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hnRNP Al is a nucleocytoplasmic shuttling protein that is involved in many aspects of mRNA metabolism.
We have previously shown that activation of the p38 stress-signaling pathway in mammalian cells results in
both hyperphosphorylation and cytoplasmic accumulation of hnRNP Al, affecting alternative splicing regu-
lation in vivo. Here we show that the stress-induced cytoplasmic accumulation of hnRNP Al occurs in discrete
phase-dense particles, the cytoplasmic stress granules (SGs). Interestingly, mRNA-binding activity is required
for both phosphorylation of hnRNP Al and localization to SGs. We also show that these effects are mediated
by the Mnk1/2 protein kinases that act downstream of p38. Finally, depletion of hnRNP A1 affects the recovery
of cells from stress, suggesting a physiologically significant role for hnRNP Al in the stress response. Our data
are consistent with a model whereby hnRNP Al recruitment to SGs involves Mnk1/2-dependent phosphory-

lation of mRNA-bound hnRNP Al.

mRNAs are associated with a plethora of RNA-binding
proteins forming messenger ribonucleoprotein complexes
(mRNPs). Among the most abundant components of mRNPs
are proteins in the heterogenous nuclear ribonucleoprotein
(hnRNP) family, which in humans consists of at least 20 dif-
ferent polypeptides (15, 46). Among them, hnRNP Al is a very
abundant nuclear protein that is involved in alternative splicing
regulation both in vitro and in vivo by antagonizing the activity
of the SR family of proteins (8, 40, 66). Only recently, it was
proposed that hnRNP A/B proteins may also have a positive
role in generic splicing by modulating the conformation of
mammalian pre-mRNAs (39).

Although it is nuclear at steady state, hnRNP A1l shuttles
continuously between the nucleus and the cytoplasm, a prop-
erty common to a subset of hnRNPs (47). Thus, hnRNP Al is
also implicated in postsplicing activities, such as mRNA export
(27) and cap-dependent and internal ribosome entry site-me-
diated translation (5, 57). In addition, a role for hnRNP Al in
regulating mRNA stability has been suggested from data that
support its ability to bind to AUUUA-rich sequences (AREs)
(23). The shuttling activity of hnRNP A1 has been proposed to
play a role in cell proliferation, survival, and differentiation of
normal and transformed cells because it is required for normal
myelopoiesis and BCR/ABL leukemogenesis (25).

Mammalian cells have evolved a variety of mechanisms to
facilitate cellular recovery from environmental stressors. Stress
granules (SGs) are cytoplasmic domains that harbor transla-
tionally arrested mRNAs that accumulate in cells exposed to a
broad range of stresses, such as oxidative, genotoxic, hyperos-
motic, or heat shock. The key event leading to the formation of
SGs is the stress-induced phosphorylation of the translation
initiation factor eIF2a. Both osmotic shock (OSM) and arse-
nite (ARS) treatment have been shown to induce phosphoryla-
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tion of eIlF2a to comparable levels (38). This phosphorylation
event inhibits mRNA translation by depleting the eIF2-GTP-
tRNAM®! ternary complex and triggers assembly of the stalled
mRNAs together with bound proteins (32). Several compo-
nents of the SGs have been identified, including the related
RNA-binding proteins TIA-1 and TIAR, poly(A) binding pro-
tein (PABP), and translation initiation factors such as elF3,
eIF4E, and eIF4G (for a review, see reference 31). The RNA-
binding protein TIA-1 contains three RNA recognition motifs
(RRMs) at the N terminus and a glutamine-rich, prion-related
domain at the C terminus. Identification of TIA-1 mRNA
targets showed that this protein binds to a U-rich motif local-
izing preferentially to the 3’-untranslated regions of target
genes (37). Proteins involved in regulating mRNA stability,
such as HuR and tristetraprolin, and a great majority of
poly(A)" RNAs are also recruited to the SGs (reviewed in
reference 31). G3BP, a phosphorylation-dependent endoribo-
nuclease that interacts with RasGAP, is also recruited to SGs
in cells exposed to arsenite (58).

Processing bodies (P bodies or PBs) are distinct cytoplas-
mic sites of 5'-3' mRNA degradation that contain the de-
capping enzymes Dcpl and Dcp2, the exonuclease Xrnl, the
deadenylase hCcr4, the GW182 RNA-binding protein, and
the Lsm1-7 proteins (10, 17, 26; for recent reviews, see refer-
ences 18 and 63). Several components, such as eIF4E and
tristetraprolin, are present in both PBs and SGs. In contrast,
elF3, G3BP, elF4G, and PABP-1 are localized exclusively in
SGs, whereas Dcpl and -2 are restricted to PBs (34). This led
to the proposal that mRNAs released from disassembled poly-
somes are sorted and remodeled at SGs, from which selected
transcripts are delivered to PBs for degradation (34). Interest-
ingly, some mRNAs within SGs escape degradation and are
stored in an abortive translation initiation complex, which
makes them available for rapid reinitiation in the eventual
recovery from stress.

