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TheKaposi's Sarcoma-associatedHerpes virus G Protein-Coupled Receptor (vGPCR) is a keymolecule in thepath-
ogenesis of Kaposi Sarcoma. We have previously demonstrated that the proteasome inhibitor Bortezomib in-
hibits NF-κB pathway, which is required for tumor maintenance in endothelial cells that express vGPCR
(vGPCR cells). In thiswork, we further investigated Bortezomib anti-proliferativemechanism of action.We dem-
onstrated that Bortezomib decreases vGPCR cell number in a dose-dependentmanner and induces cell morphol-
ogy changes. Bortezomib decreases ERK1/2 phosphorylation whereas induces the accumulation of MKP-3 – a
specific ERK1/2 MAP kinase phosphatase – in time and concentration dependent manner (1.5–32 h; 0.25–
1 nM). The transcription factor FOXO1 is activated by dephosphorylation and regulates p21 expression. Here,
we demonstrated that Bortezomib increases FOXO1 protein and decreases its phosphorylation in a concentration
dependent manner (0.25–1 nM). Bortezomib (0.5 nM, 24 h) also increase nuclear FOXO1 protein, in line with
FOXO1 dephosphorylation induced by the drug. Consistent with FOXO1 dephosphorylation/activation, p21
mRNA expression is increased by Bortezomib in a MKP-3-dependent way. Bortezomib (0.5 nM, 24 h) also de-
creases VEGF, an ERK1/2 -dependent effect. It is concluded that in vGPCR cells, Bortezomib decreases ERK1/2
and FOXO1 phosphorylation through MKP-3 accumulation, leading ERK1/2 deactivation and FOXO1 activation
respectively and, consequently, to cell proliferation inhibition, p21 induction and VEGF repression. Taken togeth-
er, all these events contribute to the anti-tumoral effect of Bortezomib.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Human Herpesvirus-8 (HHV-8) or Kaposi's Sarcoma-Associated
Herpesvirus (KSHV) is a member of the gamma-herpesvirus family.
KSHV is unique among the viruses associated with human cancer and
was first isolated from human AIDS-Kaposi's sarcoma (KS) lesions by
Chang andMoore [1]. KSHV virally encoded G protein-coupled receptor
(vGPCR) is a constitutively active lytic phase protein with significant
homology to the human interleukin-8 receptor [2,3]. Transgenic expres-
sion of vGPCR induces angiogenic lesions similar to human Kaposi
sarcoma lesions [4,5], which are heterogeneous and contain endotheli-
al-derived spindle cells as well as multiple inflammatory and
erpes virus G Protein-Coupled
activated protein kinase; MKP-
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mesenchymal cells. vGPCR oncogenic expression in endothelial cells
may contribute to sarcomagenesis both through complex signaling net-
work activation including the NF-κB and Akt-mTOR pathways andmul-
tiple Rho GTPases and mitogen-activated protein kinases (MAPKs), and
the concomitant expression of potent proangiogenic, proinflammatory
and chemo-attractant factors [2]. As persistent vGPCR expression and
activity are required for tumor maintenance [6], this receptor and its
corresponding signaling pathways may represent suitable candidates
for KS treatment [7].

The dipeptide boronic acid analog VELCADE™ (Bortezomib; former-
ly known as PS-341, LDP-341 andMLM341) is a potent and selective in-
hibitor of the proteasome, a multicatalytic enzyme that mediates many
cellular regulatory signals by degrading regulatory proteins or their in-
hibitors [8]. Bortezomib at low nanomolar concentration is sufficient
to inhibit the activation of NF-κB [9]. The effects of Bortezomib have
been demonstrated in a broad range of human tumor cell types in
vitro [10,11] and in vivo against a variety of malignancies, including
myeloma, chronic lymphocytic leukemia, prostate cancer, pancreatic
cancer, and colon cancer [8,12]. Supporting these effects, we have re-
cently reported that Bortezomib decreases nuclear activity of NF-κB
[13] and induces apoptosis in endothelial cells expressing vGPCR [14].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellsig.2017.01.025&domain=pdf
http://dx.doi.org/10.1016/j.cellsig.2017.01.025
mailto:vgpardo@criba.edu.ar
Journal logo
http://dx.doi.org/10.1016/j.cellsig.2017.01.025
http://www.sciencedirect.com/science/journal/08986568
www.elsevier.com/locate/cellsig


125A. Suares et al. / Cellular Signalling 32 (2017) 124–132
In endothelial cells expressing vGPCR, MAPK activity and the regula-
tion of manyMAPK-dependent signaling pathways seem to be relevant
to tumoral phenotype maintenance. As MAPK activation is dependent
on phosphorylation in specific threonine and tyrosine residues, the
magnitude and duration of MAPK activity -and, consequently, all
MAPK-dependents processes- are linked to the action of phosphatases
capable of dephosphorylating and inactivating them.

