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ABSTRACT

Cleavage and polyadenylation is necessary for the formation of mature mRNA molecules. The

rate at which this process occurs can determine the temporal availability of mRNA for

subsequent function throughout the cell and is likely tightly regulated. Despite advances in

high-throughput approaches for global kinetic profiling of RNA maturation, genome-wide 3’ end

cleavage rates have never been measured. Here, we describe a novel approach to estimate the

rates of cleavage, using metabolic labeling of nascent RNA, high-throughput sequencing, and

mathematical modeling. Using in-silico simulations of nascent RNA-seq data, we show that our

approach can accurately and precisely estimate cleavage half-lives for both constitutive and

alternative sites. We find that 3’ end cleavage is fast on average, with half-lives under a minute,

but highly variable across individual sites. Rapid cleavage is promoted by the presence of

canonical sequence elements and an increased density of polyadenylation signals near a

cleavage site. Finally, we find that cleavage rates are associated with the localization of RNA

Polymerase II at the end of a gene and faster cleavage leads to quicker degradation of

downstream read-through RNA. Our findings shed light on the features important for efficient 3’

end cleavage and the regulation of transcription termination.

INTRODUCTION

Cleavage at the 3’ end of a pre-mRNA molecule is a quintessential part of mRNA maturation.

This step determines the composition of the 3' untranslated region (UTR) and allows the release

of mRNA from the active polymerase and chromatin environment (1). Cleavage is initiated by

the recognition of a polyadenylation site (PAS) (2), which stimulates the cleavage and

polyadenylation machinery to perform endonucleolytic cleavage downstream of the PAS while

RNA Polymerase II (RNAPII) continues transcribing until other processes terminate transcription

and degrade the read-through transcript (3). An mRNA molecule is fully mature only after the

addition of a tail of non-templated adenines to the 3’ end (polyA tail). The coupling of cleavage

and polyadenylation protects mRNAs - together with the 5’ N7-methylguanosine cap - from

premature degradation during nuclear export to the cytoplasm (4–6). The spatio-temporal

coordination of these processes is likely heavily regulated to ensure productive mRNA

expression.

Eukaryotic mRNAs often contain many PASs, with extensive alternative polyA site usage

leading to isoforms with alternative 3’ UTRs. 3’ UTR composition can influence polyA tail length
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(7, 8), export efficiency (8), mRNA stability(9), mRNA localization (10, 11), and translation

efficiency(12, 13). The usage of alternative polyA sites within upstream coding exons or introns

can create truncated transcripts that result in altered protein composition or are targeted for

degradation. Alternative PAS usage has been implicated in triggering many disease

mechanisms (2, 14), developmental or differentiation states (15, 16), or cellular responses to

stressors such as immune stimuli or heat shock (17–19). The recognition of PASs is regulated

through a combination of local cis-regulatory sequences and global changes in the availability of

necessary trans-regulatory factors, and transcription elongation rates (2, 20). The relative rates

at which polyA sites are recognized within or across genes likely have a direct impact on the

relative expression of different isoforms.

The development of high-throughput sequencing approaches to systematically capture and

analyze nascent pre-mRNA molecules has opened the door for genome-wide kinetic profiling of

RNA maturation processes (21, 22). Many steps of RNA maturation - including mRNA splicing

and cleavage - are thought to occur primarily co-transcriptionally (20), with substantial interplay

between the efficiency and choices involved in each of these processes. Preliminary evidence

suggests that intronic splice site and PAS choices are determined by kinetic parameters, such

that sequence features or gene architecture might promote faster intron excision or transcript

cleavage(23, 24) . While these hypotheses are being increasingly tested and molecularly

characterized for mRNA splicing (20), we still have very little understanding of the kinetic

regulation of PAS choice and mRNA cleavage that determines the composition of the 3’ ends of

mRNAs.

Previous studies have suggested that CPA is likely to occur relatively rapidly after RNA

synthesis and can be temporally regulated (25–27). An early molecular study measured the

addition of radiolabeled adenosines to the 3’ ends of pre-mRNAs synthesized with radiolabeled

uridines and observed that polyadenylation (and thus cleavage) likely occurred within 1 minute

of mRNA biogenesis in CHO and HeLa cells (25). However, this study only measured global

RNA polyadenylation, with no ability to measure variation in the rates of cleavage across genes

or alternative sites. More recently, insights from high-throughput sequencing of chromatin

associated RNA suggested that variation in splicing and 3’ end kinetics (rather than transcription

initiation rates) across genes controlled the timing of gene expression for multiple sets of

immune genes. Similarly, imaging studies have suggested that there is kinetic competition

between splicing and cleavage in the process of mRNA maturation and that the temporal
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balance between these mechanisms can be regulated (27). Together, these studies highlighted

the need to more precisely estimate site-specific rates of cleavage and polyadenylation that

govern the timing that mature mRNAs are available for downstream processes.

Here, we use nascent RNA high-throughput sequencing and mathematical modeling to develop

a method for estimating site-specific 3’ cleavage rates with temporal precision. Our approach is

based on our previous method for estimating intron-specific rates of mRNA splicing, which

models the probability of observing splicing-informative junction reads across time since

synthesis of the pre-mRNA molecule. To use this framework to estimate rates of cleavage, we

first use simulations to (1) characterize reads informative about uncleaved and cleaved

molecules, (2) derive a model that measures cleavage half-lives given the probability of

observing a ratio of uncleaved to cleaved molecules given time since pre-mRNA synthesis, and

(3) extend this model to estimate the rates of cleavage at alternative cleavage sites within a

gene. Applying this model to nascent RNA data from Drosophila melanogaster S2 cells, we

estimate 3’ cleavage half-lives for approximately 3,000 cleavage sites, identify sequence

features associated with the rates of cleavage, and characterize RNA Polymerase II (RNAPII)

dynamics around sites with variable cleavage half-lives.

METHODS
Processing 4sU-seq data

4sU-seq data from Drosophila melanogaster S2 cells were obtained from Pai et al. 2017 (24).

This dataset consists of three independent replicates each of 4sU-seq data after 5, 10, and 20

minutes of labeling with 500 micrograms of 4sU as described in Pai et al. (24) and two

replicates of total RNA. These data include 51nt paired-end reads and 100nt reads for the total

RNA-seq samples, all sequenced on an Illumina HiSeq platform. Fastq files were downloaded

from GEO (GSE93763) and mapped to the dm6 reference genome (Flybase release 6.28)

scaffolded with BGDP6.28.99 annotations using STAR (version 2.7.0e) (56) with options:

--outSAMtype BAM SortedByCoordinate --outSAMstrandField None --outSAMattributes All

--alignIntronMin 25 --alignIntronMax 300000] . Gene expression levels were calculated for the

total RNA-seq data with Salmon (57) using the dm6 6.28 reference transcriptome. Gene level

TPMs were obtained by summing all the isoform-level TPMs for a given gene.
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Identification and estimation of cleavage site usage
To identify cleavage sites that are used in Drosophila melanogaster S2 cells, we used a

published 3p-seq data from S2 cells (58) and retained cleavage sites in the dm6 6.28

annotations that overlapped (within +/- 25nt) with 3p-seq peaks after lifting over the curated

table from dm3 coordinates.

Alternative usage of cleavage sites was measured using a combination of the LABRAT and

QAPA pipelines to measure proportional usage of cleavage sites. We used LABRAT (version

0.2.2) (59) to filter annotated transcription end sites and calculate the expression of terminal

fragments in total RNA-seq data. We then used the Poly(A) Usage (PAU) metric introduced by

QAPA (60) to estimate a site-specific PAU value, which represents the proportion of cleavage

site usage relative to the usage of all other cleavage sites in a gene.

Estimating 3’ end cleavage rates with mathematical modeling of informative read ratios
We based our model for estimating the rate of 3’ end cleavage on our previous model for

estimating the rate of mRNA splicing (24). The progressive labeling design implemented in the

4sU-seq experiments enables the capture of RNAs at different stages of processing, and yields

three populations of transcripts: (1) transcripts not yet transcribed past the cleavage site; (2)

transcripts that are fully transcribed but still uncleaved; (3) transcripts that are fully transcribed

and also cleaved. As described in Pai et al., this progressive metabolic labeling data, we model

the proportion of reads belonging to either cleaved or uncleaved transcripts as a function of the

distance traveled by RNA Polymerase II and the probability of observing either cleavage state at

a given polymerase endpoint (24). This is distinct from parameterizing the model by timepoints,

since conceptualizing probability in terms of polymerase distances allows the modeling of a

range of transcript lifetimes within the same labeling timepoint.

