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PS-341, also known as Velcade or Bortezomib, represents a new class of anticancer drugs which has been
shown to potently inhibit the growth and/or progression of human cancers, including head and neck squamous
cell carcinoma (HNSCC). Although it has been logically hypothesized that NF-kB is a major target of PS-341,
the underlying mechanism by which PS-341 inhibits tumor cell growth is unclear. Here we found that PS-341
potently activated the caspase cascade and induced apoptosis in human HNSCC cell lines. Although PS-341
could inhibit NF-kB activation, the inhibition of NF-kB was not sufficient to initiate apoptosis in HNSCC cells.
Using biochemical and microarray approaches, we found that proteasome inhibition by PS-341 induced
endoplasmic reticulum (ER) stress and reactive oxygen species (ROS) in HNSCC cells. The inhibition of ROS
significantly suppressed caspase activation and apoptosis induced by PS-341. Consistently, PS-341 could not
induce the ER stress-ROS in PS-341-resistant HNSCC cells. Taken together, our results suggest that in
addition to the abolishment of the prosurvival NF-kB, PS-341 might directly induce apoptosis by activating
proapoptotic ER stress-ROS signaling cascades in HNSCC cells, providing novel insights into the PS-341-

mediated antitumor activity.

PS-341, also known as Velcade or Bortezomib, represents a
new class of anticancer drugs which mainly inhibit 26S protea-
some activity (1, 2). The 26S proteasome is a large multisub-
unit protein complex found in the cytoplasms and nuclei of all
eukaryotic cells; its principle function is to degrade proteins via
the ubiquitin pathway (26). It is composed of a 20S core cyl-
inder, with tryptic and chymotryptic activity, and is capped at
each end by a 19S regulatory particle. In most cases, proteins
destined for proteasomal degradation are flagged on lysine
residues with polymeric chains of a small protein known as
ubiquitin (26). The ubiquitin chains are recognized by the 19S
cap. The 19S cap also contains enzymatic activities that remove
ubiquitin from the targeted proteins and chaperone-like activ-
ities that unfold the deubiquitinated substrates and feed them
into the internal chamber of the 20S core particle. The pepti-
dase activities (chymotryptic, tryptic, and postglutamyl hydro-
lyzing) then generate small peptides (1, 26). PS-341 is a small
dipeptidyl boronic acid derivative that binds reversibly to the
catalytic threonine and selectively blocks the chymotryptic ac-
tivity of the proteasome (1, 5). The ability of PS-341 to specif-
ically inhibit the 26S proteasome distinguishes it from other
proteasome inhibitors, such as the peptide aldehydes, like MG-
132, which also inhibit thiol proteases like cathepsin B and
calpains. Preclinical and clinical trials have found that PS-341
is a promising chemotherapeutic adjuvant which has antitumor
effects on several human cancers (7, 12, 13, 24, 33).

Most cytosolic and short-lived proteins, including many tran-
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scription factors, meet their demise at the 26S proteasome (1,
26). Therefore, it is not surprising that a myriad of cell re-
sponses and pathways are perturbed as a result of proteasome
inhibition. In vitro and in vivo studies have demonstrated that
the proteasome inhibitor inhibits tumor growth by inducing
apoptosis in several human cancers, including myeloma, pros-
tate cancer, and head and neck squamous cell carcinoma
(HNSCC) (12, 13, 22, 37, 38, 43). PS-341-induced apoptosis
was preceded by the mitochondrial release of cytochrome c,
SMAC, and apoptosis-inducing factor, and cleavage of
caspases has been demonstrated in cells undergoing PS-341-
induced apoptosis (13, 45).

Activation of the transcription factor nuclear factor kappa B
(NF-kB), a key survival factor, has been shown to be depen-
dent on the 26S proteasome (3, 8, 23, 26, 27). Because PS-341
specifically inhibits the 26S proteasome, NF-«B has been log-
ically considered to be a key target for PS-341-induced apo-
ptosis (1, 27). NF-kB is a transcription activator that controls
expression of genes associated with inflammation and cell pro-
liferation and survival (3, 8). Classical NF-«B is a heterodimer
composed of pS0 and p65/RelA, which is retained in the cyto-
plasm by the IkB group of inhibitory proteins. In response to
stressful stimuli, such as cancer chemotherapy, IkB is phos-
phorylated, ubiquitinated, and subsequently degraded by the
26S proteasome. IkB degradation results in the nuclear trans-
location of NF-kB and the activation of NF-kB-dependent
gene transcription (3, 8). Many studies have found that PS-341
potently sensitized myeloma cells and colorectal cancer cells to
DNA-damaging chemotherapeutic agents, such as doxorubicin
and melphalan, by inhibiting NF-«kB activation. These studies
have provided a framework for clinical use of PS-341 in com-
bination with conventional chemotherapy (12, 22, 37, 38, 43).
Recently, Sunwoo et al. (37) reported that PS-341 inhibited
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activation of NF-kB DNA binding and functional reporter
activity at physiological concentrations in HNSCC cells. Im-
portantly, they also found that PS-341 induced apoptosis in
these cells, suggesting that PS-341 may be used as a mono-
therapy for HNSCC.

