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The polyA tail facilitates splicing of last introns
with weak 3’ splice sites via PABPN1
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Abstract

The polyA tail of mRNAs is important for many aspects of RNA
metabolism. However, whether and how it regulates pre-mRNA
splicing is still unknown. Here, we report that the polyA tail acts as
a splicing enhancer for the last intron via the nuclear polyA bind-
ing protein PABPN1 in HelLa cells. PABPN1-depletion induces the
retention of a group of introns with a weaker 3’ splice site, and
they show a strong 3'-end bias and mainly locate in nuclear
speckles. The polyA tail is essential for PABPN1-enhanced last
intron splicing and functions in a length-dependent manner. Teth-
ering PABPN1 to nonpolyadenylated transcripts also promotes
splicing, suggesting a direct role for PABPN1 in splicing regulation.
Using TurbolD-MS, we construct the PABPN1 interactome, includ-
ing many spliceosomal and RNA-binding proteins. Specifically,
PABPN1 can recruit RBM26&27 to promote splicing by interacting
with the coiled-coil and RRM domain of RBM27. PABPN1-regulated
terminal intron splicing is conserved in mice. Together, our study
establishes a novel mode of post-transcriptional splicing regulation
via the polyA tail and PABPN1.
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Introduction

The 3’-end cleavage and polyadenylation of eukaryotic pre-mRNAs
is indispensable for mRNA maturation. Most nascent pre-mRNAs
are cleaved by a macromolecular complex consisting of the CPSF,
CstF, CF I, and CF II subcomplexes, and then polyadenylated by the
polyA polymerase (PAP) resulting in a 3’-end polyA tail (Colgan &

Manley, 1997; Shi et al, 2009). The poly(A) tail (polyA) is ~ 90 nt in
yeast and ~ 250 nt in mammals (Wahle, 1995; Mangus et al, 2003).
In the nucleus, it is reported that once polyA is synthesized to more
than 10 adenosines, the nuclear polyA binding protein PABPN1
immediately binds to the short A stretches and stimulates its con-
tinuing synthesis, and PABPN1 would cover the whole polyA
sequence (Wahle, 1991). In the cytosol, another group of cytoplas-
mic polyA binding proteins (PABPCs) occupies the polyA tails,
which are considered to stabilize mRNAs and promote translation
(Otero et al, 1999; Gray et al, 2000; Eliseeva et al, 2013).

As the primary polyA binding protein in the nucleus, PABPN1
plays an important role in many aspects of RNA metabolism. First,
PABPNI is well characterized for its function in stimulating the
activity of PAP in polyA synthesis (Wahle, 1991; Kerwitz
et al, 2003; Kuhn et al, 2009). Second, PABPNI1 can regulate the
alternative polyadenylation (APA) by inhibiting the recognition of
the proximal polyA site (PAS), as depletion of PABPN1 results in
more usage of proximal PAS of specific genes (de Klerk et al, 2012;
Jenal et al, 2012). Recently, PABPN1 has also been found to facili-
tate transporting mRNAs to cytosol synergistically with Aly/REF
(Shi et al, 2017), and to involve in PAXT (polyA tail exosome
targeting) complex-mediated nuclear RNA degradation of specific
promoter upstream transcripts (PROMPTs) and long noncoding
RNAs (IncRNAs) (Beaulieu et al, 2012; Bresson & Conrad, 2013;
Bresson et al, 2015a; Meola et al, 2016a). PABPN1 can act as a
zygotic factor mediating maternal mRNA decay during mouse early
embryonic development (Zhao et al, 2020, 2022). Moreover, 5 short
GCG expansion in the PABPNI coding region is found to be associ-
ated with oculopharyngeal muscular dystrophy (OPMD), a late-
onset genetic disease in humans. The mutated PABPN1 with an
extended polyalanine tract in the N terminal is found to form
nuclear or intercellular aggregation granules in patients, a patho-
logic characteristic of the disease (Jenal et al, 2012; Anvar
et al, 2013; Vest et al, 2017).

The pre-mRNA splicing is regulated at multiple layers of RNA
biogenesis and processing, such as transcription, capping, 3’-end
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cleavage and polyadenylation (CPA) (Cooke & Alwine, 1996; Fong &
Bentley, 2001; Maniatis & Reed, 2002). The coupling between tran-
scription and splicing has been well studied, during which RNA
polymerase II and some transcriptional elongation factors function
in coordinating the co-transcription splicing (McCracken et al, 1997;
Bentley, 2005). Similarly, early experiments have shown that the
CPA process and splicing are not independent but highly coordi-
nated (Zhao et al, 1999; Rigo & Martinson, 2008; Kaida, 2016).
Based on in vitro experiments, on the one hand, splicing of the last
introns can stimulate CPA, and mutation in the 3’ splice site (ss) of
last introns inhibits splicing as well as polyadenylation (Niwa
et al, 1990; Antoniou et al, 1998; Cooke et al, 1999; Dye & Proud-
foot, 2001); On the other hand, CPA can also affect splicing, and
attenuated mutant of ‘AAUAAA’ motif significantly reduces the
splicing efficiency of introns, especially of final introns (Niwa &
Berget, 1991). Specifically, it has been showed that PAP can directly
interact with U2AF to promote splicing (Vagner et al, 2000). How-
ever, whether the product of the CPA process, polyA tail regulates
pre-mRNA splicing in the nucleus is still unknown.

In this study, we perturb the nuclear polyA binding protein
PABPNI1 in HeLa cells and find that PABPN1 depletion can induce
the last intron retention of a considerable subset of genes in vivo.
Using multiple types of omics data and biochemical assays, we
show that PABPN1 can act as a splicing enhancer, together with
RBM26&27 to promote splicing of last introns with weaker 3’ ss.
Importantly, the polyA tail is essential in PABPN1-enhanced last
intron splicing, and the effect is polyA tail length-dependent, unco-
vering a novel mode of polyA tail-coupled splicing regulation.

Results

PABPN1 knockdown preferentially induces retention of the
last introns

To investigate the function of polyA tail in the nucleus, we started
to focus on the primary nuclear polyA binding protein PABPN1. We
performed genome-wide RNA profiling in HeLa cells by knocking
down PABPNI1 (PABPN1-KD) using anti-PABPN1 siRNAs, in com-
parison with scrambled siRNAs. All siRNAs of PABPN1 used in this
study showed strong interference in PABPN1’s expression, whereas
scrambled siRNAs (siNCs) had no effect (Fig EV1A). Our Ribo-
minus RNA-seq data show good reproducibility between indepen-
dent replicates from two different siRNAs (Fig EV1B). Interestingly,
we noticed that loss of PABPNI1 induces retention of many introns,
and we quantified the intron retention ratio (IR) using IRFinder
(Middleton et al, 2017). Requiring a AIR (siPABPN1-siNC) cutoff of
0.15 and a P-value cutoff at 0.01, we identified 287 IR-upregulated
introns and 61 IR-downregulated introns in siPABPN1-treated cells
(Fig 1A). Thus, PABPN1 shows a more functional role in enhancing
rather than repressing intron splicing (about 4.7 folds difference).
As shown by the representative gene example, COPSS (Fig 1B), the
IRs of the last introns in COPSS5 increased by about 0.25 upon
PABPN1 knockdown.

When examining the RNA-seq signals, we noticed several
retained introns, such as the example above, are located at the 3'-
end of genes. To globally investigate the potential positional bias of
regulated introns, we analyzed the distribution of those introns in
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genes by calculating the position of the regulated intron within gene
using the annotation of its most abundant isoform quantified by the
Salmon program (Patro et al, 2017). For example, the position or
the rank of the regulated intron, being the 9" intron in a major iso-
form with 10 introns, is calculated as 0.9 (9/10). Collectively, as
shown in Fig 1C, PABPN1-KD induced up-regulated retained introns
(red line) show a stronger 3’-end bias than uniformly distributed
introns (black dashed line), and also than those down-regulated
introns (blue line), about 62.45% (143/229) introns being the “gene
last introns”. Meanwhile, we identified 235 retained introns in con-
trol samples with an IR ratio > 0.35 and found that they show little
3’-end bias (Fig 1C, green line). Notably, only 13 of those retained
introns are changed (5 up-regulated and 8 down-regulated) under
PABPNI1 knockdown (Fig EV1C), suggesting that PABPN1’s effect is
independent of the intrinsic splicing efficiency of the introns.