To identify reads that are directly informative about 3’ end cleavage state, we define two kinds of

informative regions: (1) overlapping a cleavage site, where reads can only come from uncleaved

transcripts, and (2) two insert lengths upstream of the cleavage site, where reads can come

from both uncleaved and cleaved transcripts and are informative about the total number of

transcripts that can be cleaved at this site. We use this second region to estimate the expected

number of reads coming from cleaved transcripts by subtracting the reads overlapping the

cleavage site and the number of reads estimated to be derived from transcripts have transcribed
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past the total region but have not yet reached the cleavage site (FIGURE 1C; FIGURE S1). We

use these empirical estimates of uncleaved and cleaved transcripts to mathematically model the

expected 3’ end cleavage half-life across a range of transcript lifetimes. We use the same

mathematical expression described to estimate splicing half lifes in Pai et al. (24), with three

important changes: (1) the empirical ratio is of uncleaved/cleaved transcripts, rather than

unspliced/spliced transcripts, (2) only transcripts that have transcribed past the cleavage site

are considered, and (3) the range of polymerase endpoints is redefined to consider the region

that is informative about cleavage, rather than splicing.

Specifically, considering the cleavage site (CS) to be coordinate 0, the range of polymerase

endpoints informative for cleavage becomes [CS, RTR+Lr], where RTR is the length of the

readthrough region, L is the labeling time, and r is the transcription rate, assumed to be constant

(FIGURE 1C). Transcripts associated with polymerases located upstream of CS cannot yet be

cleaved, and transcripts associated with polymerases located beyond RTR+Lr cannot have

incorporated the metabolic label. Using these new integration limits, the model can be solved for

the half-life h to obtain an estimate of a 3’ end cleavage half-life. However, since there is no

analytical solution for the resulting function, we solve a simplified expression numerically using

the optim function in R, as described in Pai et al. (24). Similar to the model to estimate splicing

half-lives (24), this model to estimate 3’ end cleavage half-lives assumes (1) an equal probability

of sampling reads from uncleaved and cleaved transcripts, (2) independence between cleavage

events, and (3) that all transcripts will eventually be cleaved at the site where cleavage half-life

is measured.

Estimate 3’ end cleavage half-lives for alternative cleavage sites. While the assumptions

described above are valid for constitutively used cleavage sites, they are not all valid for sites

that are alternatively used (PAU < 95%). Specifically, there is an intrinsic interdependence

between the counts of reads across alternative sites from the same gene since transcripts that

are cleaved at a given site must be uncleaved at the other site. This results in the probability of

cleavage at a site being dependent on the cleavage status of other sites in the gene. This

relationship results in an overcounting of uncleaved reads at sites with PAU < 95% (FIGURE
S3B and C). Thus, to obtain cleavage rates estimates for alternative sites with 5% < PAU <

95%, we must proportionally allocate informative reads based on the site-specific usage

observed in steady-state data (FIGURE S4). Broadly, we (1) use site-specific PAU values to

weight the observed counts of reads at the total region and each region directly overlapping
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consecutive cleavage sites, (2) subtract reads that are assumed to originate from transcripts

that are not able to be cleaved at a given site, and (3) calculate the expected number of reads

from cleaved transcripts by subtracting the adjusted uncleaved read count from the adjusted

total read count. To enable these calculations, we count reads from the same region upstream

of the first cleavage site (as described above) to obtain the total number of transcripts for a

gene. Furthermore, we make a few key assumptions, primarily that there is again a uniform

distribution of polymerases throughout the entire 3’ end of the gene and that each pre-mRNA

molecule is only cleaved once, after which there is relatively fast degradation of the readthrough

fragment.

Specifically, for the initial CS1 we perform the following series of calculations:

(1) The number of reads from transcripts that can be cleaved at CS1 is calculated by

weighting the read count from the total region by PAU1 and then subtracting the

expected proportion of reads arising from polymerases that are within the pre-CS1

region.

(2) The uncleaved read count from CS1 is corrected by subtracting the expected proportion

of reads arising from transcripts that will be cleaved at all downstream cleavage sites.

For all downstream expressed cleavage sites n, we perform the following series of calculations:

(1) The number of reads from transcripts that can be cleaved at CSn is calculated by

weighting the read count from the total region by PAUn and then subtracting (a) the

expected proportion of reads arising from polymerases that are within the pre-CS1 region

and (b) the expected proportion of reads arising from polymerases that are within the

extended UTR region defined as CSn - CS1.

(2) The uncleaved read count from CSn is corrected by subtracting the uncleaved read count

from all CSi<n, after subtracting for the number of those reads that are expected to arise

from polymerases that are within the extended UTR region defined as CSn - CSi<n for all

CSi<n.

Simulations to assess modeling approaches
We used simulated 4sU-seq data to assess the accuracy of our 3’ end cleavage rate models. To

do so, we simulated data for a cleavage site across a range of different biological and technical

contexts: gene length g (1 - 50kb), readthrough length RTR (1 - 100 kb), expression level in

TPM (10 - 250 TPM), labeling periods L (5, 10, and 20 min), mean library preparation insert size
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(125 - 200 nt), mean standard deviation around the insert size (25 nt), and half-lives h (0.1 - 30

min). For simulations where we simulated two cleavage sites in the same gene, we also

simulated ranges of proportional cleavage site usage (0 - 100% PAU) and distances between

cleavage sites d (500 - 2000 nt). These parameters recapitulate standard distributions of gene

structures, expression values, and experimental conditions. We note that the simulations allow

RNAPII to transcribe the full RTR distance, but do not simulate XRN2 cleavage of readthrough

transcripts and thus we remove reads from the RTR for kinetic modeling of simulated data.

To generate read data from transcripts, we simulated several steps in nascent RNA

transcription, capture, and library preparation as previously described in Pai et al. (24), and

modified to simulate 3’ end cleavage rather than splicing processes. Most notably, for transcripts

with RNAPII endpoints beyond the cleavage site, the cleavage state was probabilistically

determined based on the simulated half-life and end point. Transcripts with end points beyond g

were terminated at g (or g + d for alternative cleavage site simulations), but the longer end

points affected the probability of cleavage since they represent transcripts that were completed

before the end of the labeling period. Mean library preparation insert sizes and standard

deviations were used during the in-silico fragmentation and size-selection steps and the first

50nt of the fragments were used as simulated reads.

Estimating 3’ end cleavage half-lives in Drosophila melanogaster S2 cells
Filtering cleavage sites. To identify cleavage sites for which we could confidently estimate

cleavage rates, we conditioned on 4 criteria: (1) sites in genes with TPM > 5 in the total RNA

libraries; (2) sites whose use as a polyA site is supported by 3p-seq data (see above); (3) sites

that do not overlap introns (defined using RNA-seq junction reads), since splicing efficiency over

the 4sU time course might confound measurement of reads supporting uncleaved transcripts;

(4) sites for which the associated total read region (Fig 1C) does not overlap an intron, since

splicing efficiency might similarly confound total transcript measurements and (5) sites with at

least 1 uncleaved or cleaved read in any time point. Finally, alternative cleavage sites within 50

nt of each other were filtered out. Using these criteria, we retain 2,857 constitutively used (PAU

> 0.95) and 603 alternatively used (PAU > 0.05 & PAU < 0.95) sites.

Processing RNAPII ChIP-seq data and estimating length of readthrough region. To define a

readthrough region, defined as the region that RNAPII continues to travel after cleavage, we

used publicly available RNAPII ChIP-seq data from Drosophila melanogaster S2 cells.
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Specifically, fastq files from GSE112608 (61) were downloaded from GEO and mapped using

STAR as described above. To estimate the length of the readthrough region, we used

DoGFinder (62), run with default parameters and a conditioning on a minimum downstream of

gene (DoG) length of 100 nt.

Extracting informative reads and modeling cleavage half-lives. For each of the cleavage sites

retained for further analyses, informative reads for cleavage site and total region were counted

using bedtools. For cleavage site reads, we required at least a 10nt overlap with both terminal

exon (upstream of cleavage site) and readthrough region (downstream) for cleavage site reads.

We defined the total region as the region located (2[𝑖𝑛𝑠𝑒𝑟𝑡 𝑙𝑒𝑛𝑔𝑡ℎ] + 2[𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑡𝑑 𝑑𝑒𝑣]) 

upstream of the cleavage site and counted all reads that overlapped this region. Reads were

combined across the three replicates from each labeling period to increase power to model

half-lives and half-lives were estimated using a constant Drosophila transcription rate of 1500

nt/min (63, 64).

