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A B S T R A C T

The proteasome inhibitor bortezomib, registered for Multiple Myeloma treatment, is currently explored

for activity in solid tumors including non-small cell lung cancer (NSCLC). Here we studied the

proteasome-based mechanisms underlying intrinsic and acquired bortezomib resistance in NSCLC cells.

Various NSCLC cell lines displayed differential intrinsic sensitivities to bortezomib. High basal

chymotrypsin- and caspase-like proteasome activities correlated with bortezomib resistance in these

cells. Next, via stepwise selection, acquired bortezomib resistant cells were obtained with 8–70-fold

increased resistance. Cross-resistance was found to proteasome inhibitors specifically targeting b-

subunits, but not to the novel a-subunit-specific proteasome inhibitor (5AHQ). Consistently,

bortezomib-resistant cells required higher bortezomib concentrations to induce G2/M arrest and

apoptosis. Interestingly, bortezomib concentration-dependent caspase cleavage, Mcl-1 and NOXA

accumulation remained intact in resistant H460 and SW1573 cells, while A549 resistant cells displayed

different expression profiles suggesting additional and more protein specific adaptations. Furthermore,

bortezomib-resistant cells exhibited increased levels of both constitutive and immuno-b-subunits.

Sequence analysis of the bortezomib-binding pocket in the b5-subunit revealed Ala49Thr, Met45Val and

Cys52Phe substitutions that were not previously described in solid tumors. Bortezomib-resistant cells

displayed reduced catalytic proteasome activities and required higher bortezomib concentrations to

achieve comparable inhibition of proteasome activity. Taken together, these findings establish that high

basal levels of proteasome activity correlate with intrinsic bortezomib resistance. Furthermore, acquired

bortezomib resistance in NSCLC is associated with proteasome subunit overexpression and emergence of

mutant b5-subunits that likely compromise bortezomib binding. a-Subunit-specific proteasome

inhibitors, however, can efficiently bypass this resistance modality.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The ubiquitin-proteasome system (UPS) catalyzes the degra-
dation of ubiquitinated intracellular proteins [1–3]. Over the past
decades, the role of UPS has proven to be a crucial regulator of cell
proliferation and survival by controlling cellular levels of key
proteins in these processes [4,5]. Polyubiquitinated proteins are
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transported to the 26S proteasome for degradation where the 19S
cap recognizes, denatures and directs the targeted protein to the
catalytic 20S core of the proteasome. The core consists of two
outer a-rings and two inner b-rings. Each of the b-rings contains
subunits that harbour three proteolytic sites; the caspase-like
(b1-subunit), the trypsin-like (b2-subunit) and the chymotryp-
sin-like activity (b5-subunit) [3]. In vertebrates, an alternative
proteasome, the immunoproteasome, can be expressed when
cells are exposed to interferon g (IFNg). The b-subunits of the
proteasome are replaced by immunosubunits; b1i (LMP2), b2i
(MECL1) and b5i (LMP7) which are more efficient in regulating
antigen processing [6]. Inhibition of the UPS results in perturba-
tion of intracellular protein homeostasis by accumulation of the

http://dx.doi.org/10.1016/j.bcp.2011.10.009
mailto:f.a.e.kruyt@umcg.nl
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poly-ubiquitinated proteins, subsequently inducing cellular
stress and apoptosis. Interestingly, UPS inhibition appeared to
preferentially affect malignant cells reflecting a higher depen-
dence of tumor cells on the UPS [5]. This finding prompted the
development of proteasome inhibitors (PIs). Bortezomib (PS-341,
Velcade1), a boronic dipeptide which reversibly binds to the b5-
subunit and to a lesser extent to the b1-subunit of the proteasome
[7,8], was the first to be introduced for the treatment of multiple
myeloma (MM) and mantle cell lymphoma [9]. Building on this
success of bortezomib, other small molecule PIs were subse-
quently developed. Carfilzomib (PR-171), an irreversible tetra-
peptide epoxyketone PI, exhibits more specificity for the
chymotrypsin-like activity (b5-subunit) than other PIs, and
appears to have a more favorable toxicity profile [10,11]. In
addition, ONX 0912 (formerly PR-047), a tripeptide epoxyketone
was also developed, which is an orally available analogue of
carfilzomib that retained its selectivity for the chymotrypsin-like
activity of the b5-subunit and the immuno-b5 subunit [12,13].
However, for PIs differences in efficacy have been observed in
various preclinical models and MM patients related to intrinsic
and acquired mechanisms of drug resistance [9,14,15]. Several
determinants of resistance to PIs in preclinical models have been
investigated such as increased levels of chaperones including
Hsp27, which prevent the activation of the unfolded protein
response (UPR) in the endoplasmic reticulum and subsequent
apoptosis [14,16]. More direct mechanisms of drug resistance
have been recently identified at the proteasome level. These
studies revealed that acquired bortezomib resistance in leukemia
and lymphoma cell lines was due to b5 proteasome subunit
overexpression and mutations in the b5-subunit [17–20]. In
clinical studies, the efficacy of bortezomib as a single agent in solid
tumors appeared to be much lower than in hematological
malignancies [21]. Currently tested combinations of bortezomib
with other agents conducted in patients with solid tumors,
including non-small cell lung cancer (NSCLC), demonstrated as
yet little or no improvements in treatment responses over current
therapies for NSCLC [22–29]. Nonetheless, in various preclinical
solid tumor models, bortezomib in combination with other
therapeutics, such as cytotoxic agents and radiotherapy, demon-
strated strong antitumor activity [15]. In addition, recently Xue
et al. reported efficacy of bortezomib in mice bearing lung tumors
with KrasLSL-G12D/wt and p53-deletion [30]. These mice showed
tumor regression and prolonged survival after bortezomib
treatment. However, prolonged treatment of the originally
sensitive lung cancer resulted in bortezomib resistance indicating
adaptation and acquired resistance. The molecular mechanisms
underlying bortezomib resistance in solid tumors remain largely
unexplored. Therefore, we here investigated the intrinsic resis-
tance of NSCLC to bortezomib. In addition, we established
acquired bortezomib resistance in a panel of NSCLC cell lines in
order to explore the mechanisms of acquired bortezomib
resistance while focusing on proteasome-dependent mecha-
nisms.

