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[CANCER RESEARCH 58, 3116-3131. July 15. 1998]

Expression and Location of Hsp70/Hsc-Binding Anti-Apoptotic Protein BAG-1 and
Its Variants in Normal Tissues and Tumor Cell Lines1

Shinichi Takayama, Stanislaw Krajewski, Maryla Krajewska, Shinichi Kitada, Juan M. Zapata, Kristine Kochel,
Deborah Knee, Dominic Scudiero, Gabriella Tudor, Gary J. Miller, Toshiyuki Miyashita, Masao Yamada, and
John C. Reed2

The Burnham InstÃ­late, La Jolla, California 92037 Â¡S.T., S. Kr., M. K., S. Ki., J. M. Z, K. K., D. K., J. C. R.J; Science Applications International Corporation Frederick. National
Cancer Institute-Frederick Cancer Research & Development Center, Frederick, Maryland 21702 [D.S., G. T.]; University of Colorado Health Science Center, Department of
Pathologv, Denver. Colorado 80262 Â¡G.J. M.}: and The National Children's Medical Research Center, Department of Genetics. Tokyo 154, Japan [T. M., M. Y.]

ABSTRACT

BAG-1 is a multifunctional protein that blocks apoptosis and interacts
with several types of proteins, including Bcl-2 family proteins, the kinase
Raf-1, certain tyrosine kinase growth factor receptors, and steroid hor

mone receptors, possibly by virtue of its ability to regulate the Hsp70/
Hsc70 family of molecular chaperones. Two major forms of the human
and mouse BAG-1 proteins were detected by immunoblotting. The longer
human and mouse BAG-1 proteins (BAG-1L) appear to arise through

translation initiation at noncanonical CTG codons located upstream of
and in-frame with the usual ATG codon used for production of the
originally described BAG-1 protein. Immunoblotting experiments using
normal tissues revealed that BAG-1 L is far more restricted in its expres
sion and is present at lower levels than the more prevalent BAG-1 protein.

Human but not mouse tissues also produce small amounts of an additional
isolot m of BAG-1 of intermediate size (BAG-1M) that probably arises

through translation initiation at yet another site involving an ATG codon.
All three isoforms of human BAG-1 (BAG-1, BAG-1M, and BAG-1L)
retained the ability to bind Hsc70. Subcellular fractionation and iniimi-
nofluorescence confocal microscopy studies indicated that BAG-1 L often

resides in the nucleus, consistent with the presence of a nuclear localiza
tion sequence in the Ml ,-lmuinal unique domain of this protein. In
immunohistochemical assays, BAG-1 immunoreactivity was detected in a

wide variety of types of cells in normal adult tissues and was localized to
either cytosol, nucleus, or both, depending on the particular type of cell. In
some cases, cytosolic BAG-1 immunostaining was clearly associated with

organelles resembling mitochondria, consistent with the reported interac
tion of BAG-1 with Bcl-2 and related proteins. Furthermore, experiments
using a green fluorescence protein (GFP)-BAG-l fusion protein demon
strated that overexpression of Bcl-2 in cultured cells can cause intracel-
lular redistribution of GFP-BAG-1, producing a membranous pattern
typical of Bcl-2 family proteins. The BAG-1 protein was found at high

levels in several types of human tumor cell lines among the 67 tested,
particularly leukemias, breast, prostate, and colon cancers. In contrast to
normal tissues, which only rarely expressed BAG-1L, tumor cell lines
commonly contained BAG-1L protein, including most prostate, breast,
and leukemia cell lines, suggesting that a change in BAG-1 inKNA trans

lation frequently accompanies malignant transformation.

INTRODUCTION

The BAG-1 protein was originally identified as a novel regulator of
apoptosis by virtue of its ability to bind Bcl-2, a potent blocker of cell
death (1). In gene transfer experiments using cultured cells, overex-
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pression of BAG-1 can collaborate with Bcl-2 in suppressing apop
tosis induced via CD95 (Fas/APO-1), the general kinase inhibitor

staurosporine, withdrawal of survival factors from media, thymidine
excess, and chemotherapeutic drugs (1-4). Overexpression of BAG-1

by itself has also been reported to inhibit or delay cell death caused by
growth factor deprivation, heat shock, and p53, in at least some types
of cells (1, 2, 5,6).

Recently, BAG-1 has been reported to form complexes with several

proteins, including the protein tyrosine kinase growth factor receptors
for HGF3 (scatter factor) and PDGF (7). The BAG-1 binding site in

the cytosolic domain of the HGF-R appears to be required for the

generation of signals by this receptor that promote cell survival. In
addition, overexpression of BAG-1 has been shown to increase the
metastatic potential of tumor cells in vivo.4 This finding could be

relevant either to the effects of BAG-1 on HGF-R, which increases

cell motility (8), or to its general ability to prevent cell death, because
epithelial cells undergo apoptosis when detached from extracellular
matrix unless protected by anti-apoptosis proteins (9).

The expression of BAG-1 is up-regulated by some growth factors
such as IL-2, IL-3, and prolactin, suggesting a role for this protein in

growth factor receptor generated signals for cell survival or prolifer
ation (2, 10). Moreover, gene transfer-mediated elevations in BAG-1

protein levels have been shown to prolong the survival of fibroblastic
and hematopoietic cell lines when deprived of growth factors (1, 2) as
well as neuronal cells deprived for neurotrophins (3). In an IL-3-
dependent hemopoietic cell line, enforced expression of BAG-1 not
only promoted cell survival but also allowed for factor-independent
cell growth (2). Of potential relevance to this observation, BAG-1 can
form complexes with the serine/threonine protein kinase Raf-1, caus
ing elevations its enzymatic activity through a Ras-independent mech

anism (11).
Although many details are presently lacking, the diversity of pro

teins with which BAG-1 interacts may be attributable to its ability to
bind and modulate the activities of the 70-kDa family of molecular
chaperones, including Hsp70 and Hsc70 (5). BAG-1 therefore may

represent a novel component of the chaperone system that modulates
interactions of Hsp70/Hsc70 with other proteins, inducing alterations
in the conformations of these target proteins and thereby altering their
biochemical and biological activities in cells. In this regard, BAG-1
appears to function analogous to GrpE, the bacterial ADP-ATP ex

change protein that collaborates with DNaK, the bacterial equivalent
of Hsp70 in prokaryotes (12). Indeed, the predicted human and murine
BAG-1 proteins share 17 and 19% amino acid identity and 28 and

30% amino acid similarity with bacterial GrpE. The human and mouse

' The abbreviations used are: HGF, hepatocyte growth factor; HGF-R, HGF receptor;

IL, Â¡nterleukin;GST, glutathione 5-transferase; ORF, open reading frame; PDGF, platelet-
derived growth factor; PDGF-R, PDGF receptor; KLH, keyhole limpet hemocyanin;
PMSF, phenylmethylsulfonyl fluoride; NLS, nuclear localization sequence; bFGF. basic
fibroblast growth factor; ER, estrogen receptor.

4 A. Yawata, M. Adachi, H. Okuda, Y. Naishiro, A. Takamura, S. Takayama, J. C.

Reed, and K. Imai. Prolonged cell survival enhances peritoneal dissemination of gastric
cancer cells. Oncogene, in press.
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BAG-1 proteins also contain a ubiquitin-like domain near their NH2-
terminal, although the functional significance of this region of BAG-1

is presently unknown (1, 13).
Recently, alternative forms of the BAG-1 protein have been re

ported to arise through translation initiation at different sites within
the BAG-1 mRNA (14). One of these isoforms of BAG-1, which has

been termed RAP46, has been shown to bind several steroid hormone
receptors (15). Although the functional significance of these interac
tions are still being defined, the findings suggest a role of some
isoforms of the BAG-1 protein in regulating nuclear proteins, in

addition to cytosolic proteins.
Given the capacity of BAG-1 to promote cell survival and its

penchant for augmenting the bioactivities of several proteins known to
be important for tumorigenesis (e.g., Bcl-2, Raf-1, HGF-R, and
PDGF-R), BAG-1 can be regarded as a candidate proto-oncogene that

we hypothesize may become overexpressed in certain types of tumors.
To provide information about the regulation of BAG-1 protein pro

duction, therefore, we generated monoclonal antibodies against the
human BAG-1 protein and used them for assessing the expression of

this protein in normal human tissues and a panel of 67 human tumor
lines.

MATERIALS AND METHODS

Monoclonal Antibody Preparation. Bcl-2 transgenic mice (line B6; Ref.
10) were immunized without adjuvants at 4-6 weeks of age using s.c. and i.p.
injections of purified GST-BAG-I protein encoding the last 170 amino acids
of the human BAG-1 protein (500 /ig of total protein). Animals were boosted
four times at 1-2-week intervals with â€”¿�400jig of GST-BAG-1 protein, and

spleens were harvested 3 days after the last immunization. Splenocytes were
fused with SP/02 cells, and hybridoma selections were performed in 96-well

plates, as described (II). Primary screening of hybridomas was accomplished
by ELISA, using GST-BAG-1 protein. Of -1100 hybridomas screened, 51

were positive. Of these. 28 were found to react with GST-BAG-1 but not GST

control protein in a secondary ELISA screen. Ten hybridomas. which reacted
specifically with BAG-1 protein on immunoblots. were obtained and isotyped
(eight IgGl; two IgG2b). Four of these also immunoprecipitated BAG-1
protein and were used for this study: clones KS-6C8. KS-5A6. KS-10B6. and
KS-13A10. Ascites was produced in pristane-primed Balb/c mice.

Antiserum Preparation. Polyclonal antisera 1680 and 1735 were gener
ated using a GST-mouse-BAG-1 (8-219) fusion protein (I) and a synthetic

peptide NHj-CNERYDLLVTPQQNSEPVVQD-amide representing amino-
acids 26-45 of the mouse BAG-1 protein, respectively. The peptide was
synthesized with an NH,-terminal cysteine to facilitate conjugation to male-
imide-activated carrier proteins KLH and OVA (Pierce, Inc.) as described

previously (16). New Zealand White female rabbits were injected s.c. with
either 0.25 ml of GST-BAG-1 (0.5 mg/ml) or a combination of 0.25 ml each
of KLH-peptide (1 mg/ml), and OVA-peptide (1 mg/ml) mixed in an equal
volume of Freund's complete adjuvant (dose divided over 10 injection sites)

and then boosted three times at weekly intervals, followed by another tour to
eight times at monthly intervals with 0.25 mg of either GST-BAG-1 or 0.25 mg
each of KLH-peptide and OVA-peptide immunogens in Freund's incomplete

adjuvant before collecting blood and obtaining immune serum. The generation
and characterization of a rabbit anti-mouse BAG-1 antiserum targeted against
amino acids 204-219 have been described (1).

Immunoblotting. For most experiments, cells were lysed in RIPA buffer
( 16) containing both protease inhibitors ( 1 mM PMSF. 0.28 TIU/ml aprotinin.
50 /j.g/ml leupeptin. 1 mM benzamidine. and 0.7 jug/ml pepstatin) and phos-

phatase inhibitors (5 mM NaF. 2 mM sodium orthovanadate. 10 mM sodium
ÃŸ-glycerophosphate, 2 mM sodium pyrophosphate. 50 mM />-nitrophenylphos-

phate. and 1 fiM microcystin LR). Aliquots containing 50 ^.g of total protein
were subjected to SDS-PAGE using 129r gels, followed by electro-transfer to

nitrocellulose (0.45 (urn) filters. Immunodetection was accomplished using
1:1000 (v/v) dilutions of monoclonal antibody ascites or rabbit antisera,
followed by appropriate secondary antibodies and ECL-based detection as

described (17). For correlations with the NCI 60 tumor cell line database, data
on X-ray films were quantified by scanning densitometry using the IS-1000

image analysis system (Alpha Innotech. Inc.). After collecting data for the

entire panel of tumor cell lines on several immunoblot filters, residual lysates
from two representative tumor lines per blot were re-analyzed together in the
same blot along with a standard curve created by using GST-hu-BAG-1 protein
(1â€”20ng/lune). The scanning densitometry results from the GST-BAG-1
standard-containing blot were used to normalize all data before estimating the
ng of BAG-1 protein per 50 ju.g of total protein. Data from two independent
GST-BAG-1 standard-containing blots were within 209Ã•-agreement.

