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Abstract. Individual members of the serine-arginine
(SR) and heterogeneous nuclear ribonucleoprotein
(hnRNP) A/B families of proteins have antagonistic
effects in regulating alternative splicing. Although
hnRNP A1l accumulates predominantly in the nucleus,
it shuttles continuously between the nucleus and the cy-
toplasm. Some but not all SR proteins also undergo nu-
cleo-cytoplasmic shuttling, which is affected by phos-
phorylation of their serine/arginine (RS)-rich domain.
The signaling mechanisms that control the subcellular
localization of these proteins are unknown. We show
that exposure of NIH-3T3 and SV-40 transformed
green monkey kidney (COS) cells to stress stimuli such
as osmotic shock or UVC irradiation, but not to mito-
genic activators such as PDGF or EGF, results in a
marked cytoplasmic accumulation of hnRNP A1, con-

comitant with an increase in its phosphorylation. These
effects are mediated by the MKK;,5-p38 pathway, and
moreover, p38 activation is necessary and sufficient for
the induction of hnRNP A1l cytoplasmic accumulation.
The stress-induced increase in the cytoplasmic levels of
hnRNP A/B proteins and the concomitant decrease in
their nuclear abundance are paralleled by changes in
the alternative splicing pattern of an adenovirus E1A
pre-mRNA splicing reporter. These results suggest the
intriguing possibility that signaling mechanisms regu-
late pre-mRNA splicing in vivo by influencing the sub-
cellular distribution of splicing factors.

Key words: alternative splicing « hnRNP ALl « signal
transduction < p38 kinase « stress signaling.

Introduction

The heterogeneous nuclear ribonucleoprotein Al (hn-
RNP)! is an abundant nuclear RNA-binding protein in-
volved in the processing of pre-mRNA (Dreyfuss et al.,
1993). hnRNP Al binds to most RNA polymerase Il tran-
scripts, displaying high affinity for sequences that re-
semble splice sites (Burd and Dreyfuss, 1994), and it can
regulate alternative splicing in vitro and in vivo by antago-
nizing the serine-arginine (SR) family of proteins (Mayeda
and Krainer, 1992; Céaceres et al., 1994; Yang et al., 1994;
reviewed in Céceres and Krainer, 1997).
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Although hnRNP A1 localizes predominantly in the nu-
cleus, it shuttles continuously between the nucleus and the
cytoplasm, and treatment with the transcriptional inhibitor
actinomycin D results in its cytoplasmic accumulation
(Pifol-Roma and Dreyfuss, 1992). A subset of human SR
proteins also shuttles rapidly and continuously between
the nucleus and the cytoplasm (Céceres et al., 1998). The
ability of hnRNP and SR proteins to shuttle may be essen-
tial for additional roles played by these proteins in nuclear
export of mature mMRNASs (lzaurralde et al., 1997), transla-
tion, and/or posttranslational events. For example, hnRNP
Al can render translation cap-dependent in vitro, which
suggests a role for hnRNP Al in the regulation of protein
translation (Svitkin et al., 1996). Other shuttling proteins,
such as hnRNP K and hnRNP EL1, regulate 15-lipoxygen-
ase translation by binding to specific sequences in the 3’
untranslated region of the mRNA (Ostareck et al., 1997).

Transient overexpression of Clk/Sty kinase affects the
subcellular distribution of the SR protein SF2/ASF, caus-
ing its cytoplasmic accumulation (Céceres et al., 1998).
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This effect is most likely due to phosphorylation of the RS
domain of SF2/ASF. However, it is not clear whether
these changes in cellular localization are due to activation
of nuclear export or inhibition of nuclear import of SF2/
ASF. This observation suggests that signaling mechanisms
that control the subcellular distribution of splicing regula-
tors can affect splicing regulation by altering the ratios of
antagonistic factors in the nucleus. Indeed, transient trans-
fection of Clk/Sty kinase affects the splicing pattern of
transcripts from a cotransfected E1A splicing reporter
(Duncan et al., 1997).

The signaling pathways that link membrane events with
cytoplasmic/nuclear effects have recently been grouped
into kinase cascades activated by either mitogenic or stress
stimuli (Davis, 1993, 1994). The mitogenic signals con-
verge into the MEK/MAP kinase module, whereas the
stress signals lead to the activation of two kinase cascades
that are similar to the mitogenic MAP kinase (also known
as ERK; Canman and Kastan, 1996). Osmotic shock, in-
flammatory cytokines, as well as UVC-irradiation and cer-
amide, stimulate these two stress-response kinase cascades
that involve the activation of SAPK (also known as JNK)
by SEK-1, and that of p38 kinase by MKK3, (Kyriakis and
Avruch, 1996, Karin 1998). Although the events upstream
of SEK-1 and MKKg are still poorly defined, the activa-
tion of SAPK and/or p38 are critical steps in the control of
the stress response. All three MAP kinases culminate in
the phosphorylation and activation of important transcrip-
tion factors such as elk-1, c-Jun, or ATF-2 (Davis, 1993,
1994; Kyriakis and Avruch, 1996). However, other sub-
strates exist for these kinases, such as cPLA2 and p90"«
(also known as MAPKAP kinase-1) in the case of ERK ki-
nase, or MAPKAP kinase-2 in the case of p38 (Davis, 1994;
Kyriakis and Avruch, 1996).

The signaling mechanisms that control hnRNP Al shut-
tling, if any, are unknown. The existence of a link between
these signaling routes and hnRNP A1 shuttling would clar-
ify the mechanism whereby signal transduction pathways
regulate not only gene transcription, but also the correct
processing of MRNA. We demonstrate here that the sub-
cellular localization of hnRNP Al can be modulated by
the MKK35-p38 pathway in response to stress, but not to
mitogenic stimulation. The stress-induced increase in the
cytoplasmic levels of hnRNP Al and the concomitant de-
crease in nuclear hnRNP Al abundance are reflected in
changes in alternative splicing activity.

