
Apoptotic-induced cleavage shifts HuR from being
a promoter of survival to an activator of
caspase-mediated apoptosis
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Little is known about the cellular mechanisms modulating the shift in balance from a state of survival to cell death by caspase-
mediated apoptosis in response to a lethal stress. Here we show that the RNA-binding protein HuR has an important function in
mediating this switch. During caspase-mediated apoptosis, HuR is cleaved to generate two cleavage products (CPs). Our data
demonstrate that the cleavage of HuR switches its function from being a prosurvival factor under normal conditions to becoming
a promoter of apoptosis in response to a lethal stress. In the absence of an apoptotic stimuli, HuR associates with and promotes
the expression of caspase-9 and prothymosin a (ProT) mRNAs, and pro- and antiapoptotic factors, respectively, both of which
have been characterized as important players in determining cell fate. During the early steps of caspase-mediated apoptosis,
however, the level of caspase-9 protein increases, while ProT remains unchanged. Under these conditions, the two HuR-CPs
selectively bind to and stabilize caspase-9 mRNA, but do not bind to ProT. Hence, taken together, our data show that by
maintaining a threshold of expression of proapoptotic factors such as caspase-9 in response to a lethal stress, the HuR-CPs help
a cell to switch from resisting death to undergoing apoptosis.
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Caspase-mediated apoptotic cell death depends on the
balance between numerous pro- and antiapoptotic regula-
tors.1,2 During stress response, this balance is tilted, initially to
activate prosurvival mechanisms, but if the stress becomes
unsustainable, apoptosis is engaged.3 This shift of equilibrium
depends on multiple factors, including members of the Bcl-2
family, which can either promote apoptosis (e.g. Bad, Bax), by
mediating the release of cytochrome c (cyt c) from the
mitochondria to the cytoplasm, or inhibit it, by preventing this
release (Bcl-2, Bcl-xL).4,5 The cytoplasmic localization of cyt c
enables the formation of an active apoptosome, a complex
bringing together Apaf-1 protein and caspase-9.4,6 Once
active, the apoptosome triggers the activation of caspase-9,
allowing it to cleave and activate downstream caspases (such
as -3 and -7), leading to cell death.4 Not surprisingly, caspase-
9 has been characterized as an important regulator of
caspase-mediated apoptosis.7–9 The activity of the apopto-
some may be either increased by activators such as pp32/
PHAPI or decreased by inhibitors such as prothymosin a
(ProT).10 In cancer development, the activities of apoptotic
proteins are defective, and a decrease or increase in the
respective expression levels of pro- and antiapoptotic factors
is also observed.4,11

It is well documented that the expression of various
apoptotic players is regulated at the level of transcrip-
tion.4,12–14 More recent evidence suggests that apoptotic

genes are also regulated post-transcriptionally.15,16 One way
by which this occurs is via the interaction of AU-rich elements
(AREs) located in the 30 untranslated region (30-UTR) of pro-
and antiapoptotic mRNAs with ARE-binding proteins. HuR is
one such protein that has an important part in stress
response.15,17,18 Typically, ARE-containing mRNAs are quite
labile, as they undergo ARE-mediated decay (AMD).19

Although many ARE-binding proteins destabilize these
mRNAs, HuR is best known to increase their half-lives and/
or modulate their translation.15,20 Curiously, it has been
shown that UV stress causes HuR to stimulate the translation
of both pro- (p53 and cyt c) and anti- (ProT) apoptotic
factors.21–23 However, no explanation has been provided to
address how one stress can cause HuR to promote two
opposing effects.

We recently showed that during cell response to lethal
stress, HuR is exported to the cytoplasm while associated with
the apoptosome activator pp32/PHAPI, and is then cleaved in
a PKR-dependent pathway by caspases-3 and -7, yielding two
cleavage products (HuR-CP1 and HuR-CP2).18,24 Physiolo-
gical significance of this cleavage, which occurs for approxi-
mately 50% of cytoplasmic HuR, was shown in the process of
muscle development.25 The significance of HuR cleavage in
apoptosis was demonstrated by the fact that a non-cleavable
mutant (HuRD226A) of HuR failed to rescue apoptosis in cells
depleted of endogenous HuR.18 In addition, the expression of
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these HuR-CPs can stimulate apoptosis in the presence of a
non-lethal stress (conditions under which apoptosis is not
engaged and HuR cleavage does not occur).24 These results
highlight a function for these CPs in triggering cell death,
although the mechanisms responsible for this effect are
unclear.

As HuR-CPs harbor the RRMs of HuR (HuR-CP1, RRM1-2
and HuR-CP2, RRM3),18 in this study we investigated the
possibility that they can promote apoptosis by modulating the
expression of proapoptotic mRNAs. Here we show that the
two HuR-CPs associate and positively affect the expression of
caspase-9, but not that of ProT. Our data support a model
whereby the cleavage of HuR is a trigger for its role reversal,
which explains how and why during cell response to severe
stress HuR switches from promoting survival to assisting with
apoptotic cell death.