HNSCC is the most common cancer of the head and neck
region (6, 31, 36). Approximately 30,000 Americans are diag-
nosed with cancers affecting the head and neck and the oral
cavity each year. While significant advances have been made in
surgery and radiotherapy for patients with HNSCC, the 5-year
survival rate is the lowest for any major cancer (6, 31, 36).
Therefore, there is an urgent need to develop innovative ther-
apies for HNSCC. To further understand the molecular mech-
anisms by which PS-341 induces apoptosis in HNSCC cells, we
systemically dissected the signaling pathways involved in PS-
341-mediated apoptosis by using biochemical and genetic ap-
proaches. We found that inhibition of the NF-«B antiapoptotic
pathway was not sufficient to induce apoptosis in HNSCC cells,
suggesting that PS-341 might directly activate proapoptotic
signaling pathways. Interestingly, using microarray analysis, we
found that a large number of genes associated with endoplas-
mic reticulum (ER) stress were rapidly induced following PS-
341 stimulation in HNSCC cells. Consistently, caspase 12, an
essential caspase in ER stress-mediated apoptosis (30), was
found to be activated by PS-341 stimulation in mouse embry-
onic fibroblasts (MEFs). Moreover, we found that reactive
oxygen species (ROS), which are frequently induced by ER
stress, played a critical role in PS-341-mediated apoptosis. The
inhibition of ROS significantly suppressed PS-341-induced
apoptosis in HNSCC as well as expression of ER stress-asso-
ciated proapoptotic genes. In support of the role of ER stress-
ROS in PS-341-induced apoptosis, we found that ER stress-
ROS were weakly induced in PS-341-resistant cells. These
findings provide novel insight into the molecular mechanisms
of PS-341-mediated apoptosis in HNSCC cells.

MATERIALS AND METHODS

Reagents and cell cultures. PS-341 was kindly provided by Millennium Phar-
maceuticals, Inc. (Cambridge, Mass.). Tiron was purchased from Sigma-Aldrich
(St. Louis, Mo.). H,DCFDA, Indo-1, and ionomycin were purchased from Mo-
lecular Probes (Eugene, Ore.). HNSCC cell lines were obtained from Thomas
Carey at the University of Michigan and were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and penicillin-
streptomycin from Invitrogen (Grand Island, N.Y.).

Western blot analysis. Cells (2 X 10°) were plated in 10-cm tissue culture
dishes the day before PS-341 or vehicle treatment. Cells were treated with PS-341
(0.05 to 0.5 wM) for various times. Whole-cell extracts were prepared in modified
radioimmunoprecipitation assay (RIPA) buffer containing phenylmethylsulfonyl
fluoride and protease inhibitors (Sigma-Aldrich). Fifty micrograms of lysates
were resolved on sodium dodecyl sulfate (SDS)-8 or 12% polyacrylamide gel
electrophoresis (PAGE) and transferred to a polyvinylidene difluoride mem-
brane with a Bio-Rad (Hercules, Calif.) semidry transfer apparatus. The mem-
branes were blotted with 5% milk overnight and probed with primary antibodies.
Antibodies were acquired from the following sources: phospho-PERK, caspase
9, and caspase 12 from Cell Signaling (Beverly, Mass.); ATF-4, GADD-34,
GADD-153/CHOP, GRP-78, and caspase 3 from Santa Cruz (Santa Cruz, Cal-
if.); and caspase 2 from BD PharMingen (San Diego, Calif.). After incubation
with horseradish peroxidase-conjugated secondary antibody, membranes were
visualized using an enhanced chemiluminescence reagent from Pierce (Rock-
ford, IlL.).

Northern blot analysis. Total RNAs were extracted from cells with the Trizol
reagent (Invitrogen) according to the manufacturer’s protocol. Five to ten mi-
crograms of total RNAs were resolved on 1.5% agarose formaldehyde gels and
transferred to nitrocellulose membranes overnight. The membranes were hybrid-
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ized with 3?P-labeled cDNA probes and exposed to autoradiographic film as
described previously (42). cDNA probes for human GRP-78 and ATF-4 were
prepared by using reverse transcription PCR with the specific primers (GRP-78
[forward, 5'-ATGTACGCCCTGCTGGGAGT-'3; reverse, 5'-CCATGTAGTT
GCGAAGCTCC-'3] and ATF-4 [forward, 5'-AGATGACCTTCTGACCACG-
'3; reverse, 5'-CACCCTTTACTTTTGCTGC-'3]). cDNA products were puri-
fied from agarose gels, subcloned into the pT-Easy vector from Promega
according to the manufacturer’s protocol, and confirmed by DNA sequencing.