Immunohistochemistry. Tissues for immunohislochemical analysis were
derived either from human biopsy and autopsy material or normal adult Balb/c
mice. Tissues were fixed in either neutral-buffered formalin. B5. Z-Fix (Anat-
ech. Inc.). or Bouin's solution (Sigma Chemical Co., Inc.), embedded in

paraffin, and sectioned (5 /xm). For experiments with rabbit polyclonal anti
bodies directed against the mouse BAG-1 protein, an ABC/diaminobenzidine-
based detection method was used, as described in detail (18-20). Typically, the
dilution of anti-mBAG-1 polyclonal antiserum used was 1:500 or l:1000(v/v).

For immunostaining of human tissues, the ascites form of anti-huBAG-1

murine monoclonal antibodies was diluted 1:200 (v/v) and detected using a
streptavidin-based enhancement method [LSAB ( + ) kit (Dako. Inc.. Santa

Barbara. CA)|. Nuclei were counterstained with either hematoxylin or methyl
green.

For all mouse tissues examined, the immunostaining procedure was per
formed in parallel using preimmune sera. In some cases, the antisera were
preadsorbed with 5-10 /j.g/ml of the synthetic peptide immunogen, thus

providing an additional control for immunospecificity. When using the anti-
human BAG-1 monoclonal antibodies, an irrelevant mouse IgGl monoclonal

(Dako) was used as a specificity control for all experiments. Occasionally,
preadsorption of monoclonal antibodies with GST-BAG-1 protein was also

used to assess the specificity of immunostaining. The immunostaining results
were arbitrarily scored according to intensity as: 0, negative: l+. weak; 2+,
moderate; and 3 *. strong to very strong. Results presented for each tissue were

based on consensus from immunohistochemical analysis of multiple slides.
Laser Scanning and Fluorescence Confocal Microscopy. Some of the

same immunostained paraffin sections counterstained with methylgreen and
used for conventional light microscopy were examined by laser scanning
microscopy. For these studies, a Zeiss conventional light microscope equipped
with a argon-ion laser (488-nm emission) (LSM-10) was utilized in differential

interference contrast mode, essentially as described (21 ). Plan-apochrome X40

dry and X63 oil objective lenses were used. Black and white images were

derived through electronic processing methods, which enhance the positive
reaction signals by contrast normalization using a scaling density. Final images
were printed using Adobe Photoshop software and a laser printer.

For studies involving GFP, fluorescence images were obtained using a
confocal laser scanning microscope (model GB-200: Olympus, Tokyo. Japan)
equipped with a triple-line Kr/Ar laser with excitation at 488 nm and detection

at 500 to 530 nm bandpass.
cDNA Cloning. The human BAG-1 cDNA clones used for these studies

have been described (13). The mouse BAG-1 cDNA clone SN245-9 (1) was
used as a hybridization probe for screening a mouse Agt-10 kidney library,
resulting in the cDNA clone SN285-13. which contains 114 bp of sequence
upstream of the originally described ORF. Additional 5' sequence data were

obtained from a mouse EST clone AA15486 and from comparisons with a
mouse genomic clone, which was obtained by screening a A-FixII 129 SVJ

library (Stratagene, Inc.).
Plasmid Constructions. The 1290-bp human BAG-1 cDNA pKK240 (14),

which spans â€”¿�390to 880 bp relative to the AUG start codon. was subcloned

into the EcoRl site of pcDNA3 (Invitrogen. Inc.). creating the plasmid pKK-
241-1. To produce BAG-1M protein, a version of this pcDNA3-BAG-l ex

pression plasmid lacking most of the sequences upstream of the alternative
AUG start codon at â€”¿�132bp relative to the usual BAG-1 ORF was prepared

by digestion with Sacll and BamH\. thus discarding a 256-bp fragment that

was separated from the plasmid by agarose gel electrophoresis (Sactt is located
immediately upstream of the ATO (CCGCGGATGA) in the pKK240 BAG-1

cDNA; the BamH\ site resides within the multiple cloning site of pcDNA3).
After gel purification of the residual plasmid band and blunting the ends using
T4 DNA polymerase with deoxynucleotide triphosphates, the plasmid was
recircularized using T4 DNA-ligase to create pSN670-2. which was trans
formed into XL-] blue bacteria (Stratagene. Ine). Mutants of hu-BAG-1, in
which the CTG codons at -345 and -297 were converted to ATG, were
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prepared by PCR using pKK241-l as a template and the mutagenic forward
primers 5'-gggaattcAGTGCGGGG4rGGCTC-3' or 5'-gggaattcGAGCGGA7"-

GGGTTCCCG-3' together with the reverse primer 5'-GCGCTCGAGCTCG-
GCCAGGGCAAAG-3'. After digestion of the EcoRl and Xho\ sites in the

forward and reverse primers, respectively, the resulting ~1.0-kbp fragments

were subcloned into fcoRI/X/ioI-digested pcDNA3, creating the plasmids pSN
815-2 and pSN 815-4.

For expression or in vitro translation of mouse BAG-1 proteins, the plasmid
pRc/CMV-S33 (1). which encodes the murine 219-amino acid BAG-1 protein,
was used. In addition, a longer BAG-1 cDNA (SN285-13) was subcloned into

the EcoRl site of pSKII.
For expression of GST-huBAG-1 fusion proteins in bacteria, a partial

BAG-1 cDNA (hs33-2) that had been obtained from a Agt-11 human breast
library and that encodes the last 182 amino acids of the huBAG-1 protein (13)
was subcloned in-frame with the GST-encoding sequences in pGEX-3X (Phar
macia, Inc.) using a PCR approach. Briefly, the hs33-2 cDNA was subcloned
into the EcoRl site of pSK-II (Strategene. Inc.), and this plasmid was used as
a template for PCR amplication with the BamHI-containing forward primer
5'-GGGGATCCGTGAACCAGTTGTCCA-3' and the reverse primer 5'-
CTACACCTCACTCGGCCAGG-3'. The resulting PCR product was digested

with BamHl and BgRl, gel-purified by gel electrophoresis in 1% Nusieve

agarose, and subcloned into the ÃŸg/IIsite of pSKII-hs33-2, which had been

prepared by digestion with Bglll and BamHI, thus fusing the PCR product that
encodes amino acids 52-171 of huBAG-1 with the distal portion of the
huBAG-1 ORF encoding residues 172-230 and creating the plasmid pKK169.
After confirming the correct nucleotide sequence, huBAG-1 was excised from

pKK169 with BamHl and Â£coRIand subcloned into the corresponding sites in
pGEX-3X, creating the plasmid pKK170. Additional GST-BAG-1 deletion

mutants of pKK170 were also prepared using pKK169 and then subcloning
into pGEX-3X, including: (a) pKK170-2, which encodes residues 132-221 of
huBAG-1 (deletion of COOH-terminal 9 amino acids relative to pKK-170) by
digestion of pKK169 with BamHl and Pstl, (b) pKK 173-1, which encodes that
last 99 amino acids of huBAG-1 ( 132-230) by digestion of pKK 169 with Pvull

and EcoRl; and (c) pKK-173-2, which encodes residues 52-131 (A COOH-

terminal 99 amino acids relative to pKK170) by digestion of pKK169 with
Pvull and Pstl.

To generate a plasmid producing GFP-BAG-1, the mouse BAG-1 cDNA
SN245-9 in pSKII (1) was amplified by the PCR using forward primer
5'-GGAATTCCAAGACCGAGGAGAT-3' and reverse primer 5'-CGG-

GATCCAGGGCCAAGTTTGTA-3', which have fcoRI and BamHl linkers,

respectively. The amplified product was digested with EcoRl and BamH\.
gel-purified, and subcloned into pEGFP-Cl (Clontech).

GST-Fusion Protein Production. The pKK170 plasmid encoding GST
hBAG-1(52-230) was transformed into XL-1 blue Escherichia coli strain

(Stratagene, Inc.). After overnight culture in LB with 50 fig/ml ampicillin, 2 ml
of culture were transferred to 1 liter of Luria Burton-ampicillin media and
grown at 37Â°Cuntil the A600 reached ~ 1.0, then grown overnight at room

temperature with 0.1 ttiM isopropyl-l-thio-ÃŸ-D-galactopyranoside. Cells were

then recovered by centrifugation and resuspend in 10 ml of 1X PBS (pH 7.4)
containing 1% Triton X-100 and 1 mM PMSF. After freeze-thawing once, the
suspension was sonicated twice on ice using a 5-mm diameter probe (Heat

Systems, Inc.) at medium intensity (level 5 of 10) for 2 min. After centrifu
gation at ~ 10,000 x g for 20 min at 4Â°C.the resulting supernatant was mixed

with ~2 ml of glutathione-Sepharose beads (packed volume) and rotated at
4Â°Cfor 2 h in a capped 15-ml polypropylene tube. After washing three times

in the same PBS/Triton X-100 solution, 10 ml of elution buffer (10 mM

glutathione and 10 mM Tris, pH 8.0) was added to the beads, and the
supernatant containing GST-BAG-1 protein was recovered after 20 min at

room temperature by centrifugation and dialyzed against PBS. Protein con
centrations were estimated by Coomasie Blue staining of material in SDS-

PAGE gels containing BSA standards.
Hsc70 Binding Assays. GST-Hsc70 (ATPase domain) and GST-CD40

(cytosolic domain) fusion proteins were produced and affinity-purified as
described (5). Fusion proteins were then mixed at ~0.5-1.5 fig/ju.1 of gluta
thione-Sepharose (packed volume) in binding buffer [10 mM HEPES (pH 7.5),

138 mM KC1, 2 mM EOT A, 5 mM MgCl2, and 0.2% NP40 with 5% (w/v)
BSA]. After washing the beads three times with the same solution to remove
unbound GST fusion proteins, 5 jxl of in vitro translation reactions in 95 n\ of
binding buffer were added to 15-20 fj.1of GST-beads, and the samples were

nutated at 4Â°Cfor 2 h. Beads were washed three times in ice-cold binding

buffer and resuspended in 20 /u,l of Laemmeli sample buffer, boiled, and
analyzed by SDS-PAGE (12% gels). Gels were washed with ddH2O and fixed

in 10% acetic acid/25% isopropanol solution for 20 min, followed by 1.1 M
sodium salicylate for 20 min, then dried and exposed to X-ray film.

In vitro Translations. Proteins were translated in vitro in the presence or
absence of [35S]L-methionine (EASYTAG S.A.; ~ 1,000 Ci/mmol; New Eng

land Nuclear, Inc.) using the TNT lysate kit and T7 RNA polymerase with I
Hg of pcDNA3 or pSKII-based plasmids in a total volume of 50 /il, according
to the manufacturer's recommendations (Promega. Inc.).

RNA Blot Analysis. Total cellular RNA was prepared from 5 x IO7cells

using an acidic-phenol/guanidine thiocyanate method (22, 23). RNA (10
Hg/lane) was size-fractionated by gel electrophoresis in 1% agarose gels

containing glyoxal and then transferred to nylon membranes (Zetaprobe:
BioRad, Inc.) by a semidry downward capillary method using alkaline transfer
buffer (22), followed by UV cross-linking (2400 joules; Stratalinker; Strata-

gene, Inc.). Blots were prehybridized in 1% SDS, 1 M NaCl, and 10% dextran
sulfate, at 60Â°C for 1 h, followed by hybridization in the same solution

containing 100 fig/ml of denatured, sheared, salmon sperm DNA and ~2
ng/ml of 32P-Iabeled probe, which was prepared by a random priming method

(Boehringer-Mannheim, Inc.) using a gel-purified mouse BAG-1 cDNA
SN245-9 (1). Blots were washed twice in 2X SSC (24) at ambient temperature
for 5 min and then twice in 2 x SSC with 1% SDS at 60Â°Cfor 30 min, and then

finally in 0.1 x SSC at room temperature for 10-60 min, before exposure to
X-ray film (Kodak, Inc.) using intensifying screens at -80Â°C.

