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Bortezomib (BZ) is the first clinically approved proteasome inhibitor that has shown remarkable anti-
cancer activity in patients with hematological malignancies. However, many patients relapse and
develop resistance; yet, the molecular mechanisms of BZ resistance are not fully understood. We have
recently shown that in solid tumors, BZ unexpectedly increases expression of the pro-inflammatory and
pro-angiogenic chemokine interleukin-8 (IL-8), while it inhibits expression of other NFkB-regulated
genes. Since monocytes and macrophages are major producers of IL-8, the goal of this study was to test
the hypothesis that BZ increases the IL-8 expression in human monocytes and macrophages. Here, we
show that BZ dramatically increases the IL-8 expression in lipopolysaccharide (LPS)-stimulated U937
macrophages as well as in unstimulated U937 monocytes and peripheral blood mononuclear cells, while
it inhibits expression of IL-6, IL-1 and tumor necrosis factor-o.. In addition, our results show that the
underlying mechanisms involve p38 mitogen-activated protein kinase, which is required for the BZ-
induced IL-8 expression. Together, these data suggest that the BZ-increased IL-8 expression in mono-
cytes and macrophages may represent one of the mechanisms responsible for the BZ resistance and
indicate that targeting the p38-mediated IL-8 expression could enhance the BZ effectiveness in cancer

treatment.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Bortezomib (BZ, Velcade, PS-341) is the first Food and Drug
Administration-approved proteasome inhibitor that has been used
as a frontline therapy in refractory multiple myeloma (MM). BZ has
shown promising results also in mantle cell lymphoma, cutaneous
T cell lymphoma, and other hematological malignancies. However,
many patients do not respond to BZ and those who do respond
almost always relapse and develop resistance [1,2]. The molecular
mechanisms of BZ resistance are poorly understood; thus, a better
understanding of the responsible mechanisms should lead to the
development of more effective therapies.

The original rationale behind BZ development and use was the
inhibition of inducible proteasomal degradation of IkBa, resulting
in the inhibition of NFkB activity and transcription of NFkB-
dependent anti-apoptotic and pro-inflammatory genes in cancer
cells [3—5]. However, in addition to inhibiting the degradation of
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IkBa, proteasome inhibition likely stabilizes other proteins as well.
Indeed, we have recently shown that proteasome inhibition by BZ
increases the nuclear levels of IkB kinase (IKK) in prostate and
ovarian cancer cells, resulting in increased expression of the pro-
inflammatory chemokine interleukin-8 (IL-8), while the expres-
sion of other NFkB-regulated genes is suppressed, or is not affected
[6,7].

IL-8 was originally discovered as the neutrophil chemo-
attractant and inducer of leukocyte-mediated inflammation
[8—10]. However, in cancer cells, IL-8 contributes to cancer pro-
gression through its induction of tumor cell proliferation, survival,
migration, and angiogenesis [11—14]. In addition, IL-8 induces
neutrophil recruitment and activates neutrophils and the tumor-
associated macrophages to release more IL-8, which further am-
plifies the pro-survival, angiogenic and metastatic effect [11—14].
Even though IL-8 is released by many cell types, monocytes and
macrophages are the major producers [15,16].

In this study, we tested the hypothesis that proteasome inhibi-
tion by BZ increases the IL-8 expression in human monocytes and
macrophages. We show that BZ dramatically increases the
expression of IL-8 in LPS-stimulated U937 macrophages as well as
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in unstimulated U937 monocytic cells and peripheral blood
mononuclear cells (PBMC), while it inhibits the expression of IL-6,
IL-1 and tumor necrosis factor-o. (TNF). In addition, our results
indicate that the underlying mechanisms involve stabilization of
p38 mitogen-activated protein kinase (MAPK), which is required
for the BZ-induced IL-8 expression. Together, these data suggest
that the BZ-increased IL-8 expression in monocytes and macro-
phages may represent one of the mechanisms responsible for the
BZ resistance and indicate that targeting the p38-mediated IL-8
expression could enhance the BZ effectiveness in cancer treatment.

