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Abstract

Triple negative breast cancer (TNBC) cells express increased levels of the pro-inflammatory
and pro-angiogenic chemokine interleukin-8 (IL-8, CXCLB8), which promotes their prolifera-
tion and migration. Because TNBC patients are unresponsive to current targeted therapies,
new therapeutic strategies are urgently needed. While proteasome inhibition by bortezomib
(BZ) or carfilzomib (CZ) has been effective in treating hematological malignancies, it has
been less effective in solid tumors, including TNBC, but the mechanisms are incompletely
understood. Here we report that proteasome inhibition significantly increases expression of
IL-8, and its receptors CXCR1 and CXCR2, in TNBC cells. Suppression or neutralization of
the BZ-induced IL-8 potentiates the BZ cytotoxic and anti-proliferative effect in TNBC cells.
The IL-8 expression induced by proteasome inhibition in TNBC cells is mediated by IkB
kinase (IKK), increased nuclear accumulation of p65 NFkB, and by IKK-dependent p65
recruitment to IL-8 promoter. Importantly, inhibition of IKK activity significantly decreases
proliferation, migration, and invasion of BZ-treated TNBC cells. These data provide the first
evidence demonstrating that proteasome inhibition increases the IL-8 signaling in TNBC
cells, and suggesting that IKK inhibitors may increase effectiveness of proteasome inhibitors
in treating TNBC.

Introduction

Interleukin-8 (IL-8, CXCLS8) is a pro-inflammatory and pro-angiogenic chemokine that stimu-
lates cancer progression by inducing tumor cell proliferation, survival, and migration [1,2]. IL-
8 expression is increased in many types of advanced cancers, including triple negative breast
cancer (TNBC), and correlates with poor prognosis [3-6]. TNBC, characterized by the lack of
estrogen (ER), progesterone (PR), and Her2 receptors, accounts for about 15-20% of all breast
cancers, and is the subtype with the worst prognosis. Because no targeted therapies are cur-
rently available, and majority of TNBC patients initially responding to cytotoxic chemotherapy
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become drug-resistant, development of novel therapeutic strategies is essential [7]. Proteasome
inhibition by bortezomib (BZ; Velcade; PS-341) and carfilzomib (CZ), developed for its ability
to inhibit transcription of NFxB-dependent anti-apoptotic genes, has been effective in treating
multiple myeloma and other hematological malignancies [8-11]. By contrast, as single agents,
proteasome inhibitors (PI) have failed to show a significant clinical activity in solid tumors,
including TNBC [12-17], but the responsible mechanisms are not fully understood.

IL-8 transcription is regulated by the transcription factor NFxB [18-20], which is constitu-
tively activated in TNBC cells and tissues; inhibition of NF«B activity suppresses angiogenesis
and tumorigenicity of TNBC cells [21-30]. Activation of NFxB is mediated by the enzymes of
IxB kinase (IKK) complex, which phosphorylate the inhibitory protein IkBa, leading to its
proteasomal degradation, nuclear translocation of NFkB subunits, and NFkB-dependent tran-
scription [31-33]. However, in contrast to other NFkB-dependent genes that are regulated by
p65/p50 NF«B heterodimers, the IL-8 transcription is regulated predominantly by p65 homo-
dimers [19,34,35], making it particularly dependent on the mechanisms that regulate the
nuclear p65 levels and p65 transcriptional activity [36]. Given that p65 can also undergo pro-
teasomal degradation [37], proteasome inhibition can stabilize both IxBo and p65, thus poten-
tially having two completely opposing effects on the regulation of NFkB-dependent genes.
Indeed, previous studies from our laboratory have shown that while proteasome inhibition in
cutaneous T cell lymphoma, prostate cancer, ovarian cancer, and monocytic cells suppresses
transcription of genes regulated by p65/p50 NF«B heterodimers, it upregulates the p65 homo-
dimer-dependent IL-8 transcription [38-41]. Interestingly, however, the induction of IL-8
expression by PI is cell specific; proteasome inhibition does not induce IL-8 expression in mul-
tiple myeloma cells [40], where PI exhibit significant clinical activity.

Since there are no effective therapies for TNBC, and the effect of PI on NFxB-dependent
transcription in TNBC cells has never been investigated, in this study, we examined the effect
of proteasome inhibition on the expression of NFkB-dependent genes in TNBC cells, and
tested the hypothesis that proteasome inhibition induces IL-8 expression, resulting in
increased proliferation and migration of TNBC cells. Our results are the first to show that pro-
teasome inhibition in TNBC cells specifically upregulates expression of IL-8 and its receptors,
CXCR1 and CXCR2. The induced IL-8 expression in TNBC cells is mediated by an increased
nuclear accumulation of p65, and IKK-dependent p65 occupancy at the IL-8 promoter. Sup-
pression or neutralization of the induced IL-8, or inhibition of IKK activity, enhances the BZ
cytotoxic and anti-proliferative effect in TNBC cells, suggesting that by suppressing the IL-8
expression, IKK inhibitors may increase effectiveness of proteasome inhibitors in TNBC
treatment.

Materials and methods
Antibodies and reagents

Antibodies against human CXCR1 (sc-7303), CXCR2 (sc-7304), IKKo. (sc-7218), IKK (sc-
8014), IKKe (sc-376114), p65 NFkB (sc-372), IxBo. (sc-371), and histone H3 (sc-8654) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody against lactate
dehydrogenase (LDH; 20-LG22) was from Fitzgerald Industries International (North Acton,
MA, USA), and actin antibody was from Sigma (St Louis, MO, USA). Horseradish peroxidase
(HRP)-conjugated anti-rabbit and anti-mouse secondary antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA).

Bortezomib was from ChemieTek (Indianapolis, IN, USA), and carfilzomib was from
ApexBio (Houston, TX, USA). Bay-117082 was purchased from Sigma, and SC514 was from
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Santa Cruz Biotechnology. All other reagents were molecular biology grade and were from
Sigma (St Louis, MO).

Cell culture

All cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA,
USA). Breast cancer MDA-MB-231, MDA-MB-468, and MCF-7 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; ATCC, Manassas, VA) supplemented with 10% heat
inactivated fetal bovine serum (FBS; Invitrogen, Grand Island, NY, USA) and antibiotics (100
units/ml penicillin and 100 pg/ml streptomycin). HCC-1937 cells were cultured in RPMI 1640
medium (Invitrogen) supplemented with 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 10% heat inactivated FBS, and antibiotics (100 units/ml penicillin and 100 pug/ml
streptomycin). Before treatment, cells were seeded (5 x 10° cells/ml) for 24 h in 6-well plates
and grown at 37°C with 5% CO,. Bortezomib, carfilzomib, and IKK inhibitors Bay-117082
and SC-514 were dissolved in DMSO and stored at —80°C. An equivalent volume of DMSO
was used in all experiments as a solvent control. Cell viability was measured by using Trypan
Blue exclusion.

Transfection with siRNA

Human IL-8 (sc-39631), IKKa (sc-29365), IKKP (sc-35644), IKKe (sc-39056), and non-silenc-
ing (sc-37007) small interfering RNAs (siRNAs) were obtained from Santa Cruz Biotechnology.
Prior to transfection, cells were seeded (250,000 cells/ml) into a 6-well plate and incubated in a
humidified 5% CO, atmosphere at 37°C in antibiotic-free RPMI medium supplement with 10%
FBS for 24 h to about 80% confluence. For each transfection, 80 pmol of either non-silencing
siRNA control or specific siRNA were used; cells were transfected 7 h in siRNA transfection
medium with siRNA transfection reagent according to manufacturer’s instructions (Santa Cruz
Biotechnology). After transfection, fresh medium with antibiotics was added, and cells were
grown for 24 h before treatment.

Cell proliferation and IL-8 neutralizing assays

Cell proliferation was measured by CellTiter 96 One Solution Cell Proliferation Assay (Pro-
mega, Madison, WI, USA). Cells were seeded into 96-well plates at a density of 5000 cells/

100 pl of medium, and incubated with BZ, CZ, or control DMSO at 37°C. At indicated time
points, 20 pl of CellTiter 96 One Solution Reagent was added to each well, incubated for 4 h at
37°C, and absorbance at 490 nm was measured.

For IL-8 neutralization experiments, MDA-MB-231 cells were incubated 24 h with BZ in
the presence of 2 pg/ml of anti-human IL-8 monoclonal IgG1 antibody (MAB208; R&D, Min-
neapolis, MN, USA) or control mouse IgG1 (MAB002; R&D), and cell viability and prolifera-
tion were measured as described above.

