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Transcription elongation rate influences cotranscriptional pre-mRNA maturation, but how such kinetic coupling
works is poorly understood. The formation of nonadenylated histone mRNA 3′ ends requires recognition of an RNA
structure by stem–loop-binding protein (SLBP).We report that slow transcription bymutant RNA polymerase II (Pol
II) caused accumulation of polyadenylated histone mRNAs that extend past the stem–loop processing site. UV ir-
radiation, which decelerates Pol II elongation, also induced long poly(A)+ histone transcripts. Inhibition of 3′ pro-
cessing by slow Pol II correlates with failure to recruit SLBP to histone genes. Chemical probing of nascent RNA
structure showed that the stem–loop fails to fold in transcriptsmade by slowPol II, thereby explaining the absence of
SLBP and failure to process 3′ ends. These results show that regulation of transcription speed can modulate pre-
mRNA processing by changing nascent RNA structure and suggest a mechanism by which alternative processing
could be controlled.
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As a gene is transcribed by RNA polymerase II (Pol II), pre-
mRNAs undergo multiple processing steps to produce
mature mRNAs, including capping, splicing, and 3′ end
formation. Because pre-mRNA processing occurs cotran-
scriptionally, these events can be affected by changes in
RNA Pol II modification and kinetics. Differential phos-
phorylation of the C-terminal domain (CTD) as Pol II trav-
els along a gene allows for spatial coupling of transcription
with processing via regulated recruitment of factors that
contact this domain. The polar nature of transcription
means that it can impose an “order of events” on pre-
mRNA processing. For example, selection of an upstream
3′ splice site or poly(A) site can preclude the use of a down-
stream site, and the choice between alternative processing
sites is influenced by the rate of transcription elongation.
Elongation rate affects numerous alternative splicing (de
laMata et al. 2003; Ip et al. 2011; Fong et al. 2014) and pol-
yadenylation (Pinto et al. 2011; Liu et al. 2017) decisions.
One way that such kinetic coupling operates is by modu-
lating the duration of the “window of opportunity” for
processing at upstream sites on the transcript before com-
peting downstream sites are made. This type of kinetic
control can regulate alternative splicing within the range
of physiological elongation rates that vary between 0.5 kb/

min and 5 kb/min (Danko et al. 2013; Fong et al. 2014;
Fuchs et al. 2014).
Another way that elongation rate could potentially af-

fect cotranscriptional RNA processing is by altering how
the nascent transcript folds (Eperon et al. 1988; Pan and
Sosnick 2006; Lai et al. 2013). RNA secondary structure
is a critical determinant of splicing (Eperon et al. 1988;
Buratti and Baralle 2004), RNA editing (Eggington et al.
2011), alternative polyadenylation (Wu and Bartel 2017),
and 3′ processing of replication-dependent (RD) histone
mRNAs (Wang et al. 1996). Elongation rate can alter the
structure that a nascent transcript adopts by modulating
the window of opportunity for upstream sequences to
base-pair with alternative downstream complementary
elements (Wong and Polisky 1985; Pan and Sosnick
2006). In thisway, RNApolymerase speed impacts the for-
mation of transient RNA structures, which unpair and re-
form multiple times as a transcript assumes its mature
structure. Inappropriate cotranscriptional folding can re-
sult in kinetic trapping of nonfunctional dead-end RNA
structures (Repsilber et al. 1999; Koduvayur andWoodson
2004). There are several well-documented examples in
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Escherichia coli where transcriptional kinetics control in
vivo RNA folding (Lewicki et al. 1993; Chao et al. 1995;
Pan et al. 1999; Repsilber et al. 1999; Koduvayur and
Woodson 2004; Wickiser et al. 2005), but kinetic control
of a physiologically relevant RNA structure has yet to
be demonstrated in a eukaryote.

Perhaps the best-understood structural element in eu-
karyotic pre-mRNA processing is the conserved stem–

loop (SL) at the 3′ end of RD histone transcripts (Birchme-
ier et al. 1982). This element is recognized by SL-binding
protein (SLBP) (Wang et al. 1996), which stabilizes interac-
tion of U7 snRNP with the histone downstream element
(HDE) of the pre-mRNA (Schaufele et al. 1986;Mowry and
Steitz 1987; Dominski et al. 1999; Skrajna et al. 2017). To-
gether, SLBP and U7 snRNP direct RNA cleavage 5 bases
downstream from the SL. SLBP forms part of a large 3′ end
processing complex that includes factors shared with the
poly(A) site cleavage machinery, such as the CPSF73 en-
donuclease and symplekin (Dominski et al. 2005; Kolev
and Steitz 2005; Yang et al. 2012). SLBP, CPSF73, symple-
kin, and CstF77 localize at histone genes by chromatin
immunoprecipitation (ChIP), consistent with cotranscrip-
tional 3′ end formation (Glover-Cutter et al. 2008; Sulli-
van et al. 2009; Hsin et al. 2011). SLBP also interacts
with the negative elongation factor (NELF) through Cap-
binding complex (CBC), and NELF knockdown impairs
histone mRNA 3′ end formation (Narita et al. 2007).
Because the SL provides a binding site for SLBP, correct
folding of this structure is absolutely essential for normal
3′ processing of histone mRNAs. Substitutions that per-
turb base-pairing of the stem or alter the identity of un-
paired bases 5′ of the stem inhibit SLBP binding and 3′

end processing (Williams et al. 1994; Battle and Doudna
2001; Dominski et al. 2003). When histone mRNA 3′

end processing is disrupted by knockdown of SLBP,
NELF, CBC, or CDK9 transcription continues past the
normal termination site, and a 3′ end is formed at a distal
poly(A) site (Lanzotti et al. 2002; Narita et al. 2007; Pirn-
gruber et al. 2009). Importantly, in terminally differentiat-
ed cells, a subset of RD histone genes somehow bypasses
the normal 3′ end formation site and switches to produce
these long polyadenylated mRNAs (Lyons et al. 2016).

