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Abstract Single-agent bortezomib, a potent, selective, and
reversible inhibitor of the 26S proteasome, has demonstrated
clinical efficacy in relapsed and refractory mantle cell lympho-
ma (MCL). Objective response is achieved in up to 45% of the
MCL patients; however, complete remission rates are low and
duration of response proved to be relatively short. These lim-
itations may be overcome by combining proteasome inhibition
with conventional chemotherapy. Rational combination treat-
ment and schedules require profound knowledge of underlying
molecular mechanisms. Here we show that single-agent borte-
zomib treatment of MCL cell lines leads to G2/M arrest and
induction of apoptosis accompanied by downregulation of
EIF4E and CCND1 mRNA but upregulation of p15(INK4B)
and p21 mRNA. We further present synergistic efficacy of
bortezomib combined with cytarabine in MCL cell lines. Inter-
estingly this sequence-dependent synergistic effect was seen
almost exclusively in combination with AraC, indicating that
pretreatment with cytarabine, followed by proteasome inhibi-
tion, may be the preferred approach.
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Introduction

The ubiquitin–proteasome pathway is essential for maintain-
ing intracellular protein homeostasis and represents a valid
target for the treatment of malignant disease [1, 2]. At the
center of this highly coordinated degradation pathway is the
26S proteasome, an abundant ATP-dependent multicatalytic
protease. Various oncogenes and regulatory proteins for cell
cycle progression and apoptosis are processed by this path-
way [3, 4]. Bortezomib is a potent, selective, and reversible
inhibitor of the catalytic 20S subunit of the proteasome,
specifically the chymotryptic threonine protease activity as
the rate-limiting enzymatic step. Besides its proven efficacy
in relapsed multiple myeloma [5, 6], single-agent bortezo-
mib demonstrated clinical activity in several other hemato-
logic malignancies [7, 19] with especially encouraging
results being observed in patients with relapsed or refractory
mantle cell lymphoma (MCL) [8–13]. Objective response is
achieved in up to 45% of the MCL patients; however,
complete remission rates are low and duration of response
proved to be relatively short. These limitations may be
overcome by combining proteasome inhibition with conven-
tional chemotherapy [14–16]. The clinical feasibility of such
an approach has been demonstrated for liposomal doxoru-
bicin in patients with various advanced hematologic malig-
nancies [17]. Considering the abundant presence and
necessity of proteasome activity in every eukaryotic cell,
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surprisingly little toxicity is observed using bortezomib in
clinical practice with mild thrombocytopenia, peripheral
neuropathy, and low-grade diarrhea being most common
[18, 19], rendering this agent highly attractive for com-
bination treatment. Synergism of bortezomib has been
described with numerous other targeted approaches in-
cluding the small-molecule pan-BCL2 inhibitor GX15-
070 [20], the farnesyltranseferase inhibitor R115777
[21], the mTOR inhibitor RAD001 [22], the histone deace-
tylase inhibitor SAHA [23], the BH3-only mimetic ABT-
737 [24], the HDM-2/p53 ligase inhibitor MI-63 [25], and
the small-molecule murine double minute 2 antagonist
Nutlin-3 [26].

The underlying reasons for the particular susceptibility of
proliferating and especially transformed cells remain incom-
pletely understood. In response to disruption of protein
turnover by a reversible proteasome inhibitor like bortezo-
mib, normal cells seem to have the ability to activate check-
point mechanisms to arrest cell division and resume
proliferation after proteasome activity is restored, where-
as most malignant cells have dysfunctional checkpoint
mechanisms [27].

Rational combination treatment and schedules require
profound knowledge of underlying molecular mechanisms;
however, astonishingly little is known about down-stream
events caused by proteasome inhibition in mantle cell
lymphoma.

