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BAG3, a member of the BAG family of heat shock protein (HSP) 70
cochaperones, is expressed in response to stressful stimuli in a number
of normal cell types and constitutively in a variety of tumors, including
pancreas carcinomas, lymphocytic and myeloblastic leukemias, and
thyroid carcinomas. Down-regulation of BAG3 results in cell death, but
the underlying molecular mechanisms are still elusive. Here, we
investigated the molecular mechanism of BAG3-dependent survival
in human osteosarcoma (SA0S-2) and melanoma (M14) cells. We show
that bag3 overexpression in tumors promotes survival through the NF-
kB pathway. Indeed, we demonstrate that BAG3 alters the interaction
between HSP70 and IKKy, increasing availability of IKKy and protect-
ing it from proteasome-dependent degradation; this, in turn, results in
increased NF-kB activity and survival. These results identify bag3 as a
potential target for anticancer therapies in those tumors in which
this gene is constitutively expressed. As a proof of principle, we show
that treatment of a mouse xenograft tumor model with bag3siRNA-
adenovirus that down-regulates bag3 results in reduced tumor
growth and increased animal survival.

BAG3 | IKK-gamma | apoptosis

he bag3 gene belongs to a highly conserved gene family iden-

tified in yeast (Saccharomyces cerevisiae and Schizosaccharomyces
pombe), invertebrates (Caenorhabditis elegans, Ciona intestinalis, and
Drosophila), amphibians (Xenopus laevis), mammals (Homo sapiens
and Mus musculus), and plants (Oryza sativa and Arabidopsis thaliana)
(1-9). All BAG proteins are characterized by a conserved domain of
110-124 amino acids (BAG domain) (3, 10) through which they bind
to the HSC70/HSP70 ATPase domain regulating the heat shock
protein (HSP) polypeptide folding activity (2, 11). In addition, BAG3
contains a WW domain and a proline-rich repeat (PXXP) through
which it interacts with other partners, such as phospholipase C
(PLC)-y (12) and Akt kinase (13).

BAG3 is a 74-kDa cytoplasmic protein mainly localized in the
rough endoplasmic reticulum; a slightly different molecular weight
or a doublet form can be observed in some cell types and/or fol-
lowing cell exposition to stressors (11, 14, 15). In humans, bag3 is
constitutively expressed in myocytes and a few other normal cell
types and in several tumors (leukemia and lymphoma, myeloma,
and pancreas and thyroid carcinomas) (11, 16-20). In addition, its
expression is induced in different normal cell types (leukocytes and
epithelial and glial cells) in response to cell stressors, such as oxi-
dants, high temperature, heavy metals, and HIV-1 infection (15, 21—
23). Interestingly, induction of bag3 in response to stress is under the
control of HSF1 (24), a member of the heat shock factor family of
transcription factors (25, 26) involved in tumor initiation and
maintenance (27, 28). Actually, several lines of evidence suggest
that overexpression of BAG3 in tumors plays a role in survival of
these cells. Indeed down-modulation of BAG3 in primary samples
of B-cell chronic lymphocytic leukemia and acute lymphoblastic
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leukemia results in a dramatic increase of basal as well as drug-
induced apoptosis (17, 18). Furthermore, BAG3 is overexpressed in
thyroid carcinomas, where higher levels of expression are reached in
anaplastic tumors compared with well-differentiated forms. In these
tumors, down-modulation of BAG3 results in sensitization to TNF-
related apoptosis-inducing ligand-dependent apoptosis (20).

The influence of BAG3 on cell survival is potentially mediated, at
least in part, by regulation of HSC70/HSP70 function (11). Some of
the apoptosis-regulating proteins that are known to interact with
HSP70 are therefore potential targets of BAG3 regulatory activity.
Among these regulating proteins, the IKKy subunit of the IKK
complex is of particular interest. Indeed, HSP70 has been shown to
interact with IKKy (29, 30) and to suppress NF-kB activity. Inter-
ference with the HSP70-IKKy interaction through a dominant
negative mutant restores NF-kB activity (30). In this paper, we show
that BAG3 affects NF-xB activity by interfering with the binding
between HSP70 and IKKYy, thus favoring IKK complex formation
and preventing the proteosomal degradation of IKKy. Moreover,
we show that down-regulation of bag3 in vivo can be a potential
anticancer therapeutical strategy.

