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Gene regulation in response to environmental stress is critical for the survival of all organisms. From
Saccharomyces cerevisiae to humans, it has been observed that splicing of mRNA precursors is repressed upon
heat shock. However, a mild heat pretreatment often prevents splicing inhibition in response to a subsequent
and more severe heat shock, a phenomenon called splicing thermotolerance. We have shown previously that the
splicing regulator SRSF10 (formerly SRp38) is specifically dephosphorylated by the phosphatase PP1 in
response to heat shock and that dephosphorylated SRSF10 is responsible for splicing repression caused by
heat shock. Here we report that a mild heat shock protects SRSF10 from dephosphorylation during a second
and more severe heat shock. Furthermore, this “thermotolerance” of SRSF10 phosphorylation, like that of
splicing, requires de novo protein synthesis, specifically the synthesis of heat shock proteins. Indeed, overex-
pression of one of these proteins, Hsp27, inhibits SRSF10 dephosphorylation in response to heat shock and
does so by interaction with SRSF10. Our data thus provide evidence that splicing thermotolerance is acquired
through maintenance of SRSF10 phosphorylation and that this is mediated at least in part by Hsp27.

Splicing of mRNA precursors, like other steps in the gene
expression pathway, is regulated by environmental stress (25).
It was observed over 20 years ago that splicing is interrupted by
heat shock in Drosophila melanogaster cells (29). The same
phenomenon was subsequently reported in organisms from
Saccharomyces cerevisiae to humans (2, 28), suggesting that
heat shock-induced repression of splicing is highly conserved.
The biological significance of this phenomenon appears to be
severalfold (16, 31). First, since most metazoan genes contain
introns (21), splicing repression can contribute to the general
inhibition of gene expression that occurs upon heat shock.
Second, in many species, genes encoding heat shock proteins
contain few or no introns while other protein-coding genes are
intron rich (12). Therefore, heat shock-induced splicing repres-
sion results in inhibition of the expression of most genes, while
expression of heat shock genes is generally not affected,
thereby ensuring the preferential expression of heat shock
proteins. Third, splicing repression following heat shock causes
accumulation of unspliced RNAs, some of which are exported
into the cytoplasm and translated into abnormal proteins (30).
These aberrant products may be partially responsible for the
detrimental effects of heat shock.

Thermotolerance refers to the phenomenon that a mild heat
treatment induces transient resistance to a second and more
severe heat shock (5). Thermotolerance can be observed not
only at the cell survival level but also at the molecular level.
For example, following a mild heat shock, splicing can occur
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normally in response to a more severe heat shock that would
otherwise inhibit it (2, 29). Similar to heat-induced splicing
inhibition, splicing thermotolerance is also conserved from
yeast to humans (31). Splicing thermotolerance requires de
novo protein synthesis, most likely of heat shock proteins (31).
However, it remains unclear which specific heat shock pro-
tein(s) is involved and how it might function in establishing
thermotolerance. In yeast, Hsp104 and Hsp70 contribute to
reactivation of splicing after heat inactivation, but overexpres-
sion of these proteins does not lead to development of ther-
motolerance (27). Hsp27 has recently been reported to play a
similar role in human cells (19). Thus, the mechanism of splic-
ing thermotolerance remains unclear.

Earlier work from our lab has identified SRSF10 (previously
called SRp38; see reference 17) as a factor that mediates global
splicing inhibition, both during M phase of the cell cycle and in
response to heat shock (24, 26). SRSF10 belongs to the SR
family of splicing regulators, all of which share a domain rich
in arginine/serine dipeptide repeats called the RS domain as
well as one or two RNP-type RNA binding domains (11, 18).
The RS domains of these proteins are extensively phosphor-
ylated. Most SR proteins function as essential but redundant
general splicing activators in vitro. In contrast, SRSF10 can
activate splicing only in a sequence-dependent manner (7).
When dephosphorylated, however, SRSF10 is converted into a
potent and general splicing repressor. In keeping with these
properties, SRSF10 phosphorylation status is tightly regulated
(23). Following heat shock, SRSF10 is specifically dephospho-
rylated by the phosphatase PP1 and is necessary and sufficient
for inhibiting splicing under this condition (24).