To further validate the regulated last introns, we quantified the
spliced and unspliced isoforms with designed exon-exon junctions
(EEJs) and exon-intron junction (ELJ) primers, respectively, for six
representative genes: LARP7, DUSP12, SNRNP48, COPSS, BRCAI,
and NSUNS5. PABPN1-KD induced a significant increase in EIJ signal
and a decrease in EEJ signal in all these last introns leading to
increased intron retention levels without affecting the expression of
ACTB control (Fig 1D and E). Furthermore, using RT-qPCR, we also
found that the retention of last introns is significantly increased
upon PABPN1 knockdown, as shown for the three representative
genes LARP7, DUSP12, and BRCA1, respectively (Fig 1F). Together,
these results indicate that loss of PABPN1 results in an increase of
transcripts with last retained introns at the steady-state level, which
may be due to either loss of splicing or increased RNA half-life upon
PABPNI1 knockdown.

To further investigate whether the last intron retention upon
PABPN1 knockdown is a direct result of PABPN1, we performed
rapid depletion of PABPN1 protein by dTAG system (Nabet
et al, 2018), for which we knocked in a novel degrader FKBP12F¢V
at the start codon of endogenous PABPN1 by CRISPR (Fig EV1D).
Treating the cells with the drug dTAG13 can induce quick decay of
the target protein, and we found that 3- or 6-h treatment induced
almost complete degradation of PABPN1 (Fig 1G). We performed
high-throughput RNA-seq for samples (dTAG treatment at 0, 3, and
6 h) from two independent dTAG cell lines. The normalized
RNA-seq signals of many last retained introns showed gradual accu-
mulation at 3 and 6 h in comparison to 0 h in both cell lines, as
exemplified by COPS5 (Fig 1H), LARP7 (Fig EV1E), and DUSPI2
(Fig EVI1F). These effects were validated by RT-PCR (Fig 1I). Fur-
ther analysis revealed that 93% PABPN1 regulated last introns (133
in 143) identified from PABPN1 knockdown assay show increased
IR following induction of acute degradation of PABPN1 (Fig 1J). We
note that the extents of increased AIR are not as evident as those
from the KD assay. This is likely due to the difference between
short-term (3 or 6 h) and long-term (48 h) treatment. Together,
these data demonstrate that the loss of PABPNI1 causes the retention
of many last introns.

PABPN1 could promote last intron splicing without the
CPA process

Because PABPN1 has been previously reported to regulate the selec-
tion of alternative polyA sites (Jenal et al, 2012), to investigate
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whether PABPN1 regulated last intron splicing is associated with
APA, we extracted all possible polyA sites (PASs) in HeLa cells from
our recently published data (Data ref: Tang et al, 2021) and calcu-
lated the PUDI (Percentage of Distal polyA site Usage Index) of all
genes using our RNA-seq data from PABPN1 knockdown and con-
trol samples. Under the cutoffs of PDUI difference |APDUI > 0.15
and FDR < 0.05, we identified 572 genes switching to use the proxi-
mal PAS and 132 genes switching to use the distal PAS upon
PABPN1 knockdown (Fig EV1G). This is consistent with the
reported pattern that loss of PABPN1 induces more proximal PAS
usage (de Klerk et al, 2012; Jenal et al, 2012). However, those genes
have little overlap with the IR-upregulated or -downregulated genes

EMBO reports

induced by PABPN1 knockdown (Fig EV1H), suggesting PABPN1-
mediated splicing regulation is independent of its role in APA
regulation.

Since PABPNI is also considered part of the CPA complex (Shi
et al, 2009), we next asked whether CPA complex-mediated 3’ end
processing can affect the splicing of terminal introns regulated by
PABPNI1. To confirm our suspicion, we constructed a series of
reporters by replacing endogenous PAS with mouse histone H2A 3’
end, which is recognized by U7 snRNP and then cleaved by histone
pre-mRNA cleavage complex (HCC) to produce a conservative stem
loop (SL) structure, or replacing the PAS with MALAT1 3’ end, both
being distinct from the CPA process and independent of PABPN1
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Figure 1. PABPN1-loss induced preferential retention of last introns.

Li Huang et al

A Differential intron retention (IR) analysis of RNA-seq data from samples under PABPN1 knockdown (siPABPN1) and control (NC) conditions. Significantly repressed
and induced intron retention events (retained introns, Ris) are indicated by blue and red dots, respectively. The threshold of IR difference (AIR, siPABPN1-siNC) is

0.15, and the FDR cutoff is 0.01.

B UCSC genome browser view showing the normalized RNA-seq signals of COPS5 in Hela cells under PABPN1 knockdown (si-PABPN-1 and si-PABPN-2) and control
(NC-1 and NC-2) conditions. The quantified intron retention levels (IR score) of the last introns (dotted box) are labeled for all samples, respectively.
C Cumulative frequency distributions of retained introns (RIs), up-regulated (red), and down-regulated (blue) upon PABPN1 knockdown, and of all retained introns in

control (NC, green) samples by their relative intronic ranks in genes.

D, E Validation of last intron retention of six representative genes in response to PABPN1 knockdown by semi-quantitative PCR in Hela cells treated with three different
NC and PABPN1 siRNAs (D). The bottom box diagram shows a schematic view of the primers for spliced (EEJ, exon—exon junction) and unspliced (ElJ, exon—intron
junction) isoforms. The quantified intron retention (IR) scores of the last introns are shown on the right for all samples, respectively (E).

F Relative ratios of the unspliced (ElJ) to spliced (EEJ) isoforms of the last introns for LARP7, BRCAL, and DUSP12 genes in Hela cells treated in the same manner as in

(D).

G Western blot validating the degradation effect of PABPN1 under the treatment of dTAG13 for 0, 3, and 6 h.

H UCSC genome browser view showing the normalized RNA-seq signals of COPS5 in PABPN1-dTAG cells under PABPN1 rapid degradation for O, 3, and 6 h. The quan-
tified intron retention levels (IR score) of the last introns (dotted box) are labeled for all samples, respectively.

| The last intron splicing analysis of LARP7 and COPS5 in response to PABPN1 rapid degradation by dTAG13 for O, 3, and 6 h by RT-PCR in PABPN1 dTAG cell lines.

J Heatmap showing the IR ratio change of PABPN1 knockdown-induced retained last introns under rapid degradation of PABPN1 for 3 and 6 h compared to O h. The
AIR values of 143 PABPN1-regulated last introns from the knockdown assay are shown on the right for comparison.

Data information: (E, F) Data are from n = 3 biologically independent experiments. The error bar represents SD. The P-values are calculated by unpaired t-test
(****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, nonsignificant). See also Fig EV1.

Source data are available online for this figure.

(Marzluff & Koreski, 2017; Sun et al, 2020). We selected two IR-
upregulated genes in response to PABPN1-KD (LARP7, Fig EV2A
and COPSS, 1B), and three control genes, not regulated by PABPN1
but with similar expression levels and similar sizes of terminal
introns and exons (TDRD9, CENPV, and SMTN, Fig EV2B-D) to con-
struct reporters. As depicted in Fig 2A, for each gene, we
constructed 4 GFP reporters: Cl1 and C2 are the spliced and
unspliced controls, respectively; C3 and C4 contain the last intron
along with its flanking exons ending with the endogenous PAS (C3)
or H2A/MALAT1 3’ end (C4). The unspliced control C2 was
designed using the intronic stop codon from the IR isoform. We
transfected these reporters into HeLa cells and examined the splicing
of the last intron by the GFP fusion proteins from the four reporters.
We found that replacing the endogenous PAS with histone H2A or
MALAT1 3’ end strongly repressed the splicing of PABPN1-regulated
last introns of LARP7 and COPSS, but had little impact on PABPN1
nonregulated last introns of TDRD9, CENPV, and SMTN (Fig 2B).
Furthermore, we confirmed the PAS effect on PABPN1-regulated last
introns on mMRNA level using RT-PCR (Fig 2C). These results
showed that the accumulation of transcripts with the last retained
intron was gene-specific and dependent on PAS with polyA tail,
which is consistent with RNA-seq results that loss of PABPN1
results in an increase of those transcripts.

