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Protein ligands mediate the CRM1-dependent
export of HUR in response to heat shock
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ABSTRACT

AU-rich elements (AREs) located inthe 3 ' UTRs of the messenger RNAs (MRNAs) of many mammalian early response
genes promote rapid mRNA turnover. HUR, an RRM-containing RNA-binding protein, specifically interacts with AREs,
stabilizing these mMRNAs. HuR is primarily nucleoplasmic, but shuttles between the nucleus and the cytoplasm via a
domain called HNS located between RRM2 and RRM3. We recently showed that HuR interacts with two protein
ligands, pp32 and APRIL, which are also shuttling proteins, but rely on NES domains recognized by CRM1 for export.
Here we show that heat shock induces increased association of HuR with pp32 and APRIL through protein—protein
interactions and that these ligands partially colocalize with HuR in cytoplasmic foci. HUR associations with the hnRNP
complex also increase, but through RNA links. CRM1 coimmunoprecipitates with HuR only after heat shock, and
nuclear export of HUR becomes sensitive to leptomycin B, an inhibitor of CRM1. Export after heat shock requires the
same domains of HUR (HNS and RRM3) that are essential for binding pp32 and APRIL. In situ hybridization and

coimmunoprecipitation experiments show that LMB treatment blocks both hsp70 mRNA nuclear export and its
cytoplasmic interaction with HuR after heat shock. Together, our results argue that upon heat shock, HUR switches
its export pathway to that of its ligands pp32 and APRIL, which involves the nuclear export factor CRM1. HuR and its
ligands may be instrumental in the nuclear export of heat-shock mRNAs.
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INTRODUCTION

It is well established that heat shock of mammalian
cells both induces transcription and enhances the sta-
bility of hsp70 and other stress-related mRNAs (Baner;ji
et al., 1986). In contrast, most other mRNAs are tran-
scriptionally down-regulated and become sequestered
within the nucleus after heat shock (Sadis et al., 1988;
Gallouzi et al., 2000). This suggests the existence of
dedicated pathways for the nuclear export and stabil-
ization of stress-induced mRNAs upon heat shock.
The messenger RNAs of many mammalian early re-
sponse genes, including cytokines, lymphokines, and
protooncogenes, contain AU-rich elements (ARES) in
their 3’ untranslated regions (3' UTR; Chen & Shyu,
1995; Jacobson & Peltz, 1996). These, together with
numerous trans-acting proteins, confer regulated insta-
bility on the message (Chen & Shyu, 1995; DeMaria &
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Brewer, 1996; Jacobson & Peltz, 1996; Antic & Keene,
1997; Brennan & Steitz, 2001). AREs have been di-
vided into three classes based on sequence and decay
properties (Chen & Shyu, 1995). Class | AREs, such as
the c-fos ARE, contain one to three copies of the penta-
nucleotide AUUUA within U-rich regions. Class Il AREs,
like the GM-CSF ARE, also exist in a U-rich context
and consist of at least two overlapping copies of a
critical nonamer UUAUUUA (U/A)(U/A) (Lagnado et al.,
1994). Class Il AREs, for example, the c-jun ARE, con-
tain a U-rich sequence lacking the typical AUUUA ele-
ment but nevertheless signal MRNA degradation.
HuR, a member of the embryonic lethal abnormal
vision (ELAV) family of RNA-binding proteins, is ubig-
uitously expressed in mammalian cells (Ma et al., 1996).
It interacts with AREs of all three classes (Brennan &
Steitz, 2001) and stabilizes ARE-containing messages
upon overexpression in transfected mammalian cells
(Fan & Steitz, 1998b; Peng et al., 1998). The ELAV
family was originally identified in Drosophila melano-
gaster as essential for development and maintenance
of the nervous system (Campos et al., 1985). Three
closely related neural-specific Hu family members exist
in mammals: HuB (or HelN1/N2), HuC, and HuD (Good,
1995; Okano & Darnell, 1997). Architecturally, Hu pro-
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teins contain three well-conserved RNA recognition
motifs (RRMs; Antic & Keene, 1997) and differ from
one another in two regions, the N-terminus and the
region located between RRM2 and RRM3, known as
the hinge region (Fan & Steitz, 1998a). The first two
RRMs of HuD participate in ARE recognition whereas
the third RRM has been suggested to bind the poly(A)
tail of a target mRNA (Ma et al., 1997). The hinge re-
gion is essential for HUR and HuD cellular localization
and function (Fan & Steitz, 1998a; Akamatsu et al.,
1999; Kasashima et al., 1999). Indeed, a systematic
deletion analysis showed HuR to contain a shuttling
domain, HNS (for HUR nucleocytoplasmic shuttling),
that comprises 52 amino acids within the hinge region
and does not appear to belong to any previously de-
scribed class of shuttling signal (Fan & Steitz, 1998a).

We recently documented the interaction of HUR with
acidic phosphoprotein ligands called pp32, SET«, and
SETB (Brennan et al., 2000), previously suggested to
be inhibitors of protein phosphatase 2A (PP2A; Li et al.,
1996; Saito et al.,, 1999). A deletion analysis of HUR
demonstrated that both the hinge region and RRM3
are needed for strong interactions with these, as well
as a fourth ligand, APRIL (acidic protein rich in leucine;
Brennan et al., 2000). Like HuR, pp32 and APRIL are
primarily nucleoplasmic, but shuttle between the nu-
cleus and the cytoplasm. However, pp32 and APRIL
contain leucine-rich domains (Brennan et al., 2000) ho-
mologous to nuclear export signals (NES) known to
interact with CRM1 (chromosomal region maintenance
protein 1), the nuclear export receptor for the HIV-1
Rev protein (Fornerod et al., 1997). Treatment of HeLa
cells with the CRM1-specific inhibitor leptomycin B (LMB;
Komiyama et al., 1985) led to a complete inhibition of
pp32 and APRIL shuttling, but had no effect on HuR
nucleocytoplasmic movement (Brennan et al., 2000).
Yet, HUR'’s in vivo crosslinking to poly A* RNA was
affected by LMB; it switched from being completely
cytoplasmic to being detectable in both the nuclear and
the cytoplasmic compartments (Brennan et al., 2000).
Moreover, at least one ARE-containing mRNA (c-fos)
accumulated in the nucleus after LMB treatment (Bren-
nan et al., 2000).