Materials and methods

Cells and reagents

Established MCL cell lines consisted of Granta-519, HBL-
2, Jeko-1, NCEB-1, and Rec-1. The human T-cell leukemia
cell line Jurkat, the human follicular B-cell lymphoma cell
line Karpas 422 and the MEC1, MEC2 CLL cell lines were
used as hematological control cell lines. All cell lines were
purchased from the German Collection of Microorganisms
and Cell Cultures (DSMZ, Braunschweig, Germany) and
cultured in RPMI 1640 culture medium (PAN, Aidenbach,
Germany) and MDM (MEC1, MEC2) at 37°C in a humified
atmosphere containing 5% carbon dioxide. Culture medium
was supplemented with 20% heat-inactivated fetal calf se-
rum (FCS; Granta-519, Jeko-1, NCEB-1, and REC-1) and
10% FCS (HBL-2, MEC1, MEC2, Jurkat, and Karpas 422),
respectively. Bortezomib was provided by Janssen-Cilag
(Velcade®, Neuss, Germany), cytarabine was purchased
from Cell Pharm (Ara-Cell®, Hannover, Germany), fludar-
abine from Medac GmbH (Wedel), gemcitabine from Eli
Lilly (Wien, Austria), and mitoxantrone from Hexal AG
(Holzkirchen).

Cell proliferation by trypan blue staining

Cells were seeded at a density of 5×105/ml in the absence or
presence of bortezomib (0–50 nM). Cells were counted
using the ViCell Cell viability analyzer at 24, 48, and 72 h.

Apoptosis detection by annexin V staining

For apoptosis assay, cells were analyzed by flow cytometry
0, 12, and 24 h after bortezomib exposure. Cells were
washed and stained with Annexin V-PE and 7-AAD in
accordance with the manufacturer’s protocol (BD Bioscien-
ces, Heidelberg, Germany). Apoptosis was assessed by flow
cytometry (BD FACS Calibur System, BD Biosciences,
Palo Alto, CA, USA) and WinMDI 2.8 Software (Joseph
Trotter). Apoptosis rate was calculated as follows:

1�
00fraction variable treated cells00

00fraction variable untreated cells00
� 100%

� �
:

Cell cycle analysis

2×105 cells per tube were incubated with bortezomib (25nM)
and cell cycle analysis was performed at 0, 4, 8, and 12 h in
independent triplicates. Cells were washed, resuspended in
200 μl of lysis buffer (0.1% sodium citrate, 0.1% Triton X-
100 (Sigma-Aldrich Chemie GmbH, Taufkirchen),
20 μg/ml propidium iodide (Sigma-Aldrich Chemie
GmbH (Taufkirchen), and 100 μg/ml ribonuclease A
(Merck KG, Darmstadt), and incubated on ice in the
dark for 5 min. Flow cytometry was performed subse-
quently using BD FACS Calibur (BD Biosciences, Palo
Alto, CA, USA). The percentage of cells in G0/G1, S,
and G2/M phase was calculated using ModFit LT (Verity
Software House, Inc., Topsham, MA, USA).

Cell viability assay and determination of Chou and Talalay’s
combination index

Cell viability correlates with the activity to metabolize the
tetrazolium salt WST-1 to a water-soluble formazan dye,
which is measured spectrophotometrically (Roche Applied
Science, Mannheim, Germany). Cells were seeded at a
density of 1×106/ml in a 96-well microplate in triplicates
(100.000 cells/well) and the assay was performed according
to the manufacturer’s protocol (Roche Applied Science,
Mannheim, Germany). The following agents and concen-
trations were used: bortezomib (0–100 nM), cytarabine (0–
25 μg/ml), fludarabine (0–10 μg/ml), gemcitabine (0–
10 μg/ml), and mitoxantrone (0–5 μg/ml). Agents were di-
luted serially at a 1:1 ratio. After the incubation period (12 or
24 h), the WST-1 reagent was added and analyzed by an
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ELISA reader (Optimax pro, Molecular Devices, Sunnyvale,
CA) after another 4 h.

To determine synergistic, additive, or antagonistic effects
of the drug combinations, the CalcuSyn software (Biosoft,
Cambridge, UK) was used, which is based on the combina-
tion method of Chou and Talalay [28, 29]. This software
was applied to calculate the combination index (CI) by
taking into account the IC50 of each drug and the shape of
the dose–effect curve.