It has been shown that once the CPA produces a 3’ end, PABPN1
binds to the polyA tail immediately (Wahle, 1991). To distinguish
whether the PABPN1-loss induced last intron splicing is due to the
CPA complex or PABPN1 protein directly, we designed an MS2-
PABPNI1 tethering system by introducing 5 copies of MS2 sequence
into the above C4 reporter downstream of the 3’ UTR and upstream
of the histone H2A/MALAT1 3’ end (Fig 2D). After transfection of
the MS2 reporter with MBP, PABPN1, or MBP-PABPNI1, we
performed RT-PCR and western blot to examine the splicing of the
last intron in the reporter. For both LARP7 and COPSS, though in
the absence of the endogenous PAS, tethering PABPN1 to the MS2
SL enhances the splicing of the last introns, whereas MBP or
PABPN1 alone has little effect, both at the mRNA level (Fig 2E) and
the protein level (Fig EV2E). These data demonstrated that the
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PABPNI1 binding is sufficient to promote the terminal intron splicing
of specific mRNAs.

Interestingly, by inspecting our RNA-seq data, we found a special
gene, FBXO4, in which part of the last intron is retained upon
PABPNI1 knockdown (Fig EV2F). We reasoned that this is due to the
inactivation of the last 3’ ss caused activation of an upstream cryptic
3’ ss (A3SS), which has the largest 3’ ss score in the intron based on
spliceAl program (Fig EV2F). We further constructed four reporters
for this gene as in Fig 2A, with an additional control reporter for the
A3SS isoform. We found that the last intron of FBXO4, is largely
retained when replacing endogenous PAS with histone H2A 3’ end
at the protein level (Fig EV2G) and also at the RNA level
(Fig EV2H). Together, these data demonstrate that PABPN1 can
directly promote the last intron splicing without the CPA process.

PABPN1 binds to the polyA tails of IR-upregulated genes in vivo

To investigate whether PABPN1 binds to the IR-upregulated genes,
we re-analyzed the eCLIP-seq data of PABPN1 generated by the
ENCODE consortium (data ref: Van Nostrand et al, 2016b). We first
examined the enriched 8-mers in the sequencing reads from
PABPNI IP and input samples, and found that the ‘AAAAAAAA’
motif is the most enriched motif for PABPNI, significantly higher
than the input (Fig 3A). Furthermore, we counted the number of
reads ending with a polyA tail (at least 6 or 30 continuous As) and
found that PABPN1 IP samples have significantly higher fractions of
those reads than the input sample (Fig 3B). Those reads ending with
a polyA tail are mapped to the genomic region close to the anno-
tated PASs (Fig EV3A). Together, these results demonstrate that
PABPNI can bind to the polyA tails of mRNAs, consistent with its
role of acting as a polyA-binding protein.

We next inspected whether the IR-upregulated last introns are
directly regulated by PABPNI1. By requiring a gene to have PABPN1
eCLIP peak(s) in its 3’ UTR or have uniquely mapped read(s) ending
with polyA tail, we found that about 73% (105 in 143) of the last
intron retained genes upon PABPN1 knockdown are directly bound
by PABPN1 (Fig EV3B), among which there are 517 CLIP sites

© 2023 The Authors
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Figure 2. Replacing endogenous PAS with histone or Malatl 3’ end without CPA-mediated cleavage and polyadenylation mimics the phenomenon of

PABPN1-loss-induced last intron retention.

A Schematic diagrams of the GFP reporter constructs for downstream splicing assay. The associated elements are annotated on the right. For one endogenous gene,
four reporters are constructed: C1 & C2 are the spliced and unspliced CDS controls with SV40 3’ UTR and histone 3’ end, respectively; C3 & C4 contain the last intron
and its franking exons of the endogenous gene, with the endogenous 3’ end (C3), histone or Malatl 3’ end (C4).

B Western blots of the C1-C4 reporters for two endogenous regulated genes (LARP7 and COPS5) and three endogenous nonregulated control genes (TDRD9, CENPV, and

SMTN).

C RT-PCR analysis of the spliced and unspliced isoforms from the C3 and C4 reporters for two endogenous regulated genes LARP7 and COPS5.
D Schematic diagram of MS2 tethering reporter for PABPN1. 5x MS2 stem loops are inserted to the C4 reporters constructed in Fig 2A which are behind the 3’ UTR and

in front of histone/Malatl 3’ end.

E RT-PCR quantification of MS2 reporters of histone 3’ end (left) and Malatl 3’ end (right) for two PABPN1-regulated genes LARP7 and COPS5.

Data information: See also Fig EV2.
Source data are available online for this figure.

(72.2%) at the polyA tails, 168 CLIP sites (23.5%) at the A-stretches
within the 3’ UTR, and only 31 CLIP sites (4.3%) are within the
body of 3’ UTR without A-stretch (Fig EV3C). As shown in a repre-
sentative gene example (Fig EV3D), AMDHD2 has broad PABPN1
binding signals in its 3’ UTR and its last intron is more retained
upon loss of PABPN1. In considering the eCLIP data are from HepG2
cells, we conclude that PABPN1-enhanced last introns identified in
HeLa cells are mainly regulated by PABPN1 binding to the 3’-end of
their RNAs.

Long polyA tail promotes the splicing of PABPN1-enhanced last
introns

Based on the fact that PABPN1 binds to the polyA tail in vivo, we
next asked whether the polyA tail regulates last intron splicing. To
this end, we designed another reporter system using polyA
sequences with different lengths to replace the 5 copies of MS2 SLs
(Fig 3C). For three PABPNIl-regulated endogenous genes, we

© 2023 The Authors

constructed five reporters with different lengths of polyA sequences
(35, 68, 100, 135, or 168 nt), confirmed via double digestion assay
(Fig EV3E). Interestingly, we found that the spliced isoforms of all
the reporters gradually increase along with the growth of polyA
length, and the corresponding IR levels gradually decreased
(Fig 3D). The spliced-to-unspliced ratios (EEJ/ELJ) of LARP7 and
COPS5 also validate this polyA length-dependent enhancement
(Fig 3E). Consistently, we observed the protein levels of the spliced
isoforms gradually increase for LARP7, COPSS5, and NSUNS5 with
H2A 3’ end (Fig EV3F) or with MALAT1 3’ end (Fig EV3G-I). Based
on these data, we speculate that PABPN1-regulated genes may pos-
sess a longer polyA tail in vivo. We thus analyzed the polyA tail
lengths of the transcripts with unspliced last introns using the Nano-
pore long-reads sequencing data published recently (data ref: Tang
et al, 2021). We observed that the polyA tail lengths of PABPN1-
regulated last intron-retained genes are longer than those of nonre-
gulated genes (Fig 3F). Together, these results demonstrate that
PABPNI1 enhances the 3’ terminal introns splicing in a polyA tail
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length-dependent manner, as a longer polyA tail may recruit more

PABPNI proteins.

To further investigate whether the polyA reporters are still
dependent on PABPN1, we knocked down PABPN1 and transfected
the polyA(168) and control reporters into the cells. The results show
that for three case genes (LARP7, COPSS, and NSUNS), the polyA
(168) reporters have decreased splicing efficiency upon PABPN1
knockdown similar to endo-PAS reporters, while the H2A reporters
always show little splicing and are not affected by PABPNI1

Li Huang et al

knockdown (Fig 3G), validating that the splicing enhancement is
PABPNI1-dependent. Collectively, these results suggest that the long
polyA tail promotes the last intron splicing through PABPN1.

PolyA polymerase contributes to PABPN1-enhanced last intron

splici

ng

To further investigate the functional roles of polyA tails on terminal
intron splicing, we knocked down PolyA polymerase (PAP), the
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Figure 3. Long polyA tail promotes the splicing of PABPN1-enhanced last introns.

A, B Bar plot showing the enrichment of polyA sequences in PABPN1 immunoprecipitated RNAs using 8-mer motif analysis (A) or examining the reads ending with 6 or

30 more As.

mm g O W

(**P < 0.001).

In (D), only the top motif enriched in PABPN1 IP or input control is shown. The PABPN1 eCLIP data was from ENCODE project (ENCSR820UYE).

Schematic diagram of the splicing reporters by replacing MS2 stem loops in Fig 3A with polyA sequences of different lengths.

RNA quantification by RT-PCR for the spliced and unspliced isoforms (top) and calculated IR scores (bottom) of the reporters in Fig 3F.