Results

HuR promotes apoptosis by regulating caspase-9
expression in an ARE-dependent manner. As apopto-
some activation involves cyt c release, to further establish
how HuR influences apoptosis, we asked if the proapoptotic
function of HuR occurs downstream of this event. We
observed that by knocking down HuR using siRNA (siRNA-
HuR) in HeLa cells (Figure 1A), Bax- (a well-established
regulator of cyt c release26) induced cell death was
prevented (Figures 1B and C). HuR expression was rescued
in this system by providing cells with HuR conjugated to the
cell-permeable peptide AP (antennepedia) (AP-HuR),18 and
this demonstrated a simultaneous rescue of cell death (image
c), which did not occur with AP-GST control (image d). These
results suggest that HuR promotes apoptosis by acting
downstream of Bax, and possibly cyt c release.

To address how HuR, by acting at this level, can shift from
promoting survival to activating cell death, we performed
RIP-CHIP (RNP-Immunoprecipitation-microchip)27–29 experi-
ments to identify the HuR mRNA targets that could
affect apoptosome activity. To do this, an immunoprecipitation
(IP) was carried out on HeLa cells using anti-HuR antibody
(3A2),30 and the mRNA associating with HuR were hybridized
on an apoptosis-specific cDNA microarray. Numerous
messages were identified (Supplementary Figure 1), but of
these, caspase-9 stood out as an mRNA encoding for a
component of the apoptotic response that acts downstream of
Bax.12 We validated this result by an IP/RT-PCR experiment,
where it was confirmed that HuR associates with caspase-9
mRNA. As a positive control, we observed that HuR also binds
to its mRNA targetProT22 (Figure 1D), which was not included
in the array that was used. The mRNA of heterogenous
nuclear ribonucleoprotein A1 (hnRNP A1), a negative control,
did not associate with HuR.31 By scanning the 30-UTR of
caspase-9 mRNA, we identified two AREs (ARE1: 1841–
1870; ARE2: 1944–1988) (Supplementary Figure 2). Gel-shift
experiments using radioactive-labeled probes showed that
both AREs associate with GST-HuR but not GST alone
(Figure 1E). In addition, knockdown and rescue experiments
(Figures 1F–I and Supplementary Figure 3) confirmed that
HuR is required for the expression of both caspase-9 mRNA
and protein.

Next, we determined the importance of these AREs in
regulating the expression of caspase-9. To do so, we acquired
murine embryonic fibroblasts (MEFs) isolated from caspase-
9� /� mice,6 in which we expressed full-length caspase-9
mRNA with and without functional AREs. Overexpressing HA-
Bax in these cells promoted the cleavage of caspase-3 and
poly (ADP-ribose) polymerase (PARP), well-known indicators
of caspase-mediated apoptosis activation,12 in wild-type (wt)
but not in caspase-9� /� MEFs (Figures 2a and b). To
assess the interplay between HuR, Bax and caspase-9, we
depleted HuR expression in wtMEFs and caspase-9� /�
MEFs while overexpressing Bax (Figures 2c and d), and
observed that both HuR and caspase-9 are required for Bax-
induced apoptosis. These observations clearly indicate that
Bax triggers caspase-dependent cell death via HuR, which
acts upstream of caspase-9.

We then evaluated the ability of caspase-9-deficient cells to
undergo apoptosis in response to the apoptosis-inducing
agent staurosporine (STS).24 Caspase-9� /� and wtMEFs
were treated with 1mM STS for 6h.24 Not surprisingly, we
observed a significant reduction in STS-induced apoptosis in
caspase-9� /� MEFs when compared with their wt counter-
parts (Figures 2e–h). Collectively, the data in Figure 2 confirm
that caspase-9 has an important function in Bax-mediated
caspase-dependent apoptosis.

To assess the importance of AREs in caspase-9 expres-
sion, we generated plasmids expressing either full-length
caspase-9 or full-length caspase-9 in which the AREs were
mutated (replacing the Us by Cs) (Figure 3a). Transfecting
these plasmids into caspase-9� /� MEFs showed that
mutating the AREs caused 480% decrease in the expression
of caspase-9 mRNA (Figures 3b and c). Using these cells in
an actinomycin D (ActD) pulse-chase experiment,32 we
observed that mutated caspase-9 mRNA had a reduced
half-life (of B4.1 h) compared with full-length caspase-9
mRNA (B6.6 h; Figures 3d and e and Supplementary
Figure 4). Although AREs are generally known to destabilize
their host messages, our data clearly suggest that in the case
of caspase-9 mRNA, they are in fact required for its
stabilization. Our results also show that this ARE-mediated
stabilization of caspase-9 mRNA is required for the expres-
sion of its protein under normal conditions (Figures 3f and g).
We then investigated the effect of ARE mutations on the
ability for caspase-9 to rescue apoptotic cell death in caspase-
9� /� MEFs. We observed that caspase-9 lacking functional
AREs was less effective in rescuing apoptosis compared with
the transfection of full-length caspase-9 (Figures 3h–k).

Taken together, these results support the idea that by
associating with HuR, the AREs of caspase-9 mRNA may
protect the message from AMD and that this interaction has
an important part in promoting apoptosis.