Results

Apoptosis Modulation by BAG3 Is Dependent on NF-kB Activity. We
investigated the effects of bag3 silencing in SAOS-2 human osteo-
sarcoma cells, which express high constitutive levels of BAG3 (Fig.
1A). Our results show that down-regulation of BAG3 by a specific
siRNA in these cells results in increased death (detected as sub-G1
peak of propidium iodide-stained cells) in response to etoposide
(Fig. 1B) or serum deprivation (Fig. 1 C and D). Consistent over-
expression of bag3 in the same cell line protects cells from etoposide-
induced death (Fig. 1 E and F), thus also confirming the anti-
apoptotic property of BAG3 in this tumor. Because apoptosis is also
known to be regulated by NF-kB factors in human osteosarcoma
(31, 32) and, as mentioned before, NF-kB is a potential target of
BAG3 action, we investigated if BAG3 modulation affected the NF-
kB pathway. By ChIP experiments (Fig. 24), we were able to show
that down-regulation of bag3 by siRNA results in dramatically
reduced binding of NF-kB to two well-known responsive elements
on the IL-8 and IkB-a promoters. These results suggested that bag3
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Fig. 1. BAG3 protein levels influence starvation or etoposide-induced
apoptosis in SAOS-2 cells. (A) SAOS-2 cells (30% confluency) were transfected
with bag3siRNA or control scrambled RNA. After 72 h, whole-cell extracts
were analyzed by immunoblotting with anti-BAG3 TOS-2 polyclonal anti-
body or control anti-a-tubulin antibody. (B) Cells were transfected as in A.
After 72 h, cells were washed and incubated with medium alone or in the
presence of etoposide (20 pM). Twenty-four hours later, apoptosis was
evaluated as the percentage of sub-G; cells by cell permeabilization and
propidium iodide staining in flow cytometry. (C) Cells were transfected as in
A. After 72 h, cells were washed and incubated with complete medium or in
starvation medium (absence of FCS). Twenty hours later, the sub-G; cell
percentage was analyzed. (D) Transfected cells, treated as described in C,
were assessed for caspase-3 activity after 8 h of treatment with starvation
medium. (E) SAOS-2 cells, WT or transfected (12 weeks with stable trans-
fectants), with a bag3 cDNA construct in either the pcDNA3.1 vector [bag3
overexpressing (o.e.)] or the void vector were analyzed for their content of
BAG3 protein by immunoblotting with TOS-2 polyclonal antibody. (F) Cells
were transfected as described in £ and cultured for 48 h with the indicated
concentrations (uM) of etoposide; cell apoptosis was then analyzed by cell
permeabilization and PI staining in flow cytometry.

siRNA was sensitizing SAOS-2 cells to apoptosis by altering NF-xB
activity; we therefore tested if sustaining NF-xB activity by
expressing a constitutively active form of IKKp (IKKp EE) (33)
protected cells from the effect of bag3 siRNA. Indeed, as shown in
Fig. 2 B and C, overexpression of IKKf EE results in reduced eto-
poside-dependent death in cells in which BAG3 was down-regu-
lated. Altogether, the evidence indicates an involvement of the NF-
kB pathway in BAG3-mediated modulation of apoptosis.

BAG3 Regulates HSP70 Binding to IKKy. Because it has been reported
that the BAG3 partner molecule HSP70 interacts with IKKYy, the
regulatory subunit (also called NF-kB-essential modulator) of the
IKK complex (29, 30), we investigated the possibility that BAG3
was also involved in this interaction. Fig. 34 shows that, indeed,
both endogenous HSP70 and endogenous IKKy [but not an
unrelated protein (annexinl) used as a control] coimmunopreci-
pitated with endogenous BAG3.

