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Regulated Intron Retention and Nuclear Pre-mRNA Decay Contribute
to PABPN1 Autoregulation
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The poly(A)-binding protein nuclear 1 is encoded by the PABPN1 gene, whose mutations result in oculopharyngeal muscular
dystrophy, a late-onset disorder for which the molecular basis remains unknown. Despite recent studies investigating the func-
tional roles of PABPNI, little is known about its regulation. Here, we show that PABPN1 negatively controls its own expression
to maintain homeostatic levels in human cells. Transcription from the PABPN1 gene results in the accumulation of two major
isoforms: an unspliced nuclear transcript that retains the 3'-terminal intron and a fully spliced cytoplasmic mRNA. Increased
dosage of PABPNI1 protein causes a significant decrease in the spliced/unspliced ratio, reducing the levels of endogenous
PABPNI1 protein. We also show that PABPN1 autoregulation requires inefficient splicing of its 3'-terminal intron. Our data sug-
gest that autoregulation occurs via the binding of PABPN1 to an adenosine (A)-rich region in its 3’ untranslated region, which
promotes retention of the 3'-terminal intron and clearance of intron-retained pre-mRNAs by the nuclear exosome. Our findings
unveil a mechanism of regulated intron retention coupled to nuclear pre-mRNA decay that functions in the homeostatic control

of PABPNI1 expression.

fundamental step in the expression of most protein-coding

genes is the addition of a polyadenosine [poly(A)] tail at the 3’
end of mRNAs, which normally promotes gene expression by
stimulating nuclear export and translation. A key protein involved
in the metabolism of polyadenylated RNAs is the poly(A)-binding
protein nuclear 1 (PABPN1). PABPNI is an evolutionarily con-
served protein that is best characterized for its role in mRNA poly-
adenylation, where it can stimulate poly(A) synthesis in vitro by
increasing the processivity of the poly(A) polymerase (1-3). The
requirement for PABPN1 during mRNA polyadenylation does
not appear to be universal, however. Accordingly, whereas deple-
tion of PABPN1 in primary mouse myoblasts causes poly(A) tail
shortening (4), depletion of PABPN1 in human cell lines does not
inhibit global gene expression and does not lead to a noticeable
impairment in mRNA polyadenylation (5). PABPN1 was also
shown to function in gene regulation by influencing the length of
3" untranslated regions (UTR) of specific genes via the control of
polyadenylation signal recognition (6, 7). Furthermore, PABPN1
was found to function in a pathway of RNA decay that targets long
noncoding RNAs (IncRNAs) for rapid nuclear turnover and that
involves the exosome complex of 3'-5" exonucleases (5, 8). There-
fore, PABPNI is involved in several important layers of posttran-
scriptional gene regulation.

Although PABPNI1 expression is ubiquitous, its protein levels
vary greatly among cell types and tissues (9), suggesting that tight
control of PABPNI1 expression is important for normal cell and
organismal physiology. Notably, mutations in the PABPNI gene
result in oculopharyngeal muscular dystrophy (OPMD), a late-
onset disorder that is associated primarily with eyelids drooping,
swallowing difficulties, and proximal limb weakness (10). OPMD
mutations have been reported in more than 35 countries (11) and
result in a PABPNI1 protein with a slightly extended polyalanine
tract, a consequence of short trinucleotide expansions in the
PABPNI coding sequence (12). Although the mechanism by
which short GCG insertions in the PABPNI gene cause OPMD
remains unknown, altered PABPNI mRNA levels were found in
muscle biopsy specimens of OPMD patients relative to those of
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age-matched controls (13, 14). In addition, reduced expression of
PABPNI mRNA correlates with a poor prognosis in non-small-
cell lung cancer (15). As yet, however, little is known about mech-
anisms that control PABPN1 expression or why it is misregulated
in OPMD and cancer.

Besides transcription, cells use multiple layers of posttranscrip-
tional regulation to control gene expression. Alternative splicing is
one important mechanism of posttranscriptional gene regulation
in which a primary transcript is differentially processed to pro-
duce distinct mRNA and protein isoforms. Alternative splicing is
controlled by cis-acting elements on pre-mRNAs that are targeted
by sequence-specific RNA-binding proteins, which promote or
repress productive splicing by the spliceosome (16). Of the differ-
ent types of alternative splicing in vertebrates, intron retention
(IR) is thought to be a rare event; thus, it has remained poorly
understood (17). Intron retention is a form of alternative splicing
in which one or more introns remain unspliced in a polyadenyl-
ated transcript (18). Retained introns often contain premature
stop codons, which leads to their cytoplasmic degradation by the
nonsense-mediated RNA decay machinery (19-21). Alternatively,
translation of an intron-retained transcript can produce a trun-
cated protein, for example, Rem1, which is important for meiotic
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differentiation in fission yeast (22). Intron retention also can func-
tion in gene regulation via nuclear decay of unspliced pre-mRNAs
in budding and fission yeasts (23—-25). Recently, intron retention
was found to control the expression of functionally related genes
that are important during the differentiation program of granu-
locytes (26) and neuronal cells (27), suggesting that intron reten-
tion is an underappreciated mechanism of posttranscriptional
gene regulation in mammals. Accordingly, recent transcriptome-
wide analyses of intron retention across diverse human and mouse
cell types indicate that intron retention is far more prevalent than
previously appreciated (28, 29). However, compared to the exten-
sive set of mechanisms known to control alternative exon splicing
(16, 30), few mechanisms of regulated intron retention have been
described.

In this study, we report a mechanism of regulated intron reten-
tion coupled to nuclear pre-mRNA decay that functions in the
control of PABPN1 homeostasis in human cells. We found that
excess levels of PABPNI protein caused a significant decrease in
the spliced/unspliced PABPNI RNA ratio, thereby reducing en-
dogenous levels of PABPN1 protein. This control required ineffi-
cient splicing of the PABPNI 3’-terminal intron via a weak 5’
splice site as well as competitive binding to pre-mRNA between
PABPNI1 and SRSF10, acting as a splicing activator for PABPNI.
Our data suggest that PABPN1 represses splicing of its 3’ -terminal
intron by binding to an adenosine-rich region in the 3" UTR of the
PABPNI transcript, thereby promoting pre-mRNA decay by the
nuclear exosome. Thus, our findings have identified a mode of
posttranscriptional gene regulation in which the control of RNA
splicing influences the balance between processing and decay of
pre-mRNAs in the nucleus.

MATERIALS AND METHODS

Cell culture. HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% of tetracycline-free fetal bo-
vine serum (FBS). Inducible expression of green fluorescent protein
(GFP)-PABPN1 and GFP-PRMT3 was achieved by flippase-mediated re-
combination in HEK293FT cells (31). Briefly, PABPNI and PRMT3
c¢DNAs were PCR amplified using forward and reverse primers that in-
cluded attB sequences. PCR products were introduced in pDONR221
using BP clonase II-mediated recombination (Life Technologies). cDNAs
then were transferred into pgLAP1 or pgLAP2 plasmids (31) using LR
Clonase II (Life Technologies). pgLAP1- and pgLAP2-derived constructs
were cotransfected in HEK293FT cells with pOG44, which expresses the
Flp recombinase. Positively integrated cells were selected with 150 pg/ml
of hygromycin and 15 pg/ml of blasticidin. Positive clones were main-
tained in DMEM supplemented with 10% tetracycline-free FBS, 75 g/ml
of hygromycin, and 15 pg/ml of blasticidin. Induction of GFP-PABPN1
and GFP-PRMT3 expression was achieved with 500 ng/ml of doxycycline
for 48 to 72 h. Short interfering RNAs (siRNAs) were transfected with
Lipofectamine 2000 (Life Technologies) at a final concentration of 25 nM
for 72 h. Sequences of siRNAs can be found in the supplemental material.