In this report, we examined the effect of transcription
elongation rate on histone gene expression. Slow elonga-
tion inhibited histone mRNA 3′ end formation, resulting
in increased readthrough transcription. Readthrough
transcripts accumulated as 3′ extended poly(A)+ histone
transcripts. Defective 3′ end processing was associated
with a failure of SLBP to localize at histone genes. In an
effort to discover a possible reason for this failure, we
probed Pol II nascent RNA structure, which revealed
that slow elongation prevented formation of the RNA sec-
ondary structure required for SLBP binding. These data
provide evidence that elongation rate can profoundly af-
fect nascent RNA folding, which can then affect protein
binding needed for cotranscriptional RNA processing.
These observations raise the interesting possibility that
control of elongation rate could be a mechanism used
for modulation of alternative RNA processing events in
eukaryotes.

Results

Slow transcription causes accumulation of 3′ extended
poly(A)+ histone transcripts

We looked for differential expression of total poly(A)+

transcripts in replicate paired-end RNA sequencing
(RNA-seq) data sets fromHEK293 cell lines that inducibly
express α-amanitin-resistant Pol II large subunits that are
either a wild-type control, wild-type Amr, or a slow mu-
tant (R749H) (Fong et al. 2014). The R749H mutation in
the funnel domain results in an average elongation rate
of 0.5 kb/min, whereas thewild-type α-amanitin-resistant
mutant elongates at an average speed of 1.7 kb/min, in
good agreement with endogenous Pol II (Fong et al.
2014). We found 1099 up-regulated (>2×; false discovery
rate [FDR] < 0.05) and 1480 down-regulated poly(A)+ tran-
scripts in the slowmutant treated with 2.5 µg/mL α-ama-
nitin for 45 h relative to cells expressing the wild-type
Amr Pol II (Supplemental Table S1). Strikingly, among
poly(A)+ transcripts, of the 23 RD histone transcripts ex-
pressed in our data set, every one was increased in the
R749H slowmutant, and 19 out of 23 showed statistically
significant increases (FDR < 0.05) (Fig. 1A, black bars). Ex-
amination of individual RD histone genes revealed poly
(A)+ mRNA-seq reads that extend well past the normal
mRNA 3′ end in the slow mutant (Fig. 1B, red arrows).
This effect was specific to RD histone genes, as we saw
no consistent change in the transcript abundance or
length at replication-independent histone genes (Fig. 1B
bottom right panel; Supplemental Fig. S1A,B). We con-
firmed the increase in 3′ extended reads in R749H for a
subset of histone genes by quantitative RT–PCR (qRT–
PCR) of nuclear poly(A)+ RNA (Fig. 1C). The presence of
reads past the 3′ end of RD histone genes in R749H sug-
gested that slow transcription was resulting in 3′ end for-
mation at distal poly(A) sites. To confirm this, we
performed 3′ RACE on several RD histone transcripts in
poly(A)+ RNA. As seen in Figure 1D, there was an increase
in the usage of a distal poly(A) site in the slow mutant
compared with wild type at each of the three genes tested
that was confirmed by qRT–PCR of the 3′ RACE products
(Fig. 1E). Taken together, these results show that slow
elongation results in increased abundance of 3′ extended
poly(A)+ histone transcripts.

Slow elongation results in readthrough transcription
of replicative histone transcripts

We asked whether elevated expression of long polyadeny-
lated histone transcripts in the R749H slow Pol II mutant
was due to enhanced transcriptional readthrough or in-
creased stability of these RNAs. Transcription was moni-
tored in total nascent RNA-seq (tNetSeq) data sets derived
from immunoprecipitated wild-type or R749H slow mu-
tant Pol II (Fong et al. 2017). This analysis revealed that
slow transcription caused a dramatic increase in transcrip-
tional readthrough downstream from RD histone genes
but not at non-RD histone genes that make polyadeny-
lated mRNAs or at small nuclear RNA (snRNA) genes
that make nonadenylated transcripts (Supplemental Fig.
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S1C,D).While transcription inwild-type cells terminated,
on average, 350 base pairs (bp) downstream from histone
genes, consistent with previous reports (Chodchoy et al.
1991; Anamika et al. 2012), in the slowmutant, transcrip-
tion persisted for up to 15 kb downstream (Fig. 2A). To
determine whether readthrough at histone genes was spe-
cific to the R749H mutant or a more general property of
slow transcription, we examined a second slow mutant
with a substitution (H1108Y) in the trigger loop domain
of the large subunit. This mutant also caused readthrough
of the normal termination region downstream from his-
tone genes, as shown by tNETSeq (Fig. 2A). The failure
of the R749H and H1108Y mutants to terminate tran-
scription downstream from RD histone genes was wide-
spread, as shown in a metaplot of 56 RD histone genes
(Fig. 2B, arrow). The tNET-seq read density in the 3′ flank-
ing region of RD histone genes in R749Hwas ∼40% of the
density at the 3′ end (Fig. 2B), indicating that in the slow
mutants, almost half of histone transcripts read through
the normal termination site.
We reported previously that slow Pol II mutants cause

early termination downstream from most genes on the
basis of anti-Pol II ChIP-seq (ChIP combined with high-
throughput sequencing) (Fong et al. 2015), in contrast to
histone genes, where tNET-seq revealed delayed termina-
tion. The latter result is consistent with the anti-total Pol
II and anti-Ser2 phosphorylation (Ser2-P) Pol II ChIP-seq

that show slightly increased Pol II occupancy at histone
gene 3′ flanking regions in the R749H mutant relative to
wild type (Supplemental Fig. S2A,B). In sum, these results
show that slow elongation causes a defect in termination
that is specific to RD histone genes and leads to extensive
transcription of their 3′ flanking regions.