STS treatment causes an increase in caspase-9 protein
levels. It has been shown that under non-lethal conditions,
HuR supports survival by promoting the translation of ProT.22

This, with the results described above, raises the possibility
that under normal conditions HuR promotes survival, but in
response to severe stress, executes functions on mRNA
targets to advance apoptosis. If this is the case, under lethal
conditions HuR should favor the expression of caspase-9
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over ProT. We found that while a substantial decrease in the
levels of caspase-9 and ProT mRNAs was observed only
after 2.5 h of STS treatment, the combined protein levels of
caspase-9 and its p35- and p37-active CPs increased by
450% at 3 h after STS treatment. The caspase-9 protein
level was not further enhanced by co-treating cells with
MG132, an established chemical inhibitor of the proteosome
(Figures 4a–d and Supplementary Figure 5), indicating that
the mechanism responsible for this increase in caspase-9
expression does not involve increasing its protein stability.
As several technical challenges make it difficult to detect
endogenous ProT by western blot,22 a plasmid encoding
full-length ProT mRNA (GFP-ProT) was transfected into
HeLa cells, which were treated with STS as in Figure 4a
(Figures 4e and f). Unlike caspase-9, no substantial change
in the protein level of ProT was seen. Collectively these
observations suggest that during apoptosis a specific post-
transcriptional regulatory mechanism (mRNA stability or
translation) ensures the high expression levels of caspase-
9, but not ProT, during apoptosis. Polysome fractionation
experiments (Figures 4g–i) showed that STS treatment does
not affect the rate of recruitment of endogenous caspase-9
and ProT mRNAs to heavy polysomes, suggesting that it is
not at the level of translation that these messages are
differentially regulated.

HuR CPs preferentially bind caspase-9 mRNA via AREs
in the 30-UTR. The data described above raise the
possibility that HuR could be responsible for the preferential
expression of caspase-9 over ProT during cell response to a
lethal stress such as STS. To address this, we first assessed
whether the differential effects on caspase-9 and ProT
expression could be due to changes in the association of
these messages with HuR. Surprisingly, an IP experiment
showed that HuR continued to associate with ProT message
during STS treatment (0–3 h), although association with
caspase-9 mRNA decreased (Figures 5a–c). Given that STS
induces the cleavage of HuR to generate HuR-CP1 and
HuR-CP2 after 1.5–2 h of treatment18 and that STS
significantly increases caspase-9 expression (Figure 4c),
we hypothesized that this differential effect may be due to the
presence of these CPs, and not full-length HuR. To assess
this, an IP/RT-quantitative PCR (qPCR) experiment was

performed on cells expressing GFP-HuR, or GFP-HuR-CPs.
Intriguingly, while GFP-HuR associated as expected with
both caspase-9 and ProT mRNAs, the CPs preferentially
associated with caspase-9 mRNA over ProT (Figures 5d
and e). A northern blot analysis indicated that this differential
binding is not due to an effect of the HuR-CPs on the
expression levels of caspase-9 and ProT mRNAs
(Supplementary Figure 6). This difference in binding of the
HuR-CPs with ProT mRNA compared with wtHuR may
explain in part why, in response to STS treatment, although
caspase-9 expression was increased, no effect on ProT was
observed.

To further characterize how these CPs regulate caspase-9
mRNA, we repeated our gel-shift experiment from Figure 1e
in the presence of each of the two CPs, and saw that both
are capable of associating with the AREs of the caspase-9
mRNA 30-UTR (Figures 5f and g). Mutation of the U
nucleotides in these AREs abolished binding of both CPs
and full-length HuR, demonstrating that in all cases, the
binding seen is specific. Also of particular note, HuR-CP1
appeared to have a stronger association with the message
than even full-length HuR. This observation may explain why
HuR loses association with caspase-9 mRNA after 1.5 h,
when HuR-CP1 is generated, possibly competing for associa-
tion. By using various concentrations of GST-HuR and GST-
HuR-CP1 in gel-shift experiments, we observed that HuR-
CP1 binds the ARE2 probe with a significantly greater affinity
(Kd) than HuR (Figures 5h and i). Thus, these observations
show that HuR-CPs interact with the same proapoptotic target
of HuR, although with different affinities, while suggesting that
they may not associate with its antiapoptotic mRNA ligand
ProT. As the generation of these CPs occurs at a time point
when the association between HuR and caspase-9 mRNA
decreases, yet the expression of caspase-9 protein
increases, it is possible that these CPs are responsible for
the upregulation of caspase-9.

