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ABSTRACT

Intron retention is a type of alternative splicingwhere one ormore introns remain unspliced in a polyadenylated transcript.
Although many viral systems are known to translate proteins from mRNAs with retained introns, restriction mechanisms
generally prevent export and translation of incompletely spliced mRNAs. Here, we provide evidence that the human
nuclear poly(A)-binding protein, PABPN1, functions in such restrictions. Using a reporter construct in which nuclear export
of an incompletely splicedmRNA is enhanced by a viral constitutive transport element (CTE), we show that PABPN1 deple-
tion results in a significant increase in export and translation from the unspliced CTE-containing transcript. Unexpectedly,
we find that inactivation of poly(A)-tail exosome targeting by depletion of PAXT components had no effect on export
and translation of the unspliced reporter mRNA, suggesting a mechanism largely independent of nuclear RNA decay.
Interestingly, a PABPN1 mutant selectively defective in stimulating poly(A) polymerase elongation strongly enhanced
the expression of the unspliced, but not of intronless, reporter transcripts. Analysis of RNA-seq data also revealed that
PABPN1 controls the expression of many human genes via intron retention. Notably, PABPN1-dependent intron retention
eventsmostly affected 3′′′′′-terminal introns andwere insensitive to PAXT andNEXT deficiencies. Our findings thus disclose a
role for PABPN1 in restricting nuclear export of intron-retained transcripts and reinforce the interdependence between
terminal intron splicing, 3′′′′′ end processing, and polyadenylation.
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INTRODUCTION

In contrast to prokaryotes where translation is generally
cotranscriptional, eukaryotic cells possess a nuclear enve-
lope that physically separates translating ribosomes in
the cytoplasm from nascent transcripts in the nucleus.
Accordingly, the export of RNAs outside of the nucleus is
a critical step of eukaryotic gene expression and must un-
dergo key checkpoints to ensure translation of appropri-
ately matured mRNAs in the cytoplasm. For most
mRNAs, the process of RNA export begins during tran-
scription by the cotranscriptional association of various
RNA-binding proteins, most notably the Aly/REF, THO,
andUAP56 components of the conserved transcription-ex-
port (TREX) complex, which recruits themain export recep-
tor complex consisting of NXF1 and NXT1 to assemble
into an export-competent mRNP (Stewart 2019; Xie and

Ren 2019). The binding between theNXF1/NXT1 complex
and FG-repeat nucleoporins allows translocation through
the nuclear pore complex (NPC) (Fribourg et al. 2001;
Grant et al. 2002), after which NXF1/NXT1 heterodimers
are displaced from the mRNP at the cytoplasmic face of
the NPC.

The export of RNAs into the cytoplasm is generally a
point of no return for the nuclear phase of gene expres-
sion, and therefore, it is critical that export-competent
mRNPs are only released when splicing and polyadenyla-
tion steps are fully completed. Although the underlying
mechanisms that implement quality control steps for
mRNP export are not totally understood, studies in yeast
and mammalian cells indicate that the nuclear basket of
the NPC contributes to prevent premature export of in-
tron-containing transcripts. Specifically, depletion of the
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nuclear basket componentMlp1 in yeast and its TPR homo-
log in human cells causes leakage of incompletely spliced
transcripts into the cytoplasm (Galy et al. 2004; Coyle
et al. 2011; Rajanala and Nandicoori 2012). Interestingly,
the quality control mediated by the NPC nuclear basket is
likely to be coordinated with poly(A) tail status of the
mRNP, as yeast Mlp1 interacts with the nuclear poly(A)-
binding protein (PABP) Nab2 (Fasken et al. 2008), whose
depletion results in the accumulation of unspliced pre-
mRNAs in the nucleus (Schmid et al. 2012; Soucek et al.
2016), thus suggesting a role for Nab2 in pre-mRNA decay
at the NPC. Although the human ortholog of yeast Nab2,
ZC3H14, was shown to associate with the splicing machin-
ery (Soucek et al. 2016), a role for ZC3H14 in nuclear RNA
degradation remains unclear. Conversely, themain nuclear
PABP in human cells, PABPN1, is functionally connected to
the RNA exosome complex of 3′–5′ exonucleases via asso-
ciations with a dimer consisting of the zinc-finger protein
ZFC3H1 and MTR4, which together with RBM26/27 and
ZC3H3, form the poly(A) RNA exosome targeting (PAXT)
connection (Meola et al. 2016; Ogami et al. 2017; Silla
et al. 2020). Accordingly, depletion of PABPN1 and other
PAXT components in human cells results in the stabilization
of selected polyadenylated transcripts, most of which are
noncoding RNAs (Beaulieu et al. 2012; Bresson et al.
2015; Meola et al. 2016; Ogami et al. 2017). Interestingly,
the PAXT component ZFC3H1 was shown to compete
with the RNA export factor Aly/REF and restrict the export
of selected noncoding RNAs (Ogami et al. 2017; Silla et al.
2018; Lee et al. 2022), suggesting that ZFC3H1-mediated
nuclear retention targets RNAs for polyadenylation-depen-
dent decay. However, whether ZFC3H1-mediated nuclear
retention also targets incompletely processed mRNAs,
such as intron-containing polyadenylated transcripts, for
PAXT-dependent RNA surveillance remains unknown.
Due to the existence of cellular quality control pathways

that prevent export of intron-retained transcripts, several
viruses have developed mechanisms that allow nuclear ex-
port of unspliced RNAs whose intronic sequences are
translated to produce essential viral proteins (Rekosh and
Hammarskjold 2018). One well-characterized mechanism
involves the human immunodeficiency virus (HIV) Rev pro-
tein, which recognizes a structured cis-acting sequence,
the Rev response element (RRE), that is not present in fully
spliced HIV mRNAs but included in unspliced or incom-
pletely spliced viral transcripts (Hammarskjold et al.
1989; Malim et al. 1989). Rev promotes the export of
unspliced and incompletely spliced HIV RNAs by directly
interacting with Exportin-1 (CRM1), a key karyopherin
that docks cellular cargos, in this case a Rev-RNA complex,
to theNPC for nuclear export (Fischer et al. 1995; Fornerod
et al. 1997). Other retroviruses, such as the Mason–Pfizer
monkey virus (MPMV) and Rous sarcoma virus (RSV), have
evolvedmechanisms that are independent of viral proteins
to export unspliced or incompletely spliced viral tran-

scripts (Gales et al. 2020). MPMV and RSV use a stem–

loop RNAmotif referred to as the constitutive transport ele-
ment (CTE) (Ernst et al. 1997b), which mediates nuclear ex-
port of unspliced viral genomic RNA by directly recruiting
the cellular NXF1/NXT1 export receptor complex (Teplova
et al. 2011) to allow translocation through the NPC.
Interestingly, endogenous transcripts with retained in-

trons have been detected in the cytoplasm of human cells
(Brugiolo et al. 2017). Furthermore, translation of intronic
sequences to increase proteome diversity was shown in
yeast (Moldon et al. 2008) and appears to be exploited
by human cells as revealed by recent proteogenomic anal-
ysis (Laumont et al. 2016; Zhu et al. 2018). How nuclear ex-
port and translation of these intron-containing transcripts
escape nuclear and cytoplasmic RNA surveillance mecha-
nisms remains elusive. Given the now recognized wide-
spread nature of intron retention in mammalian cells
(Braunschweig et al. 2014; Boutz et al. 2015), how incom-
pletely splicedpolyadenylatedRNAsescapenuclear decay
and how are they distinguished from mature mRNAs that
are destined for nuclear export remain poorly understood.
Given the apparently contrasting roles of PABPN1 in

stimulating polyadenylation, protecting nascent poly(A)
tails, and RNA export (Wigington et al. 2014) versus its
function in PAXT-dependent exosome-mediated RNA de-
cay (Tudek et al. 2018), PABPN1 is a likely candidate in-
volved in key checkpoints in the pathway leading to the
generation of export-competent mRNPs. As the difference
between export-competent and nuclear-degraded tran-
scripts potentially resides in the differential composition
of RNA-binding proteins, we investigated the protein in-
teraction network of PABPN1 in living human cells using
proximal-dependent biotinylation assays. We report that
PABPN1 is physically connected to the nuclear basket
nucleoporins, TPR, NUP153, and NUP50. We demonstrate
that PABPN1 loss-of-function leads to increased export
and translation of an intron-containing reporter mRNA ex-
ported in a CTE-dependent manner. RNA-seq data analy-
sis also identifiedmore than a hundred introns that showed
increased retention in PABPN1-deficient cells, but not in
cells depleted for PAXT, NEXT, and exosome compo-
nents. Notably, close to 90%of these PABPN1-sensitive in-
tron retention events affected 3′-terminal introns.
Collectively, our findings disclose important PAXT-inde-
pendent roles for PABPN1 in the post-transcriptional con-
trol of terminal intron splicing and the nuclear retention of
intron-retained transcripts.