To demonstrate that this interaction is not restricted to a par-
ticular cell line, we performed an analogous experiment in mel-
anoma, a tumor whose growth and progression are known to be
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Fig. 2. BAG3 protein levels influence NF-kB activity. (4) SAOS-2 cells at 30%
confluency were transfected with bag3 or control scrambled siRNA. Chroma-
tin was immunoprecipitated after 72 h with p65 antibody or control IgGs, and
purified DNA was subjected to PCR assay to amplify a segment spanning the
kB-responsive elements on the IL-8 and IxB-a promoters. f-actin promoter
primers were used as a negative control. The graph depicts band densitometry
values from three separate experiments. ns, not significant. (B) Lysates from
SAOS-2 cells, WT or transfected (12 weeks of stable transfectants), with either
a construct expressing a constitutively active form of IKKB [IKKB EE over-
expressing (o0.e.)] or the void vector were analyzed in immunoblotting with
anti-a-tubulin antibody. (C) WT, void vector-transfected, and IKKpB EE-trans-
fected cells were plated at 30% confluency and transfected with scrambled or
bag3 siRNA. After 72 h, cells were washed and incubated either with medium
alone or in presence of etoposide (20 uM). Twenty-four hours later, apoptosis
was analyzed by flow cytometry.

modulated by NF-xB (34-36). As shown in Fig. 3B, coimmuno-
precipitation experiments performed in M14 cells confirm the
interaction between BAG3, HSP70, and IKKy. Induction of oxi-
dative stress by treatment with phenethyl isothiocyanate (PEITC)
(Fig. S14) results in the expected increase of BAG3 and HSP70,
and thus in increased amounts of immunoprecipitated proteins.
These results suggest that BAG3 can modulate the HSP70-IKKy
interaction. We therefore investigated if BAG3 overexpression
affected this interaction by performing immunoprecipitation
experiments in the presence of overexpressed BAG3. As shown in
Fig. 3C, overexpression of bag3 results in a reduction of the
amount of HSP70 that coimmunoprecipitates with IKKy. Inter-
estingly, oxidative stress (by PEITC treatment) increases this
interaction, which can still be almost completely suppressed by
BAG3 overexpression. As expected, down-regulation of bag3
results in increased binding of HSP70 to IKKy (Fig. 3D).
According to the model proposed by Ran et al. (30), increased
binding of HSP70 to IKKy hampers the formation of active IKK
complex. In keeping with the model, the amounts of IKK« and
IKKp coimmunoprecipitation with IKKy were reduced in bag3
siRNA-treated cells (Fig. 3D). To assess whether IKK activation
was affected by BAG3, we measured the kinase activity after
immunoprecipitation with anti-IKKa-antibody, using GST-IkBa
(1-54) as a substrate (37). As shown in Fig. 3E, bag3 silencing
results in reduced amounts of phosphorylated GST-IkBa. Con-
sistently, the mRNA levels of ICAM-1, a gene highly regulated by
NF-kB (38), are reduced in cells transfected with bag3 siRNA (Fig.
3F), confirming the effect of BAG3 on NF-«B activity. The above
reported findings demonstrated that BAG3 protein regulates the
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Fig. 3. BAGS3 protein levels influence HSP70 association with IKKy and IKK
activity. (A) SAOS-2 cell lysate was immunoprecipitated with an anti-BAG3
polyclonal antibody and analyzed by immunoblotting with anti-HSP70 and
anti-IKKy antibodies. An antibody recognizing annexin | was used as a neg-
ative control. (B) M14 whole lysates from untreated or PEITC-treated (5 uM for
30 min) cells were immunoprecipitated with the anti-BAG3 monoclonal
antibody AC-2 and analyzed by immunoblotting with anti-BAG3 TOS-2 pol-
yclonal, anti-HSP70, or anti-GAPDH antibody. (C) M14 cells were transfected
either with a bag3 overexpressing (o.e.) vector or the void vector. After 48 h,
cells were treated as described in B. Immunoprecipitation was performed
using an anti-IKKy polyclonal antibody and analyzed by immunoblotting with
anti-HSP70, anti-IKKy, or anti-GAPDH antibody. The graph depicts densi-
tometry values of bands obtained from two separate experiments. (D) M14
cells were plated at 30% confluency and transfected with scrambled or bag3
siRNA. After 48 h, cell lysates were immunoprecipitated with anti-IKKy pol-
yclonal antibody and analyzed by immunoblotting with anti-HSP70, anti-
IKKy, anti-IKKa, or anti-IKKp antibody. The amount of coimmunoprecipitated
HSP70 was quantified by densitometry from three separate experiments and
normalized to the amount of IKKy (OD: HSP70/IKKy). An antibody recognizing
GAPDH was used as a negative control. (E) Whole-cell lysates were prepared,
and IKK kinase activity was measured after immunoprecipitation with anti-
IKKa antibody using GST-IkBa (1-54) as a substrate (34). IKK recovery was
determined by immunoblotting with anti-IKKB antibody. (F) Total RNA was
extracted, and ICAM-1 mRNA levels were analyzed by quantitative RT-PCR
using p-actin mRNA levels for normalization.

extent of HSP70 association with IKKy, thus relieving HSP70
inhibition of IKK (29, 30).