Quantification of the spliced (EE]) over unspliced isoforms (ElJ) of the reporters in Fig 3F.

The polyA tail length distribution of regulated last intron-retained genes and other genes by nanopore sequencing. The P-values are calculated by the Wilcoxon test

G Splicing analysis of the C3, C4, and polyA reporters in Fig 3F for endogenous genes LARP7, COPS5, and NSUN5 by RT—PCR upon PABPN1 knockdown (top) and the

quantified intron retention levels (IR score) of these reporters (bottom).

H Protein domains of PABPN1 with known important mutation sites marked by triangles.

| Schematic diagrams of PABPN1 mutants for downstream rescue assay.

J Relative ratios of the unspliced isoforms (El)) to the spliced isoforms (EEJ) of the last introns for LARP7, DUSP12, and BRCAI genes in Hela cells treated with si-

PABPN1 and then rescuing PABPN1 mutants constructed in G.

Data information: (D, E, G, and J) Data are from n = 3 biologically independent experiments. The error bars represent SD. The P-values are calculated by unpaired t-test
(****p < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, nonsignificant). See also Fig EV3.

Source data are available online for this figure.

dominant adenosine polymerase to generate polyA tails for mRNAs.
As PABPNI1 has been reported to regulate RNA decay (Bresson &
Conrad, 2013; Bresson et al, 2015a), we also knocked down some
exosome component proteins (RRP40, ZFC3H1, and ZCCHC8). We
found that the unspliced-to-spliced ratios (EIJ/EEJ) of the last
introns from LARP7 and DUSPI2 increase upon PAP knockdown,
although the ratio of the last intron from BRCA1 shows little change
(Fig EV3J). Loss of exosome components neither affects the splicing
of the last introns nor the RNA levels of PAP and PABPNI
(Fig EV3J-K). These results indicate that the terminal intron reten-
tion upon PABPN1 knockdown is not caused by the suppression of
RNA degradation. To further assess PAP contribution in siPABPN1-
induced last intron retention, we analyzed previously published
RNA-seq data under PAP knockdown in 293T cells (data ref:
Bresson et al, 2015b). We found that knocking down PAP alters the
splicing of 24 introns under |AIR] (NC - siPAP) cutoff at 0.1 and FDR
cutoff at 0.01 (Fig EV3L). We observed that one-third (8 out 24) of
PAP-upregulated introns are also upregulated by PABPNI1
(Fig EV3M), as shown in the common target gene LARP7
(Fig EV3N). In consideration of only a few IR events induced by
PAP knockdown, we reasoned that the RNAs with shortened polyA
tails caused by PAP-KD might be missed during polyA RNA-seq
library construction, or the PAP-KD effects are compensated by
some noncanonical polyA polymerases in human cells (Schmidt &
Norbury, 2010).

Next, to explore which domain of PABPNI1 is responsible for its
function in splicing, in referring to the functional domains of
PABPN1 (Fig 3H), we constructed PABPN1 mutants with domain
deletion or point mutation of important functional amino acids for
specific domains (Fig 3I; Kerwitz et al, 2003). Under the condition
of knocking down endogenous PABPN1, we rescued its expression
with these mutants. In all cases (LARP7, DUSP12, and BRCAI), we
found that the EIJ/EEJ ratio of the last intron is significantly reduced
when rescuing the full-length (wildtype PABPN1) and N-terminal
depleted mutants (including AN11, AN99, and AN113), suggesting
that the N-terminal domain of PABPN1 has no significant effect on
promoting last intron splicing. In contrast, the YAFA (RNA binding
domain, RRM mutated) and C-terminal depleted mutants (AC57)
cannot rescue the intron splicing. Interestingly, the ACC (coiled-coil
domain), LALA (LALA mutation within CC domain in stimulating

© 2023 The Authors

PAP), and ACC + AC21 (combination of ACC and AC21) have stron-
ger rescue effects (Fig 3J). In sum, only the mutants that disrupt the
interaction with PAP and the activity of PAP cannot rescue the splic-
ing efficiency, indicating that PAP contributes to PABPN1-enhanced
last intron splicing.

PABPNL1 loss-induced up-regulated retained introns have weaker
3'ss

To understand how PABPNI1 enhances splicing, we first tried to
identify potential cis-features of PABPN1-regulated genes. Using
spliceAl (Jaganathan et al, 2019), we analyzed the 5 and 3’ splice
site scores of IR-upregulated introns induced by PABPN1 knock-
down and found that IR-upregulated introns have weaker 5’ ss and
3’ ss, especially the 3’ ss than those of control introns randomly
sampled based on the similar length and expression level (Fig 4A).
Motif analysis of IR-upregulated introns and controls revealed a
lower U but higher C content in the polypyrimidine tract region for
IR-upregulated introns, in contrast to the canonical pattern for con-
trol introns (Figs 4B and EV4A). This abnormal C/U content might
be one of the reasons explaining why the 3’ ss of IR-upregulated
introns are weaker. Furthermore, we divided these IR-upregulated
introns into low (0.15 < IR < 0.3) and high (IR > 0.3) groups, and
as expected, we found that introns with higher IR levels possess
weaker 3’ splice sites (Fig EV4B).

To verify whether weaker 3’ ss could inhibit the splicing of
PABPNI1-enhanced last introns, we performed a series of base muta-
tions (M1-M?7) around the 3’ ss of NSUNS (Fig 4C left) and LARP7
(Fig 4C right) C4 reporters made in Fig 2A. Of note, the open reading
frames were not changed by using synonymous mutations in the
coding regions. The 3’ ss scores of the mutants are predicted by spli-
ceAl, and the mutant M1 shows the highest score (Fig 4D). Expect-
edly, the splicing of the M1 mutants replacing the original sequences
from LARP7 and NSUNS with the canonical 3’ ss sequences is appar-
ently enhanced at both the RNA level (Fig 4E) and the protein level
(Fig 4F). Interestingly, we noticed that the 3’ ss score of the mutant
M?7 from LARP7 increases although the mutation site is 15 nt away,
and consistently, the splicing of the intron is still enhanced.

Together, our data demonstrate that unilateral enhancing the 3’
ss could compensate for the splicing defect caused by PABPN1

EMBO reports 24:e57128|2023 7 of 17
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Figure 4. Genomic features of PABPN1-depletion induced up-regulated retained introns (Rls).

A Box plot showing the splicing score analysis of the 5’ ss (left) and 3’ ss (right) of PABPN1 loss-induced up-regulated retained introns (orange) and random last

introns (gray) calculated by spliceAl.

B Consensus sequences of the PABPN1 loss-induced up-regulated retained introns (top) and randomly control introns (bottom) aligned at 3’ ss (20 nt intron sequence

and 3 nt exon sequence).

C Mutants construct near the 3’ splice sites for NSUN5 (left) and LARP7 (right). All the mutants are based on the C4 reporters in Fig 2A.

3’ splice site score of NSUN5 (purple) and LARP7 (blue) mutated reporters predicted by SpliceAl.
Splicing analysis of NSUN5 and LARP7 reporter mutants by RT-PCR (E) and Western blot (F).

G The exon GC contents of PABPN1-regulated genes with up- or down-regulated Ris and other groups of genes located in different nuclear substructures including
the nucleolus, nuclear speckle, nuclear LAMINA, Cajal body, HLB, PML, and SAM68.
H  Distribution of PABPN1-regulated genes with up-regulated Rls (left) and those genes whose last intron is up-regulated RI (right) in nuclear substructures.

Data information: (A) The central line of the box plot represents the median value, and the lower and upper whiskers of the box represent the first and third quartiles,
respectively. The upper whisker extends from the hinge to the largest value no further than 1.5 * IQR from the hinge (where IQR is the inter-quartile range). The lower
whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge. There are 283 up-regulated RIs and 1,000 random control Rls for splice score calcula-
tion by 5 ss and 3’ ss, respectively. The P-values are calculated by the unpaired two-sided Wilcoxon test. See also Fig EV4.