Microarray. UMSCC-23 cells were treated with PS-341 for 0, 1, 4, and 8 h.
After treatment, cells were harvested, and total RNAs were extracted with Trizol
reagents according to the manufacturer’s protocol. To remove contaminated
genomic DNA, total RNAs were passed through an RNeasy column from QIA-
GEN (Valencia, Calif.). Ten micrograms of total RNAs were quantitatively
amplified and biotin labeled according to the manufacturer’s instructions.
Briefly, RNAs were converted to double-stranded cDNA, using SuperScript 1T
reverse transcriptase (Invitrogen) with an oligo(dT) primer that has a T7 RNA
polymerase site on the 5’ end. Then, the cDNAs were used in an in vitro
transcription reaction in the presence of biotin-modified ribonucleotides to pro-
duce large amounts of single-stranded RNA. The biotin-labeled RNAs were
fragmented. Hybridization to an Affymetrix (Santa Clara, Calif.) human U133
gene chip was performed at 45°C for 16 h in a mix that included 10 wg of
fragmented RNA, 6X SSPE (1xX SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and
1 mM EDTA [pH 7.7]), 0.005% Triton X-100, and 100 pg of herring sperm
DNA/ml in a total volume of 200 pl. Labeled bacterial RNAs were spiked into
the hybridization mix to generate an internal standard and to allow normaliza-
tion between chips. Chips were washed and stained with streptavidin R-phyco-
erythrin (Molecular Probes). The arrays were scanned with the GeneArray
scanner (Affymetrix). Signal intensity was calculated by using the one-step Tukey
biweight estimate. When computing change indices (n-fold), normalized inten-
sities less than 20 were replaced by 20 before forming ratios in order to avoid
spuriously large n-fold change values. We performed multivariate analyses to
compare gene expression using analysis of variance. Genes with g values less than
5% were considered to be significantly expressed (where the g value is the
multiple-comparisons equivalent of the normal P value). Because there were
only two samples per group, our estimate of the error of the mean might be
biased, resulting in a higher false-positive rate than expected. To account for this
possibility, we imposed an additional n-fold change criterion (at least twofold)
for significance.

Flow cytometry. Cells (2 X 10°) were plated in 10-cm tissue culture dishes the
day before treatment with PS-341 or vehicle. After treatment, plates were
washed once with phosphate-buffered saline (PBS) and cells were harvested with
1X trypsin-EDTA. Cells were subsequently washed again with PBS and then
resuspended in 1 ml of PBS. Cells were incubated with 2',7'-dichlorofluorescein
diacetate (H,DCFDA; 0.5 to 1.0 wM) in the dark at 37°C for 30 min. Cells were
then washed twice with PBS and analyzed at the University of Michigan Cancer
Center Flow Cytometry Core Facility.

DNA laddering. PS-341-treated cells were lysed and treated with 100 mg of
proteinase K/ml for 2 h at 50°C. DNA was extracted twice with phenol-chloro-
form mixed 1:1 and twice with chloroform alone. Precipitated DNA was washed
with 70% ethanol, and 20 to 30 wg of each sample was resolved on a 1.5%
agarose gel.

Pulse-chase *°S protein labeling. UMSCC-23 cells (10°) were plated the day
before treatment in 6-cm dishes. Cells were treated with PS-341, vehicle or
thapsigargin (TG) as a positive control. The cells were rinsed with PBS and
incubated with 33S-labeled cysteine and methionine in cysteine- and methionine-
free Dulbecco’s modified Eagle’s medium for 15 min at 37°C. Medium was then
removed, and the cells were rinsed with cold PBS. Cells were lysed with 200 pl
of RIPA. Ten-microgram aliquots of each sample were resolved on an SDS-10%
PAGE gel, dried, and exposed to radiographic film.

RESULTS

PS-341 activates caspase cascades and induces apoptosis in
HNSCC cells. To elucidate the molecular mechanism by which
PS-341 induced apoptosis, a panel of HNSCC cell lines, in-
cluding UMSCC-1, -9, -11B, -14A, and -23, was treated with
PS-341 for 0, 8, 16, or 24 h. Trypan blue exclusion assay found
that cell death was induced in these cells, with the exception of
UMSCC-14A, between 8 and 16 h following PS-341 stimula-
tion (Fig. 1A). A DNA fragmentation assay found that PS-341



VoL. 24, 2004

A 100

0 Control

e mPS-3418h
<7 S§PS-341 16 h [
P i mPS-341 24 h
® 8
g 50 .“ §
q \ \
= s | \ \
5 25| oo \ \
87| % \

N N

B UMSCC-1 UMSCC-23

|
Caspase-2

a-tubulin

INDUCTION OF APOPTOSIS IN HNSCC CELLS BY PS-341 9697

c hr

Pro-caspase-9
Caspase-9

a-tubulin

Pro-caspase-2

Caspase-2

Pro-caspase-3

Caspase-3

a-tubulin

Cell Death (%)
N 338 8 3

o

UMSCC-23/Mock UMSCC-23/SiCasp-2

FIG. 1. PS-341 induces caspase activation and apoptosis in HNSCC cells. (A) HNSCC cell lines UMSCC-1, -9, -11B, -14A, and -23 were treated
with PS-341 (0.5 uM) for 0, 8, 16, or 24 h. Cell viability was determined by trypan blue exclusion assay. The assays were performed with triplicate
samples, and the results are representative of three independent experiments. Error bars depict standard deviations. (B) UMSCC-1 and
UMSCC-23 cells were treated with PS-341 for 0, 16 or 24 h. The detached and attached cells were collected, and genomic DNA was extracted with
phenol-chloroform. Genomic DNA was separated on a 1.2% agarose gel. (C) UMSCC-23 cells were treated with PS-341 for 0, 8, 16 or 24 h. The
whole-cell extracts were prepared with RIPA buffer, and 50-pg aliquots of protein extracts were resolved on a SDS-12% PAGE. The membrane
was probed with antibodies against caspases 9, 2, and 3 (1:500). For loading control, the membrane was stripped and reprobed with anti-a-tubulin
monoclonal antibodies (1:5,000). (D) UMSCC-23 cells were transfected with caspase 2 siRNA (SiCasp-2), using oligofectamine. Twenty-four hours
after transfection, cells were harvested and probed with monoclonal antibodies against caspase 2. For loading control, the membrane was stripped
and reprobed with a-tubulin. (E) UMSCC-23/SiCasp-2 cells and control cells were treated with PS-341 for the indicated times, and cell death was

determined.

