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Protein phosphatase 1 binds to the RNA recognition
motif of several splicing factors and regulates
alternative pre-mRNA processing
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Alternative splicing emerges as one of the most important mechanisms to generate transcript diversity. It is
regulated by the formation of protein complexes on pre-mRNA. We demonstrate that protein phosphatase 1
(PP1) binds to the splicing factor transformer2-betai (tra2-betal) via a phylogenetically conserved RVDF
sequence located on the RNA recognition motif (RRM) of tra2-betal. PP1 binds directly to tra2-betal and
dephosphorylates it, which regulates the interaction between tra2-betal and other proteins. Eight other pro-
teins, including SF2/ASF and SRp30c, contain an evolutionary conserved PP1 docking motif in the beta-4
strand of their RRMs indicating that binding to PP1 is a new function of some RRMs. Reducing PP1 activity
promotes usage of humerous alternative exons, demonstrating a role of PP1 activity in splice site selection.
PP1 inhibition promotes inclusion of the survival of motoneuron 2 exon 7 in a mouse model expressing the
human gene. This suggests that reducing PP1 activity could be a new therapeutic principle to treat spinal
muscular atrophy and other diseases caused by missplicing events. Our data indicate that the binding of
PP1 to evolutionary conserved motifs in several RRMs is the link between known signal transduction path-
ways regulating PP1 activity and pre-mRNA processing.

INTRODUCTION

The recent sequencing of metazoan genomes demonstrated the
importance of alternative splicing as a major mechanism for
generating multiple gene products from the unexpected low
number of genes. The vast majority of human protein-encoding
genes undergo alternative splicing (1,2). Unlike promoter
activity that predominantly regulates the abundance of
transcripts, alternative splicing influences the sequence of
the mRNAs and their encoded proteins. As a result, it influ-
ences binding properties, intracellular localization, enzymatic

activity, protein stability and post-translational modification
of numerous gene products. The biological effects evoked by
alternative splicing are diverse and range from a complete
loss of function to subtle effects (3). Since splice sites are
highly degenerate, protein complexes forming on the
pre-mRNA help in the high-fidelity recognition of exons.
SR-proteins and hnRNPs are the major classes of proteins
identified in these complexes. They generally possess RNA-
binding and protein-interaction domains that allow weak, tran-
sient binding between protein and pre-mRNA as well as
between proteins. The combination of these multiple weak
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interactions ultimately leads to the proper recognition of exons
by the spliceosome (4,5).

Transformer2-betal (tra2-betal) is one of the proteins that
regulate splice site selection by recruiting regulatory proteins
to exon sequences. It is an SR-like protein and is composed
of two RS-domains flanking a central RNA-recognition
motif. The RS-domains allow interaction between tra2-betal
and other SR-proteins, as well as homomultimerization
(6—8). Tra2-betal binds to a degenerate RNA sequence that
is rich in purine residues and is more frequently found in
exons than in introns, which suggests that its major function
is the identification of exonic sequences on pre-mRNA. The
protein promotes in a concentration-dependent manner the
inclusion of a large number of alternative exons that
contain its recognition sequence (9,10). It was first identified
in Drosophila, where it is part of a cascade of alternative spli-
cing decisions that ultimately determine the sex of the flies
(11,12). Like other SR-proteins, tra2-betal is predominantly
nuclear where it is localized in a characteristic speckled
pattern. Its pre-mRNA undergoes alternative splicing, giving
rise to at least five mRNA isoforms that are subject to autore-
gulation, which allows the precise control of the cellular
tra2-betal concentration (10). Despite this autoregulation,
tra2-betal expression is unphysiologically high in breast and
ovarian cancer (13,14), hypoxia (15,16), silicosis (17) and
arteriosclerosis (18). Similar to many other mRNAs generated
by alternative splicing, the formation of tra2-beta isoforms is
subject to developmental and cell-type specific control (7),
which changes in response to cellular stimulation. For
example, neuronal activity shifts the isoform ratios of
tra2-beta toward the brain and testis-specific isoform
tra2-beta3 (19). Such signal-dependent changes of alternative
splicing are frequently observed (20,21). The underlying
mechanism causing a rapid switch between alternative
mRNA isoforms is unknown, but since it does not require
protein-synthesis in most cases, it is most likely due to
changes in reversible protein phosphorylation (20,22).

SR-proteins are phosphorylated by several kinases, includ-
ing the Clk/Sty kinase family (cdc2-like kinases, Clk1-4), the
SRPK family (SRPK1,2), mammalian PRP4, topoisomerase |
and CDC2 kinase 2 (23). Functionally, phosphorylation of
SF2/ASF regulates its interaction with the U170K protein,
SRp40 and its homomultimerization. It can either increase
protein : protein interaction, e.g. between SF2/ASF and
U170K or decrease protein : protein interaction, e.g.
between SF2/ASF and SRp40 or tra2-alpha (24,25). As a
result, a change in phosphorylation of SR-proteins influences
their activity in splice site selection and can modulate
alternative exon usage (22,26—28). Phosphorylation can
either increase or decrease alternative exon usage, which
most likely reflects that it can both promote and inhibit pro-
tein : protein interactions. Protein phosphatases cause the
dephosphorylation of SR-proteins that is necessary for the
transesterification reaction (29). Protein phosphatase 1
(PP1) (30) and protein phosphatase 2Cgamma (31) associate
with complexes formed on pre-mRNA and can be identified
in the B complex (32). PP1 or PP2A-mediated dephosphory-
lation are involved in the structural rearrangements that
are necessary for the transition from the first to second
step of splicing (33). However, the binding partners and
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dephosphorylation targets in the
spliceosome are unknown.

The physiological importance of the correct splice site
selection is most obvious in human diseases caused by aber-
rant splicing. It has been estimated that up to 15% of diseases
caused by mutations are due to changes in splice site selection
(34-36). One of these diseases is spinal muscular atrophy
(SMA). SMA is caused by the loss of the SMNI gene,
which encodes the survival of motoneuron (SMN) protein
that is ubiquitously expressed and necessary for motoneuron
survival. In addition to SMNI1, humans possess SMN2, an
almost identical gene. However, the SMN2 gene cannot com-
pensate for the loss of SMNI, because it is differently spliced
(37). Although the gene structure and mRNA sequences
between SMN1 and SMN2 are almost identical, there is a
single C— T exchange at position +6 in exon 7. Due to this
difference, exon 7 is constitutively used in SMN1, but predo-
minantly excluded in SMN2. The exclusion of exon 7 causes
the production of an unstable protein with an altered C-
terminus. Therefore, cells lacking both copies of SMNI
produce insufficient amounts of SMN protein, which leads to
the death of motoneurons. Since promotion of SMN2 exon 7
usage could potentially cure the disease, its regulation was
intensively studied. SMN1 exon 7 inclusion is dependent on
a central, tra2-betal-dependent exonic enhancer (37,38) and
an SF2/ASF-dependent enhancer located on the 5" part of
the exon that is absent in SMN2 due to the C—T change
(39). Since the tra2-betal-dependent enhancer is still present
in SMN2 exon 7, increasing the concentration of tra2-betal
promotes its inclusion.

Here we show that tra2-betal contains an evolutionary
conserved PP1-binding motif. This binding motif is located
in the beta-4 strand of the RNA recognition motif (RRM).
The sequence of the PP1-binding motif is also conserved in
the beta-4 strand of eight other RRMs, including those of
SF2/ASF, SRp30c and PTB (polypyrimidine tract-binding
protein). PP1 binds to tra2-betal and dephosphorylates it,
which modulates the interaction between tra2-betal and
other SR proteins. PP1 inhibition promotes inclusion of
SMN2 exon 7 in patient-derived cells and mouse models,
suggesting that this might be a new strategy for the treatment
of SMA.

of the phosphatases

RESULTS

Tra2-betal contains an evolutionary conserved, previously
unrecognized motif in the beta-4 strand of its RNA
recognition motif that binds to PP1

