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Sorafenib is a multikinase inhibitor that induces apoptosis in human leukemia and other malignant cells.
Recently, we demonstrated that sorafenib diminishes Mcl-1 protein expression by inhibiting translation
through a MEK1/2-ERK1/2 signaling-independent mechanism and that this phenomenon plays a key func-
tional role in sorafenib-mediated lethality. Here, we report that inducible expression of constitutively active
MEKI1 fails to protect cells from sorafenib-mediated lethality, indicating that sorafenib-induced cell death is
unrelated to MEK1/2-ERK1/2 pathway inactivation. Notably, treatment with sorafenib induced endoplasmic
reticulum (ER) stress in human leukemia cells (U937) manifested by immediate cytosolic-calcium mobiliza-
tion, GADD153 and GADD34 protein induction, PKR-like ER kinase (PERK) and eukaryotic initiation factor
2 (elF2c) phosphorylation, XBP1 splicing, and a general reduction in protein synthesis as assessed by
[**S]methionine incorporation. These events were accompanied by pronounced generation of reactive oxygen
species through a mechanism dependent upon cytosolic-calcium mobilization and a significant decline in
GRP78/Bip protein levels. Interestingly, enforced expression of IREla markedly reduced sorafenib-mediated
apoptosis, whereas knockdown of IREla or XBP1, disruption of PERK activity, or inhibition of elF2a
phosphorylation enhanced sorafenib-mediated lethality. Finally, downregulation of caspase-2 or caspase-4 by
small interfering RNA significantly diminished apoptosis induced by sorafenib. Together, these findings
demonstrate that ER stress represents a central component of a MEK1/2-ERK1/2-independent cell death

program triggered by sorafenib.

The discovery that aberrant activation of the Ras-Raf-
MEK1/2-ERK1/2 module occurs in a high percentage (30%) of
human cancers (12, 42, 48, 57) provided a rationale for at-
tempting to disrupt this pathway as a candidate anticancer
strategy. Recently, a number of specific inhibitors designed to
interrupt this pathway at the level of Ras, Raf, or MEK1/2 have
been developed. Among these, sorafenib, a biaryl urea, also
known as BAY 43-9006 or Nexavar, was initially developed as
a specific inhibitor of C-Raf and B-Raf. However, subsequent
studies revealed that it also inhibits several other tyrosine ki-
nases involved in tumor progression, including VEGFR-2,
VEGFR-3, PDGFR-B, Flt3, c-Kit, and Ret (6, 60). Interest-
ingly, sorafenib has been shown to inhibit mutant V*°°®)B-Raf
kinase activities in vitro and to diminish MEK/extracellular
signal-regulated kinase (ERK) activation in various tumor cell
lines, including those harboring mutant Ras or B-Raf (25, 56,
60). Although this compound has potent activity in preclinical
tumor xenograft models against a variety of tumor cell types
(60), has shown promising activity in a number of clinical trials,
and has recently been approved for the treatment of advanced
renal cell carcinoma (51), the mechanism(s) by which it exerts
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its antitumor activity has not been fully elucidated and is cur-
rently the subject of ongoing investigation (40).

In recent communications, we and other investigators re-
ported that sorafenib induced marked mitochondrial damage
manifested by cytochrome ¢ and apoptosis-inducing factor re-
lease into the cytosol, caspase activation, and apoptosis in
various tumor cells, including human leukemia cells (40, 45,
67). Furthermore, sorafenib was found to downregulate my-
eloid cell leukemia 1 (Mcl-1) protein expression through inhi-
bition of translation in a MEK1/2-ERK1/2 signaling-indepen-
dent mechanism (45). Moreover, Mcl-1 downregulation was
shown to play an important functional role in sorafenib-medi-
ated lethality (45, 67). These findings bring into question the
notion that sorafenib exerts its lethal effects by a straightfor-
ward, linear inhibition of the Raf-1-MEK1/2-ERK1/2 module.
Mcl-1 is a multidomain antiapoptotic member of the Bcl-2
family (7) and was originally identified in myeloid leukemia
cells undergoing maturation (28). Subsequently, it was shown
that Mcl-1 plays a central role in the survival of malignant
human hematopoietic cells (i.e., myeloma and leukemia) (13,
35). However, results of several studies indicate that Mcl-1
downregulation by itself is insufficient to trigger apoptosis (37),
suggesting that other mechanisms may be involved in the rapid
and extensive apoptosis induced by agents such as sorafenib in
human leukemia cells (45).

Currently, very little is known about the mechanism(s) by
which sorafenib triggers cell death. In this communication, we
provide evidence that sorafenib mediates cell death in human
leukemia cells through a MEK1/2-ERK1/2 signaling-indepen-
dent mechanism. Significantly, we demonstrate for the first
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time that sorafenib potently induces endoplasmic reticulum
(ER) stress manifested by a rapid mobilization of cytoplasmic
calcium, activation of PKR-like ER kinase (PERK), induction
of IREla and XBP1 splicing, phosphorylation of eukaryotic
translation initiation factor 2a (eIF2a), inhibition of protein
translation, and induction of GADD153 and GADD?34. In
addition, these events are associated with the calcium-depen-
dent production of reactive oxygen species (ROS). Collec-
tively, these findings provide a novel framework for under-
standing the mechanism of action of sorafenib and possibly for
the rational integration of this agent into antileukemic regi-
mens.

MATERIALS AND METHODS

Plasmids and cell transfection. The human leukemia U937, Jurkat, and K562
cells were cultured as previously reported (47). Wild-type murine embryonic
fibroblast (MEF) cells and MEF cells in which eIF2a was genetically replaced by
a nonphosphorylatable form of eIF2a (eIF2a Ser 51/A) in both alleles were
obtained from C. Koumenis (University of Pennsylvania). A Myc-tagged
PERKAC construct (3) was a generous gift from J. A. Diehl (University of
Pennsylvania Cancer Center, Philadelphia, PA), and hemagglutinin (HA)-tagged
human wild-type IREla (22) was kindly provided by C. Hetz and L. H. Glimcher
(Harvard Medical School). Human dominant-negative eIF2a (eIF2a-DN)
c¢DNA was PCR amplified from pCMV-elF2a-S51A (27) and cloned into
pcDNA3.1/V5-His (Invitrogen) in frame with V5 peptide. Each of these con-
structs was individually transfected into K562 cells by using an Amaxa nucleo-
fector (Koeln, Germany) as previously described (10). Stable single PERKAC,
HA-IREla, or V5-eIF2a-DN cell clones were selected in the presence of 1
pg/ml of puromycin, 400 pg/ml of hygromycin, or 400 pg/ml of geneticin, re-
spectively. Thereafter, cells derived from each clone were analyzed for Myc tag,
HA tag, or V5 tag expression, respectively, by Western blot analysis. A Tet-On
Jurkat cell line inducibly expressing constitutively active MEK1 or constitutively
active C-Raf under doxycycline control was previously described (47, 68). Leu-
kemic blasts were isolated from peripheral blood samples obtained with in-
formed consent from several patients with acute myeloblastic leukemia (AML),
FAB subtype M2, as previously described (45).

Knockdown experiments involving transient transfection with siRNA and
stable transfection with short hairpin RNA (shRNA) or short hairpin microRNA
(shRNAmir). Cells were transfected with a negative-control small interfering
RNA (siRNA) directed against firefly luciferase (Dharmacon, Lafayette, CO) or
siRNA directed against PERK, GCN2, GADDI153, caspase-2, or XBP1 (Dhar-
macon) using an Amaxa nucleofector. Cells were left in culture for 24 to 48 h
prior to exposure to different treatment regimens.

U937 cells stably expressing shRNA directed against IREla, caspase-3,
caspase-4, caspase-9, TRAF2, or JNK1/2 were generated as follows. Two cDNA
oligonucleotides containing the targeted sequence were synthesized, annealed,
and cloned into the pSUPER.retro.neo vector (Oligoengine, Seattle, WA) by
using standard techniques. The sequences used were IREla (5'-GAGAAGAT
GATTGCGATGGAT-3'), caspase-3 (5'-AGGTGGCAACAGAATTTGAGT-
3"), caspase-4 (5'-AATGTACTGAACTGGAAGGAA-3'), caspase-9 (5'-ACAG
ATGCCTGGTTGCTTTAA-3"), TRAF2 (the same target sequence as that
previously reported [59], 5'-CGACATGAACATCGCAAGC-3’), and JNK1/2
(the same target sequence as that previously reported [30], 5'-TGAAAGAATG
TCCTACCTT-3"). An shRNA directed against green fluorescent protein (GFP)
(GGTTATGTACAGGAACGCA) obtained from Ambion (Austin, TX) was
cloned into the pSUPER.retro.neo plasmid as described above and served as a
control for various siRNA-expressing cells. The constructs were verified by DNA
sequencing and transfected into U937 cells by using an Amaxa nucleofector.
Stable clones were selected in the presence of 400 pwg/ml geneticin and screened
by Western blot analysis for reduced expression levels compared to those of
control U937 cells transfected with GFP shRNA.

