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Proteasome inhibitors display potent anti-neoplastic and anti-angiogenic properties both in
vitro and in vivo. The mechanisms, however, by which proteasome inhibitors kill tumor
cells are still fairly elusive as is the molecular basis of resistance to treatment. To address
these questions, we employed a high-throughput Western blotting procedure to analyze
changes in a subproteome of ~800 proteins in the promyelocytic leukemia cell line HL-60
upon treatment with the proteasome inhibitor PSI (Z-Ile-Glu(OtBu)-Ala-Leu-aldehyde) and
correlated the changes of selected target proteins with the changes in two multidrug-
Apoptosis resistant HL-60 variants. In total, 105 proteins were upregulated more than 1.5-fold after PSI
Multidrug resistance treatment, while 79 proteins were downregulated. Activation of caspases-3 and -8, mod-
P-gp ulation of members of the Bcl-2 family as well as stimulation of stress signaling pathways
MDR-1
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was prominent during HL-60 apoptosis. We also identified changes in the abundance of
proteins previously not known to be affected by proteasome inhibitors. In contrast, two
multidrug-resistant HL-60 cell lines, overexpressing either MRP1 or P-glycoprotein were
largely resistant to PSI-induced apoptosis and could not be resensitized by the pharmaco-
logical inhibitors of the drug efflux pumps MK571 or PSC833. Drug resistance was also
independent of the upregulation of Bad. Overexpression of multidrug resistance proteins, P-
glycoprotein and MRP-1 is thus not sufficient to explain resistance of HL-60 cells to
treatment with proteasome inhibitor PSI, which remains more closely related to a low level
of Bax expression and to the inability to activate JNK. Alternative routes to the acquisition of
resistance to PSI have therefore to be considered.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction in preclinical tumor models, which revealed potent anti-

neoplastic and anti-angiogenic properties of proteasome

Inhibition of proteasome function by low molecular weight
inhibitors has been shown to induce cell cycle arrest and
apoptosis preferentially in transformed or rapidly proliferat-
ing cells [1-3] and to sensitize tumor cells to radiotherapy [4] as
well as to the cytotoxic action of various conventional
chemotherapeutic compounds [5-11]. Following observations
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inhibitors also in vivo [5,12-14], bortezomib (PS-341, Velcade™)
has recently been approved as the first novel in class
proteasome inhibitor for its use in patients suffering from
refractory and relapsed multiple myeloma [15]. In addition,
bortezomib has entered various clinical trials since then in
which the potency of this anticancer drug either as single
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agent or in combination with other chemotherapeutics is
being evaluated [16]. The success of bortezomib, which has
established the principle of proteasome inhibition as a novel
cancer treatment modality, has further promoted the devel-
opment of more novel proteasome inhibitors, such as NPI-
0052 [17,18] or PR-171 [19], which show increased activity,
reduced toxicity and enhanced oral availability (NPI-0052).

The relative efficacy of proteasome inhibitors to induce
apoptosis in particular tumor cell types can be explained by
the fact that the effect of blocking proteasome function is not
monospecific but rather targets the half-life of a multitude of
proteins involved in metabolic, transcriptional or signaling
pathways critical for cell survival. Prominent events in
proteasome inhibitor-induced apoptosis include the produc-
tion of reactive oxygen species (ROS) [20,21], activation of the
stress kinases JNK [22-24] and p38 [8,10,25,26] as well as
abrogation of cytoprotective p42/p44 MAPK signaling [27,28].
Furthermore, transcriptional activation of NFkB dependent
survival promoting genes, such as cIAP-1 and cIAP-2 [29], XIAP
[30], A1 and A20 [31,32] and Bcl-xL [33] is inhibited by blocking
the degradation of IkB [34,35]. Mutations in the canonical or
alternative pathways of NFkB-activation, which lead to
chronic activation of this transcription factor, have been
shown to occur quite frequently in tumor cells [36]. Many cell
lines for instance that are derived from multiple myeloma
patients and in which the proteasome inhibitor bortezomib
has displayed convincing therapeutic efficacy, harbor con-
stitutively active NFkB and are therefore critically dependent
on NF«B activity for survival [37,38].

However, it is becoming increasingly clear that not all
tumor types are equally sensitive to treatment with protea-
some inhibitor such as breast cancer [39], renal cell cancer [40]
or melanoma [41], and that there is a substantial fraction of
myeloma patients who do not respond to bortezomib therapy
or who relapse following treatment [42]. Although some
players of proteasome inhibitor-mediated cytotoxicity have
been identified as indicated above, the mechanisms of drug
resistance remain poorly understood.