induced DNA laddering in HNSCC cells, signifying an apopto-
tic mechanism (Fig. 1B). Western blot analysis revealed that
PS-341 sequentially induced the processing of caspases 9, 2,
and 3, suggesting that caspase 9 might be an initiating caspase
in HNSCC cells (Fig. 1C). While caspase 9 is considered an
initiating caspase for chemotherapeutic drug-mediated apo-
ptosis, recent studies have suggested that caspase 2 may be the
apical caspase in chemotherapy-mediated apoptosis (18). To
explore the role of caspase 2 in PS-341-mediated apoptosis, we
utilized a small interfering RNA (siRNA) strategy to knock
down caspase 2 expression as described previously (18). We
found that the deletion of caspase 2 did not provide protection
against cell death induced by PS-341 (Fig. 1D and E), indicat-
ing that caspase 2 was dispensable for PS-341-mediated apo-
ptosis.

The inhibition of NF-kB by PS-341 is not sufficient to induce
apoptosis in HNSCC cells. NF-kB has been found to be con-
stitutively activated in several human cancer cell lines; the

inhibition of NF-kB by biochemical and chemical inhibitors
induced apoptosis in these cells. Due to its potent inhibition of
NF-kB, PS-341 has been proposed to induce apoptosis in
HNSCC cells by inhibiting NF-kB. Since UMSCC-14A cells
were very resistant to PS-341-induced apoptosis (Fig. 1A), it
was possible that PS-341 failed to inhibit NF-kB in these cells.
To rule out this possibility, we utilized a biological NF-«xB
inhibitor, SR-IkBa. SR-IkBa is a dominant-negative mutant of
IkBa in which serines 32 and 36 are mutated to alanines so that
it cannot be phosphorylated and degraded by a variety of
stimuli (39, 40, 43). Overexpression of SR-IkBa has been
shown to specifically inhibit NF-kB activation induced by a
variety of stimuli. As shown in Fig. 2A, we were able to obtain
UMSCC-14A cells stably expressing SR-IkBa. UMSCC-14A
cells expressing SR-IkBa were sensitive to tumor necrosis fac-
tor (TNF) killing compared with control cells, validating that
SR-IkBa functioned in the inhibition of NF-kB in these cells
(Fig. 2B). These results suggested that the inability of PS-341
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FIG. 2. The inhibition of NF-kB is not sufficient to induce apoptosis in HNSCC cells. (A) UMSCC-14A cells were transduced with retroviruses
expressing SR-IkBa (UMSCC-14A/SR-IkBa) or control vector (UMSCC-14A/V) and selected with neomycin (600 wg/ml) for 1 week. Cells
expressing SR-IkBa were confirmed with monoclonal antibodies against the Flag epitope (1:1,000) by Western blot analysis. For loading control,
the membrane was stripped and reprobed with monoclonal antibodies against a-tubulin. (B) Both UMSCC-14A/SR-1kBa cells (SCC-14A/SR-
IkBa) and control cells (SCC-14A/V) were treated with TNF (20 ng/ml) for 0, 16 or 24 h. Cell viability was determined with a trypan blue exclusion
assay. (C) Cells were treated with PS-341 for 0, 16, or 24 h. Cell viability was determined with a trypan blue exclusion assay. The assay was
performed in triplicate, and the results represent average values from three independent experiments.

to induce apoptosis in UMSCC-14A cells was not due to a
failure of NF-kB inhibition. Moreover, like their parental cells,
both UMSCC-14A cells expressing SR-IkBa and control cells
were also resistant to PS-341-induced apoptosis (Fig. 2C). In
contrast to UMSCC-14A cells, UMSCC-1 cells were sensitive
to PS-341-induced apoptosis. We were previously able to es-
tablish SR-IkBa-expressing UMSCC-1 cells in which the inhi-
bition of NF-kB also did not induce apoptosis in these cells
(47). Since PS-341 strongly induced apoptosis in UMSCC-1
cells, it was likely that PS-341 predominantly modulated other
apoptotic signaling pathways to induce apoptosis in these cells.
Moreover, unlike the case with UMSCC-14A cells, PS-341
potently induced apoptosis in both UMSCC-1 cells expressing
SR-IkBa (UMSCC-1/SR-IkBa) and control cells (UMSCC1/V)
(Fig. 2C). Additionally, we found that the inhibition of NF-kB
by the adenovirus-mediated delivery of SR-IkBa alone did not
induce apoptosis in several HNSCC cell lines (3, 47). Taken
together, these results suggest that the inhibition of NF-«B
alone could not provide an explanation for PS-341-mediated
apoptosis in HNSCC cells. PS-341 might trigger apoptosis in
HNSCC cells by directly modulating other proapoptotic or
antiapoptotic pathways.