We propose that the subcellular distribution of splicing
factors is a regulated process, which in the case of hnRNP
Al appears to be an early response to stress, involving the
p38 kinase cascade.

Materials and Methods

Plasmids

Plasmids expressing HA-tagged versions of ERK, SAPK, p38 and {PKC,
and their respective dominant-negative mutants were described previ-
ously (Berra et al., 1995; Raingeaud et al., 1996) and were generously pro-
vided by J. Pouyssegur, J. Woodget, and R. Davis, respectively. The myc-
tagged MKKj; wild-type and constitutively active mutant (MKKgyPP)
were a generous gift from A. Nebreda (EMBL,; Cuenda et al., 1996). The
E1A gene plasmid pMTELA used in the alternative splicing assays was
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described previously (Zerler et al., 1986; Caceres et al., 1994) and was
kindly provided by B. Moran.

Cell Culture and Transfections

NIH 3T3 cells and arginine/serine (RS)-rich SV-40 transformed green
monkey kidney (COS) cells were cultured in DME supplemented with
10% FCS. Cells were treated with the different agonists as described in
the figure legends. Sorbitol and actinomycin D were purchased from
Sigma Chemicals. Transfections were carried out by the calcium phos-
phate method. In brief, subconfluent cultures of COS cells grown on cov-
erslips in 60-mm dishes were transfected with 5 pg of plasmids expressing
MAPK, SAPK, p38, MKKg, or their respective mutants. Plasmid DNA
was removed 12 h later, and DME containing 10% FCS was added. At 24 h
after transfection, cells were either left untreated or were exposed to dif-
ferent stimuli and fixed for indirect immunofluorescence analysis.

Immunofluorescence Microscopy

Cells were fixed with 4% p-formaldehyde in PBS for 15-30 min at room
temperature, followed by incubation for 10 min in 0.2% Triton X-100. En-
dogenous hnRNP A1, hnRNP U and hnRNP C1/C2 were visualized with
a 1:1,000 dilution of 4B10, 3G6 or 4F4 monoclonal antibodies, respec-
tively, which were kindly provided by Dr. Gideon Dreyfuss (Dreyfuss et
al., 1984; Pifiol-Roma et al., 1988). Endogenous hnRNP B1 was visualized
using a 1:1,000 dilution of 2B2 monoclonal antibody (Kamma et al., 1999).
For localization of endogenous SF2/ASF protein, a monoclonal antibody
against SF2/ASF (mAb 103) was used at a 1:500 dilution (Céaceres et al.,
1997). For localization of endogenous SC35 protein, a monoclonal anti-
body against SC35 was used as ascites at a 1:1,000 dilution (Fu and Mania-
tis, 1990). The cells were then washed three times with PBS and incubated
at room temperature with a 1:200 dilution of fluorescein-conjugated goat
anti-mouse 1gG (Jackson ImmunoResearch Laboratories). After washing
three times, the coverslips were inverted and mounted on glass micro-
scope slides. Double immunofluorescence analysis of endogenous hnRNP
Al and HA- or myc-tagged proteins was carried out using monoclonal
anti-hnRNP Al 4B10 and rabbit polyclonal anti-HA or anti-myc antibod-
ies (Santa Cruz Biotechnology, Inc.), followed by a mix of fluorescein-
conjugated anti-mouse and rhodamine-conjugated anti-rabbit antibodies
(Jackson ImmunoResearch Laboratories). Samples were observed on a
Zeiss Axioskop microscope and images acquired with a Photometrics
CH250 cooled CCD camera using Digital Scientific Smartcapture exten-
sions within IP Lab Spectrum software.

In Vivo Phosphorylation of hnRNP Al and Western
Blot Analysis

Metabolically 3P-labeled NIH-3T3 cells were either left untreated or
were exposed to high-osmolarity medium (OSM) for different times. Sub-
sequently, cell lysates were made with RIPA buffer containing 10 n.g/ml of
leupeptin and aprotinin, 1 mM phenylmethylsulfonyl fluoride, 0.25 mM
orthovanadate, 20 mM B-glycerophosphate and 10 mM sodium fluoride.
Endogenous hnRNP Al was immunoprecipitated with the monoclonal
antibody 4B10 and its phosphorylation level determined by autoradiogra-
phy following SDS-PAGE.

For Western blot analysis, cell lysates were made with RIPA buffer as
described above. The electrophoretically separated proteins were trans-
ferred onto Hybond P membranes (Amersham Pharmacia Biotech). Non-
specific binding was blocked by incubating the blot with 5% nonfat dry
milk in TBST (20 mM Tris, pH 7.6, 137 mM NaCl and 0.1% Tween 20).
Proteins were detected by subsequent incubation with the primary anti-
body in TBST. The following primary antibodies were used: anti-phos-
pho-p38 kinase rabbit polyclonal antibody at a 1:1,000 dilution (9211,
New England Biolabs), anti-phospho-SAPK rabbit polyclonal antibody at
a 1:1,000 dilution (9251; New England Biolabs), anti-cdc2 (PSTAIRE)
rabbit polyclonal antibody at a 1:500 dilution (sc-53; Santa Cruz Biotech-
nology, Inc.) and the anti-hnRNP Al mouse monoclonal antibody 4B10 at
a dilution of 1:1,000. After extensive rinsing with TBST, the blots were in-
cubated with secondary antibodies (either goat anti-rabbit 1gG or goat
anti-mouse 1gG; sc-2004 or 2005, respectively; Santa Cruz Biotechnology,
Inc.) conjugated to horseradish peroxidase at a 1:7,000 dilution. After fur-
ther rinsing in TBST, the blots were developed using ECL.