Tra2-betal is an SR-like protein. It was detected in all metazo-
ans, except plants. The protein contains a central RRM flanked
by two serine-arginine-(SR)-rich domains. We compared all
known tra2-betal protein sequences and identified a conserved
RVDF sequence downstream of the alpha 2 helix of the RRM
(Fig. 1A). Comparison with solved RRM structures and the
NMR structure of the tra2-betal RRM (protein database
code: 2CQC) shows that this motif is located in the beta-4
strand of the RRM. The motif corresponds to the consensus
RVDF sequence that is present in most binding partners of
PP1. This docking motif interacts with a hydrophobic
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Figure 1. PP1 binds to a conserved motif in tra2-betal — (A) Alignment of tra2-betal sequences from different species: The cartoon on the top shows the domain
structure of tra2-betal (6), RS, arginine-serine-rich domain; RRM, RNA recognition motif; G, glycine-rich region. The black line shows the conserved RVDF
motif. The alpha 2 helix and the downstream predicted beta-sheets based on the NMR-solution structure (PBD code: 2CQC) are indicated below. B3’ refers to a
short beta strand that is sometimes present in loop 5 of the RRM (68). All available sequences corresponding to human tra2-betal residues 161196 are aligned.
A box indicates the RVDF motif implicated in PP1 binding. Residues that are conserved in all species are marked in yellow. (B) Coimmunoprecipitation of
tra2-betal and PP1: EGFP-tra2-betal wild-type (wt), EGFP-tra2-betal with a RVDF to RATA mutation (mt) and HA-PPlcgamma were expressed in
HEK293 cells. Protein complexes were precipitated with anti-GFP antisera and identified by subsequent western blot analysis with anti-GFP and anti-PP1.
Pointed arrows indicate tra2-betal protein, round arrows indicate PP1 protein. About 10% of the proteins for immunprecipitations were loaded in the load
control on the right. (C) Direct interaction between tra2-betal and PPl proteins: Recombinant His-tagged tra2-betal, His-tra2-betal-RATA and
His-YT521-B were immobilized on Ni**-agarose and incubated with recombinant PP1. After washing, proteins were detected by coomassie staining on
PAGE gels and by western blot. YT521-B is a non-related protein serving as a negative control. (D) Gel retardation assay: 1 pg of nuclear extract (NE), recom-
binant tra2-betal and tra2-betal-RATA were incubated with a purine-rich RNA probe and analyzed by native gel electrophoresis. The pointed arrow indicates
the RNA : protein complexes, the round arrow the free probe.
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channel of PP1 that is remote from the catalytic site (40,41).
As in other PP1 interactors, the RVDF motif of tra2-betal is
N-terminally flanked by basic residues at position —2 and/or
—3 that promote the initial binding to PP1 (42). The RVDF
is followed by three evolutionary highly conserved amino
acids: S/non-polar/T. It is fully conserved in all tra2-betal
sequences from vertebrates, except some fish species and
non-vertebrate species, where it is changed to RVDY.
However, a tyrosine at the last position is present in other
PP1 interactors (43).

Since the sequence alignment suggests that there is a phylo-
genetically conserved PPl-binding site in tra2-betal
sequences, we performed immunoprecipitations to test
whether PP1 binds to tra2-betal. As a negative control, we
mutated the RVDF motif to RATA, which is known to
destroy the ability of this sequence to bind PP1 (44). PP1
coimmunoprecipitates with tra2-betal, indicating that both
proteins can form a molecular complex. In contrast, no inter-
action between tra2-betal-RATA and PPl is observed
(Fig. 1B). To rule out nucleic acid-mediated effects, benzo-
nase was added to all immunoprecipitates. Even in the
absence of benzonase, the interaction between PP1 and
tra2-betal depended on the RVXF motif (Supplementary
Material, Fig. SIA). To determine whether their interaction
is direct, we analyzed the binding of purified recombinant pro-
teins. Tra2-betal was generated using the baculovirus
expression system as a His-tagged protein. After purification,
tra2-betal was immobilized on Ni**-agarose and used as an
affinity matrix for the binding of purified PP1. As shown in
Figure 1C, PP1 bound to tra2-betal, but not to
tra2-betal-RATA and not to the unrelated splicing factor
YT521-B (45), demonstrating a direct protein : protein inter-
action between tra2-betal and PP1. To test whether mutating
the RVDF motif into RATA disrupts the RRM, we performed
gel retardation assays using recombinant proteins and a
purine-rich synthetic RNA. As shown in Figure 1D, both pro-
teins bound to the RNA, demonstrating that the mutation did
not disrupt the overall structure of the RRM. Together, these
data show that tra2-betal binds directly to PP1 via its con-
served RVDF motif.

The RVDF motif promotes the colocalization between
tra2-betal and PP1

Next, we investigated whether the colocalization between
tra2-betal and PP1 depends on the RVDF motif. Both proteins
exhibit a dynamic localization in the cell. Tra2-betal is mainly
localized in nuclear speckles, but shuttles between nucleo-
plasma and cytosol where it accumulates under stress con-
ditions, such as hypoxia (10,16). Mammalian cells express
three highly related alpha, beta and gamma PPl isoforms
that are encoded by different genes. All isoforms exhibit a
dynamic localization and depending on their interaction part-
ners can be found in all cellular compartments (46). We con-
centrated on PPlgamma that is mostly localized throughout
the cell but enriched in the nucleoli in cultured cells (47,48).
In contrast, in neurons it is found in the soma, dendrites and
presynaptic buttons (49,50). Since tra2-betal and PP1gamma
exhibit a dynamic localization in the cell, we used mutants
in a cotransfection assay to determine whether they colocalize
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in vivo. We forced tra2-betal protein into the cytosol by intro-
ducing a REV nuclear export signal (tra2-betal-NES). We
then determined whether PP1 would influence this altered cel-
lular localization by comparing the tra2-betal-RATA mutant
that does not bind PP1 with the wild-type. Figure 2A—E
shows the staining pattern that is obtained when expression
constructs for each mutant are transfected separately. Tra2-
betal and tra2-betal-RATA are localized in the nucleoplasm
and are enriched in a speckled structure. As expected,
tra2-betal-NES and tra2-betal-RATA-NES are found in the
cytosol, where the tra2-betal-RATA-NES protein accumulates
in cytosolic bodies. PP1 is found throughout the cell, but pre-
dominantly localized in the nucleoli. Next, we co-expressed
EGFP-tagged tra2-betal with CFP-tagged PPlcgamma. We
performed confocal microscopy to determine the colocaliza-
tion of the proteins and found ~30% of the fluorescence
signal from the two proteins to be present in the same space
(Fig. 2F—-H, R). When we employed the tra2-betal-RATA
mutant that does not bind to PP1, this colocalization was
reduced to less then 10% (Fig. 2J, K and R). We then tested
whether PP1 would interfere with the cytosolic localization
of the tra2-betal mutant containing a NES. Surprisingly, the
EGFP-tra2-betal-NES signal was no longer detected in the
cytosol when CFP-PPlcgamma was coexpressed with it. In
almost all cells, the proteins showed strong colocalization
in the nucleus (Fig. 2L—-N and R), indicating that the
binding to PPl 1is strong enough to antagonize the
REV-NES. To again test the dependency on the RVDF
motif, we coexpressed an EGFP-tra2-betal-RATA-NES
mutant with CFP-PPlcgamma. Now, PPl is predominantly
located in the nucleus and EGFP-tra2-betal-RATA-NES is
located in the cytosol. Under these conditions the colocaliza-
tion was reduced from about 70—30% (Fig. 20—R). Western
blot analysis showed that all mutant proteins in this transfec-
tion assay were expressed at approximately the same level
(Fig. 2S). It was unexpected that the introduction of a NES
caused a stronger colocalization between tra2-betal mutants
and PP1gamma. This could indicate that continuous shuttling
and possibly subsequent nuclear and cytosolic phosphoryl-
ation—dephosphorylation events are necessary for a correct
association with PP1. Together, the data show that although
both proteins have a dynamic localization, they partially colo-
calize in cells. The quantification (Fig. 2R) shows that this
colocalization depends on the presence of the PP1-binding
motif.

PP1 dephosphorylates tra2-betal in vitro and in vivo

Next, we asked whether PPl could dephosphorylate
tra2-betal. First, we investigated the effect of PP1 purified
from rabbit skeletal muscle on recombinant tra2-betal.
Recombinant tra2-betal was phosphorylated in vitro by incu-
bation with nuclear extract and **P-gamma ATP. The nuclear
extract contains Clk/Sty kinases that phosphorylate
SR-proteins (51), which can be detected by autoradiography
of the labeled protein. We observed that comparable
amounts of tra2-betal-RATA showed stronger labeling with
32p after incubation in nuclear extract, which probably indi-
cated a lower phosphatase activity on the protein (Fig. 3A,
lanes 3 and 4). To test whether phosphatase activities
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Figure 2. Colocalization between tra2-betal and PP1 — EGFP-tagged tra2-betal (green) and CFP-PP1cgamma (red) constructs were expressed in Cos 7 cells.
Panels A—Q show representative cells. (A—E) Staining pattern obtained with individual proteins. (A) Tra2-betal wild-type, (B) tra2-betal lacking the
PP1-binding site, (C) tra2-betal with a nuclear export signal (NES), (D), tra2-betal lacking the PPI1-binding site and containing the NES and (E)
CFP-PPlcgamma, (F—H) coexpression of tra2-betal and PP1, (J—K) coexpression of tra2-betal-RATA and PP1, (L—N) coexpression of tra2-betal-NES and
PP1, (O—-Q) coexpression of tra2-betal-RATA-NES and PP1cgamma, (R) evaluation of the colocalization of at least 200 cells. Errror bars indicate the standard
deviation; P-values of the student’s test are indicated, (S) western blots showing the expression of the EGFP-tagged tra2-betal mutants and CFP-tagged
PPlgamma. Cell lysates were analyzed by western blot using antisera against tra2-betal and PP1. An identical figure where PP1cgamma is shown in blue is

given in Supplementary Material, Figure S5.