MAPK phosphatases (MKPs) are dual specificity (threonine and ty-
rosine) phosphatases (DUSPs) involved in MAPK regulation [15–17].
MKP family members differ in their subcellular localization, tissue-spe-
cific expression, inducibility by various types of signals, and selectivity
for dephosphorylating specific MAPKs. MKP-1, -2 and -3 are well char-
acterized members of the MKP family. MKP-1 and MKP-2 (or DUSP1
andDUSP4) are nucleus-localized phosphatases capable of dephosphor-
ylating all members of the three subgroups of MAPK (extracellular-reg-
ulated kinases or ERKs, c-Jun NH2-terminal protein kinases, or JNK1/2
and p38 proteins) and induced by several types of stimulus, but
exhibiting different kinetics. In contrast, MKP-3 (or DUSP6) is a cyto-
plasmic enzyme induced by different proliferative stimuli -but not by
environmental stress-and is characterized as a highly specific phospha-
tase for attenuating ERK1/2 signaling [18]. Therefore, MKPs exhibiting
different subcellular localization and induction kinetics lead to strict
spatio-temporal control of MAPKs.

MKPs are generally characterized as proteins degraded via the pro-
teasome pathway and with a short half-life. Therefore, the actions of
Bortezomib on endothelial cells expressing vGPCR can be mediated, at
least in part, by the action of this drug on MAPKs through MKPs. Thus,
Fig. 1. Bortezomib decreases vGPCR cell number and induces cell morphology changes. Cells
(DMSO) in DMEM 2% FBS for 24 h. Cells were then harvested and counted in a Neubauer cham
from four independent experiments. Percentage values (mean ± S.D.) were then represente
ANOVA followed by Bonferroni test. Different letters indicate statistical differences among g
were taken in a phase contrast microscope and a representative micrograph is shown. Magni
fixed and incubated with anti-phalloidin (red) or DAPI (blue). Images were obtained by confo
630×.
the aim of this work was to further explore Bortezomib mechanism of
action in vGPCR cells by investigating the role MKP-3 accumulation
and ERK1/2 inhibition in this process.
2. Materials and methods

2.1. Chemicals and reagents

Bortezomib (S1013) was purchased in Selleck Chemicals
(Nuclilab.nl, Rotterdam, NL). Immobilon P (polyvinylidene difluoride;
PVDF) membranes were from Sigma-Aldrich (St. Louis, MO, USA). The
antibodies used were: rabbit polyclonal anti-P-ERK1/2 (catalog no
4377), rabbit polyclonal anti-ERK1/2 (catalog no 9102), FOXO1 (catalog
n0 2880), P-FOXO1 (catalog no 9461) from Cell Signaling (Cell Signaling
Technology, Beverly, MA, USA), mouse anti-tubulin, mouse anti-MKP-3
(sc-166,041) as well as goat anti-rabbit - IgG-HRP (sc-2004), goat anti-
mouse-IgG-HRP (sc-2005) antibodies from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti- rabbit Cy2 (catalog no 111,225,144) was
from Jackson (Jackson ImmunoResearch lab., West Grove, PA, USA)
and DAPI (catalog n0 D9542) from Sigma-Aldrich (St. Louis, MO, USA).
PD 98059 was from Sigma-Aldrich (St. Louis, MO, USA). Protein A/G
agarose were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
PCR primers, Superscript III reverse transcriptase (Invitrogen), Sybr
green PCR master mix (Applied Biosystems) were from Thermo Fisher
(Thermo Fisher Scientific Inc., Waltham, MA, USA) Transfections were
carried out using PolyFect (Qiagen, Valencia, CA, USA).
were serum starved for 24 h and then treated with 0.25–1 nM of Bortezomib or vehicle
ber. A) Proliferation percentage was calculated between treated conditions and vehicle
d in bar graphs. Significant differences between conditions were analyzed by one way
roups for each concentration (p b 0.05). B) In parallel, images from each concentration
fication 200×. C) Cells, treated with Bortezomib (0.5 nM, 24 h) or vehicle (DMSO), were
cal microscopy and are representative of three independent experiments. Magnification



