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Proteomic Analysis Reveals a Role for
Bcl2-associated Athanogene 3 and Major Vault
Protein in Resistance to Apoptosis in Senescent
Cells by Regulating ERK1/2 Activation*□S

Martina P. Pasillas‡, Sarah Shields§, Rebecca Reilly§, Jan Strnadel‡, Christian Behl¶,
Robin Park�, John R. Yates III�, Richard Klemke‡, Steven L. Gonias‡,
and Judith A. Coppinger‡§**

Senescence is a prominent solid tumor response to ther-
apy in which cells avoid apoptosis and instead enter into
prolonged cell cycle arrest. We applied a quantitative pro-
teomics screen to identify signals that lead to therapy-
induced senescence and discovered that Bcl2-associated
athanogene 3 (Bag3) is up-regulated after adriamycin
treatment in MCF7 cells. Bag3 is a member of the BAG
family of co-chaperones that interacts with Hsp70. Bag3
also regulates major cell-signaling pathways. Mass spec-
trometry analysis of the Bag3 Complex revealed a novel
interaction between Bag3 and Major Vault Protein (MVP).
Silencing of Bag3 or MVP shifts the cellular response to
adriamycin to favor apoptosis. We demonstrate that Bag3
and MVP contribute to apoptosis resistance in therapy-
induced senescence by increasing the level of activation
of extracellular signal-regulated kinase1/2 (ERK1/2). Si-
lencing of either Bag3 or MVP decreased ERK1/2 activa-
tion and promoted apoptosis in adriamycin-treated cells.
An increase in nuclear accumulation of MVP is observed
during therapy-induced senescence and the shift in MVP
subcellular localization is Bag3-dependent. We propose a
model in which Bag3 binds to MVP and facilitates MVP
accumulation in the nucleus, which sustains ERK1/2 ac-
tivation. We confirmed that silencing of Bag3 or MVP
shifts the response toward apoptosis and regulates
ERK1/2 activation in a panel of diverse breast cancer cell
lines. This study highlights Bag3-MVP as an important
complex that regulates a potent prosurvival signaling

pathway and contributes to chemotherapy resistance in
breast cancer. Molecular & Cellular Proteomics 14:
10.1074/mcp.M114.037697, 1–14, 2015.

Cellular senescence plays an important role in determining
the response of tumors to cancer therapy (1). Senescence is
regulated by the p53 and p16-pRB tumor suppressor path-
ways and characterized by irreversible cell cycle arrest and
expression of the lysosomal protein, senescence associated
beta galactosidase (SA-�-gal)1. Additional characteristics of
senescent cells include the presence of senescence-associ-
ated heterochromatic foci, and a senescence associated se-
cretory phenotype (SASP) (2). Because of the SASP of senes-
cent cells, therapy-induced senescence (TIS) may be harmful
in cancer and the quantitative elimination of senescent cells
could prove to be therapeutically beneficial. A recent study
demonstrated that pharmacologically targeting the metabolic
pathways of TIS in vivo prompted tumor regression and im-
proved treatment outcomes (3).

A characteristic of senescent cells is their ability to resist
apoptosis although the responsible mechanism is poorly un-
derstood. Impairment of apoptosis in senescent cells is as-
sociated with a poor outcome in cancer (4). Manipulation of
the apoptotic machinery may serve as a therapeutic means of
eliminating senescent cells with harmful SASP. It has been
proposed that in senescent cells, p53 may preferentially ac-
tivate genes that arrest proliferation, rather than those that
facilitate apoptosis. Alternatively, resistance to apoptosis may
be caused by altered expression of proteins that inhibit, pro-
mote, or mediate apoptotic cell death, such as Bcl2.
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Bcl2 associated athanogene 3 (Bag3) is a member of the
BAG family of chaperones that interacts with the ATPase
domain of heat shock protein-70 (Hsp70). In addition to its
BAG domain, Bag3 contains a WW domain and a proline-rich
(PXXP) repeat, which mediates binding to partners other than
Hsp70. Bag3 is expressed in response to cellular stress under
the induction of HSF1 and is known to suppress apoptosis
and regulate autophagy (5–6). Suppression of apoptosis may
be partially explained by the ability of Bag3 to protect Bcl2
family members against proteasomal degradation (7). In nor-
mal cells, Bag3 is constitutively expressed in only a few cell
types, including cardiomyocytes (8). Bag3 is overexpressed in
leukemia and several solid tumors where it has been reported
to sustain cell survival, induce resistance to therapy, and
promote metastasis. The pleiotropic functions of Bag3 may
reflect its ability to assemble scaffolding complexes, which
participate in multiple signal transduction pathways (9).

In this study, we describe a role for Bag3 in regulating
cancer chemotherapy induced senescence in breast cancer
cell. Using a quantitative SILAC approach, we show that Bag3
is up-regulated in TIS. Mass spectrometry analysis reveals
that Bag3 binds to the Major Vault Protein (MVP) complex, a
protein complex strongly associated with chemotherapy re-
sistance. We also show that Bag3 and MVP contribute to
apoptosis resistance by regulating ERK1/2 signaling in senes-
cent MCF7 and ZR751 cells.

EXPERIMENTAL PROCEDURES

Reagents—Adriamcyin and MG132 were purchased from Sigma
Aldrich (St. Louis, MO). Cell culture medium was purchased from
Invitrogen (Grand Island, NY). Fetal bovine serum (FBS) was pur-
chased from Atlas Biologicals (Fort Collins, CO). Primary antibodies
targeting the following: Actin, p53, ERK1/2, pERK1/2, p38 MAPK,
pp38, JNK, pJNK, mTOR, pmTOR, PARP1, Atg7, Hsp70, Cathepsin D
and B, G6P, EIF3, Cyclin D1, pRb, Caspase 7, LAMP1, Lysotracker,
Ubiquitin, and S6 kinase were from Cell Signaling (Danvers, MA).
Antibodies specific for Bag3 and HspB1 were from Sigma Aldrich (St.
Louis, MO). Antibodies against p21 and MVP were from BD Trans-
duction Laboratories (Franklin, NJ). Antibodies against Bag3 and
DDB2 were from Abcam (Cambridge, MA) and antibody specific for
Peroxiredoxin 1 was from Gentex (Irvine, CA). Secondary HRP-con-
jugated antibodies, including anti-rabbit IgG, anti-mouse IgG, and
anti-goat IgG were from Cell Signaling (Danvers, MA).