present in the nuclear extract could cause dephosphorylation,
we monitored the labeling of tra2-betal without washing
steps and did not observe a decrease in labeling after 1 h
(Fig. 3A, lane 5). After removing the nuclear extract and per-
forming stringent wash steps, the phosphorylated tra2-betal

was incubated with PP1 and we found that PPl action
removed the *?P-labeling of tra2-betal. As a control, we
used recombinant tra2-betal-RATA. However, incubation of
the purified protein with recombinant PP1 removed the **P
labeling (data not shown), although there is no detectable
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Figure 3. PP1 dephosphorylates tra2-betal — (A) Dephosphorylation in vitro: Recombinant His-tra2-betal was immobilized on Ni*"-agarose and incubated with
nuclear extract in the presence of **P-gamma ATP. The nuclear extract was then removed by stringent washing and purified *?P-labeled tra2-betal was incubated
with PP1. Tra2-betal was detected by coomassie staining (top row, load). The incorporation of *’P was detected by phospho-imaging (lower row, phospho). The
experimental conditions are listed on the top, NE: nuclear extract. The ‘¢’ in lanes 5 and 8 indicates that nuclear extract used for labeling was not removed by
washing. (B) Change of tra2-betal hyperphosphorylation in vivo: HEK293 cells were treated with fostriecin or tautomycin overnight, or a PP1c expression clone
was transfected into the cells. The mobility of tra2-betal was determined by western blot using tra2-betal antisera and 15% PAGE gels (19). The graph shows the
quantification of five independent experiments demonstrating a statistical significant difference (P=0.013, indicated by two stars) between tautomycin treatment

and the other conditions. GAPDH was used as a loading control.

binding between the proteins in pull-down assays
(Fig. 1C). Similar dephosphorylation without strong binding
is frequently observed with PP1 acting on purified proteins
and was used for activity assays (52). We therefore performed
a competition assay and repeated the dephosphorylation in the
presence of recombinant SF2/ASF that can bind to PP1 (see
below, Fig. 6C). SF2/ASF was used in equimolar amounts to
tra2-betal and tra2-betal-RATA. In the presence of this com-
petitor, tra2-betal is dephosphorylated by PP1, whereas
tra2-betal -RATA remains labeled with **P (Fig. 3A, lanes 6
and 7). Finally, adding the PP1 inhibitor tautomycin (53) to
the phosphorylation reaction did not show any inhibition, indi-
cating that tautomycin does not block the relevant kinase
(Fig. 3A, lane 8). In addition, recombinant PP2A did not
dephosphorylate  tra2-betal  (Supplementary  Material,
Fig. S2A). Together with the binding data demonstrating an
interaction between the recombinant proteins, these data
show that PP1 directly dephosphorylated tra2-betal, which
depends on the presence of the RVDF motif.

Next, we determined whether PPl dephoshorylated
tra2-betal in vivo. We analyzed the phosphorylation-
dependent mobility of tra2-betal on high concentration
PAGE gels. Similar to other SR-proteins, tra2-betal migrates
as a hyper and hypophosphorylated form that can be detected
after cells are immediately lysed in sample buffer containing
10% SDS, which blocks cellular phosphatases (19). The

activity of PP1 in HEK293 cells was blocked by tautomycin,
a cell permeable phosphatase inhibitor that blocks PP1 about
four times more potently than protein phosphatase 2A
(PP2A) and 10 000-fold more potently than protein phospha-
tase 2B (53). As shown in Figure 3B, treatment of cells with
tautomycin caused a significant increase in the hyperpho-
sphorylated form of tra2-betal. To test whether tautomycin
acts via PP2A, we blocked PP2A with its specific inhibitor fos-
triecin and did not observe a change between hyper and hypo-
phosphorylated isoforms. Transfection of PPlc expression
clones caused a small decrease of the hyperphosphorylated
form. Together, these data show that PP1 can dephosphorylate
tra2-betal both in vivo and in vitro.

Protein interactions of tra2-betal are controlled
by PP1-mediated dephosphorylation

The work on SR-protein kinases demonstrated that an increase
in phosphorylation influences protein : protein interaction of
SR-proteins (24). We therefore investigated whether depho-
sphorylation regulates the interaction between tra2-betal and
other proteins. Tra2-betal forms homodimers and can also
heterodimerize with other SR-proteins, such as SF2/ASF
(6,7). We thus asked whether the dimerization is influenced
by PPl action. We expressed EGFP-tagged wild-type
tra2-betal and tra2-betal-RATA in HEK293 cells. The
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immunoprecipitates were analyzed with an antiserum specific
for tra2-betal, allowing the detection of endogenous protein
(10). We found that in contrast to wild-type tra2-betal, the
tra2-betal-RATA mutant no longer homomultimerizes with
the endogenous tra2-betal (Fig. 4A). We then determined
whether the known interaction between tra2-betal and SF2/
ASF (7) is dependent on the PP1-binding site of tra2-betal.
Again, we immunoprecipitated tra2-betal-RATA and wild-
type tra2-betal with anti-GFP and detected SF2/ASF present
in the immunoprecipitates by western blot. As shown in
Figure 4B, no multimerization between SF2/ASF and
tra2-betal-RATA could be observed. All immunoprecipita-
tions were performed in the presence of benzonase to omit
RNA-mediated interactions. When these experiments were
repeated without benzonase, interaction between the
tra2-betal-RATA mutant and other RNA-binding proteins
could be detected, suggesting that both wild-type and mutant
protein can assemble on the same RNA (Supplementary
Material, Fig. S1B and C). Finally, we analyzed the
phosphorylation-dependency of the binding between SF2/
ASF and tra2-betal using recombinant proteins. As described
earlier (Fig. 3A), baculovirus generated His-tra2-betal was
phosphorylated in nuclear extract, immobilized on Ni*'-
agarose and after removal of the extract aliquots were depho-
sphorylated by PP1 from rabbit skeletal muscle. This affinity
matrix was then used to determine binding of bacterially
expressed GST-SF2/ASF. As shown in Figure 4C, the depho-
sphorylated tra2-betal protein exhibited a higher affinity
toward SF2/ASF. This reflects the in vivo situation where
tra2-betal wild-type binds to SF2/ASF and tra2-betal
whereas the tra2-betal-RATA mutant shows no interaction.
We did not observe residual PPl binding prior to loading
SF2/ASF to the tra2-betal affinity matrix, indicating that the
effect is phosphorylation-mediated and does not reflect a
tethering activity of PP1 (Fig. 4C). Furthermore, we did not
observe binding of GST to tra2-betal bound to the matrix
under any experimental conditions (Supplementary Material,
Fig. S2B). These data indicate that the dephosphorylation of
tra2-betal by PPl promotes the multimerization between
tra2-betal and its interacting proteins.

PP1 regulates the usage of alternative exons

Tra2-betal regulates alternative exons by binding to a charac-
teristic, degenerate, but purine-rich sequence that often acts as
an exonic enhancer (9,10) and we next asked whether PP1
could regulate such exons. Experimentally, it was shown
that in a concentration-dependent manner tra2-betal promotes
inclusion of its own exon 2, tau exon 10 and SMN2 exon 7
(10). Since the molecular interactions of tra2-betal were influ-
enced by PPl-mediated dephosphorylation, we tested these
exons for their dependency on PP1 activity. We employed
established minigene systems where each alternative exon is
flanked by its constitutive exons in a reporter gene construct.
This reporter construct is cotransfected with expression
vectors for trans-acting factors and their influence on alterna-
tive splicing is determined by RT—PCR (54). NIPP1 (nuclear
inhibitor of protein phosphatase-1) is a specific inhibitor of
PP1 (55). We therefore cotransfected reporter-minigenes con-
taining tra2-betal-dependent alternative exons together with

either PPlcgamma or NIPP1 expression clones into HEK293
cells, which increased or decreased cellular PP1 activity
(55). We determined the influence of PP1 activity on alterna-
tive splicing by RT—PCR (54). As shown in Figure 4D—F, an
increase in PPl expression promoted the exclusion of
tra2-betal-dependent exons. In contrast, the inhibition of
nuclear PPl by the expression of NIPPl promoted
tra2-betal-dependent exon inclusion. The effect on exon
usage was proportional to the increase in the level of
PPlcgamma and NIPP1 protein that were detected by
western blot from the transfected cells (Fig. 4G). To further
rule out non-specific effects, we decreased the concentration
of PPl by performing RNA interference. We reduced the
amount of the three endogenous PP1 isoforms, PPlalpha,
beta and gamma, by co-transfecting three pairs of siRNAs
with the reporter minigenes. As shown in Figure 5SA-C,
decreasing the PP1 concentration with siRNA had an effect
similar to blocking PPl activity with NIPP1, whereas a
control siRNA had no influence on splice site selection.
Again, the effect on splice site selection was proportional to
the decrease of PP1 (Fig. 5D). The effect of PP1 reduction
by siRNA is less pronounced than reducing PP1 activity by
NIPP1 overexpression (Fig. 4D—G), which most likely reflects
that all three PP1 isoforms have to be silenced simultaneously
in the transfection experiments.