2. Materials and methods

2.1. Cell culture and chemicals

The human NSCLC H460, A549 and SW1573 cell lines were
obtained from the American Type Culture Collection (Manassas,
VA, USA). H460 and A549 cells were grown in RPMI-1640 (Lonza,
Verviers, Belgium) and SW1573 in DMEM (Lonza, Verviers,
Belgium). Medium was supplemented with 10% fetal bovine
serum (Greiner Bio-One, Frinckenhausen, Germany) and 100 units/
ml penicillin/streptomycin (Lonza, Verviers, Belgium). Cells were
grown at 37 8C in a humidified atmosphere of 5% CO2.
Bortezomib resistant cells were established through a gradual
increase in the concentrations of bortezomib for at least 6 months,
from 5 nM bortezomib to 80 to 200 nM for H460, 40 to 100 nM for
A549 as well as 30 to 150 nM for SW1573, thereby yielding
resistant cells named H460BTZR80, H460BTZR200, A549BTZR40,
A549BTZR100, SW1573BTZR30 and SW1573BTZR150. Bortezomib
resistant cells were cultured in bortezomib-free medium for at
least 72 h before initiation of experiments to exclude interference
of the selective bortezomib concentrations.

2.2. Reagents and antibodies

Bortezomib (Velcade1) was obtained from Millennium Phar-
maceuticals Inc. (Cambridge, MA, U.S.A.) MG132 was purchased
from Calbiochem/Merck (Nottingham, UK) and the cytotoxic
peptide 4A6 was synthesized as described previously [31]. The
proteasome inhibitor 5-amino-8-hydroxyquinoline (5AHQ) was
identified through a screen of a chemical library based on quinoline
pharmacophore [32]. Carfilzomib[11], ONX 0912 (formerly PR-
047) [13] and ONX 0914 (formerly PR-957) [33] were made
available by Onyx Inc. (San Francisco, CA, U.S.A.). Stock solutions of
10 mM for each drug were prepared by dissolving in dimethylsulf-
oxide (DMSO). Following storage at �20 8C, working solutions
were prepared by diluting in medium.

Primary antibodies used for PRO-CISE were a-b5 (1:5000); a-
b1 (1:2000); a-b2 (1:3000); a-LMP7, a-LMP2 (1:2000) (Biomol,
PA, U.S.A.); a-MECL1 (1:1000) (Santa Cruz Biotechnology, Heidel-
berg, Germany) diluted in ELISA Buffer (PBS pH 7.4, 1% BSA (w/v),
0.1% Tween-20 (v/v)). Secondary antibodies for b5 (1:2000); for b1
and b2 (1:2000); for LMP7 and LMP2 (1:5000); for MECL1 (1:5000)
were obtained form Jackson ImmunoResearch, Suffolk, UK and
diluted in ELISA Buffer.

For Western Blot and Native Gel electrophoresis primary
antibodies included mouse monoclonal antibody to Ub(P4D1)
(Santa Cruz Biotechnology, Heidelberg, Germany), mouse mono-
clonal anti-b1, anti-b2, and anti-a7 subunit, rabbit-polyclonal
anti-b5 subunit (Biomol, PA, USA), rabbit polyclonal anti-caspase-
9 (Human specific), anti-cleaved caspase-9 (D330) (Human
specific), anti-caspase-3, anti-cleaved caspase-3 (Asp175), anti-
PARP, anti-FLIP, anti-Mcl-1 and anti-BID (Cell Signalling Technol-
ogy, Danvers, USA) mouse monoclonal anti-NOXA (Merck KGaA,
Darmstadt, Germany) and anti-b-actin (Sigma–Aldrich Chemicals,
Zwijndrecht, The Netherlands) were diluted 1:1000 or 1:10,000 for
anti-b-actin in InfraRedDye blocking buffer (Rockland inc.,
Pennsylvania, USA) 1:1 diluted with PBS-T (PBS with 0.05%
Tween-20). Secondary antibodies used were goat-a-mouse-Infra-
RedDye (1:10,000, 800CW;#926-32210 and 680;#926-32220,
Westburg, Leusden, The Netherlands) or goat-a-rabbit-InfraRed-
Dye (800CW;926-32211 and 680;#926-32221, Westburg, Leus-
den, The Netherlands).