K562 cells in which heme-regulated inhibitor (HRI) was knocked down were
obtained by stable transfection with the lentiviral vector pLKO.1, coding for
HRI-specific shRNA (Open Biosystems, Huntsville, AL). The sequence used was
5'-GAATTGGTAGAAGGTGTGTTT-3'. A construct coding for enhanced
GFP (eGFP)-shRNA was used as a control. Stable clones were selected in the
presence of puromycin as indicated above.

To knock down PKR in K562 cells, we used an shRNAmir strategy. Briefly, K562
cells were transfected with the pSM2c shRNAmir construct targeting human PKR
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(Open Biosystems), and single clones were selected in the presence of 1 wg/ml
puromycin and screened for reduced expression of PKR protein as described above.
The sequence used to target PKR was 5'-TGCTGTTGACAGTGAGCGCGCAG
GGAGTAGTACTTAAATATAGTGAAGCCACAGATGTATATTTAAGTAC
TACTCCCTGCTTGCCTACTGCCTCGGA-3'. K562 cells transfected with the
eGFP-shRNAmir construct were used as a control for PKR shRNAmir cells.

Reagents. Sorafenib was provided by Bayer Pharmaceuticals Corporation
(West Haven, CT) and the National Cancer Institute, NIH (Bethesda, MD). It
was dissolved in dimethyl sulfoxide, and aliquots were maintained at —80°C.
MnTBAP and BAPTA-AM were purchased from Calbiochem (San Diego, CA),
and thapsigargin, tunicamycin, and polyethylene glycol (PEG)-catalase were
purchased from Sigma (St. Louis, MO). PD184352 was described previously (11),
and U0126 was purchased from Cell Signaling Technology (Beverly, MA). All
reagents were prepared and used as recommended by their suppliers.

A t of apopt The extent of cell death was routinely assessed by
annexin V-fluorescein isothiocyanate—propidium iodide staining as previously
described (44). 7-Amino-actinomycin D staining was also used with MEF cells as
previously described (44).

Immunoblotting. Immunoblotting was performed using whole-cell lysates as pre-
viously described in detail (44). The primary antibodies used in this study were
caspase-4 (Stressgene Bioreagents, Ann Arbor, MI); ATF6 (Imgenex, San Diego);
caspase-2, phospho-ERK1/2 (Thr202/Tyr204), phospho-MEK1/2, phospho-eIF2a,
phospho-PERK, and IREla (Cell Signaling Technology); GADD153, elF2a,
GRP78, GRP%4, GADD34, XBP1, HRI, PKR, ERK1/2, and Myc tag (Santa Cruz
Biotechnology, Santa Cruz, CA); GCN2 (Bethyl Laboratories, Montgomery, TX);
and a-tubulin (Calbiochem).

Protein synthesis. Sorafenib-treated U937 cells were pulse-labeled with 100
wCi/ml of [**S]methionine-[**S]cysteine (ICN, Biomedicals, Inc., Irvine, CA) for
1 h, washed in phosphate-buffered saline (PBS), and lysed in lysis buffer as
described above. Equal amounts of proteins were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel and electrotransferred to nitrocel-
lulose membranes. The membranes were then subjected to autoradiography to
visualize the newly synthesized proteins and subsequently stained with ponceau
S solution (Sigma) to detect the total amounts of proteins on the membranes.

RT-PCR and XBP1 splicing. Total RNA was extracted from treated or un-
treated cells by using an RNeasy kit (QIAGEN) and then subjected to reverse
transcription (RT)-PCR by using an AccuScriptTM high-fidelity first-strand
c¢DNA synthesis kit (Stratagene). The cDNAs were PCR amplified using specific
primers for XBP1, PERK, and 18S. The primers used were XBP1 forward
(5'-GAG TTA AGA CAG CGC TTG GG-3'), XBP1 reverse (5'-GGTAAGG
AACTGGGTCCTT-3'), PERK forward (5'-CTCACAGGCAAAGGAAGGA
G-3'), and PERK reverse (5'-AACAACTCCAAAGCCACCAC-3"). The prim-
ers for the ribosomal 18S RNA, which served as an internal standard, were
obtained from SuperArray Bioscience Corporation (Bethesda, MD).

Determination of ROS. ROS production was monitored as described previ-
ously (46). Briefly, following treatment, cells were incubated with 1 pg/ml CM-
H2DCFDA (Molecular Probes, Eugene, OR) for 30 min, after which they were
washed with PBS, and the amount of fluorescence was determined using a
Becton-Dickinson FACScan flow cytometer.

Intracellular-Ca®>* measurements. Intracellular-calcium levels were measured
using Fluo3-AM. Briefly, cells were washed twice in Ca®*-free PBS, loaded with
5 wM Fluo3-AM for 30 min, and washed twice in Ca®*-free PBS. Cells were then
resuspended in RPMI 1640 medium with 10% fetal bovine serum and subjected
to treatment with drugs for the indicated times, after which cells were washed in
Ca®"-free PBS. Finally, cells were resuspended in Ca®"-free PBS and the fluo-
rescence intensities which reflect changes in cytosol-free Ca®>" concentration
were measured using a Becton-Dickinson FACScan flow cytometer.

Statistical analysis. The significance of the differences between the experi-
mental conditions was determined using Student’s ¢ test for unpaired observa-
tions.

RESULTS

Sorafenib-mediated lethality is independent of MEK/ERK
pathway inactivation. We previously reported that exposure to
sorafenib resulted in a time- and dose-dependent inactivation
of ERK1/2 in several human leukemia cell types (45). Western
blot analysis revealed that sorafenib-mediated ERK1/2 de-
phosphorylation correlated closely with MEK1/2 dephosphor-
ylation (Fig. 1A). To investigate the role of MEK1/2-ERK1/2
inactivation in sorafenib-induced apoptosis, we employed Jur-
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FIG. 1. Inducible activation of the MEK/ERK pathway does not
prevent sorafenib-mediated cell death. (A) U937 cells were exposed to
10 wM sorafenib for the designated intervals, after which cell lysates
were obtained and subjected to Western blot analysis to monitor ex-
pression of ERK1/2, phospho-ERK1/2, and phospho-MEK1/2. For this
and all subsequent Western blot analyses, blots were subsequently
reprobed with antitubulin (Tub) antibodies to document equivalent
loading and transfer. The results of a representative study are shown;
two additional experiments yielded equivalent results. (B) Jurkat cells
(MT6) inducibly expressing constitutively active HA-tagged MEK1
were left untreated or treated for 24 h with 2 pwg/ml doxycycline (Dox).
Cells were then exposed to 10 wM sorafenib (Sor) for an additional
4 h, after which protein lysates were prepared and analyzed for HA-
MEKI1 and phospho-ERK1/2 expression. Alternatively, cells were
treated for 24 h, after which the extent of apoptosis was determined
using an annexin V staining assay (C). Values represent the means *+
standard deviations for at least three separate experiments performed
in triplicate. C, control.

kat cells (MT6) inducibly expressing a constitutively active
MEKI1 protein under the control of a doxycycline-responsive
promoter. As shown in Fig. 1B, addition of doxycycline re-
sulted in the pronounced induction of constitutively active
MEK1 protein levels and phospho-ERK1/2 in both control and
sorafenib-treated cells. However, exposure to sorafenib re-
sulted in equivalent inductions of cell death in the absence and
the presence of doxycycline (Fig. 1C). Similar results were
obtained with two additional MEK1-inducible clones and with
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FIG. 2. Exposure to sorafenib results in global translation inhibi-
tion. U937 cells were exposed to 10 wM sorafenib for the designated
intervals and 0.5 uM thapsigargin or 0.5 pg/ml tunicamycin for 4 h and
then pulsed with [**S]methionine for an additional 1 h. The cells were
subsequently lysed, and protein lysates were separated on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel and transferred
to a nitrocellulose membrane. The amounts of newly synthesized pro-
teins were detected by autoradiography (A), and subsequently, the
total amounts of proteins on the membranes were visualized by stain-
ing with ponceau S solution (B). The results shown are representative
of three separate experiments.