Source data are available online for this figure.
depletion, implying that PABPN1 might contribute to the splicing of
weak 3’ ss.
PABPN1-targeted genes are associated with nuclear speckle

The nuclear speckle is an important splicing hub and possesses a
large number of splicing factors. Post-transcriptional splicing was

8 of 17  EMBO reports 24: 57128 | 2023

reported to occur in nuclear speckles (Girard et al, 2012), and recent
studies suggest that proximity to nuclear speckles has a positive cor-
relation with both co- and post-transcriptional splicing (Gordon
et al, 2021). Recent studies by Barutcu et al have shown that nuclear
speckle tends to enrich intron-retaining genes with high-GC content
by systematic mapping transcripts associated with different
nuclear domains (mainly including Nucleolus, Nuclear speckle,

© 2023 The Authors
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Cajal bodies, Histone locus bodies [HLBs], PML, and SAM68 bodies;
data ref: Barutcu et al, 2022b). We calculated the GC content of
PABPNI1-regulated genes and analyzed their distributions in differ-
ent nuclear domains characterized by Barutcu et al (2022a). The GC
content of genes in different nuclear domains is consistent with the
original study, and the GC content of the transcripts associated with
nuclear speckle is significantly higher than that of other nuclear
domains (Fig 4G). Unexpectedly, the genes with up-regulated RIs
(gray line) have a similar GC content to those enriched in nuclear
speckle, while the genes with down-regulated Rls (blue line) have a
relatively low-GC content (Fig 4G). Furthermore, not only the genes
with any up-regulated RIs (Fig 4H left) but also those with up-
regulated terminal RIs (Fig 4H right) are apparently enriched in the
nuclear speckle, which composes 55 and 46% of genes, respec-
tively. These data suggested that PABPNI1-regulated genes with
upregulated Rls are closely associated with the nuclear speckle.

PABPN1 interacts with a large number of spliceosome proteins
and RBPs

Next, to understand how PABPN1 promotes the last intron splicing,
we first focus on investigating the PABPN1 interactome. To this
end, we generated inducible HeLa cell lines expressing TurbolD-
eGFP-PABPN1 and took advantage of proximity labeling and immu-
noprecipitation combined with mass spectrometry to identify the
interactome of PABPN1 (Fig 5A). We constructed three independent
stable inducible HeLa cell lines (eGFP-PABPNI1-TurboID-1/2;
TurboID-eGFP-PABPN1), treated the cells with doxycycline for 48 h,
and then labeled the cells with biotin for 30 min or 2 h according to
the method developed by Branon et al (2018). We harvested cells
and captured the proteins using streptomycin magnetic beads
(Fig EV5A). We performed mass spectrometry analysis for 10
labeled samples and 4 control samples without TurboID-PABPN1
and identified 207 significantly enriched proteins under a log, fold-
change cutoff of 1 and an FDR cutoff of 0.05 (Fig 5B).

To characterize the PABPN1 interactome, we first compared
the 207 proteins with the proteins associated with spliceosome com-
plex (Hegele et al, 2012), RNA degradation complex (Schmid &
Jensen, 2019), and mRNA 3’ end processing complex (Shi
et al, 2009), and found that about 32.4% (79/244), 11.9% (5/42),
and 31.8% (27/85) of the three complexes are identified in our mass
spectrometry data (Fig EV5B), which are consistent with the known
functional roles of PABPN1. Next, we performed GO-term analysis
for the PABPNI1 interacting proteins and found that they are signifi-
cantly associated with RNA splicing and spliceosome complex
(Fig EVS5C). Particularly, many PABPNI interacting proteins are
associated with multiple U2-type complexes, in addition to the
mRNA 3’ end processing complex (Fig EV5D).

To further examine the interaction between PABPN1 and U2
complex proteins, we performed immunoprecipitation of endoge-
nous PABPN1 and found that U2 snRNP-related proteins (U2AF2,
U2AF1, and SF3B3) interacted with PABPN1 and the interactions
are RNA independent. As a positive control, we also identified that
the mRNA 3’ end processing factors, such as CPSF7 and NUDT21,
can interact with PABPN1 (Fig EVSE). To investigate whether
PABPNI regulates last intron splicing is dependent on the U2 com-
plex, we treated HeLa cells with pladienolide B (Pla-B), an inhibitor
of SF3B (Kotake et al, 2007), which is a critical component of U2

© 2023 The Authors
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snRNP (Sun, 2020). We found that both the endogenous regulated
genes (LARP7 and COPSS) and the reporter minigenes (GFP-LARP7/
COPS5) show repressed splicing of the last intron. In contrast, the
nonregulated gene (TDRD9) shows no significant splicing changes
under Pla-B treatment (Fig EVSF). These results demonstrate that
PABPNI interacts with U2 snRNP-related proteins, and U2 snRNP
contributes to the splicing of PABPN1-enhanced last introns.

RBM26&27 knockdown induces intron retention of PABPN1-
regulated last Ris

Among all PABPN1 interacting proteins, we noted that RBM26&27
is highly enriched in all 8 groups of TurboID-labeled samples
(Fig 5B). Considering that RBM26&27 are both RNA-binding pro-
teins and have a potential role in regulating splicing, we knocked
down RBM26/27 or both to investigate whether they contribute to
the PABPN1-regulated last intron splicing. RBM26/27 knockdown
does not affect the expression of PABPN1 (Appendix Fig S1A and
B). Interestingly, knocking down both RBM26 and RBM27 signifi-
cantly inhibits the splicing of the last introns for 5 PABPNI-
regulated genes (LARP7, COPSS, NSUNS, BRCAI, and DUSPI2),
although individual knockdown of RBM26 or RBM27 only has a
moderate effect on a subset of genes (Fig 5C). We further validated
their effects using RT-qPCR to quantity the relative ratios of the last
exon—intron junction (EIJ) over the exon-exon junction (EEJ)
(Fig 5D), indicating that RBM26&27 can enhance the last intron
splicing of PABPN1-regulated genes in vivo. In addition, to investi-
gate whether RBM26&27 are also functional for reporters with
mH2A 3’ end (without endo-PAS), we constructed the MBP-RBM26/
27 fusion proteins (Appendix Fig S1C) and tethered the fusion pro-
teins to the LARP7 and COPS5 MS2 reporters. We found that the
tethering of RBM26, RBM27, or both, can promote the splicing of
the MS2 reporters (Fig 5E), which are not affected by PABPN1
knockdown (Appendix Fig S1D), suggesting that RBM26&27 might
be the regulatory factors downstream of PABPN1. The results of
polyA reporter assays further demonstrate this hypothesis as inhi-
biting RBM26, RBM27, or both leads to similarly increased levels of
intron retention as PABPN1 knockdown (Fig 5F).

PABPN1 interacts with RBM26&27 in promoting mRNA last intron
splicing

To globally explore the regulated retained introns of RBM26&27, we
analyzed previously published RNA-seq data under RBM26&27
knockdown in HeLa cells (data ref: Silla et al, 2020b) and found that
loss of RBM26&27 induces 436 up-regulated retained introns and 67
down-regulated retained introns under |AIR| (siRBM26&27 - NC) cut-
off at 0.15 and an FDR cutoff at 0.01 (Appendix Fig S1E), suggesting
an important role of RBM26&27 in regulating RNA splicing. Surpris-
ingly, RBM26&27-KD induced up-regulated retained introns also
show a strong 3’-end bias (69.3% [149/215] RIs being last introns),
similar to PABPN1-KD, whereas ZC3H3 and ZFC3H1 knockdown
induced RIs display no or very weak 3’-end bias (Fig 5G and Appen-
dix Fig SI1F and G). Considering that RBM26&27, ZC3H3, and
ZFC3H1 were also identified as the RNA decay factors in the polyA
tail exosome targeting (PAXT) complex (data ref: Meola
et al, 2016b; Silla et al, 2020b), we evaluated to what extent RNA
degradation affects PABPNl-regulated intron retention. By
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comparing the up-regulated retained introns between PABPNI,
RBM26 & 27, ZC3H3, and ZFC3H1 knockdown, we found that 213
retained introns are uniquely regulated by PABPN1, 56 RIs are co-
regulated by PABPN1 and RBM26&27, and very few are co-targets
of ZC3H3 and ZFC3H1 (Appendix Fig S1H and I). These results

Next, we aimed

Li Huang et al

indicate that RNA decay has only a limited effect on intron retention
induced by PABPN1-KD, and RBM26&27 can promote the last intron
splicing with PABPN1 independent of or prior to RNA degradation.

to investigate the molecular mechanism of how

PABPNI interacts with RBM26&27. First, we constructed myc- and
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Figure 5.
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Identification of PABPN1 interactome and RBM26&27 knockdown induces intron retention of PABPN1-regulated last retained introns (Rls).