These data suggested that HUR’s export to the cy-
toplasm might occur by at least two different pathways,
one being CRM1-dependent involving its protein li-
gands and the other being CRM1-independent and re-
quiring its endogenous shuttling signal HNS. In vivo UV
crosslinking revealed that in cells grown at 37 °C, where
HuR appears nuclear, it interacts with poly A* RNA only
in the cytoplasm (Gallouzi et al., 2000). However, upon
heat shock, we observed that HUR becomes partially
cytoplasmic, but interacts with poly A* RNA predomi-
nantly in the nucleus (Gallouzi et al., 2000). These con-
trasting observations prompted us to study HuR cellular
distribution and associations with its ligands, as well as
with mRNAs, under conditions of heat shock.
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RESULTS

pp32 and APRIL colocalize with HUR
in the cytoplasm after heat shock

To determine whether HuR ligands might contribute to
the cytoplasmic localization of HUR upon heat shock,
we first examined the cellular localization of pp32,
APRIL, and SET«/B by indirect immunofluorescence.
HelLa cells, before and after incubation for 1 h at 45°C,
were fixed, permeabilized, and doubly stained with
affinity-purified polyclonal antibodies directed against
the HuR ligands (Brennan et al., 2000) and the 3A2
anti-HUR monoclonal antibody (Gallouzi et al., 2000).
Figure 1 shows that whereas HuR, pp32, and APRIL
appear exclusively nucleoplasmic in cells grown at 37 °C
(panels 1-3, 7-9), upon heat shock they migrate to the
cytoplasm and partially colocalize in the cytoplasmic
foci previously observed (Gallouzi et al., 2000; panels
4-6 and 10-12). Approximately 12-15% of the total
HuR, pp32, and APRIL was detected in the cytoplasm
(see Materials and Methods), and pp32 and HuR lo-
calize to a larger extent than APRIL and HuR. The fact
that pp32 and APRIL are about 10 times more abun-
dant in cells than HuR (Brennan et al., 2000) explains
why their cytoplasmic colocalization with HUR is incom-
plete. In contrast, the RNA-binding proteins hnRNP Al
and La (Smith et al., 1985; Pinol-Roma & Dreyfuss,
1992) remained entirely nuclear (Fig. 1, panels 13-16).
Similarly, heat shock induced no change in the cellular
localization of HuR'’s other ligands, SETa and SETR
(data not shown), which are normally cytoplasmic as
well as nuclear (Brennan et al., 2000). If cells are given
3 hincubation at 37 °C following heat treatment, HuUR,
pp32, and APRIL completely recolocalize to the nu-
cleus (data not shown); more than 95% of the cells
survive our heat shock conditions (Gallouzi et al., 2000).

To investigate whether the colocalization of pp32 and
APRIL with HuR in the same cytoplasmic foci reflects
an increase in their interaction upon heat shock, we
performed coimmunoprecipitation experiments. HelLa
cell total extracts, pretreated with RNase A, were ex-
posed to polyclonal antibodies against the HuR li-
gands. Indeed, probing the immunoprecipitates with the
monoclonal anti-HUR antibody (Fig. 2A) revealed that
associations between pp32 and HuR, and APRIL and
HuR, increased after heat shock (lanes 5 and 9).
Whereas only 4% of HUR is complexed with pp32 or
APRIL under normal conditions (Fig. 2A, lanes 3 and
7), approximately 15% of HuR associated with each of
these proteins after heat shock. In contrast, the asso-
ciation of HUR with the SET proteins decreased four-
fold upon heat treatment (Fig. 2A, lanes 12 and 14; see
Materials and Methods).

We previously observed that HUR cosediments with
its protein ligands in multiprotein complexes (Brennan
et al., 2000). Because heat shock increases the inter-
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FIGURE 1. Cellular localization of HUR and its ligands upon heat shock. pp32 and APRIL colocalize with HUR in cytoplas-
mic foci after heat shock. HelLa cells without (panels 1-3, 7-9, 13, 14) or with (panels 4-6, 10-12, 15, 16) incubation for
1 h at 45°C were fixed, permeabilized, and incubated with affinity-purified antiligand polyclonal antibodies and monoclonal
anti-HuUR (3A2), or with anti-hnRNP A1 (4B10) or anti-La monoclonal antibodies as indicated (see Materials and Methods).
The secondary antibodies were Texas red-conjugated anti-rabbit for anti-pp32 and anti-APRIL, Texas red-conjugated
anti-mouse for anti-hnRNP A1, or Alexia 488-conjugated anti-mouse for anti-HUR. All images were captured using a Zeiss

confocal microscope.

action of HUR with pp32 and APRIL, we assessed the
effect of stress on the sedimentation of these proteins
in 5-20% glycerol gradients (Fig. 2B). Extracts were
pretreated with RNase A so that only protein—protein

interactions would be observed. By immunoprecipitat-
ing gradient fractions with antiligand antibodies and
probing with anti-HuUR, we observed that heat shock
shifts pp32- and APRIL-associated HuR into faster sed-
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FIGURE 2. Effect of heat shock on HuR-HuR
ligand-CRM1 complex formation. A: Coimmuno-
precipitation of HuUR with anti-pp32, -APRIL or -SET
«/B antibodies from HelLa cell extracts with or with-
out heat shock. Immunoprecipitation was per-
formed using affinity purified anti-HuR ligand
antibodies (10 wg/mL) or preimmune rabbit se-
rum (5 pg/mL) and total extract from 5 X 10°
Hela cells prepared before or after incubation for
1 hat45°C. S and P indicate total supernatant
and precipitated fractions. Lane 1 shows extract
(TE) from 5 X 10° Hela cells. The western blot
was probed with the monoclonal anti-HUR anti-
body. B: Coimmunoprecipitation of HuR and CRM1
with anti-pp32, anti-APRIL, or anti-SET «/B anti-
bodies from glycerol gradient fractions. 5 x 108
HelLa cells grown at 37°C or treated for 1 h at
45°C were used to prepare whole-cell extracts
that were subsequently fractionated on a contin-
uous glycerol gradient (5—20%). Each fraction was
divided into three aliquots and immunoprecipi-
tated with anti-pp32 (IP/a pp32), anti-APRIL (IP/« Ig he
APRIL), or anti-SET (IP/a SETa/B) antibodies as

indicated, and the precipitates electrophoresed on HuR =
a 12% denaturing polyacrylamide gel, transferred
to nitrocellulose and probed with the monoclonal
anti-HuUR or anti-CRM1 antibodies (see Materials Ig he
and Methods). The secondary antibody was HRP- HuR =
conjugated goat anti-mouse for HUR and anti-

rabbit for CRM1. One gradient for 37 °C and one

for 45 °C lysate was used for all the panels shown.

One percent of the total extract loaded on each

gradient is shown in the TE lane. The B lane shows

material recovered from the bottom of the centri-

fuge tube after collection of the fractions. As mark-

ers, phosphorylase B (104 kD), ovalbumin (48 kD),

and carbonic anhydrase (33 kD) were run on a

parallel gradient. The band marked Ig hc is the
immunoglobulin heavy chain. Only one band of

the correct size for CRM1 was observed in the

blots with anti-CRM1 antibody.