Since proteasome inhibitors interfere with protein turn-
over by either stabilizing proteins post-translationally or by
modulating expression levels by transcriptional activation or
repression, we used a high-throughput immunoblotting
approach to identify changes in the subproteome of HL-60
promyeloid leukemia cells that might be critically involved in
proteasome inhibitor mediated apoptosis and the develop-
ment of drug resistance.

2. Materials and methods
2.1. Cell culture and reagents

The acute promyelocytic leukemia cell line HL-60 as well as
the MRP1-overexpressing variant HL-60/ADR cell line [43] and
the MDR1-overexpressing multidrug-resistant derivative HL-
60/VCR [44] were maintained in RPMI-1640 containing 10%
heat-inactivated fetal calf serum, supplemented with peni-
cillin and streptomycin (Life Technologies, Grand Island, NY,
USA) at 37 °C in humidified air with 5% CO,. HL-60/ADR and
HL-60/VCR cells were grown in the presence of 5 pg/ml

doxorubicin (DOX) and 1 pg/ml vincristine (VCR), respectively.
The drugs were removed from the media a week before
performing experiments.

Proteasome inhibitor PSI (N-carbobenzoxy-L-isoleucyl-L-y-
t-butyl-r-glutamyl-i-alanyl--leucinal) was obtained from Pep-
tide Institute (Osaka, Japan) and dissolved in DMSO at a
concentration of 50 mM. Stock solutions were stored at —20 °C
and diluted into tissue culture medium to a final concentration
of 0.1 pM, 1 uM or 50 pM. Vincristine (VCR) was obtained from
Eli Lilly and Co. (Indianapolis, IN, USA) and doxorubicin (DOX)
was purchased from Sigma Chemical Co. (St. Louis, MO, USA)
as were all other chemicals unless stated otherwise. Doxor-
ubicin and vincristine were dissolved in sterile H,O at a
concentration of 0.1 mg/ml and diluted into culture medium to
the final concentration. P-glycoprotein inhibitor PSC833 was a
gift of Elli Lilly and Co. (Indianapolis, IN, USA) and MRP-1
inhibitor MK571 was purchased from Alexis (San Diego, CA,
USA). PSC833 and MK571 were dissolved in DMSO at a
concentration of 10mM and 80mM, respectively. Stock
solutions were diluted into culture medium to a final
concentration of 3 pM and 30 pM, respectively.

2.2.  High-throughput immunoblotting

The high-throughput immunoblot screening, in which cell
lysates are analyzed against a panel of 800 well-characterized
antibodies was performed by BD Biosciences Transduction
Laboratories (PowerBlot; Lexington, KY, USA). 5 x 10° HL-60
cells in 10 ml growth medium were incubated with 50 uM PSI
for 6 h or 15 h to induce apoptosis. An equal number of control
cells were incubated with DMSO for 15 h. The final concentra-
tion for DMSO did not exceed 0.1% in any sample. Apoptotic-
and non-apoptotic HL-60 cells were harvested by centrifuga-
tion and washed once with cold PBS. Cell pellets were
resuspended in 0.6 ml of boiling SDS lysis buffer (10 mM
Tris-HCl pH 7.4, 1 mM sodium orthovanadate, 1% SDS), briefly
microwaved (5-10 s) and homogenized by passing the lysate 10
times through a 26 G needle. Protein concentrations were
determined using a BCA assay (Pierce; Rockford, IL, USA).
Protein samples were diluted to 1 mg/ml final concentration
with 2x electrophoresis loading buffer (125 mM Tris-HCl pH
6.8, 4% SDS, 10% glycerol, 0.006% bromophenol blue, 2% B-
mercaptoethanol) and subjected to PowerBlot Western ana-
lysis.

For each sample, five SDS-gels were run (500 g protein/gel)
and transferred to Immobilon membranes. Each blot divided
into 45 lanes was probed with 160 antibodies in a multiplexed
fashion (4 antibodies per lane/channel). As secondary anti-
bodies peroxidase-coupled anti-mouse antibodies were used.
Blots were developed using the SuperSignal reagent (Pierce;
Rockford, IL, USA). Blot images were then captured digitally
and normalized. The ratio between control and treated
samples was determined and changes were expressed as fold
increase or decrease. Protein expression changes were
summarized in five confidence levels, determined by signal
intensity, fold change and reproducibility (level 5: changes >2-
fold in triplicate from good quality signals; level 4: changes
1.50-1.99-fold in triplicate from good quality signals; level 3:
changes 1.25-1.49-fold in triplicate from good quality signals;
level 2: changes <1.25-fold in triplicate from low signals; and
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level 1: changes >2-fold in duplicate from good quality
signals).