Cell invasion and wound-healing scratch assays

Invasion assay was performed as described by the manufacturer’s protocol (Corning, NY,
USA). MDA-MB-231 cells were seeded onto the Corning Biocoat Matrigel Chambers (Corn-
ing #354480) at a density of 25,000 cells/0.5 ml in serum-free DMEM medium, with bottom
wells containing DMEM medium with 10% FBS. Cells in the top chambers were treated with
10 M Bay-117082 for 12 h, followed by 10 nM BZ for 12 h. After incubation, non-invading
cells were scrubbed from the upper surface of the top chambers using cotton swabs. Matrigel
invading cells on the bottom membranes were fixed with 100% methanol, stained with 0.5%
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crystal violet, washed, and air dried. Invading cells were counted in five randomly selected
fields under a phase-contrast microscope at 20X magnification, and quantified using Image]
software.

For wound-healing scratch assay, MDA-MB-231 cells were seeded in 6-well plates at a den-
sity of 500,000 cells/ml of medium containing 5% FBS. Once cells reached 90% confluency,
they were incubated 12 h with 10 uM Bay-117082 or control DMSO, scratched using a sterile
200 pl pipette tip, and incubated another 24 h with 10 nM BZ. The scratch area was monitored
under phase-contrast microscope at 0 and 24 h after BZ treatment. Scratch width was mea-
sured in 5 randomly selected areas at 10X magnification using Image] software.

Supernatants from cell invasion and wound-healing assays were collected for IL-8 analysis
by ELISA.

Real time PCR

Total RNA was isolated by using RNeasy mini-kit (Qiagen, Valencia, CA, USA). The iScript
one-step RT-PCR kit with SYBR Green (Bio-Rad, Hercules, CA, USA) was used as a supermix
and 20 ng/pl of RNA was used as template on a Bio-Rad MyIQ Single Color Real-Time PCR
Detection System (Bio-Rad). The primers used for quantification of human IL-8, cIAP-1,
cIAP-2, Bcl2, Bel-xL, PD-L1, CXCR1, CXCR2, and actin mRNA were purchased from SA Bio-
sciences (Frederick, MD, USA). The mRNA values are expressed as a percentage of untreated
(UT) samples, which were arbitrarily set as 100%.

ELISA

IL-8 release was measured in cell supernatants by commercially available IL-8 ELISA kit
(D8000C; R&D, Minneapolis, MN).

Western blotting

Whole cell extracts (WCE), and nuclear (NE) and cytoplasmic extracts (CE) were prepared as
described previously [42], and separated on 12% SDS gels. To determine equal protein loading,
membranes were stripped and re-probed with anti-actin antibody. Contamination of nuclear
and cytoplasmic fractions by cytoplasmic and nuclear proteins, respectively, was determined
by immunoblotting using lactate dehydrogenase (LDH) and histone H3 as specific markers, as
described [42].

Chromatin immunoprecipitation (ChIP)

ChIP analysis was performed as described [43]. The promoter occupancy was calculated by
using the human IGX1A negative control primers (SA Biosciences, Frederick, MD), which
detect specific genomic ORF-free DNA sequence that does not contain binding site for any
known transcription factors. The results were calculated as fold difference in p65 occupancy at
the IL-8 promoter in comparison with the IGX1A locus. The IL-8 primers used for real time
PCR were the following: forward, 5 ' ~-GGGCCATCAGTTGCAAATC-3" and reverse, 5’ ~GCT
TGTGTGCTCTGCTGTCTC-3".

Statistical analysis

The results represent at least three independent experiments. Numerical results are presented
as means * SE. Data were analyzed by using an InStat software package (GraphPAD, San
Diego, CA, USA). Statistical significance was evaluated by using Mann-Whitney U test, and

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 4/18


https://doi.org/10.1371/journal.pone.0201858

iggl’L‘)S;|ONE

Proteasome inhibition induces IL-8 in triple negative breast cancer cells

p<0.05 was considered significant. Levels of significance are indicated as *p<0.05; **p<0.01;
and ***p<0.001.

Results
Proteasome inhibition upregulates IL-8 expression in TNBC cells

To test the hypothesis that proteasome inhibition increases IL-8 expression in TNBC cells, we
first analyzed expression of IL-8, as well as other NF«kB-dependent genes, in bortezomib (BZ)-
treated MDA-MB-231 cells that are characterized by the lack of ER, PR, and Her2 receptors,
high proliferation rates and resistance to hormone therapy, and have been widely used as an in
vitro model to study TNBC. Interestingly, while BZ did not have a significant effect on the
expression of NFxB-regulated genes cIAP1, cIAP2, Bcl2, Bcl-xL, and PD-L1 in MDA-MB-231
cells, it dramatically increased the IL-8 mRNA levels (Fig 1A).

To determine whether PI induces the IL-8 expression also in other types of breast cancer
cells, we analyzed IL-8 mRNA levels and cytokine release in BZ-treated MDA-MB-468, HCC-
1937, and MCEF-7 cell lines. Similar to the MDA-MB-231 cells, the MDA-MB-468 and HCC-
1937 cell lines are ER, PR, and Her2-negative, and are unresponsive to hormone therapy. In
contrast, the MCF-7 cells are ER and PR-positive, and are characterized by hormone sensitivity
and lower proliferation rates. As shown in Fig 1B, 24 h incubation with 100 nM BZ, which
approximately corresponds to the clinically used concentrations [44], significantly increased
IL-8 mRNA levels in TNBC cells MDA-MB-468 and HCC-1937, as well as in ER/PR-positive
MCE-7 cells. However, while 100 nM BZ greatly increased the IL-8 release in all three tested
TNBC cell lines, the IL-8 release in MCF-7 cells was much lower (Fig 1C). Both IL-8 gene
expression (Fig 1D) and cytokine release (Fig 1E) were induced in MDA-MB-231 cells also by
carfilzomib (CZ), a second-generation proteasome inhibitor [45,46]. Incubation (24 and 48 h)
of MDA-MB-231 cells with 100 nM BZ and CZ produced comparable levels of IL-8 release
(Fig 1F).

Suppression of BZ-induced IL-8 potentiates BZ cytotoxic and anti-
proliferative effect in TNBC cells

IL-8 mediates its functions through binding to its receptors, CXCR1 and CXCR2; both recep-
tors are expressed in TNBC cells and are also regulated by NFxB [47,48]. To determine
whether proteasome inhibition might regulate the expression of CXCR1 and CXCR2 in TNBC
cells, we analyzed their gene and protein expression in BZ (24 h)-treated MDA-MB-231 cells.
Interestingly, 100 nM BZ significantly increased both mRNA (Fig 2A) and protein (Fig 2B)
levels of both receptors, indicating that proteasome inhibition increases IL-8 signaling in
TNBC cells.

To determine whether suppression of the induced IL-8 expression might augment the BZ
cytotoxic and anti-proliferative effect, we analyzed cell viability and proliferation in
MDA-MB-231 cells transfected with IL-8 specific siRNA or control siRNA, and incubated 24
h with increasing BZ concentrations. IL-8 mRNA levels (Fig 2C) and cytokine release (Fig 2D)
were significantly decreased in cells transfected with IL-8 specific siRNA compared to control
siRNA. As previously observed [49,50], BZ decreased viability and proliferation of TNBC cells
(Fig 2E and 2F). Importantly, IL-8 suppression significantly potentiated the BZ-mediated cyto-
toxic effect (Fig 2E). Furthermore, IL-8 suppression also significantly decreased cell prolifera-
tion in both untreated and BZ-treated MDA-MB-231 cells (Fig 2F). To validate the above
results and determine whether they can be duplicated by neutralization of the produced IL-8,
we analyzed viability and proliferation of MDA-MB-231 cells incubated 24 h with BZ in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 5/18


https://doi.org/10.1371/journal.pone.0201858

@' PLOS | ONE

Proteasome inhibition induces IL-8 in triple negative breast cancer cells

A B
8000 g 10000 [ =MDA-MB-231
= CIAP 1 = EMDA-MB-468  ,\h s
— E y
56000 " W CIAP 2 o\°7500 - -'\HACC:C'_E_;937 I I
X Bcl2 <
< 4000 F wBckxL Z
z PD-L1 DEC
£ 2000 s
=
0 _
0 0.01 0.1 1 0 0.01 0.1 1
BZ (uM) BZ (uM)
c D
1600 r | vipAMe-231 1600
u MDA-MB-468 -
= 1200 F =HCC-1937 ,, I 21200 | e
£ = MCF-7 X
(@]
S 800 r S 800 |
0 . . . %
= 400 ¢ o 400 |
. 4
0 = 0
C 001 01 1 0 001 04 1
E F *kk
| —
1000 2400  =Control —
*x mBZ
= 800 — I uCZ s
E = 1800 —
2 600 > 1
o% % 1200
3 400 2
200 600
0 0
0 0.01 0.1 1 0 24 48