Expression constructs. Owing to the large number of constructs, the
relevant information is provided in the supplemental material.

Protein analyses and antibodies. Cells were washed two times with
phosphate-buffered saline (PBS) and then collected in 1.5-ml tubes.
Ninety percent of the cells was kept for RNA extraction, and 10% was used
for protein extraction. The cell pellet was resuspended in lysis buffer (50
mM Tris-HCL, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 2
mM MgCl,, 1 mM dithiothreitol [DTT], and 1X complete protease in-
hibitor cocktail [Roche]) and incubated at 4°C for 15 min. The mixture
was centrifuged for 15 min at 13,000 rpm. The supernatant was trans-
ferred into a new tube, loading dye was added to a final 1 X concentration
(62.5 mM Tris-HCI, pH 6.8, 10% glycerol, 2% SDS [vol/vol], 0.1 M DTT,
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and bromophenol blue), and the mix was heated for 5 min at 95°C. Pro-
teins were separated by SDS-PAGE, transferred to nitrocellulose mem-
branes, and analyzed by immunoblotting using the following primary
antibodies: anti-PABPN1 (Epitomics), antitubulin and antiactin (T5168
and A5441, respectively; Sigma-Aldrich), anti-PRMT3 (A302-526A;
Bethyl), anti-GFP (11814460001; Roche), anti-hnRNP A1/A2 and anti-
hnRNP H antibodies (32), anti-hnRNP C (PIMA124631; Fisher Scien-
tific), anti-UPF1 (A301-902A; Bethyl), anti-XRN2 (A301-102A; Bethyl),
and anti-hRRP40 (A303-909A; Bethyl). Membranes then were probed
with a donkey anti-rabbit antibody conjugated to IRDye 800CW (926-
32213; LI-COR) and a goat anti-mouse antibody conjugated to Alexa
Fluor 680 (A-21057; Life Technologies). Detection of the proteins was
performed using an Odyssey infrared imaging system (LI-COR). All of the
quantitative protein analyses presented in this study were generated from
at least three independent transfection/induction experiments, in which
the data and error bars represent averages and standard deviations, re-
spectively.

RNA preparation and analyses. Total RNA was prepared using
TRIzol (Life Technologies) and analyzed by Northern blotting, as previ-
ously described (5). To analyze nuclear and cytosolic RNAs, cells were
fractionated according to reference 33. For quantitative RT-PCR analyses,
cDNA was synthesized with random primers (Omniscript; Qiagen) and
analyzed by real-time PCR using position-specific primers as previously
described (5). All of the quantitative RT-PCR results presented in this
study were generated from at least three independent transfection/induc-
tion experiments, in which the data and error bars represent averages and
standard deviations, respectively.

RIP assays. A 10-cm dish of HEK293T cells was transfected using
Lipofectamine for 48 h with DNA constructs that expressed GFP-SRSF10
and GFP. Cells were washed three times with PBS and incubated 20 min in
RNA coimmunoprecipitation (RIP) lysis buffer (50 mM Tris-HCI, pH
7.5, 150 mM NaCl, 1% Triton X-100, 2 mM MgCl,, 1 mM DTT, 10%
glycerol, 40 U/ml RNase OUT [Life Technologies], and complete protease
inhibitor cocktail) with rocking at 4°C. Lysate was centrifuged at 13,000
rpm for 20 min at 4°C. Ten percent of the supernatant was kept for RNA
extraction (input fraction). The rest of the lysate then was incubated with
25 pl of GFP-TRAP beads (ChromoTek) for 4 h at 4°C. The beads subse-
quently were washed 4 times with RIP lysis buffer. RNA was extracted
using TRIzol reagent (Life Technologies) and subsequently analyzed by
quantitative reverse transcription-PCR (RT-qPCR).

EMSA. Electrophoretic mobility shift assays (EMSA) were performed
as described previously (7), with a few modifications. Briefly, 67-nucleo-
tide (nt)-long RNA oligonucleotides (sequences are in the supplemental
material) corresponding to the A-rich region of the PABPN1 3’ UTR were
generated by in vitro transcription using the mirVana miRNA probe con-
struction kit (AM1550; Ambion). Recombinant glutathione S-transferase
(GST) or GST-PABPNI (1.5 to 45 pmol) was added to binding reaction
mixtures, including RNA probes (15,000 cpm) in the binding buffer (50
mM Tris-HCI [pH 8.0], 10% glycerol, 0.2 mg/ml bovine serum albumin
[BSA], 0.01% Nonidet P-40, 0.5 mM DTT, 100 mM KCl, 2 mM EDTA, 2
U/pl RNase OUT) for 15 min at room temperature in a final 15-pl vol-
ume. For competition assays, labeled RNA probes were incubated in the
presence of 5- and 10-fold molar excesses of cold RNA oligonucleotides.
The binding reaction mixtures were analyzed on native PAGE-glycerol
gels, dried, and visualized using a Typhoon Trio instrument (GE Health-
care).

RESULTS

Excess PABPN1 protein results in reduced PABPN1 expression
via a mechanism that involves intron retention. We used a pre-
viously described recombination system (31) to generate a human
kidney cell line (HEK293) that expresses a single copy of the
PABPNI cDNA under the control of a tetracycline-inducible pro-
moter. The product of the PABPNI transgene was expressed as a
C-terminal fusion to the green fluorescent protein (GFP-PABPN1
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FIG 1 Increased gene dosage of PABPN1 results in reduced levels of endogenous PABPN1 protein and mRNA. (A) Western blot analysis using extracts from
untreated (—) or doxycycline-treated (+) transgenic (Tg) cell lines that express GFP-PABPN1 (lanes 1 and 2) and GFP-PRMT3 (lanes 3 and 4). (B) Quantifi-
cation of endogenous PABPN1 protein in the presence and absence of doxycycline in the indicated cell lines. ****, P < 0.0001 by Student’s ¢ test. (C) Northern
blot analysis using RNA probes complementary to PABPNI exon 2 (lanes 1 and 2) and intron 6 (lanes 3 and 4) sequences, using total RNA from HEK293T cells
treated with PABPN1-specific (lanes 2 and 4) and control (lanes 1 and 3) siRNAs. (D) RNA-seq read distribution along the PABPNI gene from human HeLa cells.
The bottom row shows the RefSeq gene annotation for the corresponding exons (E1 to E7) and introns (I1 to 16). (E) Schematic of primers used to measure the
levels of spliced and unspliced PABPNI transcripts by RT-qPCR. (F and G) RT-qPCR analysis measuring the relative fraction of total PABPN1 transcript that is
spliced mRNA (F) and unspliced pre-mRNA (G) using RNA from the indicated induced (+Doxy) and noninduced (—Doxy) transgenic cell lines. Data are

expressed relative to those for the uninduced control (—

Tg) or a FLAG tag (FLAG-PABPN1 Tg). Unexpectedly, the addi-
tion of doxycycline to induce GFP-PABPN1 expression resulted in
a marked decrease in the levels of endogenous PABPNI1 protein
(Fig. 1A, compare lanes 1 and 2; quantification is shown in panel
B). As a control, the induction of a similarly prepared GFP-
PRMT3 transgene did not affect PABPN1 expression (Fig. 1A,
compare lanes 3 and 4; quantification is in panel B) and did not
result in reduced levels of endogenous PRMT3 (Fig. 1A, lanes 3
and 4). The use of an independent cell line that expresses a FLAG-
PABPNI transgene also showed a significant reduction of endog-
enous PABPNI after induction of FLAG-PABPN1 expression (see
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Doxy). **, P < 0.01 by Student’s t test.

