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The RNA-binding protein human antigen R (HuR) has been
implicated in apoptosis in multiple ways. Several studies have
shown that in response to a variety of stresses HuR promotes the
expression of proapoptotic mRNAs, whereas others reported
its regulatory effect on antiapoptotic messages. We recently
showed that in response to severe stress, HuR is cleaved to
generate two cleavage products (CPs), HuR-CP1 (24 kDa) and
HuR-CP2 (8 kDa), by which it promotes apoptotic cell death.
Here, we show that this cleavage event is dependent on protein
kinase RNA (PKR). Surprisingly, although in response to the
apoptotic inducer staurosporine PKR itself is not phosphory-
lated, PKR triggers the cleavage of HuR via its downstream
effector FADD that in turn activates the caspase-8/caspase-3
pathway. This effect, however, does not require the phosphory-
lation of the eukaryotic translation initiation factor 2a. Addi-
tionally, we observed that these HuR-CPs are sufficient to trig-
ger cell death in the absence of activation of the PKR pathway.
Therefore, our results support a model whereby in response to
lethal stress, PKR, without being phosphorylated, activates the
FADD/caspase-8/caspase-3 pathway to trigger HuR cleavage,
and the HuR-CPs are then capable of promoting apoptosis.

One of the most important posttranscriptional regulators of
gene expression is the RNA-binding protein human antigen R
(HuR).®> HuR associates with the 3’ untranslated region of mul-
tiple messages involved in a diverse array of cellular process,
ranging from cell development and tissue differentiation, to cell
survival and apoptotic death (1). The specific elements with
which HuR binds are termed AU-rich elements, which confer

* This work was supported in part by National Cancer Institute of Canada
(NCIC) Operating Grants 016247 and 018125 (to I.-E. G.).

' Recipient of a Canadian Institutes of Health Research doctoral research
award.

2 Recipient of a Tier Il Canada Research Chair. To whom correspondence
should be addressed: Dept. of Biochemistry, McGill University, McIntyre
Bldg., Rm. 904, 3655 Promenade Sir William Osler, Montreal, Quebec
H3G 1Y6, Canada. Fax: 1-514-398-7384; E-mail: imed.gallouzi@mcgill.ca.

3 The abbreviations used are: HuR, human antigen R; CP, cleavage product;
PKR, protein kinase RNA; Z, benzyloxycarbonyl; fmk, fluoromethyl ketone;
wt, wild type; elF2a, eukaryotic translation initiation factor 2«;; MEF, mouse
embryonic fibroblast; siRNA, small interfering RNA; GST, glutathione
S-transferase; G3BP, Ras-GAP SH3 domain-binding protein; ERK, extracellu-
lar signal-regulated kinase; STS, staurosporine; PARP, poly(ADP-ribose)-
polymerase; JNK, c-Jun N-terminal kinase; PP2A, protein phosphatase 2A;
FADD, Fas-associated protein with death domain; PERK, PKR-like endoplas-
mic reticulum kinase; AP, antennapedia; MAPKAPK, mitogen-activated
protein kinase activated protein kinase.

16806 JOURNAL OF BIOLOGICAL CHEMISTRY

instability upon the mRNA transcripts in which they are con-
tained (2). HuR has actually been shown to play a stabilizing role
when bound to AU-rich element-containing mRNAs, although
it has also been shown to regulate the localization and transla-
tion of its mRNA targets as well (1, 3, 4).

In the last five years, several groups have published evidence
showing that HuR is involved in cell survival and death, by reg-
ulating pro- and antiapoptotic mRNAs (1, 5— 8). Our group was
also studying the proapoptotic role of HuR when we discovered
that in response to severe stress, HuR is exported to the cyto-
plasm with its protein partner pp32/PHAPI and is then cleaved
by caspases-3 and -7 to generate two cleavage products (HuR-
CP1 and HuR-CP2) (9). Although only 10-15% of HuR is
cleaved (9, 10), it has also been shown that only ~10% of total
HuR is typically found in the cytoplasm due to its nucleocyto-
plasmic shuttling (11, 12). This cleavage may be prevented by
mutating the 226th amino acid of HuR (Asp??°) to an alanine
(HuRD226A), and we observed that by preventing the genera-
tion of the HuR-CPs, cell death is delayed (9). Additionally, we
recently showed that the 10—15% cleavage of HuR is essential to
promote muscle fiber formation (10), further demonstrating
the functional relevance of HuR cleavage. Our results also sug-
gested that the promotion of apoptosis seen via HuR cleavage
may be due to enhancement of apoptosome activity, possibly by
disrupting the PHAPI-HuR complex.