CZ (uM) Time (h)

Fig 1. Proteasome inhibition upregulates IL-8 expression in TNBC cells. (A) Real time RT-PCR of mRNA levels of
different NFxB-dependent genes measured in MDA-MB-231 cells treated with increasing BZ concentrations for 24
hours. (B) RT-PCR of IL-8 mRNA in MDA-MB-231, MDA-MB-468, HCC-1937, and MCF-7 cells treated 24 h with
increasing BZ. (C) IL-8 release measured by ELISA in cell culture supernatants of MDA-MB-231, MDA-MB-468,
HCC-1937, and MCF-7 cells treated 24 h with increasing BZ. (D) RT-PCR of IL-8 mRNA in MDA-MB-231 cells
treated 24 h with increasing CZ concentrations. (E) IL-8 release measured by ELISA in cell culture supernatants of
MDA-MB-231 cells treated 24 h with increasing CZ. (F) IL-8 release in cell culture supernatants of MDA-MB-231 cells
treated with control DMSO, 100 nM BZ, or 100 nM CZ for 0, 24, and 48 h. The values represent the mean +/— SE of
four experiments; asterisks denote a statistically significant change compared to control untreated (UT) cells (*
p<0.05; ** p<0.01; *** p<0.001).

https://doi.org/10.1371/journal.pone.0201858.9001

presence of IL-8 neutralizing antibody. As shown in Fig 2G, compared to control mouse IgG1,
incubation with mouse anti-IL-8 IgG1 significantly decreased viability of untreated and BZ-
treated MDA-MB-231 cells. In addition, IL-8 neutralization significantly reduced proliferation
of untreated and BZ-treated MDA-MB-231 cells (Fig 2H), indicating that inhibition of the BZ-
induced IL-8 expression enhances BZ cytotoxic and anti-proliferative effect in TNBC cells.
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Fig 2. Suppression of BZ-induced IL-8 augments BZ cytotoxic and anti-proliferative effect in TNBC cells. (A)
RT-PCR of CXCRI and CXCR2 mRNA levels in MDA-MB-231 cells treated with increasing BZ for 24 h. (B) Western
analysis of CXCR1, CXCR?2, and control actin protein levels in whole cell extracts (WCE) of MDA-MB-231 cells
treated with increasing BZ for 24 h. The bottom panel represents densitometric evaluation of CXCR1 and CXCR2
protein levels shown in the top panel. The CXCR1/2 densities were normalized to actin, and expressed relative to
untreated cells. (C) RT-PCR of IL-8 mRNA in MDA-MB-231 cells transfected with control or IL-8 siRNA and
incubated 24 h with increasing BZ. (D) IL-8 release measured by ELISA in supernatant of MDA-MB-231 cells
transfected with control or IL-8 siRNA and incubated 24 h with increasing BZ. (E) Viability of MDA-MB-231 cells
transfected with control or IL-8 siRNA, and incubated 24 h with increasing BZ, measured be Trypan Blue exclusion.
(F) Proliferation of MDA-MB-231 cells transfected with control or IL-8 siRNA, and incubated 24 h with BZ, measured
by CellTiter 96 One Solution Cell Proliferation Assay. (G) Viability of MDA-MB-231 cells incubated 24 h with
increasing BZ in the presence of control pre-immune IgG or IL-8 neutralizing monoclonal antibody. (H) Proliferation
of MDA-MB-231 cells incubated 24 h with increasing BZ in the presence of control pre-immune IgG or IL-8
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neutralizing monoclonal antibody. The values represent the mean +/— SE of four experiments; asterisks denote a
statistically significant change compared to control.

https://doi.org/10.1371/journal.pone.0201858.9002

BZ-induced IL-8 expression in TNBC cells is mediated by IKK

To understand the mechanism of how proteasome inhibition increases IL-8 expression in
TNBC cells, we first investigated IKK involvement in the BZ-induced IL-8 expression, and
analyzed IL-8 mRNA levels in BZ-treated MDA-MB-231 cells pre-incubated with a broad-
spectrum inhibitor of IKKs, Bay-117082 [51], or with a specific inhibitor of IKK, SC-514 [52].
Both inhibitors significantly suppressed the BZ-induced IL-8 mRNA expression in MDA-MB-
231 cells (Fig 3A), indicating that the IL-8 expression induced by proteasome inhibition in
TNBC cells is mediated by IKKp. To confirm these data, we analyzed IL-8 mRNA expression
and cytokine release in BZ-treated MDA-MB-231 cells transfected with IKKa, IKK, IKKe, or
non-specific control siRNAs (Fig 3B). While transfection with IKKe did not have any signifi-
cant effect on IL-8 mRNA levels (Fig 3C) or cytokine release (Fig 3D), transfection with IKKa,
and particularly IKKSB, significantly suppressed the BZ-induced IL-8 expression (Fig 3C and
3D).

BZ increases nuclear accumulation of p65 NFkB, and IKK-dependent p65
recruitment to IL-8 promoter in TNBC cells

Because IL-8 transcription is regulated predominantly by p65 homodimers [19,34,35], we
wanted to determine whether the increased IL-8 expression induced by proteasome inhibition
in TNBC cells is associated with increased nuclear levels of p65 NFkB. Analysis of cytoplasmic
and nuclear extracts by western blotting showed that p65 was localized predominantly in the
nucleus of MDA-MB-231 cells (Fig 4A); this is consistent with the high constitutive NFxB
activity in these cells [21-24]. Cell incubation with BZ further increased the nuclear accumula-
tion of p65 (Fig 4A and 4B); this is likely caused by the BZ-mediated inhibition of p65 protea-
somal degradation [37]. In addition, BZ induced nuclear translocation and accumulation of
IxBo in MDA-MB-231 cells (Fig 4A and 4B), as was previously observed in other cancer cells
[38-40]. However, since p65 homodimers exhibit a low affinity for IxBo [34,35], the nuclear
accumulation of IxBo. was not associated with the inhibition of IL-8 transcription in TNBC
cells.

To determine whether proteasome inhibition increases IL-8 promoter occupancy by p65,
we analyzed the kinetics of p65 promoter recruitment by chromatin immunoprecipitation
(ChIP) in MDA-MB-231 cells treated with 100 nM BZ or control DMSO. As shown in Fig 4C,
6 h and 24 h incubation with BZ significantly increased p65 promoter occupancy, indicating
that proteasome inhibition induces IL-8 transcription by increasing p65 promoter recruit-
ment. To find out whether the BZ-induced p65 recruitment requires the kinase activity of
IKK, MDA-MB-231 cells were pre-incubated with Bay-117082 or SC-514 before 24 h treat-
ment with 100 nM BZ. Inhibition of IKK activity by Bay-117082 and SC-514 significantly
attenuated the BZ-induced p65 occupancy at the IL-8 promoter (Fig 4D), indicating that IKK
activity is required for the BZ-induced p65 recruitment to IL-8 promoter in TNBC cells.