U937 cells stably expressing constitutively active MEK1 (46)
(data not shown). These findings are consistent with results
obtained with Jurkat cells inducibly expressing a constitutively
active Rafl construct under the control of a doxycycline-re-
sponsive promoter as shown in Fig. S1 in the supplemental
material. While addition of doxycycline induced a robust in-
crease in C-Raf expression as well as ERK1/2 phosphorylation,
sorafenib (10 wM) clearly inhibited ERK1/2 phosphorylation
in the absence or presence of doxycycline (see Fig. S1A in the
supplemental material), indicating that sorafenib targets wild-
type as well as constitutively active C-Raf. It should be noted
that levels of phosphorylated ERK1/2 in sorafenib-treated cells
were nevertheless higher in the presence of doxycycline than in
its absence (see Fig. S1A in the supplemental material). Im-
portantly, enforced expression of constitutively active C-Raf
and the resulting ERK1/2 activation in cells exposed to doxy-
cycline did not significantly protect them from sorafenib-me-
diated lethality (P > 0.05) (see Fig. S1B in the supplemental
material). These observations are consistent with the previous
findings indicating that enforced activation of MEKI is unable
to confer resistance to sorafenib in human leukemia cells.
Together, these findings argue that inactivation of the MEK1/
2-ERK1/2 module does not play a central role in sorafenib-
mediated lethality and imply that other, perhaps unrelated,
actions are involved.

Treatment with sorafenib inhibits protein synthesis in a
dose-dependent manner. Recently, we reported that sorafenib
inhibits Mcl-1 protein synthesis and that this phenomenon
contributes at least in part to the lethal action of this agent
(45). Therefore, we questioned whether treatment with sor-
afenib inhibited translation of other proteins or whether in-
stead this phenomenon was restricted to Mcl-1. To this end,
time course studies of newly synthesized proteins were per-
formed. As shown in Fig. 2A, exposure of U937 cells to 10 puM
sorafenib for 1, 2, and 4 h resulted in a marked decrease in
[*>S]methionine incorporation. Treatment of cells for 4 h with
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FIG. 3. Sorafenib triggers the UPR in human leukemia cells. (A, upper) U937 cells were exposed to 10 uM sorafenib for the designated
intervals, after which protein lysates were prepared and subjected to Western blot analysis using the indicated antibodies. (A, lower) U937 cells
were exposed to 10 wM sorafenib (Sor), 0.5 pM thapsigargin (Tg), or 0.5 pg/ml tunicamycin (Tn) for 2 or 16 h, after which Western blot analysis
was performed as described above. (B, upper) U937 cells were exposed to 10 wM sorafenib, 0.5 wM thapsigargin, or 0.5 pwg/ml tunicamycin for 16 h,
after which protein lysates were prepared and subjected to Western blot analysis to monitor GRP78 expression. (B, lower) U937 and K562 cells
were exposed to sorafenib (10 wM) and thapsigargin (0.5 and 1 wM, respectively) alone or together for 6 h, after which protein lysates were
prepared and subjected to Western blot analysis. (C) K562 cells were treated with 1 wM thapsigargin or 1 wg/ml tunicamycin in the presence or
absence of 10 uM PD184352 for 16 h, after which protein lysates were prepared and subjected to Western blot analysis to monitor GRP78
expression. (D) K562 cells were exposed to 10 wM sorafenib for 4 h, after which cells were lysed and Western blot analysis was performed to
monitor eIF2a phosphorylation and GADD153 expression. (E) Leukemia blasts were isolated from the peripheral blood of a patient with AML
(FAB classification M2) and exposed to the designated concentration of sorafenib for 6 h, after which cells were lysed and protein was subjected
to Western blot analysis to monitor eIF2a phosphorylation and GADD153 expression. For each experiment, at least two additional studies yielded

equivalent results. C, control; Tub, antitubulin antibody.

thapsigargin (0.5 wM) or tunicamycin (0.5 pg/ml), two agents
known to inhibit protein synthesis, also resulted in a decrease
in protein synthesis, although these agents were less effective
than sorafenib, at least at these concentrations. In contrast,
total protein levels visualized by ponceau S staining were sim-
ilar (Fig. 2B). These findings indicate that sorafenib does not
selectively down-regulate Mcl-1 expression but instead exerts a
more global inhibitory effect on protein synthesis in leukemia
cells.

Sorafenib induces the UPR independently of MEK1/2-
ERK1/2 pathway inactivation. Protein synthesis in eukaryotic
cells is primarily controlled at the level of translation initiation
(43, 52). Furthermore, inhibition of protein synthesis repre-
sents one of the cardinal features of the unfolded protein
response (UPR), a compensatory cellular defense mechanism
which is activated by stresses stemming from the burden of
misfolded proteins (61, 63). Therefore, the possibility that sor-
afenib might elicit the UPR was investigated. In view of the
well-established role of eIF2« in protein translation initiation
and in view of evidence that this factor undergoes phosphory-

lation and inhibits protein synthesis in response to a variety of
apoptotic stimuli (17, 21, 62), the possibility that this factor
might be affected by exposure of leukemic cells to sorafenib
was examined first. As shown in Fig. 3A, exposure to sorafenib
(10 uM) resulted in the rapid phosphorylation of elF2a as
early as 30 min after drug exposure, an event that was sus-
tained over the ensuing 24 h. In contrast, no major changes
were detected in elF2a total protein levels. Further analysis
revealed that treatment with sorafenib for 4 h resulted in a
dose-dependent phosphorylation of eIF2« similar to those ob-
served with thapsigargin (0.5 uM) and tunicamycin (0.5 pg/wl)
(data not shown), two agents whose abilities to induce ER
stress and elF2a phosphorylation are well documented (17,
21). GADDI153 protein, a member of the CAAT/enhancer
binding protein (C/EBP) family known to accumulate after
elF2a phosphorylation (19, 55), displayed a clear increase in
expression 30 min after treatment with sorafenib, an event
which also persisted through the entire treatment interval (24
h) (Fig. 3A). In addition, the protein levels of the phosphatase
PP1 activator GADD34, which is believed to facilitate eIF2a
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dephosphorylation and ultimately mediate translational recov-
ery (26, 39), underwent marked increases after 16 h of expo-
sure, comparable to responses observed in cells exposed to
thapsigargin or tunicamycin (Fig. 3A, lower). There was also a
significant decline in expression of ATF6 (90 kDa) in sor-
afenib-treated cells, which was first apparent 2 to 4 h following
drug exposure.

Interestingly, the glucose-regulated protein GRP78/Bip, a
chaperone protein classically induced during the UPR (54),
underwent a rapid decline (i.e., by 30 min) in sorafenib-treated
cells, an event which persisted over the entire treatment inter-
val (24 h) (Fig. 3A). On the other hand, no major change was
observed in protein levels of GRP94, another chaperone pro-
tein. However, consistent with the results of numerous studies,
the ER stress inducers thapsigargin and tunicamycin increased
the expression of GRP78 in U937 (Fig. 3B, upper) as well as in
Jurkat (data not shown) cells. Furthermore, sorafenib abro-
gated thapsigargin-mediated GRP78 expression in both U937
and K562 cells (Fig. 3B, lower). In view of evidence that
GRP78 plays a cytoprotective role in the setting of ER stress
(34), these findings raise the possibility that blockade of
GRP78 induction may contribute to sorafenib-mediated lethal-
ity. Further analysis suggested that MEK1/2 activation was
required for thapsigargin-mediated induction of GRP78 in
K562 cells, as the MEK1/2 inhibitor PD184352 (11) essentially
abrogated this phenomenon (Fig. 3C). Interestingly, with these
cells, treatment for 16 h with tunicamycin (1 pg/ml), unlike
thapsigargin treatment, did not induce GRP78 (Fig. 3C). In
contrast to these actions, sorafenib mimicked the actions of
thapsigargin and tunicamycin in inducing eIF2a phosphoryla-
tion and GADD153 accumulation in Ber-abl™ K562 leukemia
cells (Fig. 3D), in Jurkat lymphoid leukemia cells (data not
shown), and in primary human leukemia (AML) blasts (Fig.
3E). Together, these findings demonstrate that sorafenib in-
duces rapid phosphorylation of the translation initiation factor
elF2a and accumulation of GADD153 and GADD34 proteins,
classical markers of the UPR, raising the possibility that ER
stress may be involved in the apoptotic response of human
leukemia cells to sorafenib. They also suggest that the failure
of sorafenib to induce GRP78, in contrast to the result for
thapsigargin, may stem from inhibition of the Raf/MEK1/2
cascade.

