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Proteasome inhibitors are used against human can-
cer, but their mechanisms of action are not entirely
understood. For example, the role of the tumor sup-
pressor p53 is controversial. We reevaluated the role
of p53 in proteasome inhibitor-induced apoptosis by
using isogenic human cancer cell lines with different
p53 status. We found that well-known proteasome
inhibitors such as MG132 and bortezomib, as well as
the recently discovered proteasome inhibitor thio-
strepton, induced p53-independent apoptosis in
human cancer cell lines that correlated with p53-
independent induction of proapoptotic Noxa but
not Puma protein. In addition, these drugs inhib-
ited growth of several cancer cell lines indepen-
dently of p53 status. Notably, thiostrepton induced
more potent apoptosis in HepG2 cells with p53
knockdown than in parental cells with wild-type
p53. Our data confirm that proteasome inhibitors
generally induce p53-independent apoptosis in hu-
man cancer cells. (4m J Pathol 2011, 178:355-360; DOI:
10.1016/j.ajpath.2010.11.010)

The proteasome is a multiple-subunit protease com-
plex that targets ubiquitin-tagged proteins for degra-
dation in an ATP-dependent manner. The 20S catalytic
proteasome subunit binds to 19S regulatory particles
and facilitates the formation of 26S and 30S protea-
somes, which recognize and eliminate ubiquitinated
proteins.” Recent progress in the understanding of
proteasome function led to the development of protea-
some inhibitors as anticancer drugs. Bortezomib (Vel-
cade) was the first proteasome inhibitor approved for
the treatment of human cancer (multiple myeloma) in
2003, with probable benefits against other types of
cancer.? Recently, we determined that the thiazole an-
tibiotic thiostrepton, which can induce apoptosis in
human cancer cells,® acts as a proteasome inhibitor

(P1).* The mechanisms of proapoptotic activity of Pls in
cancer cells are not well understood, and it is not clear
why these drugs selectively kill tumor cells but not
normal cells.

p53 is a major tumor suppressor protein that is altered
by point mutations in 50% of human cancers, and p53-
related pathways are inactivated in the remainder.® p53
acts as a transcription factor and it executes its tumor
suppressor activity mainly via the positive transcriptional
regulation of its target genes, such as p21 or Puma,
resulting in growth arrest or apoptosis in a context-de-
pendent manner.® p53 may also induce programmed cell
death directly after rapid translocation to the cytosol or
mitochondria.® In addition, p53 negatively regulates a
number of transcription factors, such as, FoxM1,” c-Myc®
or FoxQO3° or other genes, such as Pk1'° by various
mechanisms.

Although p53 expression is strongly induced after
treatment of wild-type (wt) p53 cancer cells with Pls,
there are opposing views about the role of p53 in
Pl-induced apoptosis. Some authors suggest that cell
death induced by Pls is p53-dependent.’''® Others,
however, point to the p53-independent mechanism of
Pl-induced apoptosis.'”2° Moreover, it has been
shown that one of the p53 targets, Noxa, is induced by
proteasome inhibitors in human tumor cells by a p53-
independent mechanism?' and is responsible for ap-
optosis in these cells.’® In the present study, we revis-
ited and reevaluated the role of p53 in Pl-induced
apoptosis by using isogenic human cancer cell lines
that differ only in their p53 status (with wt and inacti-
vated p53).222% We found that Pls, MG132, bort-
ezomib, and thiostrepton induce p53-independent ex-
pression of proapoptotic Noxa and p53-independent
apoptosis in human cancer cells of different origin.
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Materials and Methods