E1A Alternative Splicing

The experiments involving E1A alternative splicing were performed as
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described (Caceres et al., 1994). In brief, COS cells grown on 90-mm
dishes were transfected with 6 wg of pMTELA alone or in combination
with 7 g of expression plasmids encoding myc-tagged versions of MKKg
or its permanently active mutant (MKKgyPP), in conjunction with 7 pg of
HA-tagged versions of wild-type p38 kinase or its dominant-negative mu-
tant (p38°PN). Plasmid DNA was removed 12 h later, and DME containing
10% FCS was added. After 24 h, cells were either left untreated or ex-
posed to 600 mM sorbitol for 4 h. RNA was extracted using the Total
RNA Isolation Reagent (Advanced Biotechnologies LTD). Total RNA (5
rg) was analyzed by RT-PCR with Superscript Il reverse transcriptase
(Life Technologies) and AmpliTag DNA polymerase (Perkin Elmer).
E1A mRNA detection was carried out with the exon 1 forward primer 5'-
GTTTTCTCCTCCGAGCCGCTCCGA-3' and the 5’ end-labeled exon 2
reverse primer 5-CTCAGGCTCAGGTTCAGACACAGG-3'.

Results

Cytoplasmic Accumulation of hnRNP Al in
Stress-activated Cells

Exposure of NIH-3T3 cells to osmotic shock (OSM; DME +
400 mM sorbitol) induced a detectable accumulation of
hnRNP Al in the cytoplasm within 30 min of cell stimula-
tion, and this response peaked after 2 h (Fig. 1 A). This ef-
fect was reversible and by 5 h of osmotic shock, hnRNP
Al protein was nuclear in most cells (Fig. 1 A, upper
panel; Table I). Whereas ~65-80% of NIH-3T3 cells re-
versibly accumulated hnRNP Al in the cytoplasm when

A control 30 min 1h
0.6M OSM
uv

B control OSM/2 h

hnRNP U
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Table |. Percentage of Cells Showing Cytoplasmic Staining for
Endogenous hnRNP Al, SF2 and hnRNP B1 after Treatment
with OSM and UV

3T3cels COScélls
hnRNP A1 SF2 hnRNPA1 SF2  hnRNPB1
% %
Control <2 <2 <2 <2 <2
04MOSM 2h 65-80 5-10 3545 5 35
5h 25-40 ND 30-35 ND 2-3
06MOSM 2h >08 1520 95-100 ND 95-100
5h >08 ND 90-95 ND 80-90
uv 5h 1520 <2 36 <2 10-15

NIH-3T3 and COS cells grown on coverslips were either |eft untreated or exposed to
the indicated stress stimuli, and subsequently fixed and incubated with either the
4B10 antibody to detect endogenous hnRNP A1, the 103 antibody to detect endoge-
nous SF2, or the 2B2 antibody to detect endogenous hnRNP B1.

exposed to 400 mM sorbitol; (Fig. 1 A and Table 1),
~100% of the cells displayed irreversible cytoplasmic ac-
cumulation of hnRNP Al when the concentration of sor-
bitol was increased to 600 mM (Fig. 1 A, middle panel). As
a control, staining of the nonshuttling hnRNP U protein
with the appropriate antibody (Dreyfuss et al., 1984) dem-
onstrated that this effect was specific and not due to gener-

2h 5h

Figure 1. hnRNP A1l accu-
mulates in the cytoplasm in
stress-activated cells. (A)
NIH-3T3 cells cultured on
glass coverslips were left un-
treated or were exposed to ei-
ther high-osmolarity medium
(OSM; DME + 400 mM sor-
bitol, upper panel; DME +
600 mM sorbitol, middle
panel) for the indicated
times, or to UV-C light (UV;
180 J/m?, lower panel) and
were then further cultured for
the indicated times. The cells
were then fixed and immu-
nostained with the anti-
hnRNP Al monoclonal
antibody 4B10 to detect en-
dogenous hnRNP Al protein,
as described in Materials and
Methods. 100 mM Z-VAD, a
potent caspase inhibitor, was
included in the 5-h incubation
time point (lower panel). (B)
As a control, cells exposed to
either 400 mM sorbitol
(OSM) for 2 h or to UV-C
light (UV) and further incu-
bated for 5 h, were processed
as above but stained with the
monoclonal antibody 3G6
to detect endogenous hnRNP
U protein, a nonshuttling
hnRNP protein. Essentially
identical results were ob-
tained in several indepen-
dent experiments.

UV/5 h
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alized nuclear leakage, since no accumulation of hnRNP U
protein in the cytoplasm was observed (Fig. 1 B).

When cells were irradiated with UV-C light, hnRNP Al
accumulated in the cytoplasm, but with slower kinetics
than observed after osmotic stress. In UV-C-irradiated
cells, hnRNP A1l cytoplasmic accumulation was detectable
by 2 h and was maximal at 5 h (Fig. 1 A, lower panel).
UV-C light induces cells to undergo apoptosis; however,
hnRNP A1l cytoplasmic accumulation was independent of
this process, since the 5-h time point was obtained in the
presence of a potent Caspase inhibitor (Z-VAD). As ob-
served with OSM, UV-C irradiation provoked no changes
in the subcellular distribution of hLnRNP U (Fig. 1 B).

In contrast to the effects of OSM and UV-C light, stimu-
lation of serum-starved quiescent 3T3 cells with different
growth factors such as PDGF or EGF, did not alter the
cellular distribution of hnRNP Al (not shown). Signifi-
cantly, pretreatment of NIH-3T3 cells with 100 wM cyclo-
heximide to block protein synthesis 4 h before the stimulus
had no effect on the ability of the different stress stimuli to
promote the cytoplasmic accumulation of hnRNP Al (not
shown). This observation demonstrates that the accumula-
tion of hnRNP ALl in the cytoplasm does not represent
newly synthesized protein in conjunction with a blockage
of nuclear import.