A Flowchart of TurbolD-GFP-PABPN1 proximity labeling coupled mass spectrometry (MS) assay.
B Volcano plots of the enriched proteins identified by PABPN1 TurbolD-MS. Significantly enriched proteins are colored in orange, and a few representative proteins

are highlighted with labels.

C  RT-PCR analysis of the last intron splicing of five representative PABPN1-dependent endogenous genes upon RBM26/27 knockdown with quantified IR values.
D  Relative ratios of the unspliced (El}) to spliced (EE]) isoforms of the last introns for LARP7, COPS5, BRCAL, and DUSP12 genes in Hela cells treated in the same

manner as in (C).

E Splicing analysis of MS2 reporters for two PABPN1-regulated genes LARP7 and COPS5 when tethering RBM26/27 by RT-PCR.
F Splicing analysis of the polyA reporters for LARP7, COPS5, and NSUN5 under the condition of RBM26/27 knockdown.
Cumulative frequency distributions of up-regulated RIs upon PABPN1 (red), RBM26&27 (blue), ZC3H3 (green), and ZFC3H1 (yellow) knockdown by their relative

intronic rank in genes.

H  Western blot validation of endogenous PABPN1 interacting with the myc-tagged RBM26 and RBM27.
| Representative immunofluorescence images showing the localization of endogenous PABPN1 relative to SC35, and the mCherry-tagged RBM26&27 relative to

SRRM2 in vivo.

J Protein domains of RBM27 and the schematic diagrams of constructed myc-tagged RBM27 mutants.
K, L Western blot of endogenous PABPN1 immunoprecipitated myc-tagged RBM27 mutated proteins.

Data information: (C-D) Data are from n = 3 biologically independent experiments. The error bars represent SD. The P-values are calculated by unpaired t-test
(****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, nonsignificant). See also Fig EV5 and Appendix Fig S1.

Source data are available online for this figure.

mCherry-tagged RBM26/27 fusion proteins (Appendix Fig S1J) and
performed endogenous PABPN1 immunoprecipitation. We found
that PABPN1 can strongly interact with RBM27 and have a relatively
weak interaction with RBM26 (Fig SH). Consistent with its associa-
tion with the nuclear speckle above, endogenous PABPN1 locates in
the nuclear speckle, while mCherry-RBM26 or RBM27 also shows
great colocalization with the marker protein SRRM2 of the nuclear
speckle (Fig 5I). These results imply that RBM26&27 might closely
interact with PABPN1 in nuclear speckles.

To further dissect the interaction site in RBM27 that has strong
interaction with PABPN1, we constructed a series of RBM27 dele-
tion mutants tagged with myc (Fig 5J). By endogenous PABPN1
immunoprecipitation, we found that the coiled-coil (CC) and the
RNA binding (RRM) domains of RBM27 mediate the interaction
between PABPN1 and RBM27 (Fig 5K and L). We note that the level
of ADel-1 mutant is much lower than other mutants, probably due
to its low stability. Collectively, these results demonstrated that
PABPN1 might directly recruit RBM27 via its coiled-coil and RNA
binding domains in enhancing the splicing of 3’ terminal introns.

The pattern of PABPN1-regulated last intron splicing is conserved
in mice

In addition to human cells, we also want to know whether the
polyA tail-PABPN1 axis regulates splicing in other species. We ana-
lyzed recently published RNA-seq data of Pabpnl-knockout
(Pabpn1-KO) in mouse oocytes (data ref: Zhao et al, 2021) and
found that loss of Pabpnl also induced splicing dysregulation of
many genes (Appendix Fig S2A). As the representative example, the
last intron of Hsd17b8 is retained upon Pabpn1-KO in mice (Appen-
dix Fig S2B). Unexpectedly, among all Pabpn1 up-regulated retained
introns, about 52.6% (41/78) are the 3’ terminal introns (Appendix
Fig S2C), showing a strong 3’-end bias as observed in human cells,
although the regulated genes are largely different. These data dem-
onstrate that the regulatory pattern of PABPN1 in promoting last
intron splicing is a conserved mechanism.

In summary, we find a group of last introns with weak 3’ splice
sites are post-transcriptionally spliced in at least subsets of tran-
scripts with polyA tails, considering that binding of PABPNI1 to

© 2023 The Authors

polyA tail enhances the splicing of the last introns. The unspliced
RNAs generally localize in the nuclear speckle and possess long
polyA tails, which would promote PABPN1 binding. PABPNI1
recruits RBM26&27 or other factors to probably enhance the assem-
bly of U2 splicesome on the weak 3’ splice site, which enables splic-
ing of the last intron, as illustrated in the model (Fig 6). These
results uncover a novel mode of post-transcriptional splicing
enhanced by the polyA tail-PABPN1 axis.

Discussion

The mRNA polyA tail is the most prevalent process on mRNAs, as
almost all mRNAs are polyadenylated. Although the function of the

"Weak 3'ss

ﬁRBW NN N1
N wr’m3

Weak 3’ss

Spliced WW

Post-transcriptional splicing?

Figure 6. Graphical model for polyA tail-PABPN1 axis in enhancing last
intron splicing of specific RNAs.

Within the nucleus, many introns are spliced co-transcriptionally, while cer-
tain introns remain unspliced with 3’-end already being polyadenylated. The
added polyA tail can recruit nuclear polyA binding protein PABPN1 (N1), which
may further cooperate with RBM26&27 to facilitate 3’ splice site (ss) recogni-
tion by U2 snRNP, and thus functions as an enhancer for the post-
transcriptional splicing of last introns with weaker 3’ ss.
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mRNA polyA tail is well studied in the cytosol, how the polyA tail
regulates gene expression in the nucleus is largely unknown. In this
study, we discovered that the polyA tail acts as a splicing enhancer
for the last introns via the nuclear polyA binding protein PABPNI.
PABPNI1 binds to the polyA tail and interacts with many spliceo-
some and RNA-binding proteins, specifically recruiting RBM26&27
to promote the splicing of many last introns with a weak 3’ splice
site.

Functions of mRNA polyaA tail

The function of the mRNA polyA tail is investigated more in the
cytosol, where the polyA tail is bound by PABPCs. PABPC1 enables
the rapid circulation of the ribosome and promotes translation by
promoting the polyA tail and 5’ cap to form a closed-loop mRNP
structure (Munroe & Jacobson, 1990; Preiss & Hentze, 1998; Kapp &
Lorsch, 2004). In addition, the stability of polyA RNAs is also con-
sidered to be closely related to the polyA tail. Because the mRNA 3’
to 5’ degradation begins with rapid deadenylation of the polyA tail
(Goldstrohm & Wickens, 2008), PABPC1 binding to the polyA
tail can resist deadenylation to protect mRNA from degradation.
However, recent insights from polyA tail sequencing methods
showed that the function of polyA tail on mRNA expression is not
completely consistent with previous knowledge, where highly
expressed mRNAs frequently possess shorter polyA tails (Lima
et al, 2017; Tudek et al, 2021). Therefore, the full picture of the long
polyA tail on RNA translation and stability is still unclear.

In contrast to the cytoplasmic functions above, the function of
polyA tail in the nucleus has been rarely reported, except for one
study reporting that exogenous insertion of polyA sequences
can promote the transporting of short transcripts to the cytoplasm
(Fuke & Ohno, 2008), and another one implying that hyper-
polyadenylation (400 nt) of nuclear RNAs might link to RNA decay
(Bresson & Conrad, 2013). Here, our results have linked the polyA
tail to RNA splicing by using the modified reporter assay of Muniz
et al (2015). Using different polyA sequence reporters, we investi-
gated the effect of polyA tail length on mRNA splicing and found
that longer polyA enabled more efficient splicing. We showed that
the polyA tail preferentially enhanced the last intron splicing on
reporters, and within a certain range, the longer the polyA tail, the
more effective the splicing of the last introns. Of note, currently, we
could only insert a polyA sequence up to 168 nt, and even longer
polyA tails need further investigation. In addition to reporter assays
on individual genes, our genome-wide RNA profiling data upon
PABPN1 knockdown or fast degradation provide global evidence
supporting that 3’-end polyA tail can promote intron splicing, which
has enriched and expanded the previous findings from West lab
(Muniz et al, 2015). We think it also merits further studies to under-
stand the functional roles of polyA tails in coupling different RNA
processing events in the nucleus and the cytoplasm, and even dur-
ing RNA export.