2. Materials and methods
2.1. Antibodies and reagents

Purified polyclonal antibodies against human IKKa (sc-7218),
IKKB (sc-8014), p38 MAPK (sc-7149), and lamin B (sc-6216) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Purified polyclonal antibody against lactate dehydrogenase (LDH;
20-LG22) was from Fitzgerald Industries International (Concord,
MA, USA), and actin antibody was from Sigma (St Louis, MO, USA).
Horseradish peroxidase (HRP)-conjugated anti-rabbit, anti-mouse
and anti-goat secondary antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Bortezomib was obtained from ChemieTek (Indianapolis, IN,
USA). Lipopolysaccharide (LPS), PS1145, and SB203580 were pur-
chased from Sigma (St Louis, MO, USA). All other reagents were
molecular biology grade and were from Sigma (St Louis, MO, USA).

2.2. Cell culture

U937 human promyeloid cells were obtained from American
Type Culture Collection (ATCC; Rockville, MD, USA). Peripheral
blood mononuclear cells (PBMC) from healthy human volunteers
were purchased from AllCells (PBO03F; Alameda, CA, USA).The cells
were grown in RPMI 1640 medium (Invitrogen, Grand Island, NY,
USA) supplemented with 10% heat inactivated fetal bovine serum
(FBS; Invitrogen, Grand Island, NY, USA), 2 mM L-glutamine, and
antibiotics at 37 °Cin a 5% CO, humidified atmosphere as described
[17]. U937 cells were differentiated into macrophage-like cells by
incubation with 10 ng/ml phorbol-12-myristate-13 acetate (PMA;
Calbiochem, San Diego, CA, USA) for 24 h as described [17].

2.3. Transfections

Prior to transfections, cells were seeded (5 x 10° cells/ml) into a
6-well plate and incubated in a humidified 5% CO, atmosphere at
37 °C in antibiotic-free RPMI medium supplemented with 10% FBS
for 24 h. For siRNA transfections, 50 nmol (final concentration) of
control siRNA-A (sc-37007; Santa Cruz Biotechnology, CA, USA),
IKKa (sc-29365), IKKB (sc-35644), or p38 siRNA (sc-29433) were
used. Cells were transfected with TransIT-siQUEST transfection
reagent (Mirus Bio, Madison, WI, USA) according to manufacturer’s
instructions as described [18]. After transfection, fresh RPMI me-
dium supplemented with FBS and antibiotics was added and cells
were incubated for 24 h.

2.4. Real time RT-PCR

Total RNA was isolated by using RNeasy mini-kit (Qiagen,
Valencia, CA, USA). The iScript one-step RT-PCR kit with SYBR Green
(BioRad, Hercules, CA, USA) was used as a supermix and 20 ng of
RNA was used as template on a Bio-Rad MyIQ Single Color Real-
Time PCR Detection System (BioRad). The primers used for

quantification of IL-1, IL-6, IL-8, TNF, and actin mRNA were pur-
chased from SA Biosciences (Frederick, MD, USA).

2.5. Western analysis of cytoplasmic and nuclear extracts

Cytoplasmic (CE) and nuclear extracts (NE) were prepared and
separated on 12% SDS gels as described previously [18,19].
Contamination of nuclear and cytoplasmic fractions by cytoplasmic
and nuclear proteins, respectively, was determined by western
analysis using LDH and lamin B as specific markers as described
[19]. To determine equal protein loading, membranes were stripped
and re-probed with anti-actin antibody as described [19].

2.6. ELISA

IL-1, IL-6, IL-8 and TNF release was measured in cell culture
supernatants by commercially available ELISA kits (R&D, Minne-
apolis, MN, USA) as previously described [6,7].

2.7. Statistical analysis

The results represent at least three independent experiments.
Numerical results are presented as means + S.E. Data were analyzed
by using an InStat software package (GraphPAD, San Diego, CA).
Statistical significance was evaluated by using Mann—Whitney U
test with Bonferroni correction for multiple comparisons; p < 0.05
was considered significant, and is denoted by an asterisk.

3. Results and discussion

3.1. Proteasome inhibition by BZ specifically induces IL-8 expression
in LPS-stimulated U937 macrophages

To investigate whether BZ induces IL-8 expression in stimulated
human macrophages, we first used PMA differentiated U937 cells
[19]. Differentiated U937 macrophages were stimulated with LPS
(1 ug/ml) in the presence or absence of 100 nM BZ for 0, 2 and 6 h,
and mRNA levels of pro-inflammatory cytokines were analyzed by
quantitative RT-PCR. As shown in Fig. 1, LPS stimulation increased
expression of TNF, IL-1, IL-6, and IL-8. However, while the expres-
sion of TNF, IL-1, and IL-6 was inhibited by 100 nM BZ, which
approximately corresponds to the clinically used BZ concentrations
in cancer patients [20], the IL-8 expression was dramatically
increased. Compared to cells stimulated 6 h with LPS, BZ increased
the IL-8 mRNA levels approximately 28-fold (Fig. 1).