Cell Culture—MCF7, SKBR3, T47D, MDA-MB-231, and MDA-MB-
468 cells (a kind gift of Prof. William Gallagher, UCD) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and 5 mM glutamine. ZR751 cells were cultured in DMEM
containing 5% FBS and 10 nm Estradiol. CCD19 Lung Fibroblasts
were grown in modified Eagles Medium (MEM) through passage 20.
Cells were grown in humidified cell culture incubators under 5% CO2,
95% air. Drug or DMSO (vehicle control) were added and incubated
for the indicated times. The DMSO concentration never exceeded
0.1%.

Cell Death Assays—Cell death was quantitatively assayed by anti-
body-mediated capture and detection of cytoplasmic mononucleo-
some-associated histone-DNA complexes using the Cell Death De-
tection ELISA Plus kit from Roche Diagnostics (Indianopolis, IN).

Senescence Assay—SA-�-Gal staining was performed after adria-
mycin treatment in subconfluent cultures, at pH 6.0, using a Senes-

cence �-Galactosidase Staining Kit as described in the manufac-
turer’s instructions. Percentages of SA-�-Gal-positive cells were
visualized under a light microscope (Olympus, PA), and quantified by
scoring 200 cells, in triplicate, in three independent experiments.

Immunofluorescence (IF) Microscopy—Cells growing on glass cov-
erslips in 24-well plates were washed with PBS and fixed with 4%
formaldehyde or 15 min. To block nonspecific staining, cells were
incubated with PBS (0.1 M; pH � 7.4) containing 5% normal goat
serum and 0.2% Triton X-100, for 2 h at room temperature. This was
followed by overnight incubation at 4 °C with primary antibodies
targeting MVP, Bag3, or LAMP 1 (at 1:200 dilution). After incubation
with primary antibodies, cells were washed three times in PBS with
0.2% Triton X-100 and incubated with secondary antibodies conju-
gated to Alexa Fluor 568 or Alexa Fluor 488 (Molecular Probes, Grand
Island, NY). Antibodies were introduced in solutions that contained
0.1 M PBS, 0.2% Triton X, and 5% normal goat serum. Prolong Gold
anti-fade reagent (Invitrogen, Carlsbad, CA) was applied directly to
fluorescently labeled cells before mounting coverslips. Stained cells
were analyzed and photographed with a Confocal Microscope
(Fluoview 1000, Olympus, PA) using the same settings for each
preparation.

siRNA Transfections—Cells were transfected with 5 nM siRNA us-
ing 4 �l Lipofectamine (Invitrogen, Grand Island, NY). Briefly, lipid-
siRNA complexes were prepared in SFM and added to cell suspen-
sions in culture medium with 10% FBS. After 24 h, the medium was
replaced. The target sequences were: MVP: 5-CCUACAUGCUGAC-
CCAGGATT-3; Bag3: 5-GCCUGAAAACAAACCAGAATT-3; ERK1:
5-CAGGGUUCCUGACAGAAUATT-3; Cathepsin B: 5-GAACUUCUG-
GACAAGAAAAtt-3�; Cathepsin D: 5-CCUCGUUUGACAUCCACU-
Att-3; DDB2: 5-UGCACACUCUGGAUU-CUUAtt-3; ATG7: 5-GAAG-
CUCCCAAGGACAUUAtt-3; and PRDX1: 5-GGAUGAGACUUUGA-
GACUAtt-3.

Plasmid Constructs and Co-transfection—The construct for Flag-
Bag3 was previously reported (6, 10). Cells were transfected using 10
�g of either the expression construct or empty vector using Lipo-
fectamine 2000.

Protein Extraction and Immunoblotting—Cell extracts were pre-
pared in IP lysis buffer (0.25 M Tris, 0.15 M NaCl, 1 mM EDTA, 1%
Nonidet P-40, 5% glycerol, and mammalian protease inhibitor mix-
ture, pH 7.4). Extracts were centrifuged at 16,000 � g for 10 min and
stored at �80 °C. Protein concentration was determined by the BCA
assay (Thermo Scientific, Rockford, IL). Nuclear extracts were pre-
pared using a Nuclear Extraction kit (EMD, Millipore, Temecula, CA)
as per the manufacturer’s instructions. For Western blotting, equal
amounts of protein were resolved by SDS-PAGE and transferred onto
a 0.2 mm nitrocellulose membrane. Membranes were blocked (50 mM

Tris, pH 7.6, 150 mM NaCl, 0.05% Tween 20, and 5% nonfat dry milk
or BSA) prior to incubation with antibodies. Luminol-based detection
was performed using SuperSignal West Pico or Femto reagents
(Rockford, IL).

Flag Immunoprecipitation—Total protein extracts were prepared in
IP lysis buffer (0.25 M Tris, 0.15 M NaCl, 1 mM EDTA, 1% Nonidet P-40,
5% glycerol, and mammalian protease inhibitor mixture, pH 7.4).
Affinity purifications were carried out at 4 °C by combining 5 mg of
cellular protein extract with a 40 �l packed volume of M2 anti-FLAG-
conjugated Agarose from Sigma Aldrich (St. Louis, MI). The beads
were washed and then eluted using 3�FLAG peptide at 150 ng/�l in
HEMG buffer (25 mm HEPES, pH 7.6, 0.1 mm EDTA, 12.5 mm MgCl2,
and 10% glycerol) containing 0.15 M KCl. Eluted samples were meth-
anol chloroform-precipitated and lyophilized for later analysis by
mass spectrometry or immunoblotting.

Endogenous IP—Cell extracts were prepared in IP lysis buffer and
clarified by centrifugation (16,000 � g, 10 min). Bag3, MVP, and
Ubiquitin antibodies were crosslinked with Protein A/G Magnetic
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Dynabeads (Thermo Scientific, Rockford, IL) using a DSP crosslinking
protocol. The crosslinked antibodies were then incubated with cell
extracts (5 mg of protein) overnight at 4 °C. Beads were washed three
times with IP lysis buffer and eluted in urea for MS analysis.

Proteomic Sample Preparation—The FLAG affinity purification pre-
cipitates and endogenous immunoprecipitates were resuspended in
8 M urea. The samples were reduced by incubation for 20 min with 5
mM tris(2-carboxyethyl) phosphine at room temperature and alkylated
in the dark by treatment with 10 mM iodoacetamide for 15 min.
Proteins were digested overnight at 37 °C with Sequencing Grade
Modified Trypsin (Promega, Madison, WI). Proteolysis was stopped
by acidification.