Fig. S1A and B in the supplemental material). Interestingly, the
use of stable cells that conditionally induce normal (10 alanines)
and OPMD-like, alanine-expanded (17 alanines) versions of
PABPNI1 demonstrated comparable negative regulation of endog-
enous PABPN1 protein (see Fig. S1C and D in the supplemental
material). Together, these results support the existence of an au-
toregulatory feedback loop in which excess PABPN1 protein neg-
atively controls expression from the PABPN1 gene.

To begin to address how increased dosage of PABPN1 protein
altered PABPNI expression, we first examined the levels of endog-
enous PABPNI transcripts by Northern blotting. Northern anal-
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ysis of PABPNI revealed the presence of two major transcript
variants (Fig. 1C, lane 1). Interestingly, siRNA-mediated silencing
of PABPN1 expression showed a substantially greater reduction of
the short isoform relative to the level of the long isoform (Fig. 1C,
compare lanes 1 and 2), suggesting that the long PABPNI1 RNA
isoform was more resistant to siRNA-mediated silencing.
PABPNI transcript isoforms previously have been reported in
mouse cells and attributed to the differential use of polyadenyla-
tion signals downstream of the stop codon (9). Therefore, we as-
sessed whether the short and long PABPN1 isoforms detected by
northern analysis of total human RNA could be the result of alter-
native polyadenylation. However, 3’ rapid amplification of cDNA
ends (RACE) analyses coupled to DNA sequencing identified a
single region of a poly(A) site selection located 886 to 891 nucle-
otides downstream of the stop codon. Moreover, deep sequencing
analysis of poly(A) site mapping by 3’ region extraction and deep
sequencing (READS) (34) indicated the use of one main region of
polyadenylation site selection ~900 nt downstream of the stop
codon in PABPNI transcripts (see Fig. S2 in the supplemental
material). Thus, we concluded that the two major isoforms of
PABPNI expressed in HEK293T cells are not transcripts with dif-
ferent 3" UTRs.

To explore the nature of the transcript isoforms produced
from the PABPNI gene, we analyzed data from an RNA-sequenc-
ing (RNA-seq) experiment that we previously conducted using
HeLa cells (5). The analysis of read coverage along the PABPN1
gene revealed considerably greater signal from the last intron (in-
tron 6) than from the other PABPNI introns (Fig. 1D), suggesting
that a fraction of PABPNI transcripts retains intron 6. Impor-
tantly, the use of an RNA probe specific to intron 6 confirmed that
the long PABPNI isoform corresponds to an unspliced pre-
mRNA that failed to splice intron 6 (Fig. 1C, lanes 3 and 4). Quan-
tification of northern data indicated that unspliced PABPN1 tran-
scripts represent almost 20% of the total PABPNI RNA in
HEK293T cells. Using biochemical fractionation to separate nu-
clear and cytoplasmic RNA populations, we found that the un-
spliced PABPNI transcript was detected primarily in the nuclear
fraction, whereas the spliced mRNA was mainly cytosolic (see Fig.
S3 in the supplemental material).

Given that a fraction of PABPNI transcripts retains the 3'-
terminal intron, we next examined whether the induction of GFP-
PABPNI altered the levels of spliced and unspliced PABPNI iso-
forms. To detect endogenous PABPNI transcripts by RT-qPCR
and not the mRNA expressed from the GFP-PABPNI1 cDNA, we
used a reverse primer complementary to a region located in the 3’
UTR of PABPNI (Fig. 1E). This reverse primer was combined
with a forward primer located in intron 6 to detect the unspliced
pre-mRNA or with a forward primer across the exon 6-exon 7
junction to detect the spliced PABPN1 mRNA (Fig. 1E). The in-
duction of GFP-PABPN1 by doxycycline caused a significant de-
crease in the levels of the spliced PABPNI mRNA (Fig. 1F), which
resulted in a 3-fold increase in the percentage of unspliced
PABPNI pre-mRNA relative to that of total PABPN1 RNA (Fig.
1G). As a control, the induction of GFP-PRMT3 did not affect the
PABPNI spliced/unspliced ratio (Fig. 1F to G). These results dem-
onstrate that excess PABPN1 reduces the levels of spliced PABPN1
mRNA and endogenous PABPN1 protein.

Intron 6 of the PABPNI1 gene is required for autoregulation.
The aforementioned results suggested that PABPN1 controls its
own expression by interfering with the splicing of its 3’-terminal
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intron, resulting in the reduced production of spliced mRNA and,
hence, PABPNI protein. To test this model and get insights into
the mechanism of PABPN1 autoregulation, we generated a
PABPNI minigene construct that contained a section of exon 6,
intron 6, and exon 7 fused to the 3’ end of the GFP coding se-
quence (Fig. 2A). Transfection of this minigene construct into the
inducible GFP-PABPN1 and GFP-PRMT3 transgenic cell lines
resulted in the expression of a protein product in which the last 60
amino acids of PABPN1 were fused to the C terminus of the GFP
reporter (GFP-6/7) (Fig. 2B, lanes 3 and 7). The induction of
GFP-PABPNI caused a noticeable decrease in the levels of the
GFP-6/7 fusion (Fig. 2B, compare lanes 3 and 4; quantification is
shown in panel C), yet no change in GFP-6/7 level was noted after
induction of GFP-PRMT3 (Fig. 2B, lanes 7 and 8; quantification in
panel C). As an additional control, expression of the wild-type
GFP protein was not altered after GFP-PABPNI1 induction (Fig.
2B, lanes 1 and 2). We next analyzed the transcript expressed from
the minigene construct. To specifically detect the mRNA ex-
pressed from the GFP reporter constructs, we designed an anti-
sense RNA probe that is complementary to a section containing
plasmid and PABPN1 sequences. Accordingly, this RNA probe
did not detect endogenous PABPNI mRNA and the mRNA ex-
pressed from the integrated GFP-PABPNI transgene (Fig. 2D,
lanes 1 and 2). As seen for endogenous PABPN1, northern analysis
detected two major transcript isoforms that were expressed from
the GFP-6/7 minigene (Fig. 2D, lanes 5 and 7): a short isoform in
which intron 6 was spliced out and a long transcript isoform that
retained intron 6 (see Fig. S4 in the supplemental material). Im-
portantly, and consistent with our results with endogenous
PABPN1, induction of GFP-PABPN1 by doxycycline resulted in
reduced levels of spliced mRNA expressed from the GFP-6/7
minigene (Fig. 2D, compare lanes 5 and 6). In contrast, the induc-
tion of GFP-PRMT3 did not affect the ratio between spliced and
unspliced transcripts expressed from the GFP-6/7 minigene (Fig.
2D, lanes 7 and 8). These results indicate that the GFP-6/7 mini-
gene responds to PABPN1-dependent regulation in a manner
similar to that of endogenous PABPNI, indicating that the cis-
acting control elements required for the autoregulatory mecha-
nism are present in the minigene.