Caspase-9mRNA stability is promoted by HuR CPs in an
ARE-dependent manner. As mutating the AREs of cas-
pase-9 mRNA, which serve as HuR/CPs-binding sites,
decreased its mRNA stability, we next tested if addition of
either wtHuR or its two CPs could also affect the stability of
this message. Unfortunately, a combined treatment of Act D

Figure 1 HuR is involved in apoptosis downstream of Bax and binds to caspase-9 mRNA. (A–C) HuR is needed for Bax-induced apoptosis. (A) HeLa cells were
transfected with siRNA against HuR, or Control (C), or mock transfected, and 24 h later were transfected with HA-Bax plasmid. Lysates of these cells were used for western
blot, probing with anti-HuR and anti-Bax antibodies. Shown are representative images from two independent experiments. (B and C) HeLa cells transfected as in (A) were
given a 50 nM dose of AP-GST (D) or AP-HuR-GST (C) for 16 h before being photographed. The percentage of dead cells was assessed by subtracting from 100% the
dividend of the number of adherent cells following HA-Bax transfection over the total number of cells present in a non-transfected sample. Shown are representative panels of
cells from five different fields of view, each from two independent experiments, with the mean values±the standard error of the mean (S.E.M.). These values are graphed in
(C). (D) HuR associates with caspase-9 mRNA. Total mRNA from HeLa cells was incubated with anti-HuR antibody (3A2), anti-Sam68 antibody or IgG control, and the IPed
mRNA was used for RT-PCR. Shown is a representative image of three independent experiments. (E) HuR associates with caspase-9 mRNA by binding its AREs. (Top panel)
Cartoon representing full-length caspase-9, both the coding region (CDR) and UTRs, and indicating the location of the two AREs. (Bottom panel) Radiolabeled RNA probes
representing ARE1 and ARE2 (see cartoon) were incubated with 500 ng of recombinant GST-HuR or GST-alone proteins. Samples were then resolved by a non-denaturing
gel. Asterisks denote complexes, and shown is a representative autoradiograph of five independent experiments. (F–I) Knockdown of HuR decreases caspase-9 mRNA and
protein levels. HeLa cells were treated with siRNA against HuR or control siRNA for 48h, and their total mRNA (F and G) was then collected and analyzed by northern blotting.
Probes against HuR, caspase-9, ProT and 18S (loading control) mRNA were used. In parallel, cells that were transfected as described were provided with 50 nM AP-GST or
AP-HuR-GST 16 h before being collected, lysed and analyzed by western blot (H, I), using antibodies against caspase-9, HuR and G3BP (loading control). Quantification of
band intensities was performed using the ImageQuant software. Asterisks indicate significant differences in mean values, with P-values stated, and not significant differences
are also indicated (NS). Shown are representative blots of at least three independent experiments
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and STS is fatal for cells, so instead we transiently
transfected the GFP-tagged wtHuR or HuR-CP1 or HuR-
CP2 or both CPs together (to mimic cleavage conditions
where both are present), and caspase-9 mRNA stability were
then verified (Figures 6a–e). HuR-CP2 had no stabilizing
effect on caspase-9 mRNA (Figure 6d), whereas HuR-CP1
and wtHuR increased the half-life of this message
(Figures 6b and c). Interestingly, the expression of both
HuR-CPs together significantly increased the half-life of
endogenous caspase-9 mRNA (from B4.8 to over 9 h) and
the expression levels of its protein (Figures 6e–g). This
increase in caspase-9 protein correlates with the increase
seen during STS-induced stress, when HuR-CP1 and HuR-
CP2 are endogenously generated (Figure 4c).

These results suggest that it is when both HuR-CP1
and HuR-CP2 bind caspase-9 mRNA that a strong stabilizing
effect takes place. To gain better mechanistic insight into
the HuR-mediated post-transcriptional regulation of caspase-
9 expression, we investigated if the effects of HuR-CPs on
the stability of full-length caspase-9 mRNA depends on the
presence of ARE-binding sites. Caspase-9� /� MEFs were
co-transfected with either full-length caspase-9 or caspase-9
in which the AREs were mutated (Figure 3a), and with
either GFP or a combination of GFP-HuR-CP1 and GFP-HuR-
CP2. Addition of HuR-CPs had no effect on mRNA steady-
state levels (Figures 7a and b), although mutating the
AREs caused a decrease in caspase-9 mRNA levels, as
expected (Figures 3b and c). However, the HuR-CPs did
increase the half-life of wt caspase-9 mRNA (from B6.1 to
B9.9 h), but not for its mutated counterpart (Figures 7c–e). By
transfecting caspase-9-deficient MEFs as in Figure 7a, we
saw that similarly to HeLa cells (Figures 6f and g), co-
transfection of HuR-CP1 and HuR-CP2 caused an increase in
caspase-9 protein (Figures 7f and g). When the AREs were
mutated, however, HuR-CPs failed to produce this increase.
This supports that HuR-CPs regulate caspase-9 through ARE
binding, and explains why the AREs of caspase-9 mRNA are
important in regulating caspase-9 expression (Figure 3).
Interestingly, while the HuR-CPs were previously shown to
trigger apoptosis in HeLa cells exposed to non-lethal stress24

and successfully rescued cell death following HuR depletion
(Supplementary Figure 7), they failed to rescue apoptosis in
caspase-9� /� MEFs (Figures 7h and i). This result confirms

the importance of caspase-9 in the induction of cell death by
HuR CPs (Figures 7h and i).