To test whether the cytoplasmic accumulation of
hnRNP ALl in response to stress is cell specific, we exposed
different cell lines to OSM and/or UV-C irradiation and
analyzed the subcellular distribution of a panel of hLnRNP
and SR proteins. Exposure of COS cells to OSM (DME +
400 mM sorbitol) for 2 h induced cytoplasmic accumula-
tion of hnRNP Al in 35-45% of the cells (Fig. 2 and Table
1). No detectable changes in the subcellular distribution of
the nonshuttling hnRNP U and hnRNP C proteins were
observed. The kinetics of hnRNP Al cytoplasmic accumu-
lation differed between NIH-3T3 and COS cells, since in
the latter hnRNP Al remained cytoplasmic after a 5-h in-
cubation, and reversion to the nuclear localization pattern
was observed only after a 10-h incubation (data not
shown). The response of SR proteins to OSM in COS cells
varied. In the case of SF2/ASF, only a small fraction of
cells accumulated endogenous SF2/ASF in the cytoplasm
(5%), which is similar to what has been observed in 3T3
cells (see Table 1). In contrast, SC35 remained nuclear
(Fig. 2). In accordance to what has been observed in 3T3
cells, UV-C irradiation of COS cells induced cytoplasmic
accumulation of hnRNP Al in a low number of cells (3-6%,
compared with 15-20% in 3T3 cells, Table I), whereas
SF2/ASF remained nuclear (Table I). Similar results were
obtained with two human cell lines, HeLa and 293 (data
not shown).

We analyzed the distribution of another shuttling
hnRNP protein, hnRNP B1, which is closely related in se-
quence to hnRNP Al and also antagonizes SR proteins in
splicing regulation (Biamonti et al., 1994; Mayeda et al.,
1994). Interestingly, we found that 400 mM sorbitol did
not significantly change the nuclear localization of hnRNP
B1 in COS cells, in contrast to what has been observed for
hnRNP Al (Table I). On the other hand, 600 mM sorbi-
tol induced cytoplasmic accumulation of hnRNP B1 in
~100% of the cells, similar to what has been observed for
hnRNP ALl. Exposure to UV-C light resulted in cytoplas-
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control OSM

Figure 2. Subcellular distribution of several SR/hnRNP proteins
in COS cells subjected to OSM. COS cells cultured on glass cov-
erslips were left untreated or were exposed to 400 mM sorbitol
(OSM) for 2 h. The cells were then fixed and stained with mono-
clonal antibodies specific for hnRNP Al (4B10), hnRNP U
(3G6), hnRNP C (4F4), SF2/ASF (103), or SC35 (anti-SC35).

mic relocalization of hnRNP B1 in 10-15% of the cells
(Table I). These experiments strongly suggest that the
stress-induced cytoplasmic accumulation of hnRNP and
SR proteins is not a general feature of shuttling versus
nonshuttling proteins, but rather a unique response of in-
dividual proteins to stress signaling (Figs. 1 and 2 and Ta-
ble 1). A summary of the localization of different hnRNP
and SR proteins in cells treated with OSM and UV is pre-
sented in Table I.

This set of experiments demonstrates that changes in
the subcellular distribution of hnRNP A1 following stress
signaling are not a cell type-specific phenomenon. The fact
that hnRNP U (Fig. 1 B), hnRNP C and SC35 (Fig. 2) re-
mained exclusively nuclear in cells exposed to different
stress stimuli also indicates that the OSM and UV treat-
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ments do not affect general cell integrity or nuclear enve-
lope morphology. In addition, these controls demonstrate
that general cellular protein import and export are not af-
fected following stress signaling.

OSM Induces hnRNP Al Phosphorylation

We did not detect phosphorylation of hnRNP Al by acti-
vated p38 kinase in vitro (not shown). However, phosphor-
ylation of hnRNP Al increased dramatically following the
exposure of NIH-3T3 cells to OSM. The time course of
hnRNP Al phosphorylation at 600 mM sorbitol correlated
well with the Kkinetics of its cytoplasmic accumulation (Fig.
3 B). hnRNP Al phosphorylation increased gradually
throughout the time course and under these experimental
conditions, ~100% of the cells accumulated hnRNP Al in
the cytoplasm in an irreversible manner (Fig. 1 A and Ta-
ble I). When NIH-3T3 cells were exposed to 400 mM sorbi-
tol, hnRNP A1l also became phosphorylated although to a
much lesser extent. HNRNP Al phosphorylation reaches
a plateau at 2-5 h after stimulation, however, reversion to
a nuclear localization was observed at 5 h when hnRNP
Al was still phosphorylated. The inability of hnRNP Al to
return to the nucleus after exposure to 600 mM sorbitol
may be a consequence of the hyperphosphorylated state of
the protein under these conditions. We also observed a com-
parable phosphorylation pattern of hnRNP Al in COS
cells exposed to OSM (not shown). Collectively, these re-
sults indicate that although hnRNP Al may not be a direct
substrate of p38 kinase in vitro, it becomes phosphorylated
in response to stress, and the kinetics of phosphorylation
and of cytoplasmic accumulation are similar.