Both c-Jun N-terminal kinases and p38 mitogen-activated
protein (MAP) kinase are components of signaling cascades
that are activated in response to a number of extracellular
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stresses and that control the transcriptional and posttranscrip-
tional events that determine the functional response to stress
(reviewed in references 12 and 35). The activation of signaling
pathways has been shown to control the activity and affect the
subcellular distribution of RNA-binding proteins. For in-
stance, a rise in the intracellular calcium concentration results
in the cytoplasmic accumulation of the SR-related protein
Tra2-B1 in primary neuronal cultures (11). Furthermore, phos-
phorylation of the polypyrimidine tract binding protein (PTB,
or hnRNP I) by protein kinase A causes its cytoplasmic accu-
mulation (65; for reviews, see references 52 and 55). We have
previously shown that activation of the p38 MKKj,/p38 stress-
signaling pathway in mammalian cells results in both hyper-
phosphorylation and cytoplasmic accumulation of hnRNP Al
and affects alternative splicing regulation (59). More recently,
we mapped the stress-induced phosphorylation sites in hnRNP
Al to a stretch of serines located adjacent to the M9 motif,
which mediates bidirectional transport of hnRNP Al. This
phosphorylation event abrogates interactions between hnRNP
Al and its import receptor, transportin, resulting in its cyto-
plasmic accumulation (1).

Here we show that the stress-induced cytoplasmic accumu-
lation of hnRNP A1 occurs in the cytoplasmic SGs with similar
kinetics to those of TIA-1. We found that this stress-induced
hyperphosphorylation is required for the cytoplasmic accumu-
lation of hnRNP A1 but not for subsequent recruitment to the
SGs. In contrast, binding of hnRNP Al to poly(A)* mRNA in
the cytoplasm is required for both localization to SGs and
hyperphosphorylation in response to stress. Our data are con-
sistent with a model whereby hnRNP Al exits the nucleus
bound to mRNA. Once in the cytoplasm and upon exposure to
stress stimuli, mRNA-bound hnRNP Al is phosphorylated by
the Mnk1/2 protein kinases, causing the recruitment of hnRNP
Al and its associated mRNA to the SGs. The physiological
significance of hnRNP Al in the stress response is underscored
by the observation that cells lacking hnRNP Al exhibit de-
creased viability rates, both during stress and following release
from stress conditions.

MATERIALS AND METHODS

Plasmid construction. Green fluorescent protein (GFP)-G3BP was kindly
provided by J. Tazi. The genes for GFP-TIA-1 and hnRNP A1-GFP were
amplified by PCR with specific primers and cloned into the EcoRI/BamHI sites
of plasmids pEGFP-C1 and pEGFP-N1 (Clontech), respectively. For PABP-1-
GFP, human PABP-1 ¢cDNA was cloned into the BgllII and Sall sites of vector
pEGFP-N1 (Clontech). T7-hnRNP Al has been described previously (7); T7-
G274A was generated from T7-hnRNP A1l by introducing the point mutation
with specific oligonucleotides. For T7-F2-G274A, the same mutation was intro-
duced into plasmid F2 (1). To create the T7-UP1 and T7-M(RRM1,2)-G274A
plasmids, the corresponding fragments were amplified from vectors pET9d-UP1
and pET9d-M(RRM1,2) (41), respectively, and cloned into the Xbal/BamHI
sites of vector pCGT. The G274A mutation was then created as described above.
To generate T7-eIF4E, T7-MNK1, T7-MNK2 (corresponding to the splice vari-
ants Mnkla and Mnk2a), and T7-MK2, the respective human cDNAs were
cloned into the Xbal/BamHI sites of vector pCGT. Mutants T7-MNKI-AA
(T197A and T202A), T7-MNK2-AA (T209A and T214A), and MK2-K76R have
been described previously (61) and were created by Pfu polymerase-mediated
mutagenesis. Primer sequences are available upon request.

Cell culture and transfections. HeLa and 3T3 cells were grown under standard
conditions and transfected with DNA plasmids by using Lipofectamine 2000
(Invitrogen). For small interfering RNA (siRNA) transfections, siRNA-annealed
oligonucleotide duplexes were purchased from Ambion (for Mnkl, Mapkap
kinase 2 [MK2], and PRAK) and Dharmacon (for Mnk2 and Trnl) and trans-
fected using siPORT NeoFX (Ambion) following the provider’s instructions.
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Knockdown of hnRNP A1l was achieved by transfection of the pSUPER plasmid
(Oligoengine), encoding a small hairpin RNA targeting the sequence 5'-AGCA
AGAGATGGCTAGTGC-3' (RNAi Al-1) or 5'-TGAGAGATCCAAACACC
AA-3" (RNAI Al-2), as described previously (24). RNA interference (RNAi)-
insensitive constructs were prepared from the original plasmids by introducing
three coding-silent changes into the RNAi Al-1 sequence.

Immunofluorescence and antibodies. Cells were fixed and permeabilized for
immunofluorescence assays 36 to 48 h after transfection. Before fixation, cells
were either left untreated or stressed with arsenite (0.5 mM, 1 h) or sorbitol (0.6
M, 2.5 h). Fixation and immunostaining were performed as described previously
(1). A rabbit antibody against hDcpla (a kind gift of Bertrand Séraphin, CGM,
Gif-sur-Yvette, France) was used at a dilution of 1/1,000. Goat anti-TIA-1 (sc-
1751) and rabbit anti-PRAK (sc-25419) antibodies were obtained from Santa
Cruz Biotechnology, Inc. A rabbit anti-MK2 antibody was obtained from Cell
Signaling Technology. Rabbit anti-MNKI1 and anti-MNK2 serums were kindly
provided by R. Fukunaga (Osaka University) and used at a dilution of 1/1,000. A
monoclonal anti-hnRNP A1 antibody (4B10) was purchased from Abcam, and a
monoclonal anti-T7-tag antibody was purchased from Novagen.