Slow elongation reduces SLBP recruitment to RD
histone genes

We asked whether the failure to form histone mRNA 3′

endsproperly couldbedue to failure to recruit SLBP,which
is essential for 3′ cleavage of the pre-mRNA. Anti-SLBP
ChIP-seq has not been reported previously, but, as expect-
ed, we found that this factor localized very specifically to
RD histone genes. Specifically, SLBP localized to histone
gene 3′ ends in peaks centered over the SL sequence (Fig.
3A,B). Similar results were obtained from both biologic
replicates of SLBPChIP-seq inwild-type cells (Supplemen-
tal Fig. S3A). We identified statistically significant peaks
(FDR < 0.01) over the 3′ ends of 30 RD histone genes in
both wild-type replicates using the MACS peak finder
(Zhang et al. 2008). After filtering other SLBP ChIP-seq
peaks identified by MACS for repetitive regions, no con-
vincing SLBP ChIP-seq signal localized to any annotated
genes other than RD histone genes, as reported previously
for SLBP CLIP-seq (Brooks et al. 2015). The ChIP-seq

Figure 1. Slow Pol II produces 3′ extended poly(A)+ histone transcripts. (A) Elevated poly(A)+ RD histone mRNA in the R749H slowmu-
tant. Fold change of RNA-seq reads from two replicates (FDR determined byDESeq2). (Not sig) FDR > 0.05. (B) IntegratedGenomics View-
er (IGV) genome browser screenshots of poly(A)+ RNA-seq. Genes are oriented left to right. Scale is normalized to total mapped reads for
each library. Note that histone transcripts in R749H are elevated and extend beyond the normal 3′ end (red arrows). H2AFZ is a nonrep-
licative histone mRNA control (also see Supplemental Fig. S1A,B). Data inA and B are fromGene Expression Omnibus (GEO) GSE63375
(Fong et al. 2014). (C ) qRT–PCR of 3′ extended poly(A)+ histone mRNAs. (D) 3′ RACE of selected RD histone mRNAs. Note the increased
use of distal poly(A) sites in the R749H slowmutant. (E) qRT–PCR of 3′ RACE products of selected histone genes confirms the increased
use of distal poly(A) sites in R749H. (∗) P < 0.05, Students t-test from three biological replicates. Error bars in C and E indicate SEM.
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results are therefore consistent with the idea that SLBP re-
cruitment is mediated by binding to the 3′ SL structure
rather than through recruitment to the Pol II elongation
complex prior to transcription of this element. Remark-
ably, examination of the ChIP results for individual his-
tone genes and metaplots of >50 genes revealed that
SLBP recruitment to RD histone genes was reduced by
more than fourfold in the R749H mutant (Fig. 3A,B) in
two replicate experiments (Supplemental Fig. S3A), and
we were unable to detect any significant SLBP ChIP-seq
peaks in genes using the MACS peak finder. This ge-
nome-wide effect on SLBP recruitment detected by ChIP-
seq was confirmed by ChIP-qPCR of selected genes (Sup-
plemental Fig. S3B).

To rule out the possibility that reduced SLBP ChIP sig-
nal was due to lowexpression of the protein in R749Hmu-
tant cells, we performed Western blots (Fig. 3C), which
showed no detectable change in SLBP expression in un-
treated cells or α-amanitin-treated cells expressing the
R749H mutant relative to wild type. We also observed
no obvious change in total histone H3 protein levels in
the slow mutant (Supplemental Fig. S3D). We conclude
that SLBP is expressed at equivalent levels in wild-type
and R749H Pol II mutant cells but is not stably recruited
to histone genes in the slow mutant. SLBP protein levels
are highly cell cycle-regulated (Whitfield et al. 2000).
Therefore, the equivalent protein expression in wild-
type and R749H-expressing cells (Fig. 3C) argues against
a large difference in cell cycle states between wild-type
and R749H cells at the time point when they were har-
vested. Consistent with this conclusion, expression of
the cell cycle-regulated Cyclin A1 and Cyclin D1mRNAs
was unaffected in the R749H mutant, as determined by
RNA-seq (Supplemental Fig. S3C). SLBP localization
within cells is regulated bymonoubiquitylation catalyzed
by CRL4WDR23 (Brodersen et al. 2016). We observed no

transcriptional, splicing, or mRNA abundance changes
for CRL4WDR23 in R749H-expressing cells compared
with wild type in our poly(A)+ RNA-seq and tNET-seq
data sets (data not shown). Therefore, it is unlikely that al-
tered SLBP ubiquitylation is responsible for its failure to
localize at histone genes in the slow mutant.

We also considered the possibility that SLBP recruit-
ment was decreased in R749H cells as a result of defective
recruitment of NELF, which facilitates histone mRNA 3′

end formation and termination (Narita et al. 2007). In con-
trast to SLBP, anti-NELF-AChIP-seq revealed strong local-
ization near the transcription start site (TSS) in both wild
type and the R749H mutant (Fig. 3D), although we noted
that NELF-A was shifted slightly upstream on histone
genes in R749H compared with wild type, possibly due
to the longer dwell time of slow Pol II at the 5′ end (Fong
et al. 2017). These results indicate that reduced SLBP lo-
calization in the slow Pol II mutant is not accounted for
by a defect in NELF recruitment.