Given the central role of SRSF10 in heat shock-induced
splicing inhibition, we wondered whether SRSF10 might there-
fore also be involved in development of splicing thermotoler-
ance. To address this, we investigated whether SRSF10 de-
phosphorylation in response to heat shock is affected by prior
heat treatment. Our data show that, like splicing, SRSF10
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dephosphorylation acquires thermotolerance. Also like splic-
ing thermotolerance, it requires de novo protein synthesis of
heat shock proteins. Finally we provide evidence that thermo-
tolerance of SRSF10 is mediated at least in part by Hsp27,
which interacts with SRSF10 and protects it from dephosphor-
ylation by the heat shock-activated phosphatase PP1.

MATERIALS AND METHODS

Constructs and antibodies. The Hsp27 wild type and mutant mammalian
expression constructs were kind gifts of Michael Welsh (University of Michigan).
Hsp70 and Hsp90 expression constructs were provided by Ulrich Hartl (Max
Planck Institute of Biochemistry). The PP1 expression construct was previously
described (23). pSuper-based constructs (3) were used for RNA interference
(RNAI) of HSF1, and the sequence CCAAGGAGGTGCTGCCCAA within the
HSF1 open reading frame (ORF) was targeted. SRSF10 antibody was described
previously (26). Hsp/Hsc70 monoclonal antibody was from StressGen (Michi-
gan). Hsp27 and phospho-Hsp27 (Ser82) antibodies were from Cell Signaling
(Massachusetts). HSF1 antibody was from Lab Vision (California).

Cell culture and heat shock assays. HeLa cells were maintained in Dulbecco
modified Eagle medium (DMEM) plus 10% fetal bovine serum. Transfections
were carried out using either Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions or the calcium phosphate method. Heat shock was
carried out by submerging cell culture plates in a circulating water bath as
described previously (24).

Cell fractionation. Nuclear and cytoplasm extracts were prepared as previously
described (3a). In brief, nuclear extracts were prepared from cells cultured in a
6-cm plate carefully resuspended in 250 wl of buffer I (10 mM Tris, pH 7.4, 10
mM NaCl, 3 mM MgCl,, 2 mM dithiothreitol) supplemented with protease
inhibitor and phosphatase inhibitor (Sigma, St. Louis, MO) and were incubated
on ice for 10 min. Then 0.2% NP-40 was added and cell lysates were centrifuged
for 4 min at 400 X g. The supernatant and the pellet were kept for cytoplasmic
and nuclear fractions. The supernatant was centrifuged twice for 2 min at
10,000 X g. The pellet was washed another time in 1 ml buffer I and centrifuged
for 4 min at 400 X g. The pellet was resuspended in buffer IT (20 mM Tris, pH
7.4, 40 mM Na,P,0,, 5 mM MgCl,, 50 mM NaF, 100 mM Na,;VO,, 10 pM
EDTA, 1% Triton, 1% SDS) supplemented with protease inhibitor and phos-
phatase inhibitor (Sigma), sonicated, and centrifuged for 10 min at 20,000 X g.

Expression of recombinant proteins and in vitro heat shock assays. 6XHis-
tagged Hsp27, Hsp70, and Hsp90 expression plasmids were transformed into
Escherichia coli BL21. Expression of recombinant proteins was induced with 1
mM IPTG (isopropyl-B-p-thiogalactopyranoside) for 3 h at 37°C. Purification
was carried out using nickel resin (ProBond; Invitrogen) according to the man-
ufacturer’s instructions. For in vitro heat shock assays, 5 pl of HeLa nuclear
extract was mixed with various amounts of recombinant Hsp27, Hsp70, and
Hsp90 and then incubated at 45°C, as described in the figure legends. Western
blotting results in Fig. 3 and 4 were quantified using the Multigauge program
(Fuji).