Discussion

HuR is one of the best-characterized post-transcriptional
regulators of gene expression. By affecting the fate of a
variety of mRNA targets at different post-transcriptional
levels, HuR modulates opposing cellular processes such as
survival and apoptosis.15,18,24 The molecular mechanisms
that mediate this functional dichotomy of HuR have remained
unknown. In this study, we show that caspase-mediated
cleavage switches HuR from promoting cell survival to
activating apoptosis (Figure 8). We observed that full-length
HuR associates with both pro- (caspase-9) and anti- (ProT)
apoptotic mRNAs. Although ProT was previously established
as a target of HuR,22 we identified the AREs of caspase-9 to
which HuR binds, and found that these elements contribute to
caspase-9 expression and mRNA stability (Figures 1 and 3).
In normal conditions, HuR regulates the expression of both
these factors; however, in response to lethal stress, HuR is
cleaved, yielding two CPs that selectively promote caspase-9
expression in an ARE-dependent manner, via mRNA stabi-
lization (Figure 7). Our data also show that the HuR-CP-
mediated regulation of caspase-9 expression is required for it
to contribute to caspase-mediated apoptosis.

Unlike post-translational modifications such as phosphor-
ylation, this caspase-mediated cleavage of HuR serves as a
non-reversible switch for cells to commit to a process such as
apoptosis. Caspases are known to cleave several target
proteins to generate proapoptotic products.12,33 Our previous
work18 identified HuR as one such protein, as the conse-
quence of its cleavage is the release of its ligand pp32/PHAPI,
an enhancer of apoptosome activity.10 Here we report a novel
function for the CPs of HuR and show that they mediate
apoptosis by selectively promoting the expression of caspase-9.
As far as we know, this is the first example showing
that by cleaving a target protein, caspases promote the
post-transcriptional regulation of a proapoptotic factor.
Although caspase-9 was used as a model here, the extent
to which HuR-CPs can regulate the expression of other
apoptotic messages remains to be seen. Several of the

Figure 2 Cells lacking caspase-9 are resistant to caspase-mediated apoptosis. (a, b) Bax-induced caspase-dependent apoptosis is reduced in the absence of caspase-9.
wtMEFs and caspase-9� /� MEFs were transfected twice with HA-tagged Bax plasmid or empty pcDNA3 plasmid, and were lysed to be analyzed by western blot. Western
blots (a) were probed with antibodies against HA tag, caspase-3 CP (casp-3 CP), PARP CP (PARP CP) and a-tubulin (loading control). The asterisk indicates a nonspecific
band seen using the caspase-3 antibody. A representative blot of three independent experiments is shown. Quantification of caspase-3 and PARP CPs was performed using
the ImageQuant software and relative average amounts are graphed in (b), with error bars representing the S.E.M. of three independent experiments, and the asterisk
indicating that the observed difference is significant. (c, d) The induction of caspase-dependent apoptosis by Bax overexpression involves HuR and caspase-9. wtMEFs and
caspase-9� /� MEFs were transfected with siRNA against HuR or control siRNA, as well as with HA-Bax. Cells were lysed and analyzed by western blot, a representative
sample of which is shown in (c), using antibodies against caspase-9 (casp-9), caspase-3 CP (asterisk indicates a nonspecific band), PARP CP, HuR, HA-tag and a-tubulin
(loading control). Quantified levels of cleaved PARP and caspase-3 were determined as described above (b), and average values, relative to loading control, are graphed in (d),
with error bars representing the S.E.M. of two independent experiments. (e–h) Caspase-9-deficient cells are resistant to STS-induced apoptosis. wtMEFs and caspase-
9� /� MEFs were treated with 1mM STS for 6 h (e–h). Lysates from these cells were analyzed by western blot (e) and probed with antibodies against PARP CP, caspase-3
CP, caspase-9, HuR and a-tubulin (loading control). Quantified levels of cleaved PARP and caspase-3 were determined as described above (b), and average values, relative
to loading control, are graphed in (f), with error bars representing the S.E.M. of three independent experiments. The asterisks indicate that the observed differences in the
means are significant. Alternatively, subsequent to these treatments, cells were stained with Annexin V-FITC and analyzed by flow cytometry (g, h). The relative fluorescent
intensity, measured in the FL-1 channel, is graphed against the number of counts (g) and average relative values from three independent experiments are graphed in (h), with
error bars representing the S.E.M. and the asterisk indicating that the observed difference in the means is significant
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messages that bound HuR by our RIP-ChIP approach are
involved at different levels in mediating apoptosis, such as
Bad, a promoter of cyt c release.34 As the HuR-CPs seem to
influence the progression of apoptosis at different steps,18,35 it
would be valuable to determine if their multiple-target
approach may rescue the ability of cancer cells to respond
to chemotherapeutic treatments.