RESULTS

Proximity-dependent biotinylation map of human
PABPN1

To elucidate how PABPN1 selectively targets transcripts in
the nucleus, we searched for proteins acting in the vicinity
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of PABPN1 in living human cells by
proximity-dependent biotinylation as-
says (BioID). For the BioID analysis, we
generated a stable HEK293T cell line
that conditionally expresses PABPN1
fused to the BirA∗ biotin ligase. Spe-
cific PABPN1-proximal proteins were
determined by a quantitative proteo-
mics approach (SILAC) that classifies
interactions on the basis of specificity
(ratio of peptide intensities between
the streptavidin pull-down from cells
that express BirA–PABPN1 versus
control cells) and protein abundance,
as estimated by the sum of peptide
signal intensities of a given protein
normalized to its molecular mass
(Ong et al. 2002). In total, 70
PABPN1-proximal proteins were re-
producibly identified from two inde-
pendent BioID assays with a SILAC
enrichment ratio >2.0, a minimum of
two unique peptides, and an amino
acid sequence coverage >10% (Fig.
1A; Supplemental Table S6). Gratify-
ingly, several components of the
PAXT connection were recovered:
ZFC3H1, RBM26, and RBM27 (Fig.
1A), confirming the validity of our
BioID approach. Furthermore, a link
between ZC3H14, a nuclear poly(A)-
binding protein that associates with
PAXT component ZFC3H1 (Meola
et al. 2016), and PABPN1 was also
identified (Fig. 1A). Gene ontology
(GO) analysis showed the enrichment
of factors involved in nuclear RNApro-
cessing, including RNA splicing and
export (Fig. 1B,C). Notably, auxiliary
components of the exon junction
complex (EJC), such as Pinin and
ACIN1, as well as spliceosome com-
ponents SF3B2, SF1, and the SFPQ-
NONO heteromer, were identified
proximal to PABPN1 (Fig. 1C, RNA
processing). Several factors with a
connection to mRNA export were
also identified in the PABPN1 BioID
analysis. This includes POLDIP3
(SKAR) andZC3H11A, twoproteins as-
sociated with the human TREX com-
plex (Dufu et al. 2010; Folco et al.
2012) as well as TPR, NUP153, and
NUP50, which are components of the
basket of the nuclear pore complex

B

A

C

FIGURE 1. Identification of PABPN1 association network by proximity-dependent biotinyla-
tion (PDB). (A) Scatterplot showing results from PDB assays using BirA–PABPN1 coupled to
mass spectrometry quantifications plotted by SILAC ratio on the x-axis (peptide intensity orig-
inating from the BirA–PABPN1 BioID assay versus control), which reflects specificity; and rela-
tive peptide intensity up the y-axis (total peptide intensity for each protein), reflecting relative
abundance of each protein in the streptavidin pull-down. (B) Gene ontology (GO) enrichment
analysis of the proximity interactors of PABPN1 based on their biological processes. The x-axis
represents the log-transformed P-value (Fisher’s exact test) of GO terms. (C ) Enrichment net-
work visualization for results of the PABPN1 PDB-MS assays. The related and redundant GO
terms associated with the 70 PABPN1-proximal proteins were manually clustered into one
of four “meta”GO terms: RNA export, RNA processing, RNA binding, and other. Lines denote
PABPN1-protein associations, with line thickness being indicative of evidence strength (based
on SILAC ratio) for a predicted interaction.
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(Fig. 1A,C, RNA export). This unbiased proteomics ap-
proach therefore identified several proteins proximal to
PABPN1 in the nucleus, including components of PAXT
as well as multiple factors involved in pre-mRNA process-
ing and nuclear export.

PABPN1 is required for the negative regulation
of a CTE-containing reporter mRNA with
a retained intron

The proximal association of PABPN1 with basket nucleo-
porins of the nuclear pore complex (NPC) caught our
attention, as the TPR–NUP153–NUP50 complex is part of
a NPC-based surveillance mechanism that prevents export
of incompletely splicedmRNAs into the cytoplasm (Palazzo
and Lee 2018). Specifically, both yeast Mlp1/Mlp2 and hu-
man TPR have been shown to function as a gatekeeper in
the NPC to prevent premature export of partially spliced
pre-mRNAs (Galy et al. 2004; Vinciguerra et al. 2005; Coyle
et al. 2011; Rajanala and Nandicoori 2012). This role of hu-
man TPR has been previously characterized using a report-
er construct (see Fig. 2A) that expresses HIV mRNA
sequences with a single constitutive RNA transport ele-
ment (CTE) from the Mason–Pfizer monkey virus (MPMV),
revealing that a TPR knockdown results in a significant in-
crease in the export of unspliced gag-pol mRNA (Coyle
et al. 2011). We therefore transfected the Gag-Pol-CTE re-
porter construct into HEK293T cells that were previously
treated with specific siRNAs and measured HIV p24gag ex-
pression, which is only expressed from unspliced gag-pol
mRNA. As shown in Figure 2B, only small levels of p24gag

protein were detected in cells transfected with a control
nontarget siRNA (compare lanes 1,2), as most of the
unspliced mRNA is retained in the nucleus (Coyle et al.
2011). Depletion of TPR and NUP153 resulted in a signifi-
cant increase of p24gag levels (Fig. 2B, compare lanes 3, 5
to lane 2; Fig. 2C for quantifications), consistent with previ-
ous reports indicating that the human TPR–NUP153 com-
plex prevents the export and expression of mRNAs that
retain introns (Coyle et al. 2011; Rajanala and Nandicoori
2012). Notably, knockdown of PABPN1 in HEK293T cells
also caused a significant increase of p24gag protein levels
compared to control siRNAs (Fig. 2B, lane 4; Fig. 2C). As
a control for plasmid copy number variation, the HIV Gal-
Pol-CTE reporter construct was cotransfected with a plas-
mid expressing an intronlessmRNA.While p24gag levels in-
creased in PABPN1-depleted cells, protein expression
from the intronless mRNA was unaffected (Supplemental
Fig. S1). Unexpectedly, the effect of TPR and NUP153 de-
pletions on p24gag expression were small compared to the
knockdownof PABPN1 inHeLa cells (Fig. 2B, compare lane
9 to lanes 8 and 10; Fig. 2D for quantifications), suggesting
that the NPC-based mechanism of RNA surveillance may
be more important in specific cell types. The maintenance
of negative regulation in HeLa cells after depletion of TPR

A

B

C D

E F

FIGURE 2. PABPN1 prevents the expression of an unspliced viral RNA
in human cells. (A) Schematic of the HIV Gag-Pol-CTE reporter plasmid
showing the major splice donor site (D1) and splice acceptor sites A1
and A2, which result in the expression of vif and vpr isoforms, respec-
tively, whereas the unspliced mRNA allows Gag-Pol expression. The
CTE element from MPMV is shown as a red box. (B) Western blot anal-
ysis of the indicated proteins using total extracts prepared from
HEK293T (lanes 1–5) and HeLa (lanes 6–10) cells that were previously
cotransfected with the Gag-Pol-CTE construct and the indicated
siRNAs (lanes 2–5,7–10) or mock transfected (lane 1,6). siNT, nontarget
siRNA. (C,D) Levels of p24/p25gag were normalized to tubulin levels
and were expressed relative to values for HEK293T (C ) and HeLa (D)
cells treated with nontarget (siNT) siRNAs. Data and error bars repre-
sent the means and standard deviations, respectively, from indepen-
dent experiments. ns, P-value >0.05; (∗∗∗∗) P-value <0.0001. (E)
Western blot analysis of the indicated proteins using total extracts pre-
pared from HEK293T cells that were previously cotransfected with the
Gag-Pol-CTE construct and the indicated mixture of siRNAs (lanes 2–5)
or mock transfected (lane 1). (F ) Levels of p24/p25gag were normalized
to tubulin levels and were expressed relative to values for cells treated
with nontarget (siNT+ siNT) siRNAs. Data and error bars represent the
means and standard deviations, respectively, from independent exper-
iments. (∗∗) P-value <0.01; (∗∗∗) P-value <0.001.
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and NUP153, but not after PABPN1 knockdown, also sug-
gested that PABPN1 and the NPC-based mechanism of
RNA surveillance function independently. To test this idea,
we examined the effect of codepleting PABPN1 and TPR
in HEK293T cells with the rationale that if these proteins
function in the same regulatory pathway, codepletion
should result in a similar effect as single depletions. As
shown in Figure 2E,F, codepletion of PABPN1 and TPR re-
sulted in a significant increase in p24gag levels relative to ei-
ther single depletion (compare lane 5 to lanes 3-4),
consistentwith the view that PABPN1andTPR function in in-
dependent pathways. Taken together, these results disclose
a central role for PABPN1 in a regulatory pathway that pre-
vents expression of a transcript with a retained intron.

