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Introduction
Cells respond to changes in environmental conditions by
expressing a family of highly conserved proteins termed heat
shock proteins (HSPs) whose function is to protect cells from
the deleterious effects of stress (Lindquist, 1986; Pirkkala et
al., 2001). Hsp gene expression is regulated by the family of
heat shock transcription factors (HSFs), among which HSF1 is
responsible for the stress-induced activation of these genes in
mammalian cells (Morimoto, 1998; Pirkkala et al., 2001). This
factor, which is present in an inactive monomeric state in non-
stressed cells, undergoes trimerization, post-translational
modifications and becomes DNA-binding competent following
stress exposure (Pirkkala et al., 2001; Sarge et al., 1993). In
addition, in primate cells, HSF1 activation is accompanied
by its rapid and reversible redistribution from a diffuse
nucleocytoplasmic pool to a few nuclear structures termed
nuclear stress granules which form by direct binding of the
active factor with satellite III (sat III) repeated elements present
in the 9q12 heterochromatic region in humans (Jolly et al.,
2002; Jolly et al., 1997; Jolly et al., 1999; Sarge et al., 1993).
Recently, we and others have shown that within these
structures, HSF1 actually activates the transcription by RNA

polymerase II of sat III repeats into stable RNAs which remain
associated with the 9q12 locus for a certain time after synthesis
(Jolly et al., 2004; Rizzi et al., 2004). Interestingly, certain
splicing factors such as the hnRNP HAP and the
serine/arginine-rich (SR) proteins 9G8, SF2/ASF and SRp30c
have been shown to relocalize upon stress to nuclear stress
granules, whereas others, such as small nuclear
ribonucleoproteins (snRNPs) or SC35, do not, suggesting a
possible mechanism to regulate splicing activity during stress
by the sequestration of certain splicing factors within particular
subnuclear regions (Chiodi et al., 2000; Denegri et al., 2001;
Denegri et al., 2002; Weighardt et al., 1999).

In this study, we wanted to understand the mechanism and
role of SR protein targeting to nuclear stress granules. We
found that the recruitment of hSF2/ASF and hSRp30c to the
granules depends on the initial targeting of HSF1 to the
granules and requires the presence of RNA. In addition, we
show that the targeting of hSF2/ASF to the granules requires
the second RNA-recognition motif of the protein, and that
hSF2/ASF and sat III transcripts are present in the same RNP
complexes in vivo, supporting the proposal that the targeting
and/or retention of this protein into the granules relies on an
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Exposure of cells to stressful conditions results in the rapid
synthesis of a subset of specialized proteins termed heat
shock proteins (HSPs) which function in protecting the cell
against damage. The stress-induced activation of hsp genes
is controlled by the heat shock transcription factor 1
(HSF1). At the cellular level, one of the most striking effects
of stress is the rapid and reversible redistribution of HSF1
into a few nuclear structures termed nuclear stress
granules which form primarily on the 9q12 locus in
humans. Within these structures, HSF1 binds to satellite III
repeated elements and drives the RNA polymerase II-
dependent transcription of these sequences into stable
RNAs which remain associated with the 9q12 locus for a
certain time after synthesis. Other proteins, in particular
splicing factors, were also shown to relocalize to the
granules upon stress. Here, we investigated the role of
stress-induced satellite III transcripts in the relocalization
of splicing factors to the granules. We show that the
recruitment of the two serine/arginine-rich (SR) proteins

SF2/ASF and SRp30c requires the presence of stress-
induced satellite III transcripts. In agreement with these
findings, we identified the second RNA-recognition motif
(RRM2) of hSF2/ASF as the motif required for the
targeting to the granules, and we showed by
immunoprecipitation that the endogenous hSF2/ASF
protein is present in a complex with satellite III transcripts
in stressed cells in vivo. Interestingly, satellite III
transcripts also immunoprecipitate together with small
nuclear ribonucleoproteins (snRNPs) in vivo whereas the
intronless hsp70 transcripts do not, supporting the
proposal that these transcripts are subject to splicing.
Altogether, these data highlight the central role for satellite
III transcripts in the targeting and/or retention of splicing
factors into the granules upon stress.
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interaction with sat III transcripts. Interestingly, sat III
transcripts also co-immunoprecipitate with snRNPs in vivo,
whereas the intronless hsp70transcripts do not, supporting the
proposal that these transcripts are subject to splicing.