To test the possibility that sorafenib-mediated eIF2a phos-
phorylation might be related to MEK/ERK inactivation, we
employed Jurkat cells (MT6) inducibly expressing a constitu-
tively active MEKI1 construct under the control of a doxycy-
cline-responsive promoter. As shown in Fig. 4A, addition of
doxycycline resulted in a substantial increase in expression of
constitutively active MEK1 and phospho-ERK1/2 in both con-
trol and sorafenib-treated cells. However, exposure to sor-
afenib induced equivalent increases in elF2a phosphorylation
and GADD153 accumulation in the absence and the presence
of doxycycline. Furthermore, Western blot analysis revealed
that the MEK1/2 inhibitor U0126 was unable to increase eIF2a
phosphorylation or GADD153 accumulation. Notably, the ef-
fects of sorafenib were similar to those of thapsigargin and
tunicamycin rather than MEK1/2 inhibitors in this regard (Fig.
4B). Collectively, these findings argue strongly that sorafenib
increases eIF2a phosphorylation and GADD153 accumulation
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studies yielded equivalent results. C, control; Tub, antitubulin anti-
body.
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through a mechanism unrelated to interruption of the MEK1/
2-ERK1/2 axis.

Lastly, attempts were made to determine whether GADD153
accumulation might play a functional role in sorafenib-mediated
cell death. To this end, Jurkat leukemia cells were transiently
transfected with siRNA directed against GADD153. Western
blot analysis revealed that GADD153 induction by sorafenib
was essentially abrogated in GADD153 siRNA-transfected
cells (see Fig. S2A in the supplemental material). However, no
major effect on apoptosis was observed (P was >0.05 for cells
transfected with GADD153 siRNA versus cells transfected
with NC siRNA) (see Fig. S2B in the supplemental material).
These findings argue against the possibility that GADD153
induction plays a major role in sorafenib-mediated apoptosis.

Inhibition of PERK activity by siRNA or dominant-negative
PERK reduces elF2a phosphorylation and enhances sor-
afenib-mediated cell death. To date, four kinases are known to
phosphorylate eIF2a: PKR, GCN2, PERK, and HRI. Of these,
PERK has been most commonly implicated in the ER stress
response (19, 21, 27). Western blot analysis revealed that sor-
afenib induced a pronounced increase in PERK phosphoryla-
tion, an effect that was considerably more pronounced than
those of thapsigargin and tunicamycin, potent inducers of ER
stress (Fig. 5A). Phosphorylation of PERK by sorafenib was
also observed in K562 cells (data not shown). To determine
whether PERK plays a functional role in eIF2a phosphoryla-
tion induced by sorafenib, two strategies were employed. First,
K562 leukemia cells were transiently transfected with siRNA
directed against PERK, resulting in a significant decrease in
PERK mRNA level but no reduction in the internal standard
18S RNA (Fig. 5A). Significantly, phosphorylation of eIF2a in
cells transfected with PERK siRNA was substantially reduced
compared to that in cells transfected with negative-control
siRNA following treatment with sorafenib for 2 or 4 h (P <
0.05) (Fig. 5A). In parallel, apoptosis was monitored after 24 h
of exposure of cells to sorafenib (10 uM) in the presence or
absence of PERK siRNA. As shown in Fig. 5B, apoptosis was
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FIG. 5. Inhibition of PERK activity reduces elF2a phosphorylation and enhances sorafenib-mediated cell death. (A, upper left) U937 cells were
exposed to 10 wM sorafenib (Sor), 0.5 wM thapsigargin (Tg), or 0.5 wg/ml tunicamycin (Tn) for 16 h, after which protein lysates were prepared
and subjected to Western blot analysis to monitor PERK phosphorylation. (A, upper right) K562 cells were transiently transfected with siRNA
against PERK or with negative-control (NC) siRNA and incubated for 48 h, after which PERK mRNA levels were quantified by RT-PCR.
Alternatively, transfected cells were treated with 10 uM sorafenib for 2 or 4 h, after which protein lysates were prepared and subjected to Western
blot analysis to monitor eIF2a phosphorylation (A, lower). Alternatively, cells were treated for 24 h, after which the extent of cell death was
monitored using annexin V staining (B). (C) Two clones (PERK-DN4 and PERK-DN7) of K562 cells stably expressing dominant-negative PERK
and empty-vector cells (pBabe-puro) were treated with 1 pM thapsigargin for 2 h, after which protein lysates were prepared and subjected to
Western blot analysis to monitor myc-tagged PERK and GADD153 protein expression. (D) Dominant-negative PERK clones and empty-vector
K562 cells were treated with 10 uM sorafenib or 1 pM thapsigargin for 2 h, after which cell lysates were prepared and subjected to Western blot
analysis. Alternatively, annexin V analysis was performed after 24 h of treatment to monitor the extent of cell death (E). For all annexin V studies,
values represent the means = standard deviations for at least three separate experiments performed in triplicate. *, significantly higher than values

obtained for empty-vector pBabe-puro cells (P < 0.05). C, control; Tub, antitubulin antibody.

modestly but significantly increased (P < 0.05) in PERK
siRNA-transfected cells. Next, K562 cells were stably transfected
with a PERKAC construct which functions as a PERK dominant-
negative construct (3). Two separate clones, designated PERK-
DN4 and PERK-DN7, were examined. As previously reported
(19), dominant-negative PERK markedly inhibited GADD153
accumulation in cells exposed to thapsigargin (Fig. 5C). Consis-
tent with results obtained with PERK siRNA, dominant-negative
PERK partially attenuated elF2a phosphorylation mediated by
sorafenib as well as that mediated by thapsigargin (Fig. 5D). In
accord with results obtained with PERK siRNA, cells transfected
with dominant-negative PERK were also significantly more sen-
sitive to sorafenib-mediated lethality than controls (P was <0.05
in each case) (Fig. SE). Together, these findings implicate PERK
in the eIF2a phosphorylation response to sorafenib and suggest
that in this setting PERK may play a protective role against
sorafenib-mediated lethality.

Sorafenib mediates elF2a phosphorylation independently
of HRI, PKR, or GCN2, and this event opposes the lethal
actions of sorafenib. To determine whether elF2a phosphory-
lation plays a functional role in sorafenib-mediated lethality,
K562 cells were stably transfected with an eIF2a construct

(V5-tagged elF2a-DN) in which serine 51 was mutated to
alanine and consequently acted as a dominant-negative con-
struct of eIF2a. Western blot analysis revealed that cells ectopi-
cally expressing eIF2a-DN exhibited a significant attenuation of
sorafenib- or thapsigargin-mediated eIF2« phosphorylation (Fig.
6A). Notably, these cells were modestly but significantly more
sensitive to sorafenib-mediated apoptosis (Fig. 6B). In addition,
MEEF cells in which the endogenous elF2« has been genetically
replaced by a nonphosphorylatable form of elF2a (eIF2a Ser
51/A) in both alleles were also markedly more sensitive to sor-
afenib-mediated lethality than control MEF cells expressing wild-
type eIF2a (Fig. 6C). These findings suggest that eIF2a phosphor-
ylation plays a protective role against sorafenib-mediated
apoptosis.

To determine whether the other elF2a kinases, HRI, PKR,
and GCN2, contribute to eIF2« phosphorylation in response
to sorafenib, a stable knockdown experiment using shRNA
against HRI (HRI-shRNA), microRNA directed against PKR
(PKR-RNAmir), and transient transfection with siRNA
against GCN2 was performed. Western blot analysis revealed
that HRI and PKR proteins were significantly knocked down
in HRI-shRNA- and PKR-RNAmir-transfected K562 cells, re-
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FIG. 6. Sorafenib fully induces eIF2a phosphorylation in HRI, PKR, or GCN2 knockdown cells, an event that opposes sorafenib-mediated
lethality. (A) K562 cells expressing V5-tagged eIF2a-DN (cl-9) or their controls (pcDNA3.1) were treated with sorafenib (Sor) or thapsigargin (Tg)
for 2 h, after which protein lysates were prepared and subjected to Western blot analysis. Alternatively, the extent of apoptosis was determined
using an annexin V staining assay after 24 h of exposure to sorafenib (B). Values represent the means for three separate experiments * standard
deviations. (C) Wild-type MEF (wt) in which elF2a was intact and MEF cells in which endogenous elF2a was genetically replaced by a
nonphosphorylatable form of eIF2a (eIF2a ser 51/A) in both alleles were treated with 12 uM sorafenib for 24 h, after which the extent of cell death
was determined using a 7-amino-actinomycin D assay (upper). Alternatively, cells were lysed at 3 and 6 h posttreatment and the protein lysates
were subjected to Western blot analysis (lower). (D) Two clones (HRI-shRNAS8 and HRI-shRNA18) of K562 cells stably transfected with an
shRNA construct against HRI and cells transfected with an shRNA construct directed against eGFP were exposed to sorafenib for 2 h and 20 h,
after which protein lysates were prepared and subjected to Western blot analysis to monitor HRI protein levels and elF2a phosphorylation.
(E) Two K562 clones (PKR2-RNAmir and PKR4-RNAmir) in which PKR was knocked down using shRNAmir and their control counterparts
(eGFP-shRNAmir) were treated with sorafenib for 2 h and 20 h; then, PKR levels and eIF2a phosphorylation were monitored using Western blot
analysis. An asterisk indicates nonspecific bands for HRI and PKR blots. (F) K562 cells were transiently transfected with siRNA against GCN2
or negative-control (NC) siRNA for 48 h. Cells were then exposed to 10 wM sorafenib for an additional 2 h, after which cells were lysed and protein

p-elF2a |"—-- —-—--|

lysates were subjected to Western blot analysis to monitor expression of GCN2 and elF2a. C, control; Tub, antitubulin antibody.