2.3. Growth inhibition assay

Drug toxicity in cells was determined using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, Sigma–
Aldrich Chemicals, Zwijndrecht, The Netherlands) assay as
described previously [34]. Cells were seeded in 96-wells plates
(Greiner Bio-one, Frickenhausen, Germany) at 5000 cells/well.
After 24 h enabling attachment, cells were exposed to increasing
concentrations of the proteasome inhibitors for 72 h. Thereafter,
cells were incubated for 1 h with 50 ml of 1 mg/ml MTT solution,
followed by addition of 150 ml DMSO. Optical density was
measured at 540 nm. IC50 values were defined as the concentra-
tions that correspond to a reduction of cell growth by 50% when
compared to values of untreated control cells and depicted as
means � SEM.
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2.4. Flow cytometric analysis of cell cycle distribution

Cell cycle analysis and cell death measurements were
performed as described previously [35]. Briefly, cells were
harvested after 24 or 48 h exposure to several concentration of
bortezomib and centrifuged for 5 min at 1200 rpm. Subsequently
cells were stained with propidium iodide buffer (0.1 mg/ml
propidium iodide, 0.1% RNase A) in the dark on ice. DNA content
was analyzed by fluorescence activated cell sorting (FACS) analysis
(Becton Dickinson, immunocytometry Systems, San Jose, CA, USA)
with an acquisition of 10,000 events. Cell death was determined by
the sub-G1 peak.

2.5. Proteasome activity assay in intact cells

To measure the chymotrypsin-like, trypsin-like and caspase-
like proteolytic activities of the proteasome in intact cells we used
the Proteasome-GloTM Chymotrypsin-like, Trypsin-like and Cas-
pase-like Cell-Based Assays (Promega, Madison, WI, U.S.A.)
according to manufacturers instructions. Briefly, 5000 cells were
seeded in white 96 wells plates with a transparent bottom. For the
exploration of proteasome inhibition, cells were exposed to a range
of bortezomib concentrations for 3 h. Substrates for the chymo-
trypsin-like, trypsin-like and caspase-like activities (Suc-LLVY-
aminoluciferin, Z-LRR-aminoluciferin and Z-nLPnlD-aminoluci-
ferin, respectively) were dissolved in Proteasome-GloTM Cell-
Based Reagent and added on intact cells. After 10 min of incubation
luminescence was measured with a Tecan Infinite1 200. The
activity was corrected for the amount of cells as was measured by
absorbance of the cells after a MTT assay.

2.6. Western blot analysis

Western blot analysis was performed as described previously
[36]. Briefly, protein samples were separated by SDS PAGE on 8–
15% polyacrylamide gels, transferred onto a PVDF membrane
(Millipore, Amsterdam, The Netherlands), and blocked in Infra-
RedDye blocking buffer. The membrane was probed with the
indicated primary antibodies (overnight at 4 8C), followed by 1 h
incubation with the indicated secondary antibodies. Fluorescent
proteins were detected by an Odyssey Infrared Imager (LI-COR
Biosciences, Lincoln, Nebraska U.S.A.), 84 mm resolution, 0 mm
offset and with high quality.

2.7. Proteasome subunit determination with the ProCISE assay

The ProCISE (proteasome constitutive/immunoproteasome
subunit enzyme linked generated and immunosorbent) assay
was performed on untreated cell lysates as was previously
described [37]. Luminescence was measured using a GENios-Basic
plate reader (Tecan Austria, GmBH). Data was statistically analyzed
with XLfit Excel Add-In (ID Business Solutions Limited).

2.8. DNA sequence analysis

Sequence analysis of the PSMB5 gene was performed as
described previously [19]. Briefly, DNA was isolated from H460/
H460BTZR80/H460BTZR200, A549/A549BTZR40/A549 BTZR100 and
SW1573/SW1573BTZR30/SW1573BTZR150 cells using a Qia amp
DNA blood mini kit (Qiagen, Valencia, CA, U.S.A.). DNA was used for
amplification of the second exon of the b5 proteasome subunit by
PCR (forward: TTCCGCCATGGAGTCATA, reverse: GTTGGCAAG-
CAGTTTGGA). PCR products were sequenced with the dideoxy
chain-termination method using ABI Prism TM BigDye Termina-
tion and an autosequencer ABI Prism Genetic Analyser 3100
automatic DNA sequencer (Perkin Elmer, Foster City, CA, U.S.A.).
2.9. Native gel electrophoresis

Detection of core particles of the proteasome and proteasome
activity by native gel electrophoresis was performed as described
previously [38]. In brief, 5 � 106 cells were lysed in 300 ml lysis
buffer (50 mM Tris–HCL (pH 8.0), 5 mM MgCl2, 0.5 mM EDTA,
1 mM ATP) and mixed with an equal volume of acid washed glass
beads (Sigma–Aldrich Chemicals, Zwijndrecht, The Netherlands).
Samples were loaded on a 3.5% gel (90 mM Tris base, 90 mM boric
acid, 5 mM MgCl2, 0.5 mM EDTA, 1 mM ATP-MgCl2, 0.1% APS, 0.1%
Temed). After separation of the proteins, gels were either used to
detect proteasome subunits by Western blot analysis or protea-
some activity with the use of the suc-Leu-Leu-Val-Tyr-amc (suc-
LLVY-amc) substrate (Enzo Life Sciences, PA, U.S.A.).

