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Alternative polyadenylation by sequential
activation of distal and proximal PolyA sites

Peng Tang'?¢, Yang Yang'¢, Guangnan Li', Li Huang', Miaomiao Wen3, Wen Ruan’, Xiaolong Guo',
Chen Zhang', Xinxin Zuo', Daji Luo®#4, Yongzhen Xu®?, Xiang-Dong Fu®5* and Yu Zhou®"2324

Analogous to alternative splicing, alternative polyadenylation (APA) has long been thought to occur independently at proximal
and distal polyA sites. Using fractionation-seq, we unexpectedly identified several hundred APA genes in human cells whose
distal polyA isoforms are retained in chromatin/nuclear matrix and whose proximal polyA isoforms are released into the cyto-
plasm. Global metabolic PAS-seq and Nanopore long-read RNA-sequencing provide further evidence that the strong distal
polyA sites are processed first and the resulting transcripts are subsequently anchored in chromatin/nuclear matrix to serve
as precursors for further processing at proximal polyA sites. Inserting an autocleavable ribozyme between the proximal and
distal polyA sites, coupled with a Cleave-seq approach that we describe here, confirms that the distal polyA isoform is indeed
the precursor to the proximal polyA isoform. Therefore, unlike alternative splicing, APA sites are recognized independently,
and in many cases, in a sequential manner. This provides a versatile strategy to regulate gene expression in mammalian cells.

enon', which has been linked to the regulation of important

cellular functions®*. Dysregulation of APA has also been
attributed to many pathological processes’™'’. Based on the local-
ization of polyA sites (PASs), APA can be classified into intronic
polyadenylation or tandem polyadenylation. The former tends to
produce different proteins*®”'’, while the latter generates RNA iso-
forms with different lengths of 3’ untranslated region (UTR)>*>%°.
Transcripts with different 3" UTR lengths are thought to contrib-
ute to regulated gene expression at the posttranscriptional level by
altering RNA stability, translation efficiency or cellular localiza-
tion>>>*>!". However, two recent genome-wide studies suggest that
3" UTR appears to have marginal effects on RNA stability and trans-
lation'>"*, implying that APA isoforms may not be coupled with dif-
ferential microRNA actions, as widely perceived.

The mechanism for the polyadenylation reaction has been well
elucidated. The specificity and efficiency of the reaction are dictated
by the coordinated interactions of multiple proteins'. In general,
these factors form three subcomplexes: cleavage and polyadenyl-
ation specificity factor (CPSF), cleavage stimulation factor (CstF)
and cleavage factor (CFI and CFII), which respectively recognize
the polyA signal (AAUAAA or its variants), downstream U/GU-rich
element, and upstream UGUA motif'*. Different PASs are composed
of different combinations of these cis-acting elements, thus exhibit-
ing different processing efficiencies''¢. Early studies on Ad2 RNA"
and various endogenous genes in CHO and HeLa cells'® show that
the kinetics of polyA addition is ultrafast, usually occurring soon
after the PAS is transcribed, which in many cases may even take
place ahead of some upstream splicing events'’. This implies that
the 3’ end formation at different PASs may mostly take place in
the first come-first served basis. Additionally, it was reported that
RNA polymerase II is associated with 3’ end processing factors
and facilitates 3" end formation in vitro'>*, which in turn tightly

A Iternative polyadenylation (APA) is a widespread phenom-
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regulates transcription termination'®*"”. Together, all existing evi-
dence appears to point to a general model for APA where multiple
PASs may be efficiently presented to the 3’ end formation machin-
ery during transcription to produce RNA isoforms with different 3’
UTRs, similar to the mutually exclusive recognition of competing
splice sites during alternative splicing.

However, through a series of genome-wide experiments, we now
uncover an unprecedented model for APA where transcripts may
be processed in two phases: in the first phase, APA occurs indepen-
dently at different PASs with efficiency dictated by the strength of
each site during transcription elongation; in the second phase, the
longer APA isoform ended at the distal PAS serves as the substrate
for further processing at the proximal site.