The apoptosome is a large complex of Apaf-1 protein, along
with procaspase-9, dATP, and cytochrome ¢ molecules. Dur-
ing intrinsically induced apoptosis, cytochrome c is released
from the mitochondria and activates the apoptosome, which
leads to the generation of active caspase-9 (13, 14). Caspase-9 is
an initiator cysteine protease which, when cleaved from pro-
caspase-9 to become active, can activate downstream caspases
such as -3 and -7 (effector caspases), which will process multi-
ple targets, leading to cell death (13, 14). Moreover, the ability
for the apoptosome to generate active caspase-9 has been
shown to be potentiated or perturbed by additional factors.
Prothymosin « is an inhibitor of apoptosomal activity, whereas
a complex of PHAPI, heat shock protein 70 (Hsp70), and cellu-
lar apoptosis susceptibility protein is capable of promoting the
activity of the apoptosome (15, 16).

Apoptosis may also be extrinsically induced in response
to stress. This typically involves the binding of extracellular
death ligands (e.g. Fas ligand) to cognate cell surface recep-
tors (e.g. Fas), which triggers the recruitment of intracellular
adaptor proteins, such as FADD, to activate the initiator
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caspase-8 (17). External stresses such as oxidative stress and
drug treatment induce apoptosis by also activating the stress
kinase protein kinase RNA (PKR), which then promotes cell
death in a FADD/caspase-8-dependent manner (18-20).
Caspase-8 is particularly interesting because it can directly acti-
vate caspase-3 while also promoting cytochrome c release from
the mitochondria by activating the Bcl-2 protein Bid, leading to
apoptosome activation (21). This demonstrates that through
the activation of the apoptosome, cross-talk between the two
apoptotic pathways (intrinsic and extrinsic) may occur to
amplify the initial death stimulus.

Although it has been established that the cleavage of HuR
represents an important step in the proapoptotic role that this
protein plays (9), the signal transduction pathway(s) responsi-
ble for this event are still unknown. In this study, we identified
the PKR/FADD/caspase-8-mediated signal transduction path-
way as one of the main molecular processes responsible for the
cleavage of HuR and show that the generation of HuR-CPs itself
can trigger apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HeLa CCL-2 cells (American
Type Culture Collection), as well as PKR (generous gift from N.
Sonenberg, McGill University, Montreal, Canada), GCN2,
PERK knock-out, and wt mouse embryonic fibroblasts (MEFs)
(kind donation from D. Ron, Skirball Institute, New York, NY)
were grown and maintained in Dulbecco’s modified Eagle’s
medium containing L-glutamine (Sigma-Aldrich) with fetal bovine
serum (10%) and penicillin/streptomycin (Sigma-Aldrich). S51A
eukaryotic translation initiation factor 2« (elF2«) knock-in
MEFs (generously donated by R. Kaufman, Howard Hughes
Medical Institute, University of Michigan Medical Center, Ann
Arbor, MI) were grown and maintained in the same medium as
described for Hela, supplemented with nonessential amino
acids and B-mercaptoethanol (Invitrogen). FADD knock-out
MEFs (kindly donated by Dr. T. Mak, Princess Margaret Hos-
pital, Toronto, ON, Canada) were grown in the same medium
as HeLa, supplemented with 3-mercaptoethanol. Small inter-
fering RNA (siRNA) duplexes (control (22), siRNA-FADD
(Santa Cruz Biotechnology), and siRNA-PKR (Qiagen)) were
transfected as described previously when at ~50% confluence,
according to the manufacturer’s instructions. Samples were
harvested 48 h following the transfection.