Nucleotide Composition and kmer analysis
To obtain nucleotide composition information, genome sequence was extracted around each

cleavage site using bedtools getFasta -s. The proportion of each nucleotide (A, C, G, U) present

across all sites or relevant sites categorized by half-life measurements was calculated for each

nucleotide position in the specified windows. The same genome sequences were scanned for

the 10 most prevalent polyadenylation signal (PAS) kmers specified in Sanfillipo et al. (28) using

a custom python script to identify the position and identity of PASs around each cleavage site.

RESULTS

The processing of RNA molecules cleavage is thought to occur co-transcriptionally, with

molecular steps initiating rapidly after recognition of splice sites or PASs for mRNA splicing and

3’ end cleavage, respectively. Thus, to measure the kinetics of RNA events, it is necessary to

profile transient nascent RNA intermediates at the proper timescale. This is challenging to

achieve with single locus quantitative PCR or single molecule imaging techniques, which are

limited in either quantitative or temporal resolution, respectively, for rapid RNA processing

mechanisms. To overcome these challenges, we recently developed a modeling approach to

estimate the rates of mRNA splicing using data from high-throughput sequencing of nascent

RNA labeled with 4-thio-uridine (4sU) over short labeling periods (24). Specifically, our approach
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uses the ratio of spliced exon-exon junction reads to unspliced intron-exon junction reads to

model the half-life of intron excision. Since the progressive incorporation of 4sU over the

labeling period results in a distribution of times since completion of synthesis of an intron - and

thus of lifetimes over which an intron could be spliced - our model explicitly integrates over

possible polymerase locations that could contribute junction reads to estimate the probability of

observing a junction ratio consistent with a given half-life. Since progressive, short time period

metabolic labeling of nascent RNA also provides sufficient read coverage at the 3’ end of a

gene, we set out to adapt our splicing rates model to estimate the rates of 3’ end pre-mRNA

cleavage.

Identifying signatures of 3’ end mRNA cleavage in nascent RNA

We previously estimated mRNA splicing rates by empirically measuring exon-exon and

intron-exon junction reads from 4sU labeled nascent RNA-seq data, which unambiguously

quantify spliced and unspliced molecules, respectively. To adapt this approach to estimate rates

of 3’ end cleavage, we must first identify nascent RNA reads informative about cleaved and

uncleaved molecules. Reads that directly overlap the cleavage site (CS) unambiguously arise

from uncleaved molecules, however, there are no such reads that are exclusive to cleaved

molecules. To identify a population of reads that could be used to quantify cleaved molecules,

we used our previously published nascent RNA sequencing dataset in Drosophila melanogaster

S2 cells, which includes 5, 10, and 20 minute 4sU labeling time points, to assess patterns of

read distribution around the CS. We find a depletion of nascent RNA reads around annotated

CS, with the extent of read depletion growing more pronounced as labeling time increases

(FIGURE 1A). We hypothesized that this temporally associated depletion reflects increasing

numbers of cleaved molecules, which cannot contribute reads directly over the CS. Indeed,

similar patterns of temporally associated read depletion were observed in reads generated from

a simulated 4sU-labeled nascent sequencing dataset (FIGURE S1, FIGURE S2A).

We rationalized that we could obtain an expected value for the number of cleaved reads by

using reads upstream of the CS to initially estimate the total number of transcripts that could be

cleaved. Molecules resulting from RNAPII readthrough downstream of the CS are less

informative since they are rapidly degraded by XRN2, reflected in the decrease in 4sU-seq

reads in the region downstream of the CS (FIGURE 1A). Despite the biological differences in

the lifespan of upstream mRNA and downstream readthrough molecules, the shape of the dip in
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read distribution was symmetrical around the CS. This pattern was consistent with RNA-seq

edge effects, where size selection for narrow fragment length distributions during library

preparation causes a depletion of reads at the ends of molecules. Cleavage of nascent

transcripts would result in edge effects for both the upstream and downstream molecules. Read

coverage in the simulated data confirmed that the width of the read depletion distribution is

associated with library preparation fragment length after size selection (FIGURE 1B). Thus, we
realized that it is necessary to control for the average fragment length in a library when

identifying a region from which to quantify the total number of cleavable transcripts.

Together, these insights across the in-vivo and simulated 4sU-seq datasets led us define two

sets of cleavage-informative reads: (1) reads overlapping the CS to quantify uncleaved

transcripts (uncleaved reads) and (2) reads overlapping a region two fragment lengths upstream

of the CS to quantify cleavable transcripts (total reads) and estimate the expected number of

cleaved transcripts (cleaved reads; Methods, FIGURE 1C). Reassuringly, we see that the ratio

of uncleaved reads to total reads decreased over 4sU labeling time in the 4sU-seq data from fly

S2 cells, consistent with more molecules being cleaved over time (FIGURE S2B). While this

ratio correlates with cleavage half-lives in the simulated nascent data, the strength of the

correlation is dependent on the length of the readthrough region (FIGURE S2C). This suggests
that robust half-life estimation must account for polymerases continuing to contribute labeled

reads while transcribing in the readthrough region, just as we accounted for the regions

downstream of the 3’ splice site in our previous approach for estimating splicing rates.

Estimating the rate of 3’ end cleavage in fly S2 cells

To estimate the half-life of 3’ end cleavage, we modified our splicing rate model to model the

probability of observing an given ratio of uncleaved to cleaved reads (estimated empirically)

integrating over a region accounting for both polymerase readthrough region (estimated using

ChIP-seq data; FIGURE S2D) and the labeling time (Methods). The model (FIGURE 1C) makes
three major assumptions: (1) a constant transcription rate over the entire region past the 3’ CS,

(2) RNAPII localization on the DNA is indicative of actively transcribing RNAPII after cleavage,

and (3) cleavage events will always occur to completion, thus we can only estimate the rates of

constitutively used cleavage sites. This model was able to accurately assign absolute rates of 3’

end cleavage to each CS in our simulated 4sU-seq data (Spearman rho = 0.98; FIGURE 1D),
across a range of simulated half-lives, expression levels, library preparation conditions, and
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genomic parameters. Furthermore, we see no detectable bias in the relative accuracy of half-life

estimation across the simulated distributions of expression levels (FIGURE S2E), readthrough
regions (FIGURE S2F), and transcription elongation rates (FIGURE S2G). Overall, results from
our simulations indicate that modeling of progressive labeling 4sU-seq data can be used to

robustly estimate rates of 3’ end cleavage.

As stated above, one of the limitations of our initial estimation of cleavage-informative reads is

that our model assumes all reads are derived from transcripts that are constitutively cleaved at a

site, which does not hold for alternatively used cleavage sites(5% > PAU < 95%; FIGURE S3A).
The presence of reads from transcripts that are cleaved at an alternative site within the same

gene results in an artifactual increase in uncleaved reads and an overestimation of 3’ end

cleavage half-lives for alternative sites in both simulated (FIGURE 1E, FIGURE S3B) and
4sU-seq data (FIGURE S3C). Thus, we modified our read estimation scheme to proportionally

allocate informative reads to alternative cleavage sites based on (1) the relative usage of the

sites, (2) genomic order and position of the sites, and (3) the first two assumptions used for

estimating constitutive rates above (Methods; FIGURE S4). Our 3’ end cleavage rates model

performs quite well to estimate the 3’ end cleavage half-lives of alternative sites using these

adjusted reads (FIGURE 1F; FIGURE S3D).

Alternative 3’ cleavage sites are cleaved slower than constitutive sites

We applied this novel model for estimating 3’ end cleavage rates to our previously published

time course of 4sU-seq data from Drosophila melanogaster S2 cells (24). After filtering for sites

with sufficient power to estimate rates (Methods), we modeled cleavage half-lives for 2,857

constitutive (PAU > 95%) and 603 alternative (5% < PAU < 95%) sites in S2 cells (FIGURE 3A).
Within this set, we were unable to obtain half-lives for 185 constitutive and 354 alternative sites

(after read adjustment) that had no uncleaved reads at any time-point, suggesting that these

sites are cleaved faster than the resolution afforded by our labeling time-course. Additionally, we

were only able to estimate rates of gene-proximal (upstream most) alternative sites, likely due a

combination of reduced usage of distal sites and the 4sU-seq 5’ bias leading to decreased read

coverage at sites further from the transcription start site. Among the remaining sites, the median

cleavage half-life (t1/2) was 35.3 and 43.3 seconds (standard deviation of 0.03 and 120 seconds)

for constitutive and alternative sites, respectively (FIGURE 2A).
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On average, half-lives for alternative cleavage sites were slightly but significantly slower than

constitutive sites (Welch’s two sample test p-value = 0.0006). Similarly, sites that are associated

with alternative last exons trend towards being cleaved slower on average (FIGURE 2B),
despite being constitutively used in S2 cells, suggesting a small delay in recognizing or initiating

cleavage at alternative sites that may be temporally coupled with local splicing decisions.