IKK inhibition enhances BZ cytotoxic and anti-proliferative effect in
TNBC cells

Since our data indicated that the BZ-induced, IKK-dependent IL-8 release increases survival
and proliferation of TNBC cells, we wanted to test whether inhibition of IKK activity would
enhance the BZ cytotoxic and anti-proliferative effect. To this end, cell viability and
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Fig 3. BZ-induced IL-8 expression in TNBC cells is mediated by IKK. (A) RT-PCR of IL-8 mRNA in MDA-MB-231
cells pre-treated 12 h with control DMSO, Bay-117082 (10 or 40 pM), or SC-514 (10 or 40 uM), and incubated 24 h
with 100 nM BZ. (B) Western analysis of IKKa, IKKp, and IKKe in WCE of MDA-MB-231 cells transfected with
control, IKKo, IKKB, and IKKe siRNA, and treated with BZ (100 nM, 24 h). The bottom panel represents
densitometric evaluation of IKKa, IKKp, and IKKe protein levels shown in the top panel; the IKKs densities were
normalized to actin, and expressed relative to cells transfected with control siRNA. (C) RT-PCR of IL-8 mRNA in
MDA-MB-231 cells transfected with control, IKKc, IKK, or IKKe siRNA, and incubated 24 h with 100 nM BZ. (D)
IL-8 release measured by ELISA in MDA-MB-231 cells transfected with control, IKKa, IKKB, or IKKe siRNA and
incubated 24 h with 100 nM BZ. The values represent the mean +/— SE of four experiments; asterisks denote a
statistically significant change compared to control.

https://doi.org/10.1371/journal.pone.0201858.9003

proliferation were analyzed in MDA-MB-231 cells pre-incubated with the IKK inhibitor Bay-
117082, and treated 24 h with increasing BZ concentrations. Inhibition of IKK activity by Bay-
117082 significantly reduced cell viability (Fig 5A) and proliferation (Fig 5B) in BZ-treated
cells. To confirm the above data by a pharmacologically independent approach, we analyzed
cell viability and proliferation in BZ-treated MDA-MB-231 cells transfected with IKKB siRNA
or control non-specific siRNA. Compared to transfection with control siRNA, transfection
with IKKP siRNA significantly decreased viability (Fig 5C) and proliferation (Fig 5D) of BZ
(24 h)-treated cells.

To determine whether inhibition of IKK activity enhances the BZ-cytotoxic effect beyond
the 24 h time point, we analyzed cell viability and IL-8 release in MDA-MB-231 cells incubated
with BZ with and without Bay-117082 for up to 72 hours. Even though the viability of
MDA-MB-231 cells treated with BZ for 48 and 72 h was low, it was further decreased by the
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Fig 4. BZ increases nuclear p65 accumulation, and IKK-dependent p65 recruitment to IL-8 promoter in TNBC
cells. (A) Western blotting of cytoplasmic (CE) and nuclear extracts (NE) prepared from MDA-MB-231 cells treated
24 h with BZ, and analyzed by using p65 and IxBo antibodies. The presence of cytoplasmic proteins in nuclear fraction
was evaluated by re-probing the membrane with lactate dehydrogenase (LDH) antibody. Nuclear contamination in the
cytoplasmic fraction was assessed using histone H3 specific antibody. To confirm equal protein loading, the
membranes were stripped and re-probed with actin antibody. Each lane corresponds to approximately 5x10* cells. (B)
Densitometric evaluation of p65, IkBa, and histone H3 levels in nuclear extracts of BZ-treated MDA-MB-231 cells,
shown in panel A. The densities of nuclear p65, IxBa, and histone H3 were normalized to the densities of nuclear
actin. The values for untreated cells were arbitrarily set to 1, and the other values are presented relative to these values.
(C) Recruitment of p65 to endogenous IL-8 promoter analyzed by ChIP and quantified by real time PCR in
MDA-MB-231 cells treated with 100 nM BZ for 0, 3, 6 and 24 h. (D) ChIP of p65 recruitment to IL-8 promoter in
MDA-MB-231 cells pre-incubated 12 h with control DMSO, Bay-117082 (10 uM), or SC-514 (10 uM), and then
incubated 24 h with 100 BZ. The data are presented as the change in occupancy over the human IGX1A (Qiagen)
sequence control and represent the mean +/— SE of three experiments. Asterisks denote a statistically significant
change compared to control.

https://doi.org/10.1371/journal.pone.0201858.9004

inhibition of IKK activity by Bay-117082 (Fig 5E), and this was associated with an inhibition of
IL-8 release (Fig 5F).

IKK and proteasome inhibitors have synergistic effect in reducing
migration and invasion of TNBC cells

To extend these findings, we examined the effect of proteasome and IKK inhibition on migra-
tion and invasion of TNBC cells. Combination of 10 nM BZ and 10 uM Bay-117082 signifi-
cantly decreased migration of MDA-MB-231 cells measured by the scratch wound-healing
assay; both compared to control untreated cells, and compared to cells treated with BZ only
(Fig 6A and 6B). In addition, combination of BZ and Bay-117082 significantly decreased the
IL-8 release measured in the supernatants of scratched cells; both compared to untreated cells,
and compared to cells treated with BZ alone (Fig 6C).

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 10/18


https://doi.org/10.1371/journal.pone.0201858.g004
https://doi.org/10.1371/journal.pone.0201858

o ®
@ : PLOS | ONE Proteasome inhibition induces IL-8 in triple negative breast cancer cells

A B
— -

100 m Control 100 m Control
— =B [ = Bay
E 80 | Y 5 80
= 60 | =
= — S
S 40 | ©
g 3
T 20 | S
o T

0
0 0.1 1 0 0.1 1
BZ (uM) BZ (uM)
C D
— —

100 B Control siRNA 100 m Control siRNA
~ m IKKB siRNA — =2 wIKKB SiRNA
5 % 5 80 |
S > o
> 60 S 60
3 5
T 40 =40
> @

3 20 £ 20
© £
0 0
0 0.1 1 0 0.1 1
E F
r 2500

100 mBZ mBz '_|
g 80 | R mBZ + Bay 2000 | mBZ + Bay
R o} ’_g -
> 60 ¢ £ 1500 | ~
3 e
S 40 % 1000 |
2z — =
@ 20 500 |
&)

0 0
0 24 48 72 0 24 48 72
Time (h) Time (h)

Fig 5. Suppression of IKK activity enhances BZ cytotoxic and anti-proliferative effect in TNBC cells. (A) Viability
of MDA-MB-231 cells treated 24 h with BZ in the presence or absence of Bay-117082, analyzed by using Trypan Blue
exclusion. (B) Proliferation of MDA-MB-231 cells treated 24 h with BZ in the presence or absence of Bay-117082,
analyzed by CellTiter 96 One Solution Cell Proliferation Assay. (C) Viability of MDA-MB-231 cells transfected with
control or IKKB siRNA and incubated 24 h with BZ. (D) Proliferation of MDA-MB-231 cells transfected with control
or IKKB siRNA, and incubated 24 h with BZ. (E) Viability and (F) IL-8 release in MDA-MB-231 cells concomitantly
incubated with 100 nM BZ with and without 10 uM Bay-117082 for up to 72 h. The data are expressed as the
percentage compared to untreated cells. The values represent the mean +/—-SE of four experiments; asterisks denote a
statistically significant change compared to control.

https://doi.org/10.1371/journal.pone.0201858.9005

Interestingly, 10 nM BZ induced Matrigel invasion of MDA-MB-231 cells (Fig 7A and 7B),
and this was associated with increased IL-8 release by the cells (Fig 7C). IKK inhibition by
Bay-117082 significantly decreased the invasion potential of BZ-treated cells (Fig 7A and 7B),
and suppressed the BZ-induced IL-8 release (Fig 7C). Together, these data show that IKK
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Fig 6. IKK and proteasome inhibitors have synergistic effect in reducing migration of TNBC cells. (A) MDA-MB-
231 cells were incubated with 10 uM Bay-117082 and/or 10 nM BZ as indicated, and cell migration was evaluated by
wound-healing assay as described in “Materials and methods”. (B) Images from panel A were quantified using Image]J
software, and the data are expressed as wound width at 24 h compared to the corresponding wound width at 0 h. (C)
IL-8 release measured in cell supernatants in the wound-healing assay shown in panel A. The values represent the
mean +/—SE of three experiments; asterisks denote a statistically significant change compared to control.

https://doi.org/10.1371/journal.pone.0201858.9006

inhibition significantly enhances the BZ inhibitory effect on viability, proliferation, and migra-
tion of TNBC cells, and inhibits the BZ-induced IL-8 expression and invasion.