Preparation of Cell Extracts and Immunoblotting—Cells
were scraped into their medium, spun down for 5 min at 1500
rpm and at 4 °C in a Thermo IEC Centra CL3R centrifuge, after
which the cell pellet was washed with phosphate-buffered
saline and spun a second time. Cell pellets were then resus-
pended on ice in lysis buffer, containing 50 mm HEPES (pH 7),
150 mm NaCl, 10% glycerol, 1% Triton X-100, 10 mm sodium
pyrophosphate, 100 mm NaF, 1 mm EGTA, 1.5 mm MgCl,, 0.1
mM sodium orthovanadate, and complete EDTA-free protease
inhibitors (Roche Applied Science). Western blotting was done
as described previously (11) using the following antibodies to
target the following factors: HuR (23), Ras-GAP SH3 domain-
binding protein (G3BP) (24), FADD (Millipore), Thr(P)***-PKR
(Abcam), caspase-8, Ser(P)>'-elF2a, Ser(P)”3-c-Jun, (Thr(P)*%/
Tyr(P)*°%)-ERK1/2, Thr(P)***-MAPKAPK-2, PKR, elF2a,
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caspase-3 (Cell Signaling), GST, a-tubulin (Sigma-Aldrich),
and poly(ADP-ribose)polymerase (PARP; R&D Systems).

Antennapedia (AP)-conjugated Protein Production—AP-
HuR-CP1-GST and AP-HuR-CP2-GST were generated by
cloning HuR-CP1 and HuR-CP2 fragments into the AP/GST
vector as described previously (22). The amplification of HuR-
CP1 and HuR-CP2 was done with the following primers:
AP-HuR-CP1-GST forward, 5'-GGCGCGGCCGCATCTAAT-
GGTTATGAAGACCAC-3'; AP-HuR-CP1 reverse, 5'-GGCCT-
CGAGGTGATCGACGCCCATGGG-3’;  AP-HuR-CP2-GST
forward, 5'-GGCGCGGCCGCACACATGAGCGGGCTC-
TCT-3'; AP-HuR-CP2 reverse, 5'-GGCCTCGAGTTTGTG-
GGACTTGTTGGTTTT-3'. Notl/Xhol restriction digest frag-
ments of HuR-CP1 and -CP2 PCR products were inserted into
the Notl/Xhol sites of the Gateway AP-GST vector to produce
AP-HuR-CP1-GST and AP-HuR-CP2-GST. The AP-tagged
proteins were expressed and produced as described previously
(22) except for the following modifications: the proteins were
eluted in a buffer containing 300 mm Tris (pH 8.8) and 120 mm
NaCl, with 10 mm glutathione for the first elution and 20 mm
glutathione for further elutions.

Cell Treatments and Assessing Cell Death—DPolyinosinic-
polycytidylic acid (poly(I-C)), SP600125, SB203580, okadaic
acid (Calbiochem), and Z-IETD-fmk (BD Pharmingen) were
used to treat cells as described in the figure legends. Cells were
treated with staurosporine (STS; Sigma-Aldrich) at either a 1
uM or a 100 nm concentration. AP-conjugated proteins were
also given to cells at either a 75 or 150 nm dose 1 h prior to a 3-h
treatment of 100 nMm STS, as described in figure legends. AP-
GST, AP-HuR-GST, AP-HuR-CP1-GST, and AP-HuR-CP2-
GST proteins were produced and purified as described above.

Cell death was assessed by Annexin V staining and by West-
ern blotting. Alternatively, cells were washed with phosphate-
buffered saline and stained with Annexin V-FITC (BioVision,
Inc.) according to the manufacturer’s protocol, and counted by
flow cytometry. Western blot analysis, as described above, was
performed with quantification of caspase-3 and PARP cleavage
products using ImageQuant software, by normalizing band
intensities against those seen in the loading controls. Statistical
analysis to determine significance was calculated using two-
tailed, unpaired ¢ tests and was performed using both online
GraphPad software and Microsoft Excel software.