Immunoprecipitations. For inmunoprecipitations, Hsp27-3Flag-pCM V14 was
transfected alone and pCDNA3-Hsp27-myc-6His was transfected alone or to-
gether with SRSF10-3Flag-pCMV14 into a 10-cm plate of HeLa cells using
Lipofectamine 2000 (Invitrogen). Thirty-six hours after transfection, cells were
subjected to the heat shock (44°C for 40 min) with or without pretreatment (43°C
for 1 h and 37°C for 3 h). Cells were harvested, and nuclear extract was prepared.
Cleared nuclear extract was mixed with 20 .l of anti-Flag antibody-conjugated
beads (M2 affinity gel; Sigma) for 2 h. Beads were then extensively washed using
buffer D containing 250 mM NaCl and then boiled for 5 min at 95°C. Superna-
tants were analyzed by Western blotting.

RESULTS

A mild heat treatment protects SRSF10 from heat shock-
induced dephosphorylation. Splicing of mRNA precursors in
HeLa nuclear extract has long been known to become resistant
to heat shock if cells are first subjected to a milder heat treat-
ment (2). Given the central role of dephosphorylated SRSF10
in heat shock-induced splicing inhibition, we set out to examine
whether SRSF10 dephosphorylation in response to heat shock
is affected by a mild heat pretreatment. To this end, we first
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FIG. 1. Heat shock-induced SRSF10 dephosphorylation displays
thermotolerance. HeLa cells that were untreated (lanes 1 to 3) or
treated with a mild heat shock (lanes 4 to 6) were incubated at 44°C for
the indicated times. SRSF10 was monitored by Western blotting.
SRSF10, dephosphorylated SRSF10 (dSRSF10), and the shorter
SRSF10 isoform SRSF10-2 are labeled.

subjected HeLa cells to a heat treatment identical to the one
previously shown to protect splicing from a second heat shock
(43°C for 1 h followed by a 3-h recovery at 37°C [2]). These
cells were then subjected to a second heat shock at 44°C. For
comparison, HeLa cells without any pretreatment were sub-
jected to the same heat shock. At different time points during
the heat shock, cells were harvested and SRSF10 was moni-
tored by Western blotting (Fig. 1). After 40 min at 44°C, in
HeLa cells without any pretreatment, significant amounts of
SRSF10 were either partially or fully dephosphorylated (Fig. 1,
lane 3). In comparison, in heat-pretreated HeLa cells, most
SRSF10 remained fully phosphorylated and only trace
amounts appeared to be partially dephosphorylated (Fig. 1,
lane 6). These data suggest that SRSF10 phosphorylation de-
veloped thermotolerance following a mild heat treatment.
Therefore, SRSF10 phosphorylation status correlates almost
perfectly with the activity of the splicing machinery in the
development of thermotolerance.

SRSF10 thermotolerance requires synthesis of heat shock
proteins. Next we wished to examine whether development of
SRSF10 thermotolerance, like splicing thermotolerance (29),
requires de novo protein synthesis. HeLa cells were first treated
with a mild heat shock as described above, in either the ab-
sence or the presence of the translation inhibitor cyclohexi-
mide. After a 3-h recovery, these cells, along with untreated
cells, were subjected to a 44°C heat shock as described above.
Compared to the untreated cells, cells heat pretreated in the
absence of cycloheximide contained more Hsp70 and Hsp27
and showed stronger induction of both these proteins during
the second heat shock (Fig. 2A, bottom panels, compare lanes
1 to 3 and 4 to 6; the constitutively expressed Hsc70 serves as
a loading control). In these pretreated cells, SRSF10 was again
protected from dephosphorylation during the second heat
shock (Fig. 2A, top panel, compare lanes 3 and 6), similar to
what was observed above (Fig. 1, lanes 3 and 6). However, in
the cells pretreated in the presence of cycloheximide, Hsp70
and Hsp27 levels were similar to those in the untreated cells
and little, if any, induction was observed during the second
heat shock (Fig. 2A, bottom panels, lanes 7 to 9), as expected
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FIG. 2. Thermotolerance of SRSF10 dephosphorylation requires synthesis of heat shock proteins. (A) Thermotolerance of SRSF10 dephos-
phorylation requires de novo protein synthesis. HeLa cells that were untreated (lanes 1 to 3) or treated with a mild heat shock (lanes 4 to 9) in
the absence (lanes 4 to 6) or presence (lanes 7 to 9) of cycloheximide were incubated at 44°C for the indicated times. SRSF10, Hsp70, Hsc70, and
Hsp27 were monitored by Western blotting. (B) HeLa cells transfected with control or HSF1 RNAI constructs were left untreated or treated with
a mild heat shock and then incubated at 44°C for 0 or 40 min. SRSF10 and HSF1 were monitored by Western blotting. The arrows indicate the