Role of p38 Kinase in the Cytoplasmic Accumulation of
hnRNP Al

The signaling pathways activated by stress have been ex-
tensively studied (Canman and Kastan, 1996; Hannun
1996; Kyriakis and Avruch, 1996; Karin, 1998). Different
stress stimuli, such as osmotic shock, UV-C irradiation and
ceramide, activate two stress-response kinase cascades
which are critical steps in the control of the stress re-
sponse: SAPK (also known as JNK) by SEK-1, and p38 ki-
nase by MKKj6 (Canman and Kastan, 1996; Kyriakis and
Avruch, 1996, Karin, 1998). We therefore analyzed the
potential role of the SAPK and p38 kinase pathways in
the control of hnRNP Al subcellular redistribution after
stress signaling. COS cells were transfected with expres-
sion plasmids encoding HA-tagged versions of wild-type
or dominant-negative mutants of MAPK/ERK, SAPK, or

0.6M OSM

0.4M OSM B control 300 1h 2h

A control 1h 2h 5h
M —— 32D

LAk Ao

T ————

.'"""" — . - *4310

p38 kinase (Berra et al., 1995; Raingeaud et al., 1996). The
transfected cells were exposed to OSM, and the subcellu-
lar localization of endogenous hnRNP Al was determined
by double immunofluorescence staining (Fig. 4 a). Expres-
sion of the dominant-negative mutant of p38 abrogated
the effect of OSM by blocking the accumulation of hnRNP
Al in the cytoplasm (Fig. 4, a and b), whereas expression
of wild-type p38 had no effect (Fig. 4 b). Expression of
dominant-negative ERK or SAPK (Fig. 4, a and b) and of
wild-type ERK or SAPK had no effect either (Fig. 4 b).
Thus, blocking the p38 pathway by a dominant-negative
form of p38 kinase is sufficient to prevent the cytoplasmic
accumulation of hnRNP Al after OSM, strongly suggest-
ing that this signaling pathway is responsible for its altered
subcellular distribution.

hnRNP A1l is directly phosphorylated in vitro by protein
kinase A (PKA) and {PKC (Cobianchi et al., 1993; Muni-
cio et al., 1995). Although expression of a constitutively
active mutant of ZPKC promotes the cytoplasmic accumu-
lation of hnRNP ALl in proliferating NIH-3T3 cells (Muni-
cio et al., 1995), transfection of a kinase-inactive domi-
nant-negative mutant of (PKC had no effect on the
cytoplasmic accumulation of hnRNP Al in response to
OSM (Fig. 4 b). Therefore, {PKC does not appear to play
arole in the regulation of hnRNP Al shuttling in response
to stress.

The nucleo-cytoplasmic shuttling properties of hnRNP
Al were originally discovered by exposure of cells to acti-
nomycin D (Pifiol-Roma and Dreyfuss, 1992). These ex-
periments suggested that the accumulation of hnRNP Al
in the cytoplasm is a direct consequence of the inhibition
of RNA polymerase Il transcription. The experiment in
Fig. 4 c clearly demonstrates that transfection of a domi-
nant-negative form of p38 kinase does not interfere with
the ability of actinomycin D to promote the cytoplasmic
accumulation of hnRNP A1, indicating that the effect of
actinomycin D on hnRNP Al shuttling does not involve
the p38 pathway. Moreover, stress signals do not cause a
general inhibition of transcription; on the contrary, tran-
scription of several genes, such as the aldose reductase
gene, is activated as a cellular response to hyperosmolarity
(Ferraris et al., 1996; Ruepp et al., 1996). In addition, sev-
eral of the downstream targets of both stress pathways,
such as hsp27, ATF-2, and c-jun are transcription factors,
which upon activation by SAPK and p38 kinase will in
turn activate the transcription of downstream genes. We
conclude that the cytoplasmic accumulation of hLnRNP Al
in response to stress is not due to a general inhibition of
transcription.

Figure 3. OSM induces hnRNP Al phosphoryla-

5h tion. Metabolically 3°P-labeled NIH-3T3 cells were

either left untreated or were exposed to OSM
(DME + 400 mM sorbitol (A) or DME + 600 mM
sorbitol (B)) for the indicated times. Total protein
was isolated, endogenous hnRNP Al was immu-
noprecipitated with the monoclonal antibody
4B10, and its phosphorylation level was deter-

mined by autoradiography following SDS-PAGE. Western blotting analysis using the 4B10 antibody showed comparable amounts of
hnRNP ALl protein present in all lanes (lower panel in A and B). Exposure of NIH-3T3 cells to 600 mM sorbitol resulted in cytoplasmic
accumulation of hnRNP Al in ~100% of the cells after 2 h, and hnRNP Al cytoplasmic localization was not reversible after 5 h.

van der Houven van Oordt et a. Sress-induced Relocalization of Splicing Factors
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Figure 4. Role of p38 kinase in cytoplasmic relocalization of
hnRNP Al in cells exposed to OSM. (a) COS cells cultured on
glass coverslips were transiently transfected with 5 g of expres-
sion plasmids encoding HA-tagged versions of different kinases
that mediate mitogenic and stress-activated signals (ERK,
SAPK, and p38; data not shown) and their respective dominant-
negative mutants (ERKPN, SAPKPN, and p38°PN). At 24 h after
transfection, the cells were either left untreated (data not shown)
or were exposed to 400 mM sorbitol (OSM) for 2 h. The cells
were then fixed and stained with anti-hnRNP Al monoclonal an-
tibody 4B10 and FITC-conjugated anti-mouse 19gG (green) to de-

tect endogenous hnRNP A1 protein, and with rabbit polyclonal anti-HA antibody and rhodamine-conjugated anti-rabbit 1gG (red) to
detect transiently expressed kinases. Essentially identical results were obtained in several independent experiments. (b) Histogram
showing the percentage of cells displaying cytoplasmic hnRNP Al after transfection of the respective HA-tagged kinase followed by ex-
posure to OSM. (c) Histogram showing the percentage of cells displaying cytoplasmic accumulation of hnRNP Al after transfection
with 5 g of the respective HA-tagged kinase followed by actinomycin D treatment (5 pg/ml) for 3 h.