Materials and Methods
Cell culture, transient transfections and drug treatments
HeLa cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 mM L-glutamine and 10% fetal bovine
serum. Transient transfections were performed with the Polyfect
reagent (Qiagen). The transcription inhibitors DRB (5,6-dichloro-1-
β-D-ribofuranosylbenzimidazole) and α-amanitin were used at 50
µg/ml and 2 µg/ml respectively.

Antibodies and expression plasmids
Rat monoclonal anti-HSF1 antibody (Stressgen) was used at 1:300 in
immunofluorescence experiments (Cotto et al., 1997). Mouse
monoclonal anti-myc antibody (Roche) was used at 1:100 in
immunofluorescence experiments. Mouse monoclonal anti-SF2/ASF
antibody (clone 103) (Caceres et al., 1997) was purchased from
Zymed. Mouse monoclonal anti-Sm antibody (clone Y12) (cat. no.
MS-450-P) was purchased from NeoMarkers and used at 1:250 in
immunofluorescence experiments.

The DBD+TRIM-myc construct was kindly provided by V.
Zimarino (San Raffaele Scientific Institute, Milano, Italy). The
SRp30c-GFP construct was provided by S. Stamm (Max-Planck
Institute of Neurobiology, Martinsried, Germany). EGFP-fusions
(hSF2/ASF, hSF2/ASF∆RS) were generated in the laboratory of J.
Tazi (Allemand et al., 2002; Allemand et al., 2001). The other GFP-
tagged deletion mutants of hSF2/ASF were generated by PCR using
the TA cloning kit (Invitrogen), with the GFP-hSF2/ASF construct as
a template. For GFP-hSF2/ASF∆RRM1, the following primers were
used: P1 (5′- TATGGTCGCGACGGCTATGATTACGAT-3′) and P2
(5′-TTATGTACGAGAGCGAGATCTGCTATG-3′), nucleotides 366
to 744. For GFP-hSF2/ASF∆RRM2, the fragment corresponding to
nucleotides 1 to 213 was obtained with primers P3 (5′-ATG-
TCGGGAGGTGGTGTGATTCGTGGC-3′) and P4 (5′-GGC-
AGTTTCTCCGTTTTCAGACCGCCTGGATGG-3′). The fragment
corresponding to nucleotides 585 to 744 was obtained with primers
P5 (5′-CGGTCTGAAAACGGAGAAACTGCCTACAT-CCGG-3′)
and P2. The final deletion-mutant hSF2/ASF∆RRM2 was obtained by
PCR with these two last mentioned fragments as templates and with
primers P3 and P2. The RRM2-GFP fragment was generated using
the following primers: P6 (5′-AGAGT-GGTTGTCTCTGGACTG-3′)
and P7 (5′-CGGGATTCCGCT-CATGAGATC-3′).

Coimmunoprecipitation assays of SF2/ASF-RNA and Sm-RNA
complexes
HeLa cells (heat shocked or not) were harvested at the times
indicated in the figures (42°C, 1 hour or 42°C, 3 hours followed by
3 hours at 37°C). Cells were lysed on ice for 30 minutes in buffer I
[10 mM Tris pH 7.6, 150 mM NaCl, 5 mM MgCl2, 0.5 mM EDTA,
0.4% NP-40, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 1 µM Pefabloc
(Roche), 20 U of RNase inhibitor (Sigma)]. Cell extracts were first
incubated with 5 µg of mouse IgG antibody and protein G-agarose
beads for 2 hours at 4°C. After centrifugation at 7000 g for 2
minutes, the supernatant was incubated for 2 hours at 4°C with 5 µg
of mouse anti-SF2/ASF or mouse anti-Sm antibody in buffer I.
Protein G agarose beads (Amersham) were then added and samples
were incubated overnight at 4°C while shaking gently. After
washing in buffer I, immunoprecipitates were resuspended in RNA
lysis buffer (140 mM NaCl, 0.5% NP-40, 0.5 mM EDTA, 10 mM
Tris pH 7.6, 20 U of RNase inhibitor), extracted with phenol-

chloroform, and precipitated with ethanol. RNAs were assayed by
reverse transcription.