We next addressed whether synthesis of a pre-mRNA contain-
ing intron 6 was required for PABPN1-dependent control of GFP-
6/7 expression by generating an intronless version of the mini-
gene. Transfection of the intronless and intron-containing
constructs into the GFP-PABPN] transgenic cell line resulted in
similar levels of GFP-6/7 protein (Fig. 2E, compare lanes 3 and 5).
However, whereas the induction of GFP-PABPN1 resulted in de-
creased levels of GFP-6/7 protein expressed from the intron-con-
taining minigene (Fig. 2E, lanes 3 and 4), no change in GFP-6/7
levels was observed after GFP-PABPNI1 induction in cells express-
ing the intronless version of the minigene (Fig. 2E, lanes 5 and 6;
quantifications are in panel F). In agreement with this protein
analysis, northern data indicated that GFP-PABPN1 induction
did not affect the levels of GFP-6/7 mRNA expressed from the
intronless construct (Fig. 2G, lanes 3 and 4; quantifications in
panel H). These results indicate that PABPN1 autoregulation oc-
curs at the level of unspliced pre-mRNAs that retain intron 6.

Poor splicing efficiency is required for PABPN1-dependent
regulation. The observation that roughly a fifth of PABPN1 cellu-
lar transcripts represent unspliced pre-mRNAs suggested that the
PABPNI 3'-terminal intron is inefficiently spliced. 5" Splice site
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(5" ss) selection by the U1 snRNP is a critical step that determines
the efficiency of intron splicing. Consensus 5 ss nucleotides that
favor base pairing with the Ul snRNA tend to show higher splicing
efficiency (35). Analysis of sequences at the exon-intron junction
of intron 6 in the PABPNI transcript revealed a relatively weak 5’
ss due to the presence of a cytidine (C) at position +3 (Fig. 3A),
which is either an adenine (A) or a guanine (G) in >90% of hu-
man 5’ ss (35). Moreover, a G is at position +6 of the intron (Fig.
3A), whereas a uracil (U) is present in ~50% of the human 5’ ss
(35). To test whether splicing efficiency influences PABPN1 auto-
regulation, we created a 5" ss mutant (5" MUT) that introduced a
C-to-G mutation at position +3 and a G-to-U mutation at posi-
tion +6, which are expected to favor base pairing with the Ul
snRNA and, as a result, increase splicing efficiency. Consistent
with this prediction, expression from the minigene construct with
the 5" ss mutations robustly increased splicing, as demonstrated
by the increased level of spliced mRNA and decreased level of
unspliced pre-mRNA relative to the level for the wild-type intron
(Fig. 3B, compare lane 3 to lane 1). Importantly, the 5 MUT
showed reduced sensitivity to PABPNI1-dependent regulation
compared to that of the minigene with the wild-type intron (Fig.
3B, compare lanes 1 and 2 to lanes 3 and 4, and C). Western blot
analysis also revealed reduced PABPN1-dependent regulation for
the 5’ ss mutations, as seen by the reduced downregulation of
GFP-6/7 protein in the 5 MUT compared to that of the wild-type
construct (Fig. 3D and E). These results show that increasing the
efficiency of intron 6 splicing reduces the capacity of PABPNI1 to
negatively control GFP-6/7 expression.

To further support the idea that PABPN1 autoregulation de-
pends on intron 6 and splicing efficiency, we replaced the ineffi-
ciently spliced 3’-terminal intron of PABPNI with the efficiently
spliced 3’-terminal introns of the RPS2 and HNRNPK genes (Fig.
3F). As expected for efficiently spliced introns, unspliced GFP-6/7
pre-mRNA was not detected when the minigene construct con-
tained the RPS2 and HNRNPK introns (Fig. 3G, lanes 3 and 5).
Importantly, minigenes with RPS2 and HNRNPK introns were
resistant to PABPN1-dependent regulation, as analyzed at the
RNA (Fig. 3G, lanes 3 to 6) and protein (Fig. 3H, lanes 3 to 6)
levels. Moreover, we could engineer the PABPNI1-insensitive
RPS2 intron to become sensitive to GFP-PABPN1 induction by
introducing mutations in the 5’ ss of the RPS2 intron that disfavor
base pairing to the Ul snRNA (see Fig. S5 in the supplemental
material). From these data, we conclude that the poor splicing
efficiency of the PABPN1 3’-terminal intron is important for au-
toregulation.

3’-end polyadenylation is not required for PABPN1 autoreg-
ulation. Autoregulation by PABPNT1 at the level of the unspliced
pre-mRNA predicts a mechanism that involves binding to the
3’-end poly(A) tail. To test whether polyadenylation is required
for PABPN1 self-regulation, we generated a minigene construct in
which a variant of the hepatitis Delta ribozyme was inserted in-
stead of the PABPN1 polyadenylation signal (Fig. 4A). We chose
the hepatitis Delta ribozyme because it was shown previously to
cleave efficiently in human cells (36). A hairpin loop derived from
the 3’ end of human histone mRNA also was inserted 5’ of the
ribozyme cleavage site to stabilize the upstream transcript (36).
Wild-type and ribozyme constructs were transfected into
HEK293T cells, and expression of the GFP-6/7-derived transcripts
was analyzed by Northern blotting. As can be seen in Fig. 4B, the
majority of the transcripts produced from the ribozyme construct
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were unspliced pre-mRNAs that retained intron 6 (lane 3). This
observation is consistent with results showing that poly(A) site
recognition by the 3'-end processing machinery facilitates the
splicing of 3’-terminal introns (37, 38). Although not readily de-
tectable by northern analysis, RT-PCR using a primer that spans
the exon-exon junction indicated that spliced transcripts were
produced from the ribozyme construct (see Fig. S6 in the supple-
mental material). We next verified that the GFP-6/7 ribozyme
construct expressed nonpolyadenylated transcripts by selection of
poly(A)™ RNAs using oligo(dT)-based purification. Northern
analysis of oligo(dT)-selected RNA expressed from the wild-type
GFP-6/7 construct detected both spliced and unspliced transcripts
(Fig. 4B, lane 2). In contrast, RNAs produced from the ribozyme
construct were not detected in the oligo(dT)-bound fraction (Fig.
4B, lane 4). As a control, equal levels of polyadenylated RPS2
mRNA were recovered by oligo(dT) purification using total RNA
prepared from cells transfected with wild-type and ribozyme con-
structs (Fig. 4B, compare lanes 2 and 4), confirming that poly(A)
RNA selection efficiency was similar for both samples. From these
results, we conclude that the GFP-6/7 transcripts expressed from
the ribozyme construct are not polyadenylated.