The NXF1/NXT1 RNA export pathway is required for
expression of CTE-containing mRNAs with retained
introns in PABPN1-deficient cells

During HIV infection, the viral protein Rev is responsible for
the export of incompletely spliced and unspliced HIV

mRNAs via recognition of the Rev response element (RRE)
(Nekhai and Jeang 2006) and the activity of cellular heli-
cases (Yedavalli et al. 2004). This Rev-dependent mRNA ex-
port pathway is dependent on Exportin-1, contrasting with
the NXF1/NXT1 pathway that promotes nuclear export of
incompletely spliced transcripts containing CTE-like RNA
elements (Rekosh and Hammarskjold 2018). To assess
whether PABPN1 deficiency affected Rev/RRE-dependent
mRNA export, we transfected the HIV Gag-Pol reporter
that included the RRE (Fig. 3A, top), in the presence and ab-
sence of Rev, in PABPN1-depleted cells. As expected, Rev
stimulated p24gag expression from the unspliced gag-pol
mRNA in the presence of the RRE (Fig. 3A, compare lane
5 to lane 2), but not when the CTE was used (Fig. 3B, com-
pare lane 5 to lane 2). Depletion of PABPN1 did not affect
p24gag expression from the RRE-containing construct, nei-
ther in the absence nor in the presence of Rev (Fig. 3A,
lane 7 vs. 5 and lane 4 vs. 2), whereas a PABPN1 deficiency
caused a robust increase in p24gag expression when the
unspliced gag-pol mRNA included the MPMV CTE (Fig.
3B, lane 4 vs. 2). The positive effect of depleting PABPN1

BA

DC

FIGURE 3. PABPN1 depletion enhances CTE-mediated, but not Rev/RRE-mediated, expression of unspliced transcript. (A,B) (Top) Schematic of
the HIV Gag-Pol reporter construct with HIV RRE (A) and MPMV CTE (B) RNA transport elements. (Bottom) Western blot analysis of the indicated
proteins using total extracts prepared fromHEK293T cells that were previously cotransfected with either the Gag-Pol-RRE (A) or the Gag-Pol-CTE
(B) constructs and the indicated siRNAs (lanes 2–7). The absence (lanes 2–4) or the presence (lanes 5–7) of the HIV Rev protein was also analyzed.
(C ) Western blot analysis of the indicated proteins using total extracts prepared fromHEK293T cells that were previously cotransfectedwith either
the wild-type Gag-Pol-CTE (lanes 2,4,6) or a Gag-Pol-CTE construct with mutations in the CTE element (M11; lanes 3,5,7) and the indicated
siRNAs (lanes 2–7). (D) Levels of p24/p25gag were normalized to tubulin levels and were expressed relative to values for cells treated with non-
target (siNT) siRNAs. Data and error bars represent the means and standard deviations, respectively, from independent experiments. (∗∗) P-value
<0.01; (∗∗∗∗) P-value <0.0001.
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on the expression of the CTE-containing unspliced mRNA
was not stimulated further by the addition of Rev (Fig. 3B,
lane 7 vs. lane 4). The effect of TPR depletion on unspliced
gag-polmRNAs was also restricted to CTE-containing tran-
scripts (Fig. 3A,B), consistent with previous results (Coyle
et al. 2011).We also introduced previously describedmuta-
tions in the MPMV CTE (M11, see Supplemental Fig. S2)
that abolish interaction with NXF1 (Ernst et al. 1997a;
Teplova et al. 2011) and found that the depletion of
PABPN1 had no stimulatory effect on p24gag expression
when the CTE was mutated (Fig. 3C, compare lanes 6,7;
quantifications in Fig. 3D). Collectively, these results indi-
cate that a functional CTE is required to allow export of
the unspliced gag-pol mRNA in PABPN1-depleted cells.

ZC3H14 is not required for the negative regulation of
the intron-retained CTE-containing mRNA

In addition to PABPN1, human cells also express additional
poly(A)-binding proteins in the nucleus, including the ubiq-
uitously expressed zinc finger RNA-binding protein ZC3H14
(Wigington et al. 2014). Interestingly, the budding yeast ho-
molog of human ZC3H14, Nab2, has previously been
shown to directly interact with Mlp1/2 (Green et al. 2003),
which is the yeast homolog of human TPR. The interaction
between yeast Mlp1 and the Nab2 nuclear PABP has
been proposed to promote nuclear export of poly(A) RNA
(Fasken et al. 2008) as well as contribute to the quality con-
trol of RNA nuclear export (Bonnet et al. 2015). Given the
functional significance of the Nab2–Mlp1 association in
quality control of RNA export in yeast and recent evidence
demonstrating that human ZC3H14 prevents premature ex-
port of specific intron-containing mRNA in neuronal cells
(Wigington et al. 2014; Morris and Corbett 2018), we exam-
ined whether ZC3H14 functions with PABPN1 to negatively
control the expression of the CTE-containing reporter RNA.
We therefore transfected the HIV Gag-Pol-CTE construct in
HEK293T cells that were previously treatedwith PABPN1- or
ZC3H14-specific siRNAs. As shown in Supplemental Figure
S3A,B, knockdown of ZC3H14 in both HEK293T and HeLa
cells did not result in the accumulation of p24gag protein rel-
ative to cells treated with control siRNAs (compare lane 4 to
lane 2; quantifications in Supplemental Fig. S3C,D). This
contrasts with the knockdown of PABPN1 that stimulated
p24gag expression in both cell lines (Supplemental Fig.
S3). We thus conclude that the poly(A)-binding activity of
ZC3H14 is not required to restrict the expression of
unspliced gag-pol transcripts that are exported via a CTE.

PABPN1-dependent surveillance of an incompletely
spliced mRNA functions independently of PAXT-
mediated RNA decay

PABPN1 functions in the degradation of nuclear polyadeny-
lated noncoding RNAs via a connection with PAXT (see Fig.

4A), which includes MTR4, ZFC3H1, ZC3H3, and RBM26/
RBM27 proteins (Meola et al. 2016; Silla et al. 2020). To
determine whether the function of PABPN1 in restricting
the expression of an mRNA with retained introns is mediat-
ed via its connection with PAXT-dependent RNA decay, we
assessed the outcome of Gag-Pol-CTE expression in
HEK293T cells deficient for PAXT components ZFC3H1,
ZC3H3, and MTR4 (Fig. 4B; Supplemental Fig. S4).
Strikingly, apart from PABPN1, knocking down the expres-
sion of any of the PAXT component had no significant effect
on the expression of the unspliced gag-polmRNA as mea-
sured by p24gag protein levels (Fig. 4B,C). We also tested
the depletion of ZCCHC8 (Fig. 4A,B), a component of the
NEXT connection (Lubas et al. 2011), which also showed
no significant increase in p24gag expression compared to
the control siRNA (Fig. 4C). As a control, we confirmed
that depletion of PAXT components PABPN1, ZFC3H1,
ZC3H3, and MTR4 resulted in the accumulation of a polya-
denylated lncRNA produced from a snoRNA host gene, a
known target of PAXT (Beaulieu et al. 2012; Meola et al.
2016), but not of the NEXT connection (Fig. 4D).
We next analyzed the levels of the 6.8-Kb unspliced

gag-pol mRNA in cells depleted for PABPN1 as well as
for RNA decay (PAXT and NEXT) and nuclear retention
(TPR and ZFC3H1) factors to determine the extent to which
p24gag protein levels (Fig. 4B,C) correlated with unspliced
gag-polmRNA. Unexpectedly, we did not find a significant
difference in unspliced gag-pol mRNA levels between
PABPN1-deficient cells and cells knocked down for other
PAXT components (Fig. 4E,F). Rather, Northern blot anal-
ysis of total RNA prepared from cells depleted for PAXT or
NEXT components generally showed a 2.5-fold increase in
unspliced gag-polmRNA levels compared to cells treated
with the control siRNA (Fig. 4E, lanes 3–8 vs. lane 2; quan-
tifications in Fig. 4F). Although it appears surprising that
the unspliced gag-pol transcript showed increased levels
in NEXT depletion, unadenylated gag-pol transcription
products could be targeted by NEXT. Knockdown of TPR
expression also resulted in similar accumulation of
unspliced gag-pol mRNA (Fig. 4E, lane 4 vs. lane 2; Fig.
4F). Similar results were obtained using RT-qPCR analysis
(Supplemental Fig. S5). We conclude that the contribution
of PABPN1 in preventing the expression of the intron-re-
tained reporter mRNA is largely independent of its role
in PAXT-mediated RNA decay.