Results

Tight association of RNA biogenesis with the nuclear matrix. To
study the fate of RNA after transcription, we sought to isolate RNA
from different cellular compartments (Fig. 1a). We first separated
cytoplasmic RNA (CY) from the nuclei and then separated nascent
RNA from those released into the nucleoplasm (NP) by treating
isolated nuclei with high salt*-**. It has been widely assumed that
the remaining RNA correspond to chromatin-associated RNA?>.
Because chromatin could be removed by extensive DNase I treat-
ment’?, we asked whether it is possible to further differentiate
chromatin-associated RNA from polyA+ RNA tightly anchored in
the nuclear matrix (NM)**. Unexpectedly, we detected little RNA
after exhausted digestion of DNA, which was sufficient to quantita-
tively release Histone 3 (Fig. 1b and Extended Data Fig. 1a). Almost
all hyper-phosphorylated Pol II (Pol IIo), which is associated with
transcription elongation, was also tethered to the NM (Extended
Data Fig. 1b), suggesting that nascent RNA along with elongating
Pol II are readily assembled into ribonucleoprotein complexes dur-
ing transcription to become part of NM. Therefore, the NM fraction
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Fig. 1| Isoforms with extended 3’ UTR are restricted in the NM. a, Flowchart of cellular fractionation and high-throughput profiling. HeLa S3 cells are first
treated with hypotonic buffer to separate CY from the nuclei, then high salt buffer is used to separate the nuclear soluble component (NP) from others
resistant to high salt. The obtained pellet is digested with DNase | in CSK buffer, from which the released fraction is chromatin (CH) and the remaining
insoluble fraction is the NM. b, Immunoblot of the extracts from different fractions. Anti-GAPDH, anti-U1-70K, anti-Histone3 and anti-LaminA/C antibodies
are markers for the CY, NP, CH and NM fractions, respectively. Data were from n=2 independent experiments. ¢,d, UCSC genome browser tracks showing
the enrichment of long 3" UTR isoforms (dotted box) of FUBP1 (¢) and hnRNPA2B1 (d) genes in the NM from polyA* RNA-seq. The genome conservation,
CAGE-seq, H3K4me3 and H3K36me3 signal tracks from ENCODE project are included. Two arrows mark the proximal and distal polyadenylation sites, pPAS
and dPAS, respectively. e f, Global analysis of the relative enrichment of transcripts with different 3" UTRs (dPAS versus pPAS) between different cellular
fractions: CY versus NP (e) and CY versus NM (f), respectively. The genes with enriched long 3" UTR in the NP (e) or NM (), and CY are highlighted in red
and blue, respectively. g, A Venn diagram showing the intersection of genes with enriched long 3" UTR in the NP and NM fractions from e and f.

harbors both chromatin-associated RNA and those released from
chromatin but still anchored in the NM.

Because little RNA was detectable in the chromatin fraction,
we focused on analyzing RNA from CY, NP and NM. We first per-
formed NM RNA-sequencing (RNA-seq) after depleting ribosomal
RNA and noted obviously retained intronic signals in NM based
on the completed splicing index (coSI) (Extended Data Fig. 1c).
Furthermore, such NM-associated nascent RNAs display a 5'-to-3’
descending polarity in intron removal (Extended Data Fig. 1d) and a
sawtooth pattern visiblein manylongintrons (Extended Data Fig. 1e),
characteristic of cotranscriptional splicing as reported early**.
These observations suggest that NM-associated RNA represent a
unique population of RNA that are tightly retained in the nucleus
for both co- and posttranscriptional processing.

Retention of longer 3" UTR isoforms in the NM. We were par-
ticularly interested in the critical features of already polyadenylated
RNA in NM. Thus, we further performed polyA* RNA-seq for CY,
NP and NM RNA (Fig. 1a). As expected, polyA* messenger RNAs
with various partially spliced introns were specially enriched in NM
(Fig. 1c,d), consistent with a report that polyadenylation can pre-
cede splicing and only completely spliced mRNAs are released into
the NP before nuclear export®. We also noted numerous mRNAs
with longer 3’ UTR were also preferentially retained in NM, as
exemplified with FUBPI and hnRNPA2B1 (Fig. 1c,d, dotted box).
We next investigated the distribution of mRNA isoforms ended at
the proximal PAS (pPAS) versus distal PAS (dPAS) in different cellu-
lar compartments. By analyzing the ratios of pPAS and dPAS usage
in roughly 2,100 APA genes, we identified 201 (9.6%) and 654 genes
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(31.3%) that had their mRNA isoforms with longer 3’ UTR (using
the dPAS) selectively enriched in NP compared to CY (Fig. le, red
dots) and in NM compared to CY (Fig. 1f, red dots), respectively,
and very few genes showed the opposite trend (Fig. 1e.f, blue dots).

Furthermore, 143 out of the 201 (about 70%) genes with relative
higher dPAS usage in NP also have relative higher dPAS usage in
NM (Fig. 1g), as individually highlighted (Extended Data Fig. 2a).
Meanwhile, 511 genes with relative higher dPAS usage are uniquely
identified in NM (Fig. 1g), as illustrated in specific examples
(Fig. 1c,d and Extended Data Fig. 2b). This pattern was unlikely
caused by faster degradation of longer 3' UTR isoforms in CY
because most of these genes exhibited a higher percentage of lon-
ger 3’ UTR isoforms only in NM, but not in NP (Fig. 1c,d,g and
Extended Data Fig. 2b). Based on the percentage of distal usage
index (PDUI) (Extended Data Fig. 2c)’, it became further evident
that NM was enriched with a much larger population of longer 3’
UTR isoforms (Extended Data Fig. 2d). These data indicate that
certain cis-acting elements in those mRNAs with longer 3" UTR
may mediate their active nuclear retention.