PS-341-induced apoptosis is involved in ER stress. To fur-
ther understand how PS-341 induced apoptosis in HNSCC

cells, UMSCC-23 cells were treated with PS-341 or vehicle
control for short time periods and microarray analysis was
performed with Affymetrix U133A gene chips to compare ex-
pression profiles. According to our statistical analysis, as shown
in Table 1, 24 genes were significantly induced 4 h after PS-341
stimulation. The majority of PS-341-induced genes in UM-
SCC-23 cells encoded heat shock proteins, ribosomal proteins,
and growth arrest and DNA-damage-inducible genes, which
likely reflected a stress response (5, 29). Some of these genes
were also previously identified in human multiple myeloma
cells following PS-341 stimulation (29). However, unlike the
case with myeloma cells, we did not find that PS-341 induced
genes associated with the death receptor signaling pathways,
suggesting that death receptor signaling might not be involved
in PS-341-induced apoptosis in HNSCC cells. Interestingly,
microarray analysis also found that heme oxygenase 1, a reg-
ulator of reactive oxygen species, and HERP, a membrane
protein induced by ER stress (17, 32, 34), were also signifi-
cantly induced by PS-341.

Proteins destined for the lysosome or plasma membrane and
those to be secreted from the cell, approximately one-third of
all cellular proteins, are posttranslationally processed in the
lumen of the ER-Golgi complex (15, 17, 32, 46, 48). In the
ER-Golgi complex, native proteins are glycosylated, disulfide
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TABLE 1. Identification of PS-341-induced genes by microarray analysis

q

idenct}i?igztion Product clll:srllde value
& (%)

NM_002155 Heat shock 70-kDa protein 6 (HSP70B’) 43.4 1.1
X51757 Heat shock 70-kDa protein 6 (HSP70B’) 16 1.1
NM_005346 Heat shock 70-kDa protein 1B 8.7 1.1
AF043337.1 Interleukin 8 7 1.1
NM_002133 Heme oxygenase (decycling) 1 6.7 1.1
BG537355 Dnal (Hsp40) homolog, subfamily B, member 1 6.2 1.1
NM_004281 BCL2-associated athanogene 3 (BAG3) 6.2 1.1
NM_006145 Dnal (Hsp40) homolog, subfamily B, member 1 5.4 3.9
NM_014856 KIAA0476 gene product 4.4 1.1
BF680255 Ribosomal protein S11 3.7 1.1
AI435828 Stanniocalcin 2 3.0 3.8
NM_024111 Hypothetical protein MGC4504 2.8 1.1
BC000023.1 Ribosomal protein S19 2.6 1.1
NM_001511 Chemokine (C-X-C motif) ligand 1 2.3 3.8
NM_014330 Protein phosphatase 1, regulatory subunit 15A 2.3 3.8
U83981 Protein phosphatase 1, regulatory subunit 15A 22 1.1
AF217990.1 Homocysteine-inducible, ER stress-inducible, Ubiquitin-like domain member 1 (HERP) 22 3.8
BE737027 Ribosomal protein L27a 2.1 1.1
NM_015675 Growth arrest and DNA-damage-inducible, beta 2.1 1.1
AA320764 ESTs, highly similar to S55918 ribosomal protein S10 2.1 1.1
AF087853.1 Growth arrest and DNA-damage-inducible, beta 2.0 1.1

bond formation is carefully directed, and proteins are folded
into their proper three-dimensional tertiary structures. Pro-
teins that are unable to fold properly in the ER are ubiquiti-
nated and degraded by the 26S proteasome (17, 32). There-
fore, the inhibition of the 26S proteasome by PS-341 may
increase the accumulation of misfolded proteins, resulting in
the ER stress. A series of poorly understood transcription and
translation events lead to a small fraction, perhaps 5%, of the
genome being expressed to assist in the recovery of the cell (17,
32). Comparison of our data to the gene expression profiles of
ER stress (11) led us to the hypothesis that ER stress might
play a significant role in PS-341-induced apoptosis in HNSCC
cells. As shown in Fig. 3A, treatment of HNSCC cells with
PS-341 strongly induced the phosphorylation of the ER mem-
brane-resident stress kinase PERK, a hallmark of ER stress
(17, 32, 35). To further confirm our microarray results and ER
stress responses, both Northern blot and Western blot analyses
were performed to examine expression of the ER stress-asso-
ciated genes. As shown in Fig. 3A and C, both Western blot
and Northern blot analyses demonstrated that the ER stress-
dependent ATF-4 expression was induced by PS-341 in UM-
SCC-23 cells. Western blot analysis demonstrated that the ER
stress-induced proteins GRP-78 (Bip) and GADD-34 were
up-regulated by PS-341 in a dose-dependent manner in UM-
SCC-23 cells. Moreover, as shown in Fig. 3D, PS-341 also
induced the phosphorylation of PERK in UMSCC-1 cells. The
kinetics of ATF-4 expression in UMSCC-1 was nearly indistin-
guishable from that in UMSCC-23 cells following PS-341 stim-
ulation.