Unspliced gag-pol transcripts accumulate in the
cytoplasm of PABPN1-deficient cells

Our data indicate that although depletion of PAXT compo-
nents resulted in a marginal increase in unspliced gag-pol
RNA, only PABPN1 and TPR knockdown led to significant
accumulation of p24gag protein (Fig. 4). Accordingly, this
suggests that PABPN1 could be involved in retaining the
unspliced reporter mRNA in the nucleus independently
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of its role in PAXT-dependent RNA decay. To directly ad-
dress this possibility, we performed RNA fluorescent in
situ hybridization (FISH) analysis using probes spanning
gag-pol intronic sequences to visualize the unspliced
RNA in human cells (Supplemental Fig. S6A,B). We used
U2OS cells for the FISH analysis, as their large nucleus

and cytoplasm facilitate quantification of nucleus-to-cyto-
plasm signal ratios. Importantly, we confirmed that deple-
tion of PABPN1 and TPR in U2OS cells results in p24gag

accumulation (Supplemental Fig. S6C, lanes 2,3).
Consistent with previous biochemical results (Coyle et al.
2011), depletion of TPR resulted in the detection of

BA

DC

E F

FIGURE 4. The role of PABPN1 in repressing the expression of unspliced transcripts is independent of PAXT. (A) Schematic representation of key
components of PAXT and NEXT. (B) Western blot analysis of the indicated proteins using total extracts prepared from HEK293T cells that were
previously cotransfected with the Gag-Pol-CTE construct and the indicated siRNAs (lanes 2–7) or mock transfected (lane 1). (C ) Levels of p24/
p25gag were normalized to tubulin levels and were expressed relative to values for cells treated with nontarget (siNT) siRNAs. Data and error
bars represent the means and standard deviations, respectively, from independent experiments. ns, P-value >0.05; (∗∗∗∗) P-value <0.0001. (D)
RT-qPCR analysis of PAXT substrate SNHG19 using total RNA harvested from HEK293T cells transfected with the indicated siRNAs. Data and
error bars represent the means and standard deviations, respectively, from independent experiments. ns, P-value >0.05; (∗∗∗) P-value <0.001;
(∗∗∗∗) P-value <0.0001. (E) Northern blot analysis of total RNA prepared from HEK293T cells previously cotransfected with the Gag-Pol-CTE con-
struct and the indicated siRNAs. The unspliced gag-pol transcript is shown (top) and the uS5 mRNA was used as a loading control (bottom). (F )
Levels of unspliced gag-pol transcript were normalized to the levels of uS5mRNA and expressed relative to values for cells treatedwith nontarget
(siNT) siRNAs. Data and error bars represent the means and standard deviations, respectively, from independent experiments.
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unspliced gag-pol mRNA in both the
nucleus and the cytoplasm (Fig. 5A,
panels e–h), whereas the unspliced
gag-pol mRNA was primarily nuclear
in control cells (Fig. 5A, panels a–d).
Notably, unspliced gag-pol mRNA
was clearly detected in the cytoplasm
of PABPN1-deficient U2OS (Fig. 5A,
panels i–l) and HeLa cells (Supple-
mental Fig. S6D), consistent with the
accumulation of p24gag protein in
cells depleted of PABPN1 (Fig. 2;
Supplemental Fig. S6C). In contrast,
the unspliced gag-pol mRNA was
mainly nuclear in cells depleted for
PAXT components MTR4, ZFC3H1,
and ZC3H3 (Fig. 5A, panels m–x). Im-
portantly, quantification analysis of
nuclear-to-cytoplasmic ratio of FISH
fluorescence intensity from several in-
dividual cells showed a significant
change in the subcellular distribution
of the gag-pol unspliced mRNA in
PABPN1- and TPR-deficient cells
(Fig. 5B). We conclude that PABPN1
restricts p24gag expression by pre-
venting the nuclear export of intron-
containing gag-pol mRNA.

mRNA 3′′′′′ end processing and polyadenylation
are required for PABPN1-dependent surveillance
of intron-retained gag-pol transcripts

The restriction of unspliced gag-pol mRNA export by
PABPN1 suggests a mechanism dependent on RNA 3′

end processing and polyadenylation. To address whether
cleavage and polyadenylation are required for the nega-
tive control of the intron-containing reporter mRNA by
PABPN1, we generated a gag-pol construct in which a
variant of the hepatitis Delta ribozyme was inserted up-
stream of the natural MPMV polyadenylation sites (Fig.
6A, Rbz construct). We chose the hepatitis Delta ribozyme
because we and others have previously shown that it
cleaves efficiently in human cells (Bird et al. 2005;
Beaulieu et al. 2012; Bergeron et al. 2015). A hairpin
loop structure derived from the 3′ end of human histone
mRNAs was also inserted at the 5′ end of the ribozyme
cleavage site to stabilize the non-polyadenylated gag-
pol transcripts (Bird et al. 2005; Bergeron et al. 2015).
Wild-type and ribozyme constructs were transfected
into HEK293T cells that were concomitantly treated with
control and PABPN1-specific siRNAs, and the expression
of the unspliced gag-pol mRNA was analyzed by
Northern blotting. As shown in Figure 6B, the shorter,
non-polyadenylated unspliced gag-polmRNA expressed

from the ribozyme construct was insensitive to PABPN1
deficiency (compare lanes 4,5 and quantifications in
Fig. 6C), whereas the wild-type unspliced gag-pol tran-
script showed increased levels in PABPN1-deficient cells
(Fig. 6B, lanes 2,3; Fig. 6C), consistent with our previous
results. Western blot analysis confirmed the accumulation
of p24gag protein expressed from the wild-type reporter
in PABPN1-depleted cells, but not from the non-polyade-
nylated version of the unspliced gag-pol mRNA (Fig. 6D,
compare lanes 3,5). These data argue for a mechanism of
PABPN1 surveillance that requires the presence of a 3′

poly(A) tail.
Besides the absence of a 3′ poly(A) tail, the gag-pol ribo-

zyme construct is unlikely to be cleaved by the canonical
mRNA 3′ end processing machinery. To get further evi-
dence that polyadenylation is important for PABPN1-de-
pendent control of the unspliced gag-pol transcript, we
used a dominant-negative version of PABPN1 with alanine
substitutions at residues L119 and L136 (LALAmutant) that
binds RNA but does not stimulate poly(A) polymerase
(PAP) activity (Kuhn et al. 2009; Bresson and Conrad
2013). HEK293T were therefore depleted of endogenous
PABPN1 using siRNAs that target the 3′-UTR of the
PABPN1 mRNA and cotransfected with cDNA constructs
expressing either wild-type or LALA mutant versions of

BA

FIGURE 5. Unspliced gag-pol transcripts accumulate in the cytoplasm of PABPN1-deficient
cells. (A) Deconvoluted images of U2OS cells that were previously cotransfected with the
wild-type Gag-Pol-CTE construct (a–x) and control (a–d), TPR-specific (e–h), PABPN1-specific
(i–l), MTR4-specific (m–p), ZFC3H1-specific (q–t), and ZC3H3-specific (u–x) siRNAs were simul-
taneously analyzed by FISH using Cy3-labeled probes for gag-pol sequences (a, e, i, m, q, and
u) and immunostaining for the cytosolic tubulin (b, f, j, n, r, and v). DNA stained with DAPI
shows the nucleus of each cell (c, g, k, o, s, and w). Scale bar sizes are indicated. (B)
Quantification of nucleus-to-cytoplasmic ratios of unspliced gag-pol transcripts shows a
marked decrease in TPR and PABPN1-expressing cells when compared to control (siNT) cells.
The number of cells analyzed is indicated for each condition, with at least two independent
RNA FISH staining experiments. ns, P-value >0.05; (∗∗∗∗) P-value <0.0001.
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FIGURE 6. RNA 3′ end processing and polyadenylation is required for PABPN1-dependent repression of unspliced mRNA expression. (A)
Schematic of the wild-type (WT) and ribozyme (Rbz) HIV Gag-Pol-CTE reporter contructs showing the insertion of hepatitis delta ribozyme and
histone mRNA stabilizing stem–loop (pale orange box) upstream of the MPMV polyadenylation (pA) sites. (B) Northern blot analysis of total
RNAprepared fromHEK293T cells previously cotransfectedwith either thewild-type (lanes 2,3) or the ribozyme (lanes 4,5) Gag-Pol-CTE construct
and the indicated nontarget (lanes 2,4) and PABPN1-specific (lanes 3,5) siRNAs. The unspliced gag-pol transcript is shown (top). The uS5mRNA
and 18S rRNAwere used as loading controls. (C ) Levels of unspliced gag-pol transcript were normalized to the levels of uS5mRNAand expressed
relative to values for cells treated with nontarget (siNT) siRNAs. Data and error bars represent the means and standard deviations, respectively,
from independent experiments. ns, P-value >0.05; (∗) P-value <0.05; (∗∗) P-value <0.01. (D) Western blot analysis of the indicated proteins using
extracts prepared fromHEK293T cells that were previously cotransfected with either the wild-type (lanes 2,3) or the ribozyme (lanes 4,5) Gag-Pol-
CTE construct and the indicated nontarget (lanes 2,4) and PABPN1-specific (lanes 3,5) siRNAs. (E,F ) Northern blot (E) and western blot (F ) analysis
using extracts of HEK293T cells previously cotransfected with the wild-type Gag-Pol-CTE construct (lanes 2–5) and either nontarget (lane 2) or
PABPN1-specific (lanes 3–5) siRNAs. Transfections also included constructs expressing either wild-type (lane 4) or LALA (lane 5) versions of
PABPN1, as well as an empty vector control (lanes 2,3). (G) Western blot analysis using extracts of HEK293T cells previously cotransfected
with nontarget (lane 2) or PABPN1-specific (lanes 3–8) siRNAs and the indicated plasmid constructs. (H) RNase H cleavage assay using total
RNA prepared from HEK293T cells transfected with PABPN1-specific (lanes 5–8) and control (lanes 3,4,9,10) siRNAs together with the
PABPN1 LALA mutant (lanes 7,8) along with either wild-type (lanes 3–8) or ribozyme (lanes 9,10) Gag-Pol CTE constructs. RNase H assays
were performed in the presence (+) and absence (−) of oligo d(T). Due to the significant accumulation of gag-pol transcripts in PABPN1
LALA-expressing cells (part E, lane 5), only 25% of the RNase H assay for the LALA mutant (lanes 7,8) was loaded on gel to compare poly(A)
tail distribution with other samples. Red brackets indicate the position of the cluster of PABPN1-dependent 3′ fragments. Transcripts cleaved
at the proximal and distal poly(A) sites are indicated on the right. Transcripts cleaved at an unidentified poly(A) site are indicated by an asterisk.
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PABPN1. Consistent with our data using exon-specific
siRNAs, depletion of PABPN1 using 3′-UTR-specific
siRNAs resulted in increased levels of unspliced gag-pol
transcript compared to nontarget siRNAs (Fig. 6E, com-
pare lane 3 to lane 2). Remarkably, the expression of the
PABPN1 LALA mutant resulted in a substantial increase
in unspliced gag-pol RNA compared to PABPN1-deficient
cells (Fig. 6E, compare lane 5 to lane 3), whereas the wild-
type version of PABPN1 rescued the accumulation of gag-
pol RNA observed after PABPN1 knockdown (compare
lane 4 to lane 3). Consistent with these RNA analyses,
Western blot revealed a marked accumulation of p24gag