Finally, the 3’ end cleavage half-lives of alternative sites were weakly associated with the

relative usage of the sites (FIGURE 2C), such that sites with less relative usage were cleaved

slower. Together, these observations suggest that the kinetics of 3’ end cleavage may play a

role in the regulation of alternative cleavage decisions.

Faster cleavage is associated with the strength and number of PAS elements

The initiation of 3’ end cleavage is mediated by recognition of multiple cis-regulatory RNA

elements located both upstream and downstream of the CS. These include the polyadenylation

signal and downstream sequence element (DSE), positioned 10-30nt upstream and ~10-40nt

downstream of the CS, respectively (1, 28–30). To understand how cis-elements influence the

rate of 3’ end cleavage, we first calculated nucleotide composition in the 100nt window around

constitutive cleavage sites. We broadly recapitulate the known nucleotide distributions across all

sites, characterized by (1) an A at the CS, (2) an overall enrichment of AU content around the

CS, (3) an A-rich region 10-30nt upstream of the CS, and (4) a U-rich region 5-25nt downstream

of the CS (FIGURE S5A, (1, 28–31)). Strikingly, we see that these sequence characteristics are
enhanced in the cleavage sites with the fastest half-lives, combining across both constitutive

and alternative sites, with a greater proportions of A and U content upstream and downstream

of the CS, respectively (FIGURE 3A).

Given the known importance of PAS strength in CS usage (2, 23), we next turned to specifically

investigate how the sequence and position of the PAS influences the rate of 3’ end cleavage. To

do so, we identified positions for the PASs predominantly used in Drosophila (28) by scanning

for the 10 mostly commonly used 6-mers in the 200 nucleotides upstream of sites for which we

measured cleavage rates. Consistent with previous observations (28), we observe that for 60%

of genes, the closest PAS 6-mer is within 10-30nt upstream of the CS and 66% of these 6-mers

match the strongest AAUAAA, AUUAAA, or AAUAUA PAS motifs thought to be present at the

majority of fly genes (28) (FIGURE S5B). We do not see any significant associations between

cleavage half-lives and either the position (FIGURE S5C) or the sequence of the closest PAS
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kmer (FIGURE S5D). Instead, we find that cleavage sites with a greater number of PAS kmers

in the 200nt upstream of the CS have faster cleavage half-lives (FIGURE 3B). This could

indicate that PASs act cooperatively, where each additional element increases the probability of

CPA machinery binding in an additive fashion. To evaluate this possibility, we calculated the

half-life per kmer and and again see the same relationship, where cleavage sites that have

more kmers are being cleaved faster per sequence element (FIGURE 3C). This observation

suggests a non-linear multiplicative relationship where multiple elements cooperate to increase

the rate of cleavage more than the rate driven by any individual site.

3’ end cleavage rates are associated with local RNA polymerase II dynamics

The rate of cleavage has the potential to be associated with RNAPII localization, since PAS

recognition likely occurs while the nascent RNA is emerging from the RNAPII exit channel.

Since 3’ end cleavage initiates the decoupling of the mRNA molecule from actively elongating

RNAPII, we hypothesized that cleavage kinetics may be influenced by RNAPII dynamics

downstream of the CS. Consistently, we see that the rate of 3’ end cleavage is significantly

associated with the length of the readthrough region, or the region that RNAPII transcribes after

the CS (Spearman ⍴ = 0.34, p-value < 2.2 𝗑 10-16; FIGURE 4A). We do not observe this

association in simulated data, indicating that this observation is not due to biases in our

modeling approach. The observation that cleavage sites with faster half-lives were associated

with shorter readthrough regions suggests that RNAPII dynamics may be limited in some

fashion in the region after the CS, as was recently suggested to occur in yeast and human cells

(32, 33) . To investigate this, we used RNAPII ChIP-seq data from Drosophila S2 cells to look at

RNAPII occupancy around cleavage sites. For these analyses, we only used constitutive sites to

avoid overlapping signals from alternative sites in the same genes. As has been observed

previously, we observe decreased RNAPII occupancy just upstream of the CS and an

immediate increase in occupancy downstream of the CS, regardless of cleavage rate (FIGURE
4B). However, this increase in RNAPII occupancy is more pronounced in the first 250nt

downstream of the CS for sites with the shortest half-lives.

Together, these observations indicate a relationship between cleavage rates and RNAPII

dynamics in the 250nt downstream of the cleavage site. Specifically, this observation suggests

that RNAPII pausing or a reduction in RNAPII speed may underlie faster cleavage.

Concurrently, faster 3’ end cleavage may have consequences on RNAPII processivity, since the
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earlier appearance of an unprotected 5’ end on the readthrough transcript may result in faster

XRN2-mediated degradation of the readthrough transcript. This could limit the distance that

RNAPII is able to transcribe before XRN2 catches up and promotes transcription termination.

Consistent with this hypothesis, we see fewer readthrough transcripts for cleavage sites with

faster half-lives, especially in early nascent data when readthrough transcripts are less likely to

be mostly fully degraded (FIGURE 4C, FIGURE S6).

DISCUSSION

Recent development of high-throughput sequencing techniques that capture nascent RNA over

time has made genome-wide kinetic profiling of RNA maturation possible. Though rates of

mRNA splicing have been estimated globally, the rate at which an mRNA is cleaved and

polyadenylated to complete the maturation process has never been investigated. In this study,

we introduced a novel method to measure the rates of site-specific 3’ pre-mRNA cleavage. We

applied this approach to estimate the half-lives of 3’ end cleavage in Drosophila melanogaster

S2 cells and examine genomic features that may account for variability in cleavage rates.

We find that, on average, cleavage at sites that are alternatively cleaved occurs 23% slower

than at constitutive cleavage sites. Furthermore, constitutively used cleavage sites in genes

known to have alternative sites are also cleaved slower than sites in genes with only one

possible CS. Together, these observations suggest that capacity for alternative site usage in a

gene may lead to delays in 3’ end cleavage and polyadenylation, perhaps until all cleavage sites

have been transcribed. However, after adjusting informative read counts by the proportional CS

usage, we were only able to estimate cleavage half-lives for the gene proximal-most sites in any

gene. While we cannot discount the possibility that cleavage at distal sites is often too fast to

estimate, our inability to estimate half-lives at these sites is likely due to the inherent 5’

sequencing bias particularly present in early 4sU labeling timepoints. Thus, our read adjustment

approach for counting informative reads may be especially underpowered at distal sites and

higher sequencing depth is necessary to estimate the rates of cleavage at these sites.

Sites with faster cleavage half-lives also tend to have enrichments of sequence features

traditionally associated with more efficient 3’ end cleavage and polyadenylation - namely, an

A-rich region upstream of the CS, a U-rich downstream element distal to the CS, and a higher

density of kmers associated with polyadenylation signals. These observations suggest that the

speed of cleavage could be regulated by the recruitment of regulatory features. However, our
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analyses suggest that PAS motifs do not act independently but rather cooperate such that the

presence of multiple motifs increases the rate of cleavage more than expected for the addition

of a site. This is consistent with reports that genes can have clusters of efficiently cleaved,

closely spaced 3’ isoform endpoints whose usage is associated with temporal regulation of RNA

processing (33). One possibility is a model in which the local density of these motifs is the

determining feature for increasing the concentration of cleavage and polyadenylation machinery

near the cleavage site and hastening the cleavage reaction.

The presence of G-rich sequences - putatively enriched with G-quadruplexes - downstream of

cleavage sites has been previously posited to be associated with enhanced cleavage and

polyadenylation efficiency by aiding in the recruitment of necessary regulatory factors or

promoting an open structural conformation of all the elements (29, 34–36). Furthermore, G-rich

or G-quadruplex containing regions have also been hypothesized to function as roadblocks or

pause sites for RNAPII elongation, serving to slow down or pause RNAPII downstream of

cleavage sites and facilitate rapid cleavage (33, 35, 37). Giesberg et al. recently found that

slower RNAPII speed at downstream of cleavage sites promotes cleavage and polyadenylation

and the speed of RNAPII is mediated by GC-content in this region (33). Consistent with this

observation, we do observe evidence for increased RNAPII dwelltime downstream of cleavage

sites with the fastest half-lives, but do not observe a relationship between GC content and and

cleavage rates. Our observations support the hypothesis that slower transcription elongation

enables faster 3’ end cleavage, but that the relationship between cleavage speed and RNAPII

dynamics is not mediated by G-containing sequence elements. It is also possible that both the

speed of cleavage and RNAPII are independently linked to increased polyA site usage in

steady-state mRNA.