RESULTS

Cleavage of HuR Is Dependent on PKR, FADD, and Caspase-
8—1Itis well established that in response to extrinsic and intrin-
sic signals the cell activates common pathways that collaborate
to trigger cell death (13). In response to a variety of stresses,
cells can activate four stress kinases, GCN2 (amino acid starva-
tion), heme-regulated inhibitor (iron deficiency), PERK (ER
stress), and PKR (viral activity and external stress), which are all
capable of phosphorylating elF2«, leading to a significant
reduction in general translation (25). Under different condi-
tions of stress, each of these four kinases may be activated and
by regulating translation, allow the cell to choose between
either addressing the stress or dying. Because the cleavage of
HuR correlates with its proapoptotic activity (9), we investi-
gated whether one of the ubiquitous stress response kinases,
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and wtMEF cells all had comparable levels of HuR cleavage, the
PKR—/— cells produced a much fainter band for HuR-CP1
after STS treatment (Fig. 1A). Upon quantification, we found
that this corresponded to more than a 6-fold decrease in HuR
cleavage (Fig. 1B). Of note, we observed two cleavage bands in
MEEF cells for HuR, which may be due to a post-translational
modification of HuR-CP1.

This result is consistent with a previous report demonstrat-
ing the involvement of PKR in promoting apoptosis in an elF2a-
dependent manner (26). It has been shown that following PKR
activation, a temporal progression occurs whereby the NF-«B
pathway is originally activated, after which point eIF2« is phos-
phorylated, leading to cell death. We thus wished to determine
how PKR may signal the cleavage of HuR. PKR employs a num-
ber of downstream pathways to effect many different actions on
the cell once activated (18), so we proceeded to screen these to
determine whether impairing the specific pathways could
reduce the cleavage of HuR in response to STS. We saw that in
wtMEF cells, STS treatment causes an increase in phosphory-
lation of elF2« (Fig. 1C, lanes 1 and 2). Despite this, MEFs with
a nonphosphorylatable elF2« knock-in (S51A) still showed
HuR cleavage in response to STS (Fig. 1C, lane 4), suggesting
that elF2a phosphorylation is not important for the cleavage of
HuR.

Next, we assessed the implication of PKR in the cleavage of
HuR in HeLa cells, where cleavage was first observed (9). We
investigated whether PKR itself is phosphorylated under con-
ditions in which HuR is cleaved. We observed that although
elF2« is phosphorylated in response to STS (Fig. 1D), PKR is
not, as shown by an anti-Thr(P) **® PKR antibody (Fig. 1E, lane
2). Additionally, treating HeLa cells with poly(I-C), a known
activator of PKR phosphorylation (31), failed to trigger HuR
cleavage (Fig. 1E, lane 3). These observations are consistent
with the fact that the phosphorylation of elF2« is not required
for the cleavage of HuR (Fig. 1C), indicating that PKR promotes
HuR cleavage in a phosphorylation-independent manner. Of
note, the antibody against total PKR recognizes an epitope near
Thr**®, which may have prevented the recognition of total PKR
upon poly(I-C) treatment (Fig. 1E, lane 3). To confirm the
requirement of PKR in the cleavage of HuR during the apopto-
tic response, we depleted PKR expression in HeLa cells using
specific siRNAs. As in PKR—/— MEFs, we observed that when
PKR is knocked down (~67%, Fig. 1G), HeLa cells exposed to 1
uMm STS for 3 h showed a reduction (~45%) in HuR cleavage
compared with controls (Fig. 1F, compare lanes 2—4 and H).

We then proceeded to look at other downstream pathways of
PKR (JNK, p38, and protein phosphatase 2A (PP2A)) (18, 27)
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FIGURE 2. HuR cleavage does not depend on the activities of JNK, p38, or
PP2A. Hela cells were treated with inhibitors against JNK (25 um SP600125
for 1 h), p38 (20 um SB203580 for 1 h), or PP2A (100 nm okadaic acid for 1 h),
then with 1 um STS for 3 h. Extracts were analyzed by Western blotting, prob-
ing for G3BP or a-tubulin (as loading controls), HuR, and either p-c-Jun (Ser’3)
to validate efficacy of JNK inhibition (A), p-MAPKAPK-2 (Thr*34) to validate
efficacy of p38 inhibition (B), or p-ERK1/2 (Thr?°?/Tyr?*%) to validate efficacy of
PP2A inhibition (C). All blots shown are representative of at least three inde-
pendent experiments.