Knockdown of CDK9,which phosphorylates Pol II CTD
Ser2 residues, inhibits histone mRNA 3′ end formation
(Pirngruber et al. 2009; Hsin et al. 2011). We asked wheth-
er the R749H mutation affected Ser2-P on histone genes
by examining available ChIP-seq results (Fong et al.
2017). Metaplots of RD histone genes showed similar
overall levels of CTD Ser2-P on histone genes in wild
type and the R749H mutant, but it was shifted toward 5′

ends in R749H (Supplemental Fig. S2B) as on other pro-
tein-coding genes (Fong et al. 2017). To confirm that the
Ser2-P CTD of the slow mutant was capable of recruiting
canonical 3′ end processing factors, we performed ChIP-
seq for CstF77 that localizes to transcribed histone genes
(Glover-Cutter et al. 2008). Inspection of metaplots and
individual histone genes (Fig. 3E,F) showed that transcrip-
tion by slow Pol II allowed CstF77 recruitment to histone
gene bodies at levels comparable with wild type. We did

Figure 2. Slow Pol II causes readthrough transcription
downstream of RD histone genes. (A) Screenshots of
anti-Pol II tNetSeq reads in wild type and slow mutants
R749H and H1108Y as in Figure 1B. Scale is normalized
to total mapped reads. Note the increased readthrough
transcription in the slow mutants. (B) Metaplot of
mean histone tNetSeq signal showing increased read-
through transcription in the slow mutants (red arrow).
Results in A and B are from GEO GSE97827 (Fong et al.
2017).
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note that the CstF77 ChIP signal was shifted slightly up-
stream in R749H compared with wild-type cells (Fig. 3E,
F, red arrows), possibly due to increased dwell time and
CTD Ser2-P at 5′ ends when transcription is slow (Fong
et al. 2017). Interestingly, CstF77 density in the R749H
mutant decreased at the 3′ ends of histone genes (Fig.
3E) and increased at distal poly(A) sites (Fig. 3F purple ar-
rows; Supplemental Fig. S2C,D) relative towild-type, con-
sistent with downstream polyadenylation. In summary,
these results indicate that the CTD of the R749Hmutant
is still highly phosphorylated on Ser2 at RD histone genes
(Supplemental Fig. S2B) and facilitates recruitment of ca-
nonical 3′ end formation factors (Fig. 3E,F), arguing against
a change in this modification as the cause of defective 3′

end formation.

Slow elongation disrupts histone SL folding in nascent
RNA

Because reduced SLBP recruitment in the slow mutant
was not readily explained by reduced expression or an in-
direct effect of failed NELF recruitment, we considered
the possibility that the problem lay with the nascent his-
tone RNA structure. The SL is absolutely required for
SLBP association (Williams and Marzluff 1995), and we
hypothesized that slow elongation could impair the
cotranscriptional folding of this structure. To test this
idea, we performed chemical probing with reagents that
specifically modify ssRNA (selective 2′′-hydroxyl acyla-
tion analyzed by primer extension and mutational profil-
ing [SHAPE-MaP]) (Smola et al. 2015) on nascent RNA
associated with wild-type and R749H mutant Pol II. As
outlined in Figure 4A, nascent RNA was isolated by im-
munoprecipitation of Pol II (Fong et al. 2017), and the
deproteinized RNAwas treated with 1-methyl-7-nitroisa-
toic anhydride (1M7) thatmodifiesmobile 2′ OHgroups or

dimethyl sulfate (DMS) thatmethylates unpaired A and C
at N1 and N3 positions, respectively. Random primed
cDNA synthesis from chemically treated RNA and un-
treated controls was performed under conditions that
produce mutations (mismatches, insertions, and dele-
tions) at sites of modification (Smola et al. 2015). We en-
riched for the 3′ ends of 30 well-expressed histone genes
by PCR amplification. As a positive control, we also am-
plified a segment of 18S ribosomal RNA (rRNA) that is
present as a contaminant in the anti-Pol II immunoprecip-
itations and has a known secondary structure. The reac-
tivity of each position was determined by subtracting
the percentage mutated in the untreated control from
that in the 1M7- orDMS-treated sample (see theMaterials
and Methods).
The probing of 18S rRNA with 1M7 and DMS con-

firmed the known structure and showedno systematic dif-
ference in reactivity of RNA from cells expressing wild-
type and R749H Pol II (Fig. 4B) or in 18S rRNA folding,
as expected, because it is transcribed by Pol I. There was
also good agreement between the reactivity profiles of
1M7 and DMS in the 18S transcript, as expected, since
they both target single-stranded regions. Independent rep-
licates of DMS- and 1M7-treated samples showed high re-
producibility (Supplemental Fig. S4A,B). As expected,
DMS preferentially modified A and C residues, while
1M7 showed no nucleotide preference (Supplemental
Fig. S4C,D). The majority of both the 1M7 and DMS reac-
tivity occurred in single-stranded regions of the previously
determined 18S rRNA structure (Cannone et al. 2002), al-
though there were some regions modified by both 1M7
and DMS that are base-paired in the mature 18S structure
(Fig. 4C, asterisks). This discrepancymight be because our
immunoprecipitations were prepared from nuclei that
contain rRNA precursors and intermediates in ribosome
assembly.

Figure 3. Slow Pol II prevents SLBP recruit-
ment to histone genes. (A) IGV screenshots of
SLBP ChIP-seq signal normalized to total
mapped reads on histone genes in wild type
and R749H. Note the loss of SLBP signal in
R749H. (B) Metaplot of mean SLBP ChIP sig-
nals in wild type and R749H (50-bp bins). (C )
Western blot of total protein probed with
anti-SLBP and α-tubulin as a loading control.
Note SLBP expression is approximately equiv-
alent in cells expressing wild-type and R749H
mutant Pol II after treatmentwith doxycycline
(Dox) and α-amanitin (α-Am; 45 h). (D) Meta-
plots of NELF-A ChIP-seq signals on histone
genes show localization in wild type and the
slow R749H mutant. (E) Metaplots of CstF77
ChIP signals on histone genes showing a 5′

shift of occupancy in the slow mutant (red ar-
row). (F ) University of California at Santa
Cruz (UCSC) genome browser screenshots of
CstF77 ChIP-seq on RD histone genes. Note
the 5′ shift of CstF77 density in R749H (red ar-
rows) and the increased density at downstream
distal poly(A) sites (purple arrows).
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Having established that SHAPE-MaP probing with 1M7
and DMS can reliably detect RNA structures, we interro-
gated the histone SL. For this analysis, we combined the
reactivity results of both replicates in the 30 pooled his-
tone transcripts at all positions in the 28-base SL consen-
sus sequence (Fig. 5A). In cells expressing wild-type Pol II,
reactivity to both DMS and 1M7 at positions within the 3′

SL sequence was greatest for bases in the loop and regions
5′ and 3′ of the stem (Fig. 5B,C, black bars), as expected for
ssRNA. Conversely, little or no reactivity was observed
for positions within the stem region, as expected for resi-
dues that are base-paired. The reactivity profiles for wild-
type nascent transcripts are therefore in good agreement
with the known structure of SL and validate the SHAPE-
MaP method for probing the structure of nascent Pol II
transcripts.