faster- (a) and slower-migrating (b) forms of HSF1.

from the inhibition of protein synthesis. Significantly, SRSF10
was in this case dephosphorylated in response to the second
heat shock, similar to what was observed in untreated cells
(Fig. 2A, top panel, lanes 7 to 9). These data suggest that, again
similar to splicing thermotolerance (29), thermotolerance of
SRSF10 phosphorylation requires de novo protein synthesis.

Since cycloheximide is a general translation inhibitor, it was
not clear if synthesis of heat shock proteins or other proteins
was required for the thermotolerance of SRSF10 phosphory-
lation. To address this question, we specifically inhibited heat
shock protein synthesis by depleting the transcription factor
HSF1 using RNAi. HSF1 binds to the promoters of heat shock
protein genes in response to heat shock or other types of
cellular stress and is responsible for specifically activating these
genes (20, 22). Western blotting showed that HSF1 was effi-
ciently depleted in HeLa cells transfected with an HSF1 short
hairpin RNA (shRNA) construct (Fig. 2B, lower panels). Note
that the mobility of HSF1 decreases upon heat shock (Fig. 2B,
compare arrows a and b), which is consistent with previous
studies showing that HSF1 is hyperphosphorylated upon heat
shock (6). When HSF1-depleted and control cells were sub-
jected to heat shock as described above, similar levels of
SRSF10 dephosphorylation were observed (Fig. 2B, lanes 2
and 4). However, when the same cells were pretreated and
then subjected to heat shock, the results obtained were mark-
edly different: in the control cells, very little SRSF10 dephos-
phorylation was observed (Fig. 2B, upper panel, lane 6), indi-
cating that as shown above SRSF10 phosphorylation became
thermotolerant. In HSF1-depleted cells, however, significant
SRSF10 dephosphorylation was now observed (Fig. 2B, upper
panel, lane 8). Together, these results suggest that heat pre-
treatment leads to thermotolerance of SRSF10 phosphoryla-
tion through inducing heat shock protein synthesis.

Hsp27 functions in thermotolerance of SRSF10 phosphory-
lation. We next wished to investigate which heat shock pro-
tein(s) might be required for thermotolerance of SRSF10
phosphorylation. To address this question, we overexpressed
three major heat shock proteins, Hsp27, Hsp70, and Hsp90, by
transient transfection and examined their effect on SRSF10
dephosphorylation in response to heat shock. Significantly, we
observed that overexpression of Hsp27 (myc-6His-tagged) led
to reduced levels of SRSF10 dephosphorylation during heat
shock (Fig. 3A, upper panel, compare lanes 3 and 6). In com-
parison, overexpression of Hsp70 and Hsp90 (hemagglutinin
[HA] tagged) had little or no effect (Fig. 3B). These results
suggest that Hsp27 is a major contributor to thermotolerance
of SRSF10 phosphorylation. (We note that previous studies
indicated that the epitope tags [myc-6His and HA] have no
significant effect on the functions of heat shock proteins [1,
19].)