2.10. P-glycoprotein activity

P-glycoprotein functional activity was determined as described
previously [39,40]. Briefly, 150,000 cells were collected in 500 ml
medium and incubated for 1 h at 37 8C in the presence of a
fluorescent substrate, Syto16 (1 nM) (Invitrogen, Breda, The
Netherlands). After incubation cells were exposed to P-glycopro-
tein inhibitor Reversin-121 (P121, 10 mM) (Alexis Benelux, Breda,
The Netherlands) for 1 h. Cells were washed twice with ice cold PBS
supplemented with 0.1% bovine serum albumin (BSA). Mean
fluorescence was determined by FACS analysis. P-glycoprotein
activity was determined by the ratio of the mean fluorescence of
the cells treated with P121-control cells and the mean fluorescence
of the cells treated without P121-control cells.

2.11. Statistical analysis

Data were analyzed by the student’s t-test. A Pearson
correlation test was used to determine correlations between
variables. P-values < 0.05 were considered statistically significant.
Statistical analysis was performed using GraphPad Prism5.

3. Results

3.1. Intrinsic resistance to bortezomib correlates with elevated basal

levels of cellular proteasome activity

Human NSCLC cell lines H460, A549 and SW1573 were first
tested for their sensitivity to bortezomib using the colorimetric
MTT assay. Dose-response curves for bortezomib-induced growth
inhibition revealed differential intrinsic sensitivity to bortezomib
with IC50 values of 12.6, 8.7 and 1.7 nM for H460, A549 and
SW1573, respectively. We next determined proteasome activity in
intact cells of these cell lines; when compared to bortezomib-
sensitive SW1573 cells, chymotrypsin- and caspase-like activities
were 3- and 4.5-fold higher (P < 0.05) in the inherently resistant
H460 cell line (Fig. 1A). A549 cells had intermediate basal
chymotrypsin- and caspase-like activities with parallel interme-
diate levels of intrinsic resistance to bortezomib. Statistical
analysis using a Pearson-test revealed a correlation between high
basal chymotrypsin- and caspase-like activities and inherent
bortezomib resistance; R2 = 0.99, P < 0.05. Noteworthy, no differ-
ences were detected in trypsin-like activity that resides in the b2-
subunit of the proteasome which is not targeted by bortezomib.
Furthermore, determination of the proteasome subunit expression
levels by ProCISE, after normalization for protein content, revealed
no relationship with proteasome activities measured in these cells
(Fig. 1B). Noteworthy, up to 3-fold higher protein levels of the
immuno-proteasome subunits b1 and b5 were found in H460 cells
compared to A549 and SW1573 cells. Taken together, high basal
levels of chymotrypsin- and caspase-like proteasome activities
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Fig. 1. Intrinsic bortezomib resistance is correlated to higher basal proteasome activities.

(A) Basal proteasome activities demonstrate a significant (p < 0.05) higher chymotrypsin- and caspase-like activity in H460 when compared to SW1573. (B) Proteasome

subunit levels determined by ProCISE show comparable b-subunits levels and higher immuno proteasome b5 and b1 in H460 cells. Results represent the mean (�SEM) of at

least 3 experiments.
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correlated with intrinsic bortezomib resistance in these NSCLC cell
lines.

3.2. Establishment of NSCLC cell lines with acquired resistance to

bortezomib

To investigate the mechanisms underlying acquisition of
bortezomib resistance in lung cancer cells, we established a
model for acquired bortezomib resistance in NSCLC cells by
exposing parental H460, A549 and SW1573 cells to gradually
increasing concentrations of bortezomib for at least 6 months. The
resulting bortezomib-resistant cell lines were named H460BTZR80,
H460BTZR200, A549BTZR40, A549BTZR100, SW1573BTZR30 and
SW1573BTZR150, according to the highest selective concentration
applied. Dose-response curves of bortezomib-induced growth
inhibition revealed resistance of 14- and 22-fold (IC50: 173 and
276 nM) for H460BTZR80 and H460BTZR200, 8- and 19-fold (IC50: 70
and 167 nM) for A549BTZR40 and A549BTZR100 and an 18- and 70-
fold (IC50: 30 and 119 nM) for SW1573BTZR30 and SW1573BTZR150,
respectively, when compared to their parental counterparts
(Fig. 2A). To determine whether or not acquired bortezomib
resistance is a stable phenotype, H460BTZR80, A549BTZR40 and
SW1573BTZR30 cells were cultured in drug-free medium for 2
months. The drug resistance phenotype was retained, hence
indicating that these cell lines harboured a stable bortezomib-
resistance phenotype (data not shown). In addition, all bortezomib-
resistant cell lines retained parental growth rates as measured with
MTT assays (data not shown).