Discussion

Triple negative breast cancer comprises 15-20% of newly diagnosed breast cancer cases, and
compared with other breast cancer subtypes, exhibits increased aggressiveness and less favor-
able prognosis. Since TNBC patients are unresponsive to current targeted therapies, new ther-
apeutic strategies are vital. Although previous studies have shown that proteasome inhibition
induces apoptosis in TNBC cells [49,50], suggesting a potential therapeutic activity in TNBC,
clinical trials using PI as single agents have produced disappointing results. In this study, we
demonstrate that proteasome inhibition induces expression of IL-8 and its receptors CXCR1
and CXCR2, resulting in increased survival, proliferation, and migration of TNBC cells. The
induced IL-8 expression is mediated by IKK, and associated with an increased nuclear accu-
mulation of p65 NF«B, and IKK-dependent p65 recruitment to IL-8 promoter. Inhibition of
IKK activity significantly decreases proliferation, migration, and invasion of BZ-treated TNBC
cells. These results are the first to show that proteasome inhibition increases IL-8 signaling in
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Fig 7. IKK inhibition decreases invasion of BZ-treated TNBC cells. (A) MDA-MB-231 cells were incubated with
10 uM Bay-117082 and/or 10 nM BZ as indicated, and cell invasion was measured as described in “Materials and
methods”. (B) Quantification of images from panel A using Image] software. (C) IL-8 release measured in cell
supernatants in the invasion assay shown in panel A. The values represent the mean +/-SE of three experiments;
asterisks denote a statistically significant change compared to control.

https://doi.org/10.1371/journal.pone.0201858.9007

TNBC cells, indicating that targeting IKK activity might increase PI effectiveness in the treat-
ment of TNBC.

Hundreds of genes are targeted by proteasome, suggesting that proteasome inhibition
might not be compatible with normal cellular functions. Interestingly, a number of studies
have demonstrated an increased susceptibility of transformed cancer cells, compared to
untransformed cells, to proteasome inhibition. While the exact molecular basis for this
increased sensitivity remains incompletely understood, several studies have shown that rapidly
dividing and proliferating cells are more susceptible to PI-induced apoptosis than quiescent
cells [53]. Since NF«B signaling is increased in cancer cells, and promotes their proliferation
and migration, it likely represents one of the main targets of PI in cancer cells, compared to
normal cells.

Interestingly, however, from the tested NF«B-regulated genes, only expression of IL-8, and
its receptors CXCR1 and CXCR2, was induced by proteasome inhibition in TNBC cells (Figs
1A and 2A), demonstrating that the regulation of NFxB-dependent transcription by PI is gene
specific. What are the mechanisms regulating specificity of NFxB-dependent transcription in
response to proteasome inhibition? Both IxkBa and p65 can serve as proteasome substrates [8-
10,33]. However, while IxBa stabilization by PI downregulates NFxB-dependent transcription,
p65 stabilization has the opposite effect, and may increase transcription of p65-regulated genes
[54,55], especially genes regulated by p65 homodimers. Thus, the effect of PI on NFkB-depen-
dent transcription likely depends on the subunit composition of NFkB complexes at the corre-
sponding promoters. Unlike other NF«xB-dependent genes, the IL-8 transcription is regulated
predominantly by NFkB p65 homodimers that have a low affinity for IxBo, resulting in the
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relative resistance to inhibition by nuclear IxBo [34,35]. Therefore, even though proteasome
inhibition stabilizes IkBo: and increases its nuclear accumulation, resulting in the inhibition of
genes regulated by NFkB p65/50 heterodimers, it concomitantly induces expression of IL-8,
and perhaps other NFxB-dependent genes that are regulated by p65 homodimers. In this
regard, it will be interesting to determine in the future whether transcription of CXCR1 and
CXCR2, which are also increased by BZ in TNBC cells (Fig 2), is also regulated by p65
homodimers.

Importantly, our results demonstrate that the proteasome inhibition-induced IL-8 expres-
sion in TNBC cells is dependent on IKK activity, and indicate that it is mediated by IKKo and
IKKB, but not IKKe (Fig 3). Despite the limited effectiveness of PI and IKK inhibitors as single
agents in the treatment of TNBC and other solid tumors, accumulating evidence indicates that
combining PI and IKK inhibitors increases their cytotoxic effect in solid tumors [23,39,40,
56,57]. Combination of BZ and an IKK inhibitory peptide had a synergistic effect on inhibiting
proliferation of ER-negative breast cancer MDA-MB453 cells [23]. Inhibition of IKKp activity
also increased the BZ cytotoxic effect in ER-positive breast cancer MCF-7 and T47D cells [56].
Furthermore, IKK inhibition increased effectiveness of BZ in reducing ovarian tumor growth
in vivo [57].

Our results indicate that the mechanistic basis of this synergy consists of the induced, IKK-
dependent expression of IL-8, which increases survival, proliferation, and migration of solid
cancer cells. However, it is important to note that our study was done in vitro, using three
TNBC cell lines, MDA-MB-231, MDA-MB-468, and HCC-1937. These cell lines are basal-like
cells, characterized by increased proliferation and invasiveness compared to the ER/PR-posi-
tive MCE-7 cells, and mutated tumor suppressor p53 [58-60]. In addition, compared to the
ER/PR-positive MCF-7 cells, these TNBC cells are characterized by increased constitutive
expression of IL-8, which has been associated with the increased invasive phenotype of these
cells [3,4,6]. However, even though these cells have been widely used as an in vitro model to
study TNBC, they lack proper tumor microenvironment formed by tumor cells, immune cells,
and the surrounding tumor stroma [61]. Thus, future studies should determine whether IKK
inhibition increases effectiveness of PI in TNBC animal models, and ultimately in TNBC
patients.

Conclusions

Together, our results show that proteasome inhibition upregulates IL-8 signaling in TNBC
cells. Suppression or neutralization of the BZ-induced IL-8 potentiates the BZ cytotoxic and
anti-proliferative effect. The IL-8 expression induced by proteasome inhibition is mediated by
IKXK, and inhibition of IKK activity decreases proliferation, migration, and invasion of BZ-
treated TNBC cells. These data provide a mechanistic rationale for clinical studies using pro-
teasome inhibitors in combination with IKK inhibitors in the treatment of TNBC.

Author Contributions

Conceptualization: Mohammad M. Uddin, Ivana Vancurova.

Formal analysis: Mohammad M. Uddin, Ivana Vancurova.

Funding acquisition: Ivana Vancurova.

Investigation: Mohammad M. Uddin, Yue Zou, Tamanna Sharma, Ivana Vancurova.
Methodology: Mohammad M. Uddin, Yue Zou, Himavanth R. Gatla, Ivana Vancurova.

Project administration: Ivana Vancurova.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 14/18


https://doi.org/10.1371/journal.pone.0201858

@° PLOS | ONE

Proteasome inhibition induces IL-8 in triple negative breast cancer cells

Resources: Ivana Vancurova.

Supervision: Ivana Vancurova.

Visualization: Mohammad M. Uddin.

Writing - original draft: Mohammad M. Uddin, Ivana Vancurova.

Writing - review & editing: Mohammad M. Uddin, Yue Zou, Tamanna Sharma, Himavanth

R. Gatla, Ivana Vancurova.

References

1.

10.

1.

12

13.

14.

15.

16.

Waugh DJ, Wilson C. The interleukin-8 pathway in cancer. Clin Cancer Res. 2008; 14: 6735-6741.
https://doi.org/10.1158/1078-0432.CCR-07-4843 PMID: 18980965

Lazennec G, Richmond A. Chemokines and chemokine receptors: new insights into cancer-related
inflammation. Trends Mol Med. 2010; 16: 133—144. https://doi.org/10.1016/j.molmed.2010.01.003
PMID: 20163989

Freund A, Chauveau C, Brouillet JP, Lucas A, Lacroix M, Licznar A, et al. IL-8 expression and its possi-
ble relationship with estrogen-receptor-negative status of breast cancer cells. Oncogene. 2003; 22:
256—-265. https://doi.org/10.1038/sj.onc.1206113 PMID: 12527894

Freund A, Jolivel V, Durand S, Kersual N, Chalbos D, Chavey C, et al. Mechanisms underlying differen-
tial expression of interleukin-8 in breast cancer cells. Oncogene. 2004; 23: 6105-6114. https://doi.org/
10.1088/sj.onc.1207815 PMID: 15208657

Rody A, Karn T, Liedtke C, Pusztai L, Ruckhaeberle E, Hanker L, et al. A clinically relevant gene signa-
ture in triple negative and basal-like breast cancer. Breast Cancer Res. 2011; 13: R97. https://doi.org/
10.1186/bcr3035 PMID: 21978456

Hartman ZC, Poage GM, den Hollander P, Tsimelzon A, Hill J, Panupinthu N, et al. Growth of triple-neg-
ative breast cancer cells relies upon coordinate autocrine expression of the proinflammatory cytokines
IL-6 and IL-8. Cancer Res. 2013; 73: 3470-3480. https://doi.org/10.1158/0008-5472.CAN-12-4524-T
PMID: 23633491

