFs bind directly to nascent transcripts’ PASs
cotranscriptionally with the transcription elongation com-
plex and are dependent on Pol II CTD phosphorylation
state (Buratowski 2009; Perales and Bentley 2009; Eick
and Geyer 2013; Bentley 2014). We have noted that ultravi-
olet (UV) cross-linking studies from other groups (Martin
et al. 2012; Yao et al. 2012; Chan et al. 2014; Schonemann
et al. 2014) show several CPAFs binding in the vicinity of
prominent PCPA locations in introns in control cells (e.g.,
Fig. 2) (Oh et al. 2017), indicating that intronic actionable
PASs are recognized by at least some of the same or very
similar factors that cleave and polyadenylate canonical 3′-
end PASs. This makes it unlikely that U1 shields PASs.
However, there is lack of critical information on where U1
binds such that it suppresses a PAS. Eric Lander’s group
(Engreitz et al. 2014) has identified U1 base-pairing at
5′SS and in introns in mouse embryonic stem cells, but
the dataset is not sufficiently deep and is from a different
organism and cell type (our studies have focused on human
cells) to address this question. It is therefore not possible to
distinguish among various general models, including
whether U1 telescripting is mediated by direct U1 interac-
tion with CPAFs.

Previous studies showingCPA-inhibitory activity of two
U1 proteins, U1A and U1-70K albeit in specific contexts,
may be relevant. U1A as a U1 snRNP-free protein dimer
inhibits CPA from an adjacent PAS in the terminal exon of
both its own pre-mRNA and a few others that contain
tandem stem-loops highly similar to U1 snRNA SL2 (Boe-
lens et al. 1993; Gunderson et al. 1994, 1997; Klein Gunne-
wiek et al. 2000; Phillips and Gunderson 2003; Workman
et al. 2014). In vitro studies showed that this inhibition is
mediated by U1A binding to poly(A) polymerase (PAP).
U1-70K can also inhibit PAP bound to U1 using the similar
PAP-inhibitory motifs in U1A (Gunderson et al. 1998). As
a U1-free protein, U1-70K can also associate with the PAS’
upstream element (USE)-binding CFIm subunit (Ruegseg-
ger et al. 1996; Awasthi and Alwine 2003). It remains to be
determinedwhether U1A andU1-70K also have suchCPA-
inhibitory activities in the context of U1 snRNP and, if so,

whether such activities applies to PASs in introns. In spe-
cific cases, U1 base-paired to a 5′SS-like sequence adjacent
to the PAS in a late-phase transcript in bovine papilloma
virus (BPV) and 5′LTRs in HIV-1 and foamy viruses or
tethered by engineering extensive base-pairing in proximity
of a PAS in the terminal exon can inhibit usage of that PAS
(Gunderson et al. 1998; Ashe et al. 2000; Vagner et al. 2000;
Fortes et al. 2003; Schrom et al. 2013).

U1 base-paired upstream and in the vicinity of the PAS
(<1 kb) could either prevent formation of an active CPA
complex or inhibit its activity. CPA occurs at the first ac-
tionable PAS that is not suppressed byU1. U1 shortage thus
increases the likelihood of PCPA. Like U1 AMO, knock-
downs of CFIm25/CPSF5, CFIm68/CFSF6 and PABPN1
can elicit proximal PAS usage in tandem PASs in 3′ UTRs
(Gruber et al. 2012; Jenal et al. 2012; Elkon et al. 2013;
Masamha et al. 2014; Li et al. 2015). It will be interesting
to determine whether these knockdowns and U1 AMO
induce the same APA changes, which will help determine
whether these CPAFs act in concert with U1 in the last
exon.

Few PCPAs were detected in internal exons in our stud-
ies. It is possible that exons are bound by factors that shield
PASs and that their small size and relative GC-richness
(Amit et al. 2012) decreased the likelihood of having AU-
rich PAS hexanucleotides. Small genes and introns are less
susceptible both because their small introns decrease the
opportunity for PASs to arise and because kinetic compe-
tition from splicing removes introns more quickly.