Alternatively, the increase in RNAPII density downstream of the fastest cleavage sites might be

due to RNAPII stalling during termination and chromatin disassociation (38). The torpedo model

posits that termination is initiated by XRN2, which performed exonucleolytic 5’-3’ degradation of

the readthrough transcript, catching up to the polymerase and promoting dissociation from DNA

(38, 39). Faster cleavage likely allows XRN2 to gain a kinetic advantage (40), allowing XRN2 to

interact with RNAPII before it has a chance to advance far downstream of the CS. We observe

fewer reads in the readthrough region downstream of the fastest cleaved sites, consistent with

the idea that XRN2 degradation of the downstream molecule begins faster. Future studies to

measure the rate of XRN2 exonucleolytic degradation itself would shed light on the relationship
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between the dynamics of 3’ end cleavage and polymerase and sequence of events occurring

during transcription termination.

More broadly, our approach to estimate the rate of 3’ end cleavage can help to provide insights

into the spatio-temporal sequence of events necessary to create an mRNA molecule. When

leveraged in tandem with other nascent RNA modeling approaches to measure transcription

elongation and splicing rates, these tools together can be used to elucidate the rate-limiting

steps for mRNA biogenesis across biological contexts. Studies have found increasing evidence

of the co-regulation of splicing and cleavage on the same molecule, with evidence that

inefficient splicing is associated with inefficient 3’ end cleavage and increased readthrough

transcripts in both yeast and human cells (41, 42). These observations support potential kinetic

coupling between splicing and cleavage events. Similarly, recent evidence that alternative last

exons are likely regulated by cleavage rather than splicing mechanisms (43) suggests that the

timing of cleavage might compete with or dictate the timing of splicing for these alternative

decisions, as suggested by window of opportunity models (20).

Alternative cleavage and polyadenylation is known to be tightly regulated in many biological

contexts, including neuronal development (44–49), circadian rhythms (50, 51), the immune

response (19, 52, 53), and many cancer subtypes (54, 55). In each of these contexts, the timing

of regulatory events matters to ensure proper cellular differentiation, clock timing, survival from

stimulation stress, or proliferative advantages, respectively. Thus the kinetics of cleavage

decisions may specifically be regulated across these and other contexts to ensure appropriate

3’ UTR selection. For instance, a kinetic balance between splicing and cleavage was shown to

be perturbed by a cancer-associated mutation in the U2AF1 splicing factor, leading cleavage to

no longer be rate-limiting for any molecules of the B-globin gene (27) and broadly suggesting

that this commonly occurring mutation may be selected to influence kinetic competition in

human cancer cells. Applying our method to measure the rates of 3’ end cleavage in a diversity

of cell types and biological system would enable further understanding how widespread kinetic

co-regulation or competition is and how the timing of regulatory events may dictate

context-specific isoform usage.

AUTHOR CONTRIBUTIONS

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

https://paperpile.com/c/4J7Esg/kf7g+Hb8j
https://paperpile.com/c/4J7Esg/YmSd
https://paperpile.com/c/4J7Esg/S9E3
https://paperpile.com/c/4J7Esg/kpXB+oLZe+Ulu8+tuba+B0xD+hjW7
https://paperpile.com/c/4J7Esg/bSqm+SSAU
https://paperpile.com/c/4J7Esg/DBmk+fx0S+OTqV
https://paperpile.com/c/4J7Esg/TlNj+vl18
https://paperpile.com/c/4J7Esg/lUvB
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


ACKNOWLEDGEMENTS
We thank Chris Burge and Anish Shah for initial discussions on developing the method, Elisa

Donnard and Manuel Garber for suggesting the use of RNAPII ChIP-seq data to estimate RTR

lengths, and the Pai Lab for helpful discussions and feedback on the manuscript.

FUNDING
National Institute of General Medical Sciences [R35GM133762] to AAP and

[R35GM133762-S2] Diversity Supplement to LTU.

CONFLICT OF INTEREST
None declared.

REFERENCES

1. Neve,J., Patel,R., Wang,Z., Louey,A. and Furger,A.M. (2017) Cleavage and polyadenylation:

Ending the message expands gene regulation. RNA Biol., 14, 865–890.

2. Tian,B. and Manley,J.L. (2016) Alternative polyadenylation of mRNA precursors. Nat. Rev.

Mol. Cell Biol., 18, 18–30.

3. Schwalb,B., Michel,M., Zacher,B., Frühauf,K., Demel,C., Tresch,A., Gagneur,J. and Cramer,P.

(2016) TT-seq maps the human transient transcriptome. Science, 352, 1225–1228.

4. Zhai,L.-T. and Xiang,S. (2014) mRNA quality control at the 5’ end. J. Zhejiang Univ. Sci. B,

15, 438–443.

5. Burkard,K.T. and Butler,J.S. (2000) A nuclear 3’-5' exonuclease involved in mRNA

degradation interacts with Poly(A) polymerase and the hnRNA protein Npl3p. Mol. Cell.

Biol., 20, 604–616.

6. Liu,H., Luo,M. and Wen,J.-K. (2014) mRNA stability in the nucleus. J. Zhejiang Univ. Sci. B,

15, 444–454.

7. de Klerk,E., Venema,A., Anvar,S.Y., Goeman,J.J., Hu,O., Trollet,C., Dickson,G., den

Dunnen,J.T., van der Maarel,S.M., Raz,V., et al. (2012) Poly(A) binding protein nuclear 1

levels affect alternative polyadenylation. Nucleic Acids Res., 40, 9089–9101.

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

http://paperpile.com/b/4J7Esg/7TeW
http://paperpile.com/b/4J7Esg/7TeW
http://paperpile.com/b/4J7Esg/U93p
http://paperpile.com/b/4J7Esg/U93p
http://paperpile.com/b/4J7Esg/EmCz
http://paperpile.com/b/4J7Esg/EmCz
http://paperpile.com/b/4J7Esg/c5bk
http://paperpile.com/b/4J7Esg/c5bk
http://paperpile.com/b/4J7Esg/e4CR
http://paperpile.com/b/4J7Esg/e4CR
http://paperpile.com/b/4J7Esg/e4CR
http://paperpile.com/b/4J7Esg/9ID4
http://paperpile.com/b/4J7Esg/9ID4
http://paperpile.com/b/4J7Esg/vfAR
http://paperpile.com/b/4J7Esg/vfAR
http://paperpile.com/b/4J7Esg/vfAR
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


8. Kühn,U., Gündel,M., Knoth,A., Kerwitz,Y., Rüdel,S. and Wahle,E. (2009) Poly(A) tail length is

controlled by the nuclear poly(A)-binding protein regulating the interaction between poly(A)

polymerase and the cleavage and polyadenylation specificity factor. J. Biol. Chem., 284,
22803–22814.

9. Garneau,N.L., Wilusz,J. and Wilusz,C.J. (2007) The highways and byways of mRNA decay.

Nat. Rev. Mol. Cell Biol., 8, 113–126.

10. Martin,K.C. and Ephrussi,A. (2009) mRNA localization: gene expression in the spatial

dimension. Cell, 136, 719–730.

11. Taliaferro,J.M., Vidaki,M., Oliveira,R., Olson,S., Zhan,L., Saxena,T., Wang,E.T.,

Graveley,B.R., Gertler,F.B., Swanson,M.S., et al. (2016) Distal Alternative Last Exons

Localize mRNAs to Neural Projections. Mol. Cell, 61, 821–833.

12. Spies,N., Burge,C.B. and Bartel,D.P. (2013) 3’ UTR-isoform choice has limited influence on

the stability and translational efficiency of most mRNAs in mouse fibroblasts. Genome Res.,

23, 2078–2090.

13. Floor,S.N. and Doudna,J.A. (2016) Tunable protein synthesis by transcript isoforms in

human cells. Elife, 5.

14. Elkon,R., Ugalde,A.P. and Agami,R. (2013) Alternative cleavage and polyadenylation:

extent, regulation and function. Nat. Rev. Genet., 14, 496–506.

15. Sandberg,R., Neilson,J.R., Sarma,A., Sharp,P.A. and Burge,C.B. (2008) Proliferating cells

express mRNAs with shortened 3’ untranslated regions and fewer microRNA target sites.

Science, 320, 1643–1647.