Fig. 2. Bortezomib reduces ERK1/2 phosphorylation and induces MKP-3 accumulation in a dose-dependent way. vGPCR cells were cultured and treated with 0.25–1 nM of Bortezomib or
vehicle (DMSO) for 24 h. Cell lysates were prepared and subject to Western blot analysis with anti-P-ERK 1/2, Total ERK1/2, MKP-3 and Tubulin antibodies. A) A representative Western
blot of at least 3 independent experiments is shown. Proteinbands quantification from three independent experimentswas doneusing Image J program. The resultswere then represented
in bar graphs as a radio of P-ERK/Total ERK in B) orMKP-3/Tubulin in C) fromeach dose concentration versus the vehicle. Significant differences between vehicle and stimulated cellswere
analyzed by one way ANOVA followed by Bonferroni test, different letters indicate statistical differences among groups for each concentration (p b 0.05).
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2.2. Cell lines, transfections and treatments

SV-40 immortalized murine endothelial cells stably expressing
vGPCR full-length (vGPCR) were used [19]. Stable overexpression of
Fig. 3. Kinetic profile of P-ERK1/2 and MKP-3 induced by Bortezomib. Cells were cultured and
prepared and subject to Western blot analysis with anti P-ERK1/2, Total ERK1/2, MKP-3 and T
quantification by densitometry were when represented in bar graphs as the ratio between P-
each time point. Data analysis was done by Student's-test. *p b 0.05, **p b 0.01.
vGPCR promotes tumor formation when these cells are injected into
immuno-suppressed mice and induces angiogenic lesions similar to
those developed in Kaposi Sarcoma [4,19]. Stable transfected cells
were selected with 500 μg/ml G418 (Cellgro, Manassas, VA, USA).
treated with 0.5 nM of Bortezomib or vehicle (ctrl, DMSO) for 1.5–32 h. Cells lysates were
ubulin. A) Representative blots from at least three experiments are shown. Protein bands
ERK1/2/Total ERK in B) and MKP-3/Tubulin in C) from control and treated conditions at
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vGPCR endothelial cells were transfected with a shRNA against
mouse MKP-3 (shMKP-3) designed by Dr. Paz'group [20]. MKP-3
knock-down was monitored by Western blot analysis. A recombinant
plasmid encoding for MEK negative dominant MEKAA [21] was
kindly provided by Dr. Alejandro Colman-Lerner (IFIBYNE Universidad
de Buenos Aires - CONICET). MKP-3 knock-down and diminution of
P-ERK1/2 was monitored by Western blot analysis. Plasmid transfec-
tions were done with PolyFect reagent following manufacturer's
instructions (Qiagen). For all experiments, cells were grown in
DMEM supplemented with 5% fetal bovine serum (FBS) and 500 μg/ml
G418 to 80–90% confluence. Then, cells were starved for 24 h
followed by Bortezomib (0.25–1 nM), inhibitor PD 98059 (10 μM) or
control (vehicle, 0.1% DMSO) treatments carried out in 2% FBSmedium.
Cells were incubated under these conditions for the selected period of
time.
2.3. Proliferation assays

vGPCR cells were seeded in 24-well plates, at 6000 cells per well.
After overnight growth, the cells were starved for 24 h and then treated
with Bortezomib (0.25–1 nM) or control (vehicle, 0.1% DMSO) in tripli-
cate in DMEM-2% FBS for 24 h. Cellswere then harvested and counted in
a Neubauer chamber at the dose selected. Dead cells were excluded
using tripan blue solution at 0.4%.
Fig. 4. Bortezomib decreases nuclear ERK1/2 phosphorylation. Cells treatedwith Bortezomib (0
anti-P-ERK1/2 (green) and DAPI (blue). Images representative of three independent experime
2.4. SDS- PAGE and Western blot analysis

For the preparation of total cell extracts, cellswere scraped in 75 μl of
lysis buffer containing: 50 mM Tris (pH 7.5), 150 mM NaCl, 0.1% Triton
X-100, 1% Nonidet P-40, 2 mM EDTA, 2 mM EGTA, 25 mM β-glycero-
phosphate, 1 mM Na3VO4, 10 μg/ml leupeptin, 5 μg/ml aprotinin,
1mMPMSF. Sampleswere incubated at 4 °C for 30min, and centrifuged
at 14,000g for 15 min. The supernatant was transfer to a new tube and
protein concentration was measured by Bradford procedure [19]. Pro-
teins from each experimental condition were resolved by SDS-PAGE
and transferred to PVDF membranes and incubated with appropriately
diluted specific primary antibodies after blocking unspecific sites on
the membrane with 5% non-fat dry milk. Antibodies used include anti-
p-ERK1/2 (1:1000), anti-ERK1/2 (1:1500), anti- MKP-3 (1:1500), anti-
FOXO1 and p-FOXO1 (1:500), anti-tubulin (1:2000), combined with
anti-rabbit (1:10,000) o anti-mouse (1:5000) horseradish peroxidase–
conjugated secondary antibodies. Immunoreactive bandswere detected
by Amersham ECL Prime Western Blotting Detection Reagent (GE
Healthcare, Little Chalfont, UK) and quantified using image J software,
a public domain program, developed at theNational Institutes of Health.