It has been shown previously that Hsp27 activity is regulated
by phosphorylation on three serine residues (8, 15), and phos-
phorylation at these sites is critical for many of Hsp27’s activ-
ities, such as nuclear entry and interactions with other proteins
(1, 4). To provide additional support for the idea that Hsp27
activity protects SRSF10 from dephosphorylation, we com-
pared the effects of transient expression of Hsp27 and a triple
S-to-D mutant derivative (Hsp27-3D [1]) that mimics phos-
phorylated Hsp27 on SRSF10 dephosphorylation during heat
shock. Although the two proteins were expressed at equivalent
levels (Fig. 3C, bottom panel), we observed stronger inhibition
of SRSF10 dephosphorylation upon heat shock by Hsp27-3D
than upon heat shock by wild-type Hsp27 (Fig. 3C, top panel,
compare lanes 5 and 6).

It has previously been reported that overexpression of
Hsp27 does not prevent dephosphorylation of SRSF10 upon
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FIG. 3. Overexpression of Hsp27 protects SRSF10 from heat shock-induced dephosphorylation in vivo. (A and B) HeLa cells transfected with
empty vector, Hsp27-myc-6His, HA-Hsp70, or HA-Hsp90 expression constructs were incubated at 44°C for 0, 30, or 60 min. SRSF10, Hsp27-
myc-6His, and HA-tagged Hsp70 and Hsp90 were monitored by Western blotting. (C) HeLa cells transfected with empty vector or Hsp27-myc-6His
or Hsp27-3D-myc-6His expression constructs were incubated at 44°C for 0 or 40 min. SRSF10 and Hsp27 were monitored by Western blotting.
(D) HeLa cells transfected with empty vector or Hsp27-myc-6His expression constructs were harvested either after culture at 37°C (lanes 1, 2, 7,
and 8) or after a heat shock at 44°C (lanes 3 and 4) or 45°C (lanes 9 and 10) for 1 h and recovery at 37°C for 3 h (lanes 5, 6, 11, and 12).

heat shock (19), an apparent contradiction of the results pre-
sented here. One possibility is that the slightly harsher condi-
tions (45°C for 1 h instead of 44°C for 1 h) used in the previous
study were sufficient to induce a more complete dephosphor-
ylation, which was resistant to Hsp27. We therefore compared
the effects of these two heat shock conditions on SRSF10
dephosphorylation (Fig. 3D, upper panel). As previously re-
ported (19), SRSF10 was almost completely dephosphorylated
in both vector- and Hsp27-transfected HeLa cells after incu-
bation at 45°C for 1 h (lanes 9 and 10), and dephosphorylation
of SRSF10 was sustained during a 3-h recovery period (lanes
11 and 12). However, when cells were incubated at 44°C for
1 h, SRSF10 was only partially dephosphorylated, and this
dephosphorylation could be prevented by Hsp27 overexpres-
sion (lanes 3 and 4). Furthermore, SRSF10 was mostly rephos-
phorylated after a 3-h recovery, especially in the presence of
exogenous Hsp27 (lanes 5 and 6). Expression of Hsp27 was
indistinguishable under the two conditions (Fig. 3D, lower
panel, and results not shown). Together, these data suggest
that a 1°C increase in temperature during heat shock caused
more extensive SRSF10 dephosphorylation and that this over-
whelmed the protective effects of Hsp27.

We showed previously that SRSF10 is dephosphorylated
when HeLa nuclear extract is incubated at heat shock temper-

atures, similar to what is observed in vivo (23, 24). To deter-
mine whether Hsp27 has the ability to block this in vitro de-
phosphorylation, we prepared recombinant 6XHis-Hsp27,
-Hsp70, and -Hsp90 (Fig. 4A) and added them (0.5 to 1.5 pg)
to this “in vitro heat shock” assay (Fig. 4B). Although addition
of Hsp70 and Hsp90 had at most little effect (compare lanes 6
to 11 to lane 2), addition of Hsp27 consistently, albeit weakly,
inhibited SRSF10 dephosphorylation (lanes 3 to 5). Equivalent
results were obtained at additional time points (data not
shown). These in vitro results provide evidence that Hsp27
plays a direct role in thermotolerance of SRSF10 phosphory-
lation.