HuR —

CRM1

HuR —

HuR =

imenting complexes (Fig. 2B, compare lanes 8-10, pan-
els 37 °C, with lanes 10-14, panels 45 °C), whereas the
profile of HUR complexes with SET«/B remained un-
changed (Fig. 2B, compare lanes 9-15, panel 37 °C,
with lanes 8-15, panel 45°C). These results suggest
that HUR-pp32 and HUR-APRIL complexes recruit new
factor(s) at 45°C.

HuR increases its association with hnRNP
complexes upon heat shock

Although the amount of HUR in the cytoplasm increases
at least 12-fold after heat shock of HelLa cells, its inter-

1351

48kDa

_ 33kDa +—=25104kDa_

TE2 3 45 6 7 8910 1112 13 1415161718

TE2 3 4 5 6 7 8 910 111213 14 1516 17 18
Ighe - - - ——— - -

TE2 3 45 6 78 91011121314151617 18
Ig he - - - - WDeetse

TE2 3 45 6 7 8 910111213141516 17 18
. D B W - ™ e es

TE 2 3 4 56 7 8 9 1011121314 1516 17 18 1920212223 B
- - - - - -

37°C

19 20212223B

37°C

1920212223 B

- - -
45°C

TE 2 3 45 6 7 8 91011121314 15161718 19 20212223B

45°C

—— —

IP/o pp32

TE2 3 4 56 7 89 10111213141516 17 18 1920212223 B
Ig he - S T .- - -

37°C

1920212223 B

- = 45°C

—— - - ——

IP/o. APRIL

TE 2 3 4 56 7 8 910 111213141516 17 18 1920212223 B
- SR B Te P oo n e

37°C

19 20212223 B
45°C

IP/o. SETo. /B

action with cytoplasmic poly A* RNA is no longer de-
tectable; instead, HUR crosslinks mostly to nuclear poly
A" RNA (Gallouzi et al., 2000). Moreover, in contrast to
other types of stress, heat shock does not alter hnRNP
Al’s nuclear localization nor its nuclear interaction with
poly A* RNA (Gallouzi et al., 2000; van der Houven van
Oordt et al., 2000). We therefore asked whether the
shift of HUR into larger complexes after heat shock
(Fig. 2) might involve hnRNP proteins.

Total-cell extracts prepared from HelLa cells main-
tained at 37°C or exposed to 45°C for 1 h, either
untreated or treated with RNase A, were immunopre-
cipitated with anti-HuUR, anti-hnRNP Al (Pinol-Roma &
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Dreyfuss, 1992), anti-hnRNP C (Choi & Dreyfuss, 1984),
or anti-Sm (Lerner et al., 1981) monoclonal antibodies.
Immunoblots of the precipitates were then probed with
anti-HuUR or anti-hnRNP Al antibodies. Whereas less
than 1% of total hnRNP A1l precipitated using the anti-
HuR antibody (Fig. 3A, lane 1) from the 37 °C extract,
the interaction increased fourfold upon heat shock
(Fig. 3A, lane 3). The converse immunoprecipitation,
using the anti-hnRNP Al antibody and then probing
with anti-HUR, yielded the same result (Fig. 3B). Like-
wise, about 3% of the HUR coprecipitated with anti-
hnRNP C, but only after heat shock (Fig. 3D), whereas
interaction between hnRNP C and Al were seen at
37°C as well (Fig. 3C). At both temperatures, all these
interactions were completely abolished by RNase A
treatment (Fig. 3A-D). Anti-Sm antibodies were unable
to precipitate HUR from any extract tested, providing a
negative control (Fig. 3E).
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Together, these results indicate that HUR’s associa-
tion with the hnRNP complex is enhanced upon heat
stress, but that this interaction is dependent upon RNA,
presumably mRNAs and pre-mRNAs that tether to-
gether these nuclear RNA-binding proteins. Thus, these
interactions cannot be the additional protein—protein
contacts that contribute to the more rapid sedimenta-
tion of protein—protein complexes involving HUR and its
ligands in gradients (Fig. 2B).

Heat-shock-induced nuclear export of HUR
is LMB sensitive

We previously showed that the nucleocytoplasmic shut-
tling of pp32 and APRIL is inhibited by leptomycin B
(LMB), which inhibits the nuclear export of NES-
containing proteins by covalently modifying a critical
cysteine residue in the nuclear export receptor CRM1

B
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FIGURE 3. HuR’s association with the hnRNP complex increases after heat shock. Total HeLa cell extracts were prepared
before (lanes 1 and 2) or after (lanes 3 and 4) heat shock, and either pre-treated (+) (lanes 2 and 4) or not (—) (lanes 1 and
3) with 10 ug RNase A per 108 cells for 30 min at 37 °C. Immunoprecipitations were carried out on lysate from 5 x 108 cells
using anti-HuR (3A2) (A), anti-hnRNP Al (4B10) (B), anti-hnRNP C (4F4) (C and D), or anti-Sm (Y12) (E) monoclonal
antibody. Western blots of the precipitates used the 3A2 or 4B10 antibody to identify HUR or hnRNP Al, respectively.
Lanes 5, marked TE, show 1/10 the amount of extract used in the immunoprecipitations in lanes 1-4. The upper band
(Ig hc) is the immunoglobulin heavy chain. Quantitations were performed by comparing lane 1 to lane 3 in each panel. These

results were repeated three times.
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(Kudo et al., 1999). Our observation that HUR colocal-
izes with pp32 and APRIL in cytoplasmic foci upon heat
shock (Fig. 1) suggested that the stress-induced ex-
port of HUR might be CRM1-dependent. We therefore
treated HelLa cells with LMB (see Materials and Meth-
ods) prior to heat shock and visualized pp32, APRIL,
and HuR using their respective antibodies.

Figure 4A shows that LMB significantly reduces the
colocalization of HUR with pp32 and APRIL in cytoplas-
mic foci (panels 3, 6, and 9 compared to 2, 5, and 8).
Whereas approximately 12—-15% of pp32, APRIL, and
HuR were translocated to the cytoplasm after heat
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shock, LMB reduced this localization to less than 1%
for each of these proteins. As a control, we examined
the cellular localization of TIAR, an RNA-binding pro-
tein known to interact with the AU-rich sequence present
in the 3" UTR of the tumor necrosis factor alpha mRNA
(Gueydan et al., 1999). TIAR was previously reported
to accumulate in cytoplasmic stress granules upon
heat shock (Kedersha et al., 1999). Addition of LMB did
not alter this localization (Fig. 4A, compare panels 11
and 12).