Reverse transcription
Reverse transcription (RT) was performed on one-sixth of
immunoprecipitated RNA in the presence of α-[32P] dCTP as
previously described (Jolly et al., 2004). The sequence of the antisense
primer used for sat III transcripts was 5′ TCCATTCCATTCCTG-
TACTCGG 3′. The antisense primers used for hsp90α and hsp70
transcripts were the same as previously described (Wang et al., 1999).
A sense hsp90α primer was used as a negative control and a control
(input) in which RNAs were ommitted was also performed. After the
reaction, not incorporated α-[32P] dCTP was eliminated by
centrifugation at 500 g for 2 minutes on Sephadex G50 columns.
Samples were then spotted onto Hybond-N membrane, and the signals
were quantified with the PhosphorImager System (Molecular
Dynamics) and normalized against the input.

Immunofluorescence, RNA FISH and microscopy
Immunofluorescence and fluorescence in situ hybridization (FISH) to
detect transcripts were performed in formaldehyde-fixed cells as
described (Mathew et al., 1999). Antibody staining was revealed using
either anti-rat-TRITC (tetramethylrhodamine isothiocyanate) or anti-
mouse-TRITC antibodies (Sigma). DNA was counterstained with 250
ng/ml DAPI (4′,6-diamidino-2-phenylindole·2HCl) diluted in an
antifading solution (90% glycerol, 20 mM Tris-HCl pH 8, 2.3%
DABCO (1-4 diazabicyclo (2,2,2) octane). Images were acquired on
a Zeiss axiophot microscope equipped with a cooled charged-coupled
camera (C4880 Hamamatsu), using a 633, NA 1.25 oil immersion
objective and an intermediate magnification of 1.25.

Results
HSF1 is the key determinant in splicing factors
recruitment to nuclear stress granules
It was previously shown that upon stress, certain SR proteins
accumulate into nuclear stress granules (Chiodi et al., 2000;
Denegri et al., 2001; Weighardt et al., 1999). We have recently
shown that nuclear stress granules correspond to active
transcription sites of chromosome 9-sat III repeats by RNA
polymerase II, and that these transcriptional events are HSF1-
dependent (Jolly et al., 2004). Based on the earlier observation
that splicing-factor recruitment to the granules is subsequent to
HSF1 targeting (Denegri et al., 2001), we wanted to determine
the role of HSF1 in the stress-induced recruitment of SR
proteins. To address this, we prevented HSF1 relocalization to
nuclear stress granules in two different ways. First, we
transiently overexpressed the heat shock protein HSP70, a
negative regulator of HSF1 (Shi et al., 1998). Indeed, we have
previously shown that HSP70 overexpression efficiently
prevents the relocalization of HSF1 to the granules and the
subsequent RNA polymerase II-dependent transcription of sat
III repeats following heat exposure (Jolly et al., 2004). We also
used a mutant of HSF1 that only contains the DNA-binding
and trimerization domains (DBD+TRIM) and constitutively
forms granules (Jolly et al., 2002). An interesting feature is that
it acts as a dominant negative mutant, preventing the stress-
induced relocalization of the endogenous HSF1 to the granules
and the subsequent sat III transcription (Jolly et al., 2004). We
thus investigated the distribution of hSRp30c or hSF2/ASF
splicing factors fused to GFP that were transiently expressed,
alone or in combination with either HSP70 or the DBD+TRIM
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mutant of HSF1. Results are presented in Fig. 1. As shown
previously (Chiodi et al., 2000; Denegri et al., 2001; Weighardt
et al., 1999), hSF2/ASF and hSRp30c displayed a typical
speckled pattern at 37°C, and they both relocated to nuclear
stress granules after one hour at 42°C, in addition to a
persisting diffuse staining of the nucleoplasm (Fig. 1A). The
distribution of these two SR proteins was not significantly
altered when co-expressed with HSP70 protein in non-stressed
cells (Fig. 1B). By contrast, at 42°C, HSP70 accumulated
massively in nucleoli as described previously (Pelham, 1984;
Welch and Feramisco, 1984), and hSF2/ASF and hSRp30c no
longer relocalized to the granules (Fig. 1B). Likewise, the two
proteins were not recruited to the granules formed by the
DBD+TRIM mutant, neither at 37°C nor at 42°C. Together,
these results demonstrate that the stress-induced targeting of
hSF2/ASF and hSRp30c to nuclear stress granules requires the
initial targeting of HSF1.