Hsp27 translocates to the nucleus and interacts with
SRSF10 in pretreated cells. We next wished to gain insight into
how Hsp27 blocks SRSF10 dephosphorylation and how this
process is activated in vivo during establishment of splicing
thermotolerance. As mentioned above, Hsp27 is phosphory-
lated under stress conditions, and this phosphorylation is nec-
essary for efficient entry into the nucleus (4), as well as for
thermotolerance (12a). We first wished to determine how heat
pretreatment affects Hsp27 phosphorylation and nuclear local-
ization. To this end, we monitored the subcellular localization
and phosphorylation status of Hsp27 during pretreatment and
subsequent heat shock, by Western blotting of cell fractions
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microliters of HeLa nuclear extract was incubated at 44°C for 30 min in the absence (lane 2) or presence (lanes 3 to 11) of 0.5, 1, or 1.5 pg of
recombinant 6His-Hsp27, 6His-Hsp70, or 6His-Hsp90. SRSF10 was monitored by Western blotting.

using anti-Hsp27 and anti-phospho-Hsp27 (Ser82) antibodies
(Fig. 5). Prior to heat shock, low levels of Hsp27 were detected,
located almost exclusively in the cytoplasm (lane 1). Upon heat
shock, after a brief lag, total amounts of Hsp27 increased, with
nuclear levels increasing dramatically and cytoplasmic levels
decreasing (lanes 2 to 7). As previously reported (27a), heat
shock induced Hsp27 phosphorylation and accumulation of the
phosphorylated Hsp27 in the nucleus (lanes 2 to 7). Strikingly
however, after heat pretreatment and a 3-h recovery, signifi-
cant amounts of phosphorylated Hsp27 were already present in
the nucleus prior to heat shock (lane 8, bottom panels, com-
pare with lane 1). Nuclear Hsp27 levels remained constant for
some time following heat shock and subsequently increased
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FIG. 5. Heat pretreatment induces accumulation of phosphory-
lated Hsp27 in the nucleus. HeLa cells that were untreated (lanes 1 to
7) or treated with a mild heat shock as shown (lanes 8 to 14) were
incubated at 44°C for indicated times. Whole-cell, cytoplasmic, and
nuclear extracts were prepared and subjected to Western blotting
using anti-SRSF10, anti-Hsp27, or anti-pHsp27 (Ser82) antibody.

(lanes 9 to 14). This early accumulation of phosphorylated
Hsp27, and nuclear localization, may facilitate interaction with
SRSF10, thereby preventing its subsequent dephosphorylation
(see Discussion).

We next set out to examine whether Hsp27 in fact interacts
with SRSF10 in vivo and whether heat pretreatment would
facilitate such an interaction. As available anti-SRSF10 anti-
bodies functioned poorly in immunoprecipitation, we tran-
siently expressed SRSF10-3Flag together with Hsp27-myc-
6His and performed coimmunoprecipitation (co-IP) using
anti-Flag antibodies. (Exogenously expressed proteins accu-
mulated to severalfold-higher levels than did their endogenous
counterparts [Fig. 6A, left panel].) The transfected cells, with
or without heat pretreatment and recovery, were subjected to
heat shock (40 min), and co-IPs were analyzed by Western
blotting with anti-Hsp27 antibodies. Significantly, our results
showed that endogenous Hsp27 was specifically coimmunopre-
cipitated with SRSF10-3Flag only in the pretreated cells (Fig.
6A, compare lanes 6 and 8), consistent with the idea that this
interaction underlies the inhibitory effect of pretreatment on
heat shock-induced SRSF10 dephosphorylation. However, in
contrast, Hsp27-myc-6His was coimmunoprecipitated with
SRSF10-3Flag in both the untreated and pretreated cells (Fig.
6A, lanes 6 and 8). This may reflect the presence of small
amounts of Hsp27-myc-6His, but not endogenous Hsp27, in
the nucleus even in control untreated cells (Fig. 6B, lane 3). In
any case, to examine further whether heat pretreatment facil-
itates an interaction between Hsp27 and SRSF10, we tran-
siently expressed Hsp27 as an Hsp27-3Flag derivative and,
following heat shock with or without pretreatment as described
above, performed co-IP using anti-Flag antibodies and West-
ern blotting with anti-SRSF10 antibodies (Fig. 6C). Strikingly,
SRSF10 coimmunoprecipitated with Hsp27 in extracts pre-
pared from the pretreated cells (lane 8) but not in extracts
from heat-shocked cells that were not subjected to heat pre-
treatment (lane 6).