Workman et al (2019) reported the phenomenon that a set of
transcripts with retained introns tend to have longer polyA tails,
probably due to those transcripts are restricted in the nucleus and
thus avoiding deadenylation in the cytoplasm. Based on our data,
we interpreted that longer polyA tails may recruit more PABPNI,
which helps to enhance the splicing of the last retained introns.
However, it is difficult to dissect the causal relationship between
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intron retention, polyA length, and polyA tail-PABPN1 enhanced
splicing, which warrants deep investigation in the future.

PolyA tail and PABPNL1 in splicing regulation

In this study, we find that polyA tail and PABPN1 can function as a
splicing activator of the last introns by interacting with RBM26&27
(Fig 6). Interestingly, RBM26&27 also acts in the polyA tail exosome
targeting (PAXT) complex to induce RNA decay (Silla et al, 2020a).
However, we found that other PAXT factors except for RBM26&27,
such as ZFC3H1 and ZC3H3, might not regulate PABPN1-targeted
last introns splicing. This indicates the that “polyA tail-PABPN1-
RBM26&27” axis could have multiple roles in nuclear pre-mRNA
processing.

How the polyA tail facilitates last intron splicing via PABPN1
seems to be complex, and our results suggest that PABPN1 may
exert different functions by recruiting different protein factors, espe-
cially for the introns not regulated by RBM26&27. Our TurboID-MS
data show that PABPNI1 is closely associated with spliceosome pro-
teins, especially U2 spliceosome (Fig EVS5). Interestingly, PABPN1
interacts with U2AFs and U2-snRNP representing the first step of
splicing, and also interacts with PRP19 complex and U4/U6-US tri-
snRNP complex representing further catalytic steps of splicing
(Wahl et al, 2009). These data imply that PABPNI1 is physically
closed to the spliceosome through the splicing cycle, and there could
be crosstalk between the polyA tail and spliceosome mediated by
PABPNI. The detailed mechanism of PABPN1 in facilitating splic-
ing, including how the PABPN1 or PABPN1-RBM26&27 complex
communicates with U2 spliceosome, remains to be dissected by
additional studies in the future.

PABPN1, nuclear speckle, and post-transcriptional splicing

The nuclear speckle is a subcellular domain that has longtime been
supposed as the place where post-transcriptional splicing occurs
(Girard et al, 2012). We uncovered that the genes with the last
retained introns regulated by PABPN1 showed similar features with
nuclear speckle-associated mRNAs and endogenous PABPN1 per-
fectly overlapped with nuclear speckle (Fig 5I). Considering that the
polyadenylated RNAs must be transcriptional-finished RNAs and the
core layer of nuclear speckle is not fluid enough for spliceosome
assembly (Fei et al, 2017), we speculated that PABPN1-enhanced
splicing belongs to post-transcriptional splicing and it takes place in
the periphery of nuclear speckles. What’s more, the last-intron-
retained genes identified in our work might be ideal cases to explore
the function of nuclear speckles in mRNA post-transcriptionally
splicing.

Materials and Methods

Cell culture, transfection, RNAI, and pladienolide B treatment
HeLa cells (free of mycoplasma contamination) were cultured in
DMEM (Gibco) supplemented with 10% FBS (Hyclone) and
penicillin—streptomycin (Gibco) at 37°C with 5% CO,. Lipofecta-

mine 2000 (Invitrogen) was used for DNA transfection; siRNA trans-
fection was carried out with Lipofectamine RNAiMax (Invitrogen)
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following the manufacturer’s protocol. Pladienolide B (Pla-B) was a
gift from Dr. Peng Du, Peking University, and the cells were treated
with 10, 25, 50, and 100 nM Pla-B for 24 h. The siRNA sequences
and the targets are listed in Table EV1.

Minigene construction

All minigene vectors were constructed based on the backbone of
pEGFP-C1. For endogenous minigenes, the sequence of the retained
intron and its flanking exons and the endogenous polyA signal were
inserted downstream of EGFP-CDS. For mH2A 3’ end and Malat1 3’
end minigenes, the SV40-polyA signal region in pEGFP-C1 was
replaced with mouse H2A mRNA 3’ end or Malatl 3’ end, and the
sequence of the retained intron and its flanking exons without
endogenous polyA signal was inserted in-frame downstream of
EGFP-CDS. For spliced control vectors, spliced exon-exon junction
sequence up to the stop codon was inserted in-frame downstream of
EGFP-CDS. For intronic control vectors, intronic sequence up to the
predicted stop codon was inserted in-frame downstream of EGFP-
CDS. Intron-containing sequences were amplified from human geno-
mic DNA, and exon-exon junction sequences were amplified from
cDNA with KOD-Plus-Neo enzyme (TOYOBO). The primers are
listed in Table EV2.

MS2 tethering and artificial polyA reporters

Reporters for MS2 tethering assay and artificial polyA assay were
constructed based on mH2A-3’ end and Malat1 3’ end minigenes. 5x
MS2 SL or artificial polyA sequence with distinct lengths was
inserted between the minigene region and mH2A/Malatl 3’ end
region. 5x MS2 sequence was synthesized by Tsingke and then
cloned into the vector by double digestion and ligation. Distinct arti-
ficial polyA sequences were cloned by Golden Gate Assembly with
Type IIS restriction endonucleases Bbsl. First, the 35 A sequence
containing 5’ BbsI site was inserted by double digestion and ligation.
Then, a second 35 A sequence was inserted by Bbsl digestion and
ligation to construct the reporter with 68 A. Similarly, the reporters
with 100, 135, and 168 A were constructed.

RNA isolation, reverse transcription, and PCR analysis

Total RNA was extracted with TRIzol (Invitrogen) and treated with
TURBO™ DNase (Invitrogen) to remove genomic DNA. cDNA was
synthesized from 1 pg of total RNA with random primer using M-
MLV reverse transcriptase (Promega). According to the manufac-
turer’s instructions, semi-quantitative PCR was carried out with
KOD-Plus-Neo DNA Polymerase (TOYOBO). Quantitative PCR was
performed using Hieff UNICON® qPCR SYBR Green Master Mix
(Yeasen). The primers are listed in Table EV2.

Western blotting, immunofluorescence, and antibodies

HeLa cells transfected with siRNA or plasmid were harvested 48 or
24 h after transfection, respectively. Cells were lysed with SDS-
PAGE loading buffer and boiled for 10 min at 95°C. Western blotting
was performed according to the standard protocol. For immunofluo-
rescence staining, cells were fixed with 4% PFA, permeabilized with
0.1% Triton X-100 in 1x PBS, blocked with 1% BSA in 1x PBS, and
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hybridized with primary and secondary antibodies sequentially sup-
plied in 1x PBS containing 0.5% BSA in room temperature for 1 h.
Antibodies used in this study include PABPN1 (rabbit, Abcam),
SC35 (mouse, Lab own), a-SRRM2 (rabbit, Abcam), o-GFP (mouse,
Proteintech), SF3B3 (rabbit, Abclone), U2AF2 (rabbit, Abclone),
U2AF1 (mouse, Proteintech), PABPC1 (rabbit, Abclone), CPSF6
(rabbit, Proteintech), NUDT21 (mouse, Abclone), myc-tag (mouse,
MBL), beta-actin (mouse, Proteintech), Alexa Fluor 488 Goat anti-
rabbit (Invitrogen), Alexa Fluor 594 Goat anti-mouse (Invitrogen),
Alexa Fluor 647 Goat anti-rabbit (Invitrogen), and mCherry (rabbit,
Abclone).

rRNA-depleted RNA-seq

Cells were harvested for total RNA extraction after 48 h siRNA
transfection. The RNA integrity was evaluated by 1% agarose gel
electrophoresis. The purity and quantity of RNA were evaluated by
NanoDrop One. One microgram of total RNA was hybridized with
2.5 pg anti-rRNA DNA probes and then digested with RNaseH (Invi-
trogen). DNA probes were then degraded with TURBO™ DNase
(Invitrogen), and the RNA was purified with RNAClean XP beads
(Beckman). The rRNA-depleted RNA libraries were constructed fol-
lowing the NEBNext Ultra II Directional RNA Library workflow for
NovaSeq PE150 sequencing.