HuR does not contain leucine-rich repeats and does
not coimmunoprecipitate with CRM1 at 37 °C (Brennan

A B 37°C 1h at 45°C
37° 1h at 45°C O
> T EEELLsESLS

IP: FTES F IEL S

CRM1 == -—— e . -

FIGURE 4. Heat shock induces HuR
nuclear export through the CRM1
pathway and enhances HuUR associ-
ation with CRM1. A: Leptomycin B
(LMB) blocks the heat shock induced
cytoplasmic localization of HUR, pp32,
and APRIL. HelLa cells were grown on
coverslips with (+) or without (=) 5
ng/mL LMB for 8 h, including incuba-
tion for 1 h at 45 °C as indicated, fixed,
and immunofluorescently stained as
described in Materials and Methods.
Anti-HUR (panels 1-3) or anti-TIAR
(panels 10—-12) monoclonal antibod-
ies and anti-pp32 (panels 4—6) or anti-
APRIL (panels 7-9) affinity-purified
polyclonal antibodies were used. De-
tection was carried out using fluores-
cein isothiocyanate for HUR and TIAR,
or rhodamine-labeled anti-rabbit sec-
ondary antibody for pp32 and APRIL.
All images were captured using a
Zeiss confocal microscope. B: Heat
shock increases HuR association with
CRML1. HeLa whole-cell extract was
prepared from cells grown to subcon-
fluency at 37 °C and either treated for
1 h at 45°C (lanes 6-9) or maintained
at 37 °C (lanes 2-5). Anti-pp32 (lanes 3
and 7), anti-APRIL (lanes 4 and 8), or
anti-SET «/B (lanes 5 and 9) anti-
serum or 3A2 anti-HuR antibody was
used for immunoprecipitation (IP) of
lysate from 5 X 10° cells and the pre-
cipitates were probed with polyclonal
anti-CRML1 antibody. This experiment
was repeated and quantitated three
times, with comparable results.
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et al., 2000). However, because the interactions be-
tween HUR, pp32, and APRIL increase significantly upon
heat shock, we asked whether incubation of HeLa cells
for 1 h at 45°C would result in detectable association
between CRM1 and HuR. Whole-cell extracts were
prepared before and after heat shock, and coimmuno-
precipitates obtained using anti-pp32, anti-APRIL, anti-
SET «/B, or anti-HUR antibodies were probed with
anti-CRM1 polyclonal antibody (Fornerod et al., 1997).
Coimmunoprecipitation of HUR and CRM1 was in-
creased about 10-fold following heat treatment (Fig. 4B,
lane 6 compared to lane 2), whereas the association of
pp32 and APRIL with CRM1 increased 3-fold upon heat
shock (Fig. 4B, lanes 7 and 8 compared to lanes 3 and
4). Indeed, when the gradients of Figure 2B were re-
probed with anti-CRM1 antibodies, a shift to higher
molecular weights was observed for pp32-CRM1 com-
plexes (Fig. 2B, CRM1 panels, lanes 9-14 at 37 °C,
versus lanes 11-16 at 45 °C) and for APRIL-CRM1 com-
plexes (data not shown). These results are consistent
with an association of CRM1 with HuR through its li-
gands pp32 and APRIL after heat shock.

HuR domains HNS and RRM3 together are
necessary and sufficient for export
through the CRM1 pathway

At 37°C, HuR shuttles between the nucleus and the
cytoplasm via a 52 amino acid domain, HNS, located in
the linker separating RRM2 and RRM3 (Fan & Steitz,
1998a). Both HNS and RRM3 have been shown to be
necessary for HUR interaction with pp32 and APRIL
(Brennan et al., 2000). To define the domain(s) of HUR
needed for localization in cytoplasmic foci after heat
shock, we fused portions of HUR to C-terminal myc-
tagged nucleoplasmin core (NPc), a well-studied car-
rier that does not contain the NPc NLS domain (Fan &
Steitz, 1998a; Michael et al., 1995). These constructs
(Fig. 5A) were transiently transfected to HelLa cells and
after 24 h, the cells were fixed for immunofluorescence
either before or after incubation for 1 h at 45 °C. Prob-
ing with anti-myc monoclonal antibody revealed that
only the chimera containing both the HNS and RRM3
domains of HUR accumulated significantly in cytoplas-
mic foci upon heat shock (Fig. 5B, panel 8). This local-
ization was completely inhibited by treatment with LMB
(including the period of heat shock; Fig. 5B, panel 9).
Only a weak cytoplasmic signal and many fewer foci
were detected with the MYC-NPc-RRM3 construct
(Fig. 5B, panel 5) and none with the MYC-NPc-HNS
chimera upon heat stress (Fig. 5B, panel 2). The neg-
ative control, NPc-NLS, containing the classical NLS
(nuclear localization signal) of SV40 T antigen, re-
mained confined to the HeLa nucleus under all condi-
tions (Fig. 5B, panels 10, 11, and 12). These data
demonstrate that the HNS and the RRM3 domains of
HuR together are necessary and sufficient for efficient

l.-E. Gallouzi, C.M. Brennan, and J.A. Steitz

protein localization in cytoplasmic foci under stress.
Because these same two domains of HUR have been
delineated as necessary for efficient interaction with
pp32 and APRIL (Brennan et al., 2000), we conclude
that these ligands most likely confer CRM1-dependent
export on HUR after heat shock.

A role for HuR in nuclear export of mRNA
after heat shock?

The hsp70 mRNA contains a class Il ARE sequence in
its 3" UTR, homologous to that of the beta-adrenergic
receptor (B-ADR) mRNA (Hunt & Morimoto, 1985; Wu
et al., 1985; Blaxall et al., 2000), that was recently shown
to interact with HuR (Blaxall et al., 2000). Although in
vivo crosslinking suggested that HUR interaction with
poly A" RNA shifted predominantly to the nucleus after
heat shock, 30% of cytoplasmic HUR cosedimented
with polysomes (Gallouzi et al., 2000). Thus, it seemed
conceivable that heat shock transcripts representing a
small percentage of cellular poly A RNA might asso-
ciate with HuR in the cytoplasm. We therefore asked
whether hsp70 mRNA export (and stabilization) upon
heat shock of HelLa cells might involve HuR.

We first examined whether hsp70 mMRNA export, like
that of HUR, occurs via the CRM1 pathway after heat
shock. In situ hybridization experiments using an anti-
sense probe corresponding to the 5" end of hsp70
MRNA (see Material and Methods; Fig. 6A) were per-
formed on Hela cells either grown at 37 °C or treated
for 1 h at 45°C, in the absence and the presence of
LMB. As expected, at 37 °C, the hsp70 mRNA signal
was very low, in both the nucleus and the cytoplasm,
with or without LMB treatment (Fig. 6A, panels 1 and
2). Heat shock increased hsp70 mRNA expression about
15-fold (see Materials and Methods), producing signal
in both the nuclear and cytoplasmic compartments
(Fig. 6A, panel 3). Significantly, LMB treatment resulted
in nuclear sequestration of newly synthesized hsp70
MRNA (Fig. 6A, panel 4). The same cells probed with
the anti-HUR antibody showed the expected heat-
induced localization of HuR in cytoplasmic foci, but
only in the absence of LMB (Fig. 6A, compare panels 5
and 6 to panels 7 and 8). LMB had no effect on GAPDH
MRNA cellular distribution at either temperature (data
not shown). These observations suggest that export of
hsp70 mRNA, like HUR, occurs via the CRM1 pathway
upon heat shock.

