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Background:Mcl-1 inhibits apoptosis and promotes survival of cancer cells.
Results: The Hsp70 co-chaperone, BAG3, prevents Mcl-1 degradation by the proteasome.
Conclusion: BAG3 sustains Mcl-1 expression in cancer cells, promoting its antiapoptotic activity.
Significance: Mcl-1 expression is a major determinant of resistance in human cancer, so BAG3 is a potential target for
anticancer drug discovery.

Members of the Bcl-2 family of proteins are important inhib-
itors of apoptosis in human cancer and are targets for novel
anticancer agents such as theBcl-2 antagonists, ABT-263 (Navi-
toclax), and its analog ABT-737. Unlike Bcl-2, Mcl-1 is not
antagonized by ABT-263 or ABT-737 and is considered to be a
major factor in resistance. Also, Mcl-1 exhibits differential reg-
ulation when compared with other Bcl-2 family members and is
a target for anticancer drug discovery. Here, we demonstrate
that BAG3, an Hsp70 co-chaperone, protects Mcl-1 from pro-
teasomal degradation, thereby promoting its antiapoptotic
activity. Using neuroblastoma cell lines, with a defined Bcl-2
family dependence, we found that BAG3 expression correlated
withMcl-1 dependence andABT-737 resistance. RNA silencing
of BAG3 led to a marked reduction in Mcl-1 protein levels and
overcame ABT-737 resistance in Mcl-1-dependent cells. In
ABT-737-resistant cells, Mcl-1 co-immunoprecipitated with
BAG3, and loss of Mcl-1 after BAG3 silencing was prevented by
proteasome inhibition. BAG3 andMcl-1 were co-expressed in a
panel of diverse cancer cell lines resistant toABT-737. Silencing
BAG3 reduced Mcl-1 protein levels and overcame ABT-737
resistance in several of the cell lines, including triple-negative
breast cancer (MDA-MB231) and androgen receptor-negative
prostate cancer (PC3) cells. These studies identify BAG3-medi-
ated Mcl-1 stabilization as a potential target for cancer drug
discovery.

Apoptotic cell death is critical for the maintenance of tissue
homeostasis in a healthy organism, providing an efficient and
safe mechanism to remove unwanted cells. Altered control of
apoptosis contributes to many diseases including neoplasia (1).
Dysregulated and/or defective cell death is one of the hallmarks

of cancer (2). Bcl-2 family proteins are key regulators of apopto-
sis, and alterations in their expression and function are associ-
ated with cancer development (3, 4). The family includes both
proapoptotic and antiapoptotic members that contain one to
four Bcl-2 homology (BH)2 domains, which are involved in the
interaction between family members. Oligomerization of the
multidomain apoptotic members, Bax and Bak, results in mito-
chondrial outer membrane permeabilization, allowing the
release of proapoptogenic proteins, such as cytochrome c, and
subsequent activation of caspases and induction of cell death.
The antiapoptotic family members, Bcl-2, Bcl-xL, Mcl-1, and
Bcl-w, bind to proapoptotic members of the family, preventing
the oligomerization (5) of Bax/Bak and thereby inhibiting pro-
grammed cell death.
Other proapoptotic members that contain only one Bcl-2

homology domain, known as BH3-only proteins, include Bad,
Bid, Bik, Noxa, Puma, Hrk, Bim, and more (6). In response to a
wide variety of damage signals, such as DNA damage, growth
factor withdrawal, or oncogene activation, BH3-only proteins
are released and promote apoptosis by either freeing Bax/Bak
from antiapoptotic Bcl-2 proteins (7) or direct activation of
Bax/Bak (8).
Bcl-2 and related antiapoptotic proteins have emerged as key

therapeutic targets in cancer due to their role in its genesis and
their contribution to drug resistance. In fact, Bcl-2 down-regu-
lation using antisense oligonucleotides has been shown to sen-
sitize cancer cells to chemotherapeutic agents (9). This formed
the basis for the design of small molecule Bcl-2 antagonists,
such as ABT-737 and ABT-263 (Navitoclax), which mimic
BH3-only proteins. ABT-737 and ABT-263 are Bad mimetics
that bind to and neutralize Bcl-2, Bcl-xL, and Bcl-w. In some
cancer cell lines, ABT-737 shows single-agent activity, whereas
in others, it increases sensitivity to chemotherapeutics (10).
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ABT-737 does not bind to Mcl-1, so Mcl-1 expression is
believed to be responsible for ABT-737 resistance in certain
settings (11, 12). Similar to Bcl-2, Mcl-1 overexpression has
been observed in a variety of humanhematopoietic (13–15) and
solid tumors (16).
AlthoughbothMcl-1 andBcl-2 promote cell survival, there is

increasing evidence that suggestsMcl-1may play a distinct role
in the control of apoptosis (17). Differences in tissue distribu-
tion as well as timing of expression have been observed, imply-
ing that Mcl-1 and Bcl-2 can be independently regulated (18).
Mcl-1 is structurally different from the other Bcl-2 antiapop-
totic members at the amino terminus, which includes PEST
sequences characteristic of short-lived proteins (19). Expres-
sion ofMcl-1 is highly regulated post-translationally, andmany
phosphorylation sites are described at the amino terminus
along with one caspase cleavage site (20–24). Mcl-1 can be
ubiquitylated and degraded by the proteasome (25) although
mutation of all lysine residues does not prevent degradation
(26). Unlike Bcl-2, many apoptotic stimuli promoteMcl-1 deg-
radation by the proteasome or caspases (24, 27, 28). For exam-
ple, Mcl-1 loss is required for the initiation of apoptosis after
ultraviolet irradiation (29). Recently, it has been suggested
that proteins that stabilize this otherwise labile protein could
play a role in Mcl-1-driven cancers (30). Although Mcl-1
expression is regulated at many levels, clearly, proteasomal
degradation plays an important role, unique among antiapo-
ptotic family members.
Our laboratory has shown that in a colon cancer cell line