We next transfected the GFP-PABPN1-inducible cell line with
wild-type and ribozyme constructs to address the importance of
3’-end polyadenylation in the mechanism of PABPN1 autoregu-
lation. Consistent with our previous results using the wild-type
construct, reduced levels of spliced GFP-6/7 mRNA were observed
after GFP-PABPN1 induction (Fig. 4C, lanes 1 and 2). Interest-
ingly, transcripts expressed from the ribozyme constructs still
were sensitive to excess PABPN1, as indicated by the accumula-
tion of unspliced pre-mRNA (Fig. 4C, lanes 3 and 4) and reduced
levels of spliced mRNA (Fig. 4D) after doxycycline induction. Be-
cause spliced transcripts produced from a self-cleaving ribozyme
previously were shown to be competent for nuclear export in
mammalian cells (36), we also investigated the sensitivity of the
ribozyme construct to PABPN1-dependent regulation by measur-
ing GFP-6/7 protein levels. As expected, lower levels of GFP-6/7
proteins were detected in cells transfected with the ribozyme con-
struct than in cells that expressed the wild-type minigene (Fig. 4E,
compare lanes 1 and 3). Importantly, GFP-PABPNI1 induction
caused similar downregulation of GFP-6/7 protein for both wild-
type and ribozyme constructs (Fig. 4E and F), consistent with the
RNA analyses (Fig. 4C and D). Together, these data argue for a
mechanism of PABPN1 autoregulation that is independent of 3'-
end polyadenylation.

An adenosine-rich region in the 3' UTR of the PABPN1 tran-
script is important for autoregulation. Given results indicating
thata 3’ poly(A) tail was not required for PABPN1 self-regulation,
we searched for potential PABPN1 binding sites in the PABPN1
transcript. Notably, an A-rich region was apparent in the PABPN1
3" UTR ~70-nt downstream from the 3’ ss of the terminal intron
(Fig. 5A). Interestingly, this A-rich region is strongly conserved
among vertebrate species (see Fig. S7 in the supplemental mate-
rial). To test whether PABPN1 binds to the A-rich region within
its 3" UTR, we used an RNA gel shift assay to examine binding of
recombinant PABPNI to a 67-nt-long RNA probe that corre-
sponds to PABPN1 3’ UTR sequences containing the A-rich re-
gion. As can be seen in Fig. 5B, GST-PABPN1 robustly bound the
3" UTR RNA probe (lanes 6 to 9), whereas GST alone did not
(lanes 2 to 5). Importantly, binding of PABPNT1 to this region of its
3" UTR was largely dependent on the integrity of the A-rich ele-

July 2015 Volume 35 Number 14


http://mcb.asm.org

PABPN1 Autoregulation via Intron Retention

A Exon6 _ Intron6
WT PABPN1: 5-CAGGUCAGG -3 0G=-6.6

5MUT: 5-CAGGUGAGU-3 a6=-95

-3 -2 -1 +1 +2 +3 +4 +5 +6

g
o
1
*

(+/- DO)Sy)
_|

Relative GFP-6/7
protein expression

0.5
B GFP-6/7: __ WT _ 5 MUT
G 3 ; 0.0- ;
‘ ' s <— pre-mRNA WT S'MUT
GFP-6/7 | F P R
RNA | GFP E; Greseeeeeen (957nt) ......... { | Exon 7 I
=m — PABPN1 - :
0 899
| P
) 226 nt
GFP Exon 6-(-é-|5§"é-)| Exon7 |
RPS2 0 899
A
2 3 4 T W —
XOMO™ ™ L oRNP K . xon

ke x
7 5 “
S \
B= 41 G %?\\\ ?6'7/ Q\$?
ox intron: o9 & x°
%Do 4] Doxy - + - + - +
TL
@+ 2 T
o~ <«—pre-mRNA
g "
e GFP-6/7
S o .
: < mRNA
WT 5 MUT
> SaLLLLLL
WT 5MUT ” FYvw
Doxy - + - + 12 3 4 5 6
| - wmm|crppaBPNT  H
Intron:_PABPN1____ RPS2___ hnRNP K
| m——|GFP-6/7 Doy - + - + - F
| ' |GFP-PABPN1
[ — e Grp A
l |GFP-6/7

| |Tubulin

IQ‘- el -'-—.v —— -'-_"‘|GFP

[ cumm— ITubuIin
1 2 3 4 5 6

FIG 3 Inefficient splicing of the PAPBN1 terminal intron is necessary for PABPN1 autoregulation. (A) The 5" ss sequences of wild-type (WT) and mutated
(5" MUT) PABPNI intron 6 are shown. Nucleotide changes introduced in intron 6 sequence to enhance splicing efficiency are shown in green. Nucleotide
positions are numbered and indicated under each nucleotide. AG, predicted free energy of 5" ss. (B) Northern blot analysis using total RNA prepared from
untreated (—) and doxycycline-treated (+) GFP-PABPNI1 transgenic (Tg) cells that previously were transfected with wild-type (lanes 1 and 2) and 5’ ss
mutant (lanes 3 and 4) GFP-6/7 constructs. (C) Quantification of GFP-6/7 unspliced/spliced ratios from Northern blot data and expressed relative to
those for the uninduced control (—Doxy). ¥, P < 0.05 by Student’s t test. (D) Western blot analysis of the indicated proteins using extracts from untreated
(—) and doxycycline-treated (+) GFP-PABPNI transgenic cells that previously were transfected with wild-type (lanes 1 and 2) and 5’ ss mutant (lanes 3
and 4) GFP-6/7 constructs. (E) GFP-6/7 protein levels were normalized to those for tubulin and GFP (to control for transfection efficiency) and expressed
relative to those for the uninduced control (—Doxy). *, P < 0.05 by Student’s ¢ tests. (F) Schematic of GFP-6/7 constructs with PABPNI, RPS2, and
HNRNPK 3’-terminal introns used to study PABPN1-dependent regulation. (G and H) Northern blot (G) and Western blot (H) analyses of extracts
prepared from untreated (—) and doxycycline-treated (+) GFP-PABPNI1 transgenic cells that previously were transfected with GFP-6/7 constructs
containing the PABPN1 (lanes 1 and 2), RPS2 (lanes 3 and 4), and HNRNPK (lanes 5 and 6) introns. Cells also were cotransfected with a vector expressing
GFP to control for transfection efficiency.

July 2015 Volume 35 Number 14 Molecular and Cellular Biology mcb.asm.org 2509


http://mcb.asm.org

Bergeron et al.

A

GFP-6/7 Ribozyme

GFP-6/7 GFP-6/7

STOP WT _ Ribozyme
Intron 6 | stem-bz
GFP EXON §=ererrsseerersssnnensssanns | Exon7 dT - + - +
0 850 Doxy - - - -
C GFP-6/7  GFP-6/7 ;
WT Ribozyme ¥ o :jpre-mRNA
Doxy - + - + .
L e GFP-6/7
G e «~—mRNA
& “ <« pre-mRNA
GFP-6/7 o . 2 _
«— mRNA RPS2 "“
1 2 3 4
RPS2 154
s
‘w < e e % ek
<
1 2 3 4 o @ 1.0
QT
38
E f_>j 2 0.5 .
5% -
[}
GFP-6/7 WT __ GFP-6/7 Ribozyme e ol F'T :
Doxy - + - + - + - + Doxy
m—— - | GFP-PABPN1 GFP-6/7 GFP-6/7
— F WT Ribozyme
| — - - | P67 159
~
| — — a—a— .0 g, | —= e
1 2 3 4 G2
o2
2o
T 5 05 -T- T
[}
(4
0.0- - T
- + - +  Doxy
GFP-6/7 GFP-6/7
WT Ribozyme