2.5. Phalloidin staining

vGPCR were cultured on cover slips and treated with 0.5 nM of
Bortezomib or vehicle (0,1% DMSO). Then, cells were fixed in 4%
.5 nM, 24 h)were fixedwith methanol (−20 °C) for 10min. Then, cells were stained with
nts were obtained by a fluorescence microscope. Magnification 200×.
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paraformaldehyde for 1 h and permeabilized in 0.1% Triton in PBS for
15 min, washed with PBS, and blocked with PBS 5% BSA for 30 min. Af-
terwards, the cells were incubatedwith anti-phalloidin conjugatedwith
Rhodamine for 1 h at room temperature. After 3 washes with PBS
(5 min), cells were incubated 5 min with DAPI. Images were taken
with a Leica DM IRB2 microscope with a confocal spectral module SP2
equipped with Ar laser (458, 476, 488 and 514 nm) and HeNe laser
(633 nm). Viewingwas carried outwith a 63× 1.2NAwater-immersion
objective.

2.6. Immunofluorescence microscopy

vGPCR cells were grown onto glass coverslips, starved and treated
with or without Bortezomib (0.5 nM, 24 h). Then, cells were fixed
with precooledmethanol for 10min at−20 °C, followed by twowashes
in PBS. For immunostaining, nonspecific siteswere blockedwith 5% BSA
in PBS at room temperature for 30 min. Cells were incubated with the
appropriate primary antibody (1:50 in PBS, 2% BSA, overnight at 4 °C).
After threewasheswith PBS, cellswere incubatedwith Cy-2-conjugated
Fig. 5. Bortezomib increases FOXO1 levels and decreases FOXO1 phosphorylation. A) vGPCR cell
lysates were prepared and subject to Western blot analysis with anti P-FOXO1, FOXO1 and Tu
shown. B) Protein bands quantifications by densitometry were when represented in bar grap
Data analysis was done by ANOVA followed by Bonferroni test. Different letters indicate stat
Bortezomib (0.5 nM, 24 h) were fixed and stained with anti-FOXO1 (green) and DAPI (
fluorescence microscope. Magnification 200×.
secondary antibody (1:200, 1 h, room temperature) and DAPI for nucle-
ar staining. After washing with PBS at room temperature for 10 min,
coverslips were mounted, and slides were viewed with an Olympus
BX 5 fluorescence microscope.
2.7. Quantitative real-time PCR

Total RNA for quantitative reverse chain polymerase reaction (qRT-
PCR) analysis was isolated by High Pure RNA Isolation Kit (Roche).
1 μg of RNA was reverse transcribed using the Superscript III Reverse
transcriptase and qRT-PCR reactions were performed on the resulting
cDNA (2 μl of cDNA; dilution 1/10) in a 7500 Fast Real Time PCR system
(Applied Biosystems). Specific primers were used to detect VEGF, p21
levels and GAPDH to normalize gene expression. Oligonucleotides
used for amplification were: murine Vegfa, forward, 5′-ATGAACTT
TCTGCTCTCTTGGGTG-3′, and reverse, 5′-GACTTCTGCTCTCCTTCTGT
CGTG-3′, murine Gapdh, forward, 5′-GAAGGTGAAGGTCGGAGTC-3′,
and reverse, 5′-GAAGATGGTGATGGGATTTC-3′ [22]. For murine p21,
s were cultured and treatedwith 0.25–1 nMof Bortezomib or vehicle (DMSO) for 24 h. Cell
bulin antibodies. A) Representative Western blots of three independent experiments are
hs as the ratio between P-FOXO1/FOXO1 (left panel) and FOXO1/Tubulin (right panel).
istical differences among groups for each concentration (p b 0.05). C) Cells treated with
blue). Images representative of three independent experiments were obtained by a
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forward 5′-TTGGAGTCAG GCGCAGATCCACA-3′ and reverse 5′-
CGCCATGAGCGCATCGCAATC-3′ [20].
2.8. Statistical analysis