In general, when a cell experiences ER stress, the response
is characterized by a rapid inhibition of general protein syn-
thesis to allow the cell to redistribute resources to facilitate
recovery. Prolonged stress and the failure of the cell machinery
to resume normal translation and protein folding at the ER
result in apoptosis (16, 17, 19, 28, 32, 34). Thus, we were
interested in whether PS-341 inhibited protein synthesis, a

hallmark of ER stress. As shown in Fig. 3E, pulse-chase ex-
periments with *°S labeling indicated that PS-341 potently in-
hibited general protein synthesis in UMSCC-23 cells. Within
1 h of PS-341 treatment, we observed general protein synthesis
to be reduced. This effect persisted through 6 h, at which point
the level of inhibition was similar to that observed with thap-
sigargin, a well-characterized and potent inducer of ER stress
(45).

Since it is known that DNA-damaging agents can induce the
expression of ATF-4 and GADD-34, we further performed
experiments to compare the activation of PERK and the in-
duction of ATF-4 and GADD-34 in UMSCC-23 cells mediated
by PS-341 with camptothecin (CPT), a DNA-damaging agent.
As shown in Fig. 4A, CPT stimulation did not induce the
phosphorylation of PERK and ATF-4 expression and weakly
induced GADD-34 expression, suggesting that the induction of
ATF-4 and GADD-34 by PS-341 was mediated by ER stress in
UMSCC-23 cells. Moreover, since UMSCC-14A cells were
resistant to PS-341, we also examined whether PS-341 induced
ER stress in these cells. As shown in Fig. 4A and B, PS-341
very weakly induced the phosphorylation of PERK in UM-
SCC-14A cells and the expression of ATF-4 and GADD-34.
Taken together, these results strongly suggested that ER stress
was involved in PS-341-induced apoptosis in HNSCC cells.

Excellent studies by Nakagawa et al. (30) have found that
caspase 12 is specifically activated during ER stress-mediated
apoptosis and that deletion of caspase 12 abolished ER stress-
mediated apoptosis in vitro and in vivo. Since caspase 12 could
not be detected in HNSCC cells, to confirm that PS-341-in-
duced apoptosis was mediated by the ER stress, we utilized
MEFs which expressed caspase 12 to determine whether PS-
341 induced caspase 12 activation. As shown in Fig. 5A, cleav-
age of procaspase 12 in MEFs was observed within 8 h of
exposure to PS-341. Procaspase 12 was fully processed by 24 h,
at a time point when cells were approximately 85% dead (data
not shown). Consistently, procaspase 3 also was processed af-
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FIG. 3. PS-341 induces ER stress in HNSCC cells. (A and B) UMSCC-23 cells were treated with PS-341 for the indicated time periods and
concentrations. Whole-cell extracts were prepared, and 50-p.g aliquots of proteins were probed with polyclonal antibodies against phospho-PERK,
ATF-4, GRP-78, and GADD-34. For loading control, the membranes were stripped and reprobed with monoclonal antibodies against a-tubulin.
(C) UMSCC-23 cells were treated with PS-341 and thapsigargin (TG) for the indicated time periods. The total RNAs were extracted, and 10-pg
aliquots of RNAs were resolved on 1.5% agarose formaldehyde gels. The membrane was probed with **P-labeled ATF cDNA probes. For loading
control, the membrane was stripped and reprobed with *?P-labeled glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe. (D) UMSCC-1
cells were treated with PS-341 for the indicated time periods, and Western blot analysis was performed as described in (A). (E) UMSCC-23 cells
were treated with PS-341 or TG as a positive control for the indicated time periods. Cells were labeled with **S for 15 min. Ten micrograms of
358-labeled proteins were resolved by SDS-10% PAGE and exposed to autoradiographic film. C, vehicle control; PI, PS-341; Tg, TG.

ter PS-341 treatment. Similarly, as shown in Fig. 5B, PS-341
induced the phosphorylation of PERK. Western blot analysis
demonstrated that PS-341 induced the expression of the ER
stress-dependent ATF-4 and CHOP/GADD-153 proteins. The
accumulation of ATF-4, CHOP/GADD-153, and GRP-78
mRNA was also observed after PS-341 stimulation, as detected
by Northern blot analysis (Fig. 5C, D, and E).
PS-341-induced apoptosis in HNSCC cells is associated
with the induction of ROS. As described above, we have found
that PS-341 induced heme oxygenase 1 by microarray analysis.
Although heme oxygenase 1 has an antioxidant function, many
studies have reported that the induction of heme oxygenase 1
is mediated by ROS, which may serve as a feedback mecha-
nism to balance the intracellular level of ROS (9, 34). Addi-
tionally, it is well known that ER stress induces ROS (17, 32).
Therefore, we were interested to know whether ROS played a
critical role in PS-341-mediated apoptosis in HNSCC cells.
First, we sought to determine whether PS-341 induced ROS in
HNSCC cells, using fluorescence-activated cell sorting (FACS)
analysis with a cell-permeable dye, H,DCFDA. In the pres-

ence of ROS, H2DCFDA is specifically cleaved to emit light at
a fluorescent wavelength (44). As shown in Fig. 6A, ROS were
significantly induced in HNSCC cells following PS-341 treat-
ment. Also, PS-341 strongly induced ROS in MEFs (Fig. 6B).
Interestingly, PS-341 could not induce ROS in UMSCC-14A
cells, which were resistant to killing, suggesting that the induc-
tion of ROS might be associated with cell sensitivity (Fig. 6C).