Cell Lines and Reagents

Human carcinoma cell lines HCT116 (colon), HepG2
(liver), and MCF-7 (breast) were obtained from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA). Cell
lines with stable knockdown of TP53, gene encoding the
p53 protein, were generated previously.?? HCT116 cells
with deleted p53 were obtained from Dr. Bert Vo-
gelstein.?* HCT116 cells were cultured in Dulbecco’s
modified Eagle’'s medium and HepG2 and MCF-7 were
cultured in RPMI 1640 supplemented with 10% fetal bo-
vine serum and 1% antibiotics. The cells were maintained
under standard cell culture conditions at 37°C and 5%
CO, in a humid environment. Thiostrepton and MG132
were purchased from Sigma-Aldrich (St. Louis, MO);
bortezomib (Velcade) was kindly provided by Millennium
Pharmaceuticals/Takeda (Cambridge, MA). The p-Babe-
bcl-2 vector, described previously,2 was kindly provided
by Dr. Nissim Hay. Retrovirus was generated after trans-
fection of retroviral vector p-Babe-bcl-2 in a Phoenix
packaging cell line (Orbigen, San Diego, CA). HCT-116
cells were infected with retrovirus carrying bcl-2 for 24
hours followed by treatment with PI.

Cell Viability Assay

The effect of thiostrepton, MG132, and bortezomib was
determined by MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-

Thiostrepton

222 866

Concantration Concentration

2,5-diphenyltetrazolium bromide (MTT) was procured from
Sigma-Aldrich. Cells were plated at a density of 1 x 10* per
well in 200 L of complete culture medium and were treated
with varying concentrations in 96-well microtiter plates. After
incubation for 72 hours at 37°C in a humidified incubator, 10
pl MTT (5 mg/ml in PBS) was added to each well, after
which the plate was centrifuged briefly. After careful re-
moval of the medium, 0.1 ml buffered dimethyl sulfoxide
(DMSO) was added to each well. The absorbance was
recorded on a microplate reader at a wavelength of 540 nm.

Detection of Apoptosis

The annexin V-PE staining kit (Enzo Life Sciences, Farm-
ingdale, NY) was used for the detection of apoptotic
bodies, following the vendor’s protocol. This kit uses a
dual-staining protocol in which the cells show fluores-
cence both of annexin V (apoptotic cells) and of 7-ami-
noactinomycin D (7AAD) (necrotic cells or late apoptotic
cells). Briefly, the tumor cells were grown at a density of
50% confluence in 100-mm culture dishes and were
treated with varying concentrations of the drugs for 24
hours. The cells were trypsinized, washed with PBS, and
processed for labeling with annexin V-7AAD. The labeled
cells were analyzed by flow cytometry.

Immunoblotting

Actively dividing cells were seeded into a 100-mm plate
at a density of 7.5 X 10° cells. Cells were treated with
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Figure 1. Proteasome inhibitors inhibit the viability of cancer cells in a p53-independent manner. A: Mid-log colon carcinoma HCT 116 (wild type [wtl p53) and
pii’/’ cells were treated with DMSO (control) or various concentrations of thiostrepton, MG132, and bortezomib for 72 hours and ICs, values were determined
by using MTT cell viability assay as described under Materials and Methods. The values shown are mean * SD for three separate experiments. The ICs, values
were 2.1 £ 0.08 and 1.4 = 0.06 uM/L for thiostrepton, 0.51 % 0.09 and 0.35 = 0.1 for MG132, and 18 * 0.04 and 15 * 0.07 nM/L for bortezomib against HCT-116
(wt p53 and p537/7) cells, respectively. B: Mid-log breast carcinoma MCF-7 cells (wt p53 and shp53) were treated with dimethyl sulfoxide or various
concentrations of thiostrepton, MG132, and bortezomib for 72 hours; IC5, values were determined by using MTT cell viability assay as described under Materials
and Methods. The values shown are mean * SD for three separate experiments. The ICs, values were 4.5 = 0.34 and 4.7 £ 0.2 umol/L for thiostrepton, 0.34 *
0.08 and 0.28 * 0.1 for MG132, and 8 = 0.04 and 11 = 0.06 nmol/L for bortezomib against MCF-7 wt p53 and shp53 cells, respectively.
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Figure 2. p53-independent induction of apoptosis by proteasome inhibitors in colon cancer cells. Colon carcinoma HCT 116 wild type (wt) p53 cells were treated
with 3 wmol/L thiostrepton (Thio), 2 wmol/L MG132, and 10 nmol/L bortezomib for 24 hours, then stained with annexin V-PE and 7AAD and analyzed by flow
cytometry. Colon carcinoma cells with knockout of p53 (HCT 116 p53~/7) were treated with 3 mmol/L thiostrepton, 2 wmol/L MG132, and 10 nmol/L bortezomib
for 24 hours, then stained with annexin V-PE and 7AAD and analyzed by flow cytometry. The values shown are mean * SD for three separate experiments.