We then examined the interaction of HUR with hsp70
MRNA by immunoprecipitation followed by northern blot
analysis. Nuclear and cytoplasmic fractions were pre-
pared from HelLa cells grown in the absence or pres-
ence of LMB at 37°C or treated for 1 h at 45°C, and
immunoprecipitated RNAs (Fig. 6C) were compared
with total RNA (Fig. 6B). At 37 °C, the hsp70 mRNA was
undetectable in either cellular compartment in the pres-
ence or absence of LMB (Fig. 6B, hsp70 mRNA panel,
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FIGURE 5. Delineation of HUR domains involved in cytoplasmic localization upon heat shock. A: Schematic diagram of the
nucleoplasmin (NPc) fusion proteins containing HUR fragments HNS (amino acids 192-244), RRM3 (amino acids 245-326)
or the SV 40 NLS (Fan & Steitz, 1998a). B: Hela cells were transiently transfected with the myc-tagged nucleoplasmin
expression vectors diagramed in A. Twenty-four hours later, cells maintained at 37 °C were either treated or not with 5 ng/mL
LMB for 7 h and then heat shocked (as indicated) for 1 h at 45°C in the presence or absence of LMB. After fixing with 3%
paraformaldehyde for 20 min and permeabilization with 0.5% Triton X-100, the cells were stained with anti-myc antibody

9E10. The NPc-NLS vector provided a negative control.

lanes 1-4). Heat shock increased its level 12-fold
(Fig. 6B, lanes 5 and 6). LMB treatment did not block
hsp70 mMRNA expression, but the RNA became re-
stricted to the nuclear fraction (Fig. 6B, lane 8). In con-
trast, LMB affected neither the expression nor cellular
distribution of GAPDH mRNA before and after heat
shock (Fig. 6B, GAPDH mRNA panel, lanes 1-8).
GAPDH mRNA was primarily cytoplasmic in normal
cells (Fig. 6B, lanes 1-4) and accumulated in the nu-
cleus in heat shocked cells (Fig. 6B, lanes 5-8), as
reported previously for total poly A" RNA (Gallouzi et al.,
2000). These results suggest that, in HeLa cells, hsp70
mMRNA is selectively ushered to the cytoplasm via the
CRM1 pathway.

After heat shock, anti-HUR antibody precipitated about
10% of hsp70 mRNA from both the nuclear and cyto-
plasmic compartments (Fig. 6C, lanes 5 and 6), whereas
in the presence of LMB, hsp70 mRNA was coimmuno-
precipitated only from the nuclear fraction (Fig. 6C,
lanes 7 and 8). Although we previously observed that
TIAR is relocated to the same cytoplasmic foci as HUR
upon heat shock (Gallouzi et al., 2000), hsp70 mMRNA
was not immunoprecipitated by the anti-TIAR antibody
(data not shown). Because HuUR specifically interacts
with the hsp70 mRNA upon heat shock in both the
nuclear and the cytoplasmic compartments, and this
association is inhibited by the same concentrations of
LMB that block HUR export after stress, we conclude
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FIGURE 6. Inhibition of the CRM1 pathway abolishes hsp70 mRNA nuclear export and its cytoplasmic association with
HuR upon heat shock. A: hsp70 mRNA and HuR cellular distribution with and without heat shock. HeLa cells were grown
on coverslips, with (+) or without (=) 5 ng/mL LMB for 7 h prior to heat shock, and then incubated for 1 h at 45°C (as
indicated) in the presence or absence of LMB. The same fields of cells are shown for in situ hybridization (panels 1-4),
immunofluorescence (panels 5-8), and Hoechst nuclear staining (panels 9-12). For in situ hybridization, a 3" digoxigenin-
labeled antisense oligonucleotide for hsp70 mRNA (Calbiochem) was used at 5 ng/uL with a 1:200 dilution of sheep
antidigoxigenin Fab-rhodamine antibody. The monoclonal anti-HuR antibody (3A2) was detected using fluorescein isothio-
cyanate secondary anti-mouse antibody. In controls, treatment of the fixed cells with RNase before hybridization with
digoxigenin-labeled probes or without the labeled probes yielded no signal (data not shown). The concentrated regions of
hsp70 mRNA in the nuclei in panels 3 and 4 (45 °C) do not correspond to nucleoli; panels 7 and 8 show that HuR is present
in those regions in the same cells. B: LMB produces hsp70 mRNA sequestration in the nuclear compartment. 10% of HeLa
cytoplasmic or nuclear RNA from cells treated with LMB and heat shocked as described in the legend to Figure 6A were
subjected to northern blot analysis. RNA was detected with *2P-labeled cDNA probes encoding the hsp70 protein (a gift of
N. Kedersha) and GAPDH protein (ATCC), as indicated. Band intensities were quantitated by Phosphorlmager (Molecular
Dynamics), with the percentages in each compartment given relative to the sum of the cytoplasmic (C) and nuclear (N)
hsp70 mRNA or GAPDH mRNA band intensity. C: LMB treatment leads to hsp70 mRNA association with HuR only in the
nuclear fraction. 90% of the cytoplasmic and nuclear extracts from 6B were incubated for 2 h at 4°C with anti-HUR
monoclonal antibody. Northern blotting and quantification of the mRNAs in the precipitates were carried out as described
above for B.

that HUR could be involved in the export of hsp70 mMRNA
(and other stress-induced mRNASs) from the nucleus to
the translational machinery in the cytoplasm.

DISCUSSION

Altered interactions of HUR with pp32
and APRIL and with the hnRNP
complex after heat shock

The colocalization of HUR, pp32, and APRIL in cyto-
plasmic foci (Fig. 1) and their increased association

(Fig. 2A) are consistent with the idea that pp32 and
APRIL participate in HUR movement in heat shocked
cells. The sedimentation shift upon heat stress (Fig. 2B)
further suggests that HuR-pp32 and HUR-APRIL com-
plexes engage additional proteins. Because the in-
creased association of HUR with the hnRNP complex
after heat shock is eliminated by RNase treatment,
hnRNP proteins are unlikely to be these new part-
ner(s). On the other hand, association of HUR with
CRML1 via pp32 and APRIL (Fig. 4B) could explain the
shifts seen in the gradients (Fig. 2B). Indeed, probing
the pp32, APRIL, and SET«/B blots presented in Fig-
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ure 2B with anti-CRM1 antibody revealed that CRM1 is
present in the same fractions as HUR-pp32 and HuR-
APRIL complexes after heat shock (Fig. 2B, CRM1 pan-
els, and data not shown). Whereas the HuR/pp32 and
HUR/APRIL complexes peak at about 80 kDa at 37 °C,
they shift to about 170 kDa after heat stress, consistent
with the addition of the 110-kDa CRM1 protein (Fukuda
et al., 1997).