The so determined index (CI) allows the identification of
antagonistic (CI50>1.3), additive (CI5001±0.3) or synergis-
tic (CI50<0.7) efficacy of combination treatment by consider-
ing cell viability curves determined after 12 and 24 h of
treatment with the chemotherapeutic agent alone, bortezomib
alone, or in combination (synchronous and sequential incuba-
tion) of both, respectively. Due to experimental design how-
ever, a small number of estimations with exceedingly high
standard deviations (>50% of CI50) were unavoidable and
marked accordingly.

Real-time RT-PCR

Total RNA extraction was performed with RNeasy Kit
(Qiagen, Hilden, Germany) in accordance with the manu-
facturer’s protocol. RNA was retrotranscribed using
GeneAmp® Gold RNA PCR Kit (Applied Biosystems,
Darmstadt, Germany). Real-time polymerase chain reaction
(RT-PCRs) was performed using Taqmanassays (Applied
biosystems) for CCND1, EIF4E, p15(INK4B), p21,
AKT1, and RT Primer sets from Qiagen (Qiagen, Hilden)
for GSK3A, GSK3B, RPS6, BCL2, CDK2, CDK4, CDK7,
CDK9, and 4EBP1 mRNA expression levels were quanti-
fied relatively and normalized against the TBP transcript
abundance. RT-PCR experiment data were obtained from
three independent experiments.

Statistical analysis

CI50 value was calculated with Calcusyn® (Biosoft, Cambridge,
UK).

Results

Inhibition of cell proliferation by single-agent bortezomib

Impact of single-agent bortezomib on cell proliferation of
MCL and other hematologic cell lines was initially assessed
by trypan blue staining. All tested cell lines demonstrated a
time- and dose-dependent inhibition of cell proliferation
(Fig. 1). With the exception of two control cell lines (Karpas
422, MEC2), the proliferation of all mantle cell lymphoma
cell lines and two other control cell lines (Jurkat, MEC1)

decreased to less than 50% after bortezomib exposure at a
clinically representative concentration of 25 nM (Fig. 2a, b).
Interestingly the two cell lines MEC1 and MEC2
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Fig. 1 Time- and dose-dependent inhibition of cell proliferation by
single-agent bortezomib. Cells were counted by the ViCell Cell viabil-
ity analyzer after incubation with single-agent bortezomib [0–25 nM]
at various time points. Numbers of cells are depicted in percentage of
untreated control cells (Representative data of Granta-519)
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Fig. 2 Time-dependent inhibition of cell proliferation by single-agent
bortezomib. Cells were counted by the ViCell Cell viability analyzer
after incubation with single-agent bortezomib [25 nM] at various time
points. Numbers of cells are depicted in relation to untreated control
cells. a Mantle cell lymphoma cell lines. b Control cell lines (MEC1,
MEC2 B-CLL, Karpas 422 B-cell NHL, Jurkat human T-cell
leukemia)
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established from the same patient with a B-CLL in prolym-
phocytoid transformation, one prior to therapy (MEC1) and
the other after therapy (MEC2), showed different sensitivity
to bortezomib (Fig. 2b), indicating an inducible mechanism
of bortezomib resistance.

These results were confirmed by WST-1 assay. Cells
were incubated with single-agent bortezomib (0–100 nM)
and analyzed after an incubation period of 24 h. The
IC50 values are listed in Table 1. Except for NCEB-1, the
IC50 values were within a clinically achievable dose range.
Jeko-1 was demonstrated to be most sensitive, whereas
Granta-519, HBL-2, and Rec-1 showed only intermediate
sensitivity after 24 h of exposure to bortezomib. Of note, the
hematological control cell lines Jurkat and Karpas 422,
demonstrated moderate sensitivity to single-agent
bortezomib.