MudPIT Mass Spectrometry—Protein digests were pressure-loaded
into 250-�m i.d. capillaries packed with 2.5 cm of 10-�m Jupiter C18
resin (Phenomenex) followed by an additional 2.5 cm of 5-�m Parti-
sphere strong cation exchanger (Whatman). The column was washed
with 95% (v/v) water, 5% acetonitrile, and 0.1% formic acid. After
washing, a 100-�m i.d. capillary with a 5-�m pulled tip packed with
12 cm of 5-�m Aqua C18 resin was attached to the filter union, and
the entire split column (desalting column-union-analytical column)
was placed in-line with an Agilent 1200 quaternary HPLC and ana-
lyzed using a modified 9-step separation described previously (11).
The buffer solutions used were 5% (v/v) acetonitrile/0.1% formic acid
(buffer A), 80% (v/v) acetonitrile/0.1% formic acid (buffer B), and 500
mM ammonium acetate/5% (v/v) acetonitrile/0.1% formic acid (buffer
C). As peptides eluted from the microcapillary column, they were
electrosprayed directly into an LTQ-Orbitrap mass spectrometer from
Thermo Finnigan (Waltman, MA) with the application of a distal 2.4-kV
spray voltage. A cycle of one full-scan mass spectrum (400–1800
m/z) at a resolution of 60,000 followed by 10 data-dependent MS/MS
spectra at a 35% normalized collision energy was repeated continu-
ously throughout each step of the multidimensional separation. Ap-
plication of mass spectrometer scan functions and HPLC solvent
gradients were controlled by the Xcaliber data system. Both lysates
and Flag-IPs were analyzed using a Thermo Scientific LTQ-Orbitrap-
XL. Endogenous IP samples were run on a Thermo Scientific Q
Exactive mass spectrometer connected to a Dionex Ultimate 3000
(RSLCnano) chromatography system. Tryptic peptides were resus-
pended in 0.1% formic acid. Each sample was loaded onto Biobasic
Picotip Emitter (120 mm length, 75 �m ID) packed with Reprocil Pur
C18 (1.9 �m) reverse phase media and was separated by an increas-
ing acetonitrile gradient over 60 min at a flow rate of 250 nL/min. The
mass spectrometer was operated in positive ion mode with a capillary
temperature of 220 °C, and with a potential of 2100V applied to the
frit. A top 12 method was used. Full MS scans were acquired in the
Orbitrap mass analyzer over the range m/z 300–1600 with a mass
resolution of 70,000 (at m/z 200). The target value was 3.00E�06. The
twelve most intense peaks with were fragmented in the HCD collision
cell with a normalized collision energy of 27%, and tandem mass
spectra were acquired in the Orbitrap mass analyzer with a mass
resolution of 17,500 at m/z 200.

Analysis of Tandem Mass Spectra—Protein identification, quantifi-
cation, and analysis were performed using the Integrated Proteomics
Pipeline-IP2 (Integrated Proteomics Applications, Inc, www.integrat-
edproteomics.com/) together with ProLuCID, DTASelect2, Census,
and QuantCompare. Raw spectrum files were extracted into ms1 and
ms2 files using RawExtract 1.9.9 (http://fields.scripps.edu/down-
loads. php) (12). Tandem mass spectra were compared with EBI-
IPI_Human_3.71_03–24-2010_ reversed.fasta data base, 49,078 en-
tries. To estimate peptide probabilities and FDRs accurately, we used
a target/decoy database containing the reversed sequences of all the
proteins appended to the target database FDR was set �1%. Tan-
dem mass spectra were matched to sequences using the ProLuCID
algorithm with 50 ppm peptide mass tolerance for precursor ions and

400 ppm for fragment ions (13–14). A fixed modification of cysteine
57.02146 was included and no variable modifications. Each dataset
was searched twice, once against light and then against heavy protein
databases. After the results from ProLuCID analysis were filtered
using DTASelect2, ion chromatograms were generated using an up-
dated version of a program previously written in our laboratory. This
software, called “Census” (15), is available from the authors for indi-
vidual use and evaluation through an Institutional Software Transfer
Agreement (see http://fields.scripps.edu/census for details).

For quantification analysis, the elemental compositions and corre-
sponding isotopic distributions for both the unlabeled and labeled
peptides were calculated, and this information then was used to
determine the appropriate m/z range from which to extract ion inten-
sities, which included all isotopes with greater than 5% of the calcu-
lated isotope cluster base peak abundance. MS1 files were used to
generate chromatograms from the m/z range surrounding both the
unlabeled and labeled precursor peptides. Census calculates peptide
ion intensity ratios for each pair of extracted ion chromatograms. The
heart of the program is a linear least-squares correlation that is used
to calculate the ratio (i.e. slope of the line) and closeness of fit [i.e.
correlation coefficient (r)] between the data points of the unlabeled
and labeled ion chromatograms. Census allows users to filter peptide
ratio measurements based on a correlation threshold; the correlation
coefficient (values between zero and one) represents the quality of the
correlation between the unlabeled and labeled chromatograms and
can be used to filter out poor-quality measurements. Final protein
ratios were generated with Quant Compare, which uses Log 2-fold
change and ANOVA p value to identify regulated significant proteins.
For a protein to be considered in our screen, it had to be “plotted” on
our volcano scatter plot (Fig. 2B). The y axis of the volcano plots is the
ANOVA p value, which requires each protein to be quantified in at
least two of the biological replicates (so we can calculate the vari-
ance). The Q-exactive raw data files were de novo sequenced and
searched against a Human UniProtKB database Release 2013_07,
20,266 entries using the search engine PEAKS Studio 7, for peptides
cleaved with trypsin. Each peptide used for protein identification met
specific Peaks parameters, i.e. only peptide scores that corre-
sponded to a false discovery rate (FDR) of �1% were accepted from
the Peaks database search. The database searching parameters
included up to two missed cleavages allowed for full tryptic digestion,
and a precursor ion mass tolerance 10 ppm. A fixed modification of
cysteine 57.02146 was included and variable modifications included
up to 707 common modifications for the Peaks PTM search.

Ingenuity Analysis—Differentially regulated proteins (p � 0.01) were
overlaid onto a global molecular network developed from information
contained in the ingenuity knowledge base (Ingenuity Systems®,
http://www.ingenuity.com, content version 12402621, release date:
2012–03-09). Networks of these proteins were algorithmically gener-
ated based on their connectivity. Biological functions associated with
proteins within the newly formed networks were displayed using the
functional analysis feature in the order of their significance to the
network. If the significance of the association between the network
and the biological function had a p � 0.05, then the biological function
was displayed in the functional analysis feature.