Subcellular Fractionations. Nuclear and nonnuclear fractions were pre
pared according to the method of Hennighausen and Lubom (24). Briefly,
â€”¿�1-5 X IO7 cells were washed twice in ice-cold PBS and resuspended on ice

in 0.5 ml of homogenization buffer [10 mM HEPES (pH 7.2), 10 mM KC1, 1.5
mM MgCl,, 0.4% NP40, 0.3 M sucrose, 0.1 mM EGTA. 0.5 mM DTT, 0.5 mM
PMSF, 2.5 mM benzamidine, 10 /Ag/ml aprotinin. and 5 )xg/ml leupeptin). After
disrupting cells with 10-20 strokes of a Dounce homogenizer using a B pestle
and verifying complete lysis by phase-contrast microscopy, 0.1-ml aliquots of
the lysate were centrifuged at 350 X g for 5 min at 4Â°Cin a swinging-bucket

rotor to pellet nuclei. The nuclei were then washed twice in the same buffer and
finally resuspended in RIPA buffer (16). The postnuclear supernatant was
cleared by centrifugation at 16,000 x g for 2-3 min before storing at -80Â°C.

Fractions were normalized for either cell-equivalents or total protein content
based on the bicinchoninic acid method (Pierce, Inc.) before SDS-PAGE/

immunoblot assay.
Cell Transfections. Rat-1 fibroblasts were transfected by a calcium phos

phate DNA precipitation method at ~70% confluence in 10-cm diameter

dishes. The culture medium (10 ml of DMEM with 10% fetal bovine serum)
was changed 4 h before transfection with 10 Â¿igof plasmid DNA that had been
resuspended in 438 Â¿tlof ddH2O, supplemented with 62 /j.1of 2 M CaCl,/10
mM HEPES (pH 5.8). and then added dropwise to 500 /xl of 2x HBSS [40 mM
HEPES (pH 7.05), 275 mM NaCl. 10 mM KC1, 1.4 mM Na,HPO4, and 12 mM
glucose]. The DNA-calcium-phosphate precipitate was removed after 8-12 h

and replaced with fresh medium.
HeLa cells were seeded at 7 X IO5 per 60-mm plate on the day before

transfections. Cells were transfected with a total of 3 Â¿igof DNA (pEGFP-
mBAG-1 in combination with either pRc/CMV or pRc/CMV/Bcl-2 at a 1:2

molar ratio) using 15 /ig of lipofectin (Life Technologies. Inc.) and 3 ml of
OPTI-MEM I (Life Technologies, Inc.). After 6 h. the cells were recovered by
trypsinization and seeded into glass-bottomed culture dishes (MatTek Corp.,

Ashland. MA) and returned to culture in DMEM/10% serum medium for 2
days.

RESULTS

Production and Characterization of BAG-1 Monoclonal Anti
bodies: Identification of Several BAG-1 Isoforms in Human Tis
sues. Immunoblotanalysiswas undertakenusingwhole-cell lysatesde
rived from a variety of human tissues using anti-huBAG-1 monoclonal
antibodies. Detailed comparisons of three independent anti-human
BAG-1 monoclonal antibodies (KS-6C8, KS-10B6, and KS-5A6) dem
onstrated essentially identicalpatterns of reactivity with proteins in these
tissue lysates,althoughdata are shown here only for the KS-6C8antibody
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(Fig. 1). The epitope on BAG-1 detected by KS-6C8 was mapped to
residues 132-221, whereas KS-5A6 and KS-10B6 bound to residues
52-131, based on immunoblot analysis of a panel of GST-BAG-1 fusion
proteins (see "Materials and Methods").

All three anti-BAG-1 antibodies detected several proteins in certain
tissues, in addition to the anticipated â€”¿�36kDa BAG-1 protein orig

inally predicted from cDNA cloning. Ovary and testis, for example,
contained a ~56-57 kDa isoform of BAG-1, as well as small amounts
of an additional â€”¿�52-53kDa protein (Fig. 1). Many tumor cell lines
also contained these â€”¿�52-53and â€”¿�56-57kDa BAG-1 bands, in
addition to the expected â€”¿�36kDa BAG-1 protein (see below). Lysates

derived from peripheral blood mononuclear cells and tonsils uniquely
contained still other anti-BAG-1 immunoreactive bands of â€”¿�37-38
kDa, which may represent phosphorylated forms of the major â€”¿�36
kDa BAG-1 protein.5 Note that in contrast to the larger -52-57 kDa

and -37-38 kDa forms of BAG-1, the predicted -36 kDa BAG-1

protein was ubiquitously present throughout most human tissues,
although liver, colon, breast, and uterine myometrium contained com
paratively little of this protein.

Immunoblot analysis of murine tissues similarly revealed wide
spread expression of a â€”¿�30kDa protein corresponding to BAG-1

(Fig. IÃŸ),indicating that this is by far the most abundant isoform of
the protein in vivo. However, several mouse tumor cell lines contained
a â€”¿�50kDa anti-BAG-1 immunoreactive band, in addition to the â€”¿�30
kDa originally described isoform of BAG-1. Of note, the pattern of
anti-BAG-1 immunoreactive bands was less complex in murine com

pared with human tissues (discussed below).
In contrast to the variety of BAG-1 proteins seen in tissues, BAG-1

mRNAs were homogeneous with only one species identified by
Northern blotting. A survey of several tissues derived from mice, for
example, revealed the presence of a single transcript of â€”¿�1.8 kbp (Fig.

2A). Note that all tissues tested contained BAG-1 mRNA, although
liver had the least relative amounts of BAG-1 mRNA, which required

longer exposures to clearly visualize. Human cell lines also contained
a single BAG-1 mRNA of =1.9 kbp (Fig. IB and data not shown).

BAG-1 Isoforms Arise by Alternative Translation Initiation
Site Usage within a Common BAG-1 mRNA. The presence of
â€”¿�52-57kDa bands reacting with three different anti-BAG-1 mono

clonal antibodies suggested the presence of isoforms of this protein
that arise by alternative mRNA splicing. However, exhaustive efforts
to clone cDNAs encoding alternative forms of human and mouse
BAG-1 proved fruitless. Inspection of the longest human and murine
BAG-1 cDNAs cloned previously in our laboratory revealed an ab

sence of stop codons upstream of the predicted ORFs encoding the
most prevalent isoform of the human and mouse BAG-1 proteins,

estimated to be 230 and 219 amino acids in length, respectively.
Moreover, an additional upstream and in-frame ATG codon was
found in the human BAG-1 mRNA, which would extend the ORF by
44 amino acids, leading to production of a 274-amino acid protein

(Fig. 3). Recently, it has been suggested that this longer isoform of the
human BAG-1 protein is identical to RAP46, a protein that binds

steroid hormone receptors (15, 16). However, an analogous ATG
codon was not found in the murine BAG-1 cDNAs (Fig. 3), implying

that additional mechanisms must exist for generating longer isoforms
of the BAG-1 protein.

Although no in-frame ATG codons are found in murine BAG-1
cDNAs, three upstream and in-frame CTG codons are present at
positions -408, -360, and -336 bp relative to the ATG start codon
of the originally described ORF. Similarly, the region 5' of the human

BAG-1 ORF contains analogous CTG codons at positions â€”¿�345,

wiÃ­Â¿Â®eÃ¡^^^
BAG-1,

BAG-1

â€”¿�84kDa

â€”¿�53

â€”¿�35

â€”¿�29

â€”¿�20

1 2 3 4 5 6 7 8 91011121314151617

B
Jt

//&//* ff
_ so BAO-1LI

_ 33
I

- 28

kDa

BAG-1 >â€¢

- 50

_ 33

- 28
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* Unpublished observations.

Fig. I. Immunoblot analysis of BAG-1 proteins in tissues. In A. human tissue lysates
were prepared and normali/ed for total protein coment (50 Â¿tg/lane)before analysis by
SDS-PAGE/immunoblot assay using the anti-human BAG-1 monoclonal antibody KS-

6C8. Essentially identical results were obtained with two other independent monoclonal
antibodies. Arrowheads, positions of the ~36-kDa BAG-I and ~53-57-kDa higher
molecular weight forms of BAG-l proteins (BAC-IL). A ~38-kDa BAG-l band seen in

peripheral blood mononuclear cells (PBMO and tonsil (Lanes 13 and 14) may represent
a phosphorylated form BAG-l/ Both temporal (I) and frontal (f) brain cortex were

analy/ed (Lanes 15 and 16). Reprobing of the same blot with antibodies to other proteins
such as tubulin and Bax confirmed that all samples contained intact proteins that appeared
to be present in roughly equivalent amounts, with the exception of testis which was
underloaded in this particular blot (not shown). In B. immunoblot results for a few
representative mouse tissues (left panel) and mouse tumor cell lines (ri^ht panel) are
presented. All samples were normalized for total protein content (50 ng/lane).

â€”¿�297,and â€”¿�273.CTG codons are occasionally used as an alternative

to ATG for translation initiation in eukaryotic mRNAs (25, 26).
Among these upstream, in-frame CUG codons, however, only the
most 5' CUGs in the predicted human and mouse BAG-1 mRNAs are

within an optimal context for translation initiation, with purines at -3
and a guanosine (G) at +4 relative to the CUG (where the C is -I-1;

Refs. 25 and 26). Genomic cloning confirmed the absence of introns
between the previously described ORF and this 5' region in the mouse

BAG-I gene (not shown).
To explore the possibility that the murine BAG-1 cDNA containing

this 5'-untranslated region where the CTG codons reside could encode

both the usual 219-amino acid BAG-1 protein plus a longer protein
that might account for the â€”¿�50kDa form of mouse BAG-1 seen by
immunoblot analysis of murine tissues, a mouse BAG-1 cDNA con
taining this 5'-untranslated region was subcloned downstream of the

T7 RNA polymerase in pSKII and in vitro transcribed and translated
using reticulocyte lysates. Comparisons were made with a mouse
BAG-1 cDNA that contained the usual ORF but which lacked this 5'
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Fig. 2. RNA blot analysis of BAG-1 mRNA in tissues.Total cellular RNA was isolated
from various mouse tissues (A} or from mouse S49.1 and human Jurkat T-cell leukemia
cell lines (ÃŸ)and analy/.ed by RNA blotting (20 fig/lane) using a 12P-labeledmuBAG-1

cDNA probe. Loading of approximately equivalent amounts of intact RNA was confirmed
by visualization of the 28S and 18S rRNA bands in ethidium-stained gels (not shown).
Arrowheads, positions of the ~1.8-kbp mouse and ~1.9-kbp human BAG-1 mRNAs.