Our earlier work has indicated that only a fraction of HuR
(B10%) is cleaved.18,24,25 This raised the question of how
cleaving only a portion of this highly expressed protein could
have such a dramatic impact on cell fate. HuR shuttles
between the nucleus and the cytoplasm, and while only a
fraction of it (B10–20%) localizes to the cytoplasm,36,37 it is in
this compartment where HuR exercises its main biological
effects.15–17,30,38–40 Our recent papers18,24,25,41 strengthen
this idea and show that the HuR-CPs, generated from
B50% of cytoplasmic HuR, are both sufficient and
necessary for HuR-mediated effects.18 However, as not all
cytoplasmic HuR is cleaved, wt HuR and both of its CPs are all
present simultaneously, and thus may be affected by one
another when exercising their effects. Indeed, HuR-CP1
promotes muscle development in murine myoblasts by
enabling the cytoplasmic accumulation of wt HuR.25

HuR-CP1 causes a similar effect in response to lethal
stress, by binding to the import factor transportin-2 and
augmenting cytoplasmic localization of HuR.41 Here we show
that together the two CPs are capable of stabilizing caspase-9
mRNA, even to a greater extent than wtHuR, and our previous
data also indicate that the two CPs of HuR are most potent
for inducing apoptosis when present simultaneously.24

Therefore, these data illustrate that the coordination
between HuR and its CPs is an important aspect of the
effects they have.

By generating two unique CPs, the ability for each to act
differently also exists. This is comparable to observations
made by Talwar et al.35 that HuR-CP1, and not wtHuR, inhibits
the translation of c-myc mRNA. As previous observations
indicated that HuR-CPs exercise their function by associating
with various protein partners,18,25 it would be interesting to
determine if their capacity to post-transcriptionally regulate
gene expression also depends on other ligands. HuR-

mediated effects can involve microRNAs,42,43 which are
established inhibitors of gene expression involved in a variety
of processes including apoptosis.44 This raises the possibility
that HuR-CPs can also use these non-coding RNAs to
modulate various cellular processes including death. Here,
both of the HuR-CPs showed to have poor binding with ProT,
but as HuR has been shown to repress translation,46 it is not
unreasonable to imagine that perhaps one or both of the HuR-
CPs could do the same to other antiapoptotic targets,
differently from wtHuR. Investigating this may also reveal
how HuR-CPs can distinguish between ARE-binding sites to
allow them to have different affinities, and even prefer one
message over another. As advances are made at delineating
the preferred binding sites of HuR,46,47 the importance of
particular ARE sequences may be revealed. The nature of the
caspase-9 AREs are particularly interesting, given that they
demonstrated a clear stabilizing effect, despite the fact that
AREs have broadly been demonstrated as destabilizing
factors.

The balance between survival and death factors is tightly
regulated to maintain cell life, and end it when necessary.
Once a stimulus obligates a cell to commit to apoptosis,
this balance becomes tilted and death ensues. Several
studies have reported on apoptotic factors that undergo a
role reversal following cleavage-based processing.48–50 HuR,
clearly implicated in survival and death, is unlike these other
apoptotic factors, as it is an upstream regulator of a multitude
of survival and apoptosis-related genes.16 HuR was recently
shown to be important for enabling apoptotic cell death,18 but
this study demonstrates that through its cleavage, HuR can
actually modify the post-transcriptional regulatory function it
has, thus having a significant influence on cell physiology.
This suggests that HuR is not just part of the apoptotic cell
death execution process, but rather that through its cleavage,
HuR may seal the fate of the cell.

Materials and Methods
Cell culture and transfection. HeLa CCL-2 cells, GFPm-1 293 cells
(ATCC, Manassas, VA, USA), as well as caspase-9� /� (generous donation
from M. Saleh) and wtMEFs (kind donation from D. Ron) were grown and
maintained in DME medium containing L-glutamine (Sigma-Aldrich, Oakville, ON,

Figure 3 The AREs of caspase-9 mRNA regulate its stability. (a) Caspase-9 mutated AREs. Cartoon illustrating the caspase-9 plasmids produced, highlighting the
mutations made in the AREs. Asterisks indicate nucleotides that were mutated. (b, c) Mutating caspase-9 AREs decreases RNA levels. Caspase-9� /� MEFs were
transfected with GFP and caspase-9 mutants (full-length, or with mutated AREs). At 24 h following this transfection, total RNA was isolated and analyzed by northern blot,
using radiolabeled probes against GFP (transfection control), caspase-9 and 18S (loading control). Caspase-9 and 18S levels were quantified using the ImageQuant software,
and average caspase-9 values were graphed, with error bars representing the S.E.M. of four independent experiments. The asterisk indicates that the observed difference in
means is significant. (d, e) Mutating caspase-9 AREs decreases mRNA stability. Caspase-9� /� MEFs were transfected as in (b), and 24 h after transfection, cells were
treated with 5mg/ml Act D for the indicated periods of time. Total RNA was collected at each of these time points and analyzed by northern blot, using radiolabeled probes
against GFP, caspase-9 and 18S (loading control). Quantification using the ImageQuant software was performed, determining relative caspase-9 levels compared with 18S.
Stability curves were generated using Microsoft Excel’s exponential trendline feature, from which half-lives could be determined for each experiment. The average half-life of
each mRNA is shown with S.E.M. from four independent experiments, and the asterisk indicates that the difference in half-lives is significant. The average % remaining RNA
values for each time point have also been graphed, with error bars representing the S.E.M. of these four experiments. (f, g) Mutating caspase-9 AREs decreases protein
levels. Cells transfected as in (b) were lysed and analyzed by western blot, using antibodies against caspase-9, GFP (transfection control) and a-tubulin (loading control).
Quantification was carried out as in (b), graphing average values, with error bars representing the S.E.M. of four independent experiments. The asterisk indicates that the
difference in the means is significant. (h–k) Mutating AREs of caspase-9 inhibits apoptosis. Full-length caspase-9, or caspase-9 with mutated AREs, was transfected into
caspase-9-deficient MEFs, and 24 h later, cells were treated or not with 1 mM STS for 6 h. Total protein extracts from cells were obtained and were analyzed by western blot
(h, i) with antibodies against caspase-9, PARP CP, caspase-3 CP, GFP and a-tubulin (loading control). Quantified levels of cleaved PARP and caspase-3 were determined
using the ImageQuant software, and average values are graphed in (i), with error bars representing the S.E.M. of four independent experiments. The asterisks indicate that the
observed differences in the means are significant. Alternatively, following STS treatment, cells were stained with Annexin V-FITC and analyzed by flow cytometry (j, k). The
FL-1 channel measured the relative fluorescent intensity of FITC, and is graphed against the number of counts (j). Average relative values from two independent experiments
are graphed in (k), with error bars representing the S.E.M. All blots shown (b, d, f and h) are representative of the indicated number of experiments
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Canada) with fetal bovine serum (10%) and penicillin/streptomycin (Sigma-
Aldrich). DNA plasmids (HA-Bax (kind gift from G. Shore), GFP, GFP-HuR,18