2.3.  Conventional Western blot analysis

4 x 10° cells of HL-60, HL-60/ADR and HL-60/VCR cells were
treated with 50 pM PSI for 15 h. Cells were lysed in SDS lysis
buffer (10 mM Tris-HC] pH 7.4, 1 mM sodium orthovanadate,
1% SDS). Protein concentration was determined by BCA assays
(Pierce; Rockford, IL, USA). Equal amount of protein samples
were separated on NUuPAGE 4-12% Bis-Tris gels (Invitrogen;
Carlsbad, CA) and transferred to PVDF membrane (Immobilon-
P, Milipore; Bedford, MA, USA). The surface of the membrane
was blocked in PBST-buffer (PBS, pH 7.5 and 0.1% Tween20)
containing 5% nonfat milk. Primary antibodies were pur-
chased from Santa Cruz (caspases-1-8, Bad, Bax, Bcl-2, Bid, c-
Jun and phospho-JNK; Santa Cruz, CA, USA); antibodies
directed against 14-3-3 were obtained from BD PharMingen
(San Diego, CA, USA). Antibodies were diluted in 5% nonfat
milk-PBST buffer and incubated at room temperature or over
night at 4 °C. Horseradish peroxidase-conjugated anti-mouse,
anti-rabbit antibodies (Amersham Biosciences; Piscataway,
NJ, USA) or anti-goat antibodies (Santa Cruz; Santa Cruz, CA,
USA) were used as secondary antibodies. Proteins were
detected by chemiluminescence (SuperSignal; Pierce; Rock-
ford, IL, USA).

2.4.  Apoptosis assays

For apoptosis assay, 0.2 x 10° cells of HL-60 in 2 ml growth
medium were incubated with proteasome inhibitor PSI at a
final concentration of 0.1 uM, 1 pM and 50 pM. HL-60/ADR and
HL-60/VCR cells at a same cell density were incubated with
50 uM PSI for 15 h. Control cells received DMSO only. The final
concentration of DMSO did not exceed 0.1%. After incubation,
the cells were co-stained with Annexin-V-FITC and propidium
iodide (PI). The numbers of early apoptotic (Annexin-V-FITC",
PI") cells as well as late apoptotic (Annexin-V-FITC*, PI*) cells
were determined by flow cytometry using a BD FACS Scan and
BD cell quest software (BD Bioscience; San Diego, CA, USA).

3. Results

3.1.  Apoptosis induction mediated by proteasome inhibitor
PSI in HL-60 cells

Blockage of proteasomal function represents a post-transla-
tional event that should affect the half-life of numerous
proteins, and we reasoned therefore that we might be able to
identify important players of survival regulation in HL-60 cells
by closely monitoring changes in the proteome of these cells
upon proteasome inhibitor-mediated apoptosis. For this
purpose we exploited the PowerBlot high-throughput Western
blotting system, which allows detection of about 800 proteins
(BD Transduction Laboratories; Lexington, KY, USA). To
establish optimal conditions for the screening procedure,
we determined in a first set of experiments apoptosis
induction by the proteasome inhibitor PSI in HL-60 cells. As
shown in Fig. 1, PSIinduced cell death in HL-60 cells in a time-
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Fig. 1 - Time- and dose-dependent apoptosis induction by
the proteasome inhibitor PSI. HL-60 cells were treated
with 0.1 pM, 1.0 pM and 50 pM PSI for 6 h, 15h and 24 h.
Control cells received 0.1% DMSO. The amounts of
apoptotic cells were determined after staining of the cells
with Annexin-V-FITC and PI by flow cytometry. The
percentages of apoptosis presented are the sum of early
(Annexin-V-FITC" and PI") and late (Annexin-V-FITC" and
PI*) apoptotic cells. Shown are the mean values + S.D. of
six independent experiments.

and dose-dependent manner (Fig. 1). Apoptosis by PSI
administered at a concentration of 50 uM increased over
24 h and killed 83% of HL-60 cells. PSI-mediated cytotoxicity
was also observed at a 500-fold lower concentration (0.1 pM),
albeit with comparatively slower kinetics. Lysates were
therefore generated from apoptotic HL-60 cells, that were
incubated for 15h with 50 uM PSI, which resulted in the
induction of approximately 60% of apoptosis (>ICso). In
addition, lysates from HL-60 cells that had received PSI
(50 pM) for 6 h were also included in our analysis to observe
changes occurring during the early phase of apoptosis
induction.

3.2.  Modulated expression of proteins during proteasome
inhibitor-mediated apoptosis

A representative blot from PSI-treated cells is shown in Fig. 2.
A total of 105 proteins were upregulated more than 1.5-fold
(confidence levels 5 and 4) and 79 proteins were down-
regulated after 15 h of incubation with 50 pM PSI compared to
DMSO-treated controls (Fig. 3). Additional 33 proteins were up-
or downregulated, when including changes within confidence
levels 3 and 2.