Determinant of SR protein localization to nuclear stress
granules
We tried to identify the domain required for the targeting of
hSF2/ASF to nuclear stress granules. A typical example of the
SR protein family is hSF2/ASF, which has two N-terminal
RNA recognition motifs (RRMs) and a C-terminal region that
is rich in arginine and serine residues, the so-called RS domain

(Sanford et al., 2003). To establish the role of these domains
in the stress-induced targeting of the protein to the granules,
we transiently expressed the following deletion mutants of
hSF2/ASF fused to GFP and examined their intranuclear
distribution: mutant hSF2/ASF∆RS lacking the entire RS
domain (Allemand et al., 2001), mutant hSF2/ASF∆RRM1
lacking the first RNA-recognition motif, and mutant
hSF2/ASF∆RRM2 lacking the second RNA-recognition motif.
As described previously (Allemand et al., 2001), the deletion
of the RS domain from hSF2/ASF did not interfere with its
localization in speckles at 37°C (Fig. 2). Likewise, the two
hSF2/ASF∆RRM1 and hSF2/ASF∆RRM2 mutant proteins
displayed a typical speckled pattern at 37°C (Fig. 2). After a
1-hour heat shock, both the hSF2/ASF∆RS and the
hSF2/ASF∆RRM1 mutants were still recruited efficiently to
the granules (Fig. 2), whereas hSF2/ASF∆RRM2 was no
longer recruited to the granules but remained distributed in
speckles (Fig. 2). This demonstrates that the motif required for
the targeting of hSF2/ASF to the granules resides in the second
RRM of the protein. To determine whether the RRM2 of
hSF2/ASF by itself is sufficient for the relocalization to nuclear
stress granules, we also generated a fusion protein, similar to
that described previously (Caceres et al., 1997), between the
RRM2 domain of hSF2/ASF and GFP. As shown in Fig. 2, this
protein distributed diffusely in the nucleus and cytoplasm at
37°C, and did not localize to the granules following heat shock.

Fig. 1. HSF1 is the key determinant
in recruiting hSF2/ASF and hSRp30c
to nuclear stress granules.
(A) hSF2/ASF-GFP or hSRp30c-GFP
proteins (green) were transiently
expressed in HeLa cells and HSF1
(red) was detected by
immunofluorescence. Both proteins
display a typical speckled pattern at
37°C, and are targeted to HSF1
granules upon stress. (B) hSF2/ASF-
GFP or hSRp30c-GFP (green) were
co-expressed in HeLa cells with either
the HSP70 protein or with a dominant
negative mutant of HSF1
(DBD+TRIM-myc) (red). HSP70 and
the myc-tagged HSF1 mutant were
subsequently detected by
immunofluorescence. Overexpression
of HSP70 does not alter SR protein
distribution at 37°C (left panels). By
contrast, at 42°C, HSP70
overexpression prevents the targeting
of both hSF2/ASF and hSRp30c to the
granules (right panel). Likewise,
hSF2/ASF and hSRp30c are not
recruited to the granules formed by the
DBD+TRIM mutant at 37°C or at
42°C. Bars, 5 µm.
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Altogether, these findings show that the second RNA-
recognition motif is necessary but not sufficient for the stress-
induced targeting of hSF2/ASF to the granules.