Fluorescence recovery after photobleaching (FRAP) analysis. All data were
obtained on the stage of a Zeiss LSM 510 confocal microscope, using the 488-nm
line of a 30-mW argon-ion laser with a pinhole adjustment resulting in a 1-ab-
sorbance-unit optical slice. A circular region of interest (ROI) with a diameter of
2 pm containing one stress granule was recorded five times for 5 s each with a
laser power of 0.6 mW at the maximum scan speed (pixel time, 1.28 ws). The ROI
was then bleached with 60 scan iterations at 12 mW. Fluorescence recovery was
measured every 3 s for 80 s. An additional ROI in the cytoplasm of another cell
was monitored in parallel to detect fluorescence fluctuations independent of
bleaching. Average fluorescence intensities within ROIs were measured under
the same conditions for each data set and exported into Microsoft Excel. For
each fusion protein, this procedure was repeated 15 times with different cells, and
the mean intensity value for each time point was calculated.

Poly(A) binding capture assay. Cytoplasmic extracts were obtained as de-
scribed previously (1), and a poly(A) binding capture assay was performed as
reported previously (49). Poly(A) binding proteins were resolved by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by
Western blotting. The loaded amounts from the oligo(dT)-captured samples were
normalized by the amounts of T7-tagged proteins present in the input samples.

Immunoprecipitation-Western blotting. T7-tagged hnRNP A1 or mutant pro-
teins from stressed or control cells were immunoprecipitated from total extracts
by incubation for 1 h at 4°C with anti-T7-tag antibody linked to agarose beads
(Novagen). After extensive washing, the bound fraction was eluted by boiling in
SDS-PAGE sample buffer. Equivalent amounts of immunoprecipitated hnRNP
Al proteins were separated by SDS-PAGE, transferred to a polyvinylidene
difluoride membrane, and probed with one of the following antibodies: anti-T7
tag (1:1,000) from Novagen and antiphosphoserine (1:100) from Abcam (Cam-
bridge, United Kingdom).

In vitro kinase assay. The kinase assay for MNKs was done essentially as
described before (16), with the following modifications. Cells in 10-cm plates
were transfected with wild-type or T7-MNK1-AA or T7-MNK2-AA mutant
protein, and at 24 h posttransfection, cells were treated with 0.6 M sorbitol to
activate the kinases. Following cell lysis, the kinases were immunoprecipitated with
20 pl of anti-T7-tag antibody-containing agarose (Novagen) and added to T7-
hnRNP Al or T7-eIF4E (obtained from immunoprecipitated HeLa cells in a similar
way) and 0.5 wCi of [y-*?PJATP in a total volume of 50 pl. The mixture was then
incubated for 30 min at 37°C and analyzed by SDS-PAGE.

Viability assays. HeLa cells were grown in white opaque 96-well plates and
transfected with either vector pSUPER-A1-1 or pPSUPER-A1-2, control vector,
or both pSUPER-A1-1 and the RNAi-insensitive constructs. At 48 hours post-
transfection, cells were stressed with 0.6 M sorbitol for 2.5 h and were left to
recover in normal medium. At each time point indicated, cellular viability was
assessed by adding an equal volume of CellTiterGlo (Promega). The experiment
determines the relative number of cells, assayed by measuring the amount of ATP
in those cells in a luciferase/luciferin-based assay. The luminescence generated is
proportional to the viable cell number. The mixture was placed on an orbital shaker
at room temperature for 10 min before the plates were read with a Wallac 1420
Victor3 multidetector (Perkin-Elmer). The assay was performed in triplicate, and
the results shown are the averages from three independent experiments.

RESULTS

hnRNP Al localizes to cytoplasmic SGs under stress condi-
tions. We have previously shown that exposure of different
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FIG. 1. hnRNP Al localizes to stress granules in stress-activated cells. (A) NIH 3T3 cells cultured on glass coverslips were left untreated (C) or
were exposed to heat shock (HS; 42°C for 1 h), high-osmolarity medium (OSM; Dulbecco’s modified Eagle’s medium plus 600 mM sorbitol for
2.5 h), or oxidative stress (ARS; 0.5 mM arsenite for 1 h). The cells were fixed and immunostained with anti-TIA-1 and anti-hnRNP Al antibodies
to detect the endogenous proteins. (B) hnRNP Al colocalizes with the stress granule markers G3BP and PABP-1 upon oxidative stress in HeLa
cells. Cells were either left untreated (C) or exposed to oxidative stress (ARS) for 1 h, and endogenous hnRNP Al was stained with the 4B10
antibody. To visualize G3BP or PABP-1, GFP fusions were transfected into cells 24 h before analysis. Bars = 10 um. (C) HeLa cells were either
left untreated (C) or stressed for 1 h with 0.5 mM arsenite (ARS). After fixation, endogenous hnRNP Al and Dcpl (a marker of P bodies) were
detected by confocal microscopy. For the panels showing stressed cells, the indicated insets were reproduced as amplified replicate views of the
same fields, showing Dcpl, hnRNP Al, and the merged view.