The effect of PP1 activity on SMN2 exon 7 usage (Figs 4F
and 5C) is of medical importance, since promoting exon 7
usage would be beneficial for children with SMA (38).
We therefore concentrated on this exon, and investigated
whether the effect of PP1cgamma is dependent on its catalytic
activity or is due to sequestration of tra2-betal protein by
forming a splicing-inactive PP1 : tra2-betal complex. We
compared the action of PPl with its binding mutant
PP1-F257A, which is mutated in the hydrophobic channel
that mediates the binding to RVXF-motifs and with
PP1-HI25A that is catalytically inactive (47). In contrast to
the wild-type form, the F257A-binding mutant and the cataly-
tically inactive mutant H125A had no effect, demonstrating
that binding and subsequent dephosphorylation is necessary
for the effect of PP1 on splice site selection (Fig. 5E).
Finally, we compared the influence of tra2-betal and
tra2-betal-RATA on exon 7 inclusion. Whereas tra2-betal
increases exon 7 inclusion in a concentration-dependent
manner, comparable amounts of the RATA mutant protein
lead to exon skipping (Fig. 5F), most likely because
tra2-betal-RATA substitutes at higher concentration endogen-
ous tra2-betal on SMN2. Since tra2-betal-RATA does not
bind to other SR-proteins (Fig. 4A—C), the recognition of
exon 7 is abolished. This demonstrates that the exact control
of tra2-betal dephosphorylation by PPl is necessary for
proper action of tra2-betal.

Several splicing factors bind to PP1 via a phylogenetically
conserved RVXF motif located on the beta-4 sheet
of the RRM

Next, we determined whether blocking PP1 activity has an
effect on splice site selection of endogenous genes. We con-
structed an oligonucleotide array that contained all known
alternative splice variants from splicing factors, as well as
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Figure 4. PP1-dependent phosphorylation controls protein interactions of tra2-betal and alternative splice site selection — (A) PP1-dependent homomultimer-
ization of tra2-betal: EGFP-tagged wild-type and EGFP-tra2-betal-RATA was expressed in HEK293 cells. Protein complexes were recovered by immunopre-
cipitation with anti-GFP antisera. Endogenous tra2-betal binding to these proteins was detected with a pan-tra2-betal antiserum (7). Round arrow: endogenous
tra2-betal, pointed arrow: EGFP-tagged tra2-betal. Tra2-betal migrates as two bands that are differently phosphorylated (19). (B) PP1-dependant heteromulti-
merization of tra2-betal: EGFP-tagged wild-type and EGFP-tra2-betal-RATA containing protein complexes were isolated as in (A). Top row: endogenous SF2/
ASF was identified with anti-SF2/ASF; bottom row: reblot with anti-tra2-betal. (C) Phosphorylation-dependent interaction between recombinant tra2-betal and
SF2/ASF. His-tra2-betal was immobilized on Ni*"-agarose and the binding of recombinant GST-SF2/ASF was determined without or after PP1 treatment, as
indicated on top. “Washed after PP1’ indicates that prior to loading SF2/ASF, the tra2-betal affinity matrix was washed and no PP1 could be detected (load: SF2/
ASF loaded on column). (D—F) An increasing amount of expression clones for PP1 and its nuclear inhibitor NIPP1 was cotransfected with the indicated reporter
minigenes containing tra2-betal-dependent exons. The alternative splicing of each reporter gene was determined by RT—PCR, as previously described
(10,38,83). A representative ethidium-bromide stained gel of each experiment is shown. Under each experiment, the statistical evaluation of at least four inde-
pendent experiments is shown. The numbers in the triangle represent pg of expression construct transfected into 3 x 10° cells. (D) Tra2-beta, exon 2; (E) tau,
exon 10; (F) SMN2, exon 7. Stars indicate P-values from student’s test, when mock-transfected (lane 1) and PPI transfected cells (lane 2) were compared
(tra2-beta: P=0.004; SMN: P=0.001; tau: P=0.0005). (G) Expression analysis after cotransfection. Representative western blots show the expression of the
transfected EGFP-PP1cgamma and EGFP-NIPP1. The numbers on top correspond to the lanes in the experiments D—F.
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Figure 5. PP1 regulation of alternative exon usage — (A—C) The expression of PP1 was reduced by cotransfecting siRNA against all PP1 isoforms with the
reporter minigenes. 293: cells were treated only with the transfection reagent; NC: non-specific (pBluescript) siRNA; PP1: siRNA against all three PP1 isoforms.
(A) Tra2-beta, exon 2; (B) tau, exon 10; (C) SMN2, exon 7. Stars indicate P-values from student’s test, when mock-transfected (lane 2) and PP1-transfected cells
(lane 3) were compared (tra2-beta: P=0.00015; SMN: P=0.002; tau: P=0.0006). (D) Representative western blot detecting the expression of endogenous PP1
and its reduction by siRNA. The numbers on top correspond to the lanes in the experiments A—C. (E) The SMN2 reporter minigene was cotransfected with an
increasing amount of PP1cgamma expression constructs, an expression construct encoding the binding mutant F257A, or the catalytically dead H125A mutant.
The western blot below the statistical evaluation shows the accumulation of transfected PP1cgamma and PP1-F257A, and PP1-H125A in the HEK293 cells. The
lanes of the western blot correspond to the lanes in the statistical evaluation. (F) The SMN2 reporter minigene was cotransfected with an increasing amount of
tra2-betal expression constructs or an expression construct encoding the tra2-betal-RATA mutant. The western blot shows the accumulation of transfected
tra2-betal and tra2-betal-RATA. The lanes of the western blot correspond to the lanes in the statistical evaluation.
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Figure 6. The PP1 docking motif is found in other RRMs — (A) Validation of array analysis by RT—PCR. EGFP-tra2-betal or EGFP-NIPP1 was transiently
overexpressed in HEK293 cells, or cells were treated with mock siRNA (siRNA NC), or a mixture of siRNAs against all PP1c isoforms (siRNA PP1). Splicing
events identified by splicearray analysis (Supplementary Material, Fig. S3) were amplified by RT—PCR using primers in the flanking constitutive exons. (B) The
alignment shows the RRMs of the human proteins indicated. RNP2, RNP1 and the RVXF PP1-binding motif are boxed. The proteins are SFRS10 (tra2-betal),
SF2/ASF, SRp30c, SRp54/SFRS11, p54nrb (NONO) (84,85), SFPQ (86), RBM15 (87,88), PTB (89), nPTB (90) and ROD1 (91). Amino acids that are fully
evolutionary conserved in each protein are marked in yellow. The known structural elements of tra2-betal, SF2/ASF and PTB are indicated (red: alpha
helix, blue: beta strand, conserved amino acids in these structures are marked in yellow and underlined). The RVEF motif in SF2/ASF is located in the
beta-4 sheet, which is preceded by two small beta strands in RRM loop 5. The RVCF motif in p54/SFRS11 is located in the RNP1 and is indicated by a
dotted box. (C) PP1 binding depends on the RVEF motif present in SF2/ASF and SRp30c. EGFP-tagged SF2/ASF and SRp30c was expressed in HEK293
cells together with HA-PP1 and immunoprecipitated with anti GFP antibodies. Wt: RVEF, mt: RVEF changed to RATA. The presence of HA-PP1 in the immu-
noprecipitates was determined by western blot. Load: western blot using material from the cellular lysates. (D) The ability of SF2/ASF and SRp30c to influence
tra2-betal exon 2 inclusion depends on the RVEF motif. The gel shows the RT—PCR analysis of a transfection assays using a tra2-beta reporter gene and
expression constructs of the EGFP-tagged proteins indicated. The western blot detects expression of the transfected proteins.
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some well-studied model systems. The alternative splicing
events were detected by a combination of exon-junction and
exon body probes, as previously described (56). First, we com-
pared the mRNA isolated from untreated HEK293 cells with
cells where tra2-betal was overexpressed. Dye-swap exper-
iments showed strong probe variation (correlation
coefficient = 0.75 and 0.56, Supplementary Material,
Fig. S6). We therefore used the array as an exploration tool
and verified findings by RT—PCR. The fold-changes in the
array analysis indicated that 65 out of a total of 942 alternative
splicing events were strongly influenced by tra2-betal concen-
tration (Supplementary Material, Fig. S3). We tested 18 of
these events and confirmed for 11 alternative exons their
dependency on tra2-betal by RT—PCR, using primers in the
flanking constitutive exons (Fig. 6A). With the exception of
alternative exons in CPSF6, PPIL3 and PPIE, tra2-betal over-
expression promotes exon inclusion, supporting earlier find-
ings that the protein acts as a general activator of exons
(9,10). We then compared overexpression of tra2-betal with
inhibition of PP1 by NIPP1 in HEK293 cells. In most cases
where we could confirm the array data by RT-PCR, we
found that blocking PPl activity has a similar effect on
alternative splice site selection as increasing the tra2-betal
concentration (Fig. 6A). To further rule out effects from over-
expression, we removed all three PP1 isoforms by siRNA. As
shown in Figure 6A (right panels), siRNA treatment had an
effect similar to NIPP1 overexpression, demonstrating that
the effect on splice site selection is mediated by PP1. These
data show that PP1 activity, specifically regulated by NIPP1,
can influence alternative splice site selection.