subjected to electrophile stress, BAG3 plays an important role
in the adaptive response regulated by heat shock factor 1
(HSF1) (31). Although the mechanism of BAG3 action is still
unknown, preliminary results correlated decreases of BAG3
levels with decreases in the levels of Bcl-2, Bcl-xL, and Mcl-1.
BAG3belongs to the BAG family of co-chaperones that interact
with proteins of the heat shock family (e.g.Hsp70). BAG1 (Bcl-
2-associated athanogene 1) was initially discovered as a Bcl-2-
interacting protein (32) and later described as an Hsp70-bind-
ing protein (33). The BAG family includes six members that
share an evolutionarily conserved BAG domain, which binds to
theATPase domain ofHsp70, and acts as a nucleotide exchange
factor for the chaperone (34). Although all BAG proteins bind
to Hsp70, their modulation of its activity differs and depends
upon multiple factors involving co-chaperones and subcellular
localization. Although BAG1 interacts with the proteasome
and increases Hsp70 client protein degradation (35), BAG3
inhibits proteasomal degradation ofHsp70 clients (36) and par-
ticipates in the recruitment for autophagy (37, 38).High expres-
sion of BAG3 has been observed in chronic lymphocytic leuke-
mia, (39), thyroid carcinoma (40) and pancreatic cancer (41),
where it is associatedwith cancer resistance. BAG3 is described
in the literature as an antiapoptotic protein (42), although the
mechanism of apoptosis inhibition remains unclear.
To study the role of BAG3 in the regulation ofMcl-1, we used

neuroblastoma cell lines. Neuroblastoma is a pediatric solid
tumor derived from developing sympathetic neuroblasts (43),
and high risk neuroblastoma is associated with high morbidity
and mortality (44). Suppression of apoptosis is a common
theme in high risk neuroblastoma, and gain of prosurvival Bcl-2

function is an important mechanism (45, 46). Neural tissues,
including many neuroblastomas, express high levels of Mcl-1,
and Mcl-1 maps to a region in chromosome 1q that shows fre-
quent copy number gain in high risk neuroblastoma (47–49). In
fact, Mcl-1 has been suggested to function as an oncogene in
this subset (46). A study by the pediatric preclinical testing pro-
gram demonstrated that ABT-263 has limited single-agent
activity in neuroblastoma, which may be related to the high
frequency of Mcl-1 dependence in this tumor type. In the pres-
ent study, we used neuroblastoma cell lines with a well charac-
terized dependence on prosurvival Bcl-2 proteins (46, 50, 51) to
study the role of BAG3 inMcl-1-driven cancer cells. Using this
cellularmodel alongwith a panel of different types of cancer cell
lines, we demonstrate that BAG3 sustains Mcl-1 expression by
inhibiting its proteasomal degradation, thereby promoting sur-
vival of cancer cells and resistance to ABT-737.

EXPERIMENTAL PROCEDURES

Reagents—ABT-737was purchased fromChemiTek (Indian-
apolis, IN). Doxorubicin was purchased from Sigma. Geldana-
mycin, cycloheximide, andMG-132were purchased fromEnzo
Life Sciences (Plymouth Meeting, PA). Z-VAD-FMK was pur-
chased from BD Biosciences. Cell culture medium was pur-
chased from Invitrogen. Fetal bovine serum was purchased
from Atlas Biologicals (Fort Collins, CO).
Cell Culture and Treatment—All cancer cells, except PC3,

were cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serumand 5mMglutamine. PC3 cellswere cultured
in DMEM F12 supplemented with 10% fetal bovine serum.
HEK293T cells were cultured in DMEM-GlutaMAX supple-
mented with 10% fetal bovine serum. Cells were grown in
humidified cell culture incubators under 5%CO2, 95% air. Drug
orDMSO (vehicle control) was added, and cells were incubated
for the indicated lengths of time. DMSO concentration never
exceeded 0.1%.
Viability Assays—Cells were seeded in 96-well plates at dif-

ferent cell densities (8 � 103 IMR5, 10 � 103 NLF, 20 � 103
SK-N-AS, 40� 103 SMS-SAN, 10� 103MB231, 5� 103 H292,
10 � 103 PC3, 10 � 103 LNCap), allowed to adhere overnight,
and then treated with DMSO or drugs. After 48 h, relative via-
bility was determined using WST-1 (Roche Applied Science)
according to the manufacturer’s protocol. For viability assays
including transfection, cells were transfected in 96-well plates
24 h before the start of drug treatment.
siRNA Transfections—Transfections of neuroblastoma cells

were performed using 10 nM Stealth RNAi siRNA (Invitrogen)
and 0.2 �l of DharmaFECT 1 (Thermo-Scientific, Lafayette,
CO) per well in 96-well plates using a reverse transfection.
Briefly, lipid-siRNA complexes were prepared in Opti-MEM
(Invitrogen), and a cell suspension in culturemedium (10% fetal
bovine serum) was added later. After 24 h, mediumwas replen-
ished. For protein collection, cells were transfected in a
100-mmdish using 50 pmol of siRNA and 8�l of DharmaFECT
1 in a final volume of 5 ml. Fresh medium was added after 24 h,
and samples were collected at different time points. The siRNA
sequences used are shown in supplemental Table S1. Transfec-
tion of MDA-MB231, H292, PC3, and LNCaP cell lines was done
as described above with the following modifications: MB231 (0.1
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�l of DharmaFECT 4), H292 (0.2 �l of Lipofectamine 2000), and
PC3 and LNCaP (0.2 �l of DharmaFECT 2).
Plasmid Constructs and Co-transfection—A cDNA clone of