16. Berg,M.G., Singh,L.N., Younis,I., Liu,Q., Pinto,A.M., Kaida,D., Zhang,Z., Cho,S.,

Sherrill-Mix,S., Wan,L., et al. (2012) U1 snRNP determines mRNA length and regulates

isoform expression. Cell, 150, 53–64.

17. Di Giammartino,D.C., Shi,Y. and Manley,J.L. (2013) PARP1 represses PAP and inhibits

polyadenylation during heat shock. Mol. Cell, 49, 7–17.

18. Vilborg,A., Sabath,N., Wiesel,Y., Nathans,J., Levy-Adam,F., Yario,T.A., Steitz,J.A. and

Shalgi,R. (2017) Comparative analysis reveals genomic features of stress-induced

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

http://paperpile.com/b/4J7Esg/2MCF
http://paperpile.com/b/4J7Esg/2MCF
http://paperpile.com/b/4J7Esg/2MCF
http://paperpile.com/b/4J7Esg/2MCF
http://paperpile.com/b/4J7Esg/x6zn
http://paperpile.com/b/4J7Esg/x6zn
http://paperpile.com/b/4J7Esg/YXYC
http://paperpile.com/b/4J7Esg/YXYC
http://paperpile.com/b/4J7Esg/7v3z
http://paperpile.com/b/4J7Esg/7v3z
http://paperpile.com/b/4J7Esg/7v3z
http://paperpile.com/b/4J7Esg/SkdL
http://paperpile.com/b/4J7Esg/SkdL
http://paperpile.com/b/4J7Esg/SkdL
http://paperpile.com/b/4J7Esg/ZICk
http://paperpile.com/b/4J7Esg/ZICk
http://paperpile.com/b/4J7Esg/s9o7
http://paperpile.com/b/4J7Esg/s9o7
http://paperpile.com/b/4J7Esg/khsj
http://paperpile.com/b/4J7Esg/khsj
http://paperpile.com/b/4J7Esg/khsj
http://paperpile.com/b/4J7Esg/xfPA
http://paperpile.com/b/4J7Esg/xfPA
http://paperpile.com/b/4J7Esg/xfPA
http://paperpile.com/b/4J7Esg/VtW7
http://paperpile.com/b/4J7Esg/VtW7
http://paperpile.com/b/4J7Esg/OfFY
http://paperpile.com/b/4J7Esg/OfFY
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


transcriptional readthrough. Proc. Natl. Acad. Sci. U. S. A., 114, E8362–E8371.

19. Pai,A.A., Baharian,G., Pagé Sabourin,A., Brinkworth,J.F., Nédélec,Y., Foley,J.W.,

Grenier,J.-C., Siddle,K.J., Dumaine,A., Yotova,V., et al. (2016) Widespread Shortening of 3’

Untranslated Regions and Increased Exon Inclusion Are Evolutionarily Conserved Features

of Innate Immune Responses to Infection. PLoS Genet., 12, e1006338.

20. Bentley,D.L. (2014) Coupling mRNA processing with transcription in time and space. Nat.

Rev. Genet., 15, 163–175.

21. Alpert,T., Herzel,L. and Neugebauer,K.M. (2017) Perfect timing: splicing and transcription

rates in living cells.Wiley Interdiscip. Rev. RNA, 8.

22. Baptista,M.A.P. and Dölken,L. (2018) RNA dynamics revealed by metabolic RNA labeling

and biochemical nucleoside conversions. Nat. Methods, 15, 171–172.

23. Di Giammartino,D.C., Nishida,K. and Manley,J.L. (2011) Mechanisms and consequences of

alternative polyadenylation. Mol. Cell, 43, 853–866.

24. Pai,A.A., Henriques,T., McCue,K., Burkholder,A., Adelman,K. and Burge,C.B. (2017) The

kinetics of pre-mRNA splicing in the Drosophila genome and the influence of gene

architecture. Elife, 6.

25. Salditt-Georgieff,M., Harpold,M., Sawicki,S., Nevins,J. and Darnell,J.E.,Jr (1980) Addition of

poly(A) to nuclear RNA occurs soon after RNA synthesis. J. Cell Biol., 86, 844–848.

26. Pandya-Jones,A., Bhatt,D.M., Lin,C.-H., Tong,A.-J., Smale,S.T. and Black,D.L. (2013)

Splicing kinetics and transcript release from the chromatin compartment limit the rate of

Lipid A-induced gene expression. RNA, 19, 811–827.

27. Coulon,A., Ferguson,M.L., de Turris,V., Palangat,M., Chow,C.C. and Larson,D.R. (2014)

Kinetic competition during the transcription cycle results in stochastic RNA processing.

Elife, 3.

28. Sanfilippo,P., Wen,J. and Lai,E.C. (2017) Landscape and evolution of tissue-specific

alternative polyadenylation across Drosophila species. Genome Biol., 18, 229.

29. Zarudnaya,M.I., Kolomiets,I.M., Potyahaylo,A.L. and Hovorun,D.M. (2003) Downstream

elements of mammalian pre-mRNA polyadenylation signals: primary, secondary and

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

http://paperpile.com/b/4J7Esg/OfFY
http://paperpile.com/b/4J7Esg/OTqV
http://paperpile.com/b/4J7Esg/OTqV
http://paperpile.com/b/4J7Esg/OTqV
http://paperpile.com/b/4J7Esg/OTqV
http://paperpile.com/b/4J7Esg/S9E3
http://paperpile.com/b/4J7Esg/S9E3
http://paperpile.com/b/4J7Esg/l4RC
http://paperpile.com/b/4J7Esg/l4RC
http://paperpile.com/b/4J7Esg/qHur
http://paperpile.com/b/4J7Esg/qHur
http://paperpile.com/b/4J7Esg/9ud5
http://paperpile.com/b/4J7Esg/9ud5
http://paperpile.com/b/4J7Esg/MKaG
http://paperpile.com/b/4J7Esg/MKaG
http://paperpile.com/b/4J7Esg/MKaG
http://paperpile.com/b/4J7Esg/GPGb
http://paperpile.com/b/4J7Esg/GPGb
http://paperpile.com/b/4J7Esg/yKIm
http://paperpile.com/b/4J7Esg/yKIm
http://paperpile.com/b/4J7Esg/yKIm
http://paperpile.com/b/4J7Esg/lUvB
http://paperpile.com/b/4J7Esg/lUvB
http://paperpile.com/b/4J7Esg/lUvB
http://paperpile.com/b/4J7Esg/Gigu
http://paperpile.com/b/4J7Esg/Gigu
http://paperpile.com/b/4J7Esg/bDFu
http://paperpile.com/b/4J7Esg/bDFu
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


higher-order structures. Nucleic Acids Res., 31, 1375–1386.

30. Hu,J., Lutz,C.S., Wilusz,J. and Tian,B. (2005) Bioinformatic identification of candidate

cis-regulatory elements involved in human mRNA polyadenylation. RNA, 11, 1485–1493.

31. Nunes,N.M., Li,W., Tian,B. and Furger,A. (2010) A functional human Poly(A) site requires

only a potent DSE and an A-rich upstream sequence. EMBO J., 29, 1523–1536.

32. Harlen,K.M., Trotta,K.L., Smith,E.E., Mosaheb,M.M., Fuchs,S.M. and Churchman,L.S.

(2016) Comprehensive RNA Polymerase II Interactomes Reveal Distinct and Varied Roles

for Each Phospho-CTD Residue. Cell Rep., 15, 2147–2158.

33. Geisberg,J.V., Moqtaderi,Z., Fong,N., Erickson,B., Bentley,D.L. and Struhl,K. (2022)

Nucleotide-level linkage of transcriptional elongation and polyadenylation. Elife, 11, e83153.

34. Chen,F. and Wilusz,J. (1998) Auxiliary downstream elements are required for efficient

polyadenylation of mammalian pre-mRNAs. Nucleic Acids Res., 26, 2891–2898.

35. Beaudoin,J.-D. and Perreault,J.-P. (2013) Exploring mRNA 3’-UTR G-quadruplexes:

evidence of roles in both alternative polyadenylation and mRNA shortening. Nucleic Acids

Res., 41, 5898–5911.

36. Mitschka,S. and Mayr,C. (2022) Context-specific regulation and function of mRNA

alternative polyadenylation. Nat. Rev. Mol. Cell Biol., 23, 779–796.

37. Gromak,N., West,S. and Proudfoot,N.J. (2006) Pause sites promote transcriptional

termination of mammalian RNA polymerase II. Mol. Cell. Biol., 26, 3986–3996.

38. Rodríguez-Molina,J.B., West,S. and Passmore,L.A. (2023) Knowing when to stop:

Transcription termination on protein-coding genes by eukaryotic RNAPII. Mol. Cell, 83,
404–415.