To determine whether BZ also increases the IL-8 release, we
analyzed the release of TNF, IL-1, IL-6, and IL-8 in tissue culture
supernatants of LPS-stimulated PMA-differentiated U937 macro-
phages by ELISA. Similarly, BZ significantly increased the IL-8
release from LPS-stimulated U937 macrophages, while it inhibi-
ted TNF, IL-1 and IL-6 release (Fig. 2). Compared to cells stimulated
6 h with LPS, BZ increased the IL-8 release approximately 6-fold
(Fig. 2), correlating with the mRNA data (Fig. 1).

3.2. BZ increases p38 MAPK nuclear accumulation in LPS-
stimulated U937 macrophages

To investigate the mechanism responsible for the BZ-increased
IL-8 expression in LPS-stimulated U937 macrophages, we
analyzed the cellular levels of IkB kinases and p38 MAPK, since both
IKK and p38 MAPK were shown to regulate the IL-8 expression
[21—24]. To this end, we used western blotting to evaluate the
cytoplasmic and nuclear levels of IKKa, IKKB and p38 in PMA-
differentiated U937 macrophages stimulated 6 h with LPS in the
absence and presence of 100 nM BZ. As a control of the purity of
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Fig. 1. Bortezomib specifically induces IL-8 mRNA expression in LPS-stimulated U937 macrophages. U937 cells were differentiated with 10 ng/ml PMA for 24 h, and stimulated
with LPS (1 pug/ml) in the absence or presence of 100 nM BZ. mRNA levels were measured by quantitative RT-PCR using B-actin as a control. The values represent the mean -+/—SE of
four experiments. Asterisks denote a statistically significant (p < 0.05) change compared to LPS alone.
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Fig. 2. Bortezomib specifically induces IL-8 release from LPS-stimulated U937 macrophages. U937 cells were differentiated with 10 ng/ml PMA for 24 h, and stimulated with LPS
(1 pg/ml) in the absence or presence of 100 nM BZ. Cytokine release was measured in cell culture supernatants by ELISA. The values represent the mean +/—SE of four experiments.

Asterisks denote a statistically significant (p < 0.05) change compared to LPS alone.
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Fig. 3. BZ increases p38 nuclear accumulation in LPS-stimulated U937 macro-
phages. Western blotting of cytoplasmic (CE) and nuclear extracts (NE) prepared from
U937 cells differentiated with 10 ng/ml PMA for 24 h, and stimulated with LPS (1 pg/
ml) in the absence or presence of 100 nM BZ. The western blots were analyzed by using
IKKa, IKKB, and p38 MAPK specific antibodies. The presence of cytoplasmic proteins in
nuclear fraction was evaluated by re-probing the membrane with lactate dehydroge-
nase (LDH) antibody. Nuclear contamination in the cytoplasmic fraction was assessed
by using lamin B specific antibody. To confirm equal protein loading, the membrane
was stripped and re-probed with actin antibody.

cytoplasmic and nuclear extract fractions, we used lactate dehy-
drogenase (LDH) and lamin B as specific cytoplasmic and nuclear
markers, respectively. As shown in Fig. 3, IKKa. was localized both in
the cytoplasm and in the nucleus, while IKKB and p38 MAPK were
predominantly in the cytoplasm in unstimulated cells. Interest-
ingly, BZ induced the nuclear accumulation of p38 MAPK in LPS-
stimulated cells (Fig. 3), indicating that proteasome inhibition in-
creases the stability of p38 MAPK, and suggesting that p38 MAPK
might be involved in the BZ-increased IL-8 expression.