Recruitment of SR proteins into the granules requires
the presence of stress-induced sat III transcripts
Based on this observation, we next asked whether the
recruitment of hSF2/ASF and hSRp30c into the granules
requires sat III transcription. Since nuclear stress granules
correspond to the sites where transcription of sat III repeats
from the 9q12 locus takes place (Jolly et al., 2004; Rizzi et
al., 2004), we first confirmed that transiently expressed GFP-
tagged hSF2/ASF and hSRp30c proteins colocalized in the
granules together with the sat III transcripts that had been
detected by FISH (Fig. 3A). Given that several splicing
factors were shown to interact directly with the C-terminal
domain (CTD) of RNA polymerase II (Du and Warren, 1997;
Kim et al., 1997; McCracken et al., 1997; Mortillaro et al.,
1996; Yuryev et al., 1996), an alternative hypothesis is that
splicing-factor targeting and/or retention into the granules
merely occurs through interaction with the CTD of RNA
polymerase II, that is also concentrated into these structures
(Jolly et al., 2004). To address this question, we analyzed the
distribution of these proteins in cells treated with the
transcription inhibitors DRB or α-amanitin. However, a
critical point in this experiment was the time point at which
the drug was added to ensure efficiently inhibited
transcription of these sequences. We have shown recently that
sat III RNAs are stable and that for example the addition of
transcription inhibitor after a 1-hour heat shock has no effect

on sat III transcript foci detected by FISH (Jolly et al., 2004).
Because these transcripts become visible by RNA FISH in a
small fraction of HeLa cells after 30 minutes of heat shock,
and are present in virtually every cell after one-hour heat
shock treatment (A.M., J.S., C.V., J.T. and C.J., unpublished
data), we chose to add the drugs during the period of
transcription, i.e. after 40 minutes of heat shock. FISH control
experiments confirmed that transcription of sat III, hsp70and
hsp90α was effectively inhibited following the addition of
both inhibitors to heat-treated cells (A.M., J.S., C.V., J.T. and
C.J., unpublished data). Interestingly, hSF2/ASF and SRp30c
proteins under these conditions were no longer recruited to
the granules following heat shock (Fig. 3B), suggesting that
the presence of sat III RNA is a prerequisite for the
recruitment of these proteins to the stress granules. We also
treated cells with RNase A following heat shock, and
observed that neither hSF2/ASF nor hSRp30c were present
in nuclear stress granules when sat III transcripts had been
degraded by RNase A, confirming the need for the presence
of sat III transcripts in retaining these proteins (Fig. 3B). By
contrast, RNase A and transcription inhibitors had no effect
on the localization of RNA polymerase II, showing that
physical interaction of SR proteins with RNA polymerase II
is not involved in retaining hSF2/ASF and hSRp30c in
nuclear stress granules. More support that RNA is required to
keep splicing factors in nuclear stress granules comes from
the observation that hSF2/ASF and hSRp30c are detected in
the granules as long as sat III transcripts are present: we have
recently shown that after RNA synthesis, sat III transcripts
remained associated with the 9q12 locus in the granules for
a few hours (Jolly et al., 2004). For example, cells that were
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Fig. 2. The second RNA-recognition
motif is required for targeting hSF2/AF
to the granules. GFP-tagged deletion
mutants of hSF2/ASF (green) were
transiently expressed in HeLa cells, and
their distribution relative to HSF1 (red)
was analyzed by immunofluorescence in
non heat-shocked and heat-shocked cells.
DeletiOn Of tHe RS dOmain
(HSF2/ASF∆RS) or the first RNA-
recognition motif (hSF2/ASF∆RRM1)
does not affect the speckled distribution
of the protein at 37°C, and does not
impede the targeting to nuclear stress
granules at 42°C. By contrast, deletion of
the second RNA-recognition motif
(hSF2/ASF∆RRM2), which doesnot
affect the localization of the protein at
37°C, prevents its stress-induced
recruitment to the granules. The RRM2
domain alone is however not sufficient
for the targeting to the granules. Bar,
5 µm.
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allowed to recover for three hours after being heat-shocked,
had splicing factors that were still concentrated in the
granules together with sat III transcripts, whereas HSF1 or
RNA polymerase II were no longer detected in these loci.
These findings demonstrate the requirement for active RNA
transcription and RNA presence for the redistribution of SR
proteins into nuclear stress granules.