Heat shock also alters the interaction of HUR with the
hnRNP complex (Fig. 3). The abundant hnRNP pro-
teins interact with mRNA transcripts early during their
biogenesis to regulate processing and nuclear export
(Pinol-Roma & Dreyfuss, 1992; Nakielny & Dreyfuss,
1996, 1999). Dynamic remodeling of these complexes
is evident from the observation that some hnRNP pro-
teins, like hnRNP A1, shuttle between the nucleus and
the cytoplasm, whereas others, like hnRNP C, are ex-
clusively nuclear. Since in vivo crosslinking experi-
ments showed that under normal conditions hnRNP Al
and HuR do not interact with poly A* mRNA in the
same compartment (Al in the nucleus, HUR in the cyto-
plasm), we previously hypothesized that HuR'’s inter-
action with its target mMRNAs occurs at a late stage just
before an RNA exits to the cytoplasm (Gallouzi et al.,
2000). However, unlike hnRNP Al, HuR’s interaction
with poly A* RNA is significantly altered by heat shock:
HuR crosslinks only to nuclear RNA after heat shock
(Gallouzi et al., 2000). Because nuclear RNA mol-
ecules are assembled into hnRNP, it is not surprising
that HUR'’s association with hnRNP Al and C increases
several-fold (dependent on RNA integrity; Fig. 3) after
heat shock. This observation also suggests that the
stabilization of some non-heat-shock messages under
hyperthermia (Andrews et al., 1987) could be the con-
sequence of their nuclear retention with HuR.

The CRM1 pathway becomes the major
route for HUR nuclear export
upon heat shock

Here we show that both the HNS and RRM3 domains
of HUR [which are needed for its interaction with pp32
and APRIL (Brennan et al., 2000)] are necessary and
sufficient to bring NPc to cytoplasmic foci upon stress
(Fig. 5). LMB inhibits this activity, indicating CRML1 in-
volvement and the participation of pp32 and APRIL in
HuR export under these conditions. Although the effect
of LMB could be indirect, perhaps because CRM1-
mediated export is essential for maintaining the Ran-
GTP gradient (Mattaj & Englmeier, 1998), we know that
at least at 37 °C this gradients remains intact in mam-
malian cells; we previously observed that hnRNP Al
shuttling, which requires transportin 1 and Ran-GTP
(Siomi et al., 1997), continues after 8 h of LMB treat-
ment (Brennan et al.,, 2000). The fact that the HNS
alone is unable to bring NPc to the cytoplasm after
heat shock argues that HNS-dependent nucleocyto-
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plasmic movement of HUR (Fan & Steitz, 1998a) is
shut off. It may be that ligand binding simply competes
for recognition of whatever export receptor normally
couples with HNS. The observation that LMB treat-
ment alone sequesters c-fos mMRNA in the nucleus
(Brennan et al.,, 2000) suggests that the ligand-
dependent export pathway may operate to a limited
extent even at 37 °C. The nature of the change allowing
increased association of HUR with its protein ligands is
unknown; we have not observed noticeable changes in
the phosphorylation state of pp32 or APRIL upon heat
shock (data not shown).

Recent evidence has shown that the CRM1 path-
way for protein export remains active in heat shocked
cells. Net, one of several transcription ternary com-
plex factors (TCFs) and a transcriptional repressor, is
mainly nuclear, but contains a leucine-rich NES as
well as several NLS. After treatment with anisomycin,
UV, or heat shock, Net accumulated in the cyto-
plasm, and this nuclear exclusion was inhibited by
LMB (Ducret et al., 1999). In yeast, overexpressing
the HIV-1 Rev protein, but not a Rev mutant, partially
blocked the nuclear export of SSA4 (the yeast homo-
log of mammalian hsp70) mRNA after heat shock
(Saavedra et al., 1997). Thus, it is reasonable to pro-
pose that HUR may be exported by the CRM1 path-
way in heat shocked cells.

Is HUR an export adapter protein
for heat shock mRNAs?

The export of messenger RNA from the nucleus to the
cytoplasm involves multiple pathways (Nakielny & Drey-
fuss, 1999). CRM1 was first identified as an export
receptor for the unspliced RNA of HIV-1 through its
interaction with the viral-encoded adapter protein Rev
(Neville et al., 1997). CRM1 is also involved in the ex-
port of the spliceosomal U snRNAs (Fornerod et al.,
1997), where a phosphorylated isoform of PHAX (phos-
phorylated adapter for RNA export) serves as the spe-
cific adapter (Ohno et al., 2000). Recently, it was shown
that the nuclear export of the 60S ribosomal subunit is
mediated by yet another adapter protein, Nmd3p, in a
CRM1-dependent fashion (Ho et al., 2000). In each of
these cases, CRML1 recognizes the leucine-rich NES of
the adapter protein, thereby escorting the bound RNA
out of the nucleus through its interaction with at least
one nucleoporin (NPC), CAN/Nup214 (Fornerod et al.,
1997; Mattaj & Englmeier, 1998; Gorlich & Kutay, 1999;
Ho et al., 2000). CRM1 itself is not known to interact
directly with RNA.

The data presented in Figure 6A show that the same
LMB concentration that prevents HUR appearance in
cytoplasmic foci blocks the nuclear export of hsp70
mRNA in heat shocked cells. Moreover, use of a leucine-
rich NES-containing peptide inhibitor after heat shock
leads to complete nuclear sequestration of both hsp70
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MRNA and HuR (data not shown). These observations
suggest that HUR could be a part of a two-protein
adapter complex for mRNA export during stress by as-
sociating with CRM1 through its ligands. pp32 and
APRIL themselves have not been observed to interact
directly with RNA (Brennan et al., 2000). The fact that
the hsp70 mMRNA in both the nucleus and cytoplasm
after heat shock can be shown to be associated with
HuR by coimmunoprecipitation (Fig. 6C) further sup-
ports an adapter role for HuR.