Poage GM, Hartman ZC, Brown PH. Revealing targeted therapeutic opportunities in triple-negative
breast cancers: a new strategy. Cell Cycle. 2013; 12: 2705-2706. https://doi.org/10.4161/cc.25871
PMID: 23966168

Hideshima T, Richardson P, Chauhan D, Palombella VJ, Elliott PJ, Adams J, et al. The proteasome
inhibitor PS-341 inhibits growth, induces apoptosis, and overcomes drug resistance in human multiple
myeloma cells. Cancer Res. 2001; 61: 3071-3076. PMID: 11306489

Richardson PG, Mitsiades C, Hideshima T, Anderson KC. Proteasome inhibition in the treatment of can-
cer. Cell Cycle. 2005; 4: 290—296. PMID: 15655370

Shah JJ, Orlowski RZ. Proteasome inhibitors in the treatment of multiple myeloma. Leukemia. 2009;
283:1964—1979. https://doi.org/10.1038/leu.2009.173 PMID: 19741722

Kuhn DJ, Orlowski RZ. The immunoproteasome as a target in hematologic malignancies. Semin Hema-
tol. 2012; 49: 258-262. https://doi.org/10.1053/j.seminhematol.2012.04.003 PMID: 22726549

McConkey DJ, Zhu K. Mechanisms of proteasome inhibitor action and resistance in cancer. Drug Resist
Update. 2008; 11: 164—179.

Chen YJ, Yeh MH, Yu MC, Wei YL, Chen WS, Chen JY, et al. Lapatinib-induced NFkB activation sensi-
tizes triple-negative breast cancer cells to proteasome inhibitors. Breast Cancer Res. 2013; 15: R108.
https://doi.org/10.1186/bcr3575 PMID: 24216290

Petrocca F, Altschuler G, Tan SM, Mendillo ML, Yan H, Jerry DJ, et al. A genome-wide siRNA screen
identifies proteasome addiction as a vulnerability of basal-like triple-negative breast cancer cells. Can-
cer Cell. 2013; 24: 182-196. https://doi.org/10.1016/j.ccr.2013.07.008 PMID: 23948298

Deshmukh RR, Kim S, Elghoul Y, Dou QP. P-Glycoprotein Inhibition Sensitizes Human Breast Cancer
Cells to Proteasome Inhibitors. J Cell Biochem. 2017; 118: 1239—-1248. https://doi.org/10.1002/jcb.
25783 PMID: 27813130

MeiBner T, Mark A, Williams C, Berdel WE, Wiebe S, Kerkhoff A, et al. Metastatic triple-negative breast
cancer patient with TP53 tumor mutation experienced 11 months progression-free survival on bortezo-
mib monotherapy without adverse events after ending standard treatments with grade 3 adverse
events. Cold Spring Harb Mol Case Stud. 2017; 3.pii: 2001677. https://doi.org/10.1101/mcs.a001677
PMID: 28679691

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 15/18


https://doi.org/10.1158/1078-0432.CCR-07-4843
http://www.ncbi.nlm.nih.gov/pubmed/18980965
https://doi.org/10.1016/j.molmed.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20163989
https://doi.org/10.1038/sj.onc.1206113
http://www.ncbi.nlm.nih.gov/pubmed/12527894
https://doi.org/10.1038/sj.onc.1207815
https://doi.org/10.1038/sj.onc.1207815
http://www.ncbi.nlm.nih.gov/pubmed/15208657
https://doi.org/10.1186/bcr3035
https://doi.org/10.1186/bcr3035
http://www.ncbi.nlm.nih.gov/pubmed/21978456
https://doi.org/10.1158/0008-5472.CAN-12-4524-T
http://www.ncbi.nlm.nih.gov/pubmed/23633491
https://doi.org/10.4161/cc.25871
http://www.ncbi.nlm.nih.gov/pubmed/23966168
http://www.ncbi.nlm.nih.gov/pubmed/11306489
http://www.ncbi.nlm.nih.gov/pubmed/15655370
https://doi.org/10.1038/leu.2009.173
http://www.ncbi.nlm.nih.gov/pubmed/19741722
https://doi.org/10.1053/j.seminhematol.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22726549
https://doi.org/10.1186/bcr3575
http://www.ncbi.nlm.nih.gov/pubmed/24216290
https://doi.org/10.1016/j.ccr.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23948298
https://doi.org/10.1002/jcb.25783
https://doi.org/10.1002/jcb.25783
http://www.ncbi.nlm.nih.gov/pubmed/27813130
https://doi.org/10.1101/mcs.a001677
http://www.ncbi.nlm.nih.gov/pubmed/28679691
https://doi.org/10.1371/journal.pone.0201858

@° PLOS | ONE

Proteasome inhibition induces IL-8 in triple negative breast cancer cells

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chan S, Sridhar P, Kirchner R, Lock YJ, Herbert Z, Buonamici S, et al. Basal-A Triple-Negative Breast
Cancer Cells Selectively Rely on RNA Splicing for Survival. Mol Cancer Ther. 2017; 16: 2849-2861.
https://doi.org/10.1158/1535-7163.MCT-17-0461 PMID: 28878028

Mukaida N, Mahe Y, Matsushima K. Cooperative interaction of NFkB- and cis-regulatory enhancer bind-
ing protein-like factor binding elements in activating the interleukin-8 gene by pro-inflammatory cyto-
kines. J Biol Chem. 1990; 265: 21128-21133. PMID: 2250017

Kunsch C, Rosen CA. NFkB subunit-specific regulation of the IL-8 promoter. Mol Cell Biol. 1993; 13:
6137-6146. PMID: 8413215

Chavey C, Mihlbauer M, Bossard C, Freund A, Durand S, Jorgensen C, et al. Interleukin-8 expression
is regulated by histone deacetylases through the NFkB pathway in breast cancer. Mol Pharmacol.
2008; 74: 1359-1366. https://doi.org/10.1124/mol.108.047332 PMID: 18669446

Biswas DK, Shi Q, Baily S, Strickland I, Ghosh S, Pardee AB, et al. NFkB activation in human breast
cancer specimens and its role in cell proliferation and apoptosis. Proc Natl Acad Sci USA. 2004; 101:
10137-10142. https://doi.org/10.1073/pnas.0403621101 PMID: 15220474

Huber MA, Azoitei N, Baumann B, Griinert S, Sommer A, Pehamberger H, et al. NF-kB is essential for
epithelial-mesenchymal transition and metastasis in a model of breast cancer progression. J Clin Invest.
2004; 114: 569-581. hitps://doi.org/10.1172/JCI21358 PMID: 15314694

Singh S, Shi Q, Bailey ST, Palczewski MJ, Pardee AB, Iglehart JD, et al. NF-kB activation: a molecular
therapeutic target for estrogen receptor-negative and epidermal growth factor receptor family receptor-
positive human breast cancer. Mol Cancer Ther. 2007; 6: 1973—-1982. https://doi.org/10.1158/1535-
7163.MCT-07-0063 PMID: 17620428

Yamaguchi N, Ito T, Azuma S, Ito E, Honma R, Yanagisawa Y, et al. Constitutive activation of NFkB is
preferentially involved in the proliferation of basal-like subtype breast cancer cell lines. Cancer Sci.
2009; 100: 1668—1674. https://doi.org/10.1111/j.1349-7006.2009.01228.x PMID: 19538528

Bailey ST, Miron PL, Choi YJ, Kochupurakkal B, Maulik G, Rodig SJ, et al. NF-kB activation-induced
anti-apoptosis renders HER2-positive cells drug resistant and accelerates tumor growth. Mol Cancer
Res. 2014; 12: 408—420. https://doi.org/10.1158/1541-7786.MCR-13-0206-T PMID: 24319068

Yamamoto M, Taguchi Y, Ito-Kureha T, Semba K, Yamaguchi N, Inoue J. NF-kB non-cell-autono-
mously regulates cancer stem cell populations in the basal-like breast cancer subtype. Nat Commun.
2013; 4: 2299. https://doi.org/10.1038/ncomms3299 PMID: 23934482

Piao HL, Yuan Y, Wang M, Sun'Y, Liang H, Ma L. a-catenin acts as a tumour suppressor in E-cadherin-
negative basal-like breast cancer by inhibiting NF-«B signalling. Nat Cell Biol. 2014; 16: 245-254.
https://doi.org/10.1038/ncb2909 PMID: 24509793