To investigate the role of sat III transcripts in the targeting
of hSF2/ASF to the granules in more detail, we
immunoprecipitated endogenous hSF2/ASF-RNA complexes
from non heat-shocked or heat-shocked cells, followed by RT
to determine whether hSF2/ASF protein and sat III transcripts
are present in the same complexes in vivo. Hsp70and hsp90α
transcripts were used as controls in these experiments. As
shown in Fig. 3C, a significant level of hsp90α transcripts was
associated with hSF2/ASF at 37°C, indicating that this gene is
constitutively expressed (Hickey et al., 1989). A faint signal
was also obtained for hsp70and sat III transcripts at 37°C, in
accordance with previous RT results that show a low
constitutive expression of both genes (Jolly et al., 2004). In
cells that were heat-shocked or allowed to recover after heat
shock, all three transcripts – including the intronless hsp70
transcripts – co-immunoprecipitated with hSF2/ASF (Fig. 3C).
No significant signal was obtained with the hsp90α sense
primer, confirming the specificity of the signals obtained with
the other primers. These findings clearly show the in vivo
existence of ribonucleoprotein complexes with both sat III
transcripts and hSF2/ASF present, supporting the idea that the

relocalization of this protein into the granules depends on a
physical interaction with sat III transcripts.

Sat III transcripts are also associated with the
spliceosome components snRNPs
Because elevated concentration of hSF2/ASF are found in the
granules, the observation that sat III transcripts are complexed
in vivo with hSF2/ASF might reflect a sequestration of
hSF2/ASF into the granules via interaction with sat III
transcripts. An alternative and non-exclusive hypothesis,
however, could be that sat III transcripts are spliced. To address
this question, we asked whether sat III transcripts are
complexed in vivo with other major components of the splicing
reaction, the snRNPs. At the cellular level, snRNPs detected
with the Y12 anti-Sm antibody which recognizes U1, U2, U4,
U5 and U6 were diffusely distributed throughout the
nucleoplasm, and also concentrated into the speckles and the
Cajal bodies (Nyman et al., 1986) (Fig. 4A). At 42°C, however,
snRNPs were not found accumulated into nuclear stress
granules, although not excluded from these regions (Fig. 4A).
We next performed immunoprecipitation of endogenous
snRNPs-RNA complexes from non heat-shocked or heat-
shocked cells, followed by reverse transcription. Results are
presented in Fig. 4B. A faint level of hsp90α, hsp70and sat III
transcripts were associated with snRNPs at 37°C. In cells
exposed to heat shock or allowed to recover after heat shock,
both hsp90α and sat III transcripts co-immunoprecipitated with

Fig. 3. SR protein targeting to the
granules requires the presence of RNA.
(A) Transiently expressed hSF2/ASF-
GFP protein (green) was detected in
heat-shocked HeLa cells together with
sat III transcripts (red) and visualized
by RNA FISH. hSF2/ASF colocalizes
with sat III transcripts within stress
granules. Bar: 5 µm. (B) Whether RNA
was required in SR protein targeting to
the granules was analyzed by treating
the cells either with a transcription
inhibitor (α-amanitin or DRB) added
twenty minutes before the end of the 1-
hour heat shock, or with RNase A
added following heat shock. All three
treatments prevent the relocalization of
hSF2/ASF and hSRp30c but not of
HSF1 and RNA polymerase II to
nuclear stress granules. (C) Sat III
transcripts co-immunoprecipitate with
hSF2/ASF protein. The endogenous
hSF2/ASF protein was
immunoprecipitated from non heat-
shocked or heat-shocked cells with a
specific monoclonal antibody (Caceres
et al., 1997). Co-immunoprecipitated
RNAs were extracted and analyzed by
reverse transcription with antisense primers specific for hsp70, hsp90α and sat III transcripts. Sense primers to hsp90α transcripts were used as
a negative control. The y-axis corresponds to the intensity ratios between signal and input. In non heat-shocked cells kept at 37°C, a strong
signal for the constitutively expressedhsp90α transcripts and faint signals for hsp70and sat III transcripts are observed. In cells that were heat-
shocked for one hour at 42°C or that were allowed to recover for 3 hours at 37°C following heat shock (rec), a strong signal is obtained for all
three transcripts, thus showing that they were all present in vivo in a complex with hSF2/ASF. As expected, no significant signal was obtained
with the sense primer to hsp90α transcripts.
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snRNPs, thus demonstrating that these transcripts are
complexed with snRNPs in vivo. It is worth noting, however,
that the intensities of the signals obtained in this experiment
were five to ten-fold lower than those obtained in the
hSF2/ASF immunoprecipitation experiment, in accordance
with the observation that snRNPs are not concentrated with sat
III transcripts in the granules. Interestingly, at 42°C, no
significant signal was obtained for hsp70transcripts, which are
intronless and supposedly not spliced (Wu and Morimoto,
1985). Altogether, these findings support the idea that at least
a portion of sat III transcripts are spliced.