BAGS3 Regulates IKKy Protein Levels. It is well known that HSP70 can
control proteasome-dependent degradation of a number of proteins
(39) and that this activity can, in turn, be controlled by BAG3 (13).
As an example, Doong et al. (13) showed that BAG3 expression
inhibited the HSP70-mediated proteasomal degradation of Akt,
sustaining the intracellular levels of the kinase. It is thus possible that
BAGS3 is controlling IKKy in a similar fashion. We therefore pro-
longed (to 96 h) the time of SAOS-2 or M14 treatment with
scrambled or bag3siRNA and analyzed the intracellular levels of
IKKy protein. These were highly reduced in bag3siRNA-treated
compared with control cells (Fig. 44 and B). The bag3siRNA effect
was specific for IKKy, because the levels of the other IKK subunits
were not modulated (Fig. 44). Consistently, bag3 overexpression
produced increased intracellular levels of IKKy (Fig. 4C).

To verify whether the effect of BAG3 down-regulation on IKKy
levels was exerted at a posttranscriptional level, we measured IKKy
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Fig. 4. BAGS3 protein influences the intracellular levels of IKKy protein. (A)
SAOS-2 cells (30% confluency) were transfected with scrambled or bag3
siRNA. After 96 h, cell lysates were obtained and analyzed by immunoblotting
with anti-BAG3 or anti-a-tubulin antibody. (B) M14 cells were plated at 30%
confluency and transfected with two different bag3-specific siRNAs (indicated
as bag3 siRNA a and b) or with a control scrambled siRNA. After 96 h, lysates
were analyzed by immunoblotting with anti-BAG3 or anti-a-tubulin antibody.
(C) M14 cells, WT or transfected, with either a bag3 c¢cDNA construct in
pcDNA3.1 vector [bag3 overexpressing (o.e.)] or the void vector were analyzed
for their content of BAG3 protein by immunoblotting with TOS-2 polyclonal
antibody; furthermore, IKKy levels were checked by immunoblotting and
GAPDH was used to monitor equal loading conditions. (D) Total RNA was
extracted, and IKKy mRNA levels were analyzed by quantitative RT-PCR using
18s rRNA levels for normalization. (E) M14 cells were plated at 30% confluency
and transfected with bag3 or control scrambled siRNA. After 96 h, cells were
treated with MG132 (10 pM) for 2 and 4 h. Cell lysates were analyzed by
immunoblotting with anti-BAG3, anti-IKKy, or anti-a-tubulin antibody.

mRNA levels by real-time PCR and showed that they were not
affected by bag3 silencing (Fig. 4D). Furthermore, IKKy protein
levels were restored in cultures in which a proteasome inhibitor was
added to bag3 siRNA-treated cells (Fig. 4E and Fig. S1B). These
findings indicated that BAG3 influenced the extent of IKKy deg-
radation. To demonstrate further that the effect of BAG3 on IKKy
protein levels is dependent on HSP70- mediated delivery of client
proteins to proteasome (11, 13), we down-regulated HSP70 by
siRNA in the same cells in which we had down-regulated BAG3. As
shown in the Western blot in Fig. S1C, down-modulation of BAG3
results in the expected reduction of IKKy protein levels; however,
contemporaneous reduction of HSP70 rescues this phenotype.
These findings indicated that BAG3 influenced the extent of
IKKy degradation, in agreement with the known interference of
the cochaperone in HSP70-mediated delivery of client proteins to
proteasome (11, 13).

Therefore, BAG3 protein was apparently able to modulate both
the inhibition and the proteasomal delivery of IKKy mediated by
HSP70. The effects on IKK activation were detectable already a
short time after bag3 down-modulation, whereas the effects on
intracellular IKKy levels required a longer time.