RESULTS

Induction of Senescence in MCF7 Breast Cancer Cells—As
a model of cellular senescence in cancer cells, we treated
MCF7 breast cancer cells with low dose adriamcyin (0.1 �M).
Changes in phenotype and cell cycle distribution were mon-
itored for 6 days after treatment. By microscopic analysis, we
observed that many of the cells developed a senescent phe-
notype with large, flattened cell bodies and enhanced expres-
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sion of SA-�-gal (Fig. 1A). Ninety percent of the cells were
SA-�-gal-positive, which is a marker of senescence (Fig. 1B).
These observations are consistent with previous reports on
adriamycin-treated senescent cells (16–18). Fig. 1C shows
that, in MCF7 cells that were treated with adriamycin for 6
days, p21 was robustly induced. A more modest increase in
p53 was observed and Cyclin D1 levels were increased. pRb
was increased in adriamycin-treated cells; however, this
change was transient and not observed at day six. The ob-
served changes in growth regulatory proteins are consistent
with anticipated results for senescent MCF7 cells (16).

Next, we carried out a SILAC-based proteomics analysis to
identify novel regulators of TIS. MCF7 cells were cultured with
“heavy” lysine and arginine. Extracts of the “heavy” MCF7

cells were mixed with extracts of unlabeled cells, which had
been treated with adriamycin. The combined extracts were
subjected to trypsin digestion. Peptides were fractionated by
liquid chromatography and analyzed with a high-resolution
mass spectrometer (LTQ-Orbitrap) (Fig. 2A). The total number of
proteins quantified in five biological replicates was 5203. The
mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repos-
itory with the dataset identifiers PXD001012–PXD001017.

We compared the biological datasets to calculate the “fold-
change” and significance by ANOVA and graphed these re-
sults as a volcano plot (Fig. 2B). 129 proteins were signifi-
cantly reduced (supplemantal Table S1) and 92 proteins were
significantly elevated (by at least 1.2-fold) in senescent cells.
The differentially expressed proteins were overlaid onto global
molecular networks, developed from information contained in
the Ingenuity knowledge database. Networks were then gen-
erated algorithmically based on connectivity. Biological func-
tions associated with proteins within the newly formed net-
works were displayed using the functional analysis feature in
the order of significance to the network (Fig. 2C). Pathway
Analysis also was performed (supplemental Fig. S1).

Among the proteins regulated by induction of senescence,
the two largest functional biological networks were protein
synthesis and cell death proteins. Other functional networks
included cellular morphology and protein degradation (Fig.
2C). Canonical Pathway Analysis of differentially regulated
proteins in TIS revealed changes in pathways associated with
protein turnover and metabolism (supplemental Fig. S1), in-
cluding mTOR signaling, EIF2 signaling, protein ubiquitina-
tion, and metabolic glutamate pathways. We confirmed the
quantitative mass spectrometry ratios and corresponding
densitometry ratios by performing immunoblot analysis, fo-
cusing on 10 proteins that were differentially regulated in TIS
(Fig. 3A).

In order to identify proteins, which were up-regulated in the
proteomics screen, that may regulate the senescent pheno-
type, we performed gene silencing experiments, targeting
Bag3, MVP, Cathepsin B, Cathepsin D, Peroxiredoxin 1, Au-
tophagy Related Protein 7, and DNA Damage Protein 2. We
measured the number of senescent cells relative to the control
using an SA-�-gal assay (supplemental Fig. S2). The largest
reduction in senescent cells was observed when the Bag3
gene was silenced. Bag3 is associated with apoptosis resis-
tance (5) and has also been shown to play a role in replicative
senescence (6). Given the previously described activities of
Bag3, we decided to further examine the role of Bag3 in the
induction of senescence with adriamycin treatment. First, we
examined Bag3 expression over a 6 day time course. Fig. 3B
shows that Bag3 expression was increased within 1 day fol-
lowing adriamycin treatment, as determined by immunoblot
analysis. Increased Bag3 was also noted by confocal IF mi-
croscopy (Fig. 3C). In adriamycin-treated cells, Bag3 localized

FIG. 1. Senescence is induced in MCF7 cells. A, MCF7 breast
cancer cells were treated with low dose adriamcyin (0.1 �M) for 6
days, and immunostained for the senescent marker, SA-�-gal. Scale
bar is 10 �m. B, The percentage of SA-�-gal positive cells were
quantified in triplicate at different time-points after adriamycin treat-
ment. C, The protein expression levels of p21, p53, pRB, and Cyclin
D1 were analyzed at different time-points after adriamycin treatment
using immunoblotting.
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to both the nucleus and cytoplasm. The level of Bag3 was
greatest in perinuclear cytoplasm.

Bag3 Regulates the Balance between Senescence and
Apoptosis—To study the role of Bag3 in adriamycin-induced
senescence, Bag3 was silenced in control and drug-treated
MCF7 cells over a 5 day time course. Bag3 gene-silencing
was efficient for the entire time course, as determined by
immunoblot analysis (Fig. 4A, B). The fraction of MCF7 cells
that were SA-�-gal-positive after treatment with adriamycin
was decreased most significantly in Bag3 gene-silenced cells
at day five (Fig. 4C). Decreased levels of the cell cycle inhibitor

p21 also were observed in Bag3 gene-silenced cells, com-
pared with control cells treated with adriamycin, as shown in
the representative immunoblot (Fig. 4B).

We hypothesized that Bag3 may play a role in apoptosis
resistance in senescent cells. When MCF7 cells were treated
with adriamycin, Bag3 gene-silencing increased the fraction
of apoptotic cells as measured by enrichment of mono-
nucleosomes in the cytoplasm using a Cell Death ELISA as-
say. A significant increase in apoptosis was observed by day
three. The largest increase apoptosis was observed at day
five (Fig. 4D). We also examined the levels of two apoptotic

FIG. 2. Quantitative Proteomic Analysis of Therapy Induced Senescence (TIS). A, A SILAC-based quantitative proteomic analysis was
performed to identify novel regulators of therapy induced senescence (TIS). An experimental schematic is shown. B, We calculated fold change
between control and adriamycin cells in five biological replicates and significance between replicates was calculated by ANOVA t test analysis.
A volcano plot is shown. The x axis represent the average protein fold change and the y axis of the volcano plots is the ANOVA P significance
value, which requires each protein to be quantified in at least two of the biological replicates. C, Biological functions associated with proteins
significantly changed in TIS. Changes within the newly formed networks were displayed using the functional analysis feature in the order of their
significance to the network. If the significance of the association between the network and the biological function had a p � 0.05, then the
biological function was displayed in the functional analysis feature.
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markers, cleaved PARP and cleaved caspase 7 (MCF7 cells
are caspase 3-deficient). We observed increased levels of the
cleaved PARP protein fragment (89 kDa) as well as cleaved
caspase 7 in Bag3 gene-silenced cells after 3 days of adria-
mycin treatment, confirming the increase in apoptosis (Fig.
4B). These results suggest that Bag3 gene silencing shifts the
response to adriamycin in MCF7 cells from senescence to
apoptosis.