Discussion
We wished to determine the role of stress-induced sat III
transcripts in the heat-induced redistribution of splicing factors
to nuclear stress granules. We show here, that this
relocalization is dependent on HSF1-driven transcription and
requires the presence of sat III transcripts within the granules.
The hSF2/ASF protein and sat III transcripts are found in vivo
in the same ribonucleoprotein complex, and the second RNA-
recognition motif of hSF2/ASF is necessary but not sufficient
for its targeting to the granules. Altogether these findings
demonstrate the pivotal role for the heat-induced sat III
transcripts emerging from the 9q12 locus, in targeting and/or
retention of splicing factors within the granules. Our data do
not allow to discriminate direct or indirect binding of
hSF2/ASF to sat III transcripts, and both hypotheses can be
envisaged. For instance, the requirement of an RNA-
recognition motif for the proper localization into the granules
supports the proposal that hSF2/ASF might interact directly
with these transcripts and thereby mediate the recruitment into
the granules of other proteins such as hnRNP HAP, whose
targeting to the granules requires a domain rich in arginine-
glutamic acid dipeptides (R/E domain) involved in protein-

protein interactions (Denegri et al., 2001). Alternatively,
retention of hSF2/ASF in the granules might involve protein-
protein interactions via the RRM2 domain. Indeed, although
only the RS domain of hSF/ASF is clearly implicated in
protein-protein interactions (Wu and Maniatis, 1993; Amrein
et al., 1994; Kohtz et al., 1994; Sanford et al., 2003), it has
been proposed that the RRM2 is also involved in such
interactions (van Der Houven Van Oordt et al., 2000). In
particular, it has been recently shown that this domain contains
a conserved heptapeptide motif essential for splicing
repression, which probably drives protein-protein interactions
(Dauksaite and Akusjarvi, 2004). Another example of RRM-
mediated protein-protein interaction is the Y14-protein
component of the exon junction complex (EJC) (Shi and Xu,
2003). In addition, the fact that the RRM2 domain of
hSF2/ASF lacks canonical RNA recognition motifs known as
RNPs, also favors this hypothesis (Birney et al., 1993; Zhu and
Krainer, 2000). In this context, our findings at least exclude the
possibility that hSF2/ASF is retained in the granules by RNA
polymerase II. In fact, our observation that the RRM2 domain
in not sufficient by itself for the localization into the granules
suggests that the situation may be even more complex. For
instance, the targeting and/or retention of hSF2/ASF in the
granules probably involves several mechanisms implicating
different protein motifs. Further experiments will be needed to
dissect these events.