VoL. 26, 2006

GFP-
hnRNP A1

hnRNP Al AND THE STRESS RESPONSE 5747

—&— GFP-TIA
—=— GFP-hnRNP A1

—o— GFP-PABP-1

0 ] L] ] ]

0 10 20 30 40 50

time (sec)

60 70 80

FIG. 2. Dynamic properties of SG components under oxidative stress. (A) HeLa cells were transfected with a plasmid encoding hnRNP
A1-GFP, GFP-TIA-1, or PABP-1-GFP. The images in panel A correspond to hnRNP A1-GFP, with arrows indicating the analyzed stress granule.
Images were recorded just before photobleaching (before) and every 4 s during the course of recovery. (B) For each time point, the fluorescence
intensity within the region of interest was measured, analyzed as described in Materials and Methods, and plotted in the graph relative to the

intensity before bleaching. Bar = 10 pm.

mammalian cells to OSM induces a detectable accumulation of
the otherwise mainly nuclear protein hnRNP Al in the cyto-
plasm (1, 59). Here we show that upon exposure to different
stress stimuli, endogenous hnRNP A1 protein displays a punc-
tate pattern in the cytoplasm, colocalizing with the RNA-bind-
ing protein TTA-1 (a bona fide component of cytoplasmic stress

granules) (Fig. 1A). This relocalization of hnRNP A1 occurred
in virtually 100% of the cells upon OSM and in approximately
40 to 50% of the cells under heat shock or oxidative (ARS)
stress and was seen in both murine 3T3 cells (Fig. 1A) and
human HeLa cells (see below). To further confirm the relocal-
ization of hnRNP A1, GFP fusions of two other SG markers,
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FIG. 3. Neither a nuclear history nor phosphorylation of the F peptide per se is required for hnRNP A1l recruitment to SGs. (A) Cartoon
depicting the functional domains of hnRNP Al and the mutant proteins used in this work. Within the RRMs, the Phe residues in the RNP1
submotifs that were mutated to Asp residues [M(RRM1,2) construct] are highlighted. The UP1 fragment contains both RRMs but lacks the
C-terminal glycine-rich domain and the M9 sequence required for bidirectional transport of the hnRNP Al protein. The G274A point mutation
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the RNA-binding protein G3BP and the poly(A) binding pro-
tein PABP-1, were also used (Fig. 1B). Although overexpres-
sion of G3BP induces the assembly of some SGs in nonstressed
cells (as already reported [58]), endogenous hnRNP Al re-
mains nuclear unless the stress stimulus is present (Fig. 1B,
upper panels). Interestingly, hnRNP Al does not relocalize to
other described cytoplasmic mRNA foci, such as P bodies,
upon stress, as seen by the lack of colocalization with the
decapping enzyme Dcpl, which is a marker of PBs (Fig. 1C).

Next, we analyzed the kinetics of hnRNP Al localization to
SGs by using FRAP. For this technique, we used an epitope-
tagged version of hnRNP A1, hnRNP A1-GFP, which has been
shown to behave the same as endogenous hnRNP Al in its
subcellular localization and nucleocytoplasmic shuttling (30,
36). We found that in arsenite-treated cells, GFP-tagged
hnRNP Al moved in and out of SGs very rapidly, with very
similar kinetics to those of GFP-TIA-1 (Fig. 2A and B). The
recovery of fluorescence for hnRNP A1-GFP reached its max-
imum about 24 s after photobleaching, and at that time >70%
of the fluorescent signal was restored. These values were al-
most identical for the GFP-TIA-1 fusion (Fig. 2B) (33). In
contrast, a GFP-tagged poly(A) binding protein (PABP-1) ex-
hibited much slower movement and less complete recovery
than either hnRNP A1l or TIA-1 (Fig. 2B).

RNA-binding activity is required for phosphorylation and
localization of hnRNP Al to SGs. Next, we analyzed the func-
tional domains that are required for the localization of hnRNP
Al to the SGs upon stress stimuli. Figure 3A depicts the
domain structure of hnRNP Al as well as several constructs
encoding mutant proteins. hnRNP Al has a modular structure
consisting of two closely related tandem RRMs that determine
RNA-binding specificity followed by a C-terminal glycine-rich
domain (3). The C terminus also harbors the M9 motif (amino
acids 268 to 305), a sequence of 38 amino acid residues re-
quired for interaction with the import receptor, transportin,
which is directly involved in the nuclear import and export of
hnRNP A1 (43, 54, 62). HeLa cells were transiently transfected
with a T7 epitope-tagged wild-type or mutant hnRNP A1 con-
struct (Fig. 3B). Interestingly, a cytoplasmic form of hnRNP
Al generated by mutation of the M9 motif (G274A) was still
targeted to SGs upon ARS treatment, suggesting that a nuclear
history is not required for localization to SGs. We next asked
whether stress-induced phosphorylation of hnRNP Al is re-
quired for its localization to SGs. Previously, we demonstrated
that hnRNP A1l is phosphorylated within the C-terminal F
peptide and that mutation of serine residues to alanine within
this peptide inhibits cytoplasmic accumulation of hnRNP Al
under stress (1). In this study, we combined the F2 mutant,
which prevented stress-induced phosphorylation, with the
G274A mutant (Fig. 3A, F2-G274A mutant). Thus, we ob-
tained a cytoplasmic hnRNP Al protein that is not phosphory-
lated upon stress. This mutant protein still relocalized to the
SGs upon oxidative stress (Fig. 3B), demonstrating that phos-
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phorylation of the F peptide causes cytoplasmic accumulation
but is not required for targeting of hnRNP A1 to SGs.