region. The resulting in vitro translation products were then analyzed
by SDS-PAGE/autoradiography (Fig. 44) or by immunoblotting using
a BAG-1 specific anti-peptide antiserum (not shown). As shown in
Fig. 4A, in vitro translation of the mouse BAG-1 cDNA that lacked
the upstream CTG containing region generated the expected â€”¿�29-30
kDa BAG-1 protein. In contrast, in vitro translation of the mouse
BAG-1 cDNA that contained the 5' upstream region resulted in the

production of two BAG-1 immunoreactive proteins of 50 kDa and
29-30 kDa. No similar 35S-labeled proteins or BAG-1 immunoreac

tive bands were observed when reticulocyte lysates were primed with
pSK-II or pcDNA3 plasmids lacking BAG-1 cDNA inserts (not

shown).
A similar result was obtained when human BAG-1 cDNAs were in

vitro translated, except that the additional in-frame ATG codon gen
erated another isoform of BAG-1, consistent with a recent report ( 14).
For example, when a human BAG-1 cDNA, which contains both the
originally described ORF plus the upstream in-frame ATG, was in
vitro translated and the products were analyzed by either SDS-PAGE/
autoradiography (Fig. 4A) or immunoblotting using an anti-BAG-1
monoclonal antibody (not shown), the anticipated â€”¿�36kDa BAG-1
protein was observed as well as a longer â€”¿�52kDa BAG-1 immuno
reactive protein. Moreover, when a longer human BAG-1 cDNA was
used that contains the 5' in-frame CTG codons mentioned above, the

predominant protein produced was a â€”¿�56-57kDa BAG-1 immuno

reactive band, with only very small amounts of translation initiation
from the usual downstream ATG which generates the â€”¿�36kDa
BAG-1 protein and essentially none of the â€”¿�52kDa protein predicted
to arise from the 5' in-frame ATG codon (Fig. 4A). Finally, compar

isons were made with a human BAG-1 cDNA in which the first of the

candidate noncanonical CTG start codons was mutated to ATG, thus
forcing translation from this upstream site. As shown in Fig. 4A, in
vitro translation of the human BAG-1 CTG^ATG mutant generated
predominantly a â€”¿�56-57kDa band, suggesting that the first CTG is

the most likely site of translation initiation for generation of the
-56-57 kDa isoform of BAG-1. This -56-57 kDa protein comi-
grated precisely in gels with the endogenous BAG-1 proteins seen in

human tumor cell lines (see below). In contrast, the in vitro translation
product derived from a BAG-1 cDNA in which the next CTG down

stream was mutated to ATG resulted in a protein that migrated slightly
faster in SDS-PAGE compared with the endogenous 56-57 kDa
BAG-1 protein (not shown). None of the various S-labded proteins

shown in Fig. 4 were observed when reticulocyte lysates were primed
with control pSKII plasmid DNA, confirming the specificity of these
results. We have designated the longer isoforms of human (â€”56-57
kDa) and mouse (â€”50kDa) BAG-1 proteins that appear to arise from
translation at noncanonical CTG codons as "BAG-1-long" (BAG-1L),

and the intermediate length human BAG-1 protein which presumably
arises from the in-frame upstream ATG codon as "BAG-1 medium"

(BAG-1M).

To further verify that these proteins observed in the in vitro trans
lation experiments corresponded to the BAG-1 immunoreactive spe

cies identified by immunoblot analysis of tissues, in vitro translated
proteins were compared side-by-side in gels with the cell-derived
BAG-1 proteins that either arise naturally in some cell lines or that

were produced by gene transfection. For these experiments, a human
BAG-1 cDNA that includes the 5' upstream region where the CTG

codons reside and the ORFs for BAG-1 and BAG-1 M was in vitro
translated, giving rise to a prominent â€”¿�56-57kDa BAG-1L product
and less abundant amounts of â€”¿�52kDa BAG-1 M and â€”¿�36kDa
BAG-1. These bands comigrated in SDS-PAGE with BAG-1 immu
noreactive bands seen in some tumor cell lines such as Jurkat T-cell
leukemia, which produces all three isoforms of BAG-1 (Fig. 4ÃŸ).
These same bands corresponding to BAG-1, BAG-1M, and BAG-1 L
were detected using all three of our anti-BAG-1 monoclonal antibod
ies raised against the ~36 kDa BAG-1 protein (data not shown).

The ability of a single BAG-1 cDNA to encode both the originally
identified -36 kDa BAG-1 protein and longer -56-57 kDa BAG-1 L

isoform was confirmed by expressing in mammalian cells the same
human BAG-1 cDNA that had been used for the in vitro transcription/
translation experiments. For this purpose, the BAG-1 cDNA was
subcloned downstream of the cytomegalovirus immediate early-re
gion promoter in pcDNA-3, and this plasmid or the control pcDNA-3
plasmid was stably transfected into Rat-1 fibroblasts. Immunoblot

analysis of lysates derived from these cells revealed the presence of
two isoforms of BAG-1 having apparent molecular masses of ~36
kDa and â€”¿�56-57kDa in the BAG-1-transfected Rat-1 cells but not in

3120

on June 18, 2021. © 1998 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


BAG-1 PROTEIN EXPRESSION IN TISSUES AND TUMORS

hBAG

mBAG

hBAG

mBAG

hBAG

mBAG

mBAG

ACGCCGCGCT CAGCTTCCA- TCGCTGGGCG -GTCAACAAG TGCGGGC

I I I I I III I!Mill I
---CCGGTAG CCACCGTGCG TGTGAACAAA CTC-^v

muBAG-1L

CTG

II
GGCJCTC

hBAG

GCTCAGCGCG GGGGGGCGCG GAGACCGCGA GGCGACCGGG AGCGC

M m i i imi i mimi miniili m i
GCGGGTCGCA GCGCCGCGCG GCGACCGCGA GGCGACCGGG AGCCG III

inn unii nini n mmi i
GCAGCCAGCG GGCATGACCG ATCCACCAGG GGCGCGCCCG CCGGCGCCTG

huBAG-1M
hBAG CAGGCCGCGG

II MIM

l IM I I II I Mimi II IMI

48

36

98

CTC3G 86

CGCGCCCTTC GGCCAGGCCG GGAGCCGCGC CAGTCGGAGC 148

m M n imiiium iM M mm
CGCGCCCCTC GGCCTGCCCG GGAGCCGCGC CAGTCGGAGT 136

hBAG CTCCGGCCCA GCGTGGTCCG CCTCCCTCTC GGCGTCCACC TGCCCGGAGT 198

I I HI I Ml M II IMI IMI I I M M III
mBAG CCCGGGCCGA GCGGGGCTTG CCTCCCTCTC AGCGTTCCTC TGTGCGCAGT 186

hBAG ACTGCCAGCG GGCATGACCG ACCCACCAGG GGCGCCGCCG CCGGCGCTCG 248

236
â€”¿�-, MU DMU- IM
ATGJAAGAAGA AAACCCGGCG CCGCTCGACC CGGAGCGAGG 298

MM IM M MIM MIMI l MUMM
mBAG CAAGCCGCGG GTGAAGAAGA AAGTCCGGCC CCGCTCTTCT CAGAGCGAGA 286

AGTTâ€”-GAC CCGGAGCGAG GAGTTGACC- ---CT--G-- AGTG 331

mBAG AGGTAGGGAG CAGCAGCAGG GAGTTGACTA GAAGTAAGAA AGTGACCCGT 336

hBAG

mBAG

AG---GAA-G CGACCTGGA GT-GAA GAGGCGACCC AGAGTGAGGA

l IM l MM IM M M MM MM MI MIM
AGCAAGAACG TGACCGGGAC CCAGGTAGAG GAGGTGACCA AGATCGAGGA

=*~ huBAG-1
hBAG GGCGACCCAG GGCGAAGAGJAJTG^ATCGGAG C-CAGGAGGT GACCCGGGAC

MM MM MI M l l l l MIM MIM l l

mBAG
; n n m mii im mu mm i'iâ€”j'i iiili1111i iMI11111111111i

GACAACATdG CCAAGACCGA GGAGATGGTC CAGACGGAGG AAATGGAAAC
I W mu BAG-1

B
hBAG LAQRGGARRP

mBAG

hBAG

mBAG

hBAG

mBAG

hBAG

mBAG

hBAG

mBAG

hBAG

mBAG

hBAG

mBAG

hBAG

mBAG

LAGRSAARRP

STASGHpRPT

RGDRERLGSR
Illll II I
RGDREPLGPR

LRALRPGREP
III II III
LRAPRPAREP

SAASGHPRST

RGAAAGARRP RHKKKTRRR6
Ml III I I III l M
RGAPAGACKP RVKKKVRPRE

REÃ„TOSEEAT OGEEMNR5QE
III MM I I.

RSKNVTGTQV SEVTKIEEAT OTEEVTVAEE

AÃ„GLTVTVTHSNEKHDLHVT SQQGSSEPW
MIMMI II II I M M I i

lERLSVIVTH SNERYDLLVT PQQGNSEPW

RQSEPPAQRG PPPSRRPPAK

IMI III Ml I I
RQSESRAERG LPPSQRSSVR

TRSE ------ -ELTRSEELT

M MIM
SQSEKVGSSS RELTRSKKVT

VTRDEESTRS EE-VTREEMA

l Ml Ml
VTOTDHMAKT EEMVOTEEME

ODLAOWEEV IGVPOSFOKL
MillIII Ml Mil
ODLAOLVEEA TGVPLPFOKL

IFKGKSLKEM ETPLSALGIQ DGCRVMLIGK KNSPQEEVEL KKLKHLEKSV

IFKGKSLKEM ETPLSALGMQ NGCRVMLIGE

EKIADQLEEL
MM Ml
EKIANHLQEL

EIHTLILPEN
II I III
EIDTMVLPEQ

FALAE
MM

LALAE

NKELTGIQQG

NKELSGIQQG

FKDSRLKRKG

FKDSRLKRKN

FLPKDLQAEA
II I HIM
FLAKELQAEA

LVKKVQAFLA

LVKKVQVFLA

KSNPEEEVEL KKLKDLEVSA

LCKLDRRVKA TIEQFMKILE

LCKLDRKVKA TIEQFMKILE

ECDTVEQNIC QETERLQSTN

ECDTVEQYIC QETERLQSTN

50

50

93

100

140

150

190

200

240

250

290

300

340

350

345

355

Human BAG-1

371

386

420

mBAG GGCGACCCAA ACCGAGGA-A GTAACTGTGG CAGAAGAGGT GACCCAGACC 435

hBAG GAGGAGTCGA CCCGGAGCGA GGAGGT-GAC CAG--GGAGG AAATGGCGGC 467

485

hBAG AGCTGGGCTC ACCGTGACTG TCACCCACAG CAATGAGAAG CACGACCTTC 517

m i m i imi i minili numi i i nnm
mBAG ACCCAGACTC AGCGTGATCG TCACCCACAG CAATGAGAGG TATGACCTTC 535

57 79 84 142 166 202

13 71 95 131

Mouse BAG-1

79 110 146 176 212

345 BAG-1 L

274 BAG-1 M

230 BAG-1

355 BAG-1 L

219 BAG-1

B Nuclear Localization Signal

I EE(A/V/L/M)T(Q/R/K)(S/r) Repeal

O Ubiquitin Like

Fig. 3. Nucleotide and predicted amino acid sequences of human and mouse BAG-1 mRNAs and proteins. In A, a portion of the nucleotide sequences of human and mouse BAG-1
cDNAs are presented (submitted to GenBank). The locations of the predicted ATO start codons and the alternative upstream CUG codons are indicated in boxes. The CUG codon with
the most favored context for translation initiation is indicated by an arrow. The two downstream CUGs have pyrimidines rather than the favored purines at positions -3 and/or +4
relative to the CUG (where C is +1 ). B, the predicted amino acid sequences of the human and mouse BAG-1L proteins are presented in single-letter code, assuming translation initiation
from the most 5' CUG codon. The methoniones corresponding to the AUG codon initiation sites are in bold. A basic region with similarity to NLS motifs is shaded. The six amino-acid

EE motifs [most common sequence is E-E-(A/V/L/M)-T-(Q/R/K)-(S/T)] are underlined. In C, a schematic of the human and mouse BAG-1 isoforms is presented, illustrating the
ubiquitin-like domain NLS and hexameric repeats (see "Discussion").

3121

on June 18, 2021. © 1998 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


BAO-1 PROTKIN EXPRESSION IN TISSL'KS AND TUMORS

mBAG-1 hu BAG-1

- 19
kDa

108
80
50

33
28

19
kDa

B IVT Rat-1

BAG-1 L
BAG-

BAG-1

-112 kDa
-84

-53

35

-29

-20

Fig. 4. The BAG-1L protein derives from use of noncanonical CTG codons tor

translation initiation. In A, in vitro translations were performed in the presence of
[ liS]L-methionine using murine (left panel) and human (right panel) BAG-1 cDNAs that
either contain or lack the 5'-untranslated region (UTR) where the CUG codons reside. The

human BAG-I cDNA encompasses position â€”¿�345bp to 690 bp relative to the ATG (A
is +1) that initates the ORF encoding the shortest BAG-1 protein, whereas the murine
BAG-1 cDNA encompasses positions -408 bp to 657 bp. The same human BAG-1
cDNA, but in which the 5' most CUG codon was mutated to ATG. was also in vitro

translated. Proteins were analyzed by SDS-PAGE/autoradiography. The BAG-1. BAG-
1L, and BAG-1M proteins are indicated by arrowheads. In B. immunoblot analysis was
performed using either in vitro translated proteins or lysates (50 Â¿tg/lane)derived from
cells. Lanes I and 2 represent reticulocyte lysates (3 /il) used for in vitro transcription/
translation of either control pcDNA3 plasmid (c) without an insert or a huBAG-1 cDNA
(pKK240) encoding nucleotides -390 to 880 bp relative to the AUG codon (A is 1+ ).
Limes 3 and 4 are Rat-1 cells that had been stably transfected with either a control plasmid
pcDNA-3 or pcDNA-3 containing the pKK241-l huBAG-1 cDNA (-390 to 880 bp).