3.3. Status of ubiquitination, cell cycle and cell death in bortezomib-

resistant cells

The accumulation of ubiquitinated proteins is a hallmark of
proteasome inhibition. A clear alteration in the accumulation of
ubiquitinated proteins was observed when cells were incubated
for 24 h with bortezomib concentrations ranging from the
selective concentrations of the bortezomib-resistant cells and
higher (Fig. 2B and Supplementary Fig. 1). A marked accumulation
of ubiquitinated proteins was already detectable in parental H460
cells after treatment with 80 nM bortezomib, whereas much
higher concentrations were required to obtain similar levels of
accumulation of ubiquitinated proteins in H460BTZR80 and
H460BTZR200. Comparable results were obtained with A549,
SW1573 cells and their bortezomib-resistant sublines. Further-
more, in line with previous findings [41], bortezomib induced a G2/
M cell cycle arrest and cell death in NSCLC cells (Fig. 2C and D).
After 24 and 48 h, exposure to 80 nM bortezomib in H460 cells
resulted in a marked increase in G2/M arrest and cell death. In
H460BTZR80 and H460BTZR200 high concentrations of 500 nM
bortezomib or more were required to achieve a G2/M arrest and
cell death. Similar findings were obtained with A549 and SW1573
cells and their bortezomib-resistant counterparts (Supplementary
Fig. 2). A lower level of cell death was detected in bortezomib-
resistant cells even at equitoxic bortezomib concentrations
(Fig. 2D).

In addition, after 48 h exposure to various concentrations of
bortezomib, a marked reduction of full length caspase 9, caspase 3
and PARP was found along with the emergence of cleaved products
in parental cells; in the bortezomib-resistant counterparts of H460
and SW1573 higher concentrations of bortezomib were required to
reach similar effects (Supplementary Fig. 3). In A549BTZR40 and
parental cells differences in bortezomib dose-dependent caspase
cleavage were less pronounced. Furthermore, expression analysis
of several pro- and anti-apoptotic proteins revealed that in H460
and SW1573 bortezomib-resistant cells basal Mcl-1 and Noxa
expression, known substrates for proteasomal degradation, was
unaltered and their bortezomib-induced accumulation remained
intact (Supplementary Fig. 4). A549BTZR40 cells, however,
displayed already enhanced Mcl-1 and Noxa levels that were
not further increased upon bortezomib exposure indicating
aberrations in their proteasomal turnover. In contrast, the
expression of some other apoptosis regulatory proteins that are
not direct substrates of the proteasome, such as c-FLIP and Bid was
not altered in this cell panel.

Overall, bortezomib-resistant NSCLC cells retained the ability to
accumulate ubiquitinated proteins, induce G2/M arrest and



Fig. 2. Bortezomib resistant cells demonstrate diminished accumulation of ubiquitinated proteins, G2M arrest and cell death.

(A) Bortezomib-induced growth inhibition in parental and derived bortezomib resistant cells determined by MTT assay after exposure to bortezomib for 72 h. (B) Western

bots showing accumulation of ubiquitinated proteins in H460, H460BTZR80 and H460BTZR200 after 24 h exposure to different concentrations of bortezomib. (C) and (D) Cell

cycle and subG1 (apoptosis) analysis on propidium iodide stained cells treated with increasing bortezomib concentrations for 24 and 48 h. Results represent the mean (�SEM)

of at least 3 experiments.
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undergo apoptosis, albeit exposure to significantly higher borte-
zomib concentrations (2.5–6 fold) was required to obtain these
effects. Furthermore, higher bortezomib concentrations than the
equitoxic concentrations were required to provoke cell death in
bortezomib-resistant cells. Caspase activation differed corre-
spondingly in H460 and SW1573, but surprisingly not in A549
bortezomib resistant cells. The degradation and accumulation
properties of apoptosis regulatory proteins Mcl-1 and Noxa were



Fig. 3. Increased protein expression levels of the proteasome subunits in the bortezomib resistant cells.

(A) Western blot analysis of the b-subunits demonstrates higher levels for b1, b5 and a7 in the bortezomib resistant variants. b-actin was used as a loading control.

(B) Constitutive and immuno-b-subunits expression (ng) analyzed by ProCISE in lysates of parental and bortezomib-resistant cells, showing elevated levels in resistant cells.

(C) Native gel electrophoresis detected increased levels of b5 and a7 subunits in acquired bortezomib-resistant cells.
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not altered in H460 and SW1573 parental and resistant cells. In
A549 bortezomib resistant cells, however, the turnover character-
istics of these proteins are different and may reflect additional, yet
unknown protein specific alterations in proteasome-based mech-
anisms of resistance.

3.4. Increased protein levels of proteasome-subunits in bortezomib-

resistant cells

To further assess the role of the proteasome subunits in
bortezomib-resistance, we determined the expression levels of
the b-subunits by Western blot analysis and ProCISE (Fig. 3A and
B). Overall, in the drug-resistant derivatives, somewhat higher
levels of subunit expression were seen when compared to
parental cells. These increases ranged from 1.3 to 1.8-fold for
b5, 1.5 to 1.8-fold for b2 and a 1.3 to 1.6-fold for b1 (Fig. 3B).
Furthermore, Western blot analysis also revealed increased levels
of proteasome subunit a7 (Fig. 3A). Intriguingly, the expression of
the immuno-proteasome subunits was enhanced in the H460 and
A549 bortezomib-resistant variants, but not in bortezomib-
resistant SW1573 cells. The most dramatic increase was observed
in A549BTZR40 cells with a 5-, 3.5- and 5-fold increase in immuno-
b1, immuno-b2 and immuno-b5 subunits, respectively (Fig. 3B).
To determine whether increased levels of the proteasome
subunits were associated to the 20S core of proteasome, we
determined the expression levels of b5 and a7 by native gel
electrophoresis (Fig. 3C). Results clearly demonstrate increased
levels of the b5 and a7 subunits in the proteasome of bortezomib-
resistant cells when compared to their parental cells, indicating an
overall increase of proteasome formation in bortezomib-resistant
cells.