FIG 4 PABPNI1 autoregulation does not require canonical 3'-end processing and polyadenylation. (A) Schematic diagram of the GFP-6/7 ribozyme construct.
(B) Northern blot analysis of total (lanes 1 and 3) and oligo(dT)-selected (lanes 2 and 4) RNA prepared from cells transfected with DNA constructs that express
wild-type (lanes 1 and 2) and ribozyme-processed (lanes 3 and 4) GFP-6/7 transcript. (C) Northern blot analysis of total RNA prepared from untreated (—) and
doxycycline-treated (+) GFP-PABPNI1 transgenic (Tg) cells that previously were transfected with wild-type (lanes 1 and 2) and ribozyme-processed (lanes 3 and
4) GFP-6/7 constructs. (D) Quantitative RT-PCR analysis of spliced GFP-6/7 mRNA produced from wild-type and ribozyme constructs. GFP-6/7 mRNA levels
were normalized to RPS2 mRNA and expressed relative to those for the uninduced control (—Doxy). ***, P < 0.001 by Student’s ¢ test. (E) Western blot analysis
using extracts from untreated (—) and doxycycline-treated (+) GFP-PABPNI transgenic cells that previously were transfected with wild-type (lanes 1 and 2) and
ribozyme (lanes 3 and 4) GFP-6/7 constructs. (F) GFP-6/7 protein levels were normalized to those for tubulin and expressed relative to those for the uninduced

control (—Doxy). ***, P < 0.001 by Student’s t test.

ments, as disruption of the poly(A) stretches with cytidine (A-
Mutl and A-Mut2) (Fig. 5A) clearly reduced PABPN1 binding to
this region, as determined by competition assays (Fig. 5C, com-
pare lanes 5 to 8 to lanes 3 and 4). These results suggest direct
binding of PABPNI1 to the A-rich region of its 3" UTR.

We next examined whether disruption of the adenosine re-
peats in the PABPN1 3" UTR affected PABPN1 autoregulation by
introducing the A-to-C mutations that decreased PABPN1 bind-
ing (Fig. 5A to C) in the GFP-6/7 minigene construct. Analysis of
GFP-6/7 protein levels before and after GFP-PABPN1 induction
revealed a significant decrease of PABPN1-mediated regulation in
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cells that expressed constructs containing mutations in the A-rich
regions (Fig. 5D, compare lanes 5 to 8 to lanes 3 and 4; quantifi-
cation is shown in panel E). This observation, obtained by mea-
suring GFP-6/7 protein, was supported by RNA analyses, which
indicated that the ability of PABPNI1 to decrease spliced mRNA
levels was reduced in cells that expressed constructs harboring the
A-to-C mutations (Fig. 5F, compare lanes 7 to 10 to lanes 5 and 6).
Accordingly, A-to-C mutants significantly reduced the increase in
the unspliced/spliced ratio after GFP-PABPNI induction (Fig.
5G). Northern analysis further revealed that the mutations intro-
duced in the A-rich region stimulated intron 6 splicing, as dem-
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4),and hnRNP C (lane 6). (H) RT-qPCR analysis of PABPNI unspliced/spliced ratios using total RNA prepared from HEK293T cells treated with siRNAs specific

to hnRNP H, hnRNP A2/B1, and hnRNP C, as well as a nontarget control siRNA. P < 0.001 (***), P < 0.01 (**), and P < 0.05 (*) by Student’s ¢ test.

onstrated by the significant decrease in the unspliced/spliced ratio
relative to that of the wild-type construct under normal unin-
duced conditions (Fig. 5F, compare lanes 7 and 9 to lane 5; quan-
tification in panel H). Collectively, the data presented in Fig. 5
suggest that PABPN1 autoregulation occurs via binding to the
A-rich region of its 3’ UTR, which interferes with the splicing of
intron 6, thereby decreasing the levels of spliced mRNA.
Splicing of the PABPN1 3’-terminal intron is controlled by
SRSF10, hnRNP H, and hnRNP A2/B1. The data described above
suggest that PABPN1 self-regulation occurs at the level of the un-
spliced pre-mRNA. Because introns with weak splice sites fre-
quently are substrates for regulation by trans-acting factors, we
searched for proteins contributing to the control of PABPNI in-
tron 6 splicing. Examination of the nucleotide sequence of the two
exons flanking PABPNI intron 6 revealed a conserved GA-rich
region located at the beginning of the downstream exon and ad-
jacent to the A-rich region bound by PABPNI1 (see Fig. S7 in the
supplemental material). GA-rich sequences are a hallmark of ser-
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ine-arginine-rich splicing factor 10 (SRSF10) binding, as deter-
mined by SELEX (39) and RNAcompete (40), and have been
shown to be overrepresented in the vicinity of SRSF10-activated
exons (41). To test whether SRSF10 regulates PABPN1 splicing,
we overexpressed a GFP-tagged version of SRSF10 in HEK293T
cells (Fig. 6A) and analyzed the levels of spliced and unspliced
PABPNI transcripts. Overexpression of GFP-SRSF10 significantly
promoted PABPNI splicing, as demonstrated by the reduced un-
spliced/spliced ratio (Fig. 6B). In contrast, overexpression of GFP-
hnRNP C (Fig. 6A) did not affect the ratio between spliced and
unspliced transcript (Fig. 6B).

We next addressed whether SRSF10 directly regulates the splic-
ing of PABPN1. RNA coimmunoprecipitation (RIP) experiments
were performed to examine whether unspliced PABPNI tran-
scripts copurify with SRSF10. We purified GFP-SRSF10 (Fig. 6C)
and measured the association of unspliced PABPNI transcripts by
RT-PCR relative to a control GFP purification. A clear enrichment
of unspliced PABPNI transcript was found in the GFP-SRSF10-
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(**) and P < 0.05 (*) by Student’s ¢ tests.

bound fraction relative to the control GFP purification (Fig. 6D),
aresult consistent with the idea that stimulation of PABPNI splic-
ing by SRSF10 (Fig. 6B) is a consequence of binding to the un-
spliced PABPN1 pre-mRNA. Given the close proximity between
the GA-rich and A-rich regions at the beginning of exon 7 of the
PABPNI transcript (see Fig. S7 in the supplemental material), we
next tested whether binding of PABPN1 to the A-rich region af-
fected the association between SRSF10 and the PABPN1 pre-
mRNA. For this, we used RIP assays to examine the impact of
Flag-PABPN1 overexpression on GFP-SRSF10 binding to endog-
enous PABPNI pre-mRNAs. As can be seen in Fig. 6E, the level of
PABPNI1 pre-mRNA associated with SRSF10 was substantially re-
duced in cells in which Flag-PABPN1 was induced (+Doxy) com-
pared to levels in noninduced cells (—Doxy), despite the purifica-
tion of similar levels of GFP-SRSF10 from both induced and
noninduced cells (Fig. 6F, lanes 7 and 8). These data suggest that
PABPNI1 binding to the A-rich region of its exon 7 negatively
affects the association between the splicing factor, SRSF10, and the
PABPNI1 pre-mRNA.