using chemical inhibitors. We specifically targeted the activities
of INK, p38, and PP2A, which have all been shown to be acti-
vated by PKR (18, 27). Inhibiting each of these factors in the
presence of STS did not however cause a decrease in HuR cleav-
age (Fig. 2, A-C). As expected, inhibition of either JNK or p38
reduced the phosphorylation of c-Jun and MAPKAPK-2,
respectively (28, 29). Inhibition of PP2A resulted in an increase
in levels of phospho-ERK1/2, a target of PP2A (30). One re-
maining PKR-activated pathway that has been shown to trigger
apoptosis directly is through the activation of FADD, which
then recruits procaspase-8, leading to its activation (31, 32). We
verified whether FADD is necessary for HuR cleavage using
siRNA in HeLa cells (Fig. 34) and FADD knock-out MEFs (Fig.
3C) and observed that in the absence of FADD, HuR cleavage is
significantly reduced (Fig. 3, A—D). We then looked at the cleav-
age of HuR in response to stress when the activity of caspase-8,
the downstream effector of FADD, is blocked. Treating HeLa
cells with a caspase-8-specific inhibitor (Z-IETD-fmk) (33) in
the presence of STS led to a significant reduction in HuR cleav-
age (Fig. 3, E and F). These data suggest that it is through FADD
and caspase-8 that PKR promotes the cleavage, and consequen-
tially, the apoptotic-role, of HuR. To support this, we also
looked at the activation of caspase-3, which is downstream of
caspase-8, and saw that it is not activated when caspase-8 is

FIGURE 1. Cells lacking PKR show significantly less cleavage of HuR in response to stress. A and B, HuR cleavage is reduced by ~85% in the absence of PKR.
MEF cells with knock-out of GCN2, PERK, or PKR (or wtMEFs) were treated for 6 h with 1 um STS, or not, and their total cell extracts were analyzed by Western
blotting. Antibodies against HUR and a-tubulin (loading control) were used. Band intensities for HUR-CP1 and the loading control were quantified, and mean
values were graphed (B) with error bars representing the S.E. of three independent experiments, a representative sample of which is shown in A. The asterisk
denotes that the observed decrease is significant, with p = 0.0002. C, HuR cleavage does not depend on elF2a phosphorylation. wtMEFS, or MEFs in which
elF2a was knocked out and then rescued with a knock-in of nonphosphorylatable S51A elF2a, were treated, or not, as in A and analyzed by Western blotting,
probing for HUR, phospho (p)-elF2a (Ser®'), and a-tubulin (loading control). Dand £, elF2e, but not PKR, is phosphorylated in HeLa cells in response to STS. Hela
cells were treated with STS or poly(I-C) (4 ug/ml with Lipofectamine 2000 for 4 h), and their extracts were analyzed by Western blotting, probing for p-elF2«
(Ser®") and G3BP (loading control) (D), or PKR, p-PKR (Thr**¢) and a-tubulin (loading control) (E). F~H, HuR cleavage is reduced in HeLa cells with PKR knockdown.
HelLa cells were transfected with siRNA against PKR or control (C) siRNA and were treated, or not, for 3 h with 1 um STS, 48 h following transfection. Cell lysates
were analyzed by Western blotting, probing for HuR, PKR, and a-tubulin (loading control). Band intensities for PKR (G) and HuR-CP1 (H) were determined as
described for Band graphed in G and H, with the asterisks denoting that the observed decreases are significant, with p = 0.0041 (G) and p = 0.0045 (H). All blots
shown (C-F) are representative of at least three independent experiments.
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FIGURE 3. HuR is cleaved in a FADD- and caspase-8-dependent manner. A and B, knockdown of FADD in HeLa cells reduces HuR cleavage. Hela cells were
transfected with siRNA against FADD or control (C) siRNA and 48 later were treated or not with 1 um STS for 3 h. Cell extracts were analyzed by Western blotting
looking for HuR, FADD, and a-tubulin (loading control) expression levels. Cand D, MEFs with knocked-out expression of FADD exhibit reduced cleavage of HuR.
MEF cells lacking FADD were treated with 1 um STS for 6 h, or not, and extracts were analyzed by Western blotting, probing for HuR, FADD, and a-tubulin
(loading control). E and F, HuR cleavage depends on the activity of caspase-8. Hela cells were treated for 30 min with 25 um caspase-8 specific inhibitor,
Z-IETD-fmk, followed by 3 h of 1 um STS. Extracts were analyzed by Western blotting, using antibodies against HuR, caspase-8 (which recognizes procaspase-8
as well as the two cleaved/active isoforms) and a-tubulin (loading control). For quantifications (B, D, and F), the band intensities of HUR-CP1 and loading
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representative samples of which are shown (A, C, and E). Asterisks denote significant decreases in HUR-CP1 generation, with p = 0.002 (B), p < 0.0001 (D), and
p = 0.0005 (F).