Alterations in protein expression levels became evident
already after 6 h of exposure to PSI: 52 proteins were increased
relative to the DMSO control, whereas 50 proteins showed
reduced levels (confidence level 5-2; Fig. 4). Allraw data as well
as background information on the individual proteins that
were detected under the described conditions are provided as
supplementary tables in Excel format (15h sample: supple-
mentary Table S1; 6 h sample: supplementary Table S2).
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Fig. 2 - PowerBlot analysis of total protein from untreated and PSI-treated HL-60 cells. Protein samples were prepared as
described in Section 2 following incubation of HL-60 cells with DMSO or with PSI (N-carbobenzoxy-L-isoleucyl-L-y-t-butyl-1-
glutamyl-L-alanyl-L-leucinal; 50 nM) for 6 h or 15 h. Samples were analyzed by high throughput multiplex Western blotting
against a panel of 800 antibodies (PowerBlot®) as described. An example of such a blot (PSI-treated sample) is shown in the
upper left corner. Selected proteins with altered expression levels are highlighted by squares. The molecular weight
standard consisted of an antibody cocktail containing antibodies directed against P190 glued, Adaptin beta, STAT-3, PTP1D,
Mek-2, RACK-1, GRB-2 and Rap2 (lane 1 and 45 in upper left panel). Blot images were digitally captured and analyzed by

densitometry.

High-throughput immunoblotting confirmed several
observations that have been previously described to occur
as a consequence of exposure to proteasome inhibitors. These
are related to increased expression of heat shock proteins
(Hsp40) and of genes associated with stress signaling (p38
MAPK, heme oxygenase, MnSOD, Phospho-JNK, BiP/grp78),
modulation of JAK/STAT signaling, with JAK1 and STAT1being
induced whereas levels of STAT3 and 5 were reduced. In
addition, upregulation of components of the ubiquitin-
proteasome degradation pathway has been reported earlier

(Nedd4, Ubc9, Cul3) as well as sensitization to apoptosis
induction by the extrinsic pathway (FADD, FasL, TRADD).

In contrast, other changes such as the upregulation of
various kinases (Btk, C-Raf, CK1e, GSK3b, IKKy, ILK, Lyn, MEKS5,
PI3K p110d, PKAc, PKB, PKCa, Yes, c-Cbl) and phosphatases
(PP1, PP2C, PTP1C, CD45) had not been noted in previous
proteomic studies (compare with [6,50]), which could have
been due to cell type- and reagent-specific differences, since
other cell types (multiple myeloma or megakaryoblastic
leukemia cells) and different proteasome inhibitors (bortezo-
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Fig. 3 - Summary of protein changes after 15 h incubation with PSI. Protein changes are listed in the order of confidence.
Changes greater than twofold in triplicate from good quality signals are of highest confidence (level 5), followed by changes
1.5-1.9-fold in triplicate from good quality signals (level 4). Protein changes obtained from weak signals although present in
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Table 1 - List of proteins validated by conventional
Western blotting

Protein ID Changes

HL60 HL60/VCR HL60/ADR
14-3-3 - - -
Bad N/V + +
Bax - - N/E
Bcl-2 0 0 0
Bid - - -
Procaspase-3/CPP32 -
Procaspase-8 -
Jun + 0 0
Phospho-JNK + 0 0
(+), increase; (—), decrease, N/E, not expressed; 0, not changed; N/V,

not validated.

mib, MG-132 lactacystin) were investigated. In addition, the
levels of various proteins were modulated that are involved in
cytoskeletal organization, potentially contributing to the
morphological changes that are associated with apoptotic
cell death (Annexin I, ABP280, AKAP149, CRP1, cdc42, DMPK,
dystrobrevin, FLAP, MEK5a, PRK2/PAK2, Racl, Rho, VASP).
Also, the levels of several transcription factors including c-Jun,
JAB1 (Jun activation domain-binding protein-1) were changed
in PSI-treated cell lysates.

The fraction of proteins with altered expression levels,
which are implicated in affecting apoptotic cell death are
listed in supplementary Table S3. These proteins are involved
in cell signaling, cell growth, cell adhesion, gene transcription,
DNA repair, reactive oxygen generation, protein cleavage and
other cellular processes. The levels of some of these proteins
were modulated already 6 h following apoptosis induction by
PSIand include proteins such as Bad, Cytochrome c, Hsp40, Jun
and UbcH6, which were accumulated upon proteasome
inhibition. In contrast, the level of other proteins such as
ALDH, Bax, DFF45, DSIF, Eg5, FAK, FBP, XIAP, Integrin 5a, PTEN
were significantly decreased under the same conditions
(supplementary Table S3).