thiostrepton, MG132, and bortezomib, after which the
cells were lysed. Cells were lysed in immunoprecipitation
buffer (20 mmol/L HEPES, 1% Triton X-100, 150 mmol/L
NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 100 mmol/L NaF,
10 mmol/L Na,P,O,, 1 mmol/L sodium orthovanadate,
0.2 mmol/L phenylmethane sulfonylfluoride supple-

mented with protease inhibitor tablet) (Roche Applied
Sciences, Indianapolis, IN) and the protein concentration
was determined using the Bio-Rad (Hercules, CA) protein
assay reagent. Fifty micrograms of the cell lysates were
separated by electrophoresis on SDS-polyacrylamide
mini gel and transferred to polyvinylidene difluoride
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after treatment with proteasome inhibitor. Az Co-
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Figure 4. Effect of PI on p53-regulated pro- and antiapoptotic proteins. A: Colon carcinoma HCT 116 wild-type (wt) p53 and p53~/ " cells were treated
with 2.5 umol/L thiostrepton, 2 umol/L MG132, and 25 nmol/L bortezomib for 24 hours, then lysed and subjected to immunoblot analysis with antibodies
against Puma, Noxa, Mcl-1, p21, and B-actin. B: Breast carcinoma MCF-7 w.t. p53 and shp53 cells were treated with 10 uwmol/L thiostrepton, 2 umol/L
MG132, and 25 nmol/L bortezomib for 48 hours, then lysed and subjected to immunoblot analysis with antibodies against Puma, Noxa, Mcl-1, p21, and
B-actin C: Liver carcinoma HepG2 w.t. p53 and shp53 cells were treated with 2.5 umol/L thiostrepton, 2 wmol/L MG132, and 25 nmol/L bortezomib for
24 hours, then lysed and subjected to immunoblot analysis with antibodies against Puma, Noxa, Mcl-1, p21, and B-actin.

membrane. Immunoblotting was performed with specific
antibodies for cleaved caspase-3 and Mcl-1 (9664; Cell
Signaling Technology, Danvers, MA), p53-sc-126 horse-
radish peroxidase (Santa Cruz Biotechnology, Santa
Cruz, CA), caspase-7 (9492; Cell Signaling Technology),
Puma (4974; Cell Signaling Technology), poly(ADP-ri-
bose) polymerase (PARP) (sc-7150; Santa-Cruz), Noxa
(2437; ProSciences, Poway, CA), p21 (5656431; BD Bio-
sciences, San Jose, CA), and B-actin (A5441, Sigma-
Aldrich).

Results

Antiproliferative Activity of the Pls Was
Independent of the p53 Status of the Cells

To determine the effect of Pls on the inhibition of growth
of cancer cells differing in p53 status, we performed MTT
cell viability assays on a pair of isogenic cell lines with wt
p53 (HCT116) and its counterpart differing only in p53
status (HCT116 p53 /). The wt p53 and p53 '~ HCT116
cells were treated with varying concentrations of MG132,
bortezomib, and thiostrepton for 72 hours. The Pls po-
tently inhibited the viability of the wt p53 and p53~/~
HCT116 cells equally in a dose-dependent manner, with
ICs0 values of MG132 and thiostrepton in low micromolar
and bortezomib in nanomolar concentrations (Figure 1A).
The ICg, values were 2.1 = 0.08 and 1.4 = 0.06 umol/L
for thiostrepton, 0.51 * 0.09 and 0.35 = 0.1 wmol/L for
MG132, and 18 = 0.04 and 15 = 0.06 nmol/L for bort-
ezomib against the HCT116 wt p53 and p53~/~ cells,
respectively. Furthermore, the Pls inhibited the viability of
breast carcinoma cells MCF-7 (wt p53 and short hairpin
RNAs p53 [shp53]) in the same way. The IC5, values
were 4.5 = 0.34 and 4.7 = 0.2 umol/L for thiostrepton,
0.34 = 0.08 and 0.28 = 0.1 for MG132 and 8 = 0.04 and
11 = 0.06 nmol/L for bortezomib against the MCF-7 wt
p53 and shpb53 cells, respectively (Figure 1B). These
data suggest that all used proteasome inhibitors impede
cell growth independently of p53 status.