To determine whether ROS played a role in PS-341-induced
apoptosis, the cell-permeable superoxide scavenger Tiron was
utilized. As shown in Fig. 7A, Tiron significantly suppressed
PS-341-mediated cell killing in HNSCC cells. FACS analysis
also confirmed that Tiron significantly inhibited PS-341-in-
duced ROS in HNSCC cells (Fig. 7B). In contrast, the nitric
oxide synthase mRNA inhibitor pyrrolidine dithiocarbamate,
also an antioxidant, did not protect cells from death (data not
shown), suggesting an important role for superoxide radicals in
PS-341-induced cell death. Consistent with the attenuation of
cell death, Tiron greatly delayed the cleavage of procaspases 9
and 3 in HNSCC cells (Fig. 7C). Moreover, we examined the
ability of the antioxidant to modulate the accumulation of the
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PS-341 PS-341 CPT
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P-PERK
a-tubulin

UMSCC-14A UMSCC-23
B PS-341 CPT

ATF-4

GADD-34

a-tubulin

FIG. 4. The DNA-damaging agent CPT does not induce ER stress in HNSCC cells. (A) UMSCC-23 or UMSCC-14A cells were treated with
CPT (10 nM) or PS-341 for the indicated time periods. The phosphorylation of PERK was detected by Western blot analysis as described in the
legend to Fig. 3A. (B) Cells were treated with PS-341 or CPT for the indicated time periods. The expression of ATF-4 and GADD-34 was examined
by Western blot analysis as described in the legend to Fig. 3A.

A hr 0 8 16 24 C hr

Pro-caspase-12

ATF-4
Pro-caspase-3
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a-tubulin @
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PhOSphO—F’ERK GAPDH
ATF4 E
GRP-78
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FIG. 5. PS-341 induces ER stress and activates caspase 12 in MEFs. (A) MEFs were treated with PS-341 for the indicated time periods, and
the whole-cell extracts were prepared. Fifty-microgram aliquots of proteins were probed with polyclonal antibodies against caspase 12 and caspase
3. For loading control, the membrane was stripped and reprobed with monoclonal antibodies against a-tubulin. (B) MEFs were treated with PS-341
for the indicated time periods, and the whole-cell extracts were prepared. Fifty-microgram aliquots of proteins were probed with polyclonal
antibodies against ATF-4 and CHOP. For loading control, the membrane was stripped and reprobed with monoclonal antibodies against a-tubulin.
(C, D, and E) MEFs were treated with PS-341 for the indicated time periods, and the total RNAs were extracted with Trizol. Ten-microgram
aliquots of total RNAs were probed with 3?P-labeled ATF, CHOP, and GRP-78 ¢cDNA probes. For loading control, the membranes were stripped
and reprobed with *?P-labeled glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA probes.
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FIG. 6. PS-341 induces the production of reactive oxygen species in HNSCC cells and MEFs. (A, B, and C) UMSCC-23 cells, MEFs, and
UMSCC-14A cells were treated with PS-341 or vehicle control for 4 h, respectively. After treatment, cells were harvested and incubated with the
cell-permeable dye H,DCFDA. The reaction was analyzed by FACS.

proapoptotic factors ATF-4 and CHOP/GADD-153. Unex- duced by ER stress, played an important role in PS-341-in-
pectedly, the addition of Tiron also abrogated the accumula- duced apoptosis in HNSCC cells.

tion of ATF-4 and/or CHOP in HNSCC cells and MEFs fol-

lowing PS-341 stimulation (Fig. 7D), suggesting that ROS DISCUSSION
might play a role in ER stress-mediated gene expression. In this study we have shown that a new chemotherapeutic
Taken together, these data suggested that ROS, probably in- drug, the proteasome inhibitor PS-341, induced the caspase
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FIG. 7. The ROS inhibitor Tiron inhibits PS-341-mediated apoptosis and gene expression. (A) UMSCC-23 cells were pretreated with or
without Tiron for 30 min and then treated with PS-341 for 24 h. Cell viability was determined with a trypan blue exclusion assay. The assay was
performed in triplicate, and results represent the average values from three independent experiments. (B) UMSCC-23 cells were pretreated with
or without Tiron for 30 min and then treated with PS-341 for 24 h. After treatment, cells were harvested and incubated with the cell-permeable
dye H,DCFDA. The reaction was analyzed by FACS. (C) UMSCC-23 cells were pretreated with or without Tiron for 30 min and then treated with
PS-341 for the indicated time periods. The whole-cell proteins were probed with polyclonal antibodies against caspases 9 and 3. For loading control,
the membrane was stripped and reprobed with monoclonal antibodies against a-tubulin. (D) UMSCC-23 cells or MEFs were treated with PS-341
with or without Tiron for the indicated time periods, and whole-cell extracts were prepared. Fifty-microgram aliquots were resolved on SDS-8%
PAGE and probed with polyclonal antibodies for ATF-4 and CHOP.
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cascade and apoptosis in human HNSCC cells. Although PS-
341 could potently inhibit NF-kB activity, it was unlikely that
PS-341-induced apoptosis was fully mediated by inactivation of
NF-kB in HNSCC cells. Our results demonstrate for the first
time that ER stress and the generation of ROS played a critical
role in PS-341-induced apoptosis in HNSCC cells. In preclin-
ical and clinical trials, PS-341, in combination with several
chemotherapeutic drugs, has displayed strong antitumor activ-
ities against multiple cancers (1). Based on our results, it is
likely that the antitumor activity of PS-341 is mediated not only
by inhibition of the prosurvival NF-kB pathway but also by
activation of the proapoptotic ER stress-ROS cascade. These
novel findings have important implications for improving the
efficacy of chemotherapy of head and neck cancer and for
developing new chemotherapeutic drugs.