Association of 3’-end formation factors with NM polyA+ RNA.
To understand the mechanism for retaining APA isoforms with
longer 3" UTR in NM, we determined the interacting proteome
on NM polyA* RNA. For this purpose, HeLa S3 cells were cul-
tured in media containing 4sU overnight followed by ultraviolet
(UV) 365-nm irradiation. NM was prepared from such treated cells
and oligo-dT magnetic beads were then used to capture polyA*
RNA-associated proteins™. A set of proteins were captured in an UV
365 irradiation-dependent manner (Fig. 2a). Several canonical RNA
binding proteins (RBPs), such as hnRNP C, hnRNP U and nucleo-
lin, were captured while LaminA/C, lacking RNA binding capac-
ity, were undetectable, as examined by western blotting (Fig. 2b).
These data indicate the selectivity of our pulldown conditions.

We subjected the captured sample to mass spectrometric analysis
and identified 281 putative RBPs, including most SR and hnRNP
proteins known to be involved in various aspects of RNA metabo-
lism (Supplementary Table 1). In particular, consistent with a large
amount of polyA* RNA associated with nuclear speckle®’, which
is well known as part of NM?*, we found that roughly one-third
(92/281) of NM-associated RBPs were also found in the published
nuclear speckle proteome’. And roughly 55% (160/281) were iden-
tified to associate with Pol II** (Fig. 2c). These results indicate that
many RBPs may bind cognate cis-acting RNA elements during tran-
scription and may continue to influence the fate of mRNA posttran-
scriptionally, as envisioned earlier®.

As expected, many identified proteins in NM are components
of the spliceosome®, including U2AF65, U2AF35, PRPF8 and so
on (Fig. 2¢), consistent with co- and posttranscriptional splicing in
NM. We noted the enrichment of some core components of the 3’
end processing complex involved in direct RNA binding (Fig. 2d),
including CFIm68 (CPSF6), which together with CFIm25 functions
to recognize the UGUA motif upstream of the PAS™>*, FIP1L1, a
component of CPSF subcomplex for binding to the U-rich element
flanking the PAS'>*, and CstF64 (CstF2) responsible for recogniz-
ing U/GU-rich element downstream of the PAS'>*. The presence of
these factors is unexpected as our oligo-dT beads are supposed to
capture polyA™ mRNAs that have already gone through the poly-
adenylation reaction. This inspired us to hypothesize that longer 3’
UTR isoforms retained in NM may serve as substrates for the 3’ end
processing machinery to posttranscriptionally generate shorter 3’
UTR isoforms.

Distal PASs are stronger than proximal PASs. Next, we exam-
ined the RNA-seq libraries from NM polyA* and polyA~ RNA. As
expected, NM polyA~ RNA have much more intronic reads than
polyA* RNA (Extended Data Fig. 3a). As shown on the representative
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examples, the NM polyA~ signals extend far beyond the dPAS of
FUBPI and hnRNPA2B1 (Extended Data Fig. 3b,c). Global analysis
further showed that the polyA~ RNA signals are similar across both
pPAS and dPAS, and in comparison, the polyA* RNA signals show
a decrease across both the pPAS and dPAS (Extended Data Fig. 3d).
Notably, the signal decrease is more dramatic at dPAS relative to
pPAS, consistent with predominant polyadenylation at dPAS in the
NM fraction.

The strength of individual PASs may dictate the polyadenylation
frequency at specific sites. To test this hypothesis, we constructed
a bicistronic reporter to determine the strength of several pairs of
pPAS and dPAS from several APA genes. In this reporter, the Firefly
luciferase (Fluc) and the Renilla luciferase (Rluc) are driven with the
same promoter, and Rluc’s translation relies on an internal ribosome
entrance site (IRES) (Extended Data Fig. 4a). The processing of a
PAS, inserted between the two luciferase genes, would trigger tran-
scription termination to weaken the downstream Rluc. Therefore,
the expression ratio of Fluc over Rluc can be used to quantify the
relative PAS strength. Testing the PASs from FUBPI1, hnRNPA2BI,
MECP2 and BDNF, we observed a larger Fluc/Rluc ratio for dPAS
except for BDNF (Extended Data Fig. 4b), suggesting the dPAS is
stronger than pPAS in three out of four these APA genes.

In this luciferase reporter assay, insertion of different PASs will
generate transcripts with different 3 UTRs, which may influence the
translation efficiency, thereby changing the Fluc/Rluc ratio. We thus
used a more direct strategy to determine the PAS strength by con-
structing a set of reporters in which the pPAS and dPAS were both
placed downstream of a green fluorescent protein (GFP) expression
unit in a tandem fashion, but with different orders (Extended Data
Fig. 4c). We found that all four APA genes tested above showed the
same trend: when the pPAS was placed upstream of dPAS, both
pPAS and dPAS were used, but when the order was reversed, the
dPAS was exclusively used (Extended Data Fig. 4c,d). These results
strongly indicate that most dPASs are stronger than pPASs, thus
enabling cotranscriptional processing of dPASs, which then serve as
precursors for posttranscriptional processing at competent pPASs.