spectively (Fig. 6D and E, respectively). However, sorafenib-
induced eIF2a phosphorylation in these cells was comparable
to that in control cells after 2 h and 20 h of sorafenib exposure
(Fig. 6D and E). Similarly, reductions in GCN2 protein levels
induced by siRNA did not prevent sorafenib-mediated elF2a
phosphorylation (Fig. 6F). In separate studies, time course
analysis of cells exposed to sorafenib revealed no major
changes in the expression and phosphorylation of these kinases
(data not shown). Consistent with these findings, knockdown
of these kinases did not confer significant resistance to sor-
afenib (see Fig. S3 in the supplemental material). Together,
these findings argue against a major role for HRI, PKR, and
GCN2 in triggering eIF2a phosphorylation or lethality in cells
exposed to sorafenib. Taken in conjunction with the previous
observations, these findings instead support the notion that
sorafenib mediates eIF2a phosphorylation primarily through
activation of PERK.

Sorafenib induces a marked increase in IRE1a protein level
and promotes XBP1 splicing, events that antagonize the lethal
action of sorafenib. In addition to PERK, activating transcrip-
tion factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1)
represent two other ER transmembrane proteins that serve as
ER stress sensors and mediate the UPR. Activation of IRE1
promotes X-box binding protein 1 (XBP1) mRNA splicing, an
event that is required for translation of activated/spliced XBP1

(XBP1s), a potent transcription factor (5, 65). Attempts were
therefore undertaken to determine whether sorafenib might
activate IRE1/XBP1. As shown in Fig. 7A, exposure of U937
cells to 10 wM sorafenib resulted in a marked accumulation of
IREla protein, an event that was analogous to that which
occurred with thapsigargin or tunicamycin treatment. This was
associated with a modest but readily apparent induction of the
spliced form of XBP1 (XBP1s, 50 kDa) (Fig. 7B). Consistent
with these observations, XBP1 mRNA splicing was also ob-
served in U937 cells (Fig. 7B), although this effect was less
pronounced than that obtained following exposure to tunica-
mycin (0.5 pg/ml). Higher concentrations of sorafenib (e.g., 15
or 20 wM) resulted in more pronounced splicing in XBP1
mRNA (data not shown). In contrast, neither sorafenib (10
M) nor tunicamycin (1 pwg/ml) induced XBP1 splicing in K562
cells when administered at these concentrations (Fig. 7B).
To determine the functional significance of these findings,
multiple strategies were employed. First, IREla was stably
knocked down in U937 cells by using shRNA against IREla
(Fig. 7C, inset). Notably, these cells were considerably more
sensitive to sorafenib (7.5 uM) than control GFP-transfected
cells (Fig. 7C). Conversely, K562 cells were stably transfected
with an HA-tagged IREla construct, and two clones (IRE-cl7
and IRE-cl13) displaying increased IREla protein levels were
employed (Fig. 7D, left). Notably, cells overexpressing IREla
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FIG. 7. Functional role of IRE1/XBP1 splicing and TRAF2/JNK1 in cell response to sorafenib. (A and B) U937 cells were exposed to sorafenib
(Sor; 10 wM) for the designated intervals or thapsigargin (Tg; 0.5 uM) or tunicamycin (Tn; 0.5 pg/ml) for 16 h, after which cell lysates were
obtained and subjected to Western blot analysis to monitor IREla (A) and spliced XBP1 (XBP1s; 50 kDa) (B, upper) protein levels. (B, lower)
U937 and K562 cells were exposed to sorafenib (10 uM) for the designated intervals or tunicamycin (0.5 pg/ml for U937 and 1 pg/ml for K562
cells) for 16 h, after which XBP1 splicing (XBP1s, spliced; XBP1u, unspliced) was monitored using RT-PCR as described in Materials and
Methods. (C) Two clones (shRNA7 and shRNA9) of U937 cells in which IREla was knocked down using sShRNA and GFP-shRNA-transfected
cells were treated with 7.5 M sorafenib for 24, after which the extent of apoptosis was determined using an annexin V staining assay. (C, inset)
Western blot analysis performed on lysates prepared from cells prior to treatment. (D, upper left) Western blot analysis performed on lysates
prepared from two K562 cell clones (IRE1-cl7 and IRE1-cl13) expressing human HA-tagged IREla and their control counterparts (K562 cells
transfected with pMSCVhyg empty vector). (D, upper right) XBP1 mRNA splicing was monitored by RT-PCR in IRE1-cl7 and their control
empty-vector cells. (D, lower) IRE1-cl7, IRE1-cl13, and empty-vector cells were treated with 10 wM sorafenib for 28 h, after which the extent of
apoptosis was determined using an annexin V staining assay. Values represent the means for three separate experiments *+ standard deviations.
*, significantly lower than values for empty-vector-transfected cells (P < 0.01). (E) U937 cells were transiently transfected with siRNA directed
against XBP1 or negative-control (NC) siRNA for 24 h. Cells were then exposed to 7.5 M sorafenib for an additional 24 h, after which cells were
lysed and protein lysates were subjected to Western blot analysis to monitor expression of spliced XBP1. Alternatively, the extent of apoptosis was
determined by monitoring annexin V staining. Values represent the means for three separate experiments = standard deviations. *, significantly
higher than values for NC transfected cells (P < 0.05). C, control; Tub, antitubulin antibody.

were significantly more resistant to sorafenib than the empty-
vector-transfected cells (Fig. 7D, lower). Consistent with re-
sults from a previous report employing HeLa cells (65), ectopic
expression of IREla (IRE-cl7) resulted in XBP1 mRNA splic-
ing (Fig. 7D). Similar results were obtained with IRE-cl13 cells
(data not shown). Finally, transient experiments using siRNA
against XBP1 revealed that knockdown of XBP1 modestly
albeit significantly enhanced sorafenib-mediated lethality in
U937 cells (Fig. 7E). Together, these findings suggest that
activation of IRE1a/XBP1 plays an important protective role
against sorafenib-mediated lethality.

Previous studies have demonstrated that in cells experiencing
ER stress, cross talk occurs between IREla, TRAF2, and apop-
tosis signal-regulated kinase 1 (ASK1), events that lead to Jun
N-terminal protein kinase (JNK) activation and apoptosis (38). In
addition, we have previously reported that sorafenib induced JNK
activation in human leukemia cells (45). Therefore, the hypothe-
sis that TRAF2-ASK-JNK might play a role in the apoptotic
action of sorafenib was examined. To this end, U937 cells were