Lysates were also included from MCF7 breast cancer cells stably transfected with a
BAG-1 expression plasmid that produces both BAG-1M and BAG-1 but which lacks the
upstream CTG required for BAG-1 L (Lane 5) and from untransfected Jurkat T-cell
leukemia cells which intrinsically express all three isoforms of BAG-1 (Lane 61. The blot
was incubated with anti-huBAG-1 monoclonal antibody KS-6C8, followed by ECL-bused
detection. The positions of the BAG-1. BAG-1L, and BAG-1 M proteins are indicated.

the control (Neo)-transfected cells. These two forms of BAG-1 de
tected in transfected Rat-1 cells comigrated in gels with the anti-
BAG-1 immunoreactive bands seen in Jurkat and some other human
cell lines (Fig. 40 and data not shown). The intermediate BAG-1 M
protein was not produced in these transfected Rat-1 cells. To demon
strate production of the BAG-1M protein in cells, MCF7 breast cancer
cells were transfected with a BAG-1 cDNA containing the ORFs for
BAG-1 and BAG-1M but lacking the 5' region where the CTG codons

reside. Deletion of the 5' upstream region was empirically determined

to allow for more efficient translation initiation from the downstream
ATG codons. In these transfected MCF7 cells, abundant amounts of
the -52 kDa BAG-1 M and -36 kDa BAG-1 proteins were observed
but not the longer BAG-1 L protein (Fig. 4ÃŸ).

Taken together, these data corroborate and extend recent observa
tions (14) demonstrating that the human BAG-1 mRNA can poten
tially encode three isoforms having lengths of 345 (BAG-1L), 274
(BAG-1M), and 230 (BAG-1) amino acids, with BAG-1 L arising
from a noncanonical CUG and the BAG-1 M and BAG-1 proteins

arising from typical AUG codons. The cDNA cloning results pre
sented here also provide evidence that the mouse BAG-1 mRNA can
similarly encode two isoforms of 355 (BAG-1L) and 219 (BAG-1)

amino acids in length (Fig. 3), with the longer of these arising from a
noncanonical CUG codon.

BAG-1L and BAG-1M Proteins Retain Hsc70 Binding Activity.
Recently, we reported that the shorter BAG-1 protein can bind to

Hsp/Hsc70 family proteins and modulate their activities (5). We
therefore explored whether the BAG-1 L and BAG-1 M variants of
BAG-1 can also bind to molecular chaperones. For these experiments,
a GST-fusion protein containing the ATP-binding domain of Hsc70
was tested for interactions in vitro with the BAG-1. BAG-1L, and
BAG-1 M proteins, which were produced by in vitro translation of
BAG-1 cDNAs that either contained or lacked the region where the
noncanonical CTG start codons reside. The COOH-terminal peptide-
binding domain of Hsc70 was not included in the GST-fusion protein

to avoid nonspecific association and because our previous experi
ments showed that BAG-1 binds directly to the ATP-binding domain

BAG-1
AS'UTR

BAG-1
+5'UTR

/. / itif f*

108
80
50

33
28 -

19 - â€”¿�
kDa

Fig. 5. Hsc70 binds to BAG-l, BAG-IL, and BAG-IM. Human BAG-l cDNAs

containing or lacking the region upstream of the originally identified ORF were in vitro
translated (IVT) in the presence of [Ã­5S)L-methionine. thus producing the BAG-l, BAG-
IM. and BAG-IL proteins. The BAG-1 (+5'UTR) cDNA produces primarily BAG-IL,
whereas the BAG-1 (AS1UTR) cDNA produces mostly BAG-1 along with some BAG-IM

protein. IVT BAG-1 proteins were incubated with GST-Hsc70 (ATP-binding domain) or
(as a negative control) GST-CD40 cytosolic domain immobili/ed on glutathione-Sepha-
rose. After washing, proteins bound lo beads were analyzed by SDS-PAGE/autoradiog
raphy. As a control, one-tenth the input volume of the IVT proteins was run directly in
gels. Note that BAG-1, BAG-1M. and BAG-1L bind to GST-Hsc70 but not to GST-CD40.

The small molecular weight proteins presumably represent partial degradation products of
BAG-1 or translation initiation from internal AUG codons. These small proteins have not

been detected in vivo, arising only in IVT experiments.
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Fig. 6. Subcellular fractionation analysis of BAG-1 proteins. Nuclear and nonnuclear
fractions were prepared from 267 prostate cancer (A} and Jurkat T-cell leukemia (ÃŸ)cell
lines. Lysates were normalized either for cell equivalents (4-105, A; IO6, B) (Lanes 1-3)

or for total protein content (50 /ig/Iane; Lanes 4 and 5). Whole-cell lysates were included

for comparison (Lane I). With cytosolic (Lanes 2, 4) and nuclear (Lanes 3. 5) extracts.
After SDS-PAGE and transfer to nitrocellulose, blots were sequentially probed with
antibodies specific for BAG-1, the cytosolic protein CPP32 (caspase-3), the nuclear
protein poly(ADP-ribose) polymerase (PARP), or the mitochondria! protein F,l-/3-
ATPase using a multiple antigen detection method (17). The positions of the BAG-1 and
BAG-1L proteins are indicated. Jurkat T-cells (B) also contain some BAG-1M.

of Hsp70 and Hsc70 (5). As shown in Fig. 5, the BAG-1L, BAG-1M,
and BAG-1 proteins all bound to GST-Hsc70(ATP domain) but not to

a control GST fusion containing the cytosolic domain of CD40.
Similar results were obtained in coimmunoprecepitation assays using
lysates from cells that endogenously contain BAG-1, BAG-1M, and
BAG-1L (not shown). Thus, BAG-1 and its variants BAG-1L and
BAG-1 M can all interact with Hsc70.

BAG-1 Proteins Can Reside in the Nucleus. The additional NH-,-
terminal region found in both the human and mouse BAG-1 proteins

is predicted to contain a basic stretch of amino acids resembling NLSs
such as that found in nucleoplasmin (Fig. 3ÃŸ;Refs. 27 and 28). We
therefore explored the subcellular locations of these proteins by pre
paring nuclear and nonnuclear fractions from a human leukemia line,
Jurkat, and a prostate cancer line 267 that contain relatively high
endogenous levels of the BAG-1 and BAG-1 L proteins. Jurkat T-cells
also contain lower but detectable levels of BAG-1M.

In 267 prostate cancer cells, the shorter â€”¿�36kDa BAG-1 protein

was located predominantly in the nonnuclear fraction with only a
small proportion of this observed in the nucleus (Fig. 6A). In contrast,
the BAG-1 L protein was found predominantly in the nuclear fraction,

regardless of whether samples were normalized for cell equivalents or
total protein content (Fig. 6/4). In contrast, in Jurkat T-cells, most of
the BAG-1, BAG-1L, and BAG-1 M proteins resided in the non-
nuclear fraction in Jurkat T-cells, as determined by immunoblot

analysis where cell equivalents were used for sample normalization
(Fig. 6B, Lanes 1-3). However, some of the BAG-1 L protein was also

detected in the nuclear fraction by immunoblot analysis. Reprobing
the same blot with antibodies specific for a cytosolic protein (CPP32),
a nuclear protein (PARP), and a mitochondria! protein (Fl-ÃŸ-ATPase)

confirmed the purity of these subcellular fractions (Fig. 6). When the

Jurkat nuclear and nonnuclear fractions were normalized for total
protein content (Fig. 6ÃŸ,Lanes 4 and 5), a reciprocal relation was
observed between the relative amounts of BAG-1 and BAG-1 L in
these subcellular fractions, with higher levels of BAG-1 in the non-

nuclear compared with the nuclear compartment and conversely
higher levels of BAG-1 L in the nuclear than the nonnuclear fractions.
These findings therefore suggest that the BAG-1 L protein is com
monly located in the nucleus, whereas the shorter BAG-1 protein
tends to be nonnuclear. Note however that some of the shorter ~36
kDa BAG-1 protein was also present in the nuclear fraction. Conse
quently, these data argue that BAG-1 and BAG-1 L can reside in either

the cytosol or the nucleus, although they may have preferences for one
location or the other.

To further evaluate the intracellular locations of the BAG-1 and
BAG-1L proteins, we used confocal immunofluorescence microscopy
methods. In Rat-la cells that had been transfected with a human
BAG-1 cDNA and that expressed roughly equivalent amounts of the
56-57 kDa BAG-1L and 36 kDa BAG-1 proteins (see Fig. 4fl),
immunofluorescence-based detection of the human BAG-1 protein

revealed localization predominantly in the nucleus (Fig. 7). In con
trast, expression of human or murine BAG-1 plasmids capable of
producing only the shorter BAG-1 protein in several types of cells

generally resulted in a predominantly cytosolic distribution (not
shown). Taken together, these observations derived from subcellular
fractionation and immunofluorescence confocal microscopy confirm
that BAG-1 proteins can reside in either the nucleus or the cytosol,
with the BAG-1 L protein apparently having a preference for the
nucleus. However, the cellular background in which BAG-1 is ex

pressed can influence whether it resides primarily in the cytosol or is
also found in the nucleus.

Immunolocalization of BAG-1 Proteins in Human and Mouse
Tissues by Immunohistochemistry. Using the anti-BAG-1 mono
clonal antibody KS-6C8, an immunohistochemical analysis of BAG-1

expression in essentially all normal adult human tissues was per
formed. Although only the data for the KS-6C8 anti-human BAG-1

monoclonal, major portions of the immunostaining results were con
firmed by use of the KS-10B6 and KS-5A6 anti-human BAG-1

monoclonals. All of these monoclonal antibodies react with the

Control BAG-1

Fig. 7. Confocal immunofluorescence analysis of intracellular distribution of BAG-1
proteins demonstrates nuclear location. Rat-1 a cells, which had been stably tranfected
with a huBAG-l cDNA (encompassing nucleotides -390 to 880 hp relative to the AUGI,
were analyzed for huBAG-l protein expression by immunofluorescence assay. After
fixation, cells were incubated with either a mlgGl control (left) or the anti-huBAG-l
monoclonal antibody KS-6C8. followed by a FITC-confugated secondary antibody.
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Table l Summary of immunohislochemiail analysis afin vivo BAG-1 expression in normal tissues

Organ/TissueSkinEpidermisStratum

basaleStratum
spinosumStratum
granulosumStratum

comeumDermisConnective

slromaSweat
glandSabaceous

glandMusculoskelelal
systemSkeletonCani

lÃ¤geBoneStriated

musclesCardiovascular
systemHeartMyocardiumArteriesRespiratory

systemTracheaEpithelium

(pseudostratifiedcolumnar)SubmucosaCartilage-LungBronchiAlveoliAlimentary

tractSalivary
gland(submanuihulargland)Secretory

glandaciniTongue/EsophagusStratified

squamousepitheliumMuscularis

extemaStomachCardiac

regionSubmucosal

plexus(Meissner's
plexusISmall

intestineColonMyenteric

plexus(Auerbach'splexus)LiverPancreasExocrineEndocrine:

IsletsofLangerhansUrinary

systemKidneyGlomeruliBowman's

capsuleCollecting

tubulesCollecting

ductsUrinary
bladderStructure/Cell

typeKeratinocytesBasal

celllayerSpinous
layerGranular
layerCornified
layerFibroblastsEpitheliumEpitheliumChondrocytesFibroblastsOsteocytesOsteoclastsMuscle

fibersMyocytesFibroblastsCapillary

endotheliumEndothelial
cellsSmooth

musclecellsFibroblastsBasal

celllayerLuminal
celllayerFibroblastsSmooth

musclecellsSero-mucous
glandsChondrocytesPseudostratified

or simplecolumnarepitheliumType

IpneumocytesType
IIpneumocytesAlveolar

macrophagesSerous

cellsMucous
cellsSalivary

ductepitheliumBasal

celllayerSpinous
layerGranular
layerSmooth

musclecellsGastric

pits/toveolarcellsCardiac
glands/mucoidcellsGanglion

cellsSmooth
musclecellsAbsorptive

epitheliumPaneth
cellsAbsorptive
cellsGoblet/mucous
cellsGanglion
cellsHepatocytesSinusoidal

endothcliumBile
ductepitheliumAcinar

cellsDuctal
epitheliumA
cellsB

cellsMesangial

cellsParietal
layer/podocytesVisceral

layer/squamousepitheliumProximal
convolutedtubulesLoop

of Henle. thinlimbDistal
convolutedtubulesEpithelial

cellsTransitional
epitheliumSmooth

muscle cellsIntensity"1-3+c2+d1-2+b00-2

+b2-3
+b1-2+b1-3+d0-1+bl-3+b1+bl-2+a,c1-2+d0-1+bÃœ00-2

+b0-I+b0-1+b2-3+a0-1+b0-1+b00-2

+d2-3

+a002-3+a00l-3

+a0-1

+c1-2
+d0-1+b0-1+b2-3+d0-3+a,c1+d0-1+b1+d0-1+b1-2+b00-1

+dl-3+a0-1+b2-3

+a2-3

+a1-2+b2-3+a0-1+a0000-1

+dl-2+a,d2-3+al-3+a0-2+a0-1+bOrgan/TissueReproductive

systemsMaleTestisSeminiferous

tubulesVas

deferensProstateTubuloalveolar

glandsFibromuscular

stromaFemaleUterusEndometriumMyometriumOvaryPrimordial/primaryfollicleSecondary

follicleCorpus

luteumOviduct

(Fallopiantube)Tunica
mucosaTunica

muscularisMammary
glandTubuloalveolar
glandsLactiferous

ductsStromaHematolymphoid

systemPeripheral
bloodBone

marrowThymusCortexMedullaTonsil/Lymph

nodesGerminal
centerMantle

zoneIntertollicular
regionSpleenPeriarteriolar

sheetsMarginal
zoneInterfollicular
cellsVenous

sinsuesCentral
nervoussystemCortex

and basalgangliaGray
matterWhite

matterNeurogliaMicrogliaStructure/Cell

typeLeydig

cellsSertoli
cellsSpermalogoniaSpermatocytesSpermatidsSpermatozoaPseudostratified

columnarepitheliumBasal

cellsLuminal
secretorycellsSmooth

musclecellsFibroblastsColumnar

epitheliumStromal
cellsSmooth

musclecellsOocytesFollicular

cellsGranulosa
cellsTheca

internalcellsTheca
externalcellsGranulosa

luteincellsTheca
luteincellsCiliated

columnarepitheliumSecretory
cellsSmooth

musclecellsCuboidal/columnar

epitheliumColumnar
epitheliumMyoepithelial
cellsFibroblastsGranulocytesMonocytesLymphocytesErythrocytesErythroid

precursorsMyeloid
precursorsMegakaryocytesMature

neutrophilsPlasma
cellsMonocytesCortical

thymocytesMacrophages
(dendriticintcrdigitating

cells)Epilhelioreticular
cellsHassall's
corpusclesMedullary

thymocytesLarge

noncleavedcellsSmall
noncleavedcellsSmall
cleavedcellsFollicular

dendriticcellsMacrophagesLymphocytesSmall

T-cellsLarge

transformedcellsSinus
hisliocytesPlasma
cells/reactiveB-lymphocytesT-lymphocytesGranulocytesErythrocytesEndotheliumNormal

neuronsAxonsNeuropilMyelin

sheathAstrocytesOligodendrogliaResting

cellsActivated
cellsIntensity"00-3

+b0-1+b000-3+d0-1+b1-3+d0-3+a0-1+b0-1+b0-3+a,c0-1+b0-I+bnt001+b1+b0-I+b0-2+d2-3+a00-1+b1-3+d1-3+d00-I+b0-3+d0-2+b000-1+b0-1+b2-3+c1-3+d0-l+d0-2+b0-I+b0l-3+b0-2

+b0-1+b0000l-3+a0000-lb1-2+dU01-3

+d0l-3

+a0-3+d1-2+b0-1+b00-3+a000
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Table 1ContinuedOrgan/TissueEpendymaLeptomeningesChoroid

plexusCerebellumCortexMolecular

layerMedullaSpinal

cordWhite
matterGray

matterCentral

channelPeripheral
nervoussystemDorsal

root and cranialnervegangliaAutonomie

gangliaPeripheral

nerveEndocrine

systemThyroidAdrenalCortexMedullaStructure/Cell

typeEpendymal

cellsArachnoid
epitheliumEpitheliumPurkinje

cellsGranular
cellsGolgi
cellsStellate

and basketcellsPurkinje
celldendritesAstrocytes

(Bergmanglia)Dentate
nucleusMyelin
fibersAxonsMyelin

sheathVentral
hornmotoneuronsDorsal

hom sensoryneuronsNeuro-pilEpen-pilGanglion

cellsSatellite

cellsSchwann
cellsFibroblastsGanglion

cellsSatellite
cellsSchwann
cellsFibroblastsAxonsMyelin

sheathFollicle

cellsZona

glomerulosaZona
fasciculataZona
reticularisChromaffin

cellsIntensity"l-2+b00l-2+dÃœ000-l+b2-3+a0-1

+d00-l+b0l-3+d0-l+b0-l+b14*0-3+d0000-3+d000l-2+b00-l+b0-l+b0-2+b0-2+b2-3+c

" Immunonistochemical analysis of in vivo patterns of BAG-1 expression was per

formed for both human and mouse tissues. Results were scored according to intensity of
immunostaining as: 0, negative; 1. weakly positive; 2. moderate; and 3. strong. The
intracellular locations of BAG-1 immunostaining varied as indicated: a, organellar/
mitochondria! pattern of expression; b. cytosolic; c. nuclear; and d. both nuclear and
organellar/cytosolic pattern of expression, nf, not found.

BAG-1, BAG-1L, and BAG-1 M proteins.5 Moreover, immunohisto-

chemical analysis was also performed for murine tissues using an
anti-peptide polyclonal antiserum that is specific for residues 26-45
of the mouse BAG-1 protein (1), yielding similar results.

Table 1 summarizes the results, and Fig. 8 provides some of the
more salient examples of BAG-1 immunoreactivity in normal tissues.

A few of these results are commented upon here. Three subcellular
patterns of BAG-1 immunostaining were identified, existing either

individually or in combinations depending on the particular type of
cell. These consisted of: (a) nuclear; (b) diffuse cytosolic; and (c)
punctate cytosolic staining typical of association with organelles.

In the epidermis, cytosolic BAG-1 immunostaining was present

throughout all the sublayers of keratinocytes (Fig. 8.1). The basal cell
layer of cells, however, also contained nuclear BAG-1 immuno
staining. Thus, the subcellular distribution of BAG-1 appears to

change during differentiation of these epithelial cells, with loss of
BAG-1 from the nuclei occurring as the cells differentiate and migrate

toward the body surface. Combinations of diffuse cytosolic and nu
clear BAG-1 immunostaining were also seen in chondrocytes (Fig.

8.3), cardiac myocytes (Fig. 8.4), colonie enterocytes (Fig. 8.10),
bladder urothelium (Fig. 8.17), spermatogonia of the testis (Fig. 8.21),
and mammary epithelial cells (Fig. 8.22). In some other types of cells,
however, predominantly nuclear BAG-1 immunostaining with rela

tively little or no cytosolic staining was observed in the cells of the
gastric glands (Fig. 8.7 and 8.8), intestinal epithelium (Fig. 8.9),

corpus luteum of the ovary (Fig. 8.23), megakaryocytes in the bone
marrow (Fig. 8.26), cortical and spinal cord neurons (Fig. 8.28 and
8.29), and adrenal chromaffin cells (Fig. 8.30 and 8.31).

Coarse, cytosolic granules of BAG-1 immunostaining were evident

in several types of cells, sometimes with a perinuclear distribution,
either alone or in combination with nuclear immunostaining, diffuse
cytosolic staining, or both. Among the cells with organellar-like

staining were cardiac myocytes (Fig. 8.4), bronchial epithelial cells
(Fig. 8.5), alveolar macrophages (Fig. 8.6), exocrine pancreas (Fig.
8.11), renal collecting duct epithelium (Fig. 8.14), bladder epithelial
cells (Fig. 8.18). and thymic epithelial cells (Fig. 8.24).

Analysis of this organellar immunostaining pattern at higher mag
nification revealed association of BAG-1 with what may be mitochon
dria (Fig. 9). In many cases, cross-sections through these organelles
were obtained, demonstrating BAG-1 immunostaining around the
circumference, thus producing a donut-like appearance. Similar ob

servations were made by laser scanning microscopic analysis of these
BAG-1-immunostained tissue sections (Fig. 9F). These results are
highly reminescent of previous studies of Bcl-2 subcellular distribu

tion using the same methods (21).
A few observations concerning the levels and locations of BAG-1

protein deserve comment: (a) the location of BAG-1 in some types of

cells may be under dynamic regulation. Evidence for this comes, for
example, from comparisons of BAG-1 immunostaining in prostates

derived from several individuals, where either the mitochondria! or
nuclear patterns prevailed depending on the specimen (not shown) and
from the epidermis where BAG-1 appeared to move from a nuclear to

a cytosolic location during differentiation of keratinocytes (Fig. 8.1);
and (b) the intensity of BAG-1 immunostaining varied within some
types of cells during their differentiation. For instance. BAG-1 im
munostaining increased in intensity along the crypt-villus axis in the
colon and small intestine, implying that BAG-1 protein levels become

elevated as these cells differentiate and migrate toward the lumen of
the bowel (Fig. 8.10). BAG-1 immunostaining was also strikingly
up-regulated during differentiation of bladder epithelial cells and
down-regulated during differentiation of prostate epithelium.

Bcl-2 Targets BAG-1 to Intracellular Membranes and Or
ganelles. The immunohistochemical analysis of BAG-1 protein in

tissues suggested that this protein can be associated with intracellular
organelles, possibly mitochondria, in some types of cells. To explore
whether expression of the integral membrane protein Bcl-2 can cause
a relocation of BAG-1 to the intracellular membranes where it resides,
a GFP-BAG-1 fusion protein was expressed in HeLa cells by transient
transfection, with or without Bcl-2. As shown in Fig. 10 (left panels),
when expressed by itself, the GFP-BAG-1 protein was diffusely
distributed through the cytosol of HeLa cells. In contrast, coexpres-
sion of GFP-BAG-1 with Bcl-2 caused a portion of the GFP-BAG-1

to associate with what appeared to be the nuclear envelope and
perinuclear membranes as well as punctate cytosolic structures sug
gestive of mitochondria. Because the Bcl-2 protein exhibits a similar

distribution in cells (21 ). we conclude that the intracellular location of
the BAG-1 protein can be modulated by Bcl-2.