protein in cells that expressed the PABPN1 LALA mutant
compared to PABPN1-deficient cells (Fig. 6F, compare
lane 5 to lane 3). The expression of the PABPN1 LALA mu-
tant had no stimulatory effect on the expression of the gag-
pol transcripts produced from the ribozyme construct (Fig.
6G, compare lanes 3,4) or on intronless polyadenylated
mRNAs expressed from cDNAs (Fig. 6G, compare lanes
5–8). The stimulatory effect of the PABPN1 LALA mutant
suggests that RNA polyadenylation is important in pre-
venting premature export of the intron-containing reporter
mRNA by PABPN1.
We next specifically examined the effect of a PABPN1

deficiency and of the LALA mutant on the 3′ end of the
gag-pol transcripts using RNase H cleavage assays.
RNase H treatment of total RNA in the presence of a
DNA oligonucleotide complementary to a region located
in the 3′-UTR MPMV sequence of the reporter mRNA will
release heterogeneous 3′ fragments because of tran-
scripts with different poly(A) tail lengths. As this approach
uses a DNA oligonucleotide positioned at the 3′ end of
the reporter RNA to generate 3′ fragments, the total pop-
ulation of gag-pol transcripts (spliced and unspliced)
were analyzed in the RNase H assay. As shown in Figure
6H, the depletion of PABPN1 (lane 5) and the overexpres-
sion of the PABPN1 LALA mutant (lane 7) resulted in the
accumulation of a cluster of 3′ fragments that was not de-
tected in the RNase H assay using RNA from control cells
(lane 3). We also analyzed 3′ end cleavage sites by adding
oligo d(T) to the RNase H reaction, which causes the
heterogenous population of polyadenylated 3′ frag-
ments to collapse into discrete unadenylated products,
indicating poly(A) site positions. Two major poly(A)
sites were detected (Fig. 6H, see lanes 4,6,8), which
were confirmed and mapped by 3′ RACE analysis
(Supplemental Fig. S7). As controls for our RNase H as-
says, 3′ fragments were not detected using total RNA
from untransfected cells (Fig. 6H, lanes 1,2), whereas cells
transfected with the ribozyme construct produced a sin-
gle oligo d(T)-insensitive 231-nt-long RNA fragment re-
sulting from non-polyadenylated reporter transcripts
(lanes 9,10). Together, these results indicate that polya-
denylation of the gag-pol reporter transcript is affected
by PABPN1.

Increased intron retention in PABPN1-deficient
human cells

The use of the CTE-containingmRNA reporter allowed for a
detailed characterization of the mechanism underlying the
increasedprotein expression froman intron-containing tran-
script in PABPN1-deficient cells. Accordingly, wenext asked
whether PABPN1 loss-of-function affects the expression of
endogenous genes via intron retention. We therefore ana-
lyzed RNA-seq data from PABPN1-depleted and control
HeLa cells (Beaulieu et al. 2012) to examine for differentially
retained introns using intron retention analysis and detector
(iREAD) (Li et al. 2020). Briefly, iREAD counts all reads that
overlap intronic regions. We then normalized these counts
on gene expression to identify differentially retained introns
in a condition-specific manner. Because the RNA-seq data
of PABPN1-deficient cells was obtained using poly(A)-se-
lected RNA (Beaulieu et al. 2012), the intron retention anal-
ysis mostly focused on post-transcriptional splicing events.
As shown in Figure 7A, iREAD analysis identified 112 introns
with significantly increased retention in PABPN1-deficient
cells relative tocontrol cells (Supplemental TableS7),where-
as decreased intron retention was only marginal in the ab-
sence of PABPN1. Notably, nearly 87% of PABPN1-
dependent intron retention events concerned the 3′-termi-
nal intron of the affected gene (Fig. 7B), as illustrated by
the increase in RNA-seq coverage in the 3′-terminal introns
of SPATA5L1 and LARP7 genes in PABPN1-depleted cells
(Fig. 7C). Interestingly, the genes sensitive to PABPN1-de-
pendent retention of the 3′-terminal intron were enriched
for geneswith longer terminal introns and longer 3′-terminal
exons (Fig. 7D). Furthermore, 86% and 68% of the differen-
tially retained introns are within genes with transcripts iso-
forms annotated as “retained introns” (Fisher’s exact test
P-value <2.2×10−16, 7.5 odds ratio) and “NMD targets”
(Fisher’s exact test P-value=9.475×10−13, 4 odds ratio), re-
spectively, suggesting that those genes normally express in-
efficiently spliced transcripts.Wealso found that themRNAs
expressed from genes sensitive to PABPN1-dependent in-
tron retention were generally down-regulated in PABPN1-
deficient cells (Fig. 7E).
Our results indicated that PABPN1 largely functions in-

dependently of its role in PAXT-mediated RNA decay in
preventing the expression from the unspliced gag-pol re-
porter mRNA (Figs. 4, 5). To assess whether PABPN1-sen-
sitive 3′-terminal introns are retained after inactivation of
PAXT, NEXT, and RNA exosome complexes, we calculat-
ed intron retention ratios using an independent RNA-seq
data set where PABPN1, ZFC3H1, RBM7, ZCCHC8, and
RRP40 were knockdown (Meola et al. 2016). Gratifyingly,
our set of PABPN1-sensitive 3′-terminal introns showed
a significant increase in the mean intron retention ratio us-
ing this independent RNA-seq data set prepared from
PABPN1 depletions (Fig. 7F). In contrast, the mean intron
retention ratio for the same set of PABPN1-sensitive
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introns was not significantly changed in cells deficient for
PAXT (ZFC3H1), NEXT (RBM7 and ZCCHC8), and exo-
some (RRP40) functions (Fig. 7F). These observations
were confirmed by quantitative RT-PCR analysis from in-
dependent depletion experiments using primer sets
spanning exon–intron regions that were located in either
an internal or the 3′-terminal intron of SPATA5L1 and
LARP7, as well as in the control HPRT gene that did not
show PABPN1-dependent intron retention (Supplemental
Fig. S8). These RT-qPCR results reinforce the conclusion
that the PABPN1-dependent accumulation of intron-re-
tained pre-mRNAs is not the consequence of a deficiency
in PAXT-mediated RNA decay. Collectively, we conclude
that PABPN1 controls the expression of many human
genes via intron retention.