In contrast to transcripts made by wild-type Pol II, na-
scent RNA associated with the R749H slow mutant was
highly reactive to 1M7 and/or DMS at positions corre-
sponding to base pairs 2–6 of the histone SL (Fig. 5B,C,
base pair 1 is at the base of the stem). Indeed, chemical re-
activity at some positions within the stem was higher
than in the loop region. In nascent transcripts made by
the slow mutant, we also observed reduced DMS and/or
1M7 reactivity at three A residues directly upstream of
the stem (highlighted in red in Fig. 5B,C) that are normally
single-stranded. Residues 5 and 6 make direct contact
with the SLBP RNA-binding domain, and base 4 is critical
for binding (Battle and Doudna 2001; Dominski et al.
2003; Tan et al. 2013). The reduced reactivity of these im-
portant A residues suggests that they preferentially adopt
an alternative, more structured RNA conformation in
transcripts made by the R749H mutant compared with
wild-type Pol II (Fig. 5B,C blue asterisks). Multiple alter-
native nascent RNA structures are likely formed among
histone genes when they are transcribed by slow Pol II.
However, due to the small region probed in our structure

analysis, we were unable to discern additional details of
these alternative structures. The changes in chemical re-
activity of nascent R749H transcripts observed in an aver-
age of 30 histone genes were confirmed in several
individual transcripts (Supplemental Fig. S5). In sum-
mary, bases within the conserved stem and loop

Figure 4. Chemical probing of RNA structure.
(A) SHAPE-MaP probing of Pol II nascent tran-
scripts. (B) Normalized reactivity of 18S rRNA
(1–450) in anti-Pol II immunoprecipitations treat-
ed with DMS or 1M7 from wild-type and R749H-
expressing cells. 18S rRNA is a contaminant in
the immunoprecipitations that was used as a neg-
ative control. Note the close agreement between
1M7 and DMS treatments in wild type and the
R749H mutant, as expected, since rRNA is tran-
scribed by Pol I. (C ) SHAPE-MaP data mapped
onto the structure of human 18S rRNA (Cannone
et al. 2002).Only baseswith >0.3% reactivitywere
considered reactive and are marked in red. As
DMS targets only As and Cs, only those bases
are shown. Asterisks indicate regions that are
base-paired in the characterized structure and re-
active to both 1M7 and DMS in our immunopre-
cipitations of nuclear extracts.

Figure 5. Slow transcription disrupts the structure of the his-
tone 3′ SL. (A) Histone 3′ SL consensus sequence for 30 histone
genes assayed. (M) C/A; (Y) C/U. The stem is highlighted in green,
and invariant bases essential for SLBP binding are in red. (B,C )
Combined reactivity (percentagemodified normalized to untreat-
ed controls) of 30 well-expressed histone genes to DMS or 1M7 in
nascent RNA associated with wild-type and R749H Pol II. The
dashed line corresponds to the threshold of reactivity defined as
one standard deviation above the mean reactivity (see the Mate-
rials and Methods). Note that reactivity is increased in the slow
mutant in regions normally base-paired (red arrows) and de-
creased in the conserved A residues 5′ of the stem (blue asterisks).
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sequences essential for 3′ processing have increased
chemical reactivity in nascent RNA produced by the
slow Pol II mutant. We conclude that slow transcription
causes a failure in cotranscriptional folding of the SL so
that it is no longer the major structure formed, and one
or more alternative structures are favored where the
stem region remains predominantly single-stranded and
unable to bind SLBP.

UV induces slow transcription and 3′ extended poly(A)+

histone transcripts

To investigate whether slow transcription induces polya-
denylated histone readthrough transcripts under physio-
logical conditions, we examined published mRNA-seq
data from UV-irradiated cells. UV irradiation causes
DNA damage-dependent RNA Pol II hyperphosphoryla-
tion (Munoz et al. 2017) and a marked slow down of Pol
II transcription elongation that persists for at least 12 h
(Munoz et al. 2009; Williamson et al. 2017). Poly(A)+ tran-
scripts of all 29 expressed histone genes were up-regulated
8 h after UV irradiation of human fibroblasts, and, for 13
transcripts, the increase was significant (FDR < 0.05), as
determined by DESeq2 (Fig. 6A,B). Furthermore, the
mRNA-seq reads in UV-treated cells mapped to positions
that extended well beyond the normal histone gene 3′ end
(Fig. 6B; Supplemental Fig. S6A). This effect of UV was
specific to RD histone transcripts and was not observed
for replication-independent histone genes (Supplemental
Fig. S6A, bottom right panel). 3′ extended poly(A)+ his-
tone transcripts were abundant at 8 h after irradiation
and declined after 24 h, consistent with recovery of nor-
mal RNA synthesis (Williamson et al. 2017). We observed
similar up-regulation of 3′ extended poly(A)+ histone
mRNAs in an independent study of UV-irradiated human
keratinocytes (Supplemental Fig. S6B,C; Shen et al. 2017).
In summary, these results show that UV irradiation and
slow Pol II mutants have very similar effects on expres-

sion of RD histone transcripts. Both modes of slowed
elongation promote readthrough transcription and pro-
duction of 3′ extended poly(A)+ transcripts. We propose
that altered histone mRNA 3′ end processing in UV-treat-
ed cells results from the slowing of the Pol II elongation
rate that occurs under these conditions (Munoz et al.
2009; Williamson et al. 2017). These results therefore
strongly suggest that physiological regulation of the elon-
gation rate in response to an environmental stimulus can
alter a cotranscriptional pre-mRNA processing event that
is sensitive to nascent RNA structure.