BAG3 (Mammalian Gene Collection accession number
BC006418) was obtained from the Vanderbilt Microarray
Shared Resource cDNA clone collection. BAG3 was PCR-am-
plified from pOTB7 using the primers 5�-GGGATCCTCCAC-
CATGGATTACAAGGATGACGACGATAAGAGCGCCC-
GCCACCCACTCG-3� (includes anN-terminal FLAG tag) and
5�-CCTCGAGCTACGGTGCTGCTGGGTTA-3�. The PCR
product was digested with BamHI and XhoI and ligated into
pcDNA3.1 Hygro(�) (Invitrogen). Site-directed mutagenesis
was used to mutate Arg-480 into Ala (BAG3R480A) and Pro-
209 into Leu (BAG3P209L). Primers used to create nucleotide
substitution are listed below, and the substituted codon is
underlined: BAG3R480A, 5�-GTGCGTCAGGCCGCGAGA-
GACGGTGTC-3�, and BAG3P209L, 5�-TACATCTCCATTC-
TTGTGATACACGAG-3�. For co-transfection, HEK293T
cells (2.5 � 106) were transfected using 25 nM Stealth RNAi
siRNA (Invitrogen) and 10 �l of Lipofectamine 2000 (Invitro-
gen). After 24 h, cells were transfected using 0.5 �g of expres-
sion construct using 15 �l of Lipofectamine 2000 (Invitrogen).
Total Protein Extraction and Western Blotting—Total pro-

teins were collected using M-PER lysis buffer (Thermo Scien-
tific) containing mammalian protease inhibitor mixture
(Sigma). Lysates were centrifuged at 16,000 � g for 10 min and
stored at�80 °C. Protein concentration was determined by the
BCA assay (Thermo Scientific). For Western blotting, equal
amounts of protein were resolved by SDS-PAGE and trans-
ferred onto a 0.2-mm nitrocellulose membrane. Membranes
were blocked (20 mM Tris, pH 7.6, 140 mM NaCl, 0.05% Tween
20, 5% nonfat dry milk or BSA) prior to incubation with anti-
bodies. Luminol-based detection was performed using Super-
Signal West Pico reagents (Thermo Scientific). Primary anti-
bodies were obtained from the following sources: actin, Bcl-2
(sc-509), Mcl-1 (sc-20679), Hsp70 (sc-24), and ubiquitin (sc-
166553) were from Santa Cruz Biotechnology (Santa Cruz,
CA); Akt, BAG1, caspase 3, and lamin A/C were from Cell Sig-
naling (Danvers, MA); BAG3, BAG4, BAG5, and BAG6 were
from Abcam (Cambridge, MA); BAG2 was fromNovus (Little-
ton, CO); Hsp90 and poly(ADP-ribose) polymerase (PARP)
were from BD Biosciences; and Noxa was from Enzo Life Sci-
ences. The following secondary HRP-conjugated antibodies
were used: anti-rabbit and anti-mouse from Promega (Madi-
son, WI) and anti-goat from Santa Cruz Biotechnology.
Cell Fractionation—Cells were fractionated with the Qpro-

teome cell compartment kit (Qiagen, Valencia, CA) according
to manufacturer’s protocol. The fractionated lysates were
quantified using the BCA assay (Thermo Scientific), and equal
amounts of fractionated lysates were analyzed by immunoblot.
Immunoprecipitation—Cell lysates were prepared in immu-

noprecipitation lysis buffer (0.025 M Tris, 0.15 M NaCl, 1 mM

EDTA, 1% Nonidet P-40, 5% glycerol, mammalian protease
inhibitor mixture (Sigma), pH 7.4) and clarified by centrifuga-
tion (16,000 � g, 10 min). The following antibodies were used
for immunoprecipitation: Mcl-1 (BD Biosciences), BAG3 (goat
112016, Abcam, Cambridge, MA), and Bcl-2 (sc-509, Santa
Cruz Biotechnology). Antibodies and protein A/G-agarose

beads (Pierce) were incubated with cell lysates (300–600 �g of
protein) in immunoprecipitation coupling buffer (10 mM

sodium phosphate, 0.155 M NaCl, mammalian protease inhibi-
tor mixture (Sigma), pH 7.4) overnight at 4 °C. Beds were
washed three times with immunoprecipitation lysis buffer and
one time with conditioning buffer (classic immunoprecipita-
tion kit, Pierce). Proteins were eluted using acidic conditions
and eluates analyzed by immunoblot.
Ubiquitination Studies—IMR5 cells were transfected with

BAG3 siRNA or negative control siRNA (NEG) as described
above. Cells were treated at 24 h after transfection with 10 �M

MG132 during 4 h and used to assess Mcl-1 ubiquitination as
described elsewhere (26).
Real Time PCR Analysis—Cell lysates were homogenized

using QIAshredder (Qiagen). Total RNA was then isolated
using the RNeasy collection kit (Qiagen). RNA samples were
quantified by absorbance at �260 and �280, and 1�g of RNAwas
reverse-transcribed in a 20-�l reaction using iScript (Bio-Rad).
Ten percent of each reaction (2 �l) was used per well in subse-
quent real time PCR analysis using iQ SYBR Green Supermix
(Bio-Rad). Real time reactions were performed on a Bio-Rad
iCycler. Real time PCRprimerswere as follows: BAG3, forward,
5�-CAACAGCCGCACCACTAC-3�; reverse, 5�-CATTGGC-
AGAGGATGGAGTC-3�; MCL-1, forward, 5�-AGCGACGG-
CGTAACAAAC-3�; reverse, 5�-AAGAACTCCACAAAC-
CCATCC-3�.