3.5. Bortezomib-induced inhibition of proteasome activity in parental

and bortezomib-resistant cells

We next determined the inhibition of proteasome activities in
intact bortezomib-resistant NSCLC cells. After 3 h exposure to
various bortezomib concentrations, similar levels of inhibition of
the chymotrypsin-like and caspase-like activities were observed in
parental cells (Fig. 4A, left panel). For 80% reduction of the
chymotrypsin-like and caspase-like activities, bortezomib con-
centrations ranging from 12 to 16 nM and 61 to 122 nM,
respectively, were required. The trypsin-like activity was only
slightly suppressed by high bortezomib concentrations of
�100 nM, whereas low concentrations of 1–25 nM resulted in
an increase of trypsin-like activity of up to 50%. In the bortezomib-
resistant cells a 1.5–2.5-fold higher bortezomib concentration was
required to obtain similar inhibition of chymotrypsin- and



Fig. 4. Proteasome activities and proteasome inhibition in bortezomib resistant cells.

(A) Chymotrypsin-, caspase- and trypsin-like activities were determined using intact cells after incubation with a concentration range of bortezomib for 3 h. Proteasome

activities were normalized to untreated cells which were set at 100%. Bortezomib resistant cells (right panel) required 2–2.5 fold higher bortezomib concentrations for

comparable proteasome inhibition as the parental cells (left panel). Results represent the mean � SEM of at least 3 experiments.

(B) Proteasome activity assay using native gel electrophoresis and suc-LLVY-amc substrate. CP: core particle, RP: regulatory particle.
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caspase-like activities with IC80 values of 25–38 nM and 99–
221 nM, respectively (Fig. 4A, right panel). Trypsin-like activity
was not inhibited by bortezomib in these cells, even at high
concentrations (500 nM). Similar to observations in parental cells,
low bortezomib concentrations increased trypsin-like activity in
bortezomib-resistant cells. Moreover, proteasome activity deter-
mined by native gel electrophoresis using the b5-subunit specific
Suc-LLVY-amc substrate revealed strongly reduced proteasome
activity levels in bortezomib-resistant derivatives, especially for
A549BTZR100 and SW1573BTZR150 cells, when compared to
parental cells (Fig. 4B). These findings suggest that basal
proteasome activity levels cannot serve as predictors of acquired
bortezomib-resistance. Altogether, these results demonstrate that
in bortezomib-resistant cells, the proteasome can be inhibited by
bortezomib, albeit at much higher concentrations than in the
parental counterparts. Furthermore, despite increased levels of



Fig. 5. Analysis of PSMB5 gene mutation in bortezomib resistant cells.

Sequencing of the PSMB5 gene exon 2 revealed different mutations in bortezomib resistant cell lines. 3D-protein backbone structure of the proteasome b5-subunit (depicted

in green) with the mutations detected in the resistant NSCLC cells. As a template, the 3D model includes the yeast proteasomal crystal structure in complex with Bortezomib

and another proteasome inhibitor epoxomicin [52,54] and the bovine proteasomal crystal structure [55]. Abbreviations: P1: Substrate side chain 1, S1: Specificity binding

pocket 1.
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intact proteasome formation, proteasome activity is reduced in
bortezomib-resistant cells.

3.6. Point mutations in PSMB5 in acquired bortezomib-resistant cells

Recently, three studies reported that bortezomib resistance in
myeloid leukemia THP1 cells, multiple myeloma and T-cell
leukemia Jurkat cells is associated with the emergence of
mutations in exon 2 of the PSMB5 gene encoding for the
bortezomib drug-binding pocket of the b5-subunit [17–19].
Therefore, we performed DNA sequencing of PSMB5 exon 2 in
our panel of NSCLC cells and their bortezomib-resistant deriva-
tives. In all cell lines studied, point mutations were identified, with
each cell line displaying an apparent predominance for a specific
mutation (Fig. 5). Interestingly, a second mutation was identified
in A549BTZR100 cells. In H460BTZR80 and H460BTZR200, a single G
to A nucleotide shift was identified at the 322 position of PSMB5.
This mutation introduced an Ala to Thr substitution at amino acid
49. In SW1573BTZR30 and SW1573BTZR150, a point mutation
emerged leading to the substitution of a G to T nucleotide at the
position 332 of PSMB5 thereby converting Cys52 into Phe. In
A549BTZR40 and A549BTZR100 cells, a single A to G nucleotide shift
at the 310 position of PSMB5 was identified that resulted in a
substitution of amino acid Met45 to Val and an additional
mutation, similar to the mutation found in H460BTZR cells, was
identified in A549BTZR100 cells. These latter mutations have also
recently been identified in acquired bortezomib-resistant human
CCRF-CEM leukemia cells and human multiple myeloma 8226 cells
[42]. These results suggest that amino acid mutations in PSMB5

likely play an important role in the acquisition of bortezomib
resistance presumably via decreased bortezomib binding to the
b5-subunit.