Discussion

The rate of transcript elongation can significantly affect
the outcome of cotranscriptional mRNA processing
events (de la Mata et al. 2003; Fong et al. 2014; Liu et al.
2017), but how such kinetic couplingworks is notwell un-
derstood. One potential mechanism is through the effects
of the elongation rate on folding of the nascent transcript.
In this report, we show that slow transcription impairs
histone mRNA 3′ end formation and termination, result-
ing in accumulation of 3′ extended poly(A)+ transcripts.
We propose that slow transcription causes this RNA pro-
cessing defect by disrupting folding of the SL structure in
nascent RNA that is required for binding the essential 3′

processing factor SLBP (Fig. 6C).
Localization of SLBP by ChIP-seq revealed that this

RNA-binding protein binds specifically to RD histone
genes, and,most importantly, binding is restricted to a dis-
crete peak at 3′ ends of histone genes that overlaps the SL
sequence (Fig. 3A,B; Supplemental Fig. S3A). This discrete
localization of SLBP suggests that, unlike other 3′ end pro-
cessing factors, it is not recruited to histone genes by inter-
action with Pol II but rather by binding to the SL structure
in the nascent RNA. In support of this conclusion, SLBP
was not identified by proteomic analysis as an interactor

Figure 6. UV irradiation-induced slow elongation up-
regulates readthrough poly(A)+ histone transcripts. (A)
UV irradiation, which slows Pol II transcription, induces
production of 3′ extended poly(A)+ RD histone tran-
scripts. Fold change of poly(A)+ RNA-seq reads from
two replicate experiments (black bars; FDR < 0.05 deter-
mined by DESeq2). (B) IGV screenshots of poly(A)+ RNA-
seq fromhuman fibroblasts untreated (UT) and 8 and 24 h
after UV irradiation. Scale is normalized to total mapped
reads. Note that after UV irradiation, poly(A)+ histone
transcripts are elevated and extend beyond the normal
3′ end. Results in A and B are fromGEO GSE91012 (Wil-
liamson et al. 2017). (C ) Model of elongation rate-depen-
dent histone mRNA 3′ end formation showing a
hypothetical alternative structure.
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with the phosphorylated or nonphosphorylated Pol II CTD
(Ebmeier et al. 2017). SLBP association with histone genes
was effectively abolished when transcribed by the slow
R749Hmutant. This result suggests that defective histone
mRNA 3′ end formation and termination in the slow mu-
tant stem from failure to recruit SLBP. In contrast, tran-
scription with the R749H slow polymerase did not
prevent recruitment of the 3′ processing factor CstF77
(Fig. 3E) that likely associates with the elongating poly-
merase via the CTD (McCracken et al. 1997). SLBP is re-
quired for the optimal binding of 3′ processing factors to
the histone pre-mRNA 3′ end in vitro (Skrajna et al.
2017). Together, these results suggest that slow transcrip-
tion does not prevent initial recruitment of certain 3′ pro-
cessing factors that probably occurs via contacts with the
CTD,but, in theabsenceof SLBP, assemblyof these factors
at the SL processing site is impaired.

The localization of SLBP at the 3′ SL sequence of histone
genes suggests that this secondary structure is required for
SLBP binding to Pol II transcription complexes. We hy-
pothesized that disruption of this structure might explain
why SLBP fails to bind histone genes in the R749H mu-
tant. In support of this idea, structural probing of the 3′

end of nascent RD histone transcripts showed that slow
transcription increased reactivity of bases within the
stem (Fig. 5), consistent with poor SL formation. We can-
not completely rule out the alternative possibility that a
defect in SLBP binding for other unknown reasons causes
destabilization of the SL structure, but this scenario is un-
likely for two reasons. First, once formed, the histone SL
RNA is very stable in vitro (ΔG =−7.8 kcal/mol) (Zuker
2003; Brooks et al. 2015). Second, if the 3′ end processing
complex were required to stabilize the SL, then deprotei-
nization would be predicted to unfold it, but this is not
the case. The SL structure is intact in proteinase K-treated
RNPs that immunoprecipitate with wild-type Pol II (Fig.
5B,C). This result therefore shows that protein association
is not required for the integrity of the SL. In summary,
these results favor the model that the primary defect
caused by slow transcription is the failure of the nascent
RNA to fold correctly into the SL structure.

While structure probing of nascent RNA made by the
R749H mutant revealed that, on average, the histone
mRNA 3′ SL does not fold properly, its formation may
not be absolutely blocked but delayed sufficiently that a
downstreampoly(A) site can be processed first. Onemech-
anism by which SL folding could be slowed or blocked is
by the formation of an alternative, competing structure.
This type of kinetic control of RNA folding regulates bac-
terial attenuation through the formation of alternative na-
scent RNA structures (Yanofsky 2000; Wickiser et al.
2005). Our structural probing shows that three A residues
adjacent to the upstream arm of the SL that are required
for SLBP binding have decreased DMS and 1M7 reactivity
when transcribed by slow Pol II (bases 4–6) (Fig. 5B,C; Sup-
plemental Fig. S5). This observation suggests that these
important residues are involved in an abnormal base-pair-
ing interaction that prevents SL formation. It is possible
that inappropriate pausing by slow Pol II provides time
for the nascent transcript to assume such an alternative,

nonfunctional conformation, as reported previously in
bacterial systems (Wickiser et al. 2005; Wong et al.
2007). It is also possible that slow transcription increases
the “window of opportunity” for protein binding or RNA
modification that impairs folding of the SL recognized by
SLBP.