In order to study the requirement for RNA binding, we
analyzed the recruitment of RNA binding-deficient forms of
hnRNP Al to the SGs. UP1, a proteolytic fragment of hRNP
Al that contains both RRMs but lacks the C-terminal Gly-rich
domain, was not recruited to TIA-1 containing SGs upon stress
but remained diffusely distributed throughout the cytoplasm
(Fig. 4A, T7-UP1 panels). It has been established that two
conserved Phe residues in the RNP-1 submotif of each of the
two RRMs of hnRNP A1l mediate specific RNA-protein inter-
actions and are essential for modulating alternative splicing
(41). Surprisingly, a mutant protein with these Phe residues
replaced by Asp remains nuclear even upon treatment with
arsenite or sorbitol (data not shown). Since the M9 domain
essential for the shuttling properties of the protein remains
intact in this mutant, the failure to be relocalized upon stress
might indicate a defect in phosphorylation, which is the major
cause for stress-induced cytoplasmic accumulation of hnRNP
Al (see below). We next combined these mutations in both
RRMs of hnRNP A1l with the G274A mutation in the M9
domain in order to obtain a cytoplasmic hnRNP A1l variant
that does not bind to RNA [Fig. 4A, T7-M(RRM1,2)-G274A
panels]. Again, we observed that this hnRNP Al mutant was
not recruited to the SGs, despite its cytoplasmic accumulation.
Both UP1 and the RRM1,2 mutant proteins have previously
been described as deficient in RNA binding in vitro (41). In
order to confirm this observation in vivo, we performed in vivo
cross-linking and oligo(dT)-mediated selection of cytoplasmic
poly(A) mRNA-binding proteins. Analysis of the captured
proteins by Western blotting showed that neither UP1 nor the
cytoplasmic RRM mutant M(RRM1,2)-G274A bound to
poly(A) mRNA in vivo, whereas both the wild-type hnRNP A1
protein and the cytoplasmic G274A mutant were efficiently
cross-linked to poly(A) mRNA (Fig. 4B, lower panel). These
experiments clearly showed that RNA binding is required for
SG recruitment. Interestingly, the RNA-binding domains of
G3BP, another SG component, also mediate its recruitment to
SGs in COS cells (58). Remarkably, the poly(A) capture assay
also showed that wild-type hnRNP A1l binds much more effi-
ciently to poly(A) mRNA after stress treatment (Fig. 4B, lower
panel, compare lanes 1 and 2). In addition, the mutant with a
point mutation in the M9 domain (G274A) bound to poly(A)
very efficiently and equally well irrespective of stress treatment.
Taken together, these data point to an increased binding of
hnRNP Al to poly(A) mRNA following stress, probably due to
the abrogation of the interaction with transportin. In order
to address this, we analyzed the binding of hnRNP Al to
poly(A)" RNA in cells depleted of transportin. We obtained
very efficient depletion of Trn by RNAi (Fig. 4C, upper panel)
and were able to show that binding of hnRNP Al to poly(A)™
RNA is much more efficient in these cells (Fig. 4C, lower
panel). This experiment strongly suggests that the interaction

blocks nuclear import activity and thus retains the protein in the cytoplasm (43). The F2 mutant protein cannot be hyperphosphorylated upon
exposure to stress (1). (B) HeLa cells were transfected with T7-tagged versions of either wild-type hnRNP Al, the G274A point mutant, or the
F2-G274A double mutant. At 36 to 48 h posttransfection, cells were either left untreated (C) or stressed with 0.5 mM arsenite for 1 h (ARS) and
stained with antibodies to detect endogenous TIA-1 and transfected T7-tagged proteins. Bar = 10 wm.
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FIG. 4. RNA binding is required for both recruitment of hnRNP Al to SGs and stress-induced hyperphosphorylation. (A) HeLa cells were
transfected with GFP-TIA-1, together with T7-tagged versions of the RNA binding-defective mutants (UP1) or M(RRM1,2)-G274A (a cytoplas-
mic protein also mutated in the RRMs). Cells were then stressed with arsenite (ARS) or sorbitol (OSM) and fixed for immunostaining with an
anti-T7-tag antibody. Bar = 10 pm. (B) The ability of the hnRNP Al mutants to bind to poly(A) mRNA in vivo was tested by means of UV
cross-linking and oligo(dT)-mediated poly(A) mRNP capture. Cytoplasmic extracts from UV-cross-linked control (—) or osmotically stressed (+)
cells were incubated with oligo(dT)-cellulose beads under denaturing conditions, and captured proteins were analyzed by Western blotting, with
the loaded amounts being normalized previously to the equal presence of each protein in the input cytoplasmic extracts. (C) Depletion of Trn
results in increased binding of hnRNP Al to poly(A)" RNA. (Top) RNAi-mediated knockdown of Trn. Cells were treated with either siRNA
oligonucleotides against Trn (RNAI lane) or control oligonucleotides (C lane) and analyzed by Western blotting with antibodies against Trn or
glyceraldehyde-3-phosphate dehydrogenase. (Bottom) UV cross-linking and oligo(dT)-mediated poly(A) mRNP capture assay with cells depleted
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of Trn with hnRNP Al promotes the release of hnRNP Al
from mRNA in an analogous manner to that shown for
Mtr10p, the import receptor for Npl3p in Saccharomyces cer-
evisiae (22, 64). Finally, we observed that epitope-tagged wild-
type hnRNP Al showed increased phosphorylation upon
stress, as described for endogenous hnRNP Al, but notably,
the RNA binding-deficient M(RRM1,2)-G274A variant pro-
tein showed reduced phosphorylation (Fig. 4C, compare lane 2
with lane 4). This strongly suggests that the stress-induced
phosphorylation of hnRNP A1l requires mRNA-bound pro-
tein, with the mRNP being the platform for the reaction.