Evidence for progressive PAS recognition. According to the
sequential PAS recognition model posed above, we would antici-
pate the predominant use of dPASs in nascent RNA compared to
steady-state RNA. Thus, to obtain global evidence for the model,
we took advantage of the strategy in thiol (SH)-linked alkyla-
tion for metabolic sequencing of RNA (SLAM-seq)” to perform
PAS-sequencing (PAS-seq). We first cultured cells in 4sU-containing
media for 30 min and then extracted total RNA for treatment with
iodoacetamide to attach the carboxyamidomethyl group to the thiol
group in 4sU, which would induce thymine-to-cytosine (T-C) con-
version during reverse transcription. This allows us to distinguish
between nascent and preexisting RNA reads to compute pPAS and
dPAS usages in nascent versus total RNA. As expected, the T-C
conversion events were the most significant mutations and Pol II
inhibition by 5,6-dichloro-1-beta-p-ribobenzimidazole (DRB)
treatment specifically reduced the T-C conversion over other muta-
tions or sequencing errors (Extended Data Fig. 5a). Moreover, DRB
treatment had limited effects on mitochondrial RNAs, which are
transcribed by the mitochondrial RNA polymerase (Extended Data
Fig. 5b). Given highly reproducible PAS-seq libraries (Extended
Data Fig. 5¢), we combined the two replicates for further analyses.
We first examined our PAS-seq data on FUBPI and hnRNPA2BI,
which showed selective enrichment of their longer 3’ UTR isoforms
in NM (Fig. 1c,d). The dPAS was used more frequently compared
to the pPAS in nascent RNA in both cases (Fig. 3a,b), which are
consistently detected in biological replicates. Three adjacent dPASs
were equally used compared to the pPAS in hnRNPA2BI1 (Fig. 3b),
indicating that those three consecutive dPASs were each partially
recognized during transcription. In contrast, the pPAS became the
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Fig. 2 | Characterization of the proteins associated with NM polyA+ RNA. a, Coomassie Brilliant Blue staining of captured proteins associated with
polyA* RNA in the NM. Data were from n=1independent experiment. b, Western blotting of hnRNP U, hnRNP C, Nucleolin and Lamin A/C against
captured proteins from the NM. Data were from n=1independent experiment. ¢, A Venn diagram showing the intersection of proteins identified from
four studies including our NM polyA* RNA interactome, RNA Pol Il interactome, nuclear speckle localized proteins and the spliceosome associated
proteins. d, A Venn diagram showing the relationship between proteins in NM polyA* RNA interactome and those in the 3’ end processing complex.
The core 3’ end processing factors FIP1L1, CstF2, CPSF6 and PABPNT1 are the common proteins directly binding to polyA* RNA.

predominant one in total RNA in both cases. These specific events
are representative of a global trend, as the dPAS/pPAS ratio (d/p
ratio) of nascent RNA relative to steady-state RNA is the highest
among genes with longer 3" UTR enriched only in the NM fraction,
as compared to other groups (genes with longer 3" UTR enriched in
both NM and NP or only in NP or genes without such enrichment)
(Extended Data Fig. 5d). This does not seem to be caused by the
modified Us, because cells cultured with 4sU did not distort the d/p
ratios of PASs at the steady state compared with those in cells with-
out 4sU treatment (Extended Data Fig. 5e). Together, these findings
suggest a prevalent model where mRNAs using dPASs are selectively
retained in the NM for further processing before nuclear export.

Limited stability difference for isoforms with varied 3° UTRs.
When the pPAS and dPAS pairs (APA pairs) were classified into
four groups based on the d/p ratio at steady state and the difference
in the d/p ratio between nascent RNA and total RNA (Fig. 3c), we
found that the dPAS was more frequently used in nascent RNA com-
pared to steady-state RNA (log, fold-change of d/p ratio >1, nascent
versus steady state) in 47.7% APA pairs (groups I and II, 1,022 out
of 2,143 APA pairs). These 2,143 APA pairs are derived from 1,743
genes (Extended Data Fig. 5f), among which 850 (48.8%) genes
have at least one APA pair belonging to group I or II (Extended
Data Fig. 5g).

When transcription was inhibited with DRB, we found that the
fold-change of the d/p ratio at the steady state for most genes was
in a small range between —2 and 2 (median values of —0.45, 0.13,

24

0.29 and —0.35 for group L, IL, IIT and IV genes categorized above,
respectively, Extended Data Fig. 5h). These relatively small changes
were unable to explain much larger d/p ratio differences between
nascent and total RNA (cutoff as fold-change >2 or <-2, Fig. 3¢).
Instead, we interpret these results to indicate the minimal impact
of nuclear APA on mRNA stability, thus confirming and extending
recent findings'>".

Strong PASs are processed before weak ones. An alternative expla-
nation for the above observations (group I and II PAS pairs showing
faster dPAS processing versus group III and IV PAS pairs exhibiting
faster pPAS processing) is that the choice of nascent RNA PASs is
just a reflection of kinetic difference in the 3’ end processing at dif-
ferent sites. As the kinetics of 3’ end formation is largely determined
by many factors interacting with their cognate elements'>'**, espe-
cially the AAUAAA motif*’, we examined and found that this motif
is more enriched upstream of dPASs than pPASs for PAS pairs in
all groups, with some modest difference in group III (Fig. 3d). We
hypothesized that stronger PASs would be processed before rela-
tively weaker ones, and for PASs with similar strength, their pro-
cessing would then follow the first come-first served rule.