stably transfected with constructs coding for shRNA directed
against TRAF2 or JNK1/2. As shown in Fig. S4A and S4B in the
supplemental material, two clones exhibiting significant knock-
down of TRAF2 and JNK1/2 proteins were employed. While
cells in which TRAF?2 protein levels were substantially reduced
exhibited marked sensitivity to tumor necrosis factor alpha (5
ng/ml)-mediated cell death, they were equally sensitive to sor-
afenib compared to control GFP-shRNA cells (P > 0.05) (see
Fig. S4A in the supplemental material). Consistent with these
observations as well as previous findings indicating that the
pharmacologic JNK inhibitor SP600125 did not prevent Mcl-1
downregulation (45) or lethality (M. Rahmani et al., unpub-
lished data), knocking down JNK1/2 did not exert a significant
effect on the sensitivities of U937 cells to the lethal action of
sorafenib (P > 0.05) (see Fig. S4B in the supplemental mate-
rial). These findings argue against a major role for the TRAF2-
ASKI1-JNK1/2 axis in sorafenib-mediated cell death.
Exposure to sorafenib induces caspase-2 and caspase-4 pro-
cessing. Several recent studies have implicated caspase-2 and
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FIG. 8. Treatment with sorafenib results in caspase-2 and caspase-4 processing. (A) U937 cells were exposed to 10 uM sorafenib (Sor) for the
designated intervals or to 0.5 wM thapsigargin (Tg) or 0.5 wg/ml tunicamycin (Tn) for 16 h, after which protein lysates were prepared and subjected
to Western blot analysis to monitor the protein levels of procaspase-2 (procasp-2) and procaspase-4 (procasp-2) and their cleavage products
(c-casp-2 and c-casp-4, respectively). Note that high as well as low exposures of the blots were utilized to facilitate visualization of the decline in
expression of the procaspases and the appearance of their cleavage fragments. (B) Leukemia blasts were isolated from the peripheral blood of a
patient with AML (FAB classification M2) and exposed to the designated concentration of sorafenib (Sor) for 6 h, after which cells were lysed and
protein was subjected to Western blot analysis to monitor caspase-2 processing. The blot was reprobed with ERK1/2 antibodies to document
equivalent loading and transfer. (C) Jurkat cells were transiently transfected with siRNA directed against caspase-2 or negative-control (NC)
siRNA for 24 h. Cells were then exposed to 10 wM sorafenib or 1 wM thapsigargin (Tg) for an additional 24 h, after which cells were lysed and
protein lysates were subjected to Western blot analysis to monitor expression of caspase-2. Alternatively, the extent of apoptosis was determined
using an annexin V staining assay. Values represent the means for three separate experiments = standard deviations. *, significantly lower than
values for NC transfected cells (P < 0.02). (D) Two U937 clones (casp4-shRNA3 and casp4-shRNA22) in which caspase-4 was knocked down and
their control counterparts (GFP-shRNA) were monitored for expression of procaspase-4 by using Western blot analysis (upper). Alternatively, cells
were exposed to 10 uM sorafenib (Sor) or 0.5 uM thapsigargin (Tg) for 24 h, after which the extent of cell death was monitored using an annexin
V staining assay (lower). Values represent the means for three separate experiments * standard deviations. * and **, significantly lower than values
for GFP-shRNA cells (P < 0.02 and P < 0.01, respectively). C, control; Tub, antitubulin antibody.

caspase-4 activation in ER stress induction-mediated cell death
(8,9, 23). The issue of whether these caspases might be acti-
vated in response to sorafenib was therefore investigated. As
shown in Fig. 8A, both caspase-2 and caspase-4 were processed
in cells exposed to sorafenib for 8 to 16 h, analogous to re-
sponses of cells to thapsigargin or tunicamycin, a potent in-
ducer of ER stress. Similarly, dose-dependent cleavage of
caspase-2 was observed in primary AML blasts after 6 h of
treatment with sorafenib (Fig. 8B). To determine whether
caspase-2 and caspase-4 play a functional role in sorafenib-
mediated cell death, stable- and transient-transfection ap-
proaches were employed. To this end, Jurkat leukemia cells
were transiently transfected with siRNA directed against
caspase-2. Western blot analysis revealed that protein levels
of caspase-2 were substantially decreased in cells transfected
with caspase-2 siRNA compared to levels obtained with con-

trol siRNA (Fig. 8C). For caspase-4, U937 cells were stably
transfected with a construct encoding an shRNA directed
against caspase-4. As shown in Fig. 8D, two clones of U937
cells expressing marked decreases in caspase-4 levels were
employed. Notably, the extent of cell death induced by sor-
afenib was significantly reduced in cells in which caspase-2 or
caspase-4 was knocked down, analogous to results obtained
with thapsigargin (Fig. 8C or D, respectively). Together, these
findings suggest that caspase-2 and caspase-4 activation, an
event recently linked to the ER stress response (8, 9, 23),
contributes functionally to sorafenib-mediated cell death. They
also provide further support for the notion that sorafenib in-
duces cell death through an ER stress-dependent mechanism.

In our previous report, we showed that sorafenib induced a
marked cleavage of caspase-9 and caspase-3 in human leuke-
mia cells (45). To determine whether caspase-9 and caspase-3
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FIG. 9. Caspase-3 or caspase-9 knockdown modestly but significantly protects cells from sorafenib-mediated lethality. (A) Protein lysates were
prepared from two clones of U937 cells transfected with caspase-9 sShRNA (casp9-shRNA3 and casp9-shRNAS) and from GFP-shRNA-transfected
cells and subjected to Western blot analysis (upper). Alternatively, these cells were treated with 10 wM sorafenib (Sor) or 2.5 uM VP16 for 24 h,
after which the extent of apoptosis was determined using an annexin V staining assay (lower). (B) Protein lysates were prepared from two clones
of U937 cells transfected with caspase-3 shRNA (casp3-shRNA10 and casp3-shRNA11) and from GFP-shRNA-transfected cells and subjected to
Western blot analysis (upper). Alternatively, these cells were exposed to sorafenib (10 uM) and VP16 (2.5 pM) for 24 h and then subjected to an
annexin V staining assay (lower). (C and D) Casp4-shRNA3 (C), casp9-shRNAS (D), and GFP-shRNA cells were treated with sorafenib (10 pM)
for the designated intervals or with thapsigargin (Tg; 0.5 uM) for 16 h, after which protein lysates were prepared and subjected to Western blot
analysis. *, significantly less than values for controls (P < 0.05). C, control; Tub, antitubulin antibody.

contribute to sorafenib-mediated cell death, caspase-9 or
caspase-3 was stably knocked down in U937 cells by using cells
transfected with shRNA directed against these caspases, as
shown in Fig. 9A or B, respectively. Notably, knockdown of
caspase-3 or caspase-9, which resulted in marked resistance to
VP-16-mediated apoptosis, only modestly attenuated, albeit
significantly, sorafenib-mediated lethality (Fig. 9A and B) (P
was <0.05 for caspase-3 or caspase-9 knockdown versus con-
trol cells). In addition, the cleavage product of caspase-9 in
caspase-4 shRNA cells was substantially reduced compared to
that in control cells after treatment with sorafenib, similar to
results obtained with thapsigargin (Fig. 9C). In contrast,
knocking down caspase-9 had no effect on sorafenib-mediated
caspase-4 processing (Fig. 9D). These findings suggest that
caspase-9 activation lies downstream of caspase-4, supporting a
model in which the apical caspase activated by sorafenib is
caspase-4, leading in turn, at least in part, to caspase-9 and
caspase-3 activation and apoptosis.

Exposure to sorafenib results in cytosolic-calcium mobiliza-
tion independently of MEK1/2-ERK1/2 pathway inactivation.
Depletion of luminal ER calcium stores is believed to reflect

ER stress which, under certain circumstances, can promote
induction of the UPR (58, 66, 69). The question of whether
exposure to sorafenib resulted in intracellular-calcium modu-
lation was therefore examined. As shown in Fig. 10A, treat-
ment with sorafenib resulted in a rapid increase in cytosolic-
calcium levels (i.e., by 15 min) in U937 as well as in Jurkat cells.
Similar results were obtained with K562 cells (data not shown).
Furthermore, sorafenib had no effect on calcium mobilization
in U937 cells in which ER calcium stores were depleted by
pretreatment with thapsigargin for 90 min (Fig. 10B), suggest-
ing that the ER represents a source of calcium release follow-
ing exposure of cells to sorafenib. To determine whether the
protective effect of IREla or PERK against sorafenib-medi-
ated lethality involves attenuation of perturbations in calcium
homeostasis, calcium mobilization was investigated in cells ex-
pressing dominant-negative PERK or overexpressing IREla
(see Fig. S5 in the supplemental material). Notably, sorafenib-
mediated cytosolic-calcium mobilization was not significantly
increased in dominant-negative PERK cells, nor was it atten-
uated in IREla-overexpressing cells, suggesting that the cyto-
protective actions of IREla and PERK proceed through a



VoL. 27, 2007
A : —
£ — 15min| & — C
2 —_—— 1 h 2 — SOI’
g%- 1 Eg_
3 3
1 £
s1“‘ 10! ! 10° 10? en-u" 10! ' R g
FLIH FLIH
Fluo3 fluorescence Fluo3 fluorescence
s g
= m— Sor
i —
= e Tg+Sor
s
. 10! 10° 10° 109
FL1-H
Fluo3 fluorescence
C -DOX
8
; — c
o . SO
iz
7
8