GFP-HuR-CP1, GFP-HuR-CP2,24 GFP-ProT (generous gift from M. Gorospe),22

FLAG-caspase-9 full-length and FLAG-caspase-9 mut AREs (see Supplementary
Methods)) and siRNA duplexes (Control and siRNA-HuR51) were transfected as
described previously24 when HeLa cells were approximately 70% (for DNA) or
50% (for siRNA) confluent, or when MEFs were 50% (for DNA) confluent, using

Lipofectamine and Plus Reagents (Invitrogen, Burlington, ON, Canada) according
to the manufacturer’s instructions. Samples were harvested 48h following the
transfection for HeLa cells, and after 24 h for MEFs.

Preparation of cell extracts and immunoblotting. Cell extracts were
prepared as described previously.24 Western blotting was carried out as described
previously37 using antibodies against HuR,30 Ras-GAP SH3 domain-binding
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protein (G3BP),52 Bax (Santa Cruz , Santa Cruz, CA, USA), caspase-9, caspase-3
CP, PARP CP (Cell Signaling, Boston, MA, USA), GFP (Clontech, Mountan View,
CA, USA), a-tubulin and HA (Sigma-Aldrich). Of note, the antibodies against
PARP and caspase-3 have been shown by many laboratories to recognize only
the cleavage forms of these proteins.6,53

Immunoprecipitation and RT-PCR/qPCR. Cells were collected and
immunoprecipitation was performed as described previously29 to isolate mRNA
that was precipitated using antibodies against Sam68 (generous gift from
S. Richard), HuR, GFP or an IgG control. mRNA was reverse-transcribed using
Thermoscript RT-PCR Kit (Invitrogen) according to the manufacturer’s specifica-
tions. PCRs were then performed using primers for the amplification of caspase-9,
hnRNP A1 and ProT (see Supplementary Methods), and PCR products were run
on agarose or polyacrylamide gels. qPCR was performed using primers for
amplification of caspase-9 and ProT (see Supplementary Methods) using SsoFast
EvaGreen reagent (Bio-Rad, Mississauga, ON, Canada) according to the
manufacturer’s details. Relative expression levels were determined by calculating
2�DDCt, where DDCt is the difference in Ct between the target gene in
experimental samples and control sample(s). Ct is the number of cycles at which
the amount of amplified target exceeds a fixed threshold.

Gel shift and determination of Kd values. See Supplementary
Methods for more details.

mRNA isolation, northern blot analysis and stability assay. Cells
were collected and resuspended in Trizol Reagent (Invitrogen) to isolate mRNA.
Samples were analyzed by northern blot as described previously,54 using probes
against caspase-9, HuR, ProT, GFP, GAPDH and 18S (see Supplementary
Methods for detailed description of probe synthesis). For stability experiments,
cells were treated with Act D (Sigma-Aldrich) at a concentration of 5 mg/ml for
indicated amounts of time, after which mRNA was collected as described.
Quantification was carried out using the ImageQuant software, normalizing band
intensities against those seen in the loading control, and stability curves were
generated by comparing the mRNA levels after each time treatment to the starting
quantity before Act D treatment. Average points were graphed using Microsoft
Excel, and half-lives were determined by generating trendlines for each
experiment. Statistical analysis to determine significance on quantification values
was performed using online GraphPad software. Two-tailed, unpaired t-test
analyses were used when comparing two experimental means, and a one-sample
t-test was performed when comparing one mean to a normalized control.

Polysome fractionation and slot blot. See Supplementary Methods for
more details.