BAG3 Down-Modulation Inhibits Tumor Growth in Vivo. Because our
original hypothesis was that BAG3 overexpression in tumors is
responsible for their reduced death, we investigated the effects of
BAG3 down-modulation on in vivo tumor growth. To this end, we

PNAS | April 20,2010 | vol. 107 | no.16 | 7499

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0907696107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0907696107/DCSupplemental/Supplemental_PDF#nameddest=sfig01

L T

/

1\

=y

implanted M14 cells in nude mice and treated the xenografts with a
bag3siRNA-carrying adenovirus (bag3siRNA-Ad) or a control Ad
that carried a scrambled sequence (sctrRNA-Ad). Analyses of
tumors treated for 2 weeks with bag3siRNA-Ad showed decreased
BAGS3 and IKKy levels paralleled by increased cell death detected
by TUNEL staining (Fig. 5B). Consistently, treatment with bag3-
siRNA-Ad resulted in reduced tumor growth, up to 75% after 47
days of treatment (Fig. 5C). More importantly, although treatment
with scrRNA-Ad had a slight, if any, effect on animal survival, >70%
of bag3siRNA-Ad-treated animals survived after the death of both
control animals and mice inoculated with scrRNA-Ad (day 75) (P <
0.0016) (Fig. 5D).

Discussion

The observation that bag3 is constitutively expressed in a number of
different tumors (11, 16-18, 20, 21, 40-42) prompted us to inves-
tigate the potential role played by this protein in cancer. Our results
show that overexpression of bag3 promotes survival, whereas its
down-regulation sensitizes cells to apoptosis, both in vitro and in
vivo. Indeed, treatment of mice with bag3siRNA-Ad that down-
regulates bag3 results in reduced growth of xenografted tumors and
increased animal survival. We show that BAG3 prosurvival activity is
a result of the activation of the NF-«xB pathway. In particular, we
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Fig. 5. Knockdown of BAG3 protein results in diminishing tumor IKKy lev-
els, increasing tumor cell apoptosis, inhibiting tumor growth, and enhancing
animal survival in M14-xenografted mice. (A) M14 cells (5 x 10%) were
injected s.c. onto the back of 6-week-old female BALB/c nu/nu mice. Two
weeks later, animals were randomized into three groups (10 animals per
group) and control PBS (100 pL), bag3siRNA-Ad, or scrRNA-Ad (102 pfu per
100 pL) was injected into the tumors twice a week. After 2 weeks of treat-
ment, four tumors per animal group were excised and BAG3 protein content
was analyzed by Western blot. (B) BAG3 and IKKy protein were detected by
immunohistochemistry, whereas apoptosis was analyzed by TUNEL assay, in
tumor sections. Representative results are shown. (C) Tumor sizes in bag3-
siRNA-Ad, scrRNA-Ad, treated, or untreated remaining mice (6 per group)
were measured every week using calipers. (D) Evaluation of animal survival
was carried out according to Kaplan-Meier analysis. Differences among the
treatment groups were analyzed by ANOVA.
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show that BAG3 interferes with HSP70 binding to IKKy, thus
releasing it and allowing it to form the IKK complex required for NF-
kB activation. These results are in accordance with previous findings
showing that HSP70 regulates NF-xB activity by binding to IKKy
(30). Here, we present additional complexity to the system by dem-
onstrating that another player, BAGS3, is capable of interfering with
HSP70, counteracting its action and favoring survival. Moreover, our
data seem to suggest a double effect of BAG3 on IKKy: Although
BAG3 initially releases it from a complex with HSP70, increasing its
availability, it also results in increased IKKy steady-state levels at
longer time points. This second effect is attributable to the inhibition
of HSP70-dependent delivery to the proteasome (Fig. S1D).

Altogether, these results ascribe a functional role to the finding
of elevated BAG3 levels in tumors and indicate a unique potential
target for anticancer treatment in this protein, or at least for sen-
sitization of cancer cells to more conventional drugs. To this end,
our in vivo data constitute a proof of principle that interfering with
BAG3 can result in reduced tumor size.