RESULTS

BAG3 Expression in ABT-737-sensitive and -resistant Cell
Lines—BH3-only proteins have different binding affinities for
antiapoptotic Bcl-2 proteins. Although some BH3-only pro-
teins (e.g.Bim) bind to all antiapoptotic familymembers, others
(e.g.Noxa andBik) bind only to a subset. For example, Bad binds
to Bcl-2, Bcl-xL, and Bcl-w, but it does not bind to Mcl-1,
whereas Noxa binds preferentially to Mcl-1. Peptides derived
from BH3-only proteins can be used to determine the BH3
profile of a cell line by treating isolatedmitochondria and quan-
tifying the amount of cytochrome c released. This profile iden-
tifies the dependence of the tumor cell on specific Bcl-2 anti-
apoptotic proteins (52). The neuroblastoma cell lines used in
the present study belong to three different BH3 profile groups
(Fig. 1A) (51). At diagnosis, neuroblastoma cells demonstrate
competent Bak/Bax activation but require the activities of Bcl-2
orMcl-1 for survival. In the former, tonic neutralization of Bim
by Bcl-2 provides the survival bias, and these cells (e.g. SMS-
KCN, SMS-SAN, and NB-1643) are exquisitely sensitive to the
Bcl-2 antagonist ABT-737. In the latter, Mcl-1 provides the
survival bias by neutralizing Bim, and these cells (e.g. IMR5 and
NLF) are ABT-737-resistant unless Mcl-1 activity is antago-
nized (such as by Mcl-1 knockdown). Finally, tumor cells
derived at the time of acquired therapy resistance (after relapse)
have repressed Bak/Bax activation. They maintain their Bcl-2
or Mcl-1 activities (e.g. SK-NAS) but are resistant to ABT-737
and other cytotoxic stressors.
We assessed the expression of BAG proteins in the neuro-

blastoma cell lines and found a relationship between BAG3
expression andABT-737 resistance (Fig. 1B). BAG3was almost
exclusively expressed in ABT-737-resistant cell lines, including
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Mcl-1-dependent ones. BAG5 was not detected in any of the
cell lines, and BAG4wasweakly expressed in all of them.Unlike
BAG3, BAG1 and BAG6 were uniformly expressed at high lev-
els in both ABT-737-resistant and ABT-737-sensitive groups.
BAG2 was the only other co-chaperone with a higher expres-
sion in ABT-737-resistant cell lines, but it was also highly
expressed in the ABT-737-sensitive cell line NB1643.
Subcellular localization of BAG3 and Mcl-1 in ABT-737-re-

sistant cell lines was studied by cell fractionation (supplemental
Fig. 1). In agreement with previous findings in other cell lines
(18, 53, 54), BAG3was predominantly cytosolic, whereasMcl-1
was mainly observed in the membrane fraction. The same pat-
tern was observed for Mcl-1-dependent and BH3-resistant cell
lines.

BAG3 Binds to Mcl-1 in ABT-737-resistant Cells—To study
the binding of Mcl-1 to BAG3, we immunoprecipitated endog-
enous proteins using an antibody directed to BAG3. In ABT-
737-resistant cell lines, Mcl-1 co-immunoprecipitated with
BAG3 (Fig. 2A). Although these cell lines express high levels of
Bcl-2, the interaction of Bcl-2 with BAG3 was only observed in
IMR5 cells (Fig. 2A and supplemental Fig. 2A). The BAG3-
Mcl-1 interaction was also studied using an antibody to precip-
itateMcl-1 (Fig. 2B). BAG3 co-immunoprecipitatedwithMcl-1
in the ABT-737-resistant cells. In NLF cells, where BAG3
appeared as two bands, only one band co-immunoprecipitated
with Mcl-1. BAG3 has been observed as two bands in different
cancer lines or when overexpressed, and the origin of these
bands is uncertain (55). The BH3-only protein, Noxa, also co-
immunoprecipitated with Mcl-1 in the three cell lines.
Previous work showed that Bcl-xL interacts with BAG3 and

Hsp70 in colon cancer cells (31). A similar result was obtained
forMcl-1 with the ABT-737-resistant neuroblastoma cell lines,
IMR5 and SK-NAS. The significant amount of Hsp70 co-im-
munoprecipitated, when compared with BAG3, suggests that
Mcl-1 interaction with Hsp70 is not occurring through BAG3.
In fact, in NLF cells, where BAG3 co-immunoprecipitated with
Mcl-1, the level of Hsp70 co-immunoprecipitated was close to
background,which suggests that it is not complexedwithMcl-1
and BAG3 (Fig. 2B).
BAG4 was the only other BAG family member that co-im-

munoprecipitated with Mcl-1 in IMR5 cells (Fig. 2C). BAG1
and BAG2, although highly expressed in this cell line, showed

FIGURE 1. BAG3 expression is related to ABT-737 resistance in neuroblas-
toma. A, classification of neuroblastoma cell lines according to BH3 profile
and sensitivity to the Bcl-2 antagonist, ABT-737. B, protein immunoblot show-
ing the levels of BAG proteins in neuroblastoma cell lines; BAG5 was not
detected. Actin was included as a loading control.