3.3.  Validation of PSI-induced modulation of protein levels
using conventional immunoblotting analysis

Conventional immunoblotting to reduce the probability of
false positives was performed using antibodies obtained from
alternative sources. Nine proteins critically involved in
apoptosis regulation (Table 1) were selected to confirm their
differential expression, results of which are presented in
Fig. 5.

The activation of caspase cascade is a typical feature of
apoptosis and the PowerBlot analysis accordingly had
indicated a decrease of the proforms of several caspases,
including caspases-2, -7, and -8, suggesting that these
caspases became processed and activated. The presence of
activated forms of caspases-3 and -8 were confirmed by

conventional immunoblotting. Consistent with caspase-8
activation the amount of full-length caspase-8 substrate
protein Bid was downregulated, suggesting that its proapop-
totic truncated form tBid may contribute to the activation of
the intrinsic (mitochondrial) apoptosis pathway. Bax levels
appeared to be increased in contrast, although PowerBlot
analysis had indicated a decrease in Bax protein levels.
Strikingly, levels of Bad protein, a BH-3 only proapoptotic
member of the Bcl-2 family proteins, were upregulated 18-
fold and this accumulation of Bad was also apparent by
conventional Western blotting. In contrast, 14-3-3 protein, an
endogenous inhibitor of Bad function was reduced 4.7-fold as
assessed by the PowerBlot analysis and also by subsequent
conventional Western blotting. Our Western blotting analysis
confirmed in addition upregulation of the phosphorylated
form of JNK after incubation in HL-60 cells, arguing for
activation of this pathway. Moreover, a 17-fold increased
expression of the JNK substrate, c-Jun, was detected by the
PowerBlot analysis and was also confirmed by conventional
Western blotting. These results are in line with other
observations suggesting that proteasome inhibitor mediated
cell death is strongly dependent on activation of the JNK
stress-signaling pathway [22,28].

3.4.  Analysis of selected proteins in multidrug-resistant
HL-60 cell lines

The consequences of PSI-administration were also examined
in two drug-resistant HL-60 cell lines: HL-60/ADR cells are
doxorubicin-resistant and overexpress the multidrug resis-
tance-related protein (MRP) [45]. HL-60/VCR cells in contrast
were established as vincristine-resistant cells and over-
express P-glycoprotein. Both multidrug-resistant cell lines
show enhanced efflux rates of various agents and hence
display resistance to multiple anticancer drugs [46]. Com-
pared to their parental HL-60 cells, the MRP-expressing HL-60/
ADR cells are about 122.5-, 14- and 8.5-fold more resistant to
DOX, VCR and VBL, respectively. Moreover, HL-60/VCR cells
showed 3300-, 1400- and 262-fold enhanced resistance to
VCR, VBL and DOX, respectively (Wu et al., 2001 Oncogene
20:7006-7010, 2001). Treatment of HL-60/ADR and HL-60/VCR
cells with 50 puM PSIfor 15 hindicated thatboth cell lines were
considerably more resistant to PSI-mediated apoptosis
induction than the parental HL-60 cells. Both multidrug-
resistant cell lines showed 35% apoptosis after 15h in the
presence of 50 uM PSI whereas HL-60 cells revealed an
increase to 83% (Fig. 6A). To determine whether the relative
levels of critical apoptosis regulators such as Bax, Bad, Bid, or
Bcl-2 would change in the less sensitive HL-60/ADR and HL-
60/VCR cells an analogous fashion compared to the parental
HL-60 cells, lysates from PSI-treated HL-60/ADR and HL-60/
VCR cells were analyzed by Western blotting as described for
the parental HL-60 cells. As demonstrated in Fig. 6B, proces-
sing of caspases-3 and -8 activation as well as the processing
of Bid occurred in multidrug-resistant HL-60 cells in a

all three runs, as well as changes >2-fold that were obtained in duplicate only are not listed (confidence levels 3-1). p,
presence of a protein; quantification was impossible due to low signal in control sample; a, absence of a protein;
quantification was impossible due to low signal in PSI-treated sample.
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Fig. 4 - Summary of protein changes after 6 h incubation with PSI. See legend to Fig. 3.

comparable fashion, indicating that the apoptosis machinery
still can be engaged in the drug resistant cells, albeit
significantly higher concentrations of PSI were required to
achieve this effect. Likewise, upregulation of Bad in the
presence of reduced levels of 14-3-3 protein was also observed
in the drug resistant cell lines.