Pls Induce p53-Independent Apoptosis in
Human Cancer Cells

Actively dividing wt p53 and p53~/~ HCT116 cells were
treated with ~50% inhibitory concentrations (ICg,) of thio-
strepton, MG 132, and bortezomib for 24 hours, and cells
were stained for annexin V-PE to measure apoptosis.
Treatment with 3 wmol/L thiostrepton resulted in 42.8 =
2.3% and 51.1 = 5.2% of apoptosis in HCT116 wt p53
and p53~'~ cells, respectively; 2 umol/L MG 132 resulted
in 38.6 £ 1.3% and 47.5 = 4.3% programmed cell death,
whereas 10 nmol/L bortezomib induced apoptosis in 19.1 =
0.3% and 24.1 + 0.8% of HCT116 wt p53 and p53~/~ cells,
respectively (Figure 2, A and B).

To further demonstrate the p53-independent apop-
totic activity of proteasome inhibitors, we used iso-
genic cell lines HCT116, MCF-7, and HepG2 with wt
and inactivated p53 (HCT116 p53~/~, shp53MCF-7,
and shp53HepG2).2224 The wt p53 and the knockdown
p53 cells were treated with thiostrepton, MG132, and
bortezomib and then were immunoblotted for PARP,
cleaved caspase-3, p53, and pB-actin. Additionally,
HCT116 wt p53 and p53~/~ cells were treated with a
known p53-dependent inducer of apoptosis, 5-fluoroura-
cil (5-FU) as a positive control for p53-dependent apop-
tosis.?* As expected, Pls demonstrated induction/stabili-
zation of p53 in the wt p53 cells, but the knockdown cells
exhibited little to no levels of p53. The induction of apop-
tosis as demonstrated by induction of caspase-3 and
PARP cleavage by the Pls was very similar in the wt p53
cells (HCT116, MCF-7, and HepG2) and their counter-
parts with inactivated p53 (HCT116-p53~/~, shp53-
MCF-7, and shp53-HepG2), confirming that Pls induce
p53-independent apoptosis (Figure 3, A-C). Notably,
thiostrepton did not induce caspase-3 or PARP cleavage
in the wt p53-HepG2 cells, but shp53-HepG2 cells un-
derwent potent apoptosis after treatment with thiostrep-
ton (Figure 3C). These data suggest that in some cases
P53 may protect cells against drug-induced apoptosis.?® In
contrast, in control experiments 5-FU induced strictly p53-
dependent apoptosis in wt p53-HCT116, but not in p53~/~
HCT1162* cells, as demonstrated by PARP and caspase-3



cleavage (Figure 3A). Overexpression of Bcl-2 inhibits ap-
optosis induced by proteasome inhibitors (Figure 3A), sug-
gesting that the apoptosis is mediated through the mito-
chondrial pathway.?”

Induction of Pro- and Antiapoptotic Factors
after Pl Treatment

After the demonstration of p53-independent apoptosis in
isogenic human cancer cell lines, we investigated the
levels of various pro- and antiapoptotic factors after treat-
ment with Pls (Figure 4, A-C). Among the proapoptotic
regulators studied, the level of Noxa (a direct p53 target)
was consistently up-regulated after treatment with Pls
(Figure 4, A and B) in a p53-independent manner.'® After
treatment with Pls, however, HepG2 cells (wt p53 and
shp53) did not demonstrate any expression of Noxa (data
not shown), suggesting that Noxa may be dispensable
for Pl-induced apoptosis in some human cancer cells. On
the other hand, after treatment with the Pls, HCT116,
MCF-7, and HepG2 demonstrated a p53-dependent in-
duction of Puma (another direct p53 target gene) that did
not correlate with degree of apoptosis.