Data are shown as means ± SD. Data from control and treated con-
ditions obtained by qRT-PCR orWestern blotwere analyzed by the two-
tailed t-test. p values b 0.01 (**) and b0.05 (*) were considered statisti-
cally significant. Data fromdose response experiments obtained byqRT-
PCR or Western blot were analyzed by one way ANOVA followed by
Bonferroni test. Different superscript letters indicate significant differ-
ences at *p b 0.05.
3. Results and discussion

3.1. Bortezomib decreases vGPCR cell growth

NF-κB is a transcription factor whose activation is required for many
aspects of tumorigenesis, including cell growth and survival, angiogen-
esis, cell interaction and metastasis. In addition, proteasome inhibition
has been shown to block chemotherapy-induced activation of NF-κB,
resulting in enhanced chemosensitivity and increased apoptosis [8]. As
Bortezomib induces cell cycle arrest in G0/G1 and decreases nuclear
NF-κB activity in endothelial cells expressing vGPCR [13], we first inves-
tigated the effect of different doses of Bortezomib on vGPCR cell growth.
To this end, cells were treated with Bortezomib (0.25–1 nM) in DMEM
2% FBS for 24 h and proliferation was analyzed by cell counting. As
shown in Fig. 1, vGPCR cell proliferation decreased significantly in a
dose-response manner, 0.5 and 1 nM being the most effective concen-
trations (Fig. 1A). In parallel, morphological changes observed by light
field microscopy showed abnormal round cells and condensed nuclei
(Fig. 1B). At molecular level, F-actin stained with phalloidin showed a
regular array of defined actin filaments distributed in the cytoplasm of
control vGPCR cells, and disorganized actin filaments, cytoplasm con-
traction and red fluorescence spots due to actin depolymerization in
cells treated with 0.5 nM Bortezomib (Fig. 1C). Changes in actin cyto-
skeleton have been observed in other apoptotic cells. For instance,
gypenoside, a natural compound from Gynostemma pentaphyllum, in-
duces cell death and alterations in F-microfilaments in human colorectal
SW-480 cells [23]. Also, dexamethasone has been shown to disrupt cy-
toskeleton organization and decrease the tumorigenicity of T47D
human breast cancer cells [24].
Fig. 6. Role of MKP-3 and ERK1/2 in Bortezomib-induced p21 expression. A) Cells were trans
Bortezomib (BTZ) or vehicle (ctrl, DMSO). Total RNA was extracted and reverse transcribe
condition. Bar graphs show quantitative results expressed as a ratio between each condition v
with 10 μM PD 98059 (PD) or transfected with MEKAA plasmid or equal amount of empty ve
and reverse transcribed and data analysis was performed after by qRT-PCR. Bar graphs show q
GADPH mRNA levels. The statistical significance of the data from three independent experime
differences among groups for each condition, p b 0.05).
3.2. Bortezomib modulates ERK1/2 phosphorylation and MKP-3 protein
levels