The most striking differences between the HL-60 cells and
their drug-resistant variants, however, pertained to the levels
of Bax and to the differential activation of the JNK signaling
pathway as determined by the extent of JNK phosphorylation,
the total amount of JNK and the levels of c-Jun: in contrast to

the drug sensitive parental HL-60 cells, which showed
enhanced levels of total Bax protein, Bax appeared to be
completely absent from HL-60/ADR and display a marked
reduction in HL-60/VCR cells. In addition, there was no
increase in JNK phosphorylation in both the HL-60/ADR and
HL-60/VCR cells and c-Jun levels remained unaltered in
contrast to the parental cells (compare with Fig. 5). These
results suggested that lower levels of the proapoptotic Bax
protein as well as the failure to activate JNK stress signaling
might have contributed to the enhanced resistance to PSI-
induced apoptosis.



BIOCHEMICAL PHARMACOLOGY 75 (2008) 2276-2288

2283

casp-1 casp-3 casp-8
PSI - + -+ -+
| | I?'
= ==
o
GAPDH
u——— -
GAPDH —
P

PSI - + - +
Bad - 14-3-3 | - —
GAPDH | a» &= actin | eem—
Bax (e @ c-Jun -
actin E GAPDH | e
Bol-2 [ PINK [ ===l
actin |e—— actin [ —
Bid |«
actin | e——

Fig. 5 - Conventional Western blotting to validate
PowerBlot results. HL-60 cells were treated with 50 pM PSI
for 15 h, lysed and subjected to analysis (40 p.g protein/
lane). Control cells received DMSO only and were
processed under identical conditions. Anti-actin
antibodies or anti-GAPDH antibodies were used to ensure
equal loading. The membranes were developed with the
chemiluminesence reagent SuperSignal West Pico (Pierce).

3.5.  P-glycoprotein and MRP-1-mediated efflux is not rate-
limiting for PSI-mediated apoptosis in drug-resistant HL-60
cell lines

The major mechanism of multidrug resistance in cancer cells
is known to be increased efflux of drugs due to enhanced
expression of ABC transporters, such as P-glycoprotein (P-gp)
or the multidrug resistance associated protein 1 MRP-1, which
act as drug efflux pumps. We therefore examined whether P-
gp or MRP-1 would affect apoptosis induced by PSI in drug-
resistant HL-60 cell lines by effectively lowering the intracel-
lular concentrations of the proteasome inhibitor. To assess the
relative contribution of both pumps, specific inhibitors of P-gp
(PSC833) and of MRP-1 (MK571) were applied in combination

with proteasome inhibitors. Application of PSC833 had no
effect at all on HL-60/ADR cells and led only to a marginal
increase of PSI-mediated apoptosis (+7.6%) in HL-60/VCR cells
(Fig. 7). Similarly, MK571 only weakly increased PSI-mediated
apoptosis in HL-60/ADR (+8.3%) and in HL-60/VCR cells (+7.4%)
(Fig. 7). Both inhibitors did not show any effect on the drug-
sensitive parental HL-60 cells when challenged with PSI
(Fig. 7). These results demonstrated that pharmacological
inhibition of the drug transporters only partially affected PSI-
mediated apoptosis induction and that most likely only a
minor part of the resistance to PSI stemmed from its lower
accumulation within these cells.

4, Discussion

Microarray experiments have demonstrated that the tran-
scriptional profile of a potentially large number of genes is
changed in response to proteasome inhibition [6,47-49],
however, only in a few instances transcriptional profiling
was complemented with the analysis of changes instigated
within the proteome of the treated cells [6,50]. In the present
study we therefore compared the subproteome of cells
induced to undergo apoptosis by treatment with the protea-
some inhibitor PSI with the subproteome of control cells using
a high throughput immunoblot screening procedure and
attempted to define changes relevant for the regulation of
apoptosis induction.

Consistent with the fact that PSI administration resulted in
extensive apoptosis and caspase activation within a 24h
period, the proform of several caspases (caspases-3, -2, -7, -8)
was downregulated after the administration of PSI, reflecting
their processing and activation. While a significant contribu-
tion of the intrinsic apoptosis pathway to proteasome
inhibitor mediated cell death is undisputed, the impact of
the extrinsic apoptosis pathway involving death receptor
activation by their corresponding ligands and caspase-8
activation is currently less clear. However, increased levels
of TRADD, FADD, Fas and FasL in PSI-treated HL60 cells
supported a role of the extrinsic pathway of apoptosis, and
sensitization of various tumor cell lines to TRAIL-induced
apoptosis by the proteasome inhibitor bortezomib has been
reported, which is due to upregulation of TRAIL itself as well as
of its receptor Decoy receptor 5 (DR5) [51,52]. Thus, admin-
istration of proteasome inhibitors results in the stimulation of
a pro-apoptotic autocrine loop by signaling via death receptor
family members. However, as Milner et al. had shown
previously [53], genotoxic stress induced by chemotherapeutic
drugs can differentially upregulate TRAIL, TNF and CD95L and
activate caspase-8 in a FADD-independent manner without
engagement of their receptor partners.