02 ] T 2 ]
% e, T

Fluo3 fluorescence Fluo3 fluorescence

FIG. 10. Treatment with sorafenib results in a potent calcium mo-
bilization in leukemia cells. (A) U937 (left) and Jurkat (right) cells
were loaded with Fluo3-AM for 30 min, after which cells were exposed
to 10 uM sorafenib (Sor) for the designated intervals (U937) or 1 h
(Jurkat), after which cytosolic calcium was monitored by flow cytom-
etry as indicated in Materials and Methods. (B) U937 cells were loaded
with Fluo3-AM for 30 min and then pretreated with thapsigargin (Tg)
for 90 min, after which cells were exposed to 10 wM sorafenib for 1 h;
then, the intensity of the fluorescence was monitored by flow cytom-
etry. (C) Jurkat cells inducibly expressing constitutively active MEK1
were left untreated (left) or treated with 2 wg/ml doxycycline (DOX)
(right) for 24 h and then loaded with Fluo3-AM for 30 min and
exposed to 10 wM sorafenib (Sor) for an additional 1 h. The intensity
of the fluorescence was then monitored by flow cytometry. For each
experiment, the results of a representative study are shown; at least
two additional experiments yielded equivalent results. C, control.

100 10’

mechanism independent of calcium mobilization. Lastly, acti-
vation of the MEKI1/2-ERK1/2 pathway by doxycycline in
Jurkat cells inducibly expressing constitutively active MEK1
did not prevent an increase in cytoplasmic calcium (Fig. 10C),
demonstrating that this event is not related to MEKI1/2-
ERK1/2 inactivation.

Sorafenib induces the rapid and robust generation of ROS
through a calcium-dependent but MEK1/2-ERK1/2 signaling-
independent mechanism. Several lines of evidence indicate
that increased cytosolic-Ca>* concentrations can promote in-
creases in ROS production originating primarily in the mito-
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FIG. 11. Exposure to sorafenib results in a dramatic increase in
calcium-dependent ROS production. (A) U937 and Jurkat cells were
exposed to 10 M sorafenib (Sor) for the designated intervals, after
which ROS production was monitored as indicated in Materials and
Methods. Values represent the means for three separate experiments
performed in triplicate and are expressed as increases (n-fold) relative
to values for nontreated cells. (B) Jurkat cells inducibly expressing
constitutively active MEK1 were left untreated (left) or treated with 2
pg/ml doxycycline (DOX) (right) for 24 h and then exposed to 10 nM
sorafenib for an additional 1 h, after which ROS production was
monitored as indicated in Materials and Methods. (C) U937 (left) and
Jurkat (right) cells were treated with BAPTA-AM for 30 min before
exposure to 10 wM sorafenib (Sor) for 1 h, after which ROS produc-
tion was evaluated as described in Materials and Methods. C, control.

chondria (4). Although the precise mechanism underlying this
event is incompletely understood, this phenomenon is thought
to play an important role in the lethal effects of multiple che-
motherapeutic drugs (4). Consequently, the possibility that
exposure to sorafenib might increase ROS production was
investigated. As shown in Fig. 11A, time course studies re-
vealed that exposure to sorafenib resulted in a rapid and pro-
nounced increase in ROS production in U937 as well as Jurkat
cells. However, while pretreatment of U937 cells with the
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MnSOD2 mimetic Mn-TBAP in conjunction with PEG-cata-
lase significantly reduced sorafenib-mediated ROS production
(see Fig. S6A in the supplemental material), no attenuation of
cell death was observed (see Fig. S6B in the supplemental
material). Moreover, analogous to previous results, induction
of constitutively active MEK1 had no effect on sorafenib-me-
diated ROS production (Fig. 11B).

To establish the hierarchy between ROS production and
calcium mobilization, calcium was depleted by culturing cells in
the presence of the calcium chelator BAPTA-AM. Notably,
pretreatment with BAPTA-AM (3 wM) completely inhibited
sorafenib-mediated ROS production in U937 as well as Jurkat
cells (Fig. 11C), suggesting that calcium mobilization was re-
sponsible for ROS production. However, BAPTA-AM and
EGTA, neither of which prevents ER calcium store depletion,
failed to diminish sorafenib-mediated lethality (see Fig. S6C in
the supplemental material). These findings suggest, albeit in-
directly, that depletion of ER calcium stores, rather than an
increase in cytosolic Ca**, may contribute to or be responsible
for sorafenib-mediated lethality.

DISCUSSION

Sorafenib, originally developed as a specific C-Raf and B-
Raf inhibitor, is emerging as a promising targeted agent that
may possess significant antitumor activity in certain malignan-
cies (e.g., renal cell carcinoma) (1, 50, 51). In view of the
importance of Raf dysregulation in transformation, it was
tempting to speculate that sorafenib would kill transformed
cells by interrupting the MEK1/2-ERK1/2 pathway. However,
the functional role that MEK1/2-ERK1/2 inhibition plays in
sorafenib-mediated lethality has not yet been fully character-
ized. In this context, we recently reported that sorafenib in-
duces a striking increase in apoptosis in human leukemia cells
through a mechanism involving Mcl-1 translation inhibition
(45). Interestingly, Mcl-1 translation inhibition was indepen-
dent of MEK/ERK inactivation, leading us to hypothesize that
sorafenib may kill cells through a MEK1/2-ERK1/2-indepen-
dent mechanism. The findings described in this communication
demonstrate for the first time that sorafenib induces cell death
in human leukemia cells through a mechanism that primarily
involves induction of ER stress rather than inactivation of the
MEK1/2-ERK1/2 pathway.

Results of the [**S]methionine incorporation assay revealed
that sorafenib diminished general protein translation. One
plausible explanation for general protein translation inhibition
is induction of the UPR, an adaptive process that blocks pro-
tein translation and allows cells to compensate for protein
accumulation and misfolding in the ER (61, 63). Notably,
treatment with sorafenib resulted in a rapid increase in eIF2a
and PERK phosphorylation, GADD153 and GADD?34 accu-
mulation, and XBP1 splicing. These events represent proto-
typical markers of the ER stress-dependent UPR signaling
pathway (53, 63). Given the well-established role of elF2a
phosphorylation in protein translation inhibition (2, 53), it is
tempting to speculate that sorafenib-mediated protein synthe-
sis inhibition is mediated by eIF2a phosphorylation. However,
in view of recent evidence that sorafenib inhibits phosphory-
lation of the eIF4E translation initiation factor (45), the pos-
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sibility that this action also contributes to translation inhibition
cannot be excluded.

It is also noteworthy that in contrast to the classical ER
stress inducer thapsigargin, which is known to induce the an-
tiapoptotic ER chaperone molecules GRP78 and GRP9% in
most cell types, sorafenib did not upregulate these proteins.
Instead, sorafenib diminished the expression of GRP78 and
blocked thapsigargin-mediated GRP78 accumulation. The ob-
servation that the MEK1/2 inhibitor PD184352 exerted similar
actions suggests that these effects very likely represent the
consequence of Raf-MEK1/2-ERK1/2 inhibition by sorafenib.
Together, these data implicate, for the first time, MEK1/2
activation in GRP78 induction following ER stress. Further-
more, the finding that expression of the antiapoptotic GRP78
protein is diminished by sorafenib distinguishes the actions of
this compound from those of classical ER stress inducers such
as thapsigargin. It is tempting to speculate that disruption of
this putative cytoprotective response may be responsible for or
contribute to the lethal actions of sorafenib, at least in human
leukemia cells. However, it should be noted that enforced
activation of MEKI1 failed to confer resistance to sorafenib-
mediated apoptosis, suggesting that GRP78 inhibition is not
critical to sorafenib-mediated lethality. Alternatively, it is pos-
sible that sorafenib may disrupt additional pathways required
for GRP78 induction, and as a consequence, reestablishment
of MEK1/2 activation is insufficient for GRP78 induction. For
example, it is possible that p38 activity, which is known to be
inhibited by sorafenib (45), may also be required for GRP78
induction (49).