DISCUSSION

While a variety of sequencing and imaging approaches
have established that many introns are spliced cotranscrip-
tionally in most organisms, evidence of cleaved and polya-
denylated transcripts with one or more remaining introns
has been mounting in mammalian cells in the past decade
(Braunschweig et al. 2014; Boutz et al. 2015; Gordon et al.
2021). A recent study in fact suggests that a large fraction of
human genes splice their 3′-terminal intron after cleavage
and polyadenylation (Drexler et al. 2020). These incom-
pletely spliced transcripts, often referred to as retained in-
tron RNAs, are usually found in the nucleus and can be
spliced post-transcriptionally (Boutz et al. 2015). Yet, how
these transcripts with a retained intron are distinguished

A B

D E F

C

FIGURE 7. Increased intron retention in PABPN1-deficient cells. (A) Volcano plot of the change in intron retention ratio (intron reads normalized
on exon reads) in cells depleted for PABPN1 relative to control cells. Each point represents a detectable retained intron event (see Materials and
Methods) in at least one condition (n=6739). Intron significantly less or more retained in PABPN1-depleted cells relative to control with adjusted
P-value (p.adj) < 0.05 and absolute log2 intron retention ratio >1 are colored in orange. Data points with p.adj coordinates that fall outside of the
axes range are represented as triangles. (B) Position within their parent transcript of the 112 introns that are significantly more retained in cells
depleted for PABPN1. (C ) Read coverage over the SPATA5L1 and LARP7 genes. The gray area highlights their respective last intron, which
are more retained in cells depleted for PABPN1 (purple) compared to control cells (black). (D) Log2 nucleotide length for all detectable retained
terminal introns in at least one condition against the length of their following terminal exon (n=2414). The points representing the 97 terminal
introns significantlymore retained in cells depleted for PABPN1 are colored in orangewhereas retained terminal introns insensitive to PABPN1 are
colored in blue. The density distribution of the log2 nucleotide length is drawn on top of the panel for the intron and on the right of the panel for
the corresponding following exons. (E) Log2 fold change in intron retention against the log2 fold change of gene expression in cells depleted for
PABPN1 relative to control (n=6739 introns from 2721 different genes). The 112 introns significantly more retained in cells depleted for PABPN1
and their 101 associated genes are represented by orange points whereas retained introns not significantly affected by PABPN1 are colored in
blue. The density distribution of the log2 fold change of gene expression is drawn on top of the panel in orange for those 101 genes or in blue for
the other genes. (F ) Boxplot of the change in intron retention ratio in cells depleted for PABPN1, the PAXT component ZFC3H1, the NEXT
components RBM7 and ZCCHC8, and the exosome component RRP40 (Meola et al. 2016) for the 97 terminal introns identified as more re-
tained in PABPN1-depleted cells in our own study. The distribution of the fold change is significantly shifted from 1 in PABPN1-depleted cells
(pWilcoxon=2×10−13).
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from mature polyadenylated mRNAs that are destined for
nuclear export remains poorly understood. In the current
study, we provide data suggesting that the state of the 3′

end poly(A) tail is key to surveillance mechanisms that pre-
vent premature export of incompletely spliced transcripts.
Specifically, our findings unveil an important role for
PABPN1 in such a nuclear surveillance process.
Our study reports the protein association network of hu-

man PABPN1 as determined by proximity-dependent bioti-
nylation (PDB) assays. In addition to being more sensitive at
detecting transient protein–protein interactions, PDB-MS
also identifies proximal proteins in the context of living cells
(Gingras et al. 2019). Consequently, PBD-MS also includes
proximal connections that engage indirectly via RNA inter-
actions.Our PDB-MSanalysis validatedPABPN1-associated
proteins previously identified by affinity capture coupled to
MS, including PAXT components RBM26, RBM27, and
ZFC3H1 (Meola et al. 2016; Silla etal. 2020), the splicing reg-
ulator SNW1 (Lleres et al. 2010), as well as the chromatin
reader protein BRD4 (Erber et al. 2019; Shu et al. 2020).
Beyond confirming previous associations, our proximity-de-
pendent biotinylation map of PABPN1 unveiled a connec-
tion with the NPC nuclear basket, via PABPN1-dependent
biotinylation of TPR, NUP153, and NUP50. We suspect
that the connection between PABPN1 and the nuclear bas-
ket is transient and/or lowaffinity sincewewereunsuccessful
at capturing a stable complex between PABPN1 and TPRby
affinity purification approaches. Nevertheless, the presence
of PABPN1 at the nuclear periphery is consistent with previ-
ous electronmicroscopy analysis of theChironomus tentans
salivary gland Balbiani ring mRNA (Bear et al. 2003) and the
fact that PABPN1 shuttles between nucleus and cytoplasm
in yeast and human cells (Calado et al. 2000; Lemieux and
Bachand 2009).
Given the established role of the nuclear basket in retain-

ing incompletely spliced RNAs from premature nuclear ex-
port (Galy et al. 2004; Palancade et al. 2005; Coyle et al.
2011; Rajanala and Nandicoori 2012), the proximal associa-
tion between PABPN1 and key nuclear basket proteins led
us to examine whether PABPN1 functions in restricting the
nuclear export of intron-containing transcripts using a well-
characterized reporter mRNA (Coyle et al. 2011; Rajanala
and Nandicoori 2012). Collectively, our data showed that
PABPN1 is required for the nuclear retention of the
unspliced gag-polmRNA reporter in three different human
cell lines: HEK293T, HeLa, and U2OS. Accordingly, the
unspliced mRNA leaked into the cytoplasm of PABPN1-
and TPR-deficient cells, resulting in the accumulation of
p24gag protein. Our data also indicated that PABPN1 and
TPR act independently in the nuclear retention of the
unspliced gag-pol mRNA (Fig. 2), suggesting that certain
cell types may have redundant pathways with different
mechanisms to prevent the untimely export of incompletely
spliced transcripts. It shouldbenoted, however, that the role
ofTPR in nuclear retentionof incompletely splicedRNAshas

recently been questioned in human cells, as cytoplasmic ac-
cumulation of intron-containing transcripts was not found to
increase after siRNA-mediated depletion of TPR (Lee et al.
2020; Zuckerman et al. 2020). One possibility is that nuclear
basket-dependent nuclear retention of intron-containing
pre-mRNAs is cell type-specific, as suggested by our results
in HeLa cells where depletion of TPR and NUP153 showed
negligible accumulation of p24gag compared to PABPN1
depletion (Fig. 2B–D). These studies (Lee et al. 2020;
Zuckerman et al. 2020) also did not inactivate nonsense-me-
diatedRNAdecay (NMD),whichcould conceal the cytoplas-
mic accumulation of intron-containing RNAs despite TPR
depletion.
Based onprevious findings revealing that the fission yeast

homolog of human PABPN1, Pab2, functions in a polyade-
nylation-dependent pre-mRNA degradation pathway that
targets intron-containinggenes (Lemieuxetal. 2011),wean-
ticipated a similar mechanism based on PABPN1-depen-
dent pre-mRNA decay that would result in leakage of
unspliced gag-pol transcripts into the cytoplasm of
PABPN1-deficienthumancells.Unexpectedly, ourdata indi-
cated that the functionofPABPN1 in thenuclear retentionof
the unsplicedgag-polmRNA is independent of PAXT, argu-
ing against a mechanism that solely relies on RNA turnover.
Accordingly, the increased levels of gag-pol mRNA in cells
deficient for ZFC3H1 and ZC3H3 (Fig. 4E,F) was not suffi-
cient to escape nuclear retention (Figs. 4B,C, 5), whereas
similar RNA accumulation leaked into the cytoplasm of
PABPN1-deficient cells. Notably, it was surprising to find
that knockdown of ZFC3H1did not result in the cytoplasmic
accumulation of unspliced gag-pol transcripts, as this PAXT
componentwas shown to function in thenuclear retentionof
selected polyadenylated noncoding RNAs destined for nu-
clear decay by the RNA exosome (Ogami et al. 2017; Silla
et al. 2018). It remains unclear, however, whether ZFC3H1
and PAXT target polyadenylated pre-mRNAs for nuclear
degradation.
The role ofPABPN1 inRNAnuclear retentiondescribed in

this study was likely highlighted by the presence of the
MPMV constitutive transport element (CTE) in the reporter
construct. Accordingly, mutations that impair the secondary
structure of the MPMV CTE and perturb its recognition by
the NXF1/NXT1 complex (Ernst et al. 1997a; Teplova et al.
2011) significantly affected the expression of Gag and
Gag-Pol polypeptides when PABPN1 was depleted (Fig.
3C,D). During viral infection, CTE-like cis-acting nuclear ex-
port elements can override nuclear retention of intron-con-
taining transcripts to serve both as unspliced viral mRNAs
encoding for structural proteins as well as genomic RNAs
packaged into virions (Rekosh and Hammarskjold 2018).
Our findings therefore raise thepossibility that CTE-contain-
ingvirusesmayneed to interferewithPABPN1 functionand/
or expression to promote efficient export of unspliced viral
RNAsduring the viral life cycle. Indeed, PABPN1-associated
functions have previously been demonstrated to be
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targeted by specific viral proteins during infection. The NS1
protein of influenza A virus was shown to bind and interfere
with PABPN1ability to stimulate processive poly(A) tail elon-
gation of cellular mRNAs (Chen et al. 1999). Kaposi’s sar-
coma-associated herpesvirus viral proteins also influence
the polyadenylation-dependent RNA decay function of
PABPN1 to either protect viral RNAs from nuclear decay
(Ruiz et al. 2019) or promote turnover of cellular transcripts
(LeeandGlaunsinger2009).As such, itmaynotbe surprising
that CTE-containing retroviruses target PABPN1 topromote
the nuclear export of intron-containing viral transcripts.