Previous studies showed that the AAUAAA signal alone is insuf-
ficient to determine the 3’ end processing efficiency'>'¢, as the
downstream U/GU element® and the upstream UGUA motif* are
also known to play critical roles in enhancing the 3’ end process-
ing efficiency. Indeed, we observed an enrichment of U/GU-rich
elements between 0 and 40nucleotides (nt) downstream of the
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Fig. 3 | Distinct sequence features between pPAS and dPAS pairs. a,b, UCSC genome browser tracks showing the different d/p ratios from total reads and
nascent reads from SLAM PAS-seq in duplicates of genes FUBPT (@) and hnRNPAZ2BT (b). The d/p ratio refers to the usage of dPAS divided by that of pPAS,
and is shown on the right. ¢, Classification of the pairs of pPAS and dPAS into four groups (I-1V) by the d/p ratio from steady state and the relative value

of d/p ratio from nascent RNAs over that of steady state. d-f, The distributions of different motifs at the flanking region of pPAS (blue) and dPAS (yellow)
from different groups. d, AAUAAA motif in the region —40-0 nt upstream of the cleavage site. e, UGUA motif in the region —100 to —20 nt upstream of
the cleavage site. f, GU/U-rich motif in the region 0-40 nt downstream the cleavage site, UGUG(C)U and UUUUU in solid line while other U-rich 6-mer
motifs (described in the Methods) in dotted line. g, Z,, values between dPAS and pPAS of different motifs in four groups of genes. The dotted line marks

P value cutoff of 0.05.

cleavage site and UGUA motif between 20 and 100 nt upstream of
all PASs (Extended Data Fig. 6a). Although the nucleotide composi-
tion around pPASs and dPASs is almost the same for all four groups
(Extended Data Fig. 6b), the densities of those regulatory elements
between pPASs and dPASs are different. Specifically, the upstream
UGUA motif is more enriched in dPASs than pPASs in groups I
and II, but not obvious in groups III and IV (Fig. 3e). The down-
stream GU/U-rich motif is more broadly enriched in dPASs than
pPASs in group I and II, but reversed in groups III and IV (Fig. 3f).
Given a previous report that GU-rich elements followed by a U-rich
context can stabilize the interaction between CstF64 and RNA*, we

suspected CstF64 can bind to dPASs more efficiently relative to
pPASs in group I and II, while the reverse is true in group III and IV.
We also found that the U-rich elements that flank the PAS, to
which FIP1L1 binds and enhances the processing efficiency™*,
more closely associated with dPASs in group I and II, but with pPASs
in group Il and IV (Extended Data Fig. 6¢). We further quantified the
relative motif enrichment in dPASs versus pPASs using the Z,, met-
ric*, and generally observed that polyadenylation enhancer elements
are more strongly associated with dPASs in groups I and II compared
with groups III and IV, or even negatively associated with dPASs in
groups III and IV (Fig. 3g), suggesting that the strength of PAS is a
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the reporter with inactive ribozyme seems to make more protein (Fig. 4a), which may result from experimental variation because of the lack of a similar

change in the replicate of the same experiment (source data).

major determinant for the 3’ end processing kinetics, which may
directly dictate the processing order for genes with multiple PASs.

Long 3’ UTR isoforms as intermediates for pPAS processing. For
genes such as FUBP1, hnRNPA2BI and CPSF6, their longer 3' UTR
isoforms were almost all retained in the nucleus, and thus would not
contribute to protein production. Indeed, when their constitutive
UTR (cUTR) and alternative UTR (aUTR) were separately inserted
into the 3’ UTR of a GFP reporter (Extended Data Fig. 7a), we only
detected protein production with their cUTRs (Extended Data
Fig. 7b). Taking advantage of this system, we directly addressed
whether the longer 3' UTR could act as intermediates for their
shorter counterparts through progressive polyadenylation. As illus-
trated in Extended Data Fig. 7c, if the pPAS and dPAS were inde-
pendently processed, we expect that the degradation of the longer 3’
UTR isoform would not affect the RNA level of the shorter 3' UTR
isoform, and thus, the protein production would not be altered.
However, if the isoform with dPAS was processed and then served
as a precursor for pPAS processing, the degradation of the longer
3" UTR isoform would also diminish the generation of the shorter
3" UTR isoform, thereby attenuating protein production.