Bag3 Interacts with the MVP and Stabilizes It—To further
examine the mechanism of Bag3 activity in senescent cells,
we explored the Bag3 interactome in adriamycin-treated and
untreated MCF7 cells by mass spectrometry (supplemental
Table S2). We transfected cells with a Flag-Bag3 construct
and performed Flag immunoprecipitation (IP). Mass spec-
trometry analysis revealed that Bag3 interacted with 145 pro-
teins in adriamycin-treated cells. Only proteins that were not
present in the antibody control IPs and had at least two
peptides are listed in the table. The ten most abundant inter-
actors in the Bag3 interactome, as determined by spectral
counts, are summarized in Fig. 5A. The list includes known
Bag3 interactors, including Hsp70 and HspB8, and many
novel interacting partners. MVP was the most abundant

Bag3-interacting protein identified in the Bag3 interactome as
determined by spectral counts. MVP forms part of the Major
Vault Complex that consists of three proteins: MVP, Poly
(ADP-ribose) polymerase family, member 4 (PARP4), and tel-
omerase associated protein 1 (TEP1). All three members of
the complex were identified as Bag3 interactors (Fig. 5A and
supplemental Table S2). Bag3 was shown to interact with
MVP in nonsenescent cells, but the abundance of MVP was
lower in this IP (as determined by spectral counts), suggesting
that there is increased interaction of Bag3 with MVP when
senescence is induced (supplemental Table S2). In immuno-
blotting experiments, Bag3 was clearly identified in the Flag-
Bag3 IP, but not in the control IP with free FLAG, as antici-
pated (Fig. 5B). MVP also was identified in immunoblots of the
Flag-Bag3 IP.

To confirm that Bag3 interacts with MVP in an endogenous
IP (no transfection), we immunoprecipitated Bag3 from MCF7
cells using a nontagged crosslinked IP. We detected MVP in
the Bag3 IP by LC-MS/MS (supplemental Fig. S3, supplemen-
tal Table S3). A higher number of peptides were identified for
MVP in the drug-treated cells than in the IP for Bag3 from cells
that were not drug-treated. Only proteins that were not pres-

FIG. 3. Bag3 is up-regulated in TIS. A, A table of 10 proteins differentially regulated in TIS is shown, their quantitative mass spec ratios and
corresponding densitometry ratios from immunoblotting analysis are listed. B, Protein expression levels of Bag3 was determined at different
time-points after adriamycin treatment using immunoblotting. C, Subcellular localization of Bag3 in control and adriamycin treated MCF7 cells
was detected by confocal microscopy. Scale bar is 10 �m.
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ent in the antibody control IPs and had at least two peptides
are listed in the table. To further study the Bag3-MVP inter-
action, we performed a reverse IP for endogenous MVP and
determined that Bag3 is present in the IP by LC-MS/MS in
control and adriamycin-treated cells (supplemental Fig. S3,
supplemental Table S3). Confocal IF microscopy revealed
that Bag3 co-localized with MVP mainly in the nucleus in
adriamycin-treated MCF7 cells (Fig. 5C).

To test the role of Bag3 on the stability of MVP, we silenced
Bag3 and examined MVP protein expression in control and
adriamycin-treated cells by immunoblot analysis. As shown in
a representative immunoblot (Fig. 5D) and in the summary of
results (Fig. 5E), Bag3 gene-silencing significantly decreased
the level of MVP (p � 0.05). We also performed IF confocal
microscopy to examine MVP in Bag3 gene-silenced cells. In
control cells (no Bag3 gene-silencing) adriamycin promoted
localization of MVP to the nucleus (Fig. 5F). This process
appeared to be dependent on Bag3 because when Bag3 was
silenced, MVP expression in the nucleus was reduced. Sub-
cellular fractionation confirmed increased MVP nuclear local-
ization during TIS, which was reduced upon Bag3 gene-
silencing (Fig. 5G). To determine if Bag3 regulated MVP gene
expression, we performed RT-PCR analysis on control and
Bag3 gene-silenced cells. There was no significant decrease
in MVP mRNA expression (supplemental Fig. S4), suggesting
that Bag3 regulates MVP post-transcriptionally. We hypothe-
sized that Bag3 may stabilize MVP post-transcriptionally by
inhibiting its proteasomal degradation. We demonstrated that
MVP interacts with different subunits of the proteasome and is
ubiquitinated (supplemental Fig. S5A, S5B). We examined
MVP in cells treated with the proteasome inhibitor MG132.
MVP was reduced in Bag3 gene-silenced cells and restored in
cultures in which the proteasome inhibitor was added (sup-
plemental Fig. S5C). These findings indicate that Bag3 regu-
lates MVP degradation.

MVP Regulates the Balance between Senescence and Apo-
ptosis—Next, we tested whether MVP gene-silencing in-
creases apoptosis in senescent cells. MVP was silenced in
control and adriamycin-treated MCF7 cells over a 5 day time
course. Efficient silencing of MVP was demonstrated by im-
munoblot analysis (Fig. 6A, 6B). The fraction of MCF7 cells
that were SA-�-gal-positive after treatment with adriamycin
was decreased significantly when MVP was silenced (Fig. 6C).
Next, we examined apoptosis over a 5 day period as mea-
sured by enrichment of mono-nucleosomes in the cytoplasm
using a Cell Death ELISA. The most significant increase in
apoptosis was observed on day five after adriamycin treat-
ment (Fig. 6D). A corresponding increase in cleaved PARP
and caspase 7 also was also observed (Fig. 6B). In order to
confirm that Bag3 and MVP prevent apoptosis in senescent
cell populations, we performed additional control experi-
ments. Bag3 and MVP were silenced in nondividing adriamy-
cin-treated cells (day six) where �90% of cells exhibited the
senescent phenotype (supplemental Fig. S6A, 6B). The level