When compared to tra2-betal, NIPP1 expression had in
some cases (Clk4, FUS) a stronger effect on exon inclusion
than tra2-betal overexpression and in two cases it had an
opposite effect (PPIL3, PPIE) (Fig. 6A). Therefore, we inves-
tigated whether PP1 could also influence other splicing
factors. Since the PP1-binding site of tra2-betal is located
within the beta-4 strand of the RRM, we investigated
whether other RRMs could function in PP1 binding. We exam-
ined all known proteins containing an RRM for the presence of
the RVXF-binding consensus sequence. From 497 proteins
analyzed, 12 contain the RVXF-binding motif. In two proteins,
PABPC3 and RBM6, the RVXF motif is located outside of the
RRM. In the remaining cases, the motif is located in RRM
(Fig. 6B). In eight of the nine cases, the PP1-binding motif
is within the beta-4 sheet and for p54/SFRS11, it is in
RNP1. Proteins with a putative PP1-binding site in the RRM
can be subdivided into SR-proteins and hnRNPs. In addition
to tra2-betal, the group of SR-proteins contains SF2/ASF,
SRp30c and the related SRp54. The remaining hnRNPs
p54nrb (NONO), PSF (SFPQ), nPTB and ROD1 are all struc-
turally related to the PTB, hnRNP I. A further phylogenic
analysis demonstrates that the motif is conserved throughout
evolution in each protein (Supplementary Material, Fig. S4).
The presence of a PP1-binding motif explains earlier findings
that PSF binds to PP1 in yeast assays (57). Since an interaction
between SR-proteins and PP1 has not been reported so far, we
tested binding of PP1 to SF2/ASF and SRp30c by coimmuno-
precipitation. As shown in Figure 6C, PP1 coimmunoprecipi-
tates with SF2/ASF and SRp30c. However, when the
PP1-binding motif RVEF present in both proteins is mutated

to RATA, the coimmunoprecipitation is completely abolished.
These data strongly suggest that PP1 binds to the beta-4 sheet
of the RRM of SF2/ASF and SRp30c. We did not detect
binding of PP1 to RATA mutants in the absence of benzonase
which allows nucleic-acid : protein complexes to stay intact.
This shows that the interaction between PP1 and SR-proteins
depends only on protein : protein binding (Supplementary
Material, Fig. S1C and D). Finally, we used the alternative
spliced exon 2 of the tra2-beta pre-mRNA to test whether
the interaction with PP1 is functional important for SF2/ASF
and SRp30c. We showed previously that SRp30c and SF2/
ASF abolish exon 2 inclusion by sequestering tra2-betal
(10). As shown in Figure 6D, SRp30c-RATA and SF2/
ASF-RATA have no effect on exon 2 inclusion in transfection
assays, whereas the wild-type sequences promote exon 2 skip-
ping, demonstrating that binding of PP1 is important for the
function of these splicing factors. These data show that PP1
regulates the activity of several splicing factors after binding
to a phylogenetic conserved motif located on their RRM.

PP1 inhibitors promote the formation of exon 7 containing
SMN mRNA, SMN protein and gems in vivo

A number of cell permeable protein phosphatase inhibitors
including tautomycin, microcystin, calyculin A and canthari-
din can be used to study the role of protein phosphatases 1
and 2 in intact cells and we investigated whether these com-
pounds would interfere with splice site selection. We tested
these inhibitors in HEK293 cells that were transfected with
the SMN2 reporter minigene. We observed a significant
inclusion of exon 7 with all these inhibitors, but the effect
was most pronounced with tautomycin, which inhibits PP1
more potently than PP2A and other phosphatases. In contrast,
we did not see SMN2 exon 7 inclusion with the protein tyro-
sine phosphatase inhibitor dephostatin, or the PP2A inhibitors
fostriecin or nodularin (58). This indicates that blocking
endogenous PPl activity by chemical agents can promote
SMN2 exon 7 inclusion (Fig. 7A).

So far, we analyzed the effect of PP1 on splice site selection
in systems using overexpression of proteins and reporter
genes. To analyze the effect of PPl in an endogenous
system, we employed primary fibroblast cell lines from
persons with SMA types I-III. In these cells, both alleles of
the SMNI1 gene are deleted, but the SMN2 gene is still
present. These cells were treated with 10 nM of the PP1 inhibi-
tor tautomycin. Subsequently, exon 7 containing SMN mRNA
was amplified using primers in exons 6 and 8. GAPDH was
coamplified in the same reaction and served as a loading
control. As shown in Figure 7B, this treatment resulted in an
increase in mRNA containing exon 7. Since the SMN1 gene
is absent in these cells, this increase in exon 7 containing
mRNA can be only explained by a change in processing of
mRNA derived from the SMN2 gene. We then determined
whether there was an effect on the SMN protein and detected
the endogenous SMN protein by western blot analysis. In
agreement with the change in alternative splicing, we observed
an accumulation of SMN protein after tautomycin treatment
(Fig. 7C).

Within the nucleus, SMN localizes to discrete granules
known as gems. The number of nuclei with gems and the
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Figure 7. PP1 Inhibitors regulate endogenous SMN2 exon 7 — (A) Effect of different PP1 inhibitors on SMN exon 7 usage. HEK293 cells were transiently
transfected with the SMN2 reporter minigene and treated with an increasing concentration of the protein phosphatase inhibitors. Phosphatase inhibitors are
arranged according to their specificity for PP1. Tautomycin has the highest specificity to block PP1; dephostatin is a tyrosine phosphatase inhibitor with low
affinity to PP1. (B) Tautomycin causes accumulation of SMN2 mRNA containing exon 7 in fibroblasts from children with type I SMA. Fibroblasts from a
child with type I SMA that lack SMN1 were treated with tautomycin and the resulting RNA was analyzed by RT—PCR after 1 and 2 days. GAPDH was
co-amplified in the same reaction as an internal loading control. The graph underneath the representative ethidium bromide stained gel shows the statistical
evaluation of four independent experiments. (C) Tautomycin causes accumulation of SMN protein in SMA fibroblasts from type I-III patients. Cells were
treated with 10 nm tautomycin from 1 to 2 days and cell lysates were analyzed using antisera against SMN, which detects the signal indicated by the
pointed arrow. Round arrow: signal from beta-actin used as a loading control; normal arrow: lysates from non-transformed human control fibroblast; HeLa:
lysates from HeLa cells. (D) PP1 inhibition causes gem formation. SMN1—/— patient fibroblasts were treated with tautomycin doses indicated. After 5 days
gem formation was analyzed. Left: gem count (number of gems); middle: number of nuclei with gems; right: number of nuclei with multiple gems.
SMN1 —/— patient fibroblasts were compared with an SMN carrier cell line (3814, SMN1+/—). (E) Tautomycin and cantharidin cause accumulation of
SMN protein in Smn2*"*;mSmn™* mice. Mice were treated with intraperitoneal injections of cantharidin or tautomycin. Spinal cord and liver tissue were ana-
lyzed 6 h later using antisera that detects only the human SMN protein. We and others have previously observed an SMN doublet when tissue samples are hom-
ogenized in SDS buffer and then frozen and thawed as opposed to being applied directly to the SDS gels. Actin was used to demonstrate equal loading.
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number of gems per cell is reduced in SMA cells (59). SMA
patient fibroblasts were treated with increasing doses of tauto-
mycin (1-50 nM) for 5 days after which the number of nuclei
with gems as well as the number of gems were counted. As a
comparison, the number of nuclei with gems and the number
of gems per 100 nuclei were also measured in fibroblasts
derived from an SMA carrier (line 3814). Tautomycin-
treatment increased both the number of gems (Fig. 7D, left)
and the number of cells with gems (Fig. 7D, middle) in a
dose-dependent manner. The number of nuclei with more
than one gem also significantly increased in a dose-dependent
manner after tautomycin treatment (Fig. 7D, right). As an
example, 50 nM tautomycin elevates the number of gems
by ~4.2-fold (53.0 + 2.1; n=23; P <0.001). The data
show that PP1 inhibition results in the production of SMN
protein, which accumulates in the correct cellular compart-
ment.