26

We implemented this experimental scheme by inserting a
self-cleavable ribozyme into the extended 3" UTR of hnRNPA2BI
to induce specific degradation of its long 3" UTR isoform (Fig. 4a)*.
We observed a substantial protein decrease from targeted transcript,
while a mutated ribozyme, which lost its ribozyme activity, had no
effect (Fig. 4a). We also inserted the ribozyme into the endogenous
loci upstream of the dPAS of hnRNPA2B1 by CRISPR (Fig. 4b and
Extended Data Fig. 7d), and made the same observation at both the
protein (Fig. 4c, left) and RNA (Fig. 4c, right) levels. Moreover, we
detected similar reduction of both protein and RNA irrespective of
the position (up, middle or down) for ribozyme insertion upstream
of the dPAS in another gene (FUBP1)-based reporter (Fig. 4d-f).
As critical controls for this set of experiments, we inserted the ribo-
zyme downstream of the dPAS in both FUBPI-based and hnRN-
PA2BI-based reporters (Extended Data Fig. 8a). We detected slight
decrease with FUBP1 and hnRNPA2BI at the RNA level (likely due
to a degree of ribozyme-induced nascent RNA degradation), but no
difference at the protein level (Extended Data Fig. 8b,c). We also
used the CRISPR to insert the ribozyme downstream of dPAS in the
endogenous hnRNPA2BI gene and detected no difference at both
the RNA and protein levels (Extended Data Fig. 8d-f). Together,
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Fig. 5 | Identification of the 3’ cleavage fragments by Cleave-seq. a, Schematic illustration of Cleave-seq for detecting 3’ cleaved fragments of polyA* RNA.
b, Endogenous XRN2 RNA level in samples with XRN2 knockdown (KD) and myc-tagged XRN2(D235A) overexpression (OE) relative to that of controls,
quantified by gPCR with reverse transcription (RT). Data are presented as mean values +s.d. (n=2). ¢, Immunoblotting showing the XRN2 protein level

in control and treated samples with XRN2 knockdown and overexpression of myc-tagged XRN2(D235A). Data were from n=2 independent experiments.
d,e, UCSC genome browser view of the 5’ end signals of Cleave-seq libraries with replicates in the 3" UTR region of FUBPT (d) and hnRNPAZ2BT (e). The
zoomed-in views of the 100-nt region flanking the pPAS (left dotted) are shown in the dotted boxes (right). f, Meta profile (top) and heatmaps (bottom)

of the 5" end signals of Cleave-seq libraries in 160 genes with a minimum of ten reads in a 10-nt window downstream the proximal PAS. Genes are sorted

by the degree of signal enrichment in the 10-nt window.

these results strongly indicate that longer 3’ UTR isoforms are inter-
mediates for the shorter isoforms.

Detecting 3’ intermediates from sequential polyadenylation.
According to our sequential polyadenylation model, cleavage
at pPAS in longer 3" UTR isoform would generate the shorter 3’
UTR isoform along with a 3" polyadenylated fragment containing
a 5 mono-phosphorylate. Taking advantage of this property, we
developed Cleave-seq by ligating nuclear polyA* RNA to a linker
with 3’-OH followed by randomly primed reverse transcription
to generate complementary DNA libraries for deep sequencing, as
schemed in Fig. 5a. To stabilize the intermediates, we inhibited
the major nuclear 5'-3" exonuclease XRN2 by RNA interference
(Fig. 5b). Simultaneously, we overexpressed a dominant negative,
catalytic inactive XRN2(D235A) to further enhance the stabili-
zation effect, which was validated in a previous study*' (Fig. 5c).
Under these conditions, we detected endonucleolytically cleaved
products at or near the anticipated sites, as exemplified with

a well-documented Drosha cleavage site in the DGCR8 gene*
(Extended Data Fig. 9a).

Globally, we identified 22,879 potential cleavage sites or peaks
with significantly enriched signals in at least two out of four con-
structed libraries. We found 8,825 sites in all four samples and
3,289 sites only detected in the two samples with XRN2 depletion
(Extended Data Fig. 9b). When focusing on the downstream 10-nt
regions of pPAS and dPAS of 654 genes with longer 3’ UTR enriched
in NM, we detected 26 cleavage sites, 20 out of which were located
downstream of the pPAS only when XRN2 was depleted (Extended
Data Fig. 9b, upper box), suggesting that these sites are more tightly
associated with pPAS, which are sensitive to XRN2.

Notably, one of those 26 target sites is located downstream the
pPAS of FUBPI (Fig. 5d). Although without sufficient statistical sig-
nificance, we detected an increase in sequencing reads downstream
of pPAS in hnRNPA2B1 when XRN2 was depleted (Fig. 5¢). To assess
the pervasiveness of this phenomenon, we identified 160 out of 654
genes with longer 3’ UTR enriched in NM, requiring a minimum
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b, Reporter constructs used in the downstream functional assays. The stop codons (TAA or TGA) are highlighted in red. ¢, Splicing analysis of the reporters
construct C1and C2 in b by PCR with reverse transcription. Data were from n=2 independent experiments. d, Splicing analysis of the reporter constructs
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shift is indicated by the P value determined using the two-sided Wilcoxon test.

of ten supporting reads in the downstream 10-nt region of pPAS on
XRN2 depletion. We examined the reads distribution in the 100-nt
region flanking the pPAS of these 160 genes and observed increased
signals on XRN2 depletion with 121 genes that showed a more than
twofold increase in the 10-nt region downstream of the pPAS (Fig. 5f).
Moreover, this signal increase is specific for the pPAS, because at
untreated state, the signals downstream of both pPAS and dPAS were
identical but on XRN2 depletion, the signals were selectively increased

in the pPAS downstream region compared with the dPAS downstream
region (median ratio fold-change >10) (Extended Data Fig. 9c).
Therefore, through the polyA selection, most cleaved but nonpolyade-
nylated products at dPASs were excluded, which enabled the detection
of cleavage signals at pPASs in RNA already polyadenylated dPASs.