Analysis of apoptosis after bortezomib exposure

To determine the apoptosis-inducing potential of bortezo-
mib, cells were exposed to single-agent bortezomib at a dose
of 25 nM and analyzed by flow cytometry at 0, 12, and 24 h.
Time-dependent induction of apoptosis could be detected in
all cell lines after 12 and 24 h; however, results demonstrated a
wide range of susceptibility (Fig. 3). Consistent with the
results of the WST-1 assay, Jeko-1 was most sensitive to
induction of apoptosis whereas Granta-519, HBL-2, and
Rec-1 showed intermediate sensitivity. Again, NCEB-1
demonstrated to be least susceptible to bortezomib treat-
ment. In the control cell lines (Karpas 422, Jurkat), only
moderate induction of apoptosis could be shown.

Cell cycle analysis after bortezomib exposure

To detect cell cycle alterations following proteasome inhi-
bition, cells were analyzed after 0, 4, 8, and 12 h of borte-
zomib exposure. Changes in the cell cycle profile could be
seen already after 4 or 8 h of treatment. A “sub-Go/G1”
peak, corresponding to apoptotic cells, was detected in all
cell lines depending on previously observed susceptibility to
bortezomib treatment (Fig. 4). The most prominent changes
could be seen in the Hbl-2 cell line with the percentage of

cells in the G2/M phase increasing from 20.5% to 44.5%
and those in G0/G1 phase decreasing from 48% to 27%. In
Granta-519, changes towards a G2/M cell cycle arrest were
also observed. Only little impact on cell cycle was observed
in the less sensitive cell lines, NCEB-1 and Rec-1. Thus, the
grade of cell cycle alterations directly correlated to prolifer-
ation inhibition. In the control cell lines (Karpas 422, Jurkat)
moderate G2/M cell cycle arrest was also detected in a
sensitivity-dependent manner.

Bortezomib induced downregulation of CCND1
but upregulation of BCL2 and CDK inhibitor p21 RNA

To further analyze the impact of bortezomib on central
regulator genes of cell cycle and apopotosis, real-time RT-
PCR analysis of MCL cell lines and control cell lines
cultured in the presence or absence of bortezomib (25 nM
at 24 h) was performed. After a 24-h exposure to bortezo-
mib, CCND1 mRNAwas downregulated in all of the MCL
cell lines (Fig. 5a). This downregulation was accompanied
by a decrease of EIF4E RNA expression (Fig. 5b). Upregu-
lation of p21 RNAwas detected in four out of five MCL and
in both control cell lines while p15 (INK4B) was upregu-
lated in two out of the five MCL cell lines and in one of the
control cell lines (Fig. 5c). In contrast to the other MCL cell
lines, Hbl-2 did not express GSK3A RNA but therefore

Table 1 Impact of bortezomib
and conventional
chemotherapeutic agents
on cell proliferation

IC50 values [μg/ml] by WST-1
assay after incubation with
bortezomib, cytarabine,
fludarabine, gemcitabine, and
mitoxantrone

NR not reached

Bortezomib Cytarabine Fludarabine Gemcitabine Mitoxantrone

Granta-519 22.093±6.42 17.49±5.48 0.9±0.2 0.61±0.29 0.23±0.1

HBL-2 25.001±4.99 3.81±1.69 0.51±0.14 0.11±0.1 0.42±0.33

Jeko-1 17.16±4.23 2.3±1.49 0.73±0.69 0.17±0.07 0.59±0.39

NCEB-1 39.19±12.18 NR 0.13±0.076 1.63±0.205 0.68±0.23

Rec-1 28.19±0.36 NR NR NR 3.92±0.354

Jurkat 29.08±9.56 3.85±2.46 0.31±0.18 0.08±0.059 0.12±0.051

Karpas 422 27.219±5.47 3.7±0.68 0.53±0.17 0.11±0.12 0.75±0.06
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Fig. 3 Induction of apoptosis by single-agent bortezomib (25 nM).
Cells were stained with Annexin V-PE and 7-AAD and analyzed by
flow cytometry after 0, 12, and 24 h of incubation. G Granta-519, H
Hbl-2, R Rec-1, Je Jeko-1, N NCEB-1, Ju Jurkat, K Karpas 422
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revealed an upregulation of GSK3ß RNA while in all other
MCL cell lines the GSK3ß and GSK3A mRNA expression
remained nearly unchanged (Fig. 5e). Interestingly
GSK3ßRNA was downregulated in the control cell lines
(Fig. 5e). AKT1 RNA was downregulated in three out of
five MCL cell lines and in one of the control cell lines
(Fig. 5d). Interestingly BCL2 RNA was upregulated in two
out of four MCL cell lines and one of the control cell lines
after bortezomib treatment (Fig. 5f).