Mnk1/2 phosphorylates hnRNP Al under stress stimuli.
Activation of the p38 kinase in mammalian cells is sufficient to
promote both hyperphosphorylation and cytoplasmic accumu-
lation of hnRNP Al; however, hnRNP Al is not a direct
substrate for this kinase (59). For this reason, we analyzed the
potential roles of several protein kinases acting downstream of
p38. HeLa cells were transfected with expression plasmids en-
coding T7-tagged versions of wild-type versions or dominant-
negative mutants of Mnk1/2 (60), MK2 (56), and PRAK (44)
(Fig. 5A and data not shown). The transfected cells were ex-
posed to OSM, and the subcellular localization of GFP-tagged
hnRNP Al was determined. Expression of the dominant-neg-
ative mutants of both Mnkl and -2 abrogated the effect of
OSM by blocking the accumulation of hnRNP Al in the cyto-
plasm (Fig. SA, MNK1/2-AA panels), whereas the expression
of wild-type Mnk1/2 had no effect (data not shown). This
strongly suggests that these protein kinases are responsible for
hnRNP Al’s altered subcellular distribution upon stress. In
contrast, the expression of dominant-negative MK2 had no
effect (Fig. SA, MK2-K76R panels). It has been shown that
immunoprecipitated hnRNP Al from stressed cells shows
increased phosphorylation, as revealed by using a phospho-
serine antibody (1). We confirmed this result and also
showed that dominant-negative versions of Mnk1/2 are able
to block the increased phosphorylation of hnRNP Al in
stressed cells (Fig. 5B). Moreover, wild-type Mnkl and
Mnk2 purified from stressed cells, but not their dominant-
negative counterparts, were able to phosphorylate eIF4E, as
expected, but more interestingly, also phosphorylated
hnRNP Al in vitro (Fig. 5C).

To further confirm the role of Mnk1/2 protein kinases in the
stress-induced phosphorylation of hnRNP Al, we showed that
the depletion of Mnk1/2 by RNAi almost completely abolished
the cytoplasmic accumulation of hnRNP A1 upon stress, whereas
RNAi-mediated depletion of MK2 or PRAK had no effect (Fig.
6A). The level of depletion achieved for each protein was as-
sessed by Western blotting (Fig. 6B). Interestingly, the depletion
of Mnk1/2 had no effect on the formation of TIA-1-containing
stress granules (Fig. 6C). From this series of experiments, we
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concluded that in HeLa cells stress signaling activates the Mnk1/2
protein kinases, which phosphorylate mRNA-bound hnRNP Al
in the F peptide, driving its cytoplasmic accumulation.

hnRNP Al increases cell viability following stress. In order
to test for a role of hnRNP Al in the stress response, we
compared the recovery from stress of wild-type cells with that
of cells depleted of hnRNP A1 by using RNAI. HeLa cells were
stressed with OSM for 2.5 h, the stress stimulus was removed,
and the amount of ATP in the cells (as a measure of the viable
cell number) was monitored during and after stress release. As
shown in Fig. 7B, wild-type cells recovered well after a few
hours. In contrast, even though down-regulation of hnRNP Al
had no measurable effect on the viability of cells prior to the
induction of stress, cells lacking hnRNP Al lost viability during
stress and recovered poorly after release. The results obtained
by targeting hnRNP Al for RNAi with two different sequences
were similar (sequences Al-1 and Al-2 in Fig. 7A and B),
indicating a specific effect of the knockdown of hnRNP Al.
Also, depletion of the second-step splicing factor SRrp53 (9)
resulted in cells with rates of recovery similar to those of
control cells (data not shown). Thus, we conclude that RNAi-
mediated down-regulation of hnRNP A1 reduces cell viability
after stress release. To convincingly demonstrate that this poor
recovery was due to the lack of hnRNP A1, we complemented
HeLa cells that underwent RNAi for hnRNP Al with a T7-
tagged construct encoding a mutated human hnRNP Al that is
insensitive to RNAi (Fig. 7A, insAl). As shown in Fig. 7B,
overexpression of insAl rescued the viability of cells depleted
of endogenous hnRNP Al. We next asked whether targeting of
the protein to the SGs was relevant for its role in stress sur-
vival. To address this issue, we prepared RNAi-insensitive mu-
tant versions of the cytoplasmic G274A protein, the nuclear
F2 protein, and the cytoplasmic but non-RNA-binding
M(RRM1,2)-G274A protein. None of these mutants on its
own could rescue the depletion of endogenous hnRNP Al,
as measured in viability assays, but remarkably, the combi-
nation of the nuclear F2 mutant and the cytoplasmic G274A
mutant resembled the rescue of the wild-type protein (Fig.
7C, compare insAl to the combination of insF2 plus
insG274A [in green]). In contrast, the F2 mutant together
with the stress granule-defective M(RRM1,2)-G274A mu-
tant (Fig. 7C, red line) showed no effect. This is a clear
indication that the presence of hnRNP Al in the SGs plays
a role in cell viability under stress. Furthermore, this exper-
iment strongly suggests that nuclear and cytoplasmic func-
tions of hnRNP A1l are required for its role in the stress
response. Interestingly, formation of the SGs does not seem
to be compromised in hnRNP Al-depleted cells (Fig. 7D).
Further studies will be required to assess the level at which
hnRNP Al functions within the SGs.