3.7. Cross-resistance of bortezomib-resistant cells to other PIs

We finally determined the cross-resistance of the bortezomib-
resistant cells to a number of other PIs (Table 1). Bortezomib-
resistant cells displayed a 2.8–20-fold resistance to MG132 which
targets all b-subunits of the proteasome, and a 2.9–15-fold
resistance to 4A6, a cytotoxic hexapeptide that specifically targets
the b5-subunit of the proteasome [19]. Conversely, the proteasome
inhibitor 5-amino-8-hydroxyquinoline (5AHQ) which targets the
non-catalytic a7 subunit of the proteasome [32], showed no cross-
resistance in bortezomib-resistant cells. Furthermore, recently
developed irreversible proteasome inhibitors, such as ONX 0914
(formerly PR-957) specifically targeting the immuno-b-proteasome
subunits, carfilzomib targeting the b5 and immuno-b5-subunit and
an orally active derivative ONX 0912, were also studied. No cross-
resistance was observed towards the immuno-proteasome inhibitor
ONX 0914 in the H460-derived resistant cells, however in
SW1573BTZR150 and the A549-derived resistant cells a more than
2-fold and up to 13-fold (A549BTZR100) increase in cross-resistance
was detected, when compared to parental cells. Furthermore,
A549BTZR cells and SW1573BTZR cells showed resistance towards
carfilzomib ranging from 6.7 to 21.4-fold when compared to the
parental cells. Interestingly, no appreciable levels of cross-resistance
were observed in H460BTZR cells. Finally, we also examined cross-
resistance towards ONX 0912. Strikingly high levels of cross-
resistance were detected in A549BTZR100 and SW1573BTZR150 cells
demonstrating even higher cross-resistance towards ONX 0912 than
carfilzomib. These results demonstrate that cross-resistance occurs
when bortezomib resistant cells are exposed to proteasome
inhibitors targeting the b-subunits of the proteasome, which can
be overcome by treatment with 5AHQ.

Beyond alterations at the proteasome target conferring
bortezomib resistance and cross-resistance to other b5 targeted
proteasome inhibitors, we also analyzed whether another mecha-
nism may contribute to resistance. Drug extrusion via the
multidrug efflux transporter P-glycoprotein (Pgp) has been shown
to mediate a low level of bortezomib resistance [43–46]. However
we found no cross-resistance to a prototypical Pgp substrate (i.e.
doxorubicin) and differences in functional Pgp-activity between
parental and Bortezomib-resistant cells (data not shown), suggest-
ing that enhanced drug efflux via multidrug resistance transporters
does not contribute to Bortezomib resistance in NSCLC cells.

4. Discussion

In the present study we found intrinsic bortezomib resistance in
human NSCLC cell lines to correlate with high basal proteasome
activity levels. On the other hand, acquired bortezomib resistance
in H460, A549 and SW1573 cells was associated with over-
expression of proteasome subunits and mutations in exon 2 of
PBSM5 gene leading to the requirement of higher bortezomib
concentrations to inhibit the proteasomal activities. Although it is
anticipated that this alteration constitutes the dominant mecha-
nism of resistance in the NSCLC cell lines, we cannot rule out
(minor) contributions of other factors to the resistant phenotype
such as for example altered protein expression and degradation of
specific apoptosis regulatory proteins. Intrinsic bortezomib
sensitivity varied between the panel of NSCLC cells examined
and low proteasome activities correlated with a high sensitivity to
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bortezomib. It is likely that intrinsically low proteasome activities
can be readily inhibited by low bortezomib concentrations,
thereby resulting in proteasome activities below a threshold
necessary for cell survival. Moreover, we demonstrated that NSCLC
cells with acquired bortezomib-resistance show reduced basal
proteasome activities when compared to their parental counter-
parts. This implies that basal proteasome activity is only an
indicator of intrinsic bortezomib resistance and not of acquired
bortezomib resistance. Further exploration of the molecular basis
of acquired bortezomib resistance revealed a moderate over-
expression (1.3–1.8 fold) of individual proteasome b-subunits in
bortezomib-resistant cells. These findings are in line with previous
studies where higher expression levels were reported in both
bortezomib resistant cells [19,20,42,47] and bortezomib-adapted
cells [48]. However, the increase in b-subunits expression is much
lower than the 60-fold increase in THP1 leukemic acquired
bortezomib resistant cells suggesting differences in the underlying
mechanisms of resistance in NSCLC [19]. Interestingly, apart from a
modest overexpression of the b-subunits and a7 subunit, we
detected a marked overexpression of the immuno-b-subunits in
the acquired resistant NSCLC cells. The immuno-proteasome is
crucial for antigen processing and MHC class I antigen presenta-
tion, which is an essential mechanism for cells involved in the
immune system [49]. However, knowledge on the immuno-
proteasome and its inhibition in solid tumors is currently limited.
Assembly of the immuno-proteasome was proposed to increase
bortezomib sensitivity in several solid tumor cell lines [50]. In
contrast, we found no cross-resistance towards immuno-protea-
some inhibitor ONX 0914. Recently it was demonstrated that
immuno-proteasomes were not only involved in antigen presen-
tation but also play a key role in the maintenance of protein
homeostasis by rapidly degrading oxidant-damaged proteins [51].
Since bortezomib is known to induce the accumulation of oxidized
proteins, a key role for the enhanced expression levels of the
immuno-proteasomes might be related to prevention of apoptosis.
Clearly, the role of the immuno-proteasome subunits remains to be
further elucidated.