In this study, the biological effect of BAG3 on tumor growth and
survival has been linked to direct interaction and modulation of a
specific protein: IKKy. Indeed, it has previously been shown that
BAGS3 can physically associate with a number of proteins potentially
involved in tumorigenesis (e.g., PLC-y, Akt, Bcl-XL, HspB8) (12,
13, 43, 44); however, no correlation between these interactions and
the prosurvival effect of BAG3 has been provided. Similarly,
although it has been clearly demonstrated that BAG3 can affect the
levels and/or activity of a number of other proteins potentially
involved in tumor transformation (e.g., p27, Racl, the focal adhe-
sion proteins FAK and paxillin, the matricellular signal regulator
CCNT1) (45-48), neither a clear mechanism through which BAG3
regulates them nor a clear causative role of BAG3 antiapoptotic
activity has been demonstrated. Clearly, we believe that some of
these proteins may play a causative role in the mechanism of action
of BAG3, together with the pathway elucidated in this paper,
because it is likely that BAG3 interacts with and regulates a number
of different proteins through its multiple protein-binding domains.
This, however, might be the subject of future studies.

The importance of BAG3 in regulating NF-«xB signaling is very
likely not restricted to tumor cells but potentially plays an important
role in other contexts. BAG3 is usually expressed in normal cells in
response to stress, where it probably represents a homeostatic
response that sustains NF-xB activation and cell survival after per-
turbation of cell equilibrium. Because Asp70 expression is also
stimulated in response to stress (25), final NF-xB activity is likely the
result of fine-tuning of inputs that regulate the levels, kinetics of
expression, and molecular forms of the chaperone and its cochaper-
one, and, possibly, of other interacting partners (25). The association
of HSP70 with IKKYy (30) and its displacement by BAG3 are therefore
events whose onset and modulations are probably dependent on pro-
and antiapoptotic stimuli under stressing events. In a few normal cell
types, BAG3 is expressed in a constitutive manner and likely plays a
fundamental role in the survival of these cells. As an example, in
cardiomyocytes, where cell stress is physiologically connected with the
contractile function and cardiac hemodynamic load, BAG3 protein is
essential for cell survival; indeed, mice with homozygous disruption of
the bag3 gene develop fulminant myopathy with apoptotic features
postnatally (19). Similarly, mice with a cardiomyocyte-specific dele-
tion of IKKy develop adult-onset cardiomyopathy accompanied by
apoptosis (49), suggesting that alteration of any component of this
pathway that results in reduced NF-kB activity results in reduced cell
survival. Moreover, BAG3 is known to play a role in other cellular
processes, such as autophagy (50, 51) and cell motility (46-48), that
also involve the NF-kB pathway (52-55). We therefore believe that
our results very likely have additional implications in these other
contexts that require further attention.

In conclusion, our findings disclose a previously unknown
mechanism that can sustain NF-xB activity and cell survival both
in physiological and pathological situations.
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Materials and Methods

Cells and Reagents. SAOS-2 (American Type Culture Collection) and M14
(kindly provided by G. Zupi and C. Leonetti, Regina Elena Cancer Institute,
Rome, Italy) cells were grown in DMEM with 10% (vol/vol) FBS (Invitrogen).
Etoposide and PEITC were purchased from Sigma.

Plasmids, siRNAs, and Adenoviral Constructs. The bag3 siRNA a (5-AAG-
GUUCAGACCAUCUUGGAA-3’) and scrambled RNA (5'-CAGUCGCGUUUGC-
GACUGG-3’) were synthesized by Dharmacon. The bag3 siRNA b (target
sequence: 5-ATCGAAGAGTATTTGACCAAA-3’) was purchased from Quia-
gen. TRANSIT-TKO (Mirus) was used for cell transfection with siRNA (200
nM). The bag3 overexpressing plasmid (bag3 o.e.) was obtained by cloning
bag3 full-length ¢cDNA from human brain in the expression vector pcDNA
3.1. Plasmid expressing constitutively active IKKp (IKKB EE) was produced in
our laboratory. Lipofectamine (Invitrogen) was used for cell transfection
with plasmidic constructs. The bag3siRNA-Ad and scrambled siRNA-Ad were
made using the BD Adeno-X Expression Systems 2 PT3674-1 (Pr36024) and
BD knockout RNAi Systems PT3739 (PR42756) (BD Biosciences—Clontech).

Analysis of Hypodiploid (Apoptotic) Nuclei and Caspase-3 Activity. Apoptosis
was analyzed by propidium iodide incorporation in permeabilized cells and
flow cytometry as described (17). Caspase-3 activity was determined using
the Caspase-3 Fluorometric Detection kit (Assay Designs).