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are an-
other important class of RNA-binding proteins that function in
the regulation of alternative splicing, frequently in the control of
the alternative splicing of cassette exons (42). Recently, transcrip-
tome-wide binding of several hnRNPs was determined by cross-
linking immunoprecipitation followed by sequencing (CLIP-seq)
analysis (43). hnRNP H and hnRNP A2/B1 were found to bind
intron 6 of PABPNI. To examine the functional significance of
this binding to the splicing of the PABPNI 3'-terminal intron, we
used siRNAs to efficiently deplete hnRNP H and hnRNP A2/B1
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from HEK293T cells (Fig. 6G) and measured the levels of spliced
and unspliced PABPNI transcripts by quantitative RT-PCR. As
can be seen in Fig. 6H, the individual depletion of hnRNP H and
hnRNP A2/B1 resulted in a slight decrease in the levels of un-
spliced pre-mRNA relative to those of spliced mRNA and com-
pared to cells treated with control siRNAs. In contrast, the single
depletion of hnRNP C did not perturb the unspliced/spliced
PABPNI RNA ratio. Interestingly, codepletion of hnRNP H and
hnRNP A2/B1 showed an additive effect in the ratio of unspliced/
spliced transcripts relative to those for either single depletion (Fig.
6H), consistent with the observation that hnRNP H and hnRNP
A2/B1 bind different regions of PABPNI intron 6 (43). However,
the induction of GFP-PABPN1 in cells previously depleted of both
hnRNP H and hnRNP A2/B1 did not significantly alter the auto-
regulation capacity of PABPNI1 (data not shown). Together, these
results suggest that hnRNP H and hnRNP A2/B1 function as splic-
ing repressors for PABPNTI intron 6 but are not directly involved
in the mechanism of PABPN1 autoregulation.

PABPNI autoregulation requires the nuclear RNA exosome
but not nonsense-mediated RNA decay. The data presented
above are consistent with a model in which PABPN1-dependent
intron retention promotes the rapid degradation of unspliced pre-
mRNAs in the nucleus, thereby reducing the cytoplasmic levels of
spliced mRNA. To examine whether nuclear RNA decay by the
exosome was involved in PABPNI autoregulation, we used
siRNAs to knock down hRRP40 and hMTR4 (Fig. 7A, lanes 4 and
6), two central components of human exosome ribonucleolytic
activity (44). The GFP-PABPNI1 inducible cell line first was trans-
fected with gene-specific siRNAs and cultured in the absence or
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intron, which promotes pre-mRNA decay by the exosome.

presence of doxycycline to induce GFP-PABPNI. Total RNA was
subsequently prepared from induced and noninduced cells, and
quantitative RT-PCR was used to examine the impact of exosome
deficiency on PABPNI autoregulation by measuring the levels of
PABPNI mRNA. Consistent with our previous results, induction
of GFP-PABPNI1 resulted in a robust ~85% decrease in PABPN1
mRNA in cells treated with control siRNAs (Fig. 7B). Strikingly,
the most prominent defect in PABPN1 autoregulation was ob-
served in hMTR4-depleted cells, in which PABPNI mRNA levels
were significantly increased following GFP-PABPNI1 induction
relative to those in cells treated with control siRNAs (Fig. 7B).
PABPNI autoregulation also was reduced in hRRP40-depleted
cells (Fig. 7B). No significant changes in PABPNI mRNA levels
were detected in cells deficient for a key component of nonsense-
mediated RNA decay, UPF1, and for the nuclear 5'-3" exonu-
clease, XRN2 (Fig. 7A and B). Importantly, the doxycycline-de-
pendent changes observed in hMTR4- and hRRP40-depleted cells
were specific to the PABPNI mRNA, as levels of the control HPRT
mRNA were not altered by exosome deficiency after GFP-
PABPNI1 induction (Fig. 7C). These results indicate that the nu-
clear exosome contributes to PABPN1 autoregulation.

DISCUSSION

Autoregulation is a mechanism for the homeostatic control of
gene expression that becomes particularly important in cases in
which a deficiency or a surplus of protein affects cell functions.
PABPNI is an evolutionarily conserved RNA-binding protein
with multiple roles in posttranscriptional gene regulation. Ac-
cordingly, studies have demonstrated that a deficiency in PABPN1
alters the expression of specific genes (5, 7, 23) and causes prolif-
eration defects (4). Conversely, studies also have shown that
overexpression of Pab2, the yeast homolog of PABPNI, results in
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growth inhibition in Schizosaccharomyces pombe (45), while
the muscle-specific overexpression of wild-type mammalian
PABPNI1 in Drosophila results in muscle defects (46). In oculopha-
ryngeal muscular dystrophy (OPMD), mutations in the PABPNI
coding sequence affect mRNA levels (13, 14). Thus, the autoreg-
ulatory mechanism disclosed in this study supports the idea that
PABPNI1 expression needs to be strictly controlled for normal cell
physiology. Importantly, we provide mechanistic insights into
how this autoregulatory pathway involves PABPN1 binding to an
adenosine-rich region in its 3" UTR, which promotes the degra-
dation of intron-retained PABPN1 pre-mRNA in the nucleus.
Gene regulation by nuclear pre-mRNA decay. In this study,
we report on the ability of PABPN1 to control its steady-state
protein level via a negative feedback loop that results in reduced
mRNA levels. Using a minigene construct that recapitulated
PABPN1-dependent regulation, we showed that autoregulation
occurs at the level of unspliced pre-mRNA (Fig. 2) and requires
inefficient splicing of the 3'-terminal intron (Fig. 3). In addition,
we provide evidence that PABPN1 autoregulation depends on the
activity of the nuclear RNA exosome, as a deficiency in exosome
function reduced the ability of excess PABPN1 to negatively con-
trol its endogenous mRNA level (Fig. 7). Collectively, our results
are consistent with a model of PABPN1 homeostatic expression in
which pre-mRNA decay by the nuclear exosome competes with
splicing of the PABPNI 3’-terminal intron by the spliceosome
(Fig. 8A). The equilibrium between decay and splicing of un-
spliced PABPNI pre-mRNAs is influenced by PABPN1 protein
levels (Fig. 8A and B). Accordingly, our in vitro and in vivo data
suggest that PABPNI1 directly interacts with a highly conserved
adenosine-rich region in its 3" UTR, and by this means it nega-
tively affects the splicing of the 3'-terminal intron. Therefore, at
high concentrations, PABPN1 can more effectively interfere with
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splicing of its terminal intron and influence the equilibrium to-
ward pre-mRNA decay by the exosome, providing a mechanism
for self-regulation (Fig. 8B). Although most of the results pre-
sented in the current study support an autoregulatory mechanism
that acts primarily at the RNA level, we do not exclude that post-
translational mechanisms, such as the formation of insoluble nu-
clear PABPNI1 aggregates (47), also contribute to control PABPN1
protein levels.