FIGURE 2. BAG3 binds to Mcl-1 in ABT-737-resistant cell lines. Endogenous
proteins were immunoprecipitated using specific antibodies for BAG3 (A) or
Mcl-1 (B and C). Co-immunoprecipitated proteins were detected by immu-
noblot. Normal sera IgG were used as control. CL, cell lysate; IP,
immunoprecipitate.
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no association with Mcl-1 (supplemental Fig. 2B). The BAG
domains of BAG4 and BAG3 share a 62% identity, the highest
among family members (56).
BAG3 Prevents Mcl-1 Proteasomal Degradation—We used

small interfering RNA to study the effect of BAG3 on Mcl-1
expression. The down-regulation of BAG3 resulted in a rapid
loss ofMcl-1,whichwasmore pronounced in theMcl-1-depen-
dent cell lines, IMR5 and NLF, 48 h after transfection (Fig. 3A).
Although BAG3 also interacted with Bcl-2 in IMR5 cells (Fig.
2A and supplemental Fig. 2A), silencing BAG3 had no effect on
Bcl-2 levels. This difference may be related to the longer half-
life of Bcl-2 when compared with Mcl-1 (54). To confirm that
this effectwas specific to BAG3 silencing, we tested six different
siRNA oligonucleotides that target different regions of BAG3
mRNA. Although we did not see a linear correlation between
BAG3 and Mcl-1 levels, five out of six siRNA sequences
directed to BAG3 were able to down-regulate Mcl-1, support-
ing that the effect is specific to targeted BAG3 reduction. (sup-
plemental Fig. 3).
BAG3 silencing had little effect on Mcl-1 mRNA levels (Fig.

3B), indicating that the mechanism of BAG3 action onMcl-1 is
not transcriptional. This was further studied using cyclohexi-
mide to inhibit protein synthesis. IMR5 cells were treated with
BAG3 siRNA or negative control siRNA (NEG) for 24 h and
then incubated with cycloheximide. Over a period of 60 min,
samples were taken, and the level of Mcl-1 was analyzed by
immunoblot to determine a relative half-life (Fig. 3, C and D).
BAG3 silencing increased reducedMcl-1 half-life from 49 to 19
min.
BAG3 has been shown to inhibit the proteasomal degrada-

tion of Hsp70 client proteins, so next we assessed the role of the

proteasome in Mcl-1 loss. Again, IMR5 cells were treated with
BAG3 siRNA or negative control siRNA (NEG) for 48 h and
then incubated with the proteasome inhibitor MG132 for 4 h.
Inhibition of the proteasome for this short period of time
increasedMcl-1 protein levels, implying that the proteasome is
involved in Mcl-1 loss after BAG3 knockdown (Fig. 4A).
Although Mcl-1 level returned to control level (Fig. 4A, NEG)
after MG132 treatment in BAG3 siRNA-treated cells, it was
lower than the level observed when MG132 was used in com-
bination with negative control siRNA (NEG). This difference
could be explained by the accumulation of newMcl-1 on top of
extant Mcl-1 in the case of cells treated with the negative con-
trol siRNA (NEG). However, this result could also suggest the
existence of some Mcl-1 degradation independent of the pro-
teasome. To confirm the specificity of this result, we used a
second approach to inhibit the proteasome.We knocked down
PSMD14, a part of the regulatory subunit of the 26 S protea-
some that is required for deubiquitination of proteins, in order
for them to be degraded. In IMR5 cells, PSMD14 knockdown
increased the level of Mcl-1, suggesting that it is involved in
Mcl-1 degradation by the proteasome (Fig. 4B).WhenPSMD14
siRNA was used in combination with BAG3 siRNA, it com-
pletely prevented the loss of Mcl-1 (Fig. 4B).
To further address the role of BAG3 inMcl-1 degradation by

the proteasome, we assessed Mcl-1 ubiquitination. Mcl-1 was
immunoprecipitated in IMR5 cells previously treated with
BAG3 siRNAor negative control siRNA (NEG) for 24 h, and the
presence of ubiquitin conjugates was analyzed by immunoblot.
Under these conditions, no Mcl-1 was immunoprecipitated in
the cells treated with BAG3 siRNA (data not shown). Because
the lower levels of Mcl-1 after BAG3 silencing could be affect-

FIGURE 3. BAG3 silencing reduces Mcl-1 protein levels. A, neuroblastoma cells were transfected with nontargeting siRNA (NEG) or BAG3 siRNA (BAG3), and
after 48 h, the levels of Mcl-1 and Bcl-2 were determined by immunoblot. Actin was included as a loading control. B, IMR5 cells were transfected with
nontargeting siRNA (NEG) or BAG3 siRNA (BAG3), and the expression of BAG3 and Mcl-1 was determined by real time PCR (RT-PCR) 24 h after transfection. Data
are expressed relative to nontargeting siRNA as mean � S.E. (n � 3). C, IMR5 cells were treated with 10 �g/ml cycloheximide (CHX) 24 h after transfection with
nontargeting siRNA (NEG) or BAG3 siRNA (BAG3), and the level of Mcl-1 was determined by immunoblot. Actin was included as a loading control. D, the Mcl-1
level in the cycloheximide chase experiment was quantified by densitometry, and data are expressed as mean � S.D. (n � 3). Mcl-1 half-life was calculated in
each experiment, and comparison between groups was done using an unpaired Student’s t test (nontargeting siRNA versus BAG3, p value � 0.05).
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ing the immunoprecipitation, we addedMG132 4 h before col-
lecting the cells. Although MG132 treatment prevented Mcl-1
loss, the amount of Mcl-1 detected in the immunoprecipitates
from BAG3-silenced cells was less than in the nontargeting
siRNA control (Fig. 4C, NEG), suggesting that modification of
Mcl-1 after BAG3 silencing, such as ubiquitination, may inter-
fere with the binding of the antibody. Indeed, an increase in
Mcl-1 ubiquitination was observed after BAG3 knockdown,
with the appearance of a band at�50 kDa,whichmay bemono-
ubiquitinatedMcl-1 (Fig. 4C). The same band is observedwhen
total ubiquitinated proteins were immunoprecipitated and
whenMcl-1was detected by immunoblot (supplemental Fig. 4).
To probe the role of Hsp70 in BAG3 action, we transfected