39. Eaton,J.D. and West,S. (2020) Termination of Transcription by RNA Polymerase II: BOOM!

Trends Genet., 36, 664–675.

40. Fong,N., Brannan,K., Erickson,B., Kim,H., Cortazar,M.A., Sheridan,R.M., Nguyen,T., Karp,S.

and Bentley,D.L. (2015) Effects of Transcription Elongation Rate and Xrn2 Exonuclease

Activity on RNA Polymerase II Termination Suggest Widespread Kinetic Competition. Mol.

Cell, 60, 256–267.

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

http://paperpile.com/b/4J7Esg/bDFu
http://paperpile.com/b/4J7Esg/R9YV
http://paperpile.com/b/4J7Esg/R9YV
http://paperpile.com/b/4J7Esg/EDSe
http://paperpile.com/b/4J7Esg/EDSe
http://paperpile.com/b/4J7Esg/mgxu
http://paperpile.com/b/4J7Esg/mgxu
http://paperpile.com/b/4J7Esg/mgxu
http://paperpile.com/b/4J7Esg/EWQ5
http://paperpile.com/b/4J7Esg/EWQ5
http://paperpile.com/b/4J7Esg/wrfC
http://paperpile.com/b/4J7Esg/wrfC
http://paperpile.com/b/4J7Esg/KDLs
http://paperpile.com/b/4J7Esg/KDLs
http://paperpile.com/b/4J7Esg/KDLs
http://paperpile.com/b/4J7Esg/z9D6
http://paperpile.com/b/4J7Esg/z9D6
http://paperpile.com/b/4J7Esg/5lCi
http://paperpile.com/b/4J7Esg/5lCi
http://paperpile.com/b/4J7Esg/tcta
http://paperpile.com/b/4J7Esg/tcta
http://paperpile.com/b/4J7Esg/tcta
http://paperpile.com/b/4J7Esg/n2do
http://paperpile.com/b/4J7Esg/n2do
http://paperpile.com/b/4J7Esg/T7Q2
http://paperpile.com/b/4J7Esg/T7Q2
http://paperpile.com/b/4J7Esg/T7Q2
http://paperpile.com/b/4J7Esg/T7Q2
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


41. Herzel,L., Straube,K. and Neugebauer,K.M. (2018) Long-read sequencing of nascent RNA

reveals coupling among RNA processing events. Genome Res., 28, 1008–1019.

42. Reimer,K.A., Mimoso,C.A., Adelman,K. and Neugebauer,K.M. (2021) Co-transcriptional

splicing regulates 3’ end cleavage during mammalian erythropoiesis. Mol. Cell, 81,
998–1012.e7.

43. Lee,S., Chen,Y.-C., FCA Consortium, Gillen,A.E., Taliaferro,J.M., Deplancke,B., Li,H. and

Lai,E.C. (2022) Diverse cell-specific patterns of alternative polyadenylation in Drosophila.

Nat. Commun., 13, 5372.

44. Jereb,S., Hwang,H.-W., Van Otterloo,E., Govek,E.-E., Fak,J.J., Yuan,Y., Hatten,M.E. and

Darnell,R.B. (2018) Differential 3’ Processing of Specific Transcripts Expands Regulatory

and Protein Diversity Across Neuronal Cell Types. Elife, 7.

45. Fontes,M.M., Guvenek,A., Kawaguchi,R., Zheng,D., Huang,A., Ho,V.M., Chen,P.B., Liu,X.,

O’Dell,T.J., Coppola,G., et al. (2017) Activity-Dependent Regulation of Alternative Cleavage

and Polyadenylation During Hippocampal Long-Term Potentiation. Sci. Rep., 7, 17377.

46. An,J.J., Gharami,K., Liao,G.-Y., Woo,N.H., Lau,A.G., Vanevski,F., Torre,E.R., Jones,K.R.,

Feng,Y., Lu,B., et al. (2008) Distinct role of long 3’ UTR BDNF mRNA in spine morphology

and synaptic plasticity in hippocampal neurons. Cell, 134, 175–187.

47. Flavell,S.W., Kim,T.-K., Gray,J.M., Harmin,D.A., Hemberg,M., Hong,E.J.,

Markenscoff-Papadimitriou,E., Bear,D.M. and Greenberg,M.E. (2008) Genome-wide

analysis of MEF2 transcriptional program reveals synaptic target genes and neuronal

activity-dependent polyadenylation site selection. Neuron, 60, 1022–1038.

48. Ji,Z., Lee,J.Y., Pan,Z., Jiang,B. and Tian,B. (2009) Progressive lengthening of 3’

untranslated regions of mRNAs by alternative polyadenylation during mouse embryonic

development. Proc. Natl. Acad. Sci. U. S. A., 106, 7028–7033.

49. Tushev,G., Glock,C., Heumüller,M., Biever,A., Jovanovic,M. and Schuman,E.M. (2018)

Alternative 3’ UTRs Modify the Localization, Regulatory Potential, Stability, and Plasticity of

mRNAs in Neuronal Compartments. Neuron, 98, 495–511.e6.

50. Gendreau,K.L., Unruh,B.A., Zhou,C. and Kojima,S. (2018) Identification and

Characterization of Transcripts Regulated by Circadian Alternative Polyadenylation in

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

http://paperpile.com/b/4J7Esg/kf7g
http://paperpile.com/b/4J7Esg/kf7g
http://paperpile.com/b/4J7Esg/Hb8j
http://paperpile.com/b/4J7Esg/Hb8j
http://paperpile.com/b/4J7Esg/Hb8j
http://paperpile.com/b/4J7Esg/YmSd
http://paperpile.com/b/4J7Esg/YmSd
http://paperpile.com/b/4J7Esg/YmSd
http://paperpile.com/b/4J7Esg/kpXB
http://paperpile.com/b/4J7Esg/kpXB
http://paperpile.com/b/4J7Esg/kpXB
http://paperpile.com/b/4J7Esg/oLZe
http://paperpile.com/b/4J7Esg/oLZe
http://paperpile.com/b/4J7Esg/oLZe
http://paperpile.com/b/4J7Esg/Ulu8
http://paperpile.com/b/4J7Esg/Ulu8
http://paperpile.com/b/4J7Esg/Ulu8
http://paperpile.com/b/4J7Esg/tuba
http://paperpile.com/b/4J7Esg/tuba
http://paperpile.com/b/4J7Esg/tuba
http://paperpile.com/b/4J7Esg/tuba
http://paperpile.com/b/4J7Esg/B0xD
http://paperpile.com/b/4J7Esg/B0xD
http://paperpile.com/b/4J7Esg/B0xD
http://paperpile.com/b/4J7Esg/hjW7
http://paperpile.com/b/4J7Esg/hjW7
http://paperpile.com/b/4J7Esg/hjW7
http://paperpile.com/b/4J7Esg/bSqm
http://paperpile.com/b/4J7Esg/bSqm
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


Mouse Liver. G3 , 8, 3539–3548.

51. Kiaulehn,S., Voytsekh,O., Fuhrmann,M. and Mittag,M. (2007) The Presence of UG-repeat

sequences in the 3’-UTRs of reporter luciferase mRNAs mediates circadian expression and

can determine acrophase in Chlamydomonas reinhardtii. J. Biol. Rhythms, 22, 275–277.

52. Domingues,R.G., Lago-Baldaia,I., Pereira-Castro,I., Fachini,J.M., Oliveira,L., Drpic,D.,

Lopes,N., Henriques,T., Neilson,J.R., Carmo,A.M., et al. (2016) CD5 expression is

regulated during human T-cell activation by alternative polyadenylation, PTBP1, and

miR-204. Eur. J. Immunol., 46, 1490–1503.

53. Beisang,D., Reilly,C. and Bohjanen,P.R. (2014) Alternative polyadenylation regulates

CELF1/CUGBP1 target transcripts following T cell activation. Gene, 550, 93–100.

54. Zhang,Y., Liu,L., Qiu,Q., Zhou,Q., Ding,J., Lu,Y. and Liu,P. (2021) Alternative

polyadenylation: methods, mechanism, function, and role in cancer. J. Exp. Clin. Cancer

Res., 40, 51.

55. Yuan,F., Hankey,W., Wagner,E.J., Li,W. and Wang,Q. (2021) Alternative polyadenylation of

mRNA and its role in cancer. Genes Dis, 8, 61–72.

56. Dobin,A., Davis,C.A., Schlesinger,F., Drenkow,J., Zaleski,C., Jha,S., Batut,P., Chaisson,M.

and Gingeras,T.R. (2013) STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 29,
15–21.