To test the effect of PP1 inhibition on exon 7 usage in an
intact organism, we tested PP1 inhibitors in transgenic mice
harboring human SMN2 genomic DNA (60). These mice
contain two copies of the human SMN2 and two copies of
the mouse SMN gene (SMN2""; mSmn™™). The mice
were intraperitoneally (i.p) given tautomycin (0.5 mg/kg) or
cantharidin (0.1 mg/kg). The doses administered were at
least one order of magnitude lower than the EC50s for these
compounds [5 mg/kg for tautomycin (61) and 1 mg/kg for
cantharidin (62)] when administered i.p. Additionally, none
of the mice tested experienced any overt signs of distress
during this study. Six hours later, spinal cord and liver tissue
was analyzed by western blot. We used an antibody specific
for human SMN protein for detection. As shown in
Figure 7E, inhibition of endogenous PP1 caused an accumu-
lation of human SMN protein in both the liver and the
spinal cord of treated mice, demonstrating that PP1 inhibition
can change splice site selection in an organism. Together,
these data show that reducing the activity of endogenous
PP1 promotes inclusion of the endogenous SMN exon 7.

DISCUSSION

PP1 binds to the RNA recognition motif of several
splicing factors

Previous work on SR-protein kinases has demonstrated the
importance of SR-protein phosphorylation for alternative
splice site selection (63—66). The phosphorylation influences
the affinity between SR-proteins, which could regulate the for-
mation of protein-complexes on the pre-mRNA that identify
exons (24). Furthermore, it was shown that dephosphorylation
of SF2/ASF and possibly other SR-proteins are necessary for
the splicing reaction to occur after spliceosome assembly
(29,31,67), showing that SR-protein function is regulated by
interplay between kinases and phosphatases. However, the
binding partners of the phosphatases in the spliceosome
were unknown. Here we demonstrate that PP1 binds directly
to the RRM of the splicing factor tra2-betal. RRMs consist
of about 90 amino acids arranged in a conserved structure
containing four antiparallel beta strands connected by two
alpha helices. The RRM functions mainly in binding single
stranded RNA, but recently it was shown that it also acts

as a protein : protein interaction domain (68). In almost all
analyzed RRM : RNA structures, the RNA contacts directly
only the central beta-1 and beta-3 sheets, while the external
beta-4 and beta-2 sheets increase affinity and specificity by
influencing the structure (68). Our database analyses
showed that RRMs from at least 10 proteins contain the
characteristic RVXF motif. Interestingly, the protein that is
most closely related to tra2-betal, tra2-alpha does not
contain a predicted PP1-binding site. In eight of the nine
RRM-containing proteins, the RVXF motif that docks to
PP1 is in their predicted beta-4 sheets. This localization
was also shown by the crystal structure of the RRM of
PTB (69) and the NMR structures of SF2/ASF and
tra2-betal (PDB: 1X4A, 2CQC). We showed that in addition
to tra2-betal, two other SR-proteins, SF2/ASF and SRp30c
use it to bind to PP1. The crystal structure of PP1 with its
regulatory G-subunit [G(M)] and computer simulation of
PP1-binding partners indicated that most RVXF motifs inter-
acting with the binding pocket of PPl are in an extended
beta sheet formation (40,42), suggesting that the structural
arrangement of the RVXF docking motif in the beta-4
sheet of RRMs allows for binding to PP1.

These data show that binding to the catalytic subunit of
protein phosphatase is an evolutionary conserved function of
a subgroup of RRMs. The striking evolutionary conservation
of the sequence and structure of the PP1 docking motif in spli-
cing factors could further indicate a conserved interaction with
the spliceosome. U2 and U5 snRNPs are regulated by PP1
action (33), but none of the particle components have known
PP1-binding properties. It is possible that the PP1 activity
acting on these snRNPs in the spliceosome is mediated by
RNA-binding proteins with an RVXF-PP1 docking motif
that binds to the pre-mRNA while being processed. Since
the dephosphorylation of spliceosomal proteins is necessary
for the spliceosomal cycle, this arrangement would allow the
pre-mRNA that is processed to control the re-formation of
the spliceosome. This model would explain our seemingly
paradox observation that tra2-betal-RATA protein which
cannot bind to PPl blocks exon 7 inclusion (Fig. 5F),
whereas PP1 inhibition promotes SMN2 exon 7 inclusion
(Fig. 4F). In the first case, PP1 cannot promote processing
of exon 7, since the tra2-betal-RATA mutant replaces
tra2-betal. In the second case, PPl is present, but less
active, which could promote alternative exon usage by regulat-
ing the processing rate. An influence of processing rate and
splice site selection has been observed in the fibronectin
system (70). Our array analysis indicated that most of the pre-
mRNAs are not affected by the level of PP1 inhibition that we
achieved in our experiments, suggesting that the response to
PP1 is specific for pre-mRNAs and not a general decrease of
spliceosomal activity. Inspection of the exons regulated by
tra2-beta (Fig. 6A) shows that almost all of them contain a
RAAG signature, which is characteristic for tra2-betal (10).
One exception is PPIE, which contains no predicted
tra2-betal-binding site in the exon. However, the exon con-
tains predicted binding sites for SF2/ASF and SC35,
suggesting that tra2-betal acts on this exon indirectly by
sequestering these proteins. The lack of direct tra2-betal
binding could explain why this exon responds differently to
tra2-betal and PP1.

TT0Z ‘9 Ae uo salrelqr] Aonuay Jo Alsianiun e Bio'sfeuinolplojxo’Buuy woly papeojumoq


http://hmg.oxfordjournals.org/

PP1 regulates the function of tra2-betal
by dephosphorylation

We showed that the direct result of PP1 binding to tra2-betal
is a dephosphorylation of tra2-betal. In agreement with earlier
studies investigating hyperphosphorylation of SF2/ASF after
kinase treatment, we found that the phosphorylation state of
tra2-betal controls its binding to interacting proteins. Depho-
sphorylation of tra2-betal promotes its RS-domain-mediated
homomultimerization and binding to SF2/ASF. When the
RVDF docking motif is destroyed, these interactions are abol-
ished, indicating that PP1 dephosphorylates sites in the
RS-domains of tra2-betal. We next tested whether PP1
activity can influence splice site selection, since the formation
of transient protein complexes on exons is necessary for their
proper recognition. PP1 activity was either increased by trans-
fecting PPlc expression constructs or it was decreased by
transfected NIPP1. NIPP1 is a nuclear protein that inhibits
specifically PP1. In most cases analyzed, we found that a
decrease of PP1 had a similar effect on alternative exon
usage, as did the increase in the tra2-betal concentration.
However, there are several cases of alternative exons that
responded much stronger to NIPP than to tra2-betal. This
most likely indicates that other splicing factors that are depho-
sphorylated by PP1, such as SF2/ASF or SRp30c, are part of
the protein complexes regulating these exons. We did not
see an effect on splice site selection using PP1 mutants
without phosphatase activity, showing that PP1 exerts its
effect on splice site selection by dephosphorylation and not
just by binding to an RRM.

The catalytic subunit of PPl associates with numerous
different proteins that can function as subcellular targeting
proteins, substrate-specifiers or inhibitors. Cellular signal
transduction pathways, for example cAMP-dependent acti-
vation of protein kinase A, regulate the binding of PP1 to
these proteins. This explains why the subcellular localization
of the regulatory subunits depends on the cell type and is
highly dynamic in a given cell (71). The association of PP1
with regulatory proteins will affect its ability to dephosphory-
late splicing factors with the PP1 docking motif. This could
explain why alternative splice site usage in various cell
types is often very different, although the concentration of
regulatory factors is quite similar. Our data suggest that the
phosphorylation state of splicing regulatory factors is as
important as their relative concentration and that PP1 activity
is a key component in this regulation.