Together, these data provide strong evidence for the precursor-
product relationship expected from the sequential polyadenylation
model.
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Sequential polyadenylation-mediated splicing regulation. Next,
we wondered whether sequential polyadenylation could be involved
in regulating gene expression. In fact, we observed that the termi-
nal intron and the extended 3’ UTR (aUTR) of FUBPI had simi-
lar RNA-seq signals in NM, but the intron signals were efficiently
removed in NP and CY (Fig. 6a). We further confirmed this phe-
nomenon by using Nanopore long-read sequencing to directly
count NM polyA* RNAs, showing that all transcripts with extended
3" UTR (using dPAS) retained the upstream unspliced terminal
intron (four out of four long reads up to 5kb), while only five out
of 54 transcripts with shorter 3" UTR (pPAS usage from sequential
polyadenylation) harbored unspliced intron (Fig. 6a). These results
imply a coordination between splicing of this terminal intron and
sequential polyadenylation in expressing FUBPI.

To substantiate this coupled processing, we detected splicing
of the terminal intron in FUBPI on perturbing sequential polyad-
enylation by replacing the weak pPAS with the strong PAS from the
BGH (Bovine growth hormone) gene (Fig. 6b, construct C1). We
found that this caused the mRNA retaining this terminal intron to
be efficiently exported to the CY (Fig. 6¢, construct C1). In contrast,
if the property of sequential polyadenylation was unaltered (Fig. 6b,
construct C2), we observed the same level of intron retention as
with the endogenous gene (Fig. 6¢, construct C2). As the molecular
mass of the protein product from the spliced isoform differed from
the unspliced isoform only by one amino acid, we were unable to
distinguish between their protein products based on the molecular
mass (Fig. 6d, left two lanes C1 and C2). We therefore engineered
another pair of reporters, in which we mutated the stop codon UAA
on the exon so that the spliced isoform would use the downstream
stop codon UGA to produce a larger protein with an additional 28
amino acids (Fig. 6b, construct C3 and C4).

As expected, we detected anticipated protein products from both
spliced mRNA with construct C4 and unspliced mRNA with con-
struct C3 (Fig. 6d, lane C3 and C4). These data further enforced a
coupling between sequential polyadenylation and terminal intron
removal. Moreover, we demonstrated that the splicing pattern could
be rescued by using the extended 3’ UTR (aUTR) from another gene
CPSF6 or hnRNPA2BI (Fig. 6b, constructs C5 and C6; Fig. 6e, lanes
C5 and C6 and Extended Data Fig. 10a,b), indicating that this effect is
sequence independent. Based on these findings, we propose a model
where nuclear retention conferred by some long 3" UTRs potenti-
ate posttranscriptional removal of certain slowly spliced introns
(Extended Data Fig. 10d), representing a general strategy for cou-
pling between separate posttranscriptional RNA processing events.

To obtain global evidence for this type of coupling, we quanti-
fied intron retention by percentage of intron retention (PIR) of the
most unspliced introns and the dPAS usage by PDUI for genes with
extended3’ UTRretainedintheNM fraction (Extended DataFig.10c).
We found that unspliced intron and extended 3’ UTR coexisted in
the same transcript for at least 45% of those genes, when requiring
the sum of the PIR and PDUI values larger than 1 (Fig. 6f). The data
from long-read sequencing also supported the idea that transcripts
with longer 3’ UTRs are more likely to be associated with unspliced
intron compared with those with shorter 3" UTR (Fig. 6g). This is
in line with the possibility that intron reads may arise from nascent
RNA or retained intron with slow splicing kinetics, and dPASs are
processed ahead of pPASs from nascent RNA. The coexistence of
extended 3’ UTR and unspliced intron in the same transcripts may
offer an opportunity for cross-regulation between polyadenylation
and splicing.

Discussion

Our study uncovered an unexpected phenomenon that APA gener-
ates longer 3’ UTR isoforms specifically enriched in the NM. One
mechanism is that potential nuclear retention elements within the
long 3’ UTR isoform help to retain it in NM, which serve as the
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Fig. 7 | Progressive polyadenylation model for polyadenylation. The RNA
polymerase Il will travel cross the upstream weak PAS until it encounters
the downstream strong PASs, which can be well recognized by the CPA
complex and efficiently be processed. During this process, if the proximal
PAS is not bound by any CPA component, the long 3" UTR isoform will

be released (right). On the other hand, bound by CPA component or
other potential nuclear retention factors, the long 3’ UTR isoform will be
restricted in the NM and undergo further processing to generate the short
3’ UTR isoform (left). See the text for details.

intermediates to generate shorter 3' UTR isoform. Consistently,
we found that the core 3’ end processing factors all bind to
NM-associated polyA* RNA. We designed an autocleavable ribo-
zyme strategy to directly demonstrate this sequential polyadenyl-
ation model. We provided transcriptome-wide evidence for the
broad applicability of this regulatory model using SLAM PAS-seq
and Cleave-seq. Together, these findings establish a general princi-
ple for regulated APA in a sequential manner with cotranscriptional
selection of dPAS and posttranscriptional use of the pPAS.