ERK1/2 is highly activated in vGPCR cells [2]. Thus, the cell prolifer-
ation decrease promoted by Bortezomib can be attributed to an inhibi-
tion of ERK1/2 activity. Moreover, this drug could up-regulate MKP-3
levels leading to ERK inactivation. Thus, the next experiment evaluated
the levels of MKP-3 and its substrate, phospho-ERK1/2 (P-ERK1/2), in
vGPCR cells treated with Bortezomib (0.25–1 nM) for 24 h. As observed
in Western blot analysis, Bortezomib induced a decrease in ERK1/2
phosphorylation but did not modify ERK1/2 protein levels (Fig. 2A).
Data quantification indicates that the ratio P-ERK1/2/Total ERK1/2 de-
creased in a dose-dependent manner, an effect statistically significant
at concentrations of 0.5 and 1 nM (Fig. 2B), whereas MKP-3 protein
levels, normalized against tubulin levels, showed a concentration-de-
pendent increase promoted by Bortezomib (0.5 and 1 nM) (Fig. 2C).
Next, vGPCR cells were incubated in the presence or absence of
Bortezomib (0.5 nM) for different times (1.5 to 32 h) in order to estab-
lish the kinetic profiles of P-ERK1/2 and MKP-3. Fig. 3A shows the re-
sults of a Western blot analysis evaluating P-ERK1/2 and MKP-3 levels.
Data quantification revealed oscillations in P-ERK1/2 levels at short
times of incubation with Bortezomib (1.5–16 h) (Fig. 3B). In contrast,
a continuous decrease in P-ERK1/2 levels was detected after long
times of incubation. Drug effect started at 20 h and remained statistical-
ly significant at 28 h (Fig. 3B). In parallel, MKP-3 protein levels increased
significantly at 16 h and, although declining, remained high up to 32 h
(Fig. 3C). The subcellular localization of phosphorylated ERK1/2 was
evaluated by fluorescence microscopy in vGPCR cells treated for 24 h
with Bortezomib (0.5 nM) or vehicle. Both experimental groups evi-
denced mostly nuclear localization of immunofluorescence, whereas
Bortezomib-treated cells showed lower immunofluoresence intensity
than vehicle-treated cells (Fig. 4). These results indicate that after 24 h
the drug reduces P-ERK1/2 levels, in agreement with the results
shown in Fig. 3A and B. And, as Bortezomib also produces MKP-3 accu-
mulation, the decrease in P-ERK1/2 levels after long times of incubation
may be mediated by MKP-3 rather than an inhibitory action on up-
stream ERK1/2 kinases. After a short period of incubation (1.5–16 h),
Bortezomib did not significantly increase MKP-3 amount; however, in
this period, significant variations were detected in P-ERK1/2 levels. As
ERK1/2 is substrate of MKP-1 andMKP-2, dephosphorylation in this pe-
riod could be produced by the action of these phosphatases. MKP-1 and
MKP-2 are degraded by the proteasome pathway [15,25]. MKP-1, the
product of an early gene, is rapidly translated and equally rapidly de-
graded, which leads to a transient increase in protein levels. Consistent
fected with shRNA against MKP-3 or empty vector (MOCK) and treated with 0.5 nM of
d and gene expression of p21 and GAPDH was assessed by qRT-PCR analysis at each
ersus control MOCK samples normalized to GADPH mRNA levels B) Cells were incubated
ctor (Ctrl) or treated with 0.5 nM of Bortezomib (BTZ) for 24 h. Total RNA was extracted
uantitative results expressed as a ratio between each condition versus Ctrl normalized to
nts was done by ANOVA followed by Bonferroni test. Different letters indicate statistical



Fig. 7. Bortezomib inhibits VEGF expression through ERK1/2. vGPCR cells were cultured and transfected with MEKKAA or empty vector (MOCK) for 24 h, or incubated with PD98059
(10 μM, 24 h) or treated with of Bortezomib (0.5 nM, 24 h) or vehicle. A) Total RNA was extracted and reverse transcribed and gene expression of VEGF and GAPDH was assessed by
qRT-PCR analysis. Data analysis was represented in bar graphs expressing the ratio between each condition versus control samples normalized to GADPH mRNA levels. The statistical
significance of the data from three independent was analyzed by ANOVA followed by Bonferroni test. Different letters indicate statistical differences among groups for each condition
(p b 0.05). B) Total cell lysates were analyzed by Western blot using anti-P-ERK1/2, Total ERK1/2 and Tubulin antibodies. Representative blots from three independent experiments are
shown.
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with this, it has been demonstrated that Bortezomib induces MKP-1 ac-
cumulation inMDA-MB-231 cells, an effect detected even at 4 h of incu-
bation [26]. Taken together, an early and transient increase in MKP-1
followed by a similar increase in MKP-2 may explain the oscillations
in P-ERK1/2 levels in the period 1.5–16 h.

3.3. Bortezomib regulates FOXO1 levels and activation

It has been shown that MKP-3 can also dephosphorylate a non-
MAPK substrate, specifically the Forkhead box proteinO1 (FOXO1), pro-
moting its nuclear localization and activation of key gluconeogenic
genes [27,28]. Thus, the next experiments tested whether Bortezomib,
by its accumulative effect on MKP-3, regulates FOXO1 phosphorylation
state (Fig. 5).Western blot analysis revealed a concentration-dependent
decrease in P-FOXO1 and an increase in FOXO1, which rendered a
decrease in the ratio P-FOXO1/FOXO1 after 24 h of cell treatment
(Fig. 5B, left panel) and an increase in the ratio FOXO1/Tubulin
(Fig. 5B, right panel). The increase in total FOXO1 may be explained by
its degradation through the proteasome pathway [29,30]; therefore
this transcription factor is expectably up-regulated by Bortezomib. On
Fig. 8. Proposed model for Bortezomib action on vGPCR cells. Bortezomib triggers MKP-3
accumulation. The activity of this phosphatase reduces P-ERK and P-FOXO1 levels, which
renders ERK1/2 deactivation and FOXO1 activation, respectively. While ERK deactivation
reduces VEGF expression, FOXO1 activation promotes p21 induction. All these events
converge in the inhibition of cell proliferation.
the other hand, the fact that Bortezomib reduces P-FOXO1/total
FOXO1 but increases total FOXO1/Tubulin suggests that this drug is ca-
pable of regulating FOXO1 protein at two levels, promoting both its ex-
pression and its dephosphorylation.