As PCPA is cotranscriptional and PASs induce Pol II
pausing (Rigo et al. 2005; Davidson et al. 2014; Kaida 2016),
we investigated the effect of small molecule reagents, 5,6-
dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) (Cho-
dosh et al. 1989) and camptothecin (CP) (Pommier 2006),
which slow down Pol II transcription on PCPA. DRB in-
hibits CDK9 and related kinases that phosphorylate the Pol
II CTD, which is required to release Pol II pausing at pro-
moter proximal pause sites (PPP; within 100 nt from the
TSS) and at PASs (Guo and Price 2013; Kwak and Lis 2013;
Laitem et al. 2015). Immediately followingDRBwashout, as
PPP is released, polymerases rapidly flow into genes and are
likely slowed down as the leading polymerases encounter
a barrier or checkpoint, forcing lagging polymerases to
also slow. CP slows transcription through inhibition of
topoisomerase I, which relieves transcription-obstructing
DNA supercoiling. Despite different chemistries andmech-
anisms of action, both DRB and CP caused PCPA at similar
locations as U1 AMO (Fig. 5), suggesting that slower tran-
scription and/or pausing increases the propensity for
PCPA. Interestingly, CP and DNA damage, which create
transcription roadblocks, have been shown previously to
selectively decrease expression from large genes (McKay
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et al. 2004; Andrade-Lima et al. 2015). PCPA could provide
checkpoints for orderly removal of polymerases to prevent
overcrowding and transcription errors.

A recent study from Sharp’s group showed that PCPA
frequently occurs at the first stable nucleosomes relative to
the TSS (Chiu et al. 2018). This study showed that U1
AMO-induced PCPA sites tend to cluster at the edge of
CpG islands at the first stable nucleosomes downstream
from the TSS. Global run-on sequencing and use of flavo-
piridol (a CDK9 inhibitor, similar to DRB) linked PCPAs to
Pol II pausing in these locations, thus showing the influence
of transcription elongation speed on telescripting. These
first stable nucleosomes act as speed bumps, slowing Pol

II and allowingmore time for the CPAFmachinery to act on
a PAS. Chromatin structure, through its effect on transcrip-
tion elongation speed and resulting changes in Pol II CTD
phosphorylation, could therefore also play a role in the
balance between telescripting and PCPA.

7 HOW CELLS MAKE A GREAT ABUNDANCE
OF U1

The demand for high U1 abundance to use for telescripting
required cells of higher organisms to producemore U1 than
other spliceosomal snRNPs (with the possible exception of
U2, which is also very abundant). To some extent, this is
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helped by the greater number (potentially >100) of U1
genes, although it is unknown how many of those are tran-
scriptionally active (O’Reilly et al. 2013). However, pre-
snRNA transcription may not be a limiting factor for U1
synthesis. The rate-limiting step in snRNP biogenesis is
likely the assembly of the Sm core. Interestingly, recent
studies revealed that the U1-specific RBP, U1-70K can hi-
jack the SMN–Gemin2–Sm pentamer complex, a key inter-
mediate of the Sm core assembly, and promote access of U1
snRNA to the SMN complex over other snRNAs (So et al.
2016). This reveals an additional and a U1-exclusive Sm
core assembly pathway at the expense of other snRNPs,
which explains at least in part how U1 abundance is
achieved in cells.

8 CONCLUDING REMARKS

The discovery that U1 snRNA 5′-end base-pairing (to
pre-mRNAs’ 5′SS) provides crucial recognition for the re-
moval of introns was a conceptual breakthrough later gen-
eralized to other trans-acting small RNPs. It is a marvel of
nature’s ingenuity that U1, through the same U1 snRNA
9-nucleotide sequence, is also crucial for ensuring that
transcription continues far enough to produce introns. By
suspending termination, U1 increases its own chances to
find a 3′SS, and thereby remove itself from the pre-mRNA.
The much earlier discovery of U1’s role in splicing influ-
ences a more splicing-centric perspective, but an evolution-
ary perspective invites the question of which came first:
splicing or telescripting? Although the answer is unknown
and U1’s origin is uncertain, this abundant noncoding
small RNP has emerged as a central regulator of the Pol II
transcriptome.

Technological advances, application of new tools to
study RNA and RNPs have made possible the discoveries
on telescripting. Understanding the mechanism by which
U1 telescripting suppresses PASs to avert premature
transcription termination now presents exciting new chal-
lenges. Additional tools will be necessary to dissect the
biochemical and structural basis of U1 telescripting, includ-
ing U1 interactions with components of the transcription
and CPA machineries, and to precisely determine its bind-
ing locations on nascent transcripts and visualize PCPA in
cells in real time, and identify modulators by high-through-
put screening.

Althoughphysiological circumstances inwhich telescript-
ing is drastically inhibited, as occurs with high U1 AMO
doses, have not been described, it can be reasonably predicted
that some viruses have evolved mechanisms to inhibit
telescripting, including by decoying U1, to benefit from re-
sources that are tied up by long-distance transcription.
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