3.3. The BZ-increased IL-8 expression in human monocytes is
mediated by p38 MAPK

To investigate whether p38 MAPK mediates the BZ-increased IL-8
expression, and to determine whether BZ induces IL-8 expression also
in unstimulated monocytic cells, we measured IL-8 mRNA levels in
BZ-treated (100 nM, 6 h) undifferentiated U937 cells in the presence
of the p38 MAPK inhibitor SB203580 (10 uM), as well as the IKK in-
hibitor PS1145 (20 uM). As shown in Fig. 4A, BZ induced the IL-8
expression also in undifferentiated monocytic cells. Compared to
untreated cells, BZ increased the IL-8 mRNA expression approxi-
mately 23-fold (Fig. 4A). Importantly, the p38 MAPK inhibitor
SB203580 significantly decreased the BZ-induced IL-8 mRNA, while
the IKK inhibitor PS1145 did not have any significant effect on the BZ-
induced IL-8 mRNA expression (Fig. 4A), indicating that the BZ-
induced IL-8 expression in monocytic cells is mediated by p38 MAPK.

To confirm the p38 involvement in the BZ-induced IL-8
expression, we analyzed IL-8 mRNA levels in U937 cells transfected
with control, p38, IKKa, and IKKP siRNA, before 6-h incubation with
100 nM BZ. As shown in Fig. 4B, suppression of p38 MAPK with
siRNA significantly decreased the BZ-induced IL-8 expression,
while suppression of IKKe. or IKKB did not have any significant ef-
fect on the IL-8 expression. These data demonstrate that the BZ-
induced IL-8 expression in monocytic cells is not mediated by
IKK, but by p38 MAPK.

3.4. BZ induces IL-8 release in primary human PBMC

To determine whether BZ induces the IL-8 release also in pri-
mary human monocytic cells, we analyzed the cytokine release in
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Fig. 4. The BZ-increased IL-8 in human monocytes is mediated by p38 MAPK. (A)
Real time RT-PCR analysis of IL-8 mRNA levels in U937 cells pre-treated 2 h with p38
inhibitor SB203580 (10 uM) or IKK inhibitor PS1145 (20 uM), before 6-h incubation
with 100 nM BZ. The values represent the mean +/—SE of three experiments; the
asterisk denotes a statistically significant (p < 0.05) inhibition compared to cells
treated with BZ only. (B) Real time RT-PCR analysis of IL-8 mRNA levels in U937 cells
transfected with control, p38, IKKa, or IKK siRNA and then incubated 6 h with 100 nM
BZ. The values represent the mean +/—SE of three experiments; the asterisk denotes a
statistically significant (p < 0.05) inhibition compared to cells transfected with control
siRNA. (C) Cytokine release measured by ELISA in cell culture supernatants of PBMC
(1 x 10%/ml) incubated 24 h with 100 nM BZ. The values represent the mean +/—SE of
three experiments. The asterisk denotes a statistically significant (p < 0.05) change
compared to untreated (UT) cells.

primary human peripheral blood mononuclear cells (PBMC) incu-
bated 24 h in the presence or absence of 100 nM BZ. Similarly as in
U937 monocytic cells, BZ significantly induced the IL-8 release in
human PBMC (Fig. 4C). In PBMC incubated with 100 nM BZ, the IL-8
release was induced about 7-fold compared to untreated PBMC,
and reached approximately 7000 pg/mL. In contrast, BZ did not
have any significant effect on the release of TNF, IL-6, or IL-1 in
PBMC.
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IL-8 contributes to cancer progression through its induction of
tumor cell proliferation, survival, and angiogenesis. In this study,
we show that BZ increases the IL-8 expression in human monocytes
through a mechanism that involves the p38 MAPK activity. Thus, it
seems that proteasome inhibition has two opposite effects. One
mechanism of action consists of the inhibition of NFkB activity,
resulting in the suppression of NFkB-dependent cytokines TNF, IL-1,
and IL-6 (Fig. 1). The other, opposite, mechanism consists of the
increased expression of IL-8, which is mediated by p38 MAPK
(Fig. 4).

Interestingly, several studies have indicated that inhibition of
p38 MAPK enhances the cytotoxicity of bortezomib, and may
improve the outcome in MM patients [25—29]. The specific
mechanisms by which BZ increases p38 activity and IL-8 expression
in human monocytes are currently under investigation. Since
monocytes and macrophages are major producers of IL-8, these
data suggest that the BZ-increased IL-8 expression in monocytes
and macrophages may represent one of the underlying mecha-
nisms responsible for the BZ resistance and indicate that targeting
the p38-mediated IL-8 expression could enhance the BZ effective-
ness in cancer treatment.
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