Despite evidence that supports the contribution of exosome-
dependent nuclear RNA decay in the mechanism of PABPN1 au-
toregulation (Fig. 7), the fact that intron-retained PABPNI pre-
mRNAs are readily detected at steady state (Fig. 1) suggests that a
pool of polyadenylated unspliced PABPN1 transcript is relatively
stable in the nucleus. This observation is consistent with recent
findings from Boutz et al., which show that thousands of intron-
retained transcripts stably accumulate in the nucleus and are not
subject to unproductive splicing by nonsense-mediated decay
(28). Given that excess levels of PABPNI1 caused a strong (80 to
90%) reduction in PABPN1 mRNA levels yet only marginal (5 to
10%) accumulation of intron-retained pre-mRNA, we propose
that PABPN1 autoregulation mainly targets cotranscriptional
splicing of intron 6, rather than the pool of intron-retained
PABPNI1 transcripts that accumulate in the nucleus. PABPN1 au-
toregulation at the level of cotranscriptional splicing would also
explain why a deficiency in nuclear exosome did not affect the
level of intron-retained pre-mRNA after GFP-PABPNI1 induction
(data not shown) but increased PABPN1 mRNA levels (Fig. 7):
reduced competition from nuclear pre-mRNA decay increases the
opportunity for productive cotranscriptional splicing of the 3’
terminal intron, resulting in the observed increase of PABPNI
mRNA in exosome-deficient cells.

PABPNI1 did not affect the expression of intronless and intron-
swap constructs (Fig. 2 and 3), despite preserving the adenosine-
rich tract in their 3’ UTR. These data argue against the idea that
the mechanism of PABPN1 autoregulation proceeds mainly by
inhibiting the export of bound transcripts. Rather, our results are
more consistent with a role of PABPN1 in the splicing modulation
of its 3'-terminal intron. The exact mechanism underlying
PABPN1-mediated splicing regulation still needs investigation,
but it may include an influence on SRSF10 recruitment (Fig. 8).
Accordingly, the results from our RIP assays (Fig. 6) suggest that
binding of SRSF10 and PABPNI1 to the flanking GA-rich and A-
rich regions of the PABPNI 3" UTR, respectively, are mutually
exclusive. Indeed, the preferred RNA motif recognized by
PABPNI in vitro is A-G/A-A-A-G/A-A, whereas it is A-G-A-G-A-
G/A-G/A for SRSF10 (40). Such sequence similarity could involve
competitive binding to the PABPNI pre-mRNA, whereby excess
PABPN1 would interfere with SRSF10 recruitment, preventing
the activator role of SRSF10 in the splicing of the PABPNI 3'-
terminal intron (Fig. 8B). A model in which PABPN1 competes
with RNA processing was proposed as the mechanism whereby
PABPNI1 controls alternative polyadenylation (APA) of specific
genes, most likely by competing with the 3"-end processing ma-
chinery (6, 7). The nature of the gene specificity for PABPN1-
regulated APA remains unclear, however. The results presented in
this study raise the possibility that PABPN1 as well as other
poly(A)-binding proteins, in addition to their general roles in
RNA metabolism, also function in gene-specific regulation
through binding to internal adenosine-rich tracts. In that respect,
the major human PABP in the cytoplasm, PABPCI, binds to an
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adenosine-rich region in the 5" UTR of its own mRNA, thereby
negatively repressing translation (48), while the major nuclear
PABP in S. cerevisiae, Nab2, binds to an internal poly(A) stretch in
its mRNA to repress 3'-end processing (49). Because genome-
encoded internal poly(A) tracts are relatively common in human
genes, with the majority of =12-adenosine stretches located in
introns and 3’ UTRs (50), it is tempting to speculate that these
template-encoded poly(A) tracts function in gene-specific regula-
tion via PABPs.

The PABPN1-dependent mechanism of gene regulation iden-
tified in this study is reminiscent of how S. pombe Pab2 controls
the expression of specific intron-containing genes via exosome-
mediated pre-mRNA decay (23). One of the important similari-
ties between these two nuclear pre-mRNA decay pathways is that
they both depend on poor splicing efficiency. Accordingly, the
inefficient splicing required by these pre-mRNA decay pathways
likely increases the window of opportunity for PABPN1/Pab2 and
the exosome to compete with RNA splicing.

Intron retention as a mechanism for PABPNI gene regula-
tion. Although RNA splicing generally is thought to occur cotran-
scriptionally (51), our data suggest that the 3’-terminal intron of
PABPNI frequently is spliced posttranscriptionally. Importantly,
our findings revealed that intron retention (IR) is a mechanism
allowing PABPN1 to control its own expression. Previous studies
have shown that IR is used as a mechanism for the self-control of
certain RNA-binding proteins, most frequently splicing factors
(19,52, 53). In these cases, as well as for most IR-dependent mech-
anisms of gene regulation, NMD appears to be the primary path-
way used to achieve negative control of mRNA levels (29, 54). In
contrast, our results argue that NMD is not involved in PABPN1
autoregulation, as depletion of UPF1 did not impair the ability of
GFP-PABPNI1 to repress endogenous PABPN1 mRNA levels (Fig.
7). Rather, our data are consistent with a mechanism of IR-medi-
ated nuclear retention coupled to pre-mRNA decay by the exo-
some.

In general, IR is considered an uncommon mechanism of al-
ternative splicing. However, recent studies indicate that IR is
widespread in mammalian transcriptomes (29) and important for
the regulation of functionally related groups of genes (26, 27).
Mechanistically, our results indicated that a weak 5" ss and splic-
ing repressors, hnRNP H and hnRNP A2/B1, contribute to the
degree of PABPNI IR. Future investigations will be required to
examine whether RNA polymerase II-pausing (29) and/or chro-
matin-associated proteins (55) also influence retention of the
PABPNI 3’-terminal intron. It also will be interesting to deter-
mine the subnuclear localization of intron-retained PABPNI
transcripts, as retention at or near the site of transcription is dis-
tinctive for defective RNAs that are directed to exosome-mediated
decay (56). Alternatively, unspliced PABPNI transcripts could ac-
cumulate in a specific nuclear environment, functioning as a res-
ervoir for rapid posttranscriptional splicing in response to cellular
cues or homeostatic regulation.

Relatively few data are available on the patterns of PABPNI
expression and regulation in humans. In mice, PABPNI protein
levels vary substantially across tissues as a result of the differential
expression of two major mRNA isoforms that have been proposed
to result from the alternative use of poly(A) sites (9). However, it
should be noted that the proximal poly(A) site identified for the
mouse PABPNI mRNA is 66 bp downstream of the stop codon
(9), which maps precisely inside the conserved adenosine-rich re-
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gion in the 3" UTR, raising the possibility of mispriming by oli-
go(dT)-based reverse transcription. In fact, we detected intron-
retained PABPN] transcripts in the C2C12 mouse cell line (see
Fig. S8 in the supplemental material), suggesting that PABPNI IR
is conserved in mice. Thus, in addition to functioning in autoreg-
ulation, the IR-mediated mechanism of gene regulation described
in this study could be used to control PABPNT1 levels in different
cell types and tissues. For instance, by altering the concentration
and/or activity of splicing regulators, such as hnRNP H, hnRNP
A2/B1, and SRSF10, cells could control PABPN1 mRNA levels, as
demonstrated by our data.

In summary, we have uncovered a mechanism of regulated
intron retention coupled to pre-mRNA decay that controls
PABPNI expression in human cells. Our data did not reveal any
significant differences in autoregulation capacity between normal
and alanine-expanded versions of PABPN1 (see Fig. S1 in the
supplemental material). However, it remains possible that the
negative autoregulatory loop described in this study becomes suf-
ficiently impaired during the 30- to 50-year period needed to de-
velop the first OPMD symptoms to account for the altered levels
of PABPNI mRNA expressed from OPMD alleles (13, 14), poten-
tially resulting in the accumulation of aberrant PABPN1 protein.
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