Transcription termination is tightly associated with 3’ end forma-
tion, which ensures transcriptional termination near the end of genes,
thereby preventing Pol II from running into downstream genes. Two
models, the ‘allosteric model** and ‘torpedo model’*, have been pro-
posed to explain how 3’ end processing triggers transcription ter-
mination. Both models assume the recognition of a functional PAS
as a prerequisite for transcription termination. Conversely, a PAS
may not be efficiently recognized when transcription termination is
not elicited. This process appears to be marked by Pol II CTD phos-
phorylation at the Thr-4 position, which is tightly associated with
transcription termination at dPASs*>*. These pieces of information
are consistent with our findings that the dPASs are recognized first
during transcription followed by the selection of the pPASs.

In our study, we reconfirmed that dPASs are usually stronger
than the proximal ones” and the 3’ end processing kinetics are
tightly associated with the PAS strength per se, which is reason-
able given that pPASs are transcribed first. From the evolutionary
perspective, only in this way, the dPASs can outcompete with their
proximal counterparts. We thus conclude that, just like splicing,
cotranscriptional processing is not an obligatory process for polyad-
enylation. Relatively weaker pPASs potentiate the cotranscriptional
recognition and processing of strong dPASs.

Taking all into account, we propose a ‘sequential polyadenyl-
ation’ model for APA (Fig. 7). The Pol II will first travel across
the weak pPAS until it encounters the strong dPAS, which is well
recognized by the CPA (cleavage and polyadenylation) complex,
in turn promotes polyadenylation and transcription termination
in company with Thr4 of Pol II CTD phosphorylation***. During
this process, if no CPA factor binding to the pPASs and no binding
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of other nuclear retention factors to the RNA, the longer 3’ UTR
isoform will be quickly released into the NP and then exported
into the CY. On the other hand, if some CPA factors are assembled
around the pPASs and/or the involvement of nuclear retention fac-
tors precedes the polyadenylation of the dPASs, it will restrict the
longer 3’ UTR isoform in the nucleus, thus enabling the full assem-
bly of CPA complex to process the pPAS to generate the shorter 3’
UTR isoform.

Our finding that polyadenylation can occur in a posttranscrip-
tional manner offers new insights into the regulation of APA. It
has been established that 3’ end processing is kinetically coupled
with transcription®"*>. Pol II pausing’ or a slower polymerase® has
been shown to promote the usage of pPASs, which is thought to
enlengthen the window of opportunity for RNA processing. Our
results indicate that any mode leading to extended nuclear exposure
time to the 3" end processing factors would confer APA regulation.
This is in fact supported by a previous observation that increasing
the distance between two identical PASs is able to enhance the use of
the pPAS™. Our model can also fully explain CFIm25-mediated APA
regulation: CFIm25 has been reported to bind its cognate UGUA
motif, which is more frequently distributed upstream of the dPASs,
thereby enhancing dPAS processing®. Thus, decrease in CFIm25
may cause less efficient processing of the dPASs, which may in turn
lead to inefficient transcription termination. Our results now pro-
vide direct evidence supporting that tethering of RNA to elongating
Pol II appears to provide a longer dwell time for the posttranscrip-
tional processing of the pPASs™.

About 70% of human genes can produce at least two differ-
ent isoforms through APA!, but the biological significance is still
largely unknown''. Here, we report a new function for 3" UTR in
regulating intron removal through sequential polyadenylation. We
show that the retained terminal intron of FUBPI gene will leak
into the CY if its weak pPAS without the extended 3’ UTR is placed
directly upstream of the strong BGH PAS, and this effect can be
rescued with other extended 3’ UTRs. Early studies have docu-
mented the coordination of terminal intron excision with polyad-
enylations®"*, but it has been thought that such coordination is
mediated by protein-protein interactions between splicing and
polyadenylation factors®’. Our sequential polyadenylation model
suggests a different mechanism, where the mRNA isoforms with
longer 3" UTRs are retained in the nucleus to enable additional
posttranscriptional splicing and cleavage at a proximal PAS(s)
before releasing the fully processed transcripts into the CY. We
further speculate that such sequential polyadenylation may also be
coupled with additional modes of posttranscriptional processing,
such as RNA modification and RNA editing, through prolonged
nuclear dwell time, such that transcripts with shortened 3" UTR
may have distinct fate and/or function compared to the precursor
transcripts with longer 3’ UTRs.
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