Proximity labeling and immunoprecipitation

The TurboID-EGFP-PABPN1 fusion proteins (doxycycline-inducible)
were constructed based on the pLVX-Puro backbone. The TurbolD tag
was inserted at the C terminus or N terminus of (N-)EGFP-PABPN1
(-C) to construct EGFP-PABPN1-TurboID or TurboID-EGFP-PABPN1
fusion proteins. Cells expressing TurboID fused PABPN1 were
screened by a lentiviral packaging system. Monoclonal cells were
picked, cultured, and tested by Western blotting and immunofluores-
cence. Monoclonal cells were seeded in 15 cm dishes and proliferated
until 85% confluence with doxycycline induction. Biotin solution was
added into freshly supplied medium to 500 pM working concentration
and the cells were cultured for 30 or 120 min for labeling. The labeled
cells were scraped, and the nucleus fraction was separated and
reserved. The MNase was added to degrade DNA and RNA to release
all labeled proteins. The MNase-treated nucleus suspension was
lysed with RIPA buffer, and the supernatant was acquired for
immunoprecipitation.

For co-immunoprecipitation, cells expressing myc-tagged
RBM26/27 were harvested at 48 h post-transfection. Cell pellets pro-
liferated in one 60 mm dish were resuspended with 0.5 ml IP lysis
buffer (20 mM Tris—HCI pH 7.5, 150 mM NaCl, 1% NP-40, and
newly added protease inhibitor) and then incubated on ice for
30 min. The suspensions were then sonicated for 5 cycles (30 s/
30 s) in high-power mode (Bioruptor Plus sonication device) at 4°C,
and centrifugated at 16,000 g for 30 min. The supernatants were
then harvested for Co-IP by incubating with 1.5 pg anti-PABPN1 or
anti-rabbit IgG (Proteintech, 10284-1-AP) for 2 h at room tempera-
ture. Then, 25 pl washed protein G magnetic beads (Thermo Scien-
tific) were added. After 1.5 h incubation at room temperature, the
beads were washed with lysis buffer 3 times for 10 min each.
Finally, the beads were boiled with protein loading buffer followed
by western blotting.
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Fast degradation of PABPN1 by dTAG

The sgRNAs targeting near the start codon of PABPN1 were designed
through the website (https://chopchop.cbu.uib.no/) developed by
Zhang’s lab. The synthetic oligos were inserted into the PX330 CRISPR
plasmid. The puromycin-T2A-FKBP12%V-3x flag fragment was cloned
from the original vector provided by Cheng lab, and the sequences of
the upstream and downstream homologous arms were cloned from the
HeLa genomic DNA. The donor vector was constructed by ligating the
above fragments on the T vector in the order of “upstream arm,
FKBP12™%V, downstream arm”. Next, the sgRNA and donor vectors
were transfected into HeLa cells in a 6-well plate in a ratio of 1:2, which
were transferred into a 10 cm dish after 48 h. Puromycin was added to
the dish with a final concentration of 1.5 pug/ml when the cells were
attached to the dish. After 48 h, a fresh medium with puromycin was
replaced. The single-cell clones were isolated from the remaining cells
not killed by puromycin for proliferation. An appropriate number of
cells were taken for Western blot verification to select the correct
knock-in cell lines. The dTAG13 with a concentration of 120 nM
dTAG13 was added to the cells for fast degradation of PABPN1.

RNA-seq data analysis

The raw pair-end reads were preprocessed to remove the adapters
with cutadapt (v.3.5) (Martin, 2011). The quality of the resulting
reads was evaluated using FastQC (v.0.11.9) (de Sena Brandine &
Smith, 2019). Reads were firstly mapped to rRNA sequences from
NCBI, and those reads not mapped to rRNA sequences were aligned
to the human genome (hg38) with GENCODE v32 gene annotation
using STAR aligner (v.2.7.9a) (Dobin & Gingeras, 2015).

Calculation of intron retention and definition of “gene last
intron”

To estimate the intron retention level, we used IRFinder (v.1.3.1)
(Middleton et al, 2017) to calculate the IR ratio and used the “analy-
sisWithLowReplicates.pl” script to perform differential analysis
under |AIR ratio] cutoff of 0.15 and a P-value cutoff of 0.01. To call
retained introns in transfecting NC siRNA samples, we required the
IR ratios in two negative control samples to be over 0.35. To define
the position or rank of the retained introns, the software Salmon
(Patro et al, 2017) was used to quantify the expression of all anno-
tated isoforms per gene, of which the most abundant isoform with
more than half of the total expression level was defined as the major
isoform. The intron ranks were calculated from the 3'- to 5'-end
direction in major isoforms. The last intron in the 3’-end of the
major isoform per gene was defined as the “gene last intron”.

Fisher’s exact test was used to evaluate the statistical significance
for the overlapping of a Venn diagram on the 2 x 2 contingency
table, using the number of protein-coding gene unique introns not
in the diagram as the double negative set.

Alternative polyadenylation analysis

First, we identified the polyA sites (PASs) from our published SLAM-
seq data as previously described (Tang et al, 2022). Then, we calcu-
lated the PDUI (Percentage of Distal polyA site Usage Index) for RNA-
seq data from PABPN1 knockdown and control samples. Briefly, the

14 of 17  EMBO reports 24: €57128|2023

Li Huang et al

mean coverage for each region between consecutive PASs was calcu-
lated; for each PAS, we defined its mean coverages of upstream and
downstream regions as Covy, and Covgewn, Tespectively. The mean
coverage from the 5’ terminal exons to the closest pPAS was defined
as Covgs. The dPAS was defined as the most 3’ PAS with the mean
coverage of its 200-nt downstream region (Covgown for dPAS) < 5% of
the coverage of the first 100 nt of the 5 terminal exon. An upstream
PAS was defined as proximal PAS (pPAS) if its Covyp/CoVgown Iatio
was over 1.2. For a specific pPAS, the PDUI was calculated using this
formula: PDUI = CoV4own/COViirs. If there were more than one pPAS
for a gene, only the most significant one (with the minimum FDR)
was used as the PDUI of this gene. Fisher’s exact test was used to
determine the P-value of PDUI difference between PABPN1 knock-
down and control samples, which were further adjusted by the
Benjamini-Hochberg procedure to compute the false-discovery rate
(FDR). A gene with FDR < 0.01 and |APDUI, > 0.15 was considered as
having APA between two conditions.

Analysis of eCLIP-seq and Nanopore RNA-seq data

We processed ENCODE PABPN1 eCLIP-seq data (ENCSR820UYE)
using the standard pipeline (Van Nostrand et al, 2016a). To estimate
the polyA content in PABPN1 eCLIP and input reads, we counted the
frequency of 8-mers in the Fastq file with jellyfish (v.1.1.12) (Marcais
& Kingsford, 2011). Besides, we counted the number of reads ending
with consecutive As with cutadapt (v.3.5) (Martin, 2011) and custom
R script. The reads ending with 6 or more consecutive As were
mapped to the human genome (hg38) using STAR aligner (v.2.7.9a)
(Dobin & Gingeras, 2015) after trimming the polyAs.

We analyzed the association between last intron retention with
polyA tail length using our Nanopore RNA-seq data published
recently (Tang et al, 2022). Briefly, the Nanopore long reads were
mapped to the human genome (hg38) using the minimap2 (v.2.17-
r941) program. The polyA tail lengths of the mapped reads were cal-
culated using Nanopolish (Workman et al, 2019), and the polyA
length distributions of the last intron-containing reads from PABPN1
regulated and nonregulated genes were analyzed.

Prediction of splice site scores

For a specific intron, we used spliceAl (Jaganathan et al, 2019) to
calculate its 5" and 3’ splice site scores by taking the intron sequence
and its upstream 10 kb and downstream 10 kb as input.

Data availability

The raw sequencing data from this study are deposited in the
Genome Sequence Archive in BIG Data Center (CNCB-NGDC Mem-
bers and Partners, 2022), Beijing Institute of Genomics (BIG), Chi-
nese Academy of Sciences, under the accession number: HRA002497
(https://ngdc.cncb.ac.cn/gsa-human/browse/HRA002497). The
mass spectrometry proteomics data have been deposited into the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD039864 (https://www.ebi.ac.uk/pride/
archive/projects/PXD039864).

Expanded View for this article is available online.
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