Analysis of BAG-1 Expression in Human Tumor Cell Lines. To
preliminarily explore the expression of BAG-1 in cancers, an immu-

noblot analysis was performed using the National Cancer Institute
screening panel of 60 human tumor cell lines. Because prostate
cancers are underrepresented in this screening panel, the analysis was
supplemented with an additional five human prostate cancer cell lines.
An additional B-cell lymphoma line (RSI 1846) and aT-cell leukemia
Jurkat were also included. For these experiments, whole-cell lysates

were prepared from tumor lines and normalized for total protein
content before SDS-PAGE/immunoblot assay. Results were scored
for each of the three forms of BAG-1 (BAG-1, BAG-1L, and BAG-
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Fig. 8. Immunohislochemical analysis of BAG-1 expression m vivo. Representative BAG-1 immunostaining results are presented, showing some examples from both human and
mouse tissues and representing 31 color photomicrographs taken with a 35-mm camera. Counterstaining of nuclei was performed with hexatoxylin, unless otherwise noted. /, human
epidermis stained with KS6C8 demonstrating predominantly cytoplasmic immunoreaclivity in all layers but nuclear BAG-1 in the basal cells lining the basement membranes (arrows)',
X400. 2, mouse epidermis from skin overlying the tail immunostained with anti-BAG-l polyclonal antiserum, showing strong cytoplasmic and moderate nuclear BAG-1
immunoreactivity in keratinocytes in all layers of the epithelium. In the dermis below, faint cytoplasmic staining in fibroblasts and nuclear staining in perichondrial cells is present
(arrows); X200. 3, cartilage from mouse, demonstrating strong nuclear and cytoplasmic BAG-1 immunostaining in chondrocytes. Arrows, immunopositive nuclei of cells in
perichondrium; x 1000. 4. mouse myocardium, showing cytosolic BAG-1 immunoreactivity, associated apparently with organelles, and nuclear BAG-1 expression; X400. 5, human
bronchial epithelium, demonstrating intense BAG-1 immunostaining in a peri- or supranuclcar distribution and having a clear granular pattern indicative of organella association
(methylgreen counterstain). Faint diffuse cytoplasmic BAG-1 immunostaining is also present; xlOOO. 6, human alveolar macrophages exhibiting intense organellar-like BAG-1
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IM), using a semiquantitative method that involved use of an internal
control cell line to standardize results. As summarized in Table 2, the
â€”¿�36kDa BAG-1 protein was consistently the most abundant form of
BAG-1 expressed in tumors. Among the tumor types with consistently
higher relative levels of 36-kDa BAG-1 protein were breast, colon,

and leukemia cell lines, although a variety of other types of tumor
lines also expressed high levels of BAG-1 on a more variable basis. In
contrast, the presence of the BAG-1 L and BAG-1 M proteins was

highly variable. Prostate cancer, breast cancer, and leukemia cell lines
were the most consistent expressors of BAG-1L, with seven of seven

prostate, seven of eight breast, and four of five leukemia cell lines
containing immunodetectable levels of this protein.

DISCUSSION

In this report, we explored the patterns of expression and intracel-
lular distributions of the BAG-1 protein in vivo and in cultured cell
lines. These data provide evidence that BAG-1 mRNAs and proteins
are widely expressed in vivo, with the major form of BAG-1 protein
representing the originally reported â€”¿�30kDa mouse BAG-1 protein
and a â€”¿�36kDa human BAG-1 protein. The human and mouse BAG-1

proteins are predicted to be 230 and 219 amino acids in length, as
deduced from cDNA cloning (1, 13), which coincides with proteins of
â€”¿�26kDa and â€”¿�25kDa. Characterization of the BAG-1 protein by

ultracentrifugation equilibrium sedimentation confirms this molecular
mass.5 However, like GrpE (29), molecular modeling and gel-sieve

chromatography analysis suggest that BAG-1 is an elongated, rod-like
molecule,6 thus potentially accounting for its anomalous migration in

SDS-PAGE. Moreover, both the human and mouse BAG-1 proteins
are acidic (calculated pi of â€”¿�5.0for human and â€”¿�4.8for mouse) and

thus may bind less SDS per unit mass, causing them to migrate slower
in SDS-polyacrylamide gels than expected.

In addition to the originally described BAG-1 protein, we present

evidence here that an additional generally less abundant form of
BAG-1 can arise, most likely as a result of use of noncanonical CTG
codons within BAG-1 mRNAs. Recent studies of human BAG-1

cDNAs by Packham et al. (14) also support this idea but lacked
definitive evidence for an analogous configuration for murine BAG-1

J. Stuart. D. Myszki. L. Joss. R. Mitchell. S. MacDonald. S. Takayama, Z. Xien, J.
C. Reed, and K. Ely. Characterization of BAG-1 interactions with HSC70 molecular

chaperones, submitted for publication.

cDNAs. Numerous studies have documented the ability of CUG
codons to serve as alternatives to AUG for translation initiation,
provided they are found within the proper sequence context (see for
example Refs. 22 and 23). Based on predictions from cDNA cloning,
the human and mouse BAG-1 L proteins are expected to be 345 and

355 amino acids in length, respectively, assuming that the first of the
available in-frame CTGs are used for translation initiation. Unlike the
human BAG-1 cDNA, sequencing of murine BAG-1 cDNAs failed to
reveal an in-frame upstream AUG codon that would give rise to a
protein analogous to BAG-1M. Consistent with these DNA sequenc

ing data, in vitro translation experiments resulted in the production of
three isoforms of BAG-1 when the human cDNA was used compared
with only two with the murine BAG-1 cDNA. It remains to be
determined whether this species-specific difference is of functional

importance, but immunoblot analysis of human tissues and multiple
tumor cell lines indicated that BAG-1 M (also known as RAP46) is by
far the least abundant of the BAG-1 isoforms.

The originally described human and mouse BAG-1 proteins contain
three copies of a 6-amino acid motif containing glutamic acid di-
amino acid (Glu-Glu) resides within their NH2-terminal regions. The
NH,-terminal extensions present within the BAG-1 L proteins of hu

mans and mice add another six copies of this hexameric motif, for a
total of nine copies. Although the function of this 6-amino acid motif
is presently unknown, the preferred sequence is E-E-(A/V/L/M)-T-
(Q/R/K)-(S/T). When this 6-amino acid motif is present in tandem
copies, as is often the case in both huBAG-1 and muBAG-1, a
consensus site for phosphorylation by creatine kinase-2 (T-R/Q-S-E)
is generated. The first â€”¿�50amino acids of the human and mouse

BAG-1 L proteins are also predicted to be proline rich. Moreover, in
both the human and mouse BAG-1 L proteins, this proline-rich region

is followed by a stretch of basic residues resembling but not sharing
perfect homology with NLSs (27, 28). Consistent with this idea,
subcellular fractionation experiments and immunofluorescence con-
focal microscopy demonstrated the presence of BAG-1 L within the

nuclear compartment of at least some types of cells. The strong amino
acid sequence homology shared by the human and mouse BAG-1
proteins within the NH2-terminal domain created by translation from

CUG codons implies an evolutionarily conserved purpose for this
domain.

Comparison of the organization of mRNAs encoding bFGF reveals

immunostaining in their cytoplasm (methyl green counterstain): x 1000. 7 and K, human and mouse stomach, respectively, showing scattered cells within the gastric glands that contain
strong nuclear BAG-1 immunostaining; X1000. Human stomach was counterstained with methyl green (panel 7) to better demonstrate nuclear immunopositivity. 9. murine small
intestine demonstrating strong nuclear BAG-1 immunostaining in many of the enterocytes lining the surface of the villi. Note that the proportion of cells with nuclear immunopositivity
increases toward the tip of villi (arrow points to base of villi where the BAG-1 immunopositive cells are more scarce: X200. Insel, cross-section through a villus at higher magnification:
X400. 10. colon from mouse, showing BAG-1 immunostaining associated with both nuclei and cytosol. The intensity of BAG-1 immunostaining appears to be greater within the
epithelial cells at the apex of the crypts at the luminal surface and lower in the cells located in the bases of the crypts (arrow): X200. //. human exocrine pancreas, demonstrating
cells with perinuclear organellar-like BAG-1 immunostaining pattern that were counlerstained with methyl green; X 1000. 12. as a control, an adjacent section from the same pancreas
was subjected to the immunostaining procedure using anti-BAG-1 monoclonal that had been preabsorbed with GST-BAG-1 fusion protein; X1000. 13 and 14. human kidney

demonstrating immunonegative glomerulus but strong nuclear immunopositivity in the epithelial cells of proximal and distal convoluted tubules, with only faint cytoplasmic staining
(panel 13', X200); and strong cytosolic organellar-like BAG-1 immunostaining in collecting duct epithelium counterstained with methyl green (panel 14: x HXK)), respectively. /5 and

16, murine kidney showing same patterns of cell type specificity and intracellular location of BAG-1 immunostaining as observed in humans (panel 15: X150) and demonstrating
specificity by preadsorption of anti-muBAG-1 polyclonal antiserum (1735) with muBAG-1 26-45 peptide (panel 16: X 100). 17. bladder urothelium of mouse with BAG-1
immunopositive cells in the subluminal layer with strong perinuclear immunostaining along with weaker diffuse nuclear and cytoplasmic immunoreactivity; X200. IK, human bladder
transitional epithelium lining the human prostatic sinus with coarse granular cytoplasmic BAG-1 immunostaining of organdies and methylgreen counterstaining of nuclei. Note only
faint BAG-1 positivity in the deeper, basal cell layer of the epithelium; X1000. 19, human prostate, showing strong cytoplasmic BAG-1 immunostaining in basal cells along the
basement membrane but little or no staining of the overlying differentiated secretory cells facing the lumen of the gland; X400. 20 and 21. testes from human and mouse, respectively,
showing examples of strong perinuclear and cytosolic BAG-1 immunostaining of spermatogonia (methylgreen counterstain; X400) and BAG-1 immunopositivity of spermatozoa
(X200). respectively. Note that the testes from aged human is atrophie compared with young mouse. 22. proliferativc human mammary gland alveoli with BAG-1 immunostaining
within both cytoplasm and nuclei of mammary epithelial cells; X400. 23. murine ovary with BAG-1 immunopositive nuclei in luteal cells but not in the granulosa cells of a secondary
follicle; X400. 24, human thymus, demonstrating strong BAG-1 immunopositivity in reticuloepithelial cells but no apparent immunostaining of thymocytes; X200. 25. human splenic
white pulp demonstrating only weak BAG-1 immunopositivity of neutrophils and endothelium of splenic venous sinusoids (arrows) but absence of BAG-1 in lymphoid cells (methyl
green counterstain); X400. 26 and 27. bone marrow from mouse and human, respectively, demonstrating strong BAG-1 immunostaining of megakaryocyte nuclei ( X400) and moderate
intensity immunostaining of mature monocytes (arrow) and granulocytes, with relatively less BAG-1 immunoreactivity in more immature hemopoeitic cells ( x 1000), respectively. 28
and 29. human brain (frontal cortex) and mouse spinal cord, presenting examples of strong nuclear BAG-1 immunostaining in neurons. Note that surrounding macroglia (arrows) are
immunonegative (methyl green counterstain; X400). 30 and 31. adrenal gland from mouse at low ( X80) and high ( X 1000) magnification, illustrating predominantly cylosolic BAG-1

immunostaining of cortical cells and mostly nuclear immunostaining of medullary cells.
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Fig. 9. Light- and laser-scanning microscopic
analysis of BAG-1 protein demonstrates associa
tion with mitochondria. BAG-1 immunostained
paraffin-embedded tissue sections (3 /j.m) were ex
amined by light (A-E) or laser-scanning (F and G)
microscopy. Typical examples of organellar immu-
nostaining are presented from human pattern
pseudocolumnar bronchial epithelium (AY, transi
tional epithelium (B); gastric gland (O; and neu
rons of a dorsal root ganglion (C), as shown for
sensory ganglia neurons on D ( x 1000). Laser scan
ning analysis of dorsal root ganglion neurons is
presented in F ( X3000). The inset shows a higher
magnification view of immunostained mitochon
dria derived from the region indicated by the ar
rows (X5000). In Â£(X4000) and G (X3000). the
anti-BAG-1 monoclonal antibody was preadsorbed
with GST-BAG-1 fusion protein as a control for

immunospecificity.

some striking similarities with BAG-1. Similar to BAG-1, the bFGF
mRNA encodes a shorter â€”¿�18kDa form of bFGF, which is predom

inantly found in the cytosol and which arises from a traditional AUG
codon, as well as longer ~22-24-kDa bFGF isoforms that reside in
the nucleus and arise from upstream, in-frame, noncanonical CUG
codons (30). It may also be relevant that the nuclear targeting NH2-

terminal sequences of these longer isoforms of bFGF constitute a
proline-rich domain similar to the predicted the NH2-termini of the
human and mouse BAG-1 L proteins (31).