recipient cells with BAG3 mutants. HEK293T cells were used
because neuroblastoma cells did not transfect well. HEK293T
cells express both BAG3 and Mcl-1, and siRNA silencing of
BAG3 led to down-regulation of Mcl-1 (Fig. 4D). Reduction in
Mcl-1 levels after transfection with siRNA directed to the
BAG3 3�-UTR was reversed by ectopic expression of a BAG3
construct lacking the 3�-UTR (Fig. 4D). However, ectopic
expression of a BAG3R480Amutant, which is unable to bind to
Hsp70 (57), did not rescue Mcl-1 levels, suggesting that BAG3

binding to Hsp70 is required to stabilize Mcl-1. The only clini-
cally described BAG3 mutation is P209L, which is associated
with a severe form of myofibrillar myopathy (58). Although the
mechanism of the disease is unknown, it was associated with an
increase in apoptosis (58). We found that ectopic expression of
the BAG3 P209Lmutant was unable to rescueMcl-1 levels (Fig.
4D).
BAG3 Silencing Induces Apoptosis in Mcl-1-dependent Cells,

but Mcl-1 Degradation Is Caspase-independent—To compare
the effect of BAG3 and Mcl-1 in apoptosis, we used siRNA to
silence protein expression and then evaluated the number of
viable cells and PARP cleavage (Fig. 5, A and B) as an indicator
of caspase activation. As expected, both Mcl-1-dependent cell

FIGURE 4. BAG3 prevents Mcl-1 degradation by the proteasome. A, IMR5
cells were transfected with nontargeting siRNA (NEG) or BAG3 siRNA (BAG3).
After 48 h, cells were treated for 4 h with MG-132 (10 �M) or DMSO, and
protein levels were determined by immunoblot. B, IMR5 cells were trans-
fected with nontargeting siRNA (NEG) or BAG3 siRNA (BAG3) with or without
PSMD14 siRNA. After 48 h, proteins levels were assessed by immunoblot.
C, IMR5 cells were transfected with nontargeting siRNA (NEG) or BAG3 siRNA
(BAG3). After 24 h, cells were treated with MG-132 (10 �M, 4 h) and then
collected, and Mcl-1 was immunoprecipitated (IP). Ubiquitin conjugates were
detected by immunoblot (IB). A band possibly corresponding to mono-ubiq-
uitinated Mcl-1 is indicated with an arrow. D, HEK293T cells were transfected
with nontargeting siRNA (NEG) or BAG3 siRNA (BAG3) alone or along with the
corresponding FLAG-tagged BAG3 constructs: FLAG-BAG3 (WT), FLAG-R480A
(BAG3R480A), and FLAG-P209L (BAG3P209L). Proteins levels were deter-
mined by immunoblot. Actin was included as a loading control. FIGURE 5. Silencing BAG3 increases apoptosis in Mcl-1-dependent cells.

A, neuroblastoma cells were transfected with BAG3 siRNA (BAG3), Mcl-1 siRNA
(Mcl-1), or nontargeting siRNA (NEG). Relative viability was determined using
WST-1 72 h after transfection. Data are expressed relative to the correspond-
ing negative control as mean � S.D. (n � 8). Statistically significant values
relative to the negative control are marked with asterisks (**, p value � 0.01,
*, p value � 0.05). B, immunoblot of IMR5 cells showing the levels of PARP and
cleaved PARP 24 – 48 h after transfection with BAG3 siRNA (BAG3) or nontar-
geting siRNA (NEG). C, IMR5 cells were pretreated with 10 �M Z-VAD-FMK
(zVAD) or DMSO 1 h before transfection with nontargeting siRNA (NEG) or
BAG3 siRNA (BAG3), and the pan-caspase inhibitor was maintained in the
medium until cell collection (48 h). Protein levels were determined by immu-
noblot. Actin was included as loading control.
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lines showed a decrease in the relative viability after Mcl-1
knockdown, although the extent of cytotoxicity differed. IMR5
cells showed more than 80% reduction in the relative viability,
whereas only 20% reduction was observed with NLF cells.
Silencing BAG3 in IMR5 cells caused a 50% reduction in the
relative viability 72 h after transfection, and PARP cleavage was
observed as early as 24 h after transfection (Fig. 5B). In the
BH3-resistant cell line SK-NAS, neither Mcl-1 silencing nor
BAG3 silencing had any effect on the relative viability (Fig. 5A).
As mentioned in the Introduction, Mcl-1 can be cleaved by