Bortezomib exposure did impair the RNA expression of
CDK2 and CDK4 stronger than that of CDK7and CDK9
(Fig. 5g, h). 4EBP1 RNAwas downregulated in all cell lines
except one (Granta-519; Fig. 5i).
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Fig. 4 Cell cycle profile after bortezomib treatment (cell line Hbl-2)
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Fig. 5 Downregulation of CCND1 and EIF4E, but upregulation
of BCL2 and p21 after bortezomib exposure. Cells were incu-
bated with 25 nM bortezomib and analyzed by real-time PCR for
their RNA expression profile after 24 h. a CyclinD1. b EIF4A. c

p15 (INK4B)/p21 ( ), d Akt1, e GSK3α/GSK3ß
( ); f bcl-2, g CDK2/CDK4 ( ), h CDK
7/CDK9 ( ), i 4EBP1
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Effect of conventional cytostatic agents on MCL cells

Cells were exposed to clinically established cytostatic
agents, encompassing the cell phase (S) specific antimeta-
bolites cytarabine (0–25 μg/ml), fludarabine (0–10 μg/ml),
and gemcitabine (0–10 μg/ml) as well as the anthracyclin
analogue mitoxantrone (0–5 μg/ml), which is known to
exhibit cytotoxicity throughout the cell cycle. IC50 values
at 24 h of incubation were determined using WST-1 assay.
Results are listed in Table 1.

Both the MCL cell line Rec-1 and the non-MCL cell
line Karpas 422 were relatively resistant to all antime-
tabolites, with the IC50 not reached within the applied
dose range. Similarly, in NCEB-1, an IC50 could not be
reached for cytarabine and required IC50 doses of gemcita-
bine and mitoxantrone were higher than in the remainder
cell lines. In contrast, fludarabine was surprisingly effective
in NCEB-1.

Cytotoxicity of cytarabine varied significantly between
cell lines with high proliferation inhibition in Jeko-1, HBL-
2, and Jurkat, but intermediate in Granta-519. Fludarabine at
concentrations of <1 μg/ml induced cytotoxicity in all cell
lines except Rec-1 and Karpas 422. Gemcitabine was effec-
tive at very low doses in all cell lines again except again
Rec-1 and Karpas 422. While Granta-519, HBL-2, and
Jeko-1 were particularly sensitive to even very low doses
of mitoxantrone, Rec-1, NCEB-1, and Karpas 422 tolerated
higher concentrations.

Bortezomib in combination with conventional cytostatic
agents

To determine the potential of proteasome inhibition to
induce synergistic cytotoxicity if combined with conven-
tional chemotherapeutic agents, cells were exposed to
bortezomib plus either cytarabine, fludarabine, gemcita-
bine, or mitoxantrone, respectively. Efficacy of combi-
nation treatment was estimated using the CI at IC50

according to Chou and Talalay’s equation. Sequential expo-
sures (addition of second agent after 12 h) were examined.
The results of sequential experiments are listed in Tables 2,
3, 4, and 5.

Despite the complexity of the data, two distinct pat-
terns of cytotoxicity to combination treatment were
identified. All MCL cell lines but NCEB demonstrated
significant synergistic cytotoxicity if sequentially ex-
posed to cytarabine followed by addition of bortezomib
(Table 2). Exposure to the same agents vice versa yielded
antagonism in all MCL cell lines but Granta-519 and
NCEB-1.

On the other hand, all MCL cell lines but NCEB-1
demonstrated significant antagonism if sequentially ex-
posed to mitoxantrone followed by bortezomib thereafter
(Table 3).