Treatment with Pls resulted in stabilization of the anti-
apoptotic p21 protein in wt p53 cells and in the cells with
inactivated p53, but p21 expression was significantly
lower in p53-compromised cells than in the isogenic wt
p53 cell lines (Figure 4). Higher levels of antiapoptotic
p2128 in wt p53 HepG2 cells treated with thiostrepton
(Figure 4C) may explain protection of wt p53 cells from
thiostrepton-induced apoptosis (Figure 3C).%® In con-
trast, stabilization of antiapoptotic short-lived Mcl-1 pro-
tein after treatment with Pls was p53-independent.

Discussion

Proteasome inhibitors are currently used for cancer treat-
ment, but the precise mechanisms of their anticancer
activity are still poorly understood. Moreover, some im-
portant questions are yet to be resolved, such as the role
of p53 in Pl-induced apoptosis. Numerous reports have
addressed p53-dependent apoptosis induced by Pls.
For example, Lopes et al'" showed that PC12 and Rat-1
cells expressing dominant-negative p53 became resis-
tant to MG115-induced apoptosis. Similarly, human Bur-
kitt ymphomas with wt p53 and overexpression of Hdm2
were sensitive to bortezomib, unless p53 activity was
compromised with HPV-E6."* It has been suggested that
the Pls epoxomicin'® and MG132"® induce p53- and
Puma-dependent apoptosis in HCT116 cells. Moreover,
MacLaren et al'® demonstrated that Pl-induced apopto-
sis in mammary epithelial cells is also p53-dependent.
In contrast, in the present study we showed that, in
isogenic human cancer cell lines of different origin
(namely, HCT116, colon; MCF-7, breast; and HepG2,
liver) that differ only in their p53 status, the proteasome
inhibitors MG-132, bortezomib, and thiostrepton induce
p53-independent apoptosis (Figures 2 and 3). Cell death
induced by these drugs was correlated with p53-inde-
pendent induction of proapoptotic protein Noxa, but not
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with p53-dependent up-regulation of proapoptotic Puma
(Figure 4). These data support previous reports by An et
al,’” Ri et al,?° Perez-Galan et al,’® and Fernandez et al,'®
who showed that bortezomib induced p53-independent
apoptosis in human lymphoma and melanoma cells via
the up-regulation of Noxa. However, we also found that
Pls induced p53-independent apoptosis in HepG2 cells
(Figure 3C) without expression of Noxa (data not shown).
In addition, we found that Pls inhibit growth of human
cancer cell line in MTT assay independently of p53 status
(Figure 1). Notably, we also demonstrated that inactiva-
tion of p53 in HepG2 cells makes these cells more sen-
sitive to thiostrepton (Figure 3C), suggesting that in some
cases p53 may protect against thiostrepton-induced ap-
optosis.?®

Anticancer activity of Pls was explained in part by
stabilization of p53, IkB (NF-«B inhibition),?® Noxa'® or
the CDK inhibitor p27,%° by activation of JNK and Fas,®’
by ROS induction,®? and by suppression of FoxM1.4
Overall, the present data confirm that Pl-induced apop-
tosis generally is p53-independent, because we studied
this process in isogenic human cancer cell lines differing
only in their p53 status and we did not see any change in
apoptosis or inhibition of cell growth based on p53 status
of the cells. It is possible, however, that stabilization of
p53 induced by low concentrations of Pls in wt p53 cells
may result in more potent apoptosis than in the cells with
deleted p53 or that, in some special cases, stabilization
of p53 by Pls is favorable for Pl-induced apoptosis. On
the other hand, in some instances p53 protects cells from
PI- induced apoptosis. Additional experiments are needed
to explain the possible discrepancies of the p53 role in
Pl-induced apoptosis.
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