In addition to these factors, accumulation of GADD153 has
been shown to enhance apoptosis in response to ER stress in
various systems (18, 24). Unexpectedly, results from studies em-
ploying siRNA argue against a functional role for GADD153 in
sorafenib-mediated lethality. In this regard, results from a recent
report suggest a protective role for GADD153 in cell death me-
diated by fluoride, an agent that induces ER stress in the mouse
ameloblast-derived cell line LS8 as well as in MEF cells (29).
Finally, induction of constitutively active MEK1 failed to prevent
elF2a phosphorylation or GADD153 accumulation. Conversely,
inhibition of MEK1/2-ERK1/2 activation by the pharmacologic
MEK1/2 inhibitor U0126 was unable to increase eIF2a phosphor-
ylation. Collectively, these observations indicate that the ability of
sorafenib to trigger these components of the UPR is largely in-
dependent of effects on the Raf-MEK1/2-ERK1/2 cascade.

Results of studies employing siRNA or dominant-negative
PERK argue strongly that PERK activation plays a protective
role against sorafenib-mediated cell death. Notably, sorafenib-
mediated elF2a phosphorylation was substantially diminished
when PERK activity was specifically abrogated either by
siRNA or by a dominant-negative construct, an event associ-
ated with a significant increase in sorafenib-mediated lethality.
While these findings clearly implicate PERK in eIF2«a phos-
phorylation following exposure of cells to sorafenib, the other
elF2a kinases, GCN2, PKR, and HRI (2), did not appear to
play a major role in this phenomenon. The present findings are
also consistent with the results of previous studies demonstrat-
ing a role for PERK in elF2a phosphorylation in response to
certain ER stress inducers, including thapsigargin and tunica-
mycin (3, 20, 21), as well as evidence that abrogation of PERK
activation renders cells more susceptible to lethal actions of
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these agents (20). However, in contrast to its role in protein
translation inhibition, the role of eIF2a phosphorylation in cell
death regulation can be pleiotropic and may vary with the
nature of stress or cell type. For example, e[F2a phosphoryla-
tion has been shown to protect cells against ER stress inducers
such as thapsigargin and tunicamycin (20, 33, 55). In marked
contrast, Perkins and Barber (41) reported no effect of eIF2a
phosphorylation on cell death mediated by several proapop-
totic agents known to induce ER stress, including etoposide
and tumor necrosis factor alpha, among others. Furthermore,
following treatment with the proteasome inhibitor MG132,
elF2a phosphorylation has been shown to enhance apoptosis
in MEF cells (24). The present results suggest that an increase
in elF2a phosphorylation protects cells from sorafenib-medi-
ated apoptosis and are consistent with the notion that PERK
activation diminishes sorafenib-mediated lethality through an
elF2a-dependent process.

In addition to PERK, IRE1la and ATF6 represent two other
ER transmembrane proteins that serve as proximal sensors of
ER stress and mediate the UPR. In response to accumulation
of unfolded proteins in the ER, IREla undergoes activation
and initiates XBP1 mRNA splicing, resulting in the translation
of the transcriptionally active form of XBP1 (5, 65). In the
present studies, we found that treatment with sorafenib in-
duced a pronounced increase in IREla protein levels and
promoted XBP1 mRNA splicing in association with an in-
crease in the transcriptionally active form of the XBP1 protein.
In addition, the findings that knockdown of IREla or XBP1
markedly enhanced and overexpression of IREla significantly
attenuated sorafenib-mediated lethality indicate that activa-
tion of IRE1a/XBP1 plays a cytoprotective role against sor-
afenib-mediated apoptosis. In contrast, based on results of
shRNA transfection experiments, no major role for involve-
ment of TRAF2 or JNK1/2 in sorafenib-mediated lethality
could be documented. These findings are consistent with re-
sults of previous studies demonstrating that the pharmacologic
JNK inhibitor SP600125 did not prevent Mcl-1 downregulation
(45) or lethality (M. Rahmani et al., unpublished data). In this
regard, similar findings have been described in studies of Jur-
kat cells involving cephalostatin 1, a compound that acts
through the induction of ER stress (32). Finally, while the
present findings strongly suggest a cytoprotective role for
PERK and IREla against sorafenib-mediated lethality and
predict that disruption of PERK and IREla activity would
markedly enhance the antitumor activity of sorafenib, deter-
mination of the functional role of ATF6 in these events re-
quires further investigation.

Calcium mobilization represents a well-documented event in
the responses of cells to various stimuli and has been impli-
cated in the regulation of diverse cellular process (4). Eleva-
tion of cytosolic-calcium levels can occur through several dis-
parate mechanisms. Among these, depletion of ER calcium
stores represents a typical response of cells to ER stress induc-
ers (58). Notably, depletion of ER calcium, rather than in-
creases in cytosolic-calcium level per se (66), is believed to play
a critical role in apoptosis induction in response to ER stress.
In the present study, sorafenib rapidly induced an increase in
cytosolic-calcium levels through a MEK1/2-ERK1/2-indepen-
dent mechanism. This presumably reflected depletion of ER
stores, as sorafenib was unable to increase cytosolic-calcium
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levels in cells in which ER stores were already depleted by
thapsigargin. Although the precise mechanism by which sor-
afenib initiates calcium mobilization and the functional role
that resulting perturbations in calcium homeostasis play in
sorafenib-mediated cell death remain unclear, the possibility
that ER depletion of Ca®" triggers ER stress, which is known
to be a potent cell death signal (66), seems plausible. Further-
more, sorafenib induced a rapid, pronounced, and sustained
increase in calcium-dependent ROS production. In this con-
text, previous studies have implicated calcium mobilization in
ROS production in diverse systems (4). Moreover, the induc-
tion of oxidative injury, manifested by increased generation of
ROS, is known to be an effective inducer of apoptosis (16).
Consequently, the ability of sorafenib to induce a robust ROS
response argues for its involvement in the cell death process.
However, pretreatment of cells with the antioxidants MnTBAP
and PEG-catalase, while significantly reducing ROS produc-
tion, had no major effect on cell death. One possible explana-
tion for this finding is that while ROS production was reduced
by pretreatment with these antioxidants, it was not eliminated
and therefore remained above threshold levels sufficient to
induce cell death. An alternative possibility is that sorafenib
induces severe ER stress, a lethal process that operates up-
stream of ROS generation and whose consequences cannot be
prevented by antioxidants.

It is important to note that sorafenib induced caspase-2 and
caspase-4 processing, an event which plays an important role in
cell death mediated by several drugs known to induce ER
stress (9, 8, 23, 31, 64). It should be noted that Fribley et al.
reported that sSiRNA-mediated knockdown of caspase-2 failed
to protect human head and neck cancer cells from ER stress-
induced lethality mediated by the proteasome inhibitor bort-
ezomib (15). However, in agreement with the majority of pre-
vious reports linking caspase-2 and -4 activation to ER stress
induction, knockdown of caspase-2 or caspase-4 with siRNA or
shRNA, respectively, significantly reduced cell death induced
by sorafenib. These observations are similar to findings involv-
ing the ER stress inducer thapsigargin. Interestingly, knocking
down caspase-9 or caspase-3 by shRNA only modestly reduced
sorafenib-mediated apoptosis. It should be noted that results
of a recent study (40) indicated that the caspase inhibitor
z-VAD-fmk failed to afford significant protection to melanoma
cell lines against sorafenib-mediated lethality. Similar results
have been observed in U937 cells (M. Rahmani et al., unpub-
lished data). The relative lack of susceptibility of caspase-2 and
caspase-4 to inhibition by z-VAD-fmk (14), and the observa-
tion that knockdown of caspase-9 and caspase-3, which are
major substrates of z-VAD-fmk, exerted only modest effects on
sorafenib-mediated lethality, may account for the limited abil-
ity of this agent to protect cells from sorafenib-induced cell
death. Collectively, these data, along with the finding that
caspase-9 activation lies downstream of caspase-4, which is
believed to represent the apical caspase in ER stress induction
in human cells (23), provide further support for the notion that
sorafenib acts primarily through an ER stress-dependent mode
of cell killing.

In summary, the present findings indicate that at least in
human leukemia cells, sorafenib-mediated cell death proceeds
through an ER stress-dependent mechanism rather than
through inactivation of the MEK1/2-ERK1/2 cascade. In this



5512 RAHMANI ET AL.

regard, another novel class of agents, i.e., proteasome inhibi-
tors, has been found to exert their lethality, at least in part,
through induction of ER stress (15, 24, 36). However, while the
latter agents presumably trigger this response by blocking pro-
tein degradation, the precise mechanism(s) by which sorafenib
initiates ER stress is currently unclear. Nevertheless, the
present findings represent a potentially important step in un-
derstanding the mechanism of lethality of this agent and may
also provide a basis for developing other compounds that trig-
ger ER stress as an anticancer strategy. These findings may
also permit a more rational integration of sorafenib into com-
bination regimens for the treatment of leukemia and possibly
other malignancies.
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