caspases after induction of apoptosis. Considering that BAG3
silencing led to caspase activation in IMR5 cells, as verified by
PARP cleavage, we evaluated the role of caspases in Mcl-1 deg-
radation. To do this, IMR5 cells were preincubated with the
pan-caspase inhibitor Z-VAD-FMK and treated with BAG3
siRNAor negative control siRNAduring 48 h in the presence of
the caspase inhibitor. Although Z-VAD-FMK prevented PARP
cleavage after BAG3 silencing, the reduction in Mcl-1 level
remained unchanged (Fig. 5C).
BAG3 Silencing Overcomes ABT-737 Resistance inMcl-1-de-

pendentCell Lines—BecauseMcl-1 expression causesABT-737
resistance in cancer cells, we assessed the effect of BAG3 in the
cell response to this Bcl-2 antagonist. As expected, the Bcl-2-
dependent cell line SMS-SANwas sensitive to ABT-737, which
exhibited an IC50 of 16 nM. However, both Mcl-1-dependent
cell lines (IMR5,NLF) and the BH3-resistant cell line (SK-NAS)
were refractory to ABT-737 at a concentration 3 orders ofmag-
nitude higher (Fig. 6A). Others have shown that Mcl-1 neutral-
ization, either by Noxa overexpression or by siRNA down-reg-

ulation, sensitizes cancer cells to ABT-737 (59, 60). We found
that BAG3 knockdown led to a 10-fold increase in ABT-737
sensitivity in Mcl-1-dependent cells, very close to the increase
observedwith directMcl-1 knockdown (Fig. 6,B andC). On the
other hand, SK-NAS cells, which are resistant to ABT-737 and
other stressors by a mechanism downstream of Mcl-1 activity,
were not sensitized to ABT-737 by BAG3 silencing (Fig. 6D).
Although an increase in ABT-737 toxicity was observed at 10
�M for both knockdowns, this is not a clinically meaningful
activity, and no further increasewas observed at higher concen-
tration (up to 40 �M, data not shown). ABT-737 is an effective
Bcl-2 antagonist at nanomolar concentrations, but othermech-
anisms may be responsible for its cytotoxicity at micromolar
concentrations. Altogether, these results suggest that BAG3
can play a role in ABT-737 resistance through modulation of
Mcl-1.
BAG3 Regulates Mcl-1 Expression and ABT-737 Response in

Diverse Cancer Cell Types—The correlation between BAG3
expression and ABT-737 resistance was not restricted to neu-
roblastoma cell lines.We observed BAG3 andMcl-1 co-expres-
sion in a panel of diverse cancer cell lines resistant to ABT-737
(Fig. 7A). This panel includes breast cancer (MB231), ovarian
cancer (OVCAR3), lung cancer (H292), prostate cancer (PC3,
LNCap), colon cancer (HCT116), head and neck carcinoma
(1483), and renal cancer (CAKI-1). Although BAG3 and Mcl-1
were both expressed in these cell lines, their relative levels var-
ied, underscoring the existence of multiple mechanisms con-
trolling Mcl-1 levels. siRNA silencing of BAG3 led to Mcl-1
down-regulation (Fig. 7B) and an increased sensitivity to ABT-

FIGURE 6. Silencing BAG3 increases ABT-737 sensitivity in Mcl-1-dependent cell lines. A, representative concentration-dependent response curves for
ABT-737 in neuroblastoma cell lines. B–D, cells were transfected with nontargeting siRNA (NEG), BAG3 siRNA (BAG3), or Mcl-1 siRNA (Mcl-1). After 24 h, ABT-737
was added, and cells were treated for an additional 48 h. Relative viability was determined by WST-1. Data are expressed relative to the corresponding
DMSO-treated cells as mean � S.E. (n � 8).
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737 (Fig. 7C and supplemental Fig. 5) in all tested cell lines. The
most dramatic effect was observed for the androgen receptor-
positive prostate cancer cell line, LNCap, which exhibited an
increase in ABT-737 sensitivity of nearly 3 orders of magnitude
(Fig. 7C).

DISCUSSION

Previous work from our group showed that BAG3 knock-
down reduced the level of the antiapoptotic Bcl-2 proteins,
Bcl-xL and Mcl-1, in a colon cancer cell line by an unknown
mechanism (31). In the present work, we found that BAG3
modulatesMcl-1 expression by preventing its proteasomal deg-
radation. In neuroblastoma cells, BAG3 interacted with Mcl-1
(Fig. 2), and silencing BAG3 increased Mcl-1 ubiquitination
(Fig. 4C) and reducedMcl-1 protein levels (Fig. 3A). A possible
mechanism to explain BAG3 activity is shown in Fig. 8. BAG3
interaction with Mcl-1 and Hsp70 may prevent or destabilize
the binding of Mcl-1 to Hsp70, reducing the delivery of Mcl-1
to the proteasome. Previouswork showed that BAG3may func-
tion as a negative regulator of Hsp70-driven proteasomal deg-
radation by binding to the chaperone and leading to the release

of the client protein (36). The results obtained in HEK293T
with the BAG3R480Amutant suggested that BAG3 interaction
with Hsp70 is required for Mcl-1 stabilization (Fig. 4D).
Although it is possible that BAG3 is acting as a general inhibitor
of proteasomal degradation, some evidence suggests otherwise.
For example, the BH3-only proteinNoxa is a labile protein with
a half-life of 1–2 h (61). Short term treatment of IMR5 cells with
the proteasome inhibitor, MG132, increased Noxa levels (Fig.
4A), confirming that is being actively degraded by the protea-
some. However, siRNA silencing of BAG3 had no effect on
Noxa protein levels (Fig. 4A), implying that BAG3 inhibition of
proteasome degradation may be selective for some Hsp70 cli-
ents, such as Mcl-1.
Several lines of evidence suggest that BAG3 has a role in the

regulation of apoptosis. In fact, BAG3 was initially described as
a Bcl-2-interacting protein and was named Bis (Bcl-2-interact-
ing death suppressor) due to its synergism with Bcl-2 in pre-
venting cell death (53). Until now, however, a direct connection
between the BAG3 antiapoptotic activity and Bcl-2 family pro-
teins has not been established. Using neuroblastoma cells with
a defined BH3 profile, we were able to unambiguously link