Another interesting point of our study is that, only one of
the two RRMs of hSF2/ASF is involved in the targeting to the
granules. The usual function of RNA-recognition motifs
(RRMs) is to mediate RNA binding and to determine substrate
specificity for individual SR proteins, whereas the RS domain
is required for protein-protein interactions (for a review, see
Sanford et al., 2003). Our observation is in good agreement
with previous studies showing that the different RRMs of
multi-RRM proteins are implicated in distinct functions,
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Fig. 4. Sat III transcripts are associated
with Sm proteins. (A) SnRNPs (green)
were detected in non heat-schocked and
heat-shocked HeLa cells together with
HSF1 (red). SnRNPs were not recruited
to the stress granules although they were
not excluded from these regions. Bar: 5
µm. (B) The endogenous snRNPs
proteins were immunoprecipitated from
non heat-shocked or heat-shocked cells
with a specific monoclonal antibody
(clone Y12). Co-immunoprecipitated
RNAs were extracted and analyzed by
reverse transcription as previously
described. In non heat-shocked cells
(37°C), a strong signal for the
constitutively expressedhsp90α
transcripts and faint signals for hsp70
and sat III transcripts were observed. In
cells that were heat-shocked for 1 hour at
42°C or that were allowed to recover for
3 hours at 37°C following heat shock
(rec), a strong signal is obtained for
hsp90α and sat III transcripts but not for
the intronless hsp70transcripts, thus showing that hsp90α and sat III transcripts are present in vivo in a complex with snRNPs. As expected, no
significant signal was obtained with the sense primer tohsp90α transcripts.
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ranging from subnuclear localization to splice site selection. So
are, for example, the tandem RRMs of hnRNPA1 not
equivalent (Mayeda et al., 1998). Although both are required
for alternative splicing function, each RRM plays distinct roles;
RRM2 can function in alternative splicing when duplicated,
whereas RRM1 cannot. Another example is the second RRM
of SF2/ASF which is an atypical RNA binding motif described
as RRM-like (Birney et al., 1993). Splice-site selection by
SF2/AFS is determined by the nature of its RRM with RRM2
having a dominant role, as demonstrated by its ability to confer
specificity to a heterologous protein (Caceres et al., 1997;
Chandler et al., 1997; Mayeda et al., 1999; van Der Houven
Van Oordt et al., 2000). Furthermore, the RRM2 of
polypyrimidine tract-binding protein-associated splicing factor
(PSF) is required for localization to subnuclear speckles (Dye
and Patton, 2001). Likewise, proper nucleolar accumulation of
nucleolin requires at least two of its five RRMs (Creancier et
al., 1993). In this context, our observation that the RRM2 of
SF2/ASF determines SF2/ASF targeting into and/or retention
in nuclear stress granules could be the signature of SF2/ASF
binding-specificity – and perhaps splicing specificity too (see
below) – on RNAs transcribed from the 9q12 locus, as
previously suggested for other transcripts (van Der Houven
Van Oordt et al., 2000).

What could be the significance of this stress-induced
accumulation of splicing factors? One hypothesis is that the
presence of splicing factors merely reflects the splicing of sat
III transcripts, as strongly supported by our findings that sat
III and hsp90α transcripts, but not the intronless hsp70
transcripts, are complexed with snRNPs in vivo. In this case,
the particular composition of the splicing complexes present
in the granules, containing some but not all splicing factors
(Chiodi et al., 2000; Denegri et al., 2001; Denegri et al., 2002;
Weighardt et al., 1999), might specify a certain type of
transcript. Another possibility is that the binding of splicing
factors to these transcripts plays a role in their stabilization.
Indeed, we have recently shown that sat III transcripts are
stable RNAs which remain associated with the 9q12 locus for
a certain time after synthesis even throughout mitosis (Jolly et
al., 2004), and we show here that hSF2/ASF remains in the
granules as long as sat III transcripts are present. Finally,
based on the observation that heat shock inhibits splicing
activity and modifies the local concentration of hnRNP
proteins (Denegri et al., 2001; Weighardt et al., 1999), our
findings support a model in which the sequestration of splicing
factors within the granules, via association with stable
transcripts, could represent a novel mechanism to finely
regulate splicing function during stress, as it has been
proposed for the non-coding hsr-omeganuclear (hsrw-n)
transcripts in Drosophila melanogaster(Prasanth et al., 2000).
Indeed, the relative ratio of hnRNPs to SR proteins is known
to affect alternative splicing (Mayeda and Krainer, 1992), and
the organization of these two types of splicing factors in
distinct subnuclear domains might thus provide a way to
regulate alternative splicing during stress. Moreover, certain
specific non-coding nuclear RNAs produced in trinucleotide
repeat disorders or following adenovirus-2 infection can titrate
hnRNPs and SR proteins and thereby affect processing of
other pre-mRNAs (Himmelspach et al., 1995; Timchenko et
al., 1999). One can thus imagine a similar role for the stress-
induced sat III.
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