Barbie TU, Alexe G, Aref AR, Li S, Zhu Z, Zhang X, et al. Targeting an IKBKE cytokine network impairs
triple-negative breast cancer growth. J Clin Invest. 2014; 124: 5411-5423. https://doi.org/10.1172/
JCI75661 PMID: 25365225

Poma P, Labbozzetta M, D’Alessandro N, Notarbartolo M. NF-kB Is a Potential Molecular Drug Target
in Triple-Negative Breast Cancers. OMICS. 2017; 21: 225-231. https://doi.org/10.1089/0mi.2017.0020
PMID: 28388298

Woodcock CC, Huang Y, Woodcock SR, Salvatore SR, Singh B, Golin-Bisello F, et al. Nitro-fatty acid
inhibition of triple negative breast cancer cell viability, migration, invasion and tumor growth. J Biol
Chem. 2018; 293: 1120-1137. https://doi.org/10.1074/jbc.M117.814368 PMID: 29158255

Hayden MS, Ghosh S. Shared principles in NFkB signaling. Cell. 2008; 132: 344-362. https://doi.org/
10.1016/j.cell.2008.01.020 PMID: 18267068

LiuF, XiaY, Parker AS, Verma IM. IKK biology. Immunol Rev. 2012; 246: 239-253. https://doi.org/10.
1111/j.1600-065X.2012.01107.x PMID: 22435559

Natoli G. NF-«kB and chromatin: ten years on the path from basic mechanisms to candidate drugs.
Immunol Rev. 2012; 246: 183—192. https://doi.org/10.1111/j.1600-065X.2012.01103.x PMID:
22435555

Sasaki CY, Barberi TJ, Ghosh P, Longo DL. Phosphorylation of RelA/p65 on serine 536 defines an
IkBa-independent NFkB pathway. J Biol Chem. 2005; 280: 34538-34547. https://doi.org/10.1074/jbc.
M504943200 PMID: 16105840

Ghosh CC, Ramaswami S, Juvekar A, Vu HY, Galdieri L, Davidson D, et al. Gene-specific repression of
proinflammatory cytokines in stimulated human macrophages by nuclear IkBa. J Immunol. 2010; 185:
3685-3693. https://doi.org/10.4049/jimmunol.0902230 PMID: 20696864

Vancurova |, Uddin MM, Zou Y, Vancura A. Combination Therapies Targeting HDAC and IKK in Solid
Tumors. Trends Pharmacol Sci. 2018; 39: 295-306. https://doi.org/10.1016/j.tips.2017.11.008 PMID:
29233541

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 16/18


https://doi.org/10.1158/1535-7163.MCT-17-0461
http://www.ncbi.nlm.nih.gov/pubmed/28878028
http://www.ncbi.nlm.nih.gov/pubmed/2250017
http://www.ncbi.nlm.nih.gov/pubmed/8413215
https://doi.org/10.1124/mol.108.047332
http://www.ncbi.nlm.nih.gov/pubmed/18669446
https://doi.org/10.1073/pnas.0403621101
http://www.ncbi.nlm.nih.gov/pubmed/15220474
https://doi.org/10.1172/JCI21358
http://www.ncbi.nlm.nih.gov/pubmed/15314694
https://doi.org/10.1158/1535-7163.MCT-07-0063
https://doi.org/10.1158/1535-7163.MCT-07-0063
http://www.ncbi.nlm.nih.gov/pubmed/17620428
https://doi.org/10.1111/j.1349-7006.2009.01228.x
http://www.ncbi.nlm.nih.gov/pubmed/19538528
https://doi.org/10.1158/1541-7786.MCR-13-0206-T
http://www.ncbi.nlm.nih.gov/pubmed/24319068
https://doi.org/10.1038/ncomms3299
http://www.ncbi.nlm.nih.gov/pubmed/23934482
https://doi.org/10.1038/ncb2909
http://www.ncbi.nlm.nih.gov/pubmed/24509793
https://doi.org/10.1172/JCI75661
https://doi.org/10.1172/JCI75661
http://www.ncbi.nlm.nih.gov/pubmed/25365225
https://doi.org/10.1089/omi.2017.0020
http://www.ncbi.nlm.nih.gov/pubmed/28388298
https://doi.org/10.1074/jbc.M117.814368
http://www.ncbi.nlm.nih.gov/pubmed/29158255
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1016/j.cell.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18267068
https://doi.org/10.1111/j.1600-065X.2012.01107.x
https://doi.org/10.1111/j.1600-065X.2012.01107.x
http://www.ncbi.nlm.nih.gov/pubmed/22435559
https://doi.org/10.1111/j.1600-065X.2012.01103.x
http://www.ncbi.nlm.nih.gov/pubmed/22435555
https://doi.org/10.1074/jbc.M504943200
https://doi.org/10.1074/jbc.M504943200
http://www.ncbi.nlm.nih.gov/pubmed/16105840
https://doi.org/10.4049/jimmunol.0902230
http://www.ncbi.nlm.nih.gov/pubmed/20696864
https://doi.org/10.1016/j.tips.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29233541
https://doi.org/10.1371/journal.pone.0201858

@° PLOS | ONE

Proteasome inhibition induces IL-8 in triple negative breast cancer cells

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Saccani S, Marazzi |, Beg AA, Natoli G. Degradation of promoter-bound p65/RelA is essential for the
prompt termination of the NFkB response. J Exp Med. 2004; 200: 107—113. https://doi.org/10.1084/jem.
20040196 PMID: 15226358

Juvekar A, Manna S, Ramaswami S, Chang TP, Vu HY, Ghosh CC, et al. Bortezomib induces nuclear
translocation of IkBa resulting in gene-specific suppression of NFkB-dependent transcription and induc-
tion of apoptosis in CTCL. Mol Cancer Res. 2011; 9; 183-194. https://doi.org/10.1158/1541-7786.
MCR-10-0368 PMID: 21224428

Manna S, Singha B, Phyo SA, Gatla HR, Chang TP, Sanacora S, et al. Proteasome Inhibition by Borte-
zomib Increases IL-8 Expression in Androgen-Independent Prostate Cancer Cells: The Role of IKKa. J
Immunol. 2013; 191: 2837-2846. https://doi.org/10.4049/jimmunol. 1300895 PMID: 23894194

Singha B, Gatla HR, Manna S, Chang TP, Sanacora S, Poltoratsky V, et al. Proteasome inhibition
increases recruitment of IkB kinase 3 (IKKB), S536P-p65, and transcription factor EGR1 to IL-8 pro-
moter, resulting in increased IL-8 production in ovarian cancer cells. J Biol Chem. 2014; 289: 2687—
2700. https://doi.org/10.1074/jbc.M113.502641 PMID: 24337575

Sanacora S, Urdinez J, Chang TP, Vancurova |. Anticancer drug bortezomib increases interleukin-8
expression in human monocytes. Biochem Biophys Res Commun. 2015; 460: 375-379. https://doi.org/
10.1016/j.bbrc.2015.03.041 PMID: 25791477

Vu HY, Juvekar A, Ghosh C, Ramaswami S, Le DH, Vancurova |. Proteasome inhibitors induce apopto-
sis of prostate cancer cells by inducing nuclear translocation of IkBa. Arch Biochem Biophys. 2008;
475: 156-163. https://doi.org/10.1016/j.abb.2008.04.026 PMID: 18468507

Ramaswami S, Manna S, Juvekar A, Kennedy S, Vancura A, Vancurova |I. Chromatin immunoprecipita-
tion analysis of NFkB transcriptional regulation by nuclear IkBa in human macrophages. Methods Mol
Biol. 2012; 809: 121-134. https://doi.org/10.1007/978-1-61779-376-9_8 PMID: 22113272

Levéque D, Carvalho MC, Maloisel F. Clinical pharmacokinetics of bortezomib. In Vivo. 2007; 21: 273—
278. PMID: 17436576

Kuhn DJ, Chen Q, Voorhees PM, Strader JS, Shenk KD, Sun CM, et al. Potent activity of carfilzomib, a
novel, irreversible inhibitor of the ubiquitin-proteasome pathway, against preclinical models of multiple
myeloma. Blood. 2007; 110: 3281-3290. https://doi.org/10.1182/blood-2007-01-065888 PMID:
17591945

Chim CS, Kumar SK, Orlowski RZ, Cook G, Richardson PG, Gertz MA, et al. Management of relapsed
and refractory multiple myeloma: novel agents, antibodies, immunotherapies and beyond. Leukemia.
2018; 32: 252—262. https://doi.org/10.1038/leu.2017.329 PMID: 29257139

Jin K, Pandey NB, Popel AS. Crosstalk between stromal components and tumor cells of TNBC via
secreted factors enhances tumor growth and metastasis. Oncotarget. 2017; 8: 60210-60222. https://
doi.org/10.18632/oncotarget. 19417 PMID: 28947965

Alam M, Rajabi H, Ahmad R, Jin C, Kufe D. Targeting the MUC1-C oncoprotein inhibits self-renewal
capacity of breast cancer cells. Oncotarget. 2014; 5: 2622—-2634. https://doi.org/10.18632/oncotarget.
1848 PMID: 24770886

Tapia M, Codony-Servat J, Domingo-Domenech J, Ferrer B, Fernandez PL, Ross JS, et al. Activity of
bortezomib, a proteasome inhibitor, in breast cancer cells: Association with negative estrogen receptor
and IKK/NF-kB expression. J Clin Oncology. 2005; 23: 3169-3169.