For the other chemotherapy combinations with either
fludarabine or gemcitabine, such differential interactions
could not be determined (Tables 4 and 5).
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Discussion

Our in vitro data confirm the significant antilymphoma
activity of bortezomib not only in five well-established
and characterized MCL cell lines, but also in the T-cell
leukemia cell line Jurkat and the follicular B-cell lymphoma
cell line Karpas 422. Cell proliferation assessed by trypan
blue staining as well as cell viability assessed by WST-1
assay was significantly inhibited by single-agent bortezomib
in a dose and time-dependent manner. In accordance with
the description of distinct in vitro patterns of karyotypic
variability of established MCL cell lines [30], susceptibility
to bortezomib treatment varied remarkably. Considering the
proliferation-inhibiting potential of bortezomib we identi-
fied Jeko-1 as highly sensitive, whereas Granta-519, HBL-2,
and Rec-1 showed only intermediate sensitivity after 24 h of
exposure to bortezomib. The fact that NCEB-1 demonstrat-
ed to be the least sensitive cell line may be explained by a
previous observation, that this cell line represents a mouse
hybrid cell line with several stable mouse chromosomes
showing expression of both human and murine bcl-2 protein
[30]. Analysis of apoptosis and cell cycle analysis revealed
also different patterns of response to bortezomib treatment.

While arrest in G2/M phase and induction of apoptosis were
determined as the mechanism of response in sensitive MCL
cell lines, neither relevant cell cycle alteration nor induction
of apoptosis was observed in NCEB-1.

To identify an early and common pattern of downstream
events after bortezomib exposure, quantitative real-time RT-
PCR was performed. Constitutive overexpression of CCND1
is the molecular hallmark of MCL [31–33] and consequently
inhibition of CCND1 has been considered as a potential ther-
apeutic strategy. After bortezomib exposure, we could demon-
strate a significant downregulation of mRNA levels of CCND1
in the MCL cell lines accompanied by a downregulation of
EIF4E. It is well-known that p15(INK4B) is an upstream
inhibitor of CCND1 and that p21 interferes with the formation
of the cyclin/CDK complexes hematopoetic cells [34, 35].
Thus upregulation of p15(INK4B) and p21 could be the
reason of the reduced CCND1 mRNA expression as well as
the observed downregulation of CDK2 and CDK4. Similar
results, G2/M phase arrest and downregulation of cyclinD1,
have been shown recently in hepatocellular carcinoma cells
with the G2/M cell cycle arrest after bortezomib exposure

Table 2 Combination of bortezomib and cytarabine

Cell line BZ 24 h + ARA-C 12 h BZ 12 h + ARA-C 24 h

Granta-519 0.55 (±0.21) 0.50 (±0.08)

HBL-2 2.83 (±0.57) 0.17 (±0.05)

Jeko-1 1.60 (±0.81) 0.23 (±0.05)

NCEB-1 1.52 (±0.23) 1.11 (±0.34)

Rec-1 2.08 (±0.51) 0.15 (±0.16)

Jurkat 0.62 (±0.23) 0.46 (±0.22)

Karpas 422 1.32 (±0.34) 0.62 (±0.04)

CI values at IC50 for the combination of bortezomib (BZ, either 12 or
24 h) and cytararbine (ARA-C, either 12 or 24 h). CI50≤0.7 denotes
synergistic (green), 0.7<CI50<1.3 denotes additive, and CI50≥1.3
denotes antagonistic (red) cytotoxicity

Table 3 Combination of bortezomib and mitoxantrone

Cell line BZ 24 h + MITO 12 h BZ 12 h + MITO 24 h

Granta-519 0.61 (±0.19) 1.21 (±0.49)

HBL-2 0.92 (±0.18) 1.57 (±0.53)

Jeko-1 0.69 (±0.25) 1.69 (±0.34)

NCEB-1 1.14 (±0.72) 1.76 (±0.68)

Rec-1 0.93 (±0.47) 1.84 (±0.72)

Jurkat 1.74 (±0.38) 1.18 (±0.15)