Cell treatments and assessing cell death. To induce apoptosis, cells
were treated with STS (Sigma-Aldrich) at a 1 mM concentration. MG132
proteosome inhibitor (Sigma-Aldrich) was used at a 20 mM concentration.
AP-conjugated proteins were also given to cells to either rescue expression or
in an attempt to sensitize cells to death. Rescue of expression involved providing
cells with a 50 nM dose of HuR, or 25 nM of each HuR-CP, 16 h before collection.

For sensitization, cells were given 75 or 150 nM AP-conjugated proteins 1 h before
a 6 h STS treatment. AP-GST, AP-HuR-GST, AP-HuR-CP1-GST and AP-HuR-
CP2-GST proteins were produced and purified as described previously.24

Cell death was assessed by cell number, flow cytometry and by western blot.
Using a Zeiss Axiovert 25 light microscope, cells were photographed with a Sony
Cybershot DSC-S75 camera and the number of cells in different fields of view were
counted. For flow cytometry, cells were washed with phosphate-buffered saline and
then stained with Annexin V-FITC (BioVision, Milpitas, CA, USA) as described in the
manufacturer’s protocol, and then counted. Western blot analysis was performed as
described above and caspase-3 and PARP-CPs were quantified.
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Figure 5 The CPs of HuR associate with caspase-9 mRNA. (a–c) The association of HuR with caspase-9 mRNA, but not with ProT mRNA, decreases following STS
treatment. HeLa cells were treated with 1mM STS for 0, 1.5 or 3 h, and lysates from these samples were incubated with IgG control, or anti-HuR (3 A2) antibodies.
Immunoprecipitated mRNA was isolated and used for RT-PCR or RT-qPCR for each time point, performing PCRs for caspase-9 and ProT messages. Shown is a
representative agarose gel/RT-PCR of three independent experiments (a), or average values following two qPCR experiments (b, c), where caspase-9 and ProT message
levels were normalized against IgG signals, and are relative to the corresponding IgG sample at each time point. (d, e) HuR-CPs associate with caspase-9 mRNA, but not with
that of ProT. HeLa cells transfected with GFP plasmid alone, or fused with HuR, HuR-CP1 or HuR-CP2 were lysed and incubated with anti-GFP antibody. mRNA was isolated
from the immunoprecipitate, and RT-PCR and qPCR was performed as in (a–c). Shown is a representative agarose gel from three independent experiments, with an
interfering lane removed by cropping (d), and average values of caspase-9 mRNA (e) from three independent experiments found to associate with GFP-HuR, GFP-HuR-CP1
and GFP-HuR-CP2, relative to GFP. (f, g) HuR-CPs associate with the AREs of caspase-9 mRNA. Gel-shift experiments were performed as described in Figure 1d, using
recombinant GST, GST-HuR, GST-HuR-CP1 or GST-HuR-CP2 proteins, and radiolabeled RNA probes representing ARE1, ARE2 or mutants of these AREs where all uracil
ribonucleotides were replaced with cytosines. Asterisks denote complexes, and shown are representative autoradiographs of four independent experiments. (h, i) HuR-CP1
binds ARE2 with a higher affinity than HuR. Gel-shift experiments were performed as described above using varying concentrations of GST-HuR or GST-HuR-CP1, and
10 000 c.p.m. of radiolabeled ARE2 probe. Quantification of bound and unbound signal allowed dissociation constants to be determined (Kd) for both GST-HuR and GST-HuR-
CP1, using Microsoft Excel’s trendline feature on a graph of bound/unbound signal against concentration of protein. The average Kd values of three independent experiments,
±the S.E.M. of the experiments, are presented in (i), and a representative blot of these experiments in shown in (h)

Figure 6 HuR-CPs stabilize and promote the expression of caspase-9 protein. (a–e) The effect of HuR and its CPs on the stability of caspase-9mRNA. HeLa cells transfected with
GFP, GFP-HuR, GFP-HuR-CP1, GFP-HuR-CP2 or both GFP-HuR-CPs (in a 1:1 ratio, but with half the amount of each) were treated with Act D, and the total mRNA was collected and
run on a northern blot, which was then probed for caspase-9 and 18S (loading control) RNA. Quantification of three independent experiments (a representative blot of which is shown)
for each condition was performed using the ImageQuant software and is shown in (b–e), with mean values±S.E.M. Graphs and half-lives were generated as described for Figure 3e,
with the asterisk (e) indicating that the difference in half-lives is significant. (f, g) HuR-CPs increase the expression of caspase-9 protein. Following the same transfections described
above, protein extracts of HeLa cells were analyzed by western blot, incubating with antibodies against GFP, caspase-9, HuR (endogenous HuR; end. HuR) and G3BP (loading
control). The blot shown is representative of five independent experiments. Protein levels of the caspase-9 band were quantified relative to G3BP (g), with mean values graphed, with
error bars representing the S.E.M. The asterisk denotes the significant difference between GFP and GFP-HuR-CP1þGFP-HuR-CP2-treated cells
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and their ARE-binding sites. This preferential effect of supporting only this
proapoptotic mRNA target underscores the importance of HuR cleavage in
promoting the HuR-mediated post-transcriptional regulation of apoptotic cell death
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