57. Patro,R., Duggal,G., Love,M.I., Irizarry,R.A. and Kingsford,C. (2017) Salmon provides fast

and bias-aware quantification of transcript expression. Nat. Methods, 14, 417–419.

58. Agarwal,V., Subtelny,A.O., Thiru,P., Ulitsky,I. and Bartel,D.P. (2018) Predicting microRNA

targeting efficacy in Drosophila. Genome Biol., 19, 152.

59. Goering,R., Engel,K.L., Gillen,A.E., Fong,N., Bentley,D.L. and Taliaferro,J.M. (2021)

LABRAT reveals association of alternative polyadenylation with transcript localization, RNA

binding protein expression, transcription speed, and cancer survival. BMC Genomics, 22,
476.

60. Ha,K.C.H., Blencowe,B.J. and Morris,Q. (2018) QAPA: a new method for the systematic

analysis of alternative polyadenylation from RNA-seq data. Genome Biol., 19, 45.

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

http://paperpile.com/b/4J7Esg/bSqm
http://paperpile.com/b/4J7Esg/SSAU
http://paperpile.com/b/4J7Esg/SSAU
http://paperpile.com/b/4J7Esg/SSAU
http://paperpile.com/b/4J7Esg/DBmk
http://paperpile.com/b/4J7Esg/DBmk
http://paperpile.com/b/4J7Esg/DBmk
http://paperpile.com/b/4J7Esg/DBmk
http://paperpile.com/b/4J7Esg/fx0S
http://paperpile.com/b/4J7Esg/fx0S
http://paperpile.com/b/4J7Esg/TlNj
http://paperpile.com/b/4J7Esg/TlNj
http://paperpile.com/b/4J7Esg/TlNj
http://paperpile.com/b/4J7Esg/vl18
http://paperpile.com/b/4J7Esg/vl18
http://paperpile.com/b/4J7Esg/TDF0
http://paperpile.com/b/4J7Esg/TDF0
http://paperpile.com/b/4J7Esg/TDF0
http://paperpile.com/b/4J7Esg/3oPc
http://paperpile.com/b/4J7Esg/3oPc
http://paperpile.com/b/4J7Esg/ioTm
http://paperpile.com/b/4J7Esg/ioTm
http://paperpile.com/b/4J7Esg/VkgY
http://paperpile.com/b/4J7Esg/VkgY
http://paperpile.com/b/4J7Esg/VkgY
http://paperpile.com/b/4J7Esg/VkgY
http://paperpile.com/b/4J7Esg/9ahu
http://paperpile.com/b/4J7Esg/9ahu
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


61. Liang,K., Smith,E.R., Aoi,Y., Stoltz,K.L., Katagi,H., Woodfin,A.R., Rendleman,E.J.,

Marshall,S.A., Murray,D.C., Wang,L., et al. (2018) Targeting Processive Transcription

Elongation via SEC Disruption for MYC-Induced Cancer Therapy. Cell, 175, 766–779.e17.

62. Wiesel,Y., Sabath,N. and Shalgi,R. (2018) DoGFinder: a software for the discovery and

quantification of readthrough transcripts from RNA-seq. BMC Genomics, 19, 597.

63. Ardehali,M.B. and Lis,J.T. (2009) Tracking rates of transcription and splicing in vivo. Nat.

Struct. Mol. Biol., 16, 1123–1124.

64. Garcia,H.G., Tikhonov,M., Lin,A. and Gregor,T. (2013) Quantitative imaging of transcription

in living Drosophila embryos links polymerase activity to patterning. Curr. Biol., 23,
2140–2145.

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2023. ; https://doi.org/10.1101/2023.06.21.545926doi: bioRxiv preprint 

http://paperpile.com/b/4J7Esg/4lQV
http://paperpile.com/b/4J7Esg/4lQV
http://paperpile.com/b/4J7Esg/4lQV
http://paperpile.com/b/4J7Esg/6qBc
http://paperpile.com/b/4J7Esg/6qBc
http://paperpile.com/b/4J7Esg/kysi
http://paperpile.com/b/4J7Esg/kysi
http://paperpile.com/b/4J7Esg/YSrc
http://paperpile.com/b/4J7Esg/YSrc
http://paperpile.com/b/4J7Esg/YSrc
https://doi.org/10.1101/2023.06.21.545926
http://creativecommons.org/licenses/by-nc/4.0/


FIGURES

Figure 1. Developing a mathematical model to estimate site-specific rates of 3’ end
cleavage. (A) Meta-gene plot showing average normalized 4sU-seq read coverage (y-axis) in a
1000nt region centered on annotated 3’ end cleavage sites (x-axis), separated by 4sU labeling
timepoints (blue lines) and steady-state total RNA data (grey line). The dashed line indicates the
cleavage site (coordinate 0), while dotted lines indicate the library fragment length. (B)
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Meta-gene plot showing the average simulated read coverage (y-axis) in a 1000nt region
centered on a simulated 3’ end cleavage site (x-axis), separated by variable simulated library
insert lengths (purple lines). (C) Schematic of the expected read distribution resulting from
progressive labeling with 4sU, as described in Pai et al.. The probability of sampling uncleaved
(pink) and cleaved (blue) transcripts is dependent on the cleavage half-life and polymerase
position at the completion of the labeling period. Reads overlapping the cleavage site can be
used to approximate uncleaved transcripts, while reads located in a region upstream of the
cleavage site (defined by the library fragment length) are informative of the total number of
transcripts and can be used to calculate the approximate number of cleaved transcripts. (D) 3’
end cleavage half-lives estimated by the mathematical model (y-axis) versus half-lives used to
simulate read data (x-axis). Dotted yellow line indicates y=x line of perfect correlation, while
purple line indicates linear fit to the data. (E) Cleavage half-lives estimated by the approach for
constitutive cleavage sites (y-axis) for simulated alternative cleavage sites (panels) versus
half-lives used to simulate read data (x-axis). Dotted grey line indicates y=x line of perfect
correlation, while colored lines indicate linear fits for sites with variable alternative usage. (F)
Cleavage half-lives for alternative cleavage sites estimated after proportionally correcting read
counts by relative usage (y-axis) versus half-lives used to simulate read data (x-axis). Shown
are estimates for all upstream cleavage sites (left) and downstream cleavage sites with a
simulated PAU > 40% (right). Dotted orange line indicates y=x line of perfect correlation, while
orange line indicates linear fit to the data.
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Figure 2. Estimating cleavage rates at constitutive and alternative sites. (A) Distribution of
3’ end cleavage half-lives for constitutively (PAU > 95%; purple) and alternatively cleaved
sites(5% < PAU < 95%; orange). (B) Distribution of estimated 3’end cleavage half-lives
separated by annotated site usage. ALE refers to alternative last exons (alternative n = 12;
constitutive n = 24), tandemUTR refers to tandem 3’ UTRs where more than one cleavage site
are in the same exon (alternative n = 251; constitutive n = 359), and single sites are in genes
with only one annotated cleavage (constitutive n = 2,398) site. (C) Distribution of estimated
3’end cleavage half-lives for quintiles of PAU values (n = 8, 8, 31, 61, and 155 for alternative
sites across quintiles from 5-20% to 80-100%), separated by alternatively used (orange) and
constitutively used cleavage sites (purple).
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Figure 3. RNA sequence elements are associated with 3’ end cleavage half-lives. (A) The
proportion of cleavage sites (y-axis) with adenine (green) or uridine (orange) nucleotides at
each position in the 100nt (x-axis) surrounding cleavage sites with the fastest (solid line) and
slowest (dashed line) 25% half-lives. (B) The cumulative distribution of cleavage half-lives
(x-axis) for sites grouped by the number of PAS kmers identified in the 200nt around each
cleavage site (colored lines). (C) The cumulative distribution of cleavage half-life divided by the
number of PAS kmers identified in the 200nt around each site.
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Figure 4. 3’ end cleavage half-lives
are associated with RNA
polymerase dynamics at the 3’ end
of the gene. (A) Cleavage half-lives
(y-axis) versus the lengths of
readthrough regions(in kb, x-axis),
with a linear fit (blue). (B) Meta-gene
plot of normalized RNA PollII
ChIP-seq read coverage (y-axis) in a
1000nt region centered on
constitutively used cleavage sites
(x-axis), with sites separated by
quartiles of cleavage half-lives (blue
lines). (C) Meta-gene plot of
normalized 4sU-seq read coverage
for the 5m 4sU labeling time point
(y-axis) in a 1000nt region centered
on constitutively used cleavage sites
(x-axis), with sites separted by
quartiles of cleavage half-lives (blue
lines).
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