Several mutations in the active site of the b5-subunit have been
reported resulting in the conversion of Ala49Val, Ala50Val and
Ala49Thr [17–20]. Consistently, transfection of a Ala49Thr-
mutated PBSM5 construct in KMS-11 MM cells reduced bortezo-
mib-induced apoptosis by preventing accumulation of ubiquiti-
nated proteins and fatal ER stress, but did not confer a similar
resistance level as KMS-11 cells selected for bortezomib resistance
following exposure to stepwise increasing concentrations [20]. Our
findings reveal the same nucleotide 322 G to A shift in H460BTZR
cells and A549BTZR100 cells, but we also identified mutations at
nucleotide position 332, resulting in Cys52Phe substitution in
SW1573BTZR cells and at nucleotide position 310 substituting
Met45Val in A549BTZR cells. These mutations have also been
identified in bortezomib-resistant leukemic CCRF-CEM and 8226
cells [42]. Noteworthy, two mutations were detected in
A549BTZR100 cells. Elucidation of the crystal structure of the yeast
20S proteasome associated to bortezomib revealed the specificity
and binding mode of bortezomib demonstrating that amino acids
Met45 and Ala49 in the b5-subunit were essential for the binding
of bortezomib [52] (see also Fig. 5). Bortezomib has been reported
to induce a fit to Met45 thereby blocking b5-subunit mediated
hydrolysis of hydrophobic peptide bonds [53]. Limited information
is available regarding the role of Cys52 which we found here to be
mutated in SW1573BTZR cells. Cys52 should not be directly
involved in bortezomib binding, but rather resides in the S1
binding pocket of the b5 subunit [52]. It is likely that a mutation
of Cys to the aromatic and bulky amino acid Phe will result in
the physical obstruction of the bortezomib-binding pocket,
thereby compromising bortezomib binding. Consistently, emerged



L.H.A.M. de Wilt et al. / Biochemical Pharmacology 83 (2012) 207–217216
mutations should also result in decreased accessibility of natural
proteins for degradation by the chymotrypsin activity, which may
be reflected by the strongly reduced proteasome activity found in
these cells. The presence of mutations in the b5-subunit of all
generated acquired resistant cells strongly suggests that these
genetic alterations are important for the development of high
levels of bortezomib resistance.

In accordance to Groll et al., we observed a moderate
stimulatory effect on trypsin-like proteasome activity in both
wild type and bortezomib-resistant cells upon exposure to low
concentrations (1–25 nM) of bortezomib (Fig. 4) [52]. In cells
harbouring a mutation in the b5-subunit, we found that around 2.5
fold higher concentrations of bortezomib are able to induce similar
levels of proteasome inhibition when compared to the parental
cells (Fig. 4A). This is also reflected by approximately 5 fold higher
levels of bortezomib required to obtain similar accumulation in
poly-ubiquitinated proteins (Fig. 2B) or G2 arrest (Fig. 2C)
indicating that other mechanisms contribute to bortezomib
resistance as well. In this context we ruled out possible
contributions by drug efflux transporters, but altered expression
or degradation of apoptosis regulatory proteins deserves further
consideration. We found that mitochondrial apoptosis regulatory
proteins Mcl-1and NOXA, known proteasome substrates, were
similarly expressed in H460 and SW1573 parental and resistant
cells. Likewise, the expression of a number of additional apoptosis
regulatory proteins was not altered, although a more extensive
analysis of a wider range of proteins seems warranted. In contrast,
A549BTZR40 cells displayed higher basal levels of Mcl-1 and NOXA
expression and a lack of further accumulation after bortezomib
treatment. This may indicate that the b5 Met45Val mutation in
these cells leads to substrate specific changes in protein degrada-
tion. Clearly, additional studies to the functional consequences of
these different b5 mutations for protein degradation are required.
On the other hand, we cannot exclude also other yet unidentified
protein specific mechanisms have been changed in these
bortezomib-adapted cells.

We found that the generated resistant NSCLC cells displayed
cross-resistance to various other b-subunit targeting PIs includ-
ing MG132, 4A6, Carfilzomib and ONX 0912, further emphasizing
the relevance of b-subunit mutations in acquisition of bortezomib
resistance. Interestingly and in line with this, bortezomib-
resistant NSCLC cells did not display cross-resistance to the
proteasome inhibitor 5AHQ that specifically targets the a7-
subunit. A similar observation was reported by Li et al.,
demonstrating that 5AHQ was able to induce comparable levels
of apoptosis in bortezomib-resistant THP1 cells and parental cells
[32]. In addition, Li et al. also investigated K562 cells which
express high basal levels of the b-5 subunit and proved to be
bortezomib resistant which could be bypassed by 5AHQ. In mouse
models of lung cancer initial responses to bortezomib were
followed by the emergence of acquired resistance after prolonged
treatment [30]. Whether in a similar way prolonged treatment of
patients with bortezomib provokes acquired resistance/relapses
associated with mutations in the b5 subunit awaits furhter
exploration. In this situation the use of for example an a7 subunit
inhibitor could provide an alternative treatment strategy.
Together with our findings in NSCLC cells this indicates that
5AHQ may be a promising agent in overcoming bortezomib
resistance in multiple tumor types.

One of the main questions concerning bortezomib sensitivity
remains the distinct difference in response to bortezomib
treatment between patients diagnosed with hematological or
solid tumors. Possible differences in the functioning of the
proteasome in these different cell types may be involved making
further fundamental studies essential in order to better exploit the
proteasome as a target in patients with solid tumors.
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