FIGURE 7. BAG3 regulates Mcl-1 levels and is related to ABT-737 resistance in cancer cells. A, protein immunoblot showing the levels of BAG3 and Mcl-1
in cancer cell lines that are resistant to ABT-737. Actin was included as a loading control. B, selected cancer cell lines were transfected with nontargeting siRNA
(NEG) or BAG3 siRNA (BAG3), and 48 h later, the level of Mcl-1 was determined by immunoblot. Actin was included as a loading control. C, cells were transfected
with nontargeting siRNA (NEG) or BAG3 siRNA (BAG3). After 24 h, ABT-737 was added, and cells were treated for an additional 48 h. Relative viability was
determined by WST-1. Data are expressed relative to the corresponding DMSO-treated cells as mean � S.E. (n � 8).

BAG3 Stabilizes Mcl-1 and Promotes Survival of Cancer Cells

MARCH 8, 2013 • VOLUME 288 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6987



Mcl-1 stabilization with the BAG3 antiapoptotic activity in
Mcl-1-dependent cells. This finding has important implica-
tions in cancer, where Mcl-1 overexpression is commonly
observed in association with drug resistance (62, 63). Further,
BAG3 regulation of apoptosis throughMcl-1 can be relevant in
other settings than cancer. BAG3 is abundantly expressed in
normal cardiac and skeletal muscle tissue, where Mcl-1 is
expressed, and BAG3 knock-out mice have been shown to
develop a fulminant myopathy with apoptotic features (64, 65).
Further, a severe form of myofibrillar myopathy is observed in
patients with a BAG3P209Lmutation (58), andwe showed that
this mutation impaired the ability of BAG3 to stabilizeMcl-1 in
HEK293T cells (Fig. 4D). These findings suggest that BAG3
may play a role in regulation of Mcl-1 levels and apoptosis in
cardiac tissue.
Unlike others members of the BAG family, BAG3 is induced

by stress and growth factors and is part of the stress response
regulated by the transcription factor HSF1 (42). HSF1 orches-
trates a protective response that increases cell survival under
many adverse conditions. Cells in a tumor are exposed to a
rapidly changing and harshmicroenvironment, where adaptive
responses are required for survival. In addition, their cellular
metabolism is aberrant because of the high degree of genomic
instability, which places significant stress on transformed cells
(66). In fact, HSF1 has been shown to play a role as a facilitator
of transformation, and silencing HSF1 in diverse cancer cell
lines (including MDA-MB231 and PC3) reduces cell growth
and survival (67). Furthermore, genetic deletion of HSF1 in
mice drastically reduces their sensitivity to skin tumorigenesis
in the two-stage, initiation-promotion model (67). In our panel
of cancer cells, BAG3 siRNA increased ABT-737-induced apo-
ptosis in MDA-MB231 and PC3 cell lines (Fig. 7C). Further-
more, BAG3 silencing induced apoptosis in the prostate cancer

cell line LNCap (supplemental Fig. 6). Prostate cancer cells are
known to overexpress HSF1, where it promotes drug resistance
and metastasis (68). We have shown previously that BAG3
mediates the antiapoptotic effect of HSF1 in 4-hydroxynon-
enal-induced apoptosis of colon cancer cells (31), and recent
studies showed that BAG3 is part of the genetic program regu-
lated by HSF1 in cancer cells (69). The results presented here
suggest that BAG3 plays an important role in the protective
response regulated by HSF1 in several different cancer cell
lines, providing a link between two hallmarks of cancer, the
ability to deal with proteotoxic stress and resistance to apopto-
sis, through its interaction with antiapoptotic Bcl-2 family pro-
teins, especially Mcl-1.
The stresses that induce adaptive responses in cancer cells

can also lead to the release of death signaling molecules such as
BH3-only proteins (Fig. 8). Thus, a common trait observed in
cancer cells is the increase of antiapoptotic Bcl-2 proteins to
counteract BH3-only proteins and avoid apoptosis. This is the
rationale for the development of Bcl-2 antagonists, such as
ABT-737, that neutralize antiapoptotic Bcl-2 proteins, allowing
apoptosis to follow. However, the inability of ABT-737 to bind
Mcl-1 leads to resistance in Mcl-1-driven cancers. Here, we
report a clear association between BAG3 expression and ABT-
737 resistance in certain cancer cell lines demonstrating an
Mcl-1 survival dependence, related to the ability of BAG3 to
maintainMcl-1 levels. UsingMcl-1-dependent cancer cells, we
found that BAG3 neutralization (siRNA) overcomes ABT-737
resistance (Fig. 8). Furthermore, the same effect was observed
in a panel of diverse cancer cell lines resistant to ABT-737,
although cells selected for profound therapy resistance in situ
(that is, those progressing after failed therapy) have additional
apoptotic defects downstream of Mcl-1 activity. Taken
together, our results reveal a new mechanism to sustain Mcl-1
expression and afford ABT-737 resistance in cancer. The
results obtained with BAG3 down-modulation identify BAG3-
mediated Mcl-1 stabilization as a potential target for cancer
drug discovery.
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