of Trn (RNAI lanes) or control cells (C lanes). The presence of hnRNP Al in the captured samples was assessed by Western blotting with the 4B10
antibody. The loaded amounts were previously normalized to the equal presence of hnRNP Al in each cytoplasmic extract (input samples). (D)
Stress-dependent hyperphosphorylation on Ser is diminished in the RNA binding-defective mutant M(RRM1,2)-G274A. Total extracts were
prepared from cells transfected with either T7-hnRNP A1 (lanes 1 and 2) or T7-M(RRM1,2)-G274A (lanes 3 and 4) and either left untreated (—)
or stressed with sorbitol for 2.5 h (+). The transfected proteins were immunoprecipitated with an anti-T7-tag antibody, analyzed by SDS-PAGE,
and Western blotted, first with a monoclonal anti-P-Ser antibody (upper panel) and then with an anti-T7-tag antibody (lower panel). Lane 5,

control immunoprecipitation from nontransfected cells.
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FIG. 5. Mnk1/2 proteins mediate stress-induced hyperphosphorylation and cytoplasmic accumulation of hnRNP Al. (A) hnRNP A1-GFP was
cotransfected into HeLa cells with either T7-tagged MNK1/2-AA or T7-tagged MK2-K76R. Cells were then either left untreated (control panels)
or stressed with 0.6 M sorbitol for 2.5 h (OSM) before being fixed and immunostained. Bar = 10 wm. (B) Total extracts were prepared from control
(empty vector)-transfected or T7-MNK1/2-AA-transfected (MNK1/2-AA) cells and left untreated (—S) or stressed with sorbitol for 2.5 h (+S).
Endogenous hnRNP A1 was immunoprecipitated and Western blotted, first with a monoclonal anti-P-Ser antibody (upper panel) and then with
4B10 (lower panel). Lane 1, control immunoprecipitation with protein A beads alone. (C) In vitro kinase assay. Both T7-tagged MNK1 and MNK2
proteins (and their respective dominant-negative mutants, MNK1-AA and MNK2-AA) were immunoprecipitated from stressed HeLa cells and
incubated together with either T7-eIF4E (lanes 2 to 5) or T7-hnRNP Al (lanes 7 to 10) in the presence of [y->*P]JATP. The resulting labeled
proteins were then analyzed by SDS-PAGE (middle panel). An aliquot of every reaction was also analyzed by Western blotting to assess the
presence of the immunoprecipitated proteins (top and bottom panels). Lanes 1 and 6, control reactions in the absence of Mnk1/2 proteins.

In summary, stress stimuli induce the Mnk1/2-mediated DISCUSSION
phosphorylation of hnRNP A1, which results in increased
mRNA-binding activity and recruitment of hnRNP Al- It is well known that stress stimuli have a profound impact

mRNA complexes to the SGs with a concomitant effect on on nuclear RNA processing. For instance, pre-mRNA splicing
stress survival. is repressed upon heat shock (4), possibly through activation of
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the general splicing repressor SRp38 by dephosphorylation
(51). Furthermore, both heat shock and chemical stresses in-
duce the formation of transient nuclear structures, called nu-
clear stress bodies, in human cells (14, 29, 42; reviewed in
reference 2). Differential recruitment of SR proteins to the
nuclear stress bodies has been proposed to affect pre-mRNA
splicing of specific transcripts (13). In contrast, other nuclear
pre-mRNA processing factors, such as hnRNP Al, become
localized to the cytoplasm, suggesting novel stress-induced
functions. Here we show that upon stress stimuli, hnRNP Al
accumulates in cytoplasmic SGs. These cytoplasmic bodies har-
bor many different proteins and mRNAs, including the RNA-
binding protein TIA-1, which is also involved in alternative
splicing regulation (19, 21, 28). SGs may act as sites of mRNA
triage from which mRNAs targeted for decay are exported to
the PBs, which are the actual sites of mRNA decay. Thus, it
would be expected that protein components that are exclusive
to SGs, such as translation initiation factors eIF3 and elF4G,
PABP-1, and the RNase G3BP, must be removed from
mRNAs that are exported to the PBs. Our data suggest that
hnRNP A1 falls into this category, since it is present in SGs but
absent from PBs, suggesting that it has to be removed from
mRNAs either in the SGs or during the transport of hnRNP
Al-bound mRNAs to the PBs (Fig. 1). Another possibility is
that hnRNP A1 binding to particular mRNAs might prevent or
delay the transit of those mRNPs from SGs to P bodies, thus
controlling the turnover or translatability of its target mRNAs.
FRAP experiments indicated that TIA-1 shuttles very rapidly
in and out of SGs, with a residence time of seconds (Fig. 2)
(33). We found almost identical properties for the recruitment
of hnRNP Al to SGs. We also found that neither a nuclear
history nor stress-induced phosphorylation of hnRNP Al in
the F peptide sequence is indeed necessary for recruitment to
SGs (Fig. 3).

Our previous work mapped the sites of stress-induced phos-
phorylation in hnRNP Al to the C-terminal domain, between
amino acids 301 and 318, a segment termed the F peptide (1).
In this study, we set out to identify the protein kinase(s) re-
sponsible for the stress-induced phosphorylation of hnRNP
Al. We had already shown that the phosphorylation event was
dependent on the activation of the p38 kinase pathway. Acti-
vation of the Erk and p38 signaling pathways results in the
phosphorylation and activation of the MAP kinase interacting
kinase Mnk1, among others, stimulating in vitro kinase activity
on their natural substrate, the cytoplasmic cap-binding protein
eIF4E (60). In contrast, the related kinase Mnk2 has high basal
activity (50). We present three lines of evidence to demon-
strate that the Mnk1/2 proteins are the kinases responsible for
the stress-induced phosphorylation of hnRNP Al. Firstly, the
reduction of Mnk1/2 activity by means of RNAi or by using
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dominant-negative mutant proteins abolished hnRNP Al cy-
toplasmic accumulation upon OSM (Fig. 5 and 6). Secondly,
dominant-negative mutants of Mnk1/2 can block the increased
phosphorylation of hnRNP A1, as shown in immunoprecipita-
tion-Western blot assays. We also present evidence showing
that both Mnk1 and Mnk2 do indeed phosphorylate hnRNP
Al in vitro, as recently shown (6). Interestingly, it was shown
only recently that hnRNP Al is phosphorylated by the Mnk
kinases in response to T-cell activation. Phosphorylation of
hnRNP A1 by the Mnk kinases negatively regulates binding of
hnRNP Al to the ARE of tumor necrosis factor alpha
(TNF-a) mRNA (6). This work identified two phosphorylation
sites in hnRNP Al; one corresponds to Ser192, and the second
one corresponds to Ser310 to -312, which overlap the stress-
induced phosphorylation site that we mapped previously. Sev-
eral important differences in hnRNP A1l phosphorylation and
activity seem to exist between T-cell activation and the stress
response. First, during T-cell activation there is no apparent
relocalization of hnRNP Al to the cytoplasm, as is the case
upon exposure to stress stimuli. Moreover, in response to
stress stimuli, only one phosphorylation site in hnRNP Al,
termed the F peptide, was found (1). This site is identical to
one of the sites found upon T-cell activation (6). Furthermore,
whereas T-cell activation results in decreased binding of
hnRNP A1 to the TNF-a ARE, we found that stress stimuli do
indeed promote increased binding of hnRNP Al to poly(A)
mRNA (Fig. 4).