ChIP Assay. The ChIP assay was performed as described (56) according to the
manufacturer’s instructions (Upstate Cell Signaling Solutions). Briefly, cells were
collected at the indicated time and nuclear extracts were obtained using the NE-
PER Kit (Pierce). Chromatin from SAOS-2 cells was formaldehyde cross-linked,
shared by sonication (four times, 15 s each, one-third power), and immunopre-
cipitated using anti-p65 antibody (anti-p65 polyclonal antibody C-20; Santa Cruz
Biotechnology) and protein A-Sepharose (Sigma) saturated with salmon sperm
DNA (Applied Biosystems). IgGs from rabbit serum (DAKO A/S) were used as
negative controls. After reversal of the cross-linking, the purified DNA fragments
were subjected to PCR to amplify a segment spanning the kB-responsive elements
on IL-8 promoter and IkBa promoter. Input DNA from fragmented chromatin
before immunoprecipitation was used to monitor equal starting conditions. Pri-
mers (obtained from Primm) used in the PCR assay were IkB-a promoter (FWD 5'-
GACGACCCCAATTCAAATCG-3' and REV 5-TCAGGCTCGGGGAATTTCC-3'), IL-8
promoter (FWD 5-GGGCCATCAGTTGCAAATC-3’ and REV 5'-TTCCTTCCGGTGGTT
TCTTC-3'), and p-actin promoter (FWD 5-TGCACTGTGCGGCGAAGC-3’ and REV
5-TCGAGCCATAAAAGGCAA-3’). p-actin promoter primers were used as a neg-
ative control. PCR products were analyzed on 1.5% (wt/vol) agarose gels, stained
with ethidium bromide, and quantified by densitometry.

Coimmunoprecipitation and Western Blotting. Three hundred micrograms of
proteins was used for immunoprecipitation assays using 3 pg of anti-IKKy poly-
clonal antibody purchased from Santa Cruz Biotechnology or anti-BAG3 mon-
oclonal antibody AC-2 (developed in our laboratory; US Patent 7,537,760) and
incubated at 4 °C overnight on a tube rotator. Twenty-five microliters of protein
A-Sepharose was then added, and the immunocomplexes were precipitated and
washed five times with radioimmunoprecipitation assay buffer. For Western
blot analyses, proteins obtained from immunoprecipitations or 30 ug of total
protein were run on 10% (wt/vol) SDS/PAGE gels and transferred to nitro-
cellulose. Nitrocellulose blots were blocked with 5% nonfat dried milk in Tris
buffer saline Tween-20 buffer (TBST) [20 mM Tris-HCl (pH 7.4), 500 mM Nacl, and
0.01% Tween 20] and incubated with primary antibodies with 5% (weight/vol)
milk in TBST buffer overnight at 4 °C. Inmunoreactivity was detected by sequential

. Thress K, Henzel W, Shillinglaw W, Kornbluth S (1998) Scythe: A novel reaper-binding
apoptotic regulator. EMBO J 17:6135-6143.

2. Takayama S, Xie Z, Reed JC (1999) An evolutionarily conserved family of Hsp70/Hsc70
molecular chaperone regulators. J Biol Chem 274:781-786.

3. Briknarova K, et al. (2001) Structural analysis of BAG1 cochaperone and its interactions
with Hsc70 heat shock protein. Nat Struct Biol 8:349-352.

4. Moribe Y, Niimi T, Yamashita O, Yaginuma T, Samui A (2001) Samui, a novel cold-inducible
gene, encoding a protein with a BAG domain similar to silencer of death domains (SODD/
BAG-4), isolated from Bombyx diapause eggs. Eur J Biochem 268:3432-3442.

5. Takayama S, Reed JC (2001) Molecular chaperone targeting and regulation by BAG
family proteins. Nat Cell Biol 3:237-241.

6. Reed JC, etal.; RIKEN GER Group; GSL Members (2003) Comparative analysis of apoptosis
and inflammation genes of mice and humans. Genome Res 13(6B):1376-1388.

7. Coulson M, Robert S, Saint R (2005) Drosophila starvin encodes a tissue-specific BAG-
domain protein required for larval food uptake. Genetics 171:1799-1812.