Previous studies established that poly(A) tails are gener-
ally longer in the nucleus compared to the cytoplasm
(Sheiness and Darnell 1973; Palatnik et al. 1979), a finding
corroborated by more recent analyses indicating that new-
ly synthesized mRNAs have long poly(A) tails relative to
steady state transcripts (Eisen et al. 2020). Interestingly,
poly(A) tail length analysis by long read sequencing re-
vealed that intron-containing transcripts have longer
poly(A) tails than the bulk of nuclear RNAs in HeLa cells
(Alles et al. 2021), suggesting the existence of a nuclear
deadenylation process that is coordinated with RNA splic-
ing before nuclear export. Consistent with this view, sever-
al lines of evidence indicate that polyadenylation plays a
critical role in PABPN1-dependent nuclear retention of
the unspliced gag-pol reporter RNA. First, ribozyme-
cleaved unspliced transcripts that bypassed 3′ end polya-
denylation were no longer sensitive to PABPN1 depletion.
Second, a PABPN1 mutant (LALA) selectively defective in
stimulating poly(A) polymerase elongation, but retaining
poly(A) binding activity, strongly enhanced expression of
the unspliced gag-pol transcript. Third, analysis of poly(A)
tail length distribution by RNase H cleavage assays re-
vealed that the absence of PABPN1 and the PABPN1
LALA mutant affected the steady state length distribution
of poly(A) tails of the reporter mRNA. Together, these
data support a direct polyadenylation-dependent role of
PABPN1 in the control of the unspliced gag-pol transcript,
although we cannot totally exclude the possibility of an in-
direct effect. Based on our data and the aforementioned
studies, we propose that PABPN1 can coordinate splicing
completion with nuclear export via poly(A) tail length con-
trol. Specifically, PABPN1 would stimulate long poly(A)
tails to intron-containing transcripts, decreasing nuclear
export rates and favoring nuclear retention, while comple-
tion of splicing may limit PABPN1-dependent poly(A) tail
extension and promote nuclear export. Recent RIP-seq
analysis in fact supports this view, showing that PABPN1-
enriched transcripts are often incompletely spliced and
decorated by long poly(A) tails (Nicholson-Shaw et al.
2022), findings that are consistent with observations that
many human introns are spliced after cleavage and polya-
denylation (Drexler et al. 2020; Coté et al. 2021). In the ab-
sence of PABPN1, or in cells overexpressing the PABPN1
LALA mutant, incompletely spliced transcripts may not

gain sufficiently long poly(A) tails to slow down export ki-
netics, with the potential of escaping other RNA nuclear
retention and decay pathways, an event that was likely en-
hanced by the presence of the strong MPMV RNA export
element in the viral reporter transcript.

Using a tool to detect intron retention events from RNA-
seq data, we have identified more than a hundred introns
that showed increase retention in PABPN1-deficient cells,
but not in cells depleted for PAXT, NEXT, and exosome
components. Remarkably, close to 90% of these PABPN1-
sensitive intron retention events affected the 3′-terminal in-
tron. These observations are in fact consistent with previous
RT-qPCR analysis demonstrating roles for PAP and PABPN1
in the removal of 3′-terminal introns of selected candidate
genes (Muniz et al. 2015). Furthermore, as our intron reten-
tion analysis was performed on poly(A)-selected RNA-seq
data (Beaulieu et al. 2012), these findings suggest that
PABPN1 post-transcriptionally controls the splicing of the
3′-terminal intron of many human genes, which echoes re-
cent evidence indicating that a large fraction of genes splice
their 3′-terminal intron after cleavage and polyadenylation
(Drexler et al. 2020). Our findings are therefore compatible
with multiple lines of evidence supporting that terminal in-
tron removal, 3′ endprocessing, andpolyadenylation are in-
terdependent (Niwa and Berget 1991; Vagner et al. 2000;
Millevoi et al. 2006; Rigo and Martinson 2008; Muniz et al.
2015); still, the mechanisms underlying the coupling be-
tween these RNA processing steps remain poorly under-
stood. Our RNA-seq data also revealed that a significant
fraction of genes affected by PABPN1-dependent intron re-
tention were down-regulated. Intron retention can lead to
reduced mRNA levels by triggering nonsense-mediated
RNA decay (NMD) in the cytoplasm (Yap et al. 2012;
Wongetal. 2013).Accordingly, furtheranalyses are required
to establishwhether the transcripts sensitive to PABPN1-de-
pendent intron retention show reduced levels in PABPN1-
deficient cells because they are targeted byNMDas a result
of premature export of intron-containing transcripts.

In summary, our study discloses important PAXT-inde-
pendent roles for PABPN1 in the post-transcriptional con-
trol of terminal intron splicing and the nuclear retention of
intron retained transcripts, thereby building on several re-
cent observations that link poly(A) tail length status to
splicing and nuclear export. More generally, these findings
suggest that the status of the 3′ end poly(A) tail bound by
PABPN1 could serve as a signal that can licence terminal
intron splicing and nuclear export rates.

MATERIALS AND METHODS

Human cell culture

HeLa, HEK293T, HEK293-FT and U2OS-FT cells were grown in
Dulbecco’s Modified Eagle’s Medium supplemented with 10%
tetracycline-free fetal bovine serum (FBS) in a humidified CO2
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incubator (37°C, 5% CO2). Inducible expression of BirA–PABPN1
was achieved by flippase-mediated recombination in HEK293-FT
cells, as previously described (Bergeron et al. 2015). Activation of
BirA-tagged proteins was achieved with 50 µm biotin for 24
h. Cells were transfected with siRNAs at 25 nM using
Lipofectamine 2000 (Life Technologies), except for siPABPN1
3UTR (10 nM each) and maintained for 72 h. Sequences of
siRNAs used in this study are listed in Supplemental Table S1.

SILAC-coupled BioID assays

For SILAC and BioID experiments, proteins were metabolically la-
beled with stable isotopes of arginine and lysine in cell culture, as
previously described (Dionne et al. 2019; Landry-Voyer et al.
2020). Briefly, HEK293-FT cells expressing BirA–PABPN1 were
grown in media containing labeled amino acids. Twenty-four to
48 hours after induction with doxycycline and biotin, cells were col-
lected in lysis buffer and incubated at 4°C for 20 min. Lysates were
centrifuged for 10 min at 13,000 rpm at 4°C and equal amounts of
proteins were incubated with Streptavidin Sepharose beads
(Sigma) for 3h at 4°C.Beadswere thenwashedextensively and sub-
jected toon-beaddigestionwith trypsin. LC-MS/MSand analysis of
SILAC ratios were performed as described previously (Dionne et al.
2019; Landry-Voyer et al. 2020).

Protein analyses and antibodies

Preparation of total cell extracts was previously described
(Bergeron et al. 2015; Dionne et al. 2019; Landry-Voyer et al.
2020). A total of 50–100 µg of proteins was separated by SDS-
PAGE, transferred to nitrocellulose membranes, and analyzed
by immunoblotting using primary antibodies (see Supplemental
Table S2). Membranes were then probed with either a donkey
anti-rabbit antibody conjugated to IRDye 800CW (926-32213;
1:15,000; Li-Cor) or a goat anti-mouse antibody conjugated to
Alexa Fluor 680 (A-21057; 1:15,000; Life Technologies). Protein
detection was performed using an Odyssey infrared imaging sys-
tem (Li-Cor).

RNA analyses

Total RNA was extracted using TRIzol RNA isolation reagents
(Thermo Fisher) and analyzed by northern blotting and RT-
qPCR as described previously (Bergeron et al. 2015; Landry-
Voyer et al. 2020) with the following modifications: An amount
of 10 µg/well of total RNA was mixed with 0.6 volume of loading
dye (75% formamide, 45mM tricine, 45mM triethanolamine, 0.75
mM EDTA, 0.03% bromophenol blue, 0.6 M formaldehyde) and
loaded onto a 1% denaturing agarose gel (1% agarose, 30mM tri-
cine, 30 mM triethanolamine, 0.4 M formaldehyde) in running
buffer (30 mM tricine, 30 mM triethanolamine) at 200 V. RNAs
were then transferred onto nylon membranes and hybridized us-
ing DNA probes listed in Supplemental Table S3. Signals were
detected using a Typhoon Trio instrument and quantified by
Quantity One 1-D analysis software (Bio-Rad Laboratories).