Activation of p38 Kinase and SAPK by OSM and UV

Although OSM and UV induce the cytoplasmic accumula-
tion of hnRNP A1, these stimuli may trigger distinct path-
ways. We analyzed the activation of both p38 kinase and
SAPK in cells exposed to different stress stimuli by West-
ern blots using specific antibodies that recognize the phos-
phorylated, i.e., the activated form of these protein Kki-
nases. We compared the activation of p38 kinase and
SAPK in cells exposed to either 400 mM sorbitol, 600 mM
sorbitol or UV-C. In agreement with previous results (re-
viewed in Canman and Kastan, 1996; Kyriakis and Av-
ruch, 1996, Karin, 1998), we found that both p38 kinase
and SAPK get activated by OSM and UV-C irradiation, as
seen by the appearance of their respective phosphorylated
forms following different stress stimuli (Fig. 5). However,
maximum activation of p38 kinase was obtained with 600
mM sorbitol, which also has the strongest relocalization ef-
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fect on hnRNP Al. At the same time, 600 mM sorbitol
also induces the highest activation of SAPK. However, the
fact that a dominant-negative form of p38 kinase, but not a
dominant-negative form of SAPK, blocks the cytoplasmic
accumulation of hnRNP Al induced by OSM, clearly
demonstrates that the effect observed is exerted through
the p38 kinase pathway (Fig. 4). It remains, however, pos-
sible that the cytoplasmic accumulation of hnRNP Al in-
duced by UV-C may involve the SAPK pathway.

Activation of the MKK,-p38 Pathway Is Sufficient to
Promote the Cytoplasmic Accumulation of hnRNP Al

Collectively, the above results suggest that the cytoplasmic
accumulation of hnRNP Al provoked by cell stress re-
quires a functional p38 kinase. To test whether p38 activa-
tion is not only required, but also sufficient to promote
hnRNP Al cytoplasmic accumulation, COS cells were
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Figure 5. OSM and UV irradiation induce p38 kinase activation.
NIH-3T3 cells were either left untreated or exposed to 0.4 M,
0.6 M sorbitol or UV-C light (UV) for the indicated times. Total
protein extracts were analyzed by Western blot using an anti—
phospho-p38 kinase antibody. The same blot was subsequently
incubated with an anti phospho-SAPK antibody, followed by a
cdc2 antibody as loading control.

transfected with a myc-tagged version of a constitutively
active mutant of MKKgs (MKKj3,sPP, Cuenda et al., 1996)
either alone or in combination with plasmids encoding
HA-tagged versions of wild-type or dominant-negative
mutants of p38 kinase. Subsequently, the localization of
endogenous hnRNP Al in the absence of any other stimu-
lus was determined by double-label immunofluorescence.
Transfection conditions were optimized to achieve simul-
taneous expression of the myc and HA epitope-tagged ki-
nases in 75-85% of the transfected cells as judged by im-
munofluorescence microscopy (not shown). Expression of
the constitutively active mutant MKK,4PP alone was not
sufficient to induce cytoplasmic accumulation of endoge-
nous hnRNP Al. However, cotransfection of MKKg,PP
with p38 wild-type resulted in cytoplasmic accumulation of
endogenous hnRNP Al in >80% of the cells that ex-
pressed the tagged MKK,,PP (Fig. 6, a and b). This cyto-
plasmic accumulation was not observed when MKKgPP
was cotransfected with the dominant-negative mutant of
the p38 kinase. In addition, a wild-type version of MKKgz
in combination with the wild-type p38 kinase induced cy-
toplasmic hnRNP Al in <15% of the transfected cells,
and hnRNP A1l was not observed in the cytoplasm of cells
transfected with a wild-type version of MKKj alone (Fig.
6 b). Moreover, this effect was specific for hnRNP Al,
since no changes in the subcellular distribution of either
hnRNP U or hnRNP C were observed (not shown). Be-
cause of the technical difficulty in simultaneously detect-
ing endogenous hnRNP Al together with both cotrans-
fected kinases (myc-tagged MKKj5 and HA-tagged p38),
we also analyzed the localization of endogenous hnRNP
Al and of the HA-tagged p38 in parallel experiments. Vir-
tually identical results were obtained (not shown), con-
firming that both tagged kinase constructs are expressed in
the same cells.

We conclude from these experiments that activation of
the MKKj6-p38 pathway is necessary and sufficient to in-
duce the cytoplasmic accumulation of hnRNP Al in re-
sponse to cellular stress.
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Figure 6. Activation of the MKK3,-p38 pathway is sufficient to
promote cytoplasmic accumulation of hnRNP Al. (a) COS cells
cultured on glass coverslips were transiently transfected with 5
g of expression plasmids encoding myc-tagged versions of the
MKK g3 kinase (data not shown) or its permanently active mutant
(MKKG4PP), in conjunction with 5 g of expression plasmids en-
coding HA-tagged versions of wild-type p38 kinase or its domi-
nant-negative mutant (p38°PN). The cells were then fixed and
stained with the mouse monoclonal antibody 4B10 and FITC-
conjugated anti-mouse 1gG (green) to detect endogenous
hnRNP Al protein, and with the rabbit polyclonal anti-myc anti-
body and rhodamine-conjugated anti-rabbit 1gG (red) to detect
the transiently expressed MKKg6PP (b) Histogram showing the
percentage of cells displaying cytoplasmic hnRNP Al accumula-
tion after transfection as described in a.