Karpas 422 0.54 (±0.29) 1.35 (±0.22)

CI values at IC50 for the combination of bortezomib (BZ) and mitox-
antrone (MITO). CI50≤0.7 denotes synergistic (green), 0.7<CI50<1.3
denotes additive, and CI50≥1.3 denotes antagonistic (red) cytotoxicity

Table 4 Combination of bortezomib and fludarabine

Cell line BZ 24 h + FLU 12 h BZ 12 h + FLU 24 h

Granta-519 1.05 (±0.23) 1.01 (±0.23)

HBL-2 1.55 (±0.28) 0.89 (±0.13)

Jeko-1 3.65 (±0.46) 0.41 (±0.09)

NCEB-1 1.23 (±0.27) 0.86 (±0.07)

Rec-1 2.55 (±0.53) 0.66 (±0.39)

Jurkat 1.00 (±0.20) 0.86 (±0.71)

Karpas 422 2.38 (±0.91) 1.97 (±0.56)

CI values at IC50 for the combination of bortezomib (BZ, either 12 or
24 h) and fludarabine (FLU either 12 or 24 h). CI50≤0.7 denotes
synergistic (green), 0.7<CI50<1.3 denotes additive, and CI50≥1.3
denotes antagonistic (red) cytotoxicity

Table 5 Combination of bortezomib and gemcitabine

Cell line BZ 24 h + GEM 12 h BZ 12 h + GEM 24 h

Granta-519 0.85 (±0.30) 0.17 (±0.04)

HBL-2 1.55 (±1.4) 1.46 (±0.40)

Jeko-1 3.65 (±0.86) 1.55 (±0.27)

NCEB-1 0.30 (±0.03) 7.04 (±1.34)

Rec-1 0.53 (±0.41) 2.12 (±0.69)

Jurkat 0.25 (±0.06) 0.29 (±0.08)

Karpas 422 0.74 (±0.23) 1.53 (±0.26)

CI values at IC50 for the combination of bortezomib (BZ, either 12 or
24 h) and gemcitabine (GEM, either 12 or 24 h). CI50≤0.7 denotes
synergistic (green), 0.7<CI50<1.3 denotes additive, and CI50≥1.3
denotes antagonistic (red) cytotoxicity
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inducing transcriptional downregulation of cyclin D1 and
upregulation of p21(Waf1/Cip1) [39].

We also analyzed EIF4E mRNA as experimental models
have revealed eIF4E as an important regulator of malignant
transformation and tumor growth [34]. EIF4E mRNA was
downregulated by bortezomib treatment, which might also
result in the downregulation of CCND1 mRNA translation
[36, 37]. However, another protein, the potent, antiapoptotic
kinase AKT, which has also been shown to be translation-
ally controlled by EIF4E [38], was downregulated in most
of the cell lines. The downregulated Akt1 mRNA could also
lead to the downregulation of cyclinD1 RNA as AKT has
been described to mediate expression of CCND1 protein
[40] and increase CCND1 protein expression [41].

Previously it has been described that activated AKT
protein decreases activation of human GSK3ß in 293t cells
[42]. Downregulation of Akt1 mRNA by bortezomib could
therefore explain the low impact on the mRNA expression
profiles of GSK3α and GSK3ß observed in the present
study. The exceptional enhancement of GSK3ß mRNA in
Hbl-2 might be the result from the absence of GSK3α.
Interestingly in the present study, there was a close relation-
ship between EIF4E, CCND1, p15INK4B, and p21 mRNA
expression in all the cell lines. In cases with CCND1 mRNA
downregulation, EIF4E mRNA expression also went down,
whereas p15INK4B and p21 mRNAwere upregulated. Thus
both cyclinD1, and CDKs (CDK2, CDK4, CDK7, CDK9)
were regulated suggesting a strong impact of bortezomib on
the cyclinD1/cdk4-Rb pathway. Interestingly the mRNA
expression of the 4EBP1, which binds to EIF4E and is
blocking cap-dependent translation initiation and is thereby
linking translation initiation with the phosphatidylinositol 3-
kinase/Akt/mTOR signaling pathway, was downregulated
after bortezomib treatment in most of the cell lines. There-
fore the common downregulation of Akt1, 4EBP1, EIF4E,
and cyclinD1 RNA upon exposure to bortezomib suggests
the involvement of the phosphatidylinositol 3-kinase/Akt/
mTOR signaling pathway by translation initiation.