Our gene array analyses indicated that a group of stress-
related genes was rapidly induced by PS-341 stimulation in
HNSCC cells that was similar to the gene expression profile
induced by ER stress. Consistently, we found that PS-341 ac-
tivated the ER membrane resident stress kinase PERK. More-
over, coupled with the phosphorylation of PERK, increases in
steady-state levels of the ER protein folding chaperone
GRP-78 and the proapoptotic proteins ATF-4 and CHOP and
a simultaneous decrease in general protein synthesis strongly
indicate that the induction of ER stress might be involved in
PS-341-mediated apoptosis. However, currently, it is not clear
which caspase is directly activated by ER stress in HNSCC
cells. Caspase 12 has been identified in ER and is considered
to be specifically activated in response to ER stress. Using
knockout mice, Nakagawa et al. (30) found that caspase 12
played an essential role in ER stress-mediated apoptosis.
HNSCC cells, like most other human cancer cells, did not
express caspase 12 (4), so we could not use the HNSCC model
system to demonstrate that PS-341-mediated ER stress directly
activated apoptosis. As a complementary experiment, we dem-
onstrated that caspase 12 was activated in MEFs following
PS-341 stimulation, supporting the notion that ER stress
played a critical role in PS-341-mediated caspase activation
and apoptosis. In the future, it will be interesting to identify the
key caspase associated with the ER stress in HNSCC cells.

Upon PS-341 stimulation, caspases 9, 2, and 3 were activated
in HNSCC cells. Although caspase 9 is considered an initiating
caspase in the intrinsic apoptotic pathway (20), recent studies
by Lassus et al. (18) have demonstrated that caspase 2 may be
involved in activation of Bax/Bak and caspase 9. However,
using the siRNA strategy to deplete caspase 2, we found that
caspase 2 was dispensable from PS-341-mediated apoptosis.
The activation of caspase 9 is dependent on mitochondrial
damage and cytochrome c release (9, 10). According to our
biochemical and functional analyses, PS-341-induced ROS
were likely to play a critical role in caspase 9 activation through
mitochondrial damage in PS-341-mediated apoptosis. Consis-
tently, we found that the inhibition of ROS abolished PS-341-
mediated caspase 9 activation. Caspase 9 was not activated in
PS-341-resistant cells in which ROS were not generated upon
stimulation. Interestingly, we also found that the inhibition of
ROS also abolished the expression of ATF-4 and CHOP/
GADD-153, suggesting that ROS may play a role in ER stress-
dependent gene expression.

The transcription factor NF-kB has been found to be in-
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volved in cancer therapy resistance (14, 21, 25, 39, 40). Several
antiapoptotic genes, including those encoding Bcl-2 family pro-
teins, inhibitors of apoptosis (c-IAPs), and A-20, have been
found to be transcriptionally regulated by NF-«kB (27, 41, 42).
Previously, members of our group and others demonstrated
that several chemotherapeutic agents activated NF-kB and
that PS-341 synergized with chemotherapeutic drugs to inhibit
tumor cell growth in vitro and in vivo (24, 33, 43). Given the
fact that PS-341 potently inhibited NF-«kB activation induced
by multiple stimuli, including chemotherapeutic drugs, it was
logical to propose that PS-341 enhanced chemotherapeutic
drug-mediated apoptosis by inhibiting NF-kB. Because PS-341
treatment alone potently induced apoptosis in HNSCC cells
(37), it raised the possibility that PS-341 may be used as a
monotherapy for HNSCC. In order to provide a molecular
basis for this hypothesis, we systemically explored how PS-341
induced apoptosis in HNSCC cells. Although NF-kB is abnor-
mally activated in HNSCC cells, we found that the inhibition of
NF-kB by the biological inhibitor SR-IkBa did not induce
apoptosis in HNSCC cells. It suggests that NF-kB was not
essential for survival of HNSCC cells. In other words, the
inhibition of NF-kB by PS-341 was not sufficient to induce
apoptosis in HNSCC cells. Moreover, due to the functional
redundancy between SR-IkBa and PS-341 in NF-«kB inhibi-
tion, we found that the inhibition of NF-kB by SR-IkBa also
did not significantly potentiate PS-341-mediated apoptosis.
However, it should be mentioned that NF-kB has been found
to be essential for cell survival for several other human cancer
cell lines. Our results did not implicate that the induction of
apoptosis in those cells by PS-341 was independent of the
inhibition of NF-kB. Nevertheless, we found that in addition to
the inhibition of prosurvival NF-kB, PS-341 activated the pro-
apoptotic ER stress-ROS pathway to induce apoptosis in
HNSCC cells. In regard to the synergistic antitumor effects
between PS-341 and chemotherapeutic drugs, our findings pre-
sented here suggest that in addition to targeting NF-«kB, PS-
341 may enhance the efficacy of chemotherapeutic drugs
through the activation of the proapoptotic ER stress-ROS
pathway.
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