We have shown previously that stress-mediated phosphory-
lation of hnRNP A1l abrogates the interaction with its import
receptor, transportin, resulting in hnRNP A1 accumulation in
the cytoplasm (1). Here we show that this decreased interac-
tion of Trn with hnRNP Al results in increased binding of
cytoplasmic hnRNP A1 to poly(A) mRNA (Fig. 4 and 8). This
suggests that Trn actively promotes the release of hnRNP Al
from mRNA in an analogous manner to that shown for the
import receptor Mtrl0p, which is involved in the release of
the yeast SR-like protein Npl3p from polysome-associated
mRNAs (64). Importantly, we provide data that support an
mRNA-mediated hyperphosphorylation event in hnRNP Al
by the Mnk1/2 protein kinases, which are interacting partners
of the scaffold protein eIF4G within mRNPs (48, 50). Thus,
Mnk1/2 might phosphorylate hnRNP A1l only when bound to
the same mRNA molecule. This hypothesis is supported by
data showing that stress-induced phosphorylation of the cyto-
plasmic, RNA-binding-defective M(RRM1,2)-G274A mutant
(Fig. 4C) is dramatically reduced relative to that of the wild-
type protein. In that sense, stress-dependent phosphorylation
of hnRNP A1 and the subsequent decrease in hnRNP A1-Trn
interaction can be envisaged as a means to promote a longer
residence time for the protein within particular mRNPs, thus

(B) HeLa cells were transfected with either control plasmid (m), pSUPER-A1-1 (¢), pSUPER-A1-2 (A), or pPSUPER-AI1-1 together with
T7-insAl (@). Forty-eight hours after transfection, cells were stressed with 0.6 M sorbitol for 2.5 h, followed by replacement of the medium back
to physiological conditions. Cellular viability was assessed for each time point. (C) SG-defective mutants of hnRNP A1 are unable to rescue cellular
viability. HeLa cells were cotransfected with pSUPER-A1-1 (to deplete the endogenous protein) together with each of the RNAi-insensitive
mutants shown in the figure. At 48 h posttransfection, cells were stressed with sorbitol, and their viability was measured as described above. (D)
RNAi-mediated depletion of hnRNP Al does not prevent assembly of the SGs. HeLa cells were transfected with vector pPSUPER-A1-1, and 48 h
later, cells were stressed with arsenite, fixed, and immunostained to detect endogenous hnRNP A1l and PABP-1. The arrows point to cells depleted

of hnRNP Al. Bar = 10 pm.
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FIG. 8. Model for recruitment of hnRNP A1 to SGs following stress-induced Mnk1/2 activation. In nonstressed cells (upper diagram), hnRNP
Al is released from mRNAs in the cytoplasm through interaction with the import receptor transportin (Trnl) and driven back to the nucleus. Upon
exposure to stress (lower diagram), Mnk1/2-mediated phosphorylation of poly(A) mRNA-bound hnRNP A1l downstream of the M9 domain
abrogates the interaction with Trnl, thereby increasing the binding of hnRNP Al to mRNA and allowing its recruitment to the SGs.

involving it in the altered cytoplasmic control of mRNA me-
tabolism that occurs in stressed cells.

Is there a specific role for hnRNP Al or, more generally, for
hnRNPs in the stress response? Stress has been shown to
modify the subcellular localization of several other RNA-bind-
ing proteins aside from hnRNP Al, including the second-step
splicing factor Slu7 (53) and HuR (20). It has previously been
suggested that hnRNP A1 has an antiapoptotic effect in human
cancer cells (45) and functions in cell proliferation (24). Here
we describe a new role for hnRNP Al in ensuring cell viability
during the response to stress. Furthermore, we show that this
function in stress survival relies (at least partially) on the re-
cruitment of hnRNP A1 to the stress granules (Fig. 7).

In summary, we have identified hnRNP Al as a novel com-
ponent of the SGs. Our data are consistent with a model
whereby stress-induced phosphorylation of hnRNP Al pre-
vents its interaction with transportin, resulting in increased
cytoplasmic hnRNP A1l which remains bound to poly(A)
mRNAs that are targeted to the SGs (Fig. 8). The absence of
hnRNP Al from PBs and its role in facilitating the recovery of
cells from stress suggest that mRNA-bound hnRNP Al has a
protective role during the stress response. The identification of
RNA targets upon exposure to stress will elucidate this inter-
esting problem.
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