FIG. 4. Bag3 promotes the senescent phenotype and prevents
apoptosis. A, MCF7 cells were transfected with nontargeting siRNA
(Neg) or Bag3 siRNA (Bag3) over a 5 day period. The protein expres-
sion levels of Bag3, p21, cleaved PARP, and caspase 7 were deter-
mined in control cells and Bag3 silenced cells. B, MCF7 cells were
transfected with nontargeting siRNA (Neg) or Bag3 siRNA (Bag3) over
a 5 day period treated with adriamycin and expression levels of Bag3,
p21, cleaved PARP, and caspase 7 visualized by immunoblotting. C,
The percentage of SA-�-gal positive cells was quantified in triplicate
for control cells and Bag3 silenced cells. The results shown are
representative of three independent experiments; the histograms rep-
resent the average and the error bars represent the standard devia-
tion of the means. Significance was tested by paired t test analysis.
An asterisk represents p � 0.05. D, The fraction of apoptotic cells
before and after Bag3 silencing was quantified using an ELISA cell
death assay. Analysis was performed in triplicate. Significance was
tested by paired t test analysis. An asterisk represents p � 0.05.
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FIG. 5. Bag3 interacts with the Major Vault Complex and stabilizes it. A, MCF7 cells were transfected cells with a Flag-Bag3 construct
and a Flag immuno precipitation was performed followed by Mass Spectrometry analysis of the eluted proteins. The ten most abundant
interactors in the Bag3 interactome determined by spectral counts are listed. B, Bag3 was immunoprecipitated from MCF-7 extracts and
immunoblotted for Bag3 and MVP. C, Co-localization analysis of Bag3 and MVP in control and adriamycin treated senescent cells was
performed using confocal microscopy. Scale bars represent 10 �m. D, Protein expression levels of MVP were determined by immunoblotting
in Bag3 siRNA or nontargeting siRNA, control and adriamycin treated cells. E, A quantitative graph of down-regulated MVP in control and
adriamycin treated cells after Bag3 silencing. F, Subcellular localization of MVP in control and Bag3 silenced MCF7 cells was detected by
confocal microscopy. Scale bar is 10 �m. G, MCF7 cells were transfected with nontargeting siRNA (Neg) or Bag3 siRNA (Bag3) over a 5 day
period, subjected to nuclear fractionation and expression levels of nuclear marker Histone H1, Bag3, and MVP was visualized by
immunoblotting.
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of apoptosis and apoptotic markers were measured (supple-
mental Fig. S6A, 6C). A significant increase in the level of
apoptosis was observed 4 days after gene silencing (day 10).
Bag3 and MVP also were silenced in senescent lung fibro-
blasts that were at late passage and could no longer replicate.
A significant increase in apoptosis was observed by day four
(supplemental Fig. S7), again supporting our model in which
Bag3 and MVP function as a system to prevent apoptosis in
senescent cell populations.

MVP and Bag3 Promote Resistance to Apoptosis by Reg-
ulating ERK1/2 in MCF7 Cells—As Bag3 and MVP have been
shown to stabilize and scaffold different signaling pathways,
we examined their role in regulating signaling pathways
implicated in TIS. The Raf/MEK/ERK and PI3K/PTEN/Akt/
mTOR1 pathways play critical roles in the regulation of cellular
senescence and quiescence (19). Therefore, we examined
downstream effectors of both of these pathways. We ob-
served an increase in both pERK1/2 and pmTOR1 expression
upon adriamycin treatment. However, when either Bag3 or
MVP was silenced in MCF7 cells, the increase in pERK1/2
associated with adriamycin treatment was blocked (Fig. 7A,
7B). Other MAP kinases, including p38 MAPK, and Jun kinase
(JNK), were not regulated in response to adriamycin or when
either Bag3 or MVP was silenced. These results suggest that
Bag3 and MVP play an essential role in activating or sustain-
ing active ERK1/2 in TIS. Activated ERK1/2 has been shown
to protect cells against apoptosis via stabilization of anti-
apoptotic members of the bcl2 family (20) and regulation of
caspase activity (21). To further examine if ERK1/2 is func-
tional in TIS, we silenced ERK in control and adriamycin
treated cells (Fig. 7C) and measured the level of apoptosis
using a Cell Death ELISA assay. We observed a significant
increase in the level of apoptosis after ERK gene-silencing by
day 5 (Fig. 7D) implicating a prosurvival role for ERK1/2 in the
senescent MCF7 cell population.

MVP and Bag3 Regulate ERK1/2 Signaling and Apoptosis in
a Panel of Breast Cancer Cells—Next, we examined expres-
sion of Bag3 and MVP in five different breast cancer cell lines
representing different subtypes, including ER�-positive cells:
T47D, ZR751; Her2-positive cells: SKBR3; and Triple-nega-
tive cells: MDA-MB-231 and MDA-MB-468. Bag3 and MVP
were expressed in all these cell lines under control conditions
and after adriamycin treatment. Induction of p21 was ob-
served in all of the cell lines upon low dose adriamycin treat-
ment. Only a very modest level of p21 was observed in
SKBR3 cells (Fig. 8A). In order to determine whether the cells
were quiescent or senescent upon adriamycin treatment, we
examined SA-�-gal activity (supplemental Fig. S8). ZR751
cells exhibited strong senescence upon adriamycin treatment
compared with the other cell lines.

Next, we examined whether MVP and Bag3 gene-silencing
increase apoptosis in these cells. A significant increase in
apoptosis was observed when either Bag3 or MVP was si-
lenced in ZR751, MDA-MB-231, and MDA-MB-468 cells (Fig.