PP1 inhibitors are potentially beneficial for treating
diseases caused by pathophysiological splice site selection

A misregulation of alternative exons is observed in several dis-
eases, among them Alzheimer’s disease (72), breast cancer
(13) and SMA (38). It would therefore be beneficial to
develop therapeutic strategies that intervene with splice site
selection. Since the cause of SMA is genetically clearly
defined, we focussed on this disease. It was previously demon-
strated that increasing the tra2-betal concentration or activity
would cause inclusion of SMN exon 7 (38). We therefore
tested the PP1 inhibitor tautomycin in patient cells and
found that it promoted inclusion of exon 7 and caused the for-
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mation of SMN protein. Although the administration of PP1
inhibitors promoted exon 7 inclusion and SMN2 protein for-
mation, we surprisingly saw a decrease in total SMN2 RNA
relative to the internal GAPDH control (Fig. 7B). Since the
RRM-containing proteins that bind to PP1 (Fig. 6B) regulate
different aspects of pre-mRNA processing, it is likely that
PP1 inhibition has additional effects, e.g. on RNA stability
or RNA translation. SR-proteins have been shown to
promote translation when bound to mRNAs (73,74) and we
show that SF2/ASF activity is regulated by PP1 binding
(Fig. 6C). It remains therefore to be determined whether PP1
acts on translation by regulating the phosphorylation state of
SR-proteins attached to pre-mRNA. Administration of two
PP1 inhibitors, tautomycin and cantharidin, to mice harboring
the human SMN2 genomic transgene (60) resulted in an
increase in SMN protein in spinal cord and liver, demonstrat-
ing that these compounds can alter exon usage after crossing
the blood—brain barrier. This demonstrates that modulation
of phosphatase activity can be used to alter alternative splice
site selection in vivo. However, our array and RT—PCR analy-
sis shows that PP1 inhibition causes a change in numerous
exons. Tautomycin and cantharidin can be viewed as first gen-
eration, or proof of concept, drug candidates. We can use these
compounds as chemical backbones to design more potent
compounds with more desirable pharmacological properties,
i.e. better oral bioavailability, lower toxicity, better blood—
brain barrier penetration. Specificity for this new class of
drugs could be achieved by combining PP1 inhibition with
another therapeutic principle, e.g. with other drugs that
affect exon 7 inclusion, such as valproic acid (75), by
finding substances specific for the tra2-betal : PP1 complex,
or by coupling PP1 inhibitors to nucleic acids binding to the
desired target, similar to chimeras between RS-domains and
antisense oligonucleotides (76).

MATERIALS AND METHODS
Immunoprecipitation and western blot

Immunoprecipitation and western blot were performed as
described (77) using the anti-GFP (Roche) antibody. Western
blot was performed with anti tra2 (pan tra2 beta) (10)
1: 1000, anti PP1 (C-19) 1:200 (Santa-Cruz biotechnology),
7B10 anti-SMN 1:1000 (Santa-Cruz biotechnology),
anti-GFP 1 :5000 (Roche), and anti-beta-actin 1 : 1000, anti
SF2/ASF 1:500 (Zymed Laboratories), Mouse anti-SMN
mAb (4F11; 1:200) and a mouse anti-beta-actin mAb (clone
AC40, Sigma-Aldrich; 1: 15 000). The anti-SMN mAb reacts
specifically with human SMN and was developed by Dr Chris-
tian Lorson (University of Missouri, Columbia, MO, USA).
HRP-conjugated secondary antibodies were from either
AP-Biotech Rockland Immunochemicals for Research or
Santa Cruz Biotechnology and used in 1 : 10 000 dilution. In
all experiments the protein in the ‘load control’ represents
~10% of the input protein for the immunoprecipitation.

Gel shift experiments

Gel shift experiments were performed as described (78). RNA
was in vitro transcribed and 20 pmol of *?P-labeled RNA were
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incubated with protein for 15" at 30°C. The mobility was tested
in 6% native polyacrylamide gels. The transcribed RNA probe
was GGCGACTGGGGGGTCAGGG.

Immunohistochemistry

Cos7 cells were grown on coverslips, transfected with
pEGFP-tra2-betal and pECFP-PPlcgamma constructs over-
night, washed in PBS at pH 7.4 and fixed in 4%
para-formaldehyde for 20 min at 4°C. Fixed cells were
washed three times in 1xPBS prior to mounting on micro-
scope slides with Gel/Mount (Biomeda). The cells were exam-
ined by confocal laser scanning microscopy (Leica DMIRE2)
using a HCX Plan Appochromat 100x 1.4 CS oil immersion
objective. For the simultaneous imaging of EGFP and ECFP
fluorescence, both labels were exited with the 438 nm line of
an argon laser and 488 nm line of a helium—neon laser,
respectively. The emission from each flurochrome was
detected using 465—514 nm (CFP) and 543-633 nm (GFP).
We determined the mean distribution for each signal. Coloca-
lization was defined when signals from both flurochromes
were larger than the mean minus the standard deviation. The
area of the cell was manually outlined and the degree of colo-
calization was determined using the Leica confocal software
LCS v2.5/347.

Purification of tra2-betal-His tag proteins

The tra-2betal pFastBac construct was generated by inserting
tra2-betal cDNA into Hta (Invitrogen) vector. The purified
plasmid DNA was transformed into DH10 Bac™, for transpo-
sition into the bacmid. SF9 cells were cultured at 28°C
under serum-free conditions (TNM-FH medium, Becton-
Dickenson). Cells were harvested at 48 h post-infection and
expression of recombinant protein was analyzed by
SDS-PAGE. The transfection into SF9 cells was performed
in a 6-well format. At 48 h after infection, the SF9 cells
were centrifuged at 500 g for 10 min and the pellet was resus-
pended in 1 ml of lysis buffer pH 7.8 (6 M Guanidine HCI,
20 mm Naz;PO, and 500 mm NaCl). The suspension was
lysed with a 19 G hypodermic needle and centrifuged at
14 000 rpm in a 5417R (Eppendorf) for 25 min. The super-
natant was then incubated for 1 h at 4°C with Ninitrilotriacetic
acid (Ni-NTA) agarose beads (Qiagen) equilibrated with dena-
turing bind/wash buffer (8 M Urea, 20 mm NaPO,, 500 mMm
NaCl, 0.1% Triton buffer pH 7.8). After incubation, the
beads were loaded onto a column, washed with denaturing
bind/wash buffer two times and native wash buffer (500 mm
NaH,PO,4, 300 mm NaCl, 20 mm Imidazol, 0.1% Triton pH
8.0) three times and eluted with native wash buffer containing
500 mm imidazole at 4°C.

Dephosphorylation assay of His-tra2-betal
recombinant protein

The His-tra2-betal protein at concentrations of 1 mg/ml bound
to a Ni-NTA resin was incubated in a typical reaction mixture
of 60 pl containing HeLa nuclear extract, 0.3 i, [gamma—32
P]JATP, (250 mCi/ml) (Hartmann Analytic), 25 mm MgCl,,
3.3 mm Tris-acetate (pH 7.8), 6.6 mMm potassium acetate,

I mm magnesium acetate and 0.5 mm DTT for 30 min at
30°C. The samples were then washed in cold 1x PBS and
2x in native wash buffer containing 500 mm NaH,PO,,
300 mm NaCl, 30 mm Imidazol, 0.1% Triton pH 8.0. Half of
the protein then was dephosphorylated with PP1, purified
from rabbit skeletal muscle with a final concentration of
40 ng/pl in PP1 buffer (NEB). After collecting the resin by
centrifugation, the supernatants were boiled in SDS sample
buffer and subjected to electrophoresis in 12% polyacrylamide
gels followed by Coomassie staining and western blotting.

In vivo splicing

Splicing assays and cotransfection were performed as described
(54), employing the SMN2 minigene (38), containing the
alternative exon 7 flanked by the constitutive exons 6 and 8
and the original introns, and SMN2 SE with exonic splicing
enhancer mutated in the middle of exon 7 respectively (79).
The MG Tra2 minigene is containing the alternative exon 2
flanked by the constitutive exons 1 and 3 (10) and the tau MG
contains the alternative exon 10, flanked by exons 9 and 11
(27). Transfection of the minigenes was done in HEK293
cells. 1 pg of indicated minigenes were used together with
increasing amounts of the indicated pEGFP-constructs and
with the appropriate amount of empty pEGFP-C2 vector to
ensure that equal amounts of DNA were transfected. The
calcium phosphate method was used for transfection. RNA
was isolated 16—18 h post-transfection by using the total RNA
kit (Qiagen, Germany). Reverse transcription was performed
in a total volume of 8.5 ul by using 2 1l RNA, 1 pl oligo (dT)
(0.5 mg/ml), 1 pl first-strand buffer (Invitrogen, Germany),
10 mm DTT, 1 mm dNTP, five units SuperScript II RT (Invitro-
gen) at 42°C for 60 min. To ensure that only plasmid-derived
minigene transcript was detected, subsequent amplification
was performed with a vector-specific forward primer
(pCI-forw: 5-GGTGTCCACTCCCAGTTCAA) and the
SMN-specific reverse primer SMNex8-rev (SMNex8-rev:
5'-GCCTCACCACCGTGCTGG) for SMN2 MG (79); with a
vector specific primer pCR-RT-reverse (GCCCTCTAGACT
CGAGCTCGA) and for the following PCR amplification
primers, MGTra-F-Bam (GGGGATCCGACCGGCGCGTCG
TGCGGGGCT) and MGTra-R-Xho (GGGCTCGAGTACCC
GATTCCCAACATGACG) for Tra2-betal MG and with
INS1 (cag cta cag tcg gaa acc atc agc aag cag) and antisense
INS3 (cac ctc cag tge caa ggt ctg aag gtc acc) for SV9/10L/11
Tau MG were used. PCR products resolved on ethidium
bromide-stained agarose gels resulted in similar ratios. The
ratio of exon inclusion to exon skipping was determined by
using Image J program.