16810 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 285-NUMBER 22+ MAY 28, 2010



PKR Mediates Caspase Cleavage of HuR

A B AP-GST AP-HUR-GST
200 200

3hsTS(uM): 0 01 1
2 120 2 120
S H
g % 3 8
HuR % p
0 04
HuR-CP1 100 10t Fm:N 10 10t 10° 10t F::IIZH 10 10
L1 4
AP-HUR-CP1-GST +
AP-HuR-CP2-GST AP-HuR-CP2-GST
200 200
PKR 160 E 160 E]
2 2 120 2 120
: ) :
8 8 %0 g 80
elF2a ;N
) )
p-elFZa (551) 100 100 10 10° 10% 10° 100 102 10° 10 10° 10! 102 10° 10*
L FL1-H FL1-H FL1-H ]
T
Non-treated
AP-GST AP-HUR-GST
FADD N v
160
rocaspase-8 i
P P I

cleaved caspase-8

AP-HUR-CP1-GST +

AP-HUR-CP1-GST AP-HUR-CP2-GST

procaspase-3

Counts
Counts
Counts

3

102 10° 10
FL1-H FL1-H

cleaved caspase-3

|
0.1pM STS

G3BP

30

25
20 |
GST GST

[y
N
w

Western Blot

B

Relative Annexin V positive cells
° -
@ o

D

00
NT 0'1 pM STS 1"M STs HuR HuR-CP1 HuR-CP2 HuR-CP1 + HuR HuR-CP1 HuR-CP2 HuR-CP1 +
[ A \r A \ {_1_\ HuR-CP2 HuR-CP2
AP-HUR-CP2-GST: + + \ Y Y
AP-HUR-CP1-GST: + +
AP-HUR-GST: + + Non-treated 0.1 uM STS
AP-GST:  + +
AP-HUR-GST -— C o — E «
AP-HUR-CP1-GST e — ]
%3 100 - ™ Caspase-3 cleavage B ~
AP-HUR-CP2-GST — L — ;; w0 | ™ PARP cleavage
AP-GST £E
T e e = e — S5
o W - O
" i 58 o
s R 8 =
cleaved caspase-3 v - § 8. »
™- ’ )

GST HuR HuR-CP1 GST HuR HuR-CP1 STS
PARP +HuR- +HuR-
PARP-cleavage product \ CP2 | \ CP2 )
S - v Y Y
cctubulin * - Q- - Non-treated 0.1uMSTS 1pMSTS
1 2 3 4 5 6 7

Western Blot

MAY 28, 2010-VOLUME 285-NUMBER 22 NASENMB\_ JOURNAL OF BIOLOGICAL CHEMISTRY 16811



PKR Mediates Caspase Cleavage of HuR

inhibited (Fig. 3E). This corresponds with our previous data
showing that HuR cleavage depends on caspase-3 (9). Together,
these observations argue that HuR cleavage is a downstream
activity of PKR and is one that enables PKR to enhance apopto-
tic response. Of note, by comparing Western blots demonstrat-
ing HuR cleavage (Figs. 1-3), we observed that the pattern of
cleavage differs between cell types, possibly due to cell-type or
species-specific modifications of HuR.