What is the physiological relevance of decreased tran-
scription speed disrupting RD histone mRNA 3′ end for-
mation? Several studies have shown that polyadenylated
histone transcripts accumulate in response to ionizing ra-
diation (Kari et al. 2013), serum starvation, (Pirngruber
and Johnsen 2010), and terminal differentiation (Lyons
et al. 2016)—conditions that are all associated with cell
cycle arrest. It is possible that slow transcription elonga-
tion in cell cycle-arrested cells might help shut off normal
histone mRNA 3′ end formation, thereby permitting his-
tone mRNA expression independent of SLBP control.
Consistent with this possibility, UV irradiation slows
transcription elongation (Munoz et al. 2009; Williamson
et al. 2017) and also causes widespread up-regulation of
3′ extended poly(A)+ histone mRNAs (Fig. 6A,B; Supple-
mental Fig. S6). Based on the effects of the R749H Pol II
mutant, we propose that this response to UV could beme-
diated by slow elongation that prevents folding of the his-
tone transcript 3′ SL.

Our results reveal a previously uncharacterized phe-
nomenon in eukaryotic cells: kinetic control of struc-
ture-dependent RNA processing through changes in
nascent RNA folding. The defect in histone mRNA 3′

end formation reported here establishes a proof of princi-
ple that changes in the Pol II elongation rate can alter
the way RNA folds in vivo with important consequences
for the association of RNA-binding proteins and RNApro-
cessing. If slow transcription can affect the RNA folding of
a small stable structure such as the histone 3′ SL, it seems
reasonable that transcription speedmight have additional
possibly widespread effects on folding and processing of
other nascent transcripts. The “rate-dependent folding
and processing” principle could affect the function of
RNA-binding proteins other than SLBP. This possibility
is suggested by the fact that base-paired RNA sequences
are globally anti-correlated with RNA-binding protein as-
sociation (Taliaferro et al. 2016). “Rate-dependent folding
and processing” could also apply to structure-dependent
RNA processing events other than histone mRNA 3′

end formation, including splicing, cleavage/polyadenyla-
tion, A–I editing, circularization, and microRNA process-
ing (Eperon et al. 1988; Hundley and Bass 2010; Liang and
Wilusz 2014; Fernandez et al. 2017; Wu and Bartel 2017).
In this context, it is relevant that 5′ and 3′ splice sites are
globally associated with high and low levels of secondary
structure, respectively (Wan et al. 2014), and RNA struc-
tures affect alternative splicing decisions (Eperon et al.
1988; Buratti and Baralle 2004; Buratti et al. 2004; Meyer
et al. 2011; Ding et al. 2014). Furthermore, RNA struc-
tures at pre-mRNA 3′ ends correlate with increased pro-
cessing because they can bring poly(A) sites into
proximity with cleavage sites (Wu and Bartel 2017). Final-
ly, our results suggest that the rate of transcription can be
modulated as a mechanism to control structure-sensitive
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RNAprocessing events in response to altered cellular con-
ditions. This idea is suggested by the fact that slowing of
Pol II elongation in response to UV is associated with in-
hibition of normal histone mRNA 3′ end formation and
production of long poly(A)+ transcripts (Fig. 6A,B; Supple-
mental Fig. S6). It will be of interest in the future to assess
nascent RNA structure genome-wide to determine how
generally rate-sensitive RNA folding modulates cotran-
scriptional pre-mRNA processing.

Materials and methods

Human cell lines

Flp-In-293TREXcells (female; Invitrogen) expressing inducible α-
amanitin-resistant wild-type and slow mutant Rpb1 (R749H,
H1108Y) have been described (Fong et al. 2014). All experiments
were performed after induction with 2.0 µg/mL doxycycline for
12–24 h and treatment with 2.5 µg/mL α-amanitin for a further
42–45 h, at which time all cell lines were viable and endogenous
Pol II was inactive.

Antibodies

Rabbit anti-SLBPwas a gift fromZ. Dominski. Rabbit anti-NELF-
Awasmade by immunizingwith aGST fusion of humanNELF-A
(1–204) and affinity purification. Rat anti-tubulin was from
Abcam YL1/2 (ab6160). Rabbit anti-total Pol II CTD and anti-
CstF77 have been described (Schroeder et al. 2000; Glover-Cutter
et al. 2008).

ChIP-seq

ChIP-seq was as described (Fong et al. 2017). For ChIP-seq data
generated in this report, antibodies were used as follows (per im-
munoprecipitation): 5 µL of 0.3 mg/mL anti-SLBP, 7.5 µL of 0.6
mg/mL anti-CstF77 rabbit polyclonal serum, and 12.5 µL of 0.4
mg/mL anti-NELF-A with 1–3 mg of cross-linked extract. Librar-
ies were sequenced on the Illumina Hi-Seq platform and mapped
to the hg19University of California at SantaCruz (UCSC) human
genome (February 2009) with Bowtie2 version 2.1.0 (Langmead
and Salzberg 2012). A summary of ChIP-seq libraries is in Supple-
mental Table S3. We generated bed and wig profiles using 50-bp
bins and 200-bp windows, assuming a 180-bp fragment size shift-
ing effect. Results were viewed with the Integrated Genomics
Viewer (IGV) genome browser, and metaplots were generated us-
ing R. Except where noted, metaplots show relative frequency of
mean read counts per bin divided by the total number of aligned
reads in all bins. The Y-axis of these plots represents the propor-
tion of counts contained in each bin, and the area under each
curve is equal. For histone genes, we used 20-base bins in the 5′

region from −200 to +1 relative to the TSS and 50- to 250-base
bins in the 3′ region +1 to +1–5 kb as indicated on a plot relative
to the 3′ end. Histone body regions were divided into 10–20 vari-
able-length bins.Metaplots include all genes in commonbetween
the data sets forwhich aminimumChIP signalwas obtained. The
metaplot of distal poly(A) sites contained all poly(A) sites
within the human histone gene clusters showing experimental
evidence of usage in poly(A)seq reads from wild type and slow
mutants (chromosome 1: 149741644–149869706; chromosome
1: 228604653–228669677; chromosome 6: 25710070–25751607;
chromosome 6: 26010000–26082400; chromosome 6:
26100340–26345100; chromosome 6: 27011551–27210643; chro-
mosome 6: 27764634–27877557; and chromosome 12: 14849966–

14926713) (sites were taken fromN Fong and D Bentley, in prep.).
All poly(A) sites falling in RD histone gene bodies or within 3 kb
downstream were filtered out. The PAS density plot for histone
cluster-distal poly(A) sites was generated using Homer version
4.8 (Heinz et al. 2010).