In parallel to the caspase activation, relative levels of
various proteins known to be processed by activated execu-
tioner caspases decreased, e.g. DNA fragmentation factor
(DFF-45) and PARP, which become processed by caspase-3.
Similarly, STAT3 and STATS levels were diminished in lysates
from PSI-treated cells, which also could be due to caspase
mediated cleavage [54], whereas STAT1, which has been
described as a caspase substrate by King et al. in contrast
showed increased levels in our hands [55]. Additional studies
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Fig. 6 — Proteasome inhibitor-mediated apoptosis induction
in drug-resistant HL-60 cells. (A) Vincristine-resistant HL-
60 cells as well as doxorubicin-resistant HL-60 cells were
treated with PSI for 15 h with 50 pM PSI. The extent of
apoptosis induction was analyzed by flow cytometry after
staining the cells with Annexin-V-FITC and PI. The sum of
percentages of early (Annexin-V-FITC" and PI") and late
(Annexin-V-FITC' and PI*) apoptotic cells are presented as
%apoptosis. Shown are the mean values of six
independent experiments. Expression levels of selected
proteins modulated in HL-60 cells during PSI-mediated
apoptosis were analyzed in doxorubicin resistant HL-60/
ADR cells (B) and vincristine-resistant HL-60/VCR cells (C).
The cells were treated with 50 pM PSI for 15 h (+) and 40 pg
of total protein were subjected to Western blotting
analysis. Control cells received DMSO only (—). To check
for equal loading each blot was reprobed with anti-actin
antibodies. The membranes were developed with the
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Fig. 7 - P-glycoprotein and multidrug resistance associated
proteins barely limit PSI-mediated apoptosis in drug-
resistant HL-60 cell lines. HL-60/ADR cells and HL-60/VCR
cells were preincubated with either 3 pM of P-gp inhibitor
PSC833 (A) or 30 pM of MRP-1 inhibitor MK571 (B). Cells
were treated for 15 h with MDR inhibitors only (light gray
bar), with 50 uM PSI only (black bar) or with both MDR
inhibitors and PSI together (dark gray bar). Apoptosis
induction was analyzed by flow cytometry after staining
the cells with Annexin-V-FITC and PI. Total amount of
apototic cells are presented as sum of percentages of early
(Annexin-V-FITC" and PI") and late (Annexin-V-FITC" and
PI*) apoptosis. Shown are the mean values of six
independent experiments.

are required to determine whether STAT1 turnover is subject
to rapid proteasomal degradation and/or is rendered inacces-
sible for active caspases in the presence of PSI. The PowerBlot
analysis demonstrated in addition a fourfold decrease of the
inhibitor of apoptosis hILP/XIAP protein during PSI-mediated

chemiluminesence reagent SuperSignal West Pico (Pierce).
Representative blots from three experiments are shown.
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apoptosis. XIAP is prone to caspase-mediated cleavage, which
yields an N-terminal fragment that blocks caspases-3 and -7
activity and a C-terminal fragment, which inhibits caspase-9
[56], suggesting that XIAP levels become reduced because of
caspase-mediated cleavage. However, expression of XIAP is
regulated in addition by transactivation of NFkB, whose
activation is controlled by proteasome function [57]. In
summary, these results demonstrated that signature events
of apoptosis induction were present in PSI-treated HL-60 cells.

When comparing alterations of selected apoptosis regula-
tors, which showed significant changes in HL60 cells with the
corresponding changes in two multidrug-resistant HL-60
variant cell lines, it became apparent that activation of
caspases-3 and -8, although possible, did not occur to the
same extent as in PSI-sensitive HL60 cells (compare Figs. 5 and
6). Caspase-3 activation was reduced in both multidrug-
resistant cell lines and caspase-8 activation was particularly
lower in HL-60/VCR cells, which correlated well with the
reduced extent of apoptosis induction in both resistant cell
lines (Fig. 6A) and the processing of Bid.