8. Wada S, Hamada M, Satoh N (2006) A genomewide analysis of genes for the heat

shock protein 70 chaperone system in the ascidian Ciona intestinalis. Cell Stress

Chaperones 11:23-33.

Ammirante et al.

incubation with horseradish peroxidase-conjugated secondary antibody (Amer-
sham Biosciences) and enhanced chemiluminescence reagents (SuperSignal West
Dura Extended Duration Substrate; Pierce) following standard protocols. Anti-
BAGS3 polyclonal and monoclonal (AC-1) antibodies were purchased from Enzo
Biochem. The anti-BAG3 monoclonal antibody AC-2 was produced and charac-
terized in our laboratory. Anti-IKKy, anti-IKKg, and anti-IKKa antibodies were
purchased from BD Biosciences. Anti-HSP70 was purchased from Stressgen. Anti-
GAPDH antibody, anti-annexin I, and anti-a-tubulin were purchased from Santa
Cruz Biotechnology. Scanning densitometry of the bands was performed with an
Image Scan (SnapScan 1212; Agfa-Gevaert N.V.). The area under the curve related
to each band was determined using Gimp2 software. Background was subtracted
from the calculated values. Significance between the two groups was calculated by
the Student'’s t test.

IKK Activity Assay. Whole-cell lysates were prepared, and IKK kinase activity
was measured after immunoprecipitation with anti-IKKa antibody (BD Bio-
sciences), as described (46), using GST-IkBa (1-54) as a substrate. IKK recovery
was determined by immunoblotting with anti-IKKp antibody (Santa Cruz
Biotechnology).

Immunohistochemistry. Tumors excised after 2-week treatments were sec-
tioned at a thickness of 6 pm. Immunohistochemistry was performed as
described (20). Labeling of apoptotic cells was performed using the TUNEL
ApopTag Peroxidase In Situ Apoptosis Detection kit (Intergen) following the
manufacturer’s instructions. Negative controls for the TUNEL reaction con-
sisted of sections incubated with reaction buffer but without TdT enzyme.

Quantitative RT-PCR. Total RNA was extracted using TRIzol Reagent (Invitrogen)
and digested with DNase (Invitrogen); 1 pg of RNA was then retrotranscribed
using random examers and treated with RNase A (Invitrogen). A quantitative RT-
PCR assay was performed using the LightCycler 480 SYBR green | Master (Roche
Diagnostics, GmbH) with a Roche 480 LightCycler. IKKy mRNA levels were
expressed as a ratio to 18s rRNA levels; primers used were IKKy FWD (5'-CTT-
TTGGGGTAGATGCG-3'), IKKy REV (5-GGTTAAATACACATCGGTCTG-3'), 18s
FWD (5'-ACAGGTCTGTGATGCC-3’), and 18s REV (5'-ATCGGTAGTAGCGACG-3).
ICAM-1 mRNA levels were expressed as a ratio to p-actin mRNA levels; primers
used were ICAM-1 FWD (5'-CTGTCAAACGGGAGATGAATGGT-3'), ICAM-1 REV
(5-TCTGGCGGTAATAGGTGTAAATGG-3'), p-actin FWD (5'-ACCACCACAGCTGA-
GAGGGAAATCG-3'), and p-actin REV (5'-CTGACCGTCAGGCAGCTCATAGCTC-3).
Each sample was run in triplicate. Analysis of relative gene expression data was
calculated using the 2722 method (57).

Xenografts. M14 xenografts were produced on the back of 6-week-old female
BALB/c nu/nu mice (Charles River Laboratories) by s.c. injection of 5 x 10°M14
cells in 500 pL of Hanks’ balanced salt solution. Two weeks after tumor cell
injection, mice with similar tumor sizes were randomized into three groups
(10 mice per group) and treated with control PBS (100 pL), bag3siRNA-Ad, or
scrRNA-Ad (108 pfu/100 pL) via intratumoral injection twice a week. Tumor
size was measured once every week by calipers, and tumor volume was
calculated as length x width? x 0.52. Mice with tumors >1.5 cm in diameter
were euthanized. Differences among the treatment groups were analyzed
by ANOVA using statistical software (Statistica; StatSoft). Survival was ana-
lyzed by the Kaplan-Meier method, and survival curves were compared by
use of the log-rank test (58).
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