HuR Cleavage Products Induce Apoptosis Downstream of
PKR/FADD/Caspase-8—Having previously observed that pre-
venting the cleavage of HuR delays apoptosis (9), we next
wished to determine whether these CPs are sufficient to induce
apoptosis under conditions where the PKR/FADD/caspase-8-
mediated cleavage of HuR is not occurring. To have a tight
control on the levels of expression, HuR and its CP isoforms
were fused with the cell-permeable peptide AP (antennapedia),
which enables the rapid and efficient uptake of recombinant
proteins (9). HeLa cells, where caspase-8 and caspase-3 are not
active (Fig. 44, lane I) were treated with AP-wtHuR, AP-HuR-
CP1, AP-HuR-CP2, or both AP-HuR-CPs (Fig. 4, B, panels 2-5,
and C). Cell death was evaluated by flow cytometry for these
cells, counting Annexin V-positive cells (FL-1 channel), and no
noticeable apoptosis was observed. This failure to engage apo-
ptosis may be due to the absence of basal activity for factors
acting downstream of the HuR-CPs when triggering cell death.
We thus treated these cells with a nonlethal dose of STS, 0.1 M,
allowing us to evaluate the effect of the HuR-CPs in a setting
where the caspase-8/caspase-3 pathway is not activated, and
thus endogenous HuR is not cleaved (Fig. 44, lane 2). At this 0.1
UM treatment, we also observed that HeLa cells underwent apo-
ptosis in the presence of the two HuR-CPs more than with
full-length HuR (Fig. 4B, compare panels 7 and 10). Addition-
ally, although HuR-CP1 did not appear to cause apoptosis as
analyzed by flow cytometry, addition of HuR-CP2 with 0.1 um
STS was sufficient to cause an increase in Annexin V-positive
staining cells (Fig. 4B, panel 9). Physiologically, however, it
would be expected that both cleavage products be generated
simultaneously, so we assessed the consequence of the expres-
sion of both HuR-CPs. Additionally, to deliver the same quan-
tity of AP/GST-conjugated proteins to the cells, the dose of
each CP was reduced by half, so that all cells would be treated
with a total dose of 150 nm conjugated proteins. With these
modifications, the sensitization experiments were repeated on
HelLa cells where lysates were prepared and analyzed by West-
ern blotting, probing for the cleaved forms of both PARP and
caspase-3, two well known markers of apoptosis (9) (Fig. 4, D
and E). The two HuR-CPs again increased cell death substan-
tially in the presence of 0.1 uM STS, even comparable in degree

Apoptosis

A

HuR ) = (HuR-CPl P@-CPZ

FIGURE 5. Model illustrating the role of PKR/FADD/caspase-8 in mediat-
ing the proapoptotic cleavage of HuR. In this study, we found that in
response to severe stress (here, 1 um STS was used), HuR is cleaved in a man-
ner dependent on the PKR/FADD/caspase-8 pathway, leading to the activa-
tion of caspases-3 and -7, which we previously showed to be necessary for the
cleavage of HuR. The data obtained in this study as well as those published
(9) have led us to suggest that the cleavage of HuR enables it to promote
apoptosome-mediated cell death, acting as an amplification signal.

~

to a standard 3-h treatment with 1 um STS (Fig. 4E), clearly
demonstrating their ability to induce apoptosis when neither
the cleavage of HuR, nor cell death, is engaged. Therefore,
together these data argue that the PKR-mediated cleavage of
HuR represents a key event that enables HuR to promote cell
death by the generation of its proapoptotic cleavage products.

DISCUSSION

PKR has previously been described as being capable of trig-
gering various downstream effects, ranging from the promo-
tion of survival to the induction of apoptosis (26, 34). Here, we
show that through its activation of FADD and caspase-8, PKR is
also capable of triggering the cleavage of HuR. We demon-
strated previously that this cleavage event is important for the
proapoptotic activity of HuR, and we have determined here that
these HuR-CPs are in fact capable of inducing cell death with-
out the need for apoptotic activation. Therefore, we suggest a
model whereby a lethal stress signals through PKR to promote
the cleavage of HuR in a FADD/caspase-8-dependent manner,