Prominent accumulation of Bad, which is a pro-apoptotic
BH3-only member of the Bcl-2 family proteins, was observed
in all three cell lines. Two PEST sequences predicted by the
“PEST find” algorithm to be present in the amino acid
sequence of Bad (amino acids 1-20 and 73-94 in human Bad
and amino acids 37-62 and 110-131 in mouse Bad) supported
the notion that Bad could be a potential substrate of the
ubiquitin—proteasome pathway and that its accumulation is a
consequence of proteasome inhibition. Accumulation of Bad
in three different cell lines upon administration of proteasome
inhibitor is a novel finding and has not been reported so far.
These changes, which would argue for an increased sensitiza-
tion of the cells to proteasome inhibitor-mediated apoptosis
did, however, not match the measured extent of apoptosis
induction in the three cell lines. We therefore concluded, that
a shift in the balance between Bad and 14-3-3 protein levels
towards increased amounts of Bad was not a crucial
parameter in determining the sensitivity for apoptosis induc-
tion by PSI and that other factors contribute to this process.
The levels of the apoptosis initiator Bax, e.g. correlated
inversely with the inclination of the cells to initiate apoptosis,
Bax was readily detected in the parental HL-60 cells, however,
Bax levels were low or even absent in the drug-resistant cell
lines, suggesting the levels of this protein could be an
important parameter determining the differential sensitivity
towards PSI-induced apoptosis. Further experiments invol-
ving, e.g. siRNA-mediated knockdown of Bax in the parental
cells could address this hypothesis in more detail.

An equally obvious correlation between alterations in
protein levels and the extent of apoptosis induction was
noticed for the phosphorylated form of JNK: While the degree
of JNK phosphorylation increased in the HL-60 parental cells, it
remained unchanged in both drug resistant cell lines,
suggesting that drug resistance in these cells could be based
on the failure to activate the JNK stress signaling pathway.

These paradigms demonstrate that the proteome composi-
tion upon exposure to proteasome inhibitors is not only
affected by changes on a transcriptional level as can be
determined by microarray experiments, but is in the first line
the result of post-translational events, such as inhibition of

protein turnover and protein accumulation, modification by
phosphorylation and ubiquitin conjugation as well as proteo-
lytic processing by caspases [58,59]. To delineate critical
events in cellular signaling that ultimately lead to the demise
of leukemic cells by proteasome inhibitors, it is therefore
essential to complement mRNA expression studies with a
characterization of changes within the proteome.

Our results suggest that resistance to PSI was in part due to
reduced intracellular amounts of the proteasome inhibitor due
to increased drug efflux in the MDR-1 and MRP-1 expressing
cells, which may have been the reason for the lack of JNK
activation in both cell lines and the reduced sensitivity to
undergo apoptosis. However, since blocking the function of P-gp
or MRP-1 by pharmacological means did not seem to exhaus-
tively resensitize the drug resistant HL-60 cell lines to PSI
treatment (Fig. 7), these results suggest that the intracellular
levels of the proteasome inhibitor PSI are not affected by P-gp or
MRP-1-mediated drug efflux in HL-60 cells. Conflicting data
have been reported regarding the significance of P-gp or MDR-1
expression on resistance to proteasome inhibitor treatment
[60,61], and it will be important to determine whether these
differences are due to distinct proteasome inhibitors investi-
gated [60] or to cell type specific differences.

Proteasome function is essential for cellular survival and it
is therefore conceivable that tumor cells may have adopted
failsafe mechanisms to compensate for the inhibitor-induced
loss of functional proteasome particles. Multiple myeloma
cells have thus been reported to upregulate various protea-
somal subunits in response to bortezomib treatment [59],
which in conjunction with an altered subunit composition
may result in increased overall catabolic activity by the
ubiquitin—proteasome pathway. Similar observations were
also made in Burkitt lymphoma [62] and in vascular smooth
muscle cells [63]. In addition upregulation of heat shock
proteins is a characteristic feature of tumor cells that have
acquired a drugresistant phenotype and Chuahan et al. indeed
demonstrated that the blockage of Hsp27 is sufficient to
resensitize bortezomib-resistant lymphoma cells to protea-
some inhibitor-mediated cytotoxicity [64]. Tumor cells may
also escalate protein removal via alternative routes such as
lysosomal degradation or autophagy during conditions of
proteasomal blockage to reduce the load of accumulating
proteins [65]. Drug resistance has become an important issue
since, e.g. only a fraction of the multiple myeloma patients
that receives treatment with the proteasome inhibitor
bortezomib is responding to drug treatment and tumor cells
resistant to bortezomib may be also cross-resistant to other
cytotoxic compounds [61]. Here we have shown that expres-
sion of multidrug proteins and drug efflux pump activity is
irrelevant for the resistance to the cytotoxic effect of PSI. Our
observations will now allow the focused identification of
alternative mechanisms responsible for the resistance to
proteasome inhibitor-mediated apoptosis.
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