The presence of a class Il type ARE in the 3" UTR of
hsp70 mRNA, in combination with the coimmunopre-
cipitation data in Figure 6C, indicates a direct inter-
action between hsp70 mRNA and HuR. This could also
be true of the mRNAs for many other heat shock pro-
teins. Of 18 stress-induced mammalian mMRNAs sur-
veyed, 15 have either a class | or class Ill ARE in their
3’ UTRs (data not shown). In our previous work, we
were not able to detect an interaction between HuR
and cytoplasmic poly A* RNA under stress conditions,
even though some HuR could still be identified on poly-
somes (Gallouzi et al., 2000). This lack of crosslinking
may simply be explained by the fact that the cytoplas-
mic abundance of heat shock mRNAs is low compared
to the total mMRNAs that exist in the cytoplasm of cells
grown at 37 °C.

TIAR is an RNA-binding protein that, like HUR, con-
tains three RRM domains and is mainly nuclear in cells
grown at 37 °C (Tian et al., 1991; Kedersha et al., 1999).
Upon heat shock, TIAR localizes in stress granules and
acts as a general translation inhibitor (Kedersha et al.,
1999; Piecyk et al., 2000), perhaps by sequestering
MRNASs in stress granules away from the translation
machinery (Kedersha et al., 1999, 2000). Our obser-
vations that TIAR export is LMB-independent (Fig. 4)
and that it does not coimmunoprecipitate hsp70 mRNA
(data not shown) argue that TIAR does not play a role
in the nuclear export of heat shock mRNAs.

Two models for selective export of heat shock mRNAs
after stress have been proposed for the yeast Sac-
caromyces cerevisiae. In yeast as in mammalian cells,
heat shock leads to nuclear sequestration of the vast
majority of poly A" RNA (Liu et al., 1996; Saavedra
et al.,, 1996; Gallouzi et al., 2000); in contrast, heat
shock mRNAs (e.g., SSA4, encoding yeast hsp70)
transit to the cytoplasm for translation. The Cole lab-
oratory has argued that Riplp, a two hybrid inter-
actor with HIV-1 Rev that is believed to associate
with the NPC (Stutz et al., 1995), defines a pathway
essential for export of SSA4 and other heat shock
mRNAs, even though Riplp is dispensable under nor-
mal conditions (Saavedra et al., 1997). In contrast,
the Rosbash laboratory has concluded that Riplp par-
ticipates in the export of both heat shock and non-
heat-shock messages at high temperature and that
CRML1 is not a major export receptor for heat shock
MRNAs (Vainberg et al., 2000; Jensen et al., 2001).
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They suggest instead that competition explains the
preferential export of heat shock mRNAs.

Our data for mammalian cells clearly support the idea
of an alternative pathway and an active role for CRM1
in the export of heat shock mRNAs (Fig. 7). We pro-
pose that after heat shock, newly made hsp70 mRNA
is escorted by hnRNP proteins from its site of transcrip-
tion to the perinuclear area where it meets HuR (Gal-
louzi et al., 2000). HuR then binds, using RRM1 and -2
to recognize the class Il ARE in the 3" UTR of hsp70
MRNA, and brings in either pp32 or APRIL, which in-
teracts with HuR’s hinge region and RRM3 (Brennan
et al., 2000). Addition of CRM1 to these assemblies
through its ability to interact with the NES of the HUR
ligands leads to the rapid export and subsequent trans-
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FIGURE 7. Model for HUR nucleocytoplasmic shuttling through the
CRM1 pathway and its involvement in heat shock mRNA export.
Heat shock induces hsp70 mRNA expression and the increased as-
sociation of HUR with nuclear hnRNP complexes (Fig. 3), as well as
increased localization of HUR and its ligands in the cytoplasm (Fig. 1).
Under these stress conditions, HUR becomes associated with the
CRML1 receptor through either pp32 or APRIL (APR; Fig. 4). Thus, the
HuR-bound hsp70 mRNA (Fig. 6) is exported to the cytoplasm using
the CRM1 pathway. Cytoplasmic HuR is localized in both polysomes
and foci upon heat shock (Gallouzi et al., 2000), whereas HuR li-
gands are detected in foci (Fig. 1), but not in polysomes (data not
shown). Hsp70 mRNA is not present in cytoplasmic foci (Fig. 6) and
is highly translated.
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lation of hsp70 mMRNA. Thus, HuR could be the export
adapter for hsp70 and perhaps other heat shock
MRNASs.

pp32 and APRIL may establish a link
between the cellular stress response,
HuR, and protein phosphatase 2A

The half-lives of ARE-containing mRNAs can vary un-
der conditions of stress, cell stimulation, and oncogenic
transformation (Andrews et al., 1987; Lee et al., 1988;
Hirsch et al., 1995). For example, levels of the cyclin
kinase inhibitor, p21"31, are enhanced by UV treat-
ment, involving stabilization of its mMRNA by HuR
(Gorospe et al., 1998; Wang et al., 2000). Similarly, the
VEGF mRNA is stabilized in hypoxic cells, and in vitro
experiments have implicated HuR in this stress re-
sponse (Levy et al., 1998). Additionally, heat shock leads
to c-fos mRNA stabilization in HeLa cells (Andrews et al.,
1987).

It is perhaps not surprising that the HuR ligands pp32
and APRIL play a more prominent role in modulating
HuR function in stressed than in normal cells. pp32 has
been identified as a protein phosphatase 2A (PP2A)
inhibitor (Saito et al., 1999); it is overexpressed in neo-
plastic cells and has been reported to inhibit oncogene-
mediated transformation of rat embryo fibroblasts (Chen
et al., 1996). APRIL is 71% identical to pp32 (Brennan
et al., 2000) and is likely to have a similar function.
PP2A is composed of a core heterodimer containing a
protein called PR65 (A subunit) and a catalytic subunit
(Janssens & Goris, 2001). Recently, it was reported
that the heat shock transcription factor HSF2 interacts
with PR65 to block its association with the catalytic
subunit, thereby suggesting dual functions for HSF2:
one regulating heat shock protein expression and the
other regulating PP2A activity (Mencinger et al., 1998;
Hong & Sarge, 1999). Thus, it is possible that pp32 and
APRIL regulate PP2A activity as well as HuR cellular
movement during heat shock. It will be of interest to
investigate the link between these two activities.