Taken together, our data suggest that the heat treatment
that facilitates splicing thermotolerance and prevents SRSF10
dephosphorylation also facilitates Hsp27 interaction with
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endogenous Hsp27. (B) HelLa cells transfected with empty vector or Hsp27-myc-6His-expressing plasmid were incubated at 44°C for 0 or 40 min.
Whole-cell lysate and nuclear extracts were prepared and subjected to Western blotting using anti-Hsp27 or anti-pHsp27 (Ser82) antibodies.
Arrowheads indicate exogenous Hsp27, and arrows indicate endogenous Hsp27. NT, nontransfected cells. (C) HeLa cells were transfected with
empty vector or a plasmid expressing Hsp27-3Flag. These cells were treated as described for panel A. Extracts were prepared, immunoprecipitated
with anti-Flag antibodies, and probed with anti-SRSF10 and anti-Flag antibodies.

SRSF10, at least in part by facilitating nuclear localization of
Hsp27 so that it is already accumulating in the nucleus at the
beginning of heat shock.

DISCUSSION

In this report, we extended our earlier finding that SRSF10
is a critical regulator of splicing in response to heat shock by
showing that a mild heat treatment of cells protects SRSF10
from dephosphorylation during a second heat shock. The ther-
motolerance of SRSF10 phosphorylation requires heat shock
protein synthesis. We show that overexpression of Hsp27 par-
tially protects SRSF10 from dephosphorylation during heat
shock, suggesting that Hsp27 plays an important role in the
development of the thermotolerance of SRSF10 phosphoryla-
tion. Finally our demonstration of an interaction between
Hsp27, newly synthesized and translocated to the nucleus, and
SRSF10 suggests a potential mechanism by which Hsp27 in-
hibits SRSF10 dephosphorylation by PP1 during heat shock in
thermotolerant cells. Together, our results provide additional
evidence that SRSF10 is the central mediator of splicing inhi-
bition in response to heat shock and support the view that
control of its phosphorylation status underpins splicing ther-
motolerance.

Previous studies suggested that overexpression of Hsp27 has
no effect on SRSF10 dephosphorylation in response to heat
shock but enhances recovery of SRSF10 phosphorylation fol-
lowing heat shock (19). Our study is consistent with the notion

that heat shock proteins, including Hsp27, play a role in pro-
moting rephosphorylation of SRSF10 following heat shock.
For example, our results showed that in HSF1-depleted cells,
SRSF10 rephosphorylation following heat shock was impeded,
suggesting that heat shock protein synthesis is required for
efficient rephosphorylation of SRSF10 following heat shock.
However, in contrast to the aforementioned study, our data
indicate that Hsp27 helps to prevent dephosphorylation of
SRSF10 in response to heat shock. We showed that the critical
difference between our study and the previous one was the heat
shock conditions used. The condition that we used, 44°C for
times up to 1 h, is relatively mild. It results in only partial
dephosphorylation and allows for detection of subtle differ-
ences in the rate and efficiency of SRSF10 dephosphorylation
(23, 24). In contrast, increasing the temperature by only 1°C
(i.e., to 45°C for 1 h, the conditions used by Marin-Vinader et
al. [19]) led to essentially complete dephosphorylation of
SRSF10, and the protective effects of Hsp27 were insufficient
to overcome this more extensive dephosphorylation. There-
fore, it is likely that thermotolerance induced by heat pretreat-
ment, or by overexpression of Hsp27, does not necessarily lead
to total resistance of SRSF10 to dephosphorylation, and the
effects of these treatments may vary and reflect the severity of
the heat pretreatment and/or heat shock.