RT-qPCR analyses were performed as previously described
(Yague-Sanz et al. 2021). Briefly, 5 µg of total RNA was treated
with 1 unit of RNase-free DNase RQ1 (Promega, M6101) for 30

min at 37°C and inactivated with 1 µL of 25 mM EDTA for 10
min at 65°C. Reverse transcription reactions were in a volume of
20 µL using random hexamers or oligo d(T) and 2 units of M-
MLV RT for 60 min at 42°C and inactivated for 20 min at 65°C.
qPCR reactions were performed in triplicates on a LightCycler
96 system (Roche) in a final volume of 15 µL using 6 µL from a
1:20 dilution of each cDNA, 0.15 µM of forward and reverse prim-
ers, and 7.5 µL of the 2× PerfeCTa SYBR Green SuperMix from
Quantabio. Analysis of gene expression changes were calculated
relative to the appropriate control samples and were measured
with the ΔΔCT method using the gene GAPDH as an internal ref-
erence. The oligonucleotides used in the qPCR experiments are
listed in Supplemental Table S4.

Single molecule fluorescence in situ hybridization
(smFISH)

The list of the 24 primary DNA probes complementary to the HIV-
1 gag-pol sequence as well as the FLAP (fluorescent secondary
probe) used for smFISH are listed in Supplemental Table S5.
Probe sequences were selected using Oligostan software
(Tsanov et al. 2016) keeping only filters 1, 2, and 4 and synthe-
sized by Integrated DNA Technologies (IDT). The secondary
FLAP probe was conjugated to two cyanine-3 at the 5′ and 3′

ends. smFISH coupled to immunofluorescence analysis experi-
ments were as described previously (Nguyen et al. 2015) with
the following modifications: cells were permeabilized in 70% eth-
anol at 4°C overnight and washed with 1× SSC/20% formamide
for 15 min at RT. For hybridization, each coverslip was incubated
with 80 µL hybridization mix (mix 1: 2× SSC, 0.7 mg/mL yeast
tRNA, 40% formamide; 4 µM Flap-structured duplexes; Mix 2:
0.4 mg/mL BSA, 4 mM Ribonucleoside Vanadyl Complexes;
21% dextran sulfate) at 37°C overnight in the dark. After hybridi-
zation, cells were washed twice with 1× SSC/20% formamide for
30 min at 37°C.

Microscopy

Visualization of the images was carried out on a ZEISS LSM880mi-
croscope equipped with a Plan-Apochromat 40×/1.4 oil immer-
sion objective with a 1.6× zoom. Eight Z-sections of 1.54 µm
were acquired for each condition and parameters acquisition
times have been defined to avoid pixel saturation to ensure ap-
propriate visualization and intensity quantification. These condi-
tions have been adjusted in the same way between conditions.
For display purposes, image sections have been deconvolved us-
ing the ZEN 2.6 iterative algorithm. A macro made with the soft-
ware ImageJ (Schneider et al. 2012) was used to cluster five Z-
sections to form a single image that is presented in the results sec-
tion. The five Z-sections selected were the same for each of the
channels. Cropping and changes of 300 dpi resolution were
made in Photoshop for data presentation. Image quantifications
were performed using CellProfiler 4.1.3 software (Carpenter
et al. 2006). Briefly, the nuclei were identified as the primary ob-
jects, the whole cell, visualized using tubulin, was identified as the
secondary object; the cytoplasmwas identified as a tertiary object
(by subtracting the nucleus from the whole cell). A nucleus/cyto-
plasm ratio was then measured based on signal intensity, and
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the measurements were exported to GraphPad Prism version 9
(GraphPad Software) for statistical analyses.

Quantifications and statistical analysis

All statistical analyses were performed using GraphPad Prism ver-
sion 9. Data were analyzed by a one-way ANOVA test (multiple in-
dependent groups) followed by a post hoc Dunnett test (when P<
0.05). In the case of non-normal distributions, a Kruskal–Wallis test
followed by a post-hoc Dunn test (when P<0.05), respectively,
were used. Statistical details of each experiment (test used, value
of n, replicates, etc.) can be found in the Results and legends to
figures.

3′′′′′ rapid amplification of cDNA ends (3′′′′′ RACE)

A total of 2 µg of RNAwas previously treated with 1 unit of RNase-
freeDNaseRQ1 (Promega,M6101) for 15min at room temperature
and inactivated with 1 µL of 25 mM EDTA for 10 min at 65°C. The
DNase-treated RNA was then incubated with 50 µM oligo(dT)-an-
chor primer (5′-GGCCACGCGTCGACTAGTACGATCTTTTTTT
TTTTTTTTTTTTTTTTT-3′) at 37°C for 1 h, heated at 95°C for 5
min, and quickly chilled on ice before the addition of 1 µL of 10
µM of reverse PCR anchor-primer, 1 µL of 10 mM dNTPs, 1.5 µL
of 50 mM MgCl2, 5 µL of Taq buffer, 1 µL of Taq polymerase, 5
µL of cDNA and 1 µL of forward primer containing MPMV-specific
sequences (before CTE : 5′-TAATACGACTCACTATAGGTGTC
GAGGGATCTCGAGA-3′ or after CTE : 5′-TAATACGACTCACTA
TAGGCGGATGATGTCTTGGCCTCT-3′). PCR reactions were incu-
batedwith the followingprogram: 98°C for 3min, 35 cycles of 98°C
for 30 sec, 63°C–68°C for 30 sec, 72°C for 2min, and final extension
at 72°C for 8 min. PCR products were separated on a 1.2% agarose
gel, gel purified (Qiagen), and analyzed by Sanger sequencing.

RNase H cleavage assay

Total RNA (20 µg) was incubated with one antisense DNA oligo-
nucleotides (5′-ATGTCACCCTTTTTAATTATA-3′) complementa-
ry to sequences upstream of the MPMV cleavage sites (as
illustrated in Supplemental Fig. S7) and with or without oligo
(dT). The MPMV RNA:DNA hybrids were then cleaved by RNase
H (37°C for 1 h). The reaction was stopped by adding 15 µL of
2× Formamide loading dye followed by heating at 65°C for 5
min and gel analysis. The samples were analyzed by standard
Northern blot protocol on 4.5% polyacrylamide/8 M urea gels
(Lemay et al. 2010; Beaulieu et al. 2012). To detect the RNA sig-
nals, three DNA probes (listed in Supplemental Table S3) were
designed and labeled with 32P.

Analysis of intron retention from RNA-seq data

Our own siNT and siPABPN1 RNA-seq data (Beaulieu et al. 2012)
are available under the sequence read archive (SRA) number
SRP015926. Raw reads were filtered with Trimmomatic (Bolger
et al. 2014) with options “ILLUMINACLIP:${adapters}:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36”
and were mapped on the human genome (hg38) using HISAT2

(Kim et al. 2019) with options “–rna-strandness RF –min-intronlen
20 –no-discordant –no-mixed”.

FeatureCounts (Liao et al. 2014) with options “-p -s 0 -J -P -B -d 0
-D 500000 –C”was used to count fragments on exons aggregated
at the gene level and on exon–exon junctions based on the
GencodeV25 release of gene annotation downloaded from
Ensembl (Howe et al. 2021). Based on the same GencodeV25 an-
notation, count of fragments on introns or exon–intron junctions,
as well as the Shannon entropy in intron coverage were quantified
with the iREAD tool using default parameters (Li et al. 2020).

Differentially retained introns were defined based on the three
following criteria:

1. The intron had to be considered as retained in at least one con-
dition based on IRead default filters; that is, that the intron is
independent of (= not overlapping) any other annotated tran-
script, that it is supported by at least 20 intronic reads and at
least one exon–intron junction read accounting together for
at least one FPKM, and that the intron coverage is uniformly
distributed across the region (Shannon entropy score ≥0.9).

2. The intronic fragment count normalized on the gene expres-
sion (i.e., the exonic fragment counts) had to be twice higher
in one condition compared to the other (absolute log2 fold-
change of normalized intron retention ratio >1).

3. To assess statistical significance of differential intron retention,
a binomial regression model was fit on the data at the individ-
ual intron level, explaining the change caused by PABPN1
knockdown on the proportion of spliced fragments out of all
fragments traversing the exon–intron junctions. To consider
an intron as significantly differentially retained, a threshold
on the P-value adjusted for multiple testing (false discovery
rate) of aWald test on the fitted siPABPN1 effect (condition co-
efficient) was set at smaller or equal to 5%.

To assess how the PABPN1-dependant introns are retained in
other conditions, we exported the coordinates of the differentially
retained intron (and associated exons) in .bed format and convert-
ed them from the hg38 to the hg19 genome space using the UCSC
liftOver tool (Navarro Gonzalez et al. 2021). Using these converted
coordinates, we calculated intronic and exonic coverage from the
publicly available coverage files (.bigwig) from theGSE84172 study
where RNA has been sequenced after depletion of components of
the Exosome, PAXT, and NEXT complexes (Meola et al. 2016).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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