FIG. 6. MVP promotes the senescent phenotype and prevents
apoptosis. A, MCF7 cells were transfected with nontargeting siRNA
(Neg) or MVP siRNA (MVP) over a 5 day period. The protein expres-
sion levels of MVP, p21, cleaved PARP, and caspase 7 were deter-
mined in control cells and MVP silenced cells B, MCF7 cells were
transfected with nontargeting siRNA (Neg) or MVP siRNA (MVP)
over a 5 day period treated with adriamycin and expression levels
of MVP, p21, cleaved PARP, and caspase 7 visualized by immuno-
blotting. C, MCF7 cells were transfected with nontargeting siRNA
(Neg) or MVP siRNA (MVP) over a 5 day period. The percentage of
SA-�-gal positive cells were quantified in triplicate for control cells
and MVP silenced cells. The results shown are representative of
three independent experiments; the histograms represent the av-
erage and the error bars represent the standard deviation of the
means. Significance was tested by paired t test analysis. An aster-
isk represents p � 0.05. D, The fraction of apoptotic cells before
and after MVP silencing in the presence of adriamycin was quan-
tified using an ELISA cell death assay. Analysis was performed in
triplicate.
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8B) 5 days after adriamycin treatment. A more modest in-
crease in apoptosis was observed in the SKBR3 and T47D
cells. Next, we examined whether Bag3 and MVP gene-si-
lencing affects ERK1/2 activation in the five cell lines. An
overall decrease in ERK1/2 activation was observed in Bag3
and MVP gene-silenced cells, compared with the controls, as
shown in the representative experiment (Fig. 8C). We quanti-
tated the level of pERK1/2. pERK1/2 was significantly re-
duced (p � 0.05) in all cells upon Bag3 gene-silencing and in
four cell lines upon MVP gene-silencing (Fig. 8D), supporting

our finding that Bag3 and MVP regulate ERK1/2 prosurvival
signaling.

DISCUSSION

In this study, we utilized a quantitative SILAC proteomics
screen to discover novel mechanisms involved in TIS. Expres-
sion of 221 proteins was significantly altered by at least 1.2-
fold in TIS. These proteins were classified into different func-
tional networks and assigned to known canonical pathways.
Among the proteins regulated by induction of senescence, the

FIG. 7. MVP and Bag3 promote resistance to apoptosis via the ERK pathway. A, MCF7 cells were transfected with the small interfering
RNA (siRNA) of Bag3, MVP, and treated with adriamycin for 5 days. The cells lysates were immunoblotted with anti-pERK, ERK, p38, pP38,
JNK, pJNK, mTor, pmTor, and S6 kinase antibody. B, A quantitative graph of down-regulated pERK in adriamycin treated cells after Bag3
silencing. The results shown are representative of three independent experiments; the histograms represent the average and the error bars
represent the standard deviation of the means. Significance was tested by Anova analysis. Asterisk represents p � 0.001, p � 0.005
respectively. C, MCF7 cells were transfected with the small interfering RNA (siRNA) of ERK1 or Control (siRNA) for a 5 day period in the
presence of adriamcyin and immunoblotted for ERK and pERK. D, The fraction of apoptotic cells before and after ERK silencing in the presence
of adriamycin was quantified using an ELISA cell death assay. Analysis was performed in triplicate.
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FIG. 8. MVP and Bag3 regulate ERK signaling and stimulate apoptosis in a panel of breast cancer cells. A, Five different breast cancer cell
lines representing different subtypes, ER positive, T47D, ZR751, Her 2 positive SKBR3, and Triple Negative MDA-MD 231 and MDA-MD-468 were
treated for 5 days with low dose adriamycin and lysed along with control cells. All cell lines were immunoblotted for Bag3 MVP and p21. B, SKBR3,
T47D, ZR751, MDA-MD 231, and MDA-MD-468 cells were transfected with nontargeting siRNA (Con), Bag3 siRNA(Bag3), or MVP siRNA (MVP) in
the presence of adriamcyin. The fraction of apoptotic cells before and after MVP silencing in the presence of adriamycin was quantified using an
ELISA cell death assay. Analysis was performed in triplicate. Significance was tested by Anova analysis. Asterisk represents p � 0.05. C, SKBR3,
T47D, ZR751, MDA-MD 231, and MDA-MD-468 cells were transfected with nontargeting siRNA (Con), Bag3 siRNA(Bag3), or MVP siRNA (MVP)
in the presence of adriamcyin and immunoblotted for Bag3, MVP, ERK, and pERK. D, A quantitative graph of down-regulated pERK in adriamycin
treated cells after gene silencing. The results shown are representative of three independent experiments; the histograms represent the average and
the error bars represent the standard deviation of the means. Significance was tested by Anova analysis. Asterisk represents p � 0.05.
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two largest functional biological networks were cell death and
protein synthesis proteins. At least 50 proteins were associ-
ated with cell death. Senescent cells have been shown to
resist cell death by inhibiting pro-apoptotic caspases (22) and
stabilizing anti-apoptotic molecules such as Bcl-2 (23). Other
functional networks include cellular proliferation, cellular mor-
phology and protein degradation (Fig. 2C). Senescent cells
undergo large morphological changes developing a large,
flattened morphology, and accumulate senescence-associ-
ated �-galactosidase (SA-�-gal) activity that distinguishes
them from most quiescent cells. In addition, they often down-
regulate genes involved in proliferation (24). Senescent cells
are metabolically and biosynthetically active and secrete in-
flammatory mediators essential for senescent cell immune
surveillance (25). Recent studies have described a role for the
mTOR and autophagic pathways in protein turnover during
senescence (26–27). Through cytoplasmic recycling, au-
tophagy provides building blocks for macromolecular synthe-
sis that may support cellular metabolism, protein synthesis,
and secretion in senescent cells (25). Using pathway analysis,
we identified canonical signaling pathways to be significantly
associated with TIS including mTOR signaling, EIF2 signaling,
ubiquitination pathways, and metabolic pathways. Both the
functional networks and pathways we identified as associated
with TIS reflect the previously described cellular changes
associated with the oncogenic and replicative senescent phe-
notypes.

Our screen identified Bag3 as up-regulated during TIS.
Bag3 has been shown to be necessary for activation of mac-
roautophagic pathways in fibroblasts (6) and to mitigate pro-
teotoxicity via selective autophagy in cancer cells (28). A
general role for Bag3 in apoptosis resistance has been de-
scribed in nonsmall cell lung cancer cells (29), colon cancer
(5), and neuroblastoma cell lines (30). We hypothesized that
Bag3 may promote apoptosis resistance in TIS. We also
considered the role of Bag3 in autophagy; however, when we
examined expression of different autophagy markers - LC3,
Atg7, and Beclin after Bag3 gene-silencing, we did not ob-
serve significant changes. However, we did demonstrate that
Bag3 gene-silencing switches the senescent phenotype to
apoptosis implying that Bag3 contributes to apoptosis resis-
tance in TIS. There are several reports that senescent cells are
resistant to apoptosis, including studies of fibroblasts and
other cellular models (31–32). Resistance to apoptosis has
likely evolved as a defense program against sublethal damage
caused by cellular stresses.