In vivo splicing assays with siRNAs

In vivo splicing assays with siRNAs were performed in a
similar way. The siRNA knockdown of PP1 was done using
HiPerfect Transfection Reagent (Qiagen, Hilden) using the
reverse transfection procedure according to manufacturer’s
direction. siRNAs for PPlalpha, PPlbeta and PPlgamma
(Santa Cruz sc-36299, sc-36295, sc-36297) were used as a
pan-siRNA mixture in 20 nM concentration. After 24 h
250 ng/well of the minigenes SMN2, tau and tra2-beta were

TT0Z ‘9 Ae uo salrelqr] Aonuay Jo Alsianiun e Bio'sfeuinolplojxo’Buuy woly papeojumoq


http://hmg.oxfordjournals.org/

transfected as described earlier. After 40—42 h siRNA treat-
ment (16—18 h after minigene transfection) RNA was isolated
from 6x10° seeded cells. In parallel, cells were lysed in
SDS-loading buffer for protein analysis (3 x 10> cells). One-
tenth of the lysates was for western blot analysis using a
mixture of antibodies against all PP1 isoforms. Analysis of
minigenes was performed as described earlier.

Human cell lines and determination of gems

Cell lines derived from skin fibroblasts of a type I SMA patient
(line 3813), a type II patient (2832), a type III patient (2873)
and from a SMA carrier (line 3814) have been described pre-
viously (59) and were maintained in DMEM containing 10%
(vol/vol) fetal bovine serum (Atlas), 2 mm glutamine (Invitro-
gen) and antibiotics (Invitrogen). For RT—PCR and immuno-
blot analyses, cells were plated into 12-well plates at a density
of 4000 cells/cm®. For immunofluorescence experiments, cells
were seeded onto glass coverslips coated with 1% gelatin at a
density of 4000 cells/cm®. Drug compounds or DMSO were
added to the medium at a 1:1000 dilution. Medium was
changed daily and fresh compound was added. Immunostain-
ing of fibroblast cells was accomplished as described pre-
viously (59) with modification. Briefly, cells grown on
gelatinized coverslips were fixed with fixative buffer [2%
para-formaldehyde, 400 pM CaCl,, 50 mMm sucrose in
100 mm sodium phosphate buffer, pH 7.4 (80)] for 30 min at
room temperature, thoroughly rinsed with phosphate-buffered
saline (PBS) and permeabilized with ice-cold acetone for
10 min. After drying for at least 30 min at room temperature,
the cells were rehydrated with PBS for 10 min at room temp-
erature and then blocked with 5 x BLOCK for 60 min at room
temperature. The cells were incubated overnight with primary
antibody solution (mouse anti-SMN mAb; MANSMA?2 (8F7)
(81) diluted 1:200 in 1xBLOCK) at 4°C. The cells were
then washed extensively (3 x 10 min) with PBS and incubated
with secondary antibody solution (biotinylated goat anti-
mouse IgG (Jackson ImmunoResearch) diluted 1:400 with
1 xBLOCK) for 60 min at room temperature. The cells were
then washed with PBS (3x 10 min) and then incubated with
AlexaFluor 594-conjugated strepavidin (Invitrogen) diluted
1:200 with PBS for 60 min at room temperature. Cells
were then counterstained with Hoechst 33342 (1 pg/ml) in
PBS for 5 min. After thorough washing with PBS, coverslips
were mounted onto glass slides with ImmuMount (Shandon
Lipshaw) and stored at 4°C until analysis. For gem counting,
immunolabeling was visualized using a Nikon fluorescent
microscope and the number of gems in 100 randomly selected
nuclei as well as the number of cells with gems were collected.
Confocal images were obtained using a Zeiss 510 META
Laser Scanning confocal microscope (Campus Microscopy
and Imaging Facility, Ohio State University) as a series of
optic sections (thickness of 500 nm/section) taken through
the z-axis. These stacks of sections were then compressed
using LSM 5 Image Browser (Carl Zeiss, Inc.). All parametric
data were expressed as mean standard error. Comparisons
made between parametric data were made using one-way
ANOVA with a Bonferonni post hoc test. All statistical ana-
lyses were performed using SPSS v.15.
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Array analysis

Five micro gram of total RNA were reverse transcribed in
30 wl with 200U Superscript II (Life Technologies), 4 g
random primers (Life Technologies) and final concentrations
of dTTP and aa-dUTP of 250 um, in 1x first strand buffer
(Life Technologies) at 42°C for 2 h. RNA strands were hydro-
lyzed with 10 pl NaOH (1 N) for 10 min at 65°C. The reaction
mixtures were neutralized with 10 wl HCI (1 N). The resulting
aa-cDNAs were next precipitated using 6 wl of NaAc, 3H,0
(3M) pH 5.2, 132 pl absolute ethanol, 0.5 wl glycogen and
incubated over night at —20°C. aa-cDNA pellets were resus-
pended in 2.5 pl RNAse free water and labeled with 5 pl
sodium bicarbonate (0.1 M) pH=9 and 2.5 pl Cyanine 3 or
Cyanine 5 (Amersham Biosciences) in DMSO. Each sample
was incubated in the dark for 1 h. The reactions were com-
pleted by adding 4.5 pl hydroxylamine (4 M) and incubated
for 15 min. Labeled materials were purified using JetQuick
PCR purification columns (GenoMed) as per manufacturer’s
instructions and eluted twice with 50 l each of RNase free
water preheated at 65°C. The cDNA yields and dye incorpor-
ation were quantified by spectrophotometry.

Hybridizations were performed using 2.5 pg of Cy3 and
Cy5 labeled targets (for 11 K and 22 K slides respectively)
along with 20 pg of herring sperm DNA (Invitrogen). The
mixture was heated at 98°C for 3 min, and then brought to
room temperature for 5 min in the presence of 25 pl of 10x
Control Targets from the in situ hybridization kit (Agilent
Technologies). Following addition of the kit’s 2 x hybridiz-
ation buffer, the mixture was hybridized to the splicearrays
at 65°C for 17 h.

The arrays were washed using Agilent’s 60-mer Oligo
Microarray Processing Protocol-SSPE Wash, with washes
increased to 5 min each. All incubations were performed in
an ozone-free atmosphere to prevent any degradation of
signal. The arrays were scanned using Agilent’s Microarray
Scanner. The images were analyzed with Feature Extraction
software, version 8.1 using all default settings.

The processed signals were imported into a Splicearray
Analysis Tool (SAT), summarizing the probe data according
to gene locus and splice event. The SAT tool also contains
extensive annotations for each splice event that permits the
sorting and filtering of the results by several parameters such
as the type of splicing event, signal strength and fold-change
between the two samples.

Administration of PP1 inhibitors to mice

Adult Smn2*'";mSmn™'* mice (82) on a FVB/N genetic
background were used to determine the effect of PP1 inhi-
bition on SMN2 expression in vivo. These mice were obtained
from an internal breeding colony (at Ohio State University)
but are commercially available from Jackson Laboratories
(stock  number  005024; FVB.Cg-Tg(SMN2)894Ahmb
Smn1™™s%) " These mice were obtained from Smn2™'™;
mSmn™'~ parents and were genotyped as described (82).
Mice received either tautomycin (0.5 mg/kg), cantharidin
(0.1 mg/kg), or an equivalent volume of vehicle (DMSO in
all cases) i.p at a dose volume of | pl/g. The treated mice
were euthanized 6 h after dosing and tissues were harvested
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and rapidly frozen in N,. Tissues were stored at —80°C until
use. All experiments were conducted in accordance with the
protocols described in the National Institutes of Health
Guide for the Care and Use of Animals and were approved
by the Ohio State University Institutional Laboratory Animal
Care and Use Committee.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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