We have also analyzed FOXO1 localization by fluorescence micros-
copy (Fig. 5C) following the procedures described for Fig. 4. In basal con-
ditions, FOXO1 signal was dim and diffuse in both nucleus and cytosol
compartments. After Bortezomib treatment (0.5 nM, 24 h) FOXO1 sig-
nal increased and mostly concentrated in the nucleus. These results
showing that Bortezomib induces the accumulation of FOXO1 in the nu-
cleus reinforce the notion that this drug promotes FOXO1 dephosphor-
ylation and activation.

It has been recently demonstrated that dexamethasone, a synthetic
glucocorticoid, increases MKP-3 protein expression both in cultured
hepatoma cells and in mouse liver through a mechanism that requires
FOXO1 activation. Moreover, the overexpression of FOXO1 is sufficient
to induce MKP-3 protein expression [31]. Then, our findings depict a
model of Bortezomib action including the accumulation of both MKP-
3 and FOXO1 as a consequence of proteasome inhibition and the induc-
tion of MKP-3, probably as a consequence of FOXO1 activation.

3.4. p21 is induced by Bortezomib in a MKP-3-dependent way

Increasing evidence indicates that FOXO1 is necessary for the tran-
scription of the cell cycle inhibitor p21 [20,32,33]. Since MKP-3 partici-
pates in the dephosphorylation and activation of P-FOXO1 [28],
variations in MKP-3 levels produced by Bortezomib could influence
p21 expression. In addition, MKP-3 promotes ERK1/2 dephosphoryla-
tion, an effect which could also impact p21 expression. Indeed, the
role of ERK 1/2 in the expression of p21 in vGPCR cells has not been de-
termined yet. Thus, we investigated whether Bortezomib increases p21
mRNA levels and whether MKP-3 and/or ERK1/2 inhibition participate
in this event. For this, vGPCR cells were plated and transfected with a
plasmid for the expression of a shMKP-3mRNA [20] or the empty vector
(Mock) incubated with Bortezomib (BTZ, 0.5 nM) or vehicle (Ctrl) and
processed in order to evaluate the mRNA levels of p21 and GAPDH as
loading control. In other experiments, p21mRNA levels were evaluated
in cells incubated with vehicle (Ctrl), Bortezomib (BTZ, 0.5 nM) or PD
98059 (PD, 10 μM), an inhibitor of ERK1/2 upstream kinases - that is
MEK1/2 - which reduces ERK1/2 phosphorylation and activation As
shown in Fig. 6A, Bortezomib significantly increased p21 mRNA levels,
an effect which was blocked when MKP-3 was knocked down by the
specific shRNA. It should be noted that MKP-3 down regulation also re-
duced the basal levels of p21mRNA. These results indicate thatMKP-3 is
necessary for p21 expression, althoughwhether it is required for the de-
phosphorylation of P-ERK1/2 or P-FOXO1 remains undetermined. The
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fact that PD 98059 did not reduce p21 mRNA levels (Fig. 6B) suggests
that P-ERK dephosphorylation is not involved in basal or Bortezomib-
induced p21 upregulation. Therefore, MKP-3 activity is likely to be re-
quired for P-FOXO1 dephosphorylation rather than for P-ERK
dephosphorylation.

Our findings indicate that Bortezomib-induced p21 expression in
vGPCR cells does not involved MEK/ERK pathway. Nevertheless, the
role of this pathway in the regulation of p21 seems to be stimulus-
and cell-specific. For example, antifungal drug terbinafine (TB) de-
creases the levels of P-ERK and induces both the upregulation of p21
and cell cycle arrest in cultured human umbilical vein endothelial
cells, which suggests that p21 up regulation is dependent on
ERK dephosphorylation [34]. In contrast, tumor promoter 12-O-
tetradecanoylphorbol-13-acetate (TPA) increases the level of p21 ex-
pression in breast cancer cell lines MCF-7 and MDA-MB-231, an effect
blocked by a MEK1/2 inhibitor. This results indicates that TPA-induced
upregulation of p21 requires ERK phosphorylation [35]. Taken together,
these studies reveal that Bortezomib can induce cell cycle inhibitor p21,
probably through a mechanism involving MKP-3-mediated FOXO1
dephosphorylation.