In this study, we presented evidence that Hsp27 plays an
important role in development of thermotolerance of SRSF10
phosphorylation. Additional support for this might come from
analysis of whether depletion of Hsp27 by RNAI results in loss
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of thermotolerance. However, we were unable to obtain sig-
nificant depletion of Hsp27 by short interfering RNA (siRNA)
(unpublished data), and we are unaware of any studies in
which this has been reported, at least during heat treatment.
This could be because even if RNAI leads to lower steady-state
levels of Hsp27, de novo synthesis of Hsp27 mRNAs and pro-
teins is induced by heat pretreatment. Nonetheless, we showed
that overexpression of Hsp27, but not Hsp70 or Hsp90, leads
to inhibition of SRSF10 dephosphorylation during heat shock
and that recombinant Hsp27, but not Hsp70 or Hsp90, protects
SRSF10 from dephosphorylation in vitro. Furthermore, we
found that Hsp27 and SRSF10 associate with each other and
that this association is induced by the heat pretreatment that
induces thermotolerance. The pretreatment not only induces
synthesis of Hsp27 but also leads to its phosphorylation and
nuclear transport. This may also explain the stronger protec-
tive effect on SRSF10 phosphorylation by Hsp27-3D, as this
Hsp27 derivative is known to partially localize to the nucleus in
the absence of stress (9). It is likely that all of these events
contribute to the observed interaction between SRSF10 and
Hsp27 upon heat shock. In any event, our results strongly
support the conclusion that Hsp27 is a major contributor in the
development of thermotolerance of SRSF10 phosphorylation
and therefore of splicing. This is consistent with longstanding
observations that overexpression of Hsp27 is sufficient to in-
duce thermotolerance at the cell survival level (14).

Our data suggest that the association between Hsp27 and
SRSF10 in heat-pretreated cells protects the latter from de-
phosphorylation. But how does this occur? The protective ef-
fect of Hsp27 may be related to the mechanism by which
SRSF10 phosphorylation is protected from dephosphorylation
in normally growing cells. Here, association with 14-3-3 pro-
teins is important for protection of SRSF10 from dephosphor-
ylation by PP1 (23). Upon heat shock, 14-3-3 dissociates from
SRSF10, allowing access to PP1. One possibility is that, in
thermotolerance, activated Hsp27 replaces 14-3-3 proteins in
protecting SRSF10 from dephosphorylation during heat shock.
It may also be that Hsp27 is in some way able to maintain the
SRSF10-14-3-3 interaction. For example, it has been reported
that during osmotic stress, levels of both phosphorylated
Hsp27 and a 14-3-3 protein (14-3-3epsilon) become elevated
(21a). In any event, this model explains why rapid accumula-
tion of nuclear phosphorylated Hsp27 induced by heat pre-
treatment prior to heat shock is essential for thermotolerance:
once 14-3-3 is dissociated from SRSF10, dephosphorylation
can begin rapidly, and later accumulation of nuclear Hsp27
would be ineffective in blocking dephosphorylation.

Our study has provided further evidence that SRSF10 is the
central regulator of splicing in response to heat shock.
SRSF10, upon dephosphorylation, mediates splicing repres-
sion following heat shock (24). Here we have shown that
SRSF10 dephosphorylation displays thermotolerance essen-
tially identical to splicing, and it is thus reasonable to conclude
that this plays a major role in splicing thermotolerance: in the
absence of SRSF10 dephosphorylation, splicing continues un-
impeded (24). Since both heat shock-induced splicing repres-
sion and splicing thermotolerance are conserved from yeast to
humans, it is possible that phosphorylation control of SRSF10,
or a related splicing regulator(s), mediates splicing regulation
in response to heat shock in all of these species. Although

MoL. CELL. BIOL.

there is no homologue of SRSF10 in budding yeast, the SR-like
protein Npl3 promotes splicing and is regulated by the PP1
homologue Glc7 (10, 13). It will be of interest to determine if
Npl3 mediates splicing repression in response to heat shock
and splicing thermotolerance in yeast.
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