Anti-Pol II tNetSeq and targeted SHAPE-MaP

Anti-Pol II tNetSeq datawere from (Fong et al. 2017)Gene Expres-
sion Omnibus (GEO) GSE97827. Targeted SHAPE-MaP (Smola
et al. 2015) was performed on nascent RNA isolated by anti-Pol
II immunoprecipitation (Fong et al. 2017). Immunoprecipitates
were treated with 4 µg/µL proteinase K for 15 min at 37°C in 10
mM Tris-HCl (pH 8.0), 1 mM EDTA, and 0.5% SDS. 1M7 was
added to 10 mM for 5 min at 37°C. DMS was added to 250 mM
for 1.5 min at 37°C and stopped by addition of β-mercaptoethanol
to a final concentration of 700mM. Treated RNAwas isolated us-
ing Trizol, and random primed cDNA was synthesized with Su-
perScript II in the presence of 6 mM MnCl2, which causes
mutations at modified bases (Smola et al. 2015). Sequences of
the 3′ ends of histone genes (primers were placed ∼100 bp up-
stream of and downstream from the SL sequence) and 5′ ends of
18S rRNAwere amplified by 15 cycles of PCR (see Supplemental
Table S2 for primer sequences), and Illumina sequencing libraries
were constructed with 15 additional PCR cycles.
SHAPE-MaP sequencing reads were uniquely mapped to the

hg19 human genome or 18S rRNA using Bowtie2 version 2.1.0
(Langmead and Salzberg 2012). A summary of SHAPE-MaP li-
braries is in Supplemental Table S3. Mapped reads with deletions
>3 bases were removed. Due to the ambiguous nature of inser-
tions and deletions, reactivity per base was determined by count-
ing only mismatches using pysamstats (https://github.com/
alimanfoo/pysamstats) and was normalized to the total coverage
per base. The reactivity of corresponding untreated samples was
subtracted from the treated samples. Counts from bases with a
reactivity >0.05 in any sample were removed. Reactivity of bases
in the histone SL were calculated by combining the counts for
each base across 30 individual histone transcripts. The normal-
ized reactivity at which a base was considered modified (shown
as dashed lines in Fig. 5B,C) was set at one standard deviation
above the median normalized value averaged over wild-type
and R749H samples after removing values <0 and >0.05.

qRT–PCR of 3′ extended histone transcripts

qRT–PCR was performed on three replicates of wild-type and
R749H total nuclear RNA. Nuclei were isolated in 300 mM
sucrose, 10 mM HEPES (pH 7.3), 85 mM KCl, 0.1 mM EDTA,
0.5% NP40, and 0.5 mM DTT. Intact nuclei were washed twice
in 10 mM TE, and RNA was isolated using Trizol. Oligo-dT
primed cDNA was synthesized with SuperScript IV (Invitrogen)
and PCR-amplified using primers (Supplemental Table S2) within
5 kb downstream from histone genes (Fig. 1C). qPCR targets were
selected based on evidence of increased readthrough transcription
in mRNA-seq reads and the ability to design unique primers
against potential targets. Signals were normalized to GAPDH,
whose abundance is unaffected in the R749H mutant. The fold
change between wild type and R749H was calculated using the
Δ/ΔCt method.

3′ RACE and 3′ RACE qRT–PCR

Total nuclear RNAwas used to generate cDNAusing SuperScript
IV (Invitrogen) with the dT18-XbaKpnBam primer (Supplemental
Table S2). 3′ RACE (Fig. 1D) was carried out using two rounds of
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PCR with nested forward primers and the XbaKpnBam reverse
primer (Supplemental Table S2; Berg et al. 2012). qPCR of 3′

RACE (Fig. 1E) was performed using 1 µL of the first PCR reaction
(20 cycles) amplified with a nested forward primer and the
XbaKpnBam reverse primer. The fold change in signal was calcu-
lated using Δ/ΔCt after normalizing to GAPDH. 3′ RACE targets
were selected based on evidence of increased usage of a distal poly
(A) site in poly(A)seq reads from R749H compared with wild type
(N Fong and D Bentley, in prep.) and the ability to design unique
primers. Sequences surrounding the targeted poly(A) site are as
follows, with the PAS site underlined and the approximate site
of cleavage in bold: Hist2H2BE (TTAATAAAGTTACCAATT
AATTTAAAGGCTTTGCTGGAT), Hist1H2AG (CTAAATTC
ATAATAAAGTGAAATGTTCAAGTTCAGTCAAG),Hist1H2BJ
(TAATAGCAAATAAATTAACTTTTATGACAGGGAATTGTT
G), and Hist3H2A (TCTGATATTAAAAGTATTTATGATCTC
TAAGTAGTTTGC).

Immunoblotting

Immunoblots were probed with rabbit anti-SLBP (1:1000; kindly
provided by Z. Dominski), rat anti-tubulin, and anti-histone H3.
HRP-conjugated goat anti-rabbit antibody (DAKO) was used,
and signals were developed with ECL Plus (Roche).

Accession numbers

ChIP-seq and RNA-seq data sets were deposited at GEO under ac-
cession number GSE109652.
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