FIGURE 4. HuR-CPs can induce apoptosis in the absence of caspase-8 activation. A, 0.1 um STS is nonlethal and does not induce the cleavage of HuR. HeLa
cells were treated, or not, with STS for 3 h at a dose of 0.1 or 1 um. Total cell extracts were analyzed by Western blotting, looking at levels of PKR, elF2«, p-elF2¢,
FADD, caspase-8, caspase-3, HuR, and G3BP (loading control). The blot shown is representative from two independent experiments. B-E, HuR-CPs sensitize
HelLa cells to apoptosis in conditions where endogenous HuR is not cleaved. B and C, Hela cells were treated with 150 nm AP-conjugated GST, HUR-GST,
HuR-CP1-GST, HUR-CP2-GST, or 150 nm each HUR-CP1-GST and HuR-CP2-GST for 1 h, and then treated, or not, with a 0.1 um STS for 3 h. Cells were collected,
incubated with Annexin V-FITC, and then analyzed by flow cytometry. Counts are the relative fluorescent intensity, and the FL-1 channel detects Annexin
V-FITC. Flow cytometry data represent two independent experiments, with mean values graphed (C) and where the error bars represent the S.E. D and E, Hela
cells were treated as in B, except that 75 nm AP-HUR-CP1-GST and HuR-CP2-GST were used for combined treatment (instead of 150 nm each). Cells were then
lysed and analyzed by Western blotting, incubating membranes with antibodies against PARP, caspase-3, GST, and a-tubulin (loading control). Band intensities
of the Western blots were quantified, and mean values were graphed (E) with error bars representing the S.E. of two independent experiments, a representative
sample of which is shown in D.
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leading to cell death by apoptosis (Fig. 5). Intriguingly, our data
also suggest that the implication of PKR in HuR cleavage is
independent of its phosphorylation.

In our previous study where we identified the cleavage of
HuR (9), we showed that this processing is due to the activities
of caspases-3 and -7. We found here that caspase-8, through
PKR and FADD, is necessary for the cleavage of HuR as well.
Because it has been well established that caspase-8 may both
directly process caspase-3 in an apoptosome-independent
manner (19, 20) and also trigger mitochondrial cell death, we
hypothesize that this caspase-8 activity is responsible for acti-
vating caspases-3 and -7 to produce HuR-CPs (Fig. 5). This
argues that the HuR-CPs play a key role in apoptosis down-
stream of initial caspase-3 and -7 activation by amplifying/sus-
taining cytochrome c-mediated cell death. Thus, we speculate
that through PKR/FADD/caspase-8, early levels of caspases are
activated to generate HuR-CPs. This may also explain how,
even in the absence of upstream components involved in cleav-
ing HuR (Fig. 1 and 3), some levels of cleavage occur as apopto-
sis is still engaged, and caspases will eventually become active.
Once generated, these CPs can then enhance the apoptotic
response, possibly because HuR cleavage enables its ligand
PHAPI to promote apoptosome activity (9). The possibility that
HuR may differentially regulate other targets involved in apo-
ptosis also exists, so the extent to which HuR can promote cell
death upon cleavage may be greater than we believe. We have
also seen that the two CPs may act differently in their ability to
induce apoptosis (Fig. 4, B and C), so it would be particularly
interesting to establish the mechanism(s) by which each cleav-
age product acts and may mediate cell death. Already we know
that HuR-CP2, but not HuR-CP1, associates with PHAPI (9),
and so further characterization of these CPs may provide
important advancements toward the possibility of using them
as apoptosis-inducing agents.

It is well established that HuR promotes cell growth and is
involved in tumorigenesis (1, 35), but our data suggest that if
HuR cleavage could be induced in these cases, it may instead
revert to promoting cell death (Fig. 4). This also raises the pos-
sibility that in some chemoresistant cancer cells, HuR may not
be cleaved. HuR has also been linked to numerous other cell
activities and is known to regulate the expression of a variety of
mRNA targets (1, 36). PKR is already known to govern cell
outcome when activated. Surprisingly, in this study we have
demonstrated that PKR, without being phosphorylated,
employs the cleavage of HuR as one means of regulating cell
fate. Given the broad scope of roles that HuR plays, this PKR-
induced cleavage may prove to be a far reaching and powerful
homeostatic mechanism for regulating cell biology, which
clearly warrants further investigation.
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