3.5. Bortezomib inhibits VEGF expression by inhibition of ERK1/2
phosphorylation

vGPCR transforming effect involves the activation of MAPKs and
small GTPases whose activities converge in the nucleus to control tran-
scription factors, thereby promoting the expression and secretion of
VEGF and pro-inflammatory cytokines [2]. The next experiments were
then meant to determine whether VEGF expression is dependent on
ERK1/2 activity and hence likely to be targeted by Bortezomib.

VEGF mRNA was thus evaluated in non-treated cells and in cells
treated to downregulate ERK activity by three different approaches:1-
incubation with PD98059 (10 μM); 2-transfection with a plasmid for
the expression of MEKAA, a negative dominant form of MEK which im-
pairs ERK1/2 phosphorylation; 3-incubation with Bortezomib (0.5 nM).
Cells were transfected with a MEKAA-encoding vector and then incu-
bated with vehicle (MEKAA) or transfected with the empty vector and
then incubated with vehicle (Mock), Bortezomib (BTZ) or PD 98059
(PD). After treatment, cells were processed and VEGF and GAPDH
mRNA levels were evaluated. As shown in Fig. 7A, VEGF was expressed
in untreated vGPCR cells and its expression levels were significantly
lower upon PD 98059 treatment or MEKAA expression. Bortezomib
treatment also reduced VEGF expression in a magnitude similar to
those of MEK inhibitor treatment or MEKAA expression. These results
suggest that ERK activity has a critical role in VEGF expression in
vGPCR-transformed cells. As a consequence, Bortezomibmay be expect-
ed to have similar effects, as it is capable of promoting ERK1/2 dephos-
phorylation through MKP-3 induction. Indeed, P-ERK 1/2 levels were
barely detected after 24 h of Bortezomib treatment or MEKAA expres-
sion but exhibited strong signal in vehicle-treated cells, which indicates
high P-ERK1/2 levels (Fig. 7B). These results confirm the role of ERK1/2
in VEGF expression, as described in other cellular types [36,37]. As
Bortezomib reduces VEGF expression, probably promoting ERK dephos-
phorylation through MKP-3, VEGF may be considered its additional
target.

Our results showing in vitro actions of Bortezomib on several points
of cellular biology suggest that it could interfere in vivo with tumor de-
velopment in different ways. Bortezomib is currently approved for the
treatment of multiple myeloma (MM) [38]. In addition to its general
mechanism through proteasome inhibition, Bortezomib counteracts
myeloma by inhibiting NF-κB transcriptional activity [39]. NF-κB has
been shown to be constitutively activated in several types of cancer
cells, and its blockade has been reported to increase cell susceptibility
to apoptosis [40]. Therefore, the use of this drug to increase cell apopto-
sis in other cancer in addition toMMseems feasible. Indeed, Bortezomib
down-regulates themigration and invasion of hepatocellular carcinoma
(HCC) cells by suppressing focal adhesion kinase expression through a
mechanism involving NF-κB [41]. However, the use of Bortezomib
alone has been proven inefficient as a single-agent therapy in
unresectable HCC patients [42], although dual therapies including
Bortezomib remain possible. Indeed, several studies suggest that
Bortezomib may have an additive antitumoral activity in combined
treatments in vitro [43,44] as well as in vivo [45]. Even to treat patients
with relapsed/refractory MM, treatment with Bortezomib and melpha-
lan [46] or thalidomide [47] has been successfully used. As we have pre-
viously demonstrated that both vitamin D analog TX 527 [13] and its
parental hormone 1α,25(OH)2 vitamin D3 inhibit NF-κB pathway [48]
inducing apoptosis in vGPCR cells [49], an approach combining
Bortezomib and some of these agents may prove beneficial in the treat-
ment of Kaposi's sarcoma disease. Nevertheless, studies should be car-
ried out in animal models for further experimental support.

In conclusion, we demonstrate that Bortezomib inhibits vGPCR cell
growth by accumulation of MKP-3. The activity of this phosphatase re-
duces P-ERK and P-FOXO1 levels, which renders ERK1/2 deactivation
and FOXO1 activation, respectively. While ERK deactivation reduces
VEGF expression, FOXO1 activation promotes p21 induction. As
depicted in Fig. 8, Bortezomib triggers MKP-3 accumulation in vGPCR
cells, which promotes ERK and FOXO1 dephosphorylation, FOXO1-de-
pendent p21 induction and also the inhibition of VEGF expression. All
these events converge in the inhibition of cell proliferation.
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