MATERIALS AND METHODS

Plasmid construction

N-terminal myc-tagged NPc-HuR hinge region (MYC-NPc-
HNS) and NPc-NLS (MYC-NPc-NLS) constructs were previ-
ously described (Michael et al., 1995; Fan & Steitz, 1998a).
The NPc construct expresses the nucleoplasmin core, which
does not contain an NLS domain (Michael et al., 1995; Fan &
Steitz, 1998a). The MYC-NPc-HNS-RRM3 and the MYC-NPc-
RRM3 chimeras were generated by PCR from the previously
described expression construct pcDNA3-HuR (Fan & Steitz,
1998b) and cloned into the EcoRl and Xhol sites in the
pcDNA3-NPc vector (Fan & Steitz, 1998b).
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Cell culture, immunofluorescence,
and in situ hybridization

Adherent HelLa cells were grown in DMEM (Gibco-BRL) sup-
plemented with 10% fetal bovine serum (FBS, Gibco-BRL),
penicillin, and streptomycin, following the manufacturer’s di-
rections (Gibco-BRL). HEPES (pH 7.9, 10 mM) was added
before heat shock to maintain the pH. The cells were treated
with 5 ng/mL LMB (a kind gift of Dr. M. Yoshida, University of
Tokyo) for 7 h, including the 1 h incubation at 45°C for heat
shock experiments. Cells were heat shocked as described
(Gallouzi et al., 2000) and either fixed for immunofluores-
cence or used to prepare extracts.

For immunofluorescence, HelLa cells were grown on cov-
erslips overnight, treated as above, and processed as de-
scribed (Fan & Steitz, 1998b) using the following antibody
dilutions: anti-HUR monoclonal (3A2, 1:500; Gallouzi et al.,
2000); anti-hnRNP A1 monoclonal (4B10, 1:1,000; kindly pro-
vided by S. Pinol-Roma, Mount Sinai School of Medicine,
New York; Pinol-Roma and Dreyfuss, 1992); anti-La mono-
clonal, 1:1,000 (Smith et al., 1985); anti-TIAR monoclonal,
1:500 (kindly provided by N. Kedersha, Harvard Medical
School, Boston, Massachusetts; Kedersha et al., 1999); and
anti-pp32, anti-APRIL, and anti-SET rabbit polyclonal (5 ug/
mL; Brennan et al., 2000). Secondary antibodies were used
at 6-8 ug/mL: Alexa 488-conjugated anti-mouse (Molecular
Probes) and Texas red-conjugated anti-rabbit (Molecular
Probes). Hoechst dye 33258 (Sigma-Aldrich) was incubated
with the secondary antibodies at 1 ug/mL.

In situ hybridization was performed as described (Gallouzi
et al., 2000) with the following modifications. The cells were
treated with 5 ng/mL LMB for 8 h including the 1-h heat
treatment, then fixed and permeabilized. They were incu-
bated with 5 ng/uL of message-specific oligonucleotide probe
(corresponding to nucleotides 904-944 and 46-85 of the
cDNAs for hsp70 and GAPDH, respectively; Calbiochem),
3’-end labeled with digoxigenin according to the protocol sup-
plied by the manufacturer (Boehringer Mannheim) and de-
tected with rhodamine-conjugated anti-digoxigenin antibody
(Forrester et al., 1992).

Transient transfection

Hela cells were grown as described above on coverslips and
transiently transfected using Lipofectamin reagent (Gibco-
BRL) according to the manufacturer s directions. For all ex-
periments, 2 ug of cDNA were transfected into 10° cells and
24 h later, the cells were either incubated for 1 h at 45°C or
not in the presence or absence of 5 ng/mL of LMB (for 8 h,
including 1 h of heat shock treatment), then used for immu-
nofluorescence. The anti-MYC monoclonal antibody (Sigma-
Aldrich) was used at 1:1,000 dilution. All quantitative analyses
were performed using the National Institutes of Health (NIH)
Image 1.62 program.

Cell lysate preparation, glycerol gradients,
coimmunoprecipitation and immunoblotting

Lysates from HelLa cells grown at 37 °C or treated for 1 h at
45°C were prepared and fractionated on 5-20% glycerol
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gradients followed by immunoprecipitation as described (Bren-
nan et al., 2000). Alternatively, lysates from 5 X 105 cells
were incubated directly with the following antibodies pre-
adsorbed to protein A-agarose (Pharmacia Fine Chemicals)
for 12 h at 4°C: 3A2 monoclonal anti-HuR (50 ng), 4B10
monoclonal anti-hnRNP Al (50 ng), 4F4 anti-hnRNP C (50
ng; Choi & Dreyfuss, 1984), or affinity purified anti-HuR li-
gand antibodies (100 ng). After extensive washing, bound
proteins were eluted by boiling in SDS-PAGE sample buffer
(Brennan et al., 2000), analyzed by 12% SDS-PAGE, and
transferred to nitrocellulose. The membrane was blocked with
10% nonfat milk in PBS and probed with 3A2 or 4B10 mouse
monoclonal antibody as described (Gallouzi et al., 2000) or
with a 1/1,000 dilution of rabbit anti-CRM1 (chromosomal
region maintenance protein 1; kindly provided by G. Gros-
veld, St. Jude Children’s Research Hospital, Memphis, Ten-
nessee; Fornerod et al., 1997). The secondary antibody (1/
5,000 dilution) was either HRP-conjugated donkey anti-rabbit
or HRP-conjugated donkey anti-mouse. Blots were devel-
oped using ECL (Amersham Pharmacia Biotech) according
to the manufacturer’s protocol.

RNA extraction, northern blotting,
hybridization, and probe preparation

Nuclear (N) and cytoplasmic (C) fractions from adherent HeLa
cells were prepared as follows: 5 X 107 cells were washed
with cold PBS, harvested in lysis buffer A (10 mM Tris, pH 8.5,
10 mM NacCl, 3 mM MgCl,, 0.5% Nonidet P-40, 1 mM phe-
nylmethyl sulfonyl fluoride [PMSF], 1 uM aprotinin and 1uM
leupeptin) containing 20 mM of Vanadyl Ribonucleoside Com-
plex (VRC; Gibco-BRL) and incubated for 5 min at 4 °C. After
centrifugation at 15,000 rpm for 90 s, the supernatant was
removed as the C fraction. The pellet was homogenized by
five passages through a 25-gauge needle then incubated
with 10 U/ulL of DNase | (RQ 1-RNase Free; Promega) for
15 min at 37 °C to yield the N fraction. These fractions were
either incubated for 3 h at 4°C with 50 ng monoclonal anti-
HuR or anti-TIAR antibody preadsorbed to protein A-agarose
or used to prepare C and N total RNA. The immunoprecipi-
tates from the N and C fractions were then incubated with
5 ng/mL of proteinase K (AMRESCO) for 1 h at 37 °C, phenol-
chloroform extracted and ethanol precipitated. Northern blots
were performed as described (Fujita et al., 1999). The hsp70
and GAPDH probes used for the hybridization were prepared
by digesting plasmids containing hsp70 (kindly provided by
N. Kedersha, Harvard Medical School, Boston, Massa-
chusetts) or GAPDH (ATCC) cDNAs with EcoRI-BamHI or
EcoRI-Notl restriction enzymes, respectively. cDNA probes
were radioactively labeled by random priming following the
manufacturer’s directions (Boehringer) to a specific activity of
3,000 Ci/mmol.
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