Changes in Alternative Splicing Regulation after
Activation of the MKK45-p38 Pathway

Alternative splicing is a widespread mechanism for the
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spatial or temporal control of gene expression. hnRNP Al
and other closely related hnRNP A/B proteins have a con-
centration-dependent effect on the selection of alternative
5" splice sites both in vitro and in vivo (Mayeda and
Krainer, 1992; Céceres et al., 1994; Yang et al., 1994). The
amount of hnRNP Al relative to that of the splicing factor
SF2/ASF determines the use of alternative 5" splice sites,
such that when hnRNP Al is in excess, distal 5’ splice sites
are usually selected, and when SF2/ASF is in excess, proxi-
mal 5’ splice sites are favored (Mayeda and Krainer, 1992;
Caceres et al., 1994; Yang et al., 1994). Because SF2/ASF
cytoplasmic levels did not increase appreciably in stress-
activated cells (Fig. 2 and Table I), we reasoned that the
stress-induced increase in the cytoplasmic levels of hnRNP
Al, and the concomitant decrease in nuclear hnRNP Al
abundance, should favor the selection of proximal 5" splice
sites. To test this hypothesis, COS cells were transfected
with a reporter adenovirus E1A gene and the cells were ei-
ther left untreated or exposed to OSM (DME + 600 mM
sorbitol) for 4 h. In cells exposed to 0.6 M sorbitol, the use
of the most distal 5 splice site (which gives rise to the 9S
isoform), was reproducibly inhibited (as shown by a reduc-
tion of 9S from 45% in the control to 24% after OSM; Fig.
7). Similar results have been obtained in 3T3 cells (data
not shown).

We have shown that cotransfection of MKKgPP and
wild-type p38 elicits the biological response, i.e., hnRNP
Al cytoplasmic accumulation, in the absence of an up-
stream signal (i.e., OSM, Fig. 6). To further confirm that
the observed change in the alternative splicing pattern of
the E1A reporter after OSM was mediated by the activa-
tion of the MKKg,-p38 kinase cascade, COS cells were
transfected with expression plasmids encoding myc-tagged
versions of the MKKj; kinase or its permanently active
mutant (MKK,,6PP), in conjunction with HA-tagged ver-
sions of wild-type p38 kinase or its dominant-negative
mutant (p38PN). Indeed, the use of the most distal E1A al-
ternative 5’ splice site (9S isoform) was reproducibly in-
hibited in cells cotransfected with MKKj,sPP and wild-type
p38, but not in cells transfected with either kinase alone
(Fig. 7). In contrast, distal splice site inhibition was not ob-
served when the E1A splicing reporter was cotransfected
with MKK4PP and p38PN, or with wild-type MKKg ei-
ther alone or in combination with wild-type p38 (Fig. 7).
Expression of p38 wild-type or MKK,,PP alone resulted in
an increased level of the 9S transcript, probably due to
nonspecific events. Thus, there is a strong correlation be-
tween the activation of the MKKj6-p38 kinase cascade
(which induces cytoplasmic accumulation of hnRNP Al),
and inhibition of the 9S distal splice site of E1A. Although
the decreased levels of 95 mMRNA upon decrease of nu-
clear hnRNP Al are consistent with the known concentra-
tion-dependent effects of hnRNP Al on alternative 5’
splice-site selection, we cannot rule out the possibility that
the accumulation of hnRNP Al in the cytoplasm leads
to differential stabilization of the different alternatively
spliced isoforms.

In conclusion, these experiments strongly suggest that
stress stimuli trigger changes in the alternative splicing of
cellular genes by decreasing the nuclear ratio of hnRNP
Al to SF2/ASF through the modulation of hnRNP Al nu-
cleo-cytoplasmic transport.
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Figure 7. Activation of the MKK;6-p38 pathway and the con-
comitant reduction of the level of nuclear hnRNP Al correlates
with changes in alternative splicing. COS cells were transiently
transfected with 6 g of plasmid encoding the E1A splicing re-
porter minigene alone or together with 7 g of expression plas-
mids encoding myc-tagged versions of the MKK s kinase, or its
permanently active mutant (MKK,6PP), in conjunction with 7 pg
of expression plasmids encoding HA-tagged versions of wild-
type p38 kinase or its dominant-negative mutant (p38°N). At 24 h
after transfection cells were either left untreated or exposed to
600 mM sorbitol for 4 h. Total RNA was then isolated and the al-
ternative splicing pattern of the E1A transcripts was determined
by RT-PCR. The relative levels of 13S, 12S, and 9S mRNAs were
guantitated as described (Céceres et al., 1994; Screaton et al.,
1995). The E1A transcript isoforms are shown schematically. Es-
sentially identical results were obtained in three independent ex-
periments.
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Discussion

We show here for the first time that a signal transduction
pathway can control alternative splice site selection in vivo
by regulating the cellular localization of pre-mRNA splic-
ing factors. We have shown that the bidirectional transport
of hnRNP Al between the nucleus and the cytoplasm is
not a constitutive process. Instead, it is subject to modula-
tion by extracellular signals, which trigger rapid changes
in the distribution of the protein between these cellular
compartments. The relocalization of hnRNP Al to the
cytoplasm in stress-activated cells is mediated by the
MKKj3s-p38 pathway, which activation is both required
and sufficient for hnRNP Al cytoplasmic accumulation. At
the same time, OSM leads to phosphorylation of hnRNP
Al with kinetics that parallel the localization of hnRNP
Al. Although the role of protein phosphorylation in splic-
ing is unclear, recent observations suggest that phosphory-
lation modulates protein—protein interactions within the
spliceosome and controls the subnuclear distribution of
SR proteins in interphase and mitosis (Misteli, 1999). In
addition, phosphorylation of splicing regulators may be a
way of regulating the subcellular distribution of antagonis-
tic factors, and the resulting changes in the ratios of these
factors in the nucleus may in turn affect splicing activity.
This proposed mechanism represents a novel way of regu-
lating alternative splice-site selection.

hnRNP A1 is directly phosphorylated in vitro by PKA,
casein kinase Il (CKII) and {PKC (Cobianchi et al., 1993;
Municio et al., 1995), but is not a direct target of p38 ki-
nase (not shown). Phosphorylation by PKA significantly
alters the properties of hLnRNP Al, suppressing its strand
annealing ability with no effect on its nucleic acid binding
capacity (Cobianchi et al., 1993). We have shown that
stress signals induced the cytoplasmic accumulation of
hnRNP A1, concomitant with an increase in its phosphor-
ylation. Although the expression of a permanently active
mutant of {PKC promotes the cytoplasmic accumulation
of hnRNP A1 in proliferating cells (Municio et al., 1995),
transfection of a kinase-inactive dominant-negative mu-
tant of {PKC had no effect on the cytoplasmic accumula-
tion of hnRNP Al in response to stress (not shown). Re-
garding the potential role of PKA in this pathway, exposure
of cells to dibutyryl cAMP or cholera toxin, which potently
activate PKA in vivo, did not induce the cytoplasmic accu-
mulation of hnRNP Al (not shown). Therefore, neither
{PKC nor PKA kinases appear to play a role during the
stress-induced subcellular redistribution of hLnRNP Al.