Previous reports indicate that not all lymphoma cells are
sensitive to bortezomib. However as our results indicate that
bortezomib modulates survival and antiapoptotic pathways,
treated cells may be sensitized to cytotoxic stimuli including
conventional chemotherapy resulting in an overadditive
synergy. Accordingly Ma et al. could demonstrate a mark-
edly increase of sensitivity of chemoresistant myeloma cells
(100,000–1,000,000-fold) when chemotherapy was com-
bined with a noncytotoxic dose of bortezomib without af-
fecting normal hematopoietic cells. Similar effects were
observed using a dominant negative super-repressor for
IkkBalpha [43]. In the present study, the combination with
specific cytostatic drugs, namely AraC and mitoxantrone,
increased efficacy of bortezomib. Interestingly the order of
administration was crucial for the synergistic effect of the

combination. Thus preincubation with AraC followed by
bortezomib revealed highest efficacy whereas the same se-
quence resulted in an antagonistic effect when mitoxantrone
was followed by bortezomib. AraC is effective in mono- and
combination therapy for MCL [44]. The synergism of AraC
and bortezomib could be explained by the fact that the
proteasome inhibition in AraC pretreated cells enhances
the number of proapoptotic molecules and favors apoptotic
pathways. In addition Sun et al. showed that during apopto-
sis, caspase activation results in the cleavage of three spe-
cific subunits of the 19S regulatory complex of the
proteasome which inhibits the proteasomal degradation of
ubiquitin-dependent and -independent cellular substrates,
including proapoptotic molecules [45]. If cells are pretreated
with bortezomib, induction of apoptosis and repression of
the proteasome preceeds AraC incubation and incorporation
of nucleoside analogs into the DNA will be slowed down.
After prior bortezomib treatment, cells will be arrested in
G2/M phase and DNA replication takes place only to a
minor degree, thereby diminishing sensitivity to AraC. In
addition bortezomib induces accumulation of the antiapop-
totic Mcl-1 [46], which could reduce the efficacy of AraC.
Interestingly this sequence-dependent synergistic effect was
seen almost exclusively in combination with AraC.

The synergism between AraC and bortezomib shown in
this study was also confirmed in primary MCL cells from
four MCL patients with co-incubation of both drugs induc-
ing synergistic apoptosis in comparison to single adminis-
tration [47]. This result led to the first pilot study of this
combination which has shown a high efficacy in patients
with relapsed MCL [48]. Objective responses were observed
in four (50%) of eight patients, including two complete
remissions [48], forming the rational for a prospective ran-
domized trial, which has recently been initiated.

On the other hand, MCL cell lines demonstrated signif-
icant antagonism if sequentially exposed to mitoxantrone, a
type II topoisomerase inhibitor, followed by bortezomib
thereafter while visa versa mainly additivism was reached.
This is in concordance with reports that proteasomal inhibi-
tion stabilizes topoisomerase IIalpha protein and reverses
resistance to the topoisomerase II poison ethonafide [49].

This sequence-dependent synergistic effect was not seen
in combination with the other nucleoside analogs, fludara-
bine, and gemcitabine. One explanation could be their high
efficiency when used for single agent treatment.

Altogether the data of the present study support the
conclusion made previously by Ma and Hendershot that at
least in cultured cells, activation of the unfolded protein
response triggered by bortezomib can either antagonize or
synergize the efficacy of chemotherapeutic drugs according
to the mode of action of the drugs [50].

In summary our present study suggests a novel mecha-
nism of bortezomib in cell cycle as well as apoptosis
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regulation and specifically cautions the clinical application
of bortezomib combinations dependent on the specific com-
bination drug and sequence applied in the clinical setting.
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