In order to identify novel mechanisms by which Bag3 may
regulate induction of senescence, we explored the Bag3 in-
teractome in adriamycin-treated and untreated MCF7 cells.
We identified known interactors of Bag3 including Hsp70 and
HspB8 and many novel interacting partners. Among the Bag3
novel interactors, we identified MVP and associated proteins,
which form a protein complex that is strongly associated with
chemotherapy resistance. MVP has been recently described

as associated with resistance to apoptosis in senescent fibro-
blasts (33). We demonstrated that MVP gene-silencing
switches the response from senescence to apoptosis.

MVP is the largest member of the MVP protein complex.
Members of the MVP complex include MVP, two minor vault
proteins, PARP4 and TEP1, and untranslated small RNAs (34).
Vaults are predominantly localized in the cytoplasm, but sev-
eral reports indicate they can also be localized to the nuclear
envelope (35). In senescent fibroblasts, vault proteins are
localized to both the nucleus and cytoplasm (31). Our findings
suggest that in response to adriamycin, a pool of MVP moves
into the nucleus and this shift in MVP subcellular localization
is dependent on Bag3. A role for MVP in nucleo-cytoplasmic
transport has previously been described for the PTEN tumor
suppressor (36). We hypothesize that nuclear MVP plays a
role in nuclear import or assembly of macromolecules neces-
sary to maintain the senescent phenotype. The effects of
Bag3 on MVP subcellular localization in senescence may
reflect a direct role of Bag3 in transporting the protein to the
nucleus. Our results suggest that Bag3 may stabilize the total
increased cellular level of MVP during senescence so that
more protein is available to enter the nucleus.

MVP and Bag3 have been identified as important regulators
of intracellular signaling. We examined their role in regulating
different signaling pathways implicated in TIS. We examined
activation of the MAPK signaling pathways, p38, c-Jun, and
ERK1/2 and observed that phosphorylation of ERK1/2 was
increased in senescent MCF7 cells. The potentiation of pERK
signaling has been previously reported during doxorubicin
induced senescence (18), Ras induced oncogenic senes-
cence (37), and recently in primary senescent cells in which
ERK1/2 was shown to promote selective degradation of pro-
teins required for cell cycle progression (38). Activation of
mTORC1 signaling pathway has also been associated with
p53 induced senescence (39). We observed an increase in
mTOR phosphorylation upon adriamycin treatment suggest-
ing both ERK1/2 and mTORC1 pathways are activated in
senescent MCF7 cells; however, only ERK1/2 phosphoryla-
tion was significantly reduced in Bag3 and MVP gene-si-
lenced cells that were treated with adriamycin.

Activated ERK 1/2 has been previously associated with
Bag3 and MVP. ERK1/2 binds to MVP, suggesting that vaults
may serve as signaling scaffolds for ERK1/2 or in the transport
of phospho-ERK1/2 to the nucleus (40). Bag3 has being
shown to stabilize the interaction of ERK1/2 with Dual-spec-
ificity Phosphatase 1 in HUVECs and in this case, its removal
resulted in G1 block not apoptosis implying its role is cell
dependent (41). Our results suggest that MVP and Bag3 pro-
mote resistance to apoptosis in senescent cells by promoting
or sustaining activation of ERK1/2. ERK1/2 is a potent survival
signal, which in the face of cellular stress, protects cells from
apoptosis. Our data shows that silencing ERK in senescent
MCF7 cells results in significant apoptosis. Phospho-ERK
functions at multiple sites throughout the cell to regulate
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diverse processes including survival, proliferation, and cell
migration. In order for pERK to promote survival, it must
localize to the nucleus. We propose a model in which Bag3
binds to MVP and facilitates MVP accumulation in the nu-
cleus, which sustains ERK1/2 activation.

To determine whether our model is functional in more than
one cell line, we measured expression of Bag3 and MVP in
five different breast cancer cell lines representing different
subtypes, including ER�-positive cells: T47D, ZR751; Her2-
positive cells: SKBR3; and Triple-negative cells: MDA-MB 231
and MDA-MB-468. Bag3 and MVP were expressed and the
cell cycle inhibitor p21 was induced after adriamycin treat-
ment in all cell lines. ZR751, a p53 wild-type cell line, exhibited
the strongest senescence upon adriamycin treatment as pre-
viously reported (16). A recent study on p53 mutation in
response to chemotherapy showed that doxorubicin-treated
p53-mutant tumors failed to arrest proliferation leading to cell
death, whereas p53 wild-type MMTV-Wnt1 tumors arrested
exhibiting a senescent phenotype. They demonstrated that
the senescent tumors with functional p53 responded worse to
dose-dense doxorubicin based chemotherapy than tumors
with nonfunctional p53 (4). A similar observation was ob-
served in TP53 basal breast cancers to a dose-dense epirubi-
cin-cyclophosphamide regimen (42). Therefore switching the
response from senescence to apoptosis in some p53 wild-
type breast cancer tumors may prove to be therapeutically
beneficial. We examined the levels of cell death in senescent
ZR-751 cells after gene silencing of Bag3 and MVP. We
observed a significant increase in apoptosis demonstrating
that Bag3 and MVP modulate the senescent phenotype to
apoptosis in p53 wild-type ZR751 cells.

We also observed a significant increase in apoptosis in the
MDA-MB-231 and MDA-MB-468 cells after silencing Bag3 or
MVP and adriamycin treatment. These cells provide a model
of triple negative breast cancers, which are less responsive to
therapy and have a higher recurrence rate than other breast
cancer subtypes (43). These results suggest Bag3 and MVP
may contribute to apoptosis resistance and cell survival in
certain metastatic triple negative cancers and may potentially
serve as therapeutic targets. In order to determine whether
Bag3 and MVP regulate ERK1/2 in different cell lines, we
quantified the level of pERK after silencing these gene prod-
ucts. Interestingly, pERK was significantly reduced in all cells
upon Bag3 gene-silencing and in four cell lines upon MVP
gene-silencing, supporting our finding in MCF7 cells that
Bag3 and MVP regulate ERK1/2 prosurvival signaling.

Using proteomic approaches, we demonstrated that Bag3
and MVP are up-regulated and interact during TIS. We deter-
mined that silencing MVP and Bag3 shifts the cellular re-
sponse to apoptosis after a clinically relevant dose of adriam-
cyin in senescent MCF7 and ZR751 cells and increases
apoptosis in triple negative MDA-MB-231 and MDA-MB-468
breast cancer cell lines. This study implicates Bag3-MVP as
an important complex that can regulate the ERK1/2 prosur-

vival signaling pathway. Our studies suggest that the Bag3-
MVP system may be a legitimate target for therapeutics de-
velopment in breast cancer.
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