The mechanism whereby p38 kinase regulates hnRNP
Al cytoplasmic accumulation is presently unknown. The
large increase in phosphorylation of hnRNP Al upon os-
motic shock may be part of the signal transduction path-
way that leads to its altered partitioning between the nu-
cleus and the cytoplasm. Alternatively, phosphorylation of
hnRNP Al may be a consequence of its accumulation and
the cytoplasm, where it may be exposed to a kinase with
which it does not normally interact. Although hnRNP Al
it is not a direct substrate for p38, it is known that p38 ki-
nase activates other kinases, such as MAPKAP kinase-2
and -3 (McLaughlin et al., 1996), which in turn may directly
phosphorylate hnRNP A1, altering its shuttling properties.
MAPKAP kinase-2 and p38 form a complex in the nucleus
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of unstimulated cells, where p38 kinase is inactive. In stim-
ulated cells, phosphorylation of MAPKAP kinase-2 by p38
leads to a conformational change in MAPKAP kinase-2,
which results in the masking of a nuclear localization sig-
nal (and perhaps the exposure of a nuclear export sig-
nal) that causes the relocalization of the p38-MAPKAP
kinase-2 complex to the cytoplasm. Thus, MAPKAP Kki-
nase-2 acts both as an effector of p38 by phosphorylating
substrates and also as a determinant of the cellular local-
ization of p38 (Ben-Levy et al., 1998; Engel et al., 1998).
This cytoplasmic translocation event may allow p38 and
MAPKAP kinase-2 to phosphorylate cytoplasmic targets.

Alternatively, the effect of p38 on hnRNP Al cytoplas-
mic accumulation could be indirect, through modulation
of the activity of proteins involved in the nucleo-cytoplas-
mic transport of hnRNP AL. In this regard, a novel recep-
tor-mediated nuclear import pathway, which is distinct
from the classical importin-mediated NLS pathway, has
been described. This new pathway involves a novel 90-kD
protein, transportin, which physically interacts with, and
serves to facilitate the nuclear import of, hnRNP Al (Pol-
lard et al., 1996). An attractive possibility is that the p38
kinase cascade, through the phosphorylation of hnRNP
Al, modulates its interaction with transportin, resulting in
a decreased rate of nuclear import. However, it is not clear
whether the altered subcellular distribution of hnRNP Al
following stress signaling is the result of inhibition of nu-
clear import or of an increased rate of nuclear export.

For the majority of nuclear events regulated by extracel-
lular stimuli, the targets of the signaling pathways are tran-
scription factors. However, other nuclear activities, such as
MRNA processing, are also potential targets for these sig-
naling pathways. One example of a growth factor-regu-
lated splicing event is the processing of the PTP-1B pre-
mRNA, which gives rise to a unique mRNA isoform via
alternative splicing upon stimulation of quiescent cells
with a variety of growth factors (Shiffrin and Neel, 1993).
The nuclear cap-binding complex (CBC) has also been
identified as a target for growth factor receptor-coupled
signal transduction (Wilson et al., 1999). The ability of
growth factors to stimulate the capped RNA-binding ac-
tivity correlates with growth factor stimulation of splicing
activity. The CBC receives inputs from multiple pathways,
since it is activated by the Ras-Raf-MEK pathway and also
by stress-activated signaling pathways. However, the sub-
cellular localization of both CBC protein subunits (CBP80
and CBP20) is not affected by growth factor stimulation
(Wilson et al., 1999).

The results reported here establish a new link between
signaling cascades that are central to the control of impor-
tant cell functions, such as the stress response, and the
control of gene expression by mRNA processing. We
showed that stress signals induce the cytoplasmic accumu-
lation of hnRNP A1, concomitantly with changes in the
alternative splicing of a cotransfected reporter. The cy-
toplasmic accumulation of hnRNP A1 after OSM presum-
ably causes an altered ratio of the antagonistic alternative
splicing factors SF2/ASF and hnRNP Al in the cell nu-
cleus. Indeed, the alternative splicing pattern of the ELA
reporter mini-gene shows a decrease of the relative level
of 9S transcripts in cells exposed to stress signals com-
pared with untreated cells, as would be expected for splic-
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ing in the presence of reduced levels of hnRNP Al. In ad-
dition to the effects attributable to hnRNP Al, it is
possible that other splicing factors are also altered by os-
motic stress and p38 activation, contributing to the overall
effect on alternative splicing. For example, we have shown
that hnRNP B1 also accumulates in the cytoplasm under
these conditions (Table 1), and this protein is structurally
and functionally closely related to hnRNP Al (Mayeda et
al., 1994).

The present findings demonstrate that changes medi-
ated by signaling can modulate alternative splicing by al-
tering the localization of known splicing regulators. This
regulatory mechanism may turn out to be a general one,
by which different signaling pathways may affect the nu-
clear ratio of specific antagonistic splicing regulators,
thereby modulating alternative splicing regulation of par-
ticular pre-mRNAs.
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