Codony-Servat J, Tapia MA, Bosch M, Oliva C, Domingo-Domenech J, Mellado B, et al. Differential cel-
lular and molecular effects of bortezomib, a proteasome inhibitor, in human breast cancer cells. Mol
Cancer Ther. 2006; 5: 665-675. https://doi.org/10.1158/1535-7163.MCT-05-0147 PMID: 16546981

Gasparian AV, Guryanova OA, Chebotaev DV, Shishkin AA, Yemelyanov AY, Budunova IV. Targeting
transcription factor NFkB: comparative analysis of proteasome and IKK inhibitors. Cell Cycle. 2009; 8:
1559-1566. https://doi.org/10.4161/cc.8.10.8415 PMID: 19372735

Kishore N, Sommers C, Mathialagan S, Guzova J, Yao M, Hauser S, et al. A selective IKK-2 inhibitor
blocks NFkB-dependent gene expression in interleukin-1 beta-stimulated synovial fibroblasts. J Biol
Chem. 2003; 278: 32861-32871. https://doi.org/10.1074/jbc.M211439200 PMID: 12813046

Voorhees PM, Dees EC, O’'Neil B, Orlowski RZ. The proteasome as a target for cancer therapy. Clin
Cancer Res. 2003; 9: 6316-6325. PMID: 14695130

Hideshima T, Ikeda H, Chauhan D, Okawa Y, Raje N, Podar K, et al. Bortezomib induces canonical
NFkB activation in multiple myeloma cells. Blood. 2009; 114: 1046—1052. https://doi.org/10.1182/blood-
2009-01-199604 PMID: 19436050

Li C, Chen S, Yue P, Deng X, Lonial S, Khuri FR, et al. Proteasome inhibitor PS-341 (bortezomib)
induces calpain-dependent IkBa degradation. J Biol Chem. 2010; 285: 16096—16104. https://doi.org/
10.1074/jbc.M109.072694 PMID: 20335171

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 17/18


https://doi.org/10.1084/jem.20040196
https://doi.org/10.1084/jem.20040196
http://www.ncbi.nlm.nih.gov/pubmed/15226358
https://doi.org/10.1158/1541-7786.MCR-10-0368
https://doi.org/10.1158/1541-7786.MCR-10-0368
http://www.ncbi.nlm.nih.gov/pubmed/21224428
https://doi.org/10.4049/jimmunol.1300895
http://www.ncbi.nlm.nih.gov/pubmed/23894194
https://doi.org/10.1074/jbc.M113.502641
http://www.ncbi.nlm.nih.gov/pubmed/24337575
https://doi.org/10.1016/j.bbrc.2015.03.041
https://doi.org/10.1016/j.bbrc.2015.03.041
http://www.ncbi.nlm.nih.gov/pubmed/25791477
https://doi.org/10.1016/j.abb.2008.04.026
http://www.ncbi.nlm.nih.gov/pubmed/18468507
https://doi.org/10.1007/978-1-61779-376-9_8
http://www.ncbi.nlm.nih.gov/pubmed/22113272
http://www.ncbi.nlm.nih.gov/pubmed/17436576
https://doi.org/10.1182/blood-2007-01-065888
http://www.ncbi.nlm.nih.gov/pubmed/17591945
https://doi.org/10.1038/leu.2017.329
http://www.ncbi.nlm.nih.gov/pubmed/29257139
https://doi.org/10.18632/oncotarget.19417
https://doi.org/10.18632/oncotarget.19417
http://www.ncbi.nlm.nih.gov/pubmed/28947965
https://doi.org/10.18632/oncotarget.1848
https://doi.org/10.18632/oncotarget.1848
http://www.ncbi.nlm.nih.gov/pubmed/24770886
https://doi.org/10.1158/1535-7163.MCT-05-0147
http://www.ncbi.nlm.nih.gov/pubmed/16546981
https://doi.org/10.4161/cc.8.10.8415
http://www.ncbi.nlm.nih.gov/pubmed/19372735
https://doi.org/10.1074/jbc.M211439200
http://www.ncbi.nlm.nih.gov/pubmed/12813046
http://www.ncbi.nlm.nih.gov/pubmed/14695130
https://doi.org/10.1182/blood-2009-01-199604
https://doi.org/10.1182/blood-2009-01-199604
http://www.ncbi.nlm.nih.gov/pubmed/19436050
https://doi.org/10.1074/jbc.M109.072694
https://doi.org/10.1074/jbc.M109.072694
http://www.ncbi.nlm.nih.gov/pubmed/20335171
https://doi.org/10.1371/journal.pone.0201858

@° PLOS | ONE

Proteasome inhibition induces IL-8 in triple negative breast cancer cells

56.

57.

58.

59.

60.

61.

Hideshima H, Yoshida Y, Ikeda H, Hide M, lwasaki A, Anderson KC, et al. IKK inhibitor in combination
with bortezomib induces cytotoxicity in breast cancer cells. Int J Oncol. 2014; 44: 1171-1176. https://
doi.org/10.3892/ij0.2014.2273 PMID: 24481412

Singha B, Gatla HR, Phyo S, Patel A, Chen ZS, Vancurova I. IKK inhibition increases bortezomib effec-
tiveness in ovarian cancer. Oncotarget. 2015; 6: 26347—-26358. https://doi.org/10.18632/oncotarget.
4613 PMID: 26267322

Holliday DL, Speirs V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011;
13(4):215. https://doi.org/10.1186/bcr2889 PMID: 21884641

Chavez KJ, Garimella SV, Lipkowitz S. Triple negative breast cancer cell lines: one tool in the search for
better treatment of triple negative breast cancer. Breast Dis. 2010; 32: 35-48. https://doi.org/10.3233/
BD-2010-0307 PMID: 21778573

Manna S, Bostner J, Sun Y, Miller LD, Alayev A, Schwartz NS, et al. ERRa Is a Marker of Tamoxifen
Response and Survival in Triple-Negative Breast Cancer. Clin Cancer Res. 2016; 22: 1421-1431.
https://doi.org/10.1158/1078-0432.CCR-15-0857 PMID: 26542058

Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-Domenici J, Huang H, et al. Molecular characterization
of the tumor microenvironment in breast cancer. Cancer Cell. 2004; 6: 17-32. hitps://doi.org/10.1016/j.
ccr.2004.06.010 PMID: 15261139

PLOS ONE | https://doi.org/10.1371/journal.pone.0201858  August 8,2018 18/18


https://doi.org/10.3892/ijo.2014.2273
https://doi.org/10.3892/ijo.2014.2273
http://www.ncbi.nlm.nih.gov/pubmed/24481412
https://doi.org/10.18632/oncotarget.4613
https://doi.org/10.18632/oncotarget.4613
http://www.ncbi.nlm.nih.gov/pubmed/26267322
https://doi.org/10.1186/bcr2889
http://www.ncbi.nlm.nih.gov/pubmed/21884641
https://doi.org/10.3233/BD-2010-0307
https://doi.org/10.3233/BD-2010-0307
http://www.ncbi.nlm.nih.gov/pubmed/21778573
https://doi.org/10.1158/1078-0432.CCR-15-0857
http://www.ncbi.nlm.nih.gov/pubmed/26542058
https://doi.org/10.1016/j.ccr.2004.06.010
https://doi.org/10.1016/j.ccr.2004.06.010
http://www.ncbi.nlm.nih.gov/pubmed/15261139
https://doi.org/10.1371/journal.pone.0201858