Despite the presence of a potential NLS and some similarity to the
nuclear targeting NH2-terminus of high molecular weight bFGF, the
BAG-1 L protein was also found to some extent in the nonnuclear

fraction by subcellular fractionation, suggesting that its import into the
nucleus is regulated rather than constitutive. In this regard, the im-

munohistochemical analysis of normal tissues implied dynamic reg

ulation of BAG-1 entry into or exit from the nucleus in some types of

cells. For example, whereas the basal cell layer of keratinocytes
contained both nuclear and cytosolic BAG-1 immunostaining, the

more differentiated cells in the upper layers of the epidermis generally
contained only cytosolic BAG-1. In addition, specimen to specimen
variation in the location of BAG-1 in the prostate gland also implied

regulation of nuclear import or export. We have also observed vari

ations among breast cancer specimens with regard to whether they
contain BAG-1 in both cytosol and nucleus versus in the cytosol
only.7 Although the shorter mouse originally described human and

mouse BAG-1 proteins lack regions with clear similarity to NLS

7 M. Krajewska, C. Reynolds, S. Krajewski, S. Takayama, C. V. Clevenger, and J. C.

Reed. Loss of nuclear BAG-1 immunostaining associated with reduced estrogen and

progesterone receptor expression in breast cancer, submitted for publication.
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Fig. 10. BcI-2 alters intracellular distribution of
GFP-BAG-1. HeLa cells were transiently trans-
fected with a plasmid encoding GFP-BAG together

with equal amounts of either pRc/CMV control
(upper left panel) or pRc/CMV-Bcl-2 (other pan
els'} plasmids. Two days later, images were taken of

representative cells using a confocal microscope.

motifs, the mouse BAG-1 protein has been shown to interact with
retinoic acid receptors.8 Thus, it is possible that the shorter BAG-1

protein could also gain entry into the nucleus through its interactions
with other proteins. Moreover, because the BAG-1 M protein (also

known as RAP46) has been reported to interact with other steroid
hormone receptors, including as ER, glucocorticoid receptor, proges
terone receptor, and androgen receptor, its location theoretically could
be controlled in part by associations with these receptors as they
traffic between cytosol and nucleus in response to steroid hormones.

In many types of cells, BAG-1 immunostaining was present in the

cytosol or in association with cytosolic organdÃ­es that morphologi
cally resembled mitochondria, rather than in the nucleus. Association
of BAG-1 with mitochondria is consistent with the reported interac
tion of this protein with Bcl-2 (1). The Bcl-2 protein resides in the

outer mitochondrial membrane, oriented toward the cytosol. The
immunostaining of BAG-1 seen around the circumference of mito

chondria at high magnification by light and laser scanning microscopy
supports the idea of BAG-1 association with the outer membrane of

mitochondria and is highly reminiscent of previous results obtained
for Bcl-2 by the same methods (21). Further studies including im-
muno-electron microscopy, however, are required for definitive con
firmation of BAG-1 association with the outer membrane. BAG-1

immunostaining also occurred in a perinuclear distribution in some
types of cells, not unlike Bcl-2 and some of its homologues that have
been shown to reside in the nuclear envelope and parts of the endo-

plasmic reticulum (ER), as well as outer mitochondrial membranes
(21, 32). Moreover, when coexpressed in cells, Bcl-2 resulted in
targeting of a GFP-BAG-1 fusion protein to perinuclear membranes

and cytosolic structures that probably represent mitochondria, provid
ing direct evidence that Bcl-2 can alter the intracellular distribution of
the BAG-1 protein. It should be noted, however, that an organellar or
perinuclear pattern of BAG-1 immunostaining was not seen in all

8 R. Liu, S. Takayama, Y. Zheng, B. Froesch, G-Q. C, X. Zhang. J. C. Reed, and X-K.
Zhang. Interaction of BAG-1 with retinoic acid receptor and its inhibition of retinoic
acid-induced apoptosis in cancer cells, J. Biol. Chem., in press.

cell-types that are known to express Bcl-2 in vivo. Thus, unidentified
events presumably determine whether BAG-1 is recruited to the
organellar or nuclear membranes where Bcl-2 resides. Although many
possibilities exist, one such event could be dimerization of Bcl-2 with

antagonists such as Bax or BAD, which conceivably might prevent
Bcl-2 from binding to BAG-1.

It remains to be determined whether the BAG-1 L and BAG-1 M
proteins can interact with the same proteins reported for BAG-1.
Previous studies have shown that the NH2-terminal first 89 amino
acids of the mouse BAG-1 protein are expendable for binding to
HscVO, Hsp70, Bcl-2, Raf-1, HGF-R. and PDGF-R (1, 5, 7, II).5

Thus, the NH2-terminal Glu-Glu repeat domain and ubiquitin-like
domains of BAG-1 are not required for those protein interactions. In
contrast, the COOH-terminal 47 amino acids of mouse BAG-1 are
critical for binding to Hsc70, Hsp70, and Raf-1, and the last 84 amino
acids of BAG-1 are sufficient for binding to HGF-R and PDGF-R.
Because BAG-1 L differs from BAG-1 at the NH2 rather than COOH

terminus, it seems likely that it should also bind to these same
proteins. Moreover, as shown here, BAG-1, BAG-1M, and BAG-1 L
all retain the ability to interact with Hsc70. Thus, BAG-1 and its
variants BAG-1 L and BAG-1 M may have the potential to target

Hsp70/Hsc70 family proteins to different compartments within cells,
presumably facilitating the interactions of Hsp70/Hsc70 family pro
teins with other proteins in the cytosol, at the mitochondrial surface,
or in the nucleus.

The survey of 67 human tumor lines performed here indicates that
BAG-1 protein levels can vary widely among malignant cells. How
ever, compared with other tumor lines, BAG-1 protein levels were

consistently at high levels in leukemia and lymphoma cell lines, which
contained high levels of BAG-1 protein in seven of seven cases. We
cannot determine whether the relatively high levels of BAG-1 seen in

leukemias and lymphomas as well as many types of solid tumor cell
lines represent a pathological increase in the expression of this anti-

apoptotic protein in the absence of direct comparisons with purified
populations of the appropriate normal cell counterparts. However,
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Table 2 Summary of BAG-1 immunoblot ilatti fur human tumor cell lines

Data represent estimated BAG-1 protein levels (ng per 50 /ig of total protein) based on
quantification of immunoblot data by densitometric scanning and extrapolation from a
GST-BAG-1 standard cune. Data were scored as: 0, undetectable: +/-, 1 to s5 ng/50
/ig; + .5 to ==10 ng/50/ig; ++, 10 to s 15/50 ng; + + +. 15 to Â«20/50 Mg: and + + + +,

>20 ng/50 0j.g). Tumor lines are grouped by categories.

BAG-1BreastBT-549

+ ++HS578T
+MCF-7

+ + ++MCF7ADR/RES
+MDA-MB-231

+ + ++MDA-MB-435
+ ++MDA-N
+ ++T47D

+ColonCOLO205

+HCT-15
+ ++HCT-116
+ ++HCC-2998
+ ++HT29

+/-KM-12
+ + ++SW-620
+ + ++CNSSF-268

+ ++SF-295
+ ++SF-539

0SNB-19
0SNB-75

++U251
+ ++Leukemia/LymphomaCCRF-CEM

+HL-60
+ ++K562

+ + ++MOLT-4
+ ++RPMI-8226
+ ++RS

11846 + + ++Jurkat
+ ++SR
+ ++LungA549

++EKVX
++++HOP-62

+ ++HOP-92
+/-NCI-H322M
0NC1-H226
+/-NCI-H23
+/-NCI-H522
+/-NCI-H460

0MelanomaLOX-IMVI

+/-MALME-3M
+ + ++M14

++SK-MEL-2
0SK-MEL-5

++SK-MEL-28
+UACC-62
+UACC-257

+OvarianIGROV

1 ++OVCAR-3
+ + ++OVCAR-4

+/-OVCAR-5
+/-OVCAR-8
+/-SK-OV-3

+ProstateLNCap

++DU-I45
+ ++PC-3
++PPC-1

+ ++ALVA-31
++Tsu-PRL

+JCA-1
+/-Renal786-0

+ ++A498
+ACHN
+++CAKI-1
0RXF-393
+/-SN12C

+ ++TK-10
+ ++UO-3I

+BAG-IM00+/-+/-+/â€”+/â€”+/-00+/-0(10+/-+/-+/-0000+/â€”â€”47â€”+/â€”+/â€”+/â€”++/â€”00+0+/-0+/â€”+/-000+/â€”00+/â€”0000+/â€”00+/â€”â€”+/-++/-+/â€”+/â€”00+/â€”0000+/â€”00BAG-IL+0+/-+/-+++/-00+/â€”000+/â€”+/-+/â€”000+/â€”+/-+/-0+/-+/-0++

+0++

+000+/â€”47â€”000+/-0+/-+/-047â€”0+++/-0+/-+

++

++
+47â€”++/â€”+/-+/â€”+/-0000+00

immunohistochemical analyses of some of the corresponding normal
tissues, such as hemopoietic and lymphoid organs, suggest this might
be the case.

With few exceptions, the ~36-kDa BAG-1 protein was clearly the
most abundant form of BAG-1 found in tumor lines. The BAG-1 M
(RAP46) protein reproducibly constituted <10% of the total BAG-1

in these malignant cell lines and was the least abundant isoform of
BAG-1. In contrast, the BAG-1 L protein was more variable in its
expression, and in a few instances BAG-1 L levels approached or were
equivalent to the levels of ~36-kDa BAG-1 in tumor lines such as the
breast cancer BT-549, the prostate cancer lines DU-145 and LN-CaP,

and the leukemia line Jurkat. Indeed, breast cancer, prostate cancer,
and leukemia cell lines were the most consistent expressors of the
BAG-1 L protein, with seven of seven prostate, seven of eight breast,

and four of five leukemia cell lines containing immunodetectable
levels of this protein. An intriguing possibility is that BAG-1L, with

its proclivity for nuclear targeting, may contribute to the regulation of
nuclear hormone receptor function in these types of tumors, given the
prominent role played by androgen receptor, ER, and glucocorticoid
receptor in cancers of the prostate, breast, and lymphoid organs,
respectively. Also of potential relevance to the issue of BAG-1 and

steroid hormone receptors was the finding that ovary and testis con
tained the highest relative amounts of BAG-1 L protein among normal

tissues, given that these tissues represent the principal sources of
estrogen and androgen production. Thus, unidentified tissue-specific

factors presumably influence the extent to which translation initiation
can occur at the upstream noncanonical CTG codons relative to the
usual ATG codon start-site within BAG-1 mRNAs. It remains to be

determined whether dynamic fluctuations in the relative ratios of
BAG-1 and BAG-1 L play a role in the apparent variations in the
intracellular location of BAG-1 immunostaining in steroid hormone-

dependent tissues such as the prostate gland.
In summary, the findings presented here demonstrate the existence

of additional forms of the BAG-1 protein in both humans and mice,

including one that appears to arise through translation initiation from
an upstream CTG within BAG-1 transcripts. The expression of
BAG-1 is highly tissue specific and can vary in some instances with

differentiation in particular cell lineages. The intracellular locations of
BAG-1 proteins also differ among cell types, suggesting that interac
tions with other proteins modulate the locations of BAG-1 within

cells. Delineating the mechanisms that control the translation initia
tion decision that gives rise to BAG-1L, BAG-1M, or BAG-1; con
trasting the functions and intracellular locations of the BAG-1, BAG-
1M, and BAG-1 L proteins; and understanding how BAG-